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What We Already Know about This Topic

• Neonatal fibrinogen exists in a fetal form until maturation and is 
structurally and functionally distinct from adult fibrinogen

• Replacement of neonatal fibrinogen with adult fibrinogen after car-
diopulmonary bypass may lead to inconsistent efficacy in treating 
postcardiopulmonary bypass bleeding

• The hemostatic system of pigs is similar to that of humans

What This Article Tells Us That Is New

• Fibrinogen concentration and functionality in plasma collected from 
piglets paralleled those observed in plasma collected from human 
neonates

• Fibrin network structure was highly aligned in both neonatal spe-
cies and highly branched in adults of both species

• Fibrin network stiffness and degradation patterns in both neonatal 
species were substantially similar as they were in adults of both 
species

• The ex vivo addition of several procoagulant therapies augmented 
fibrin network properties of diluted piglet plasma

The coagulation system is immature at birth and matures 
throughout the first year of life.1–3 Physiologically 

healthy newborns show excellent hemostasis, but when 
compromised (e.g., critically ill neonates undergoing major 

surgery with cardiopulmonary bypass [CPB] or extracor-
poreal membrane oxygenation), their neonatal hemostatic 
immaturity can have critical clinical implications,2,4 and is a 
contributory factor to serious postoperative bleeding. The 
current standard-of-care treatment for bleeding in neonates 
is the transfusion of adult blood products including packed 
erythrocytes, platelets, cryoprecipitate (fibrinogen compo-
nent), and fresh frozen plasma.4–6 However, this treatment 
has inconsistent efficacy and the use of allogenic blood 
products is associated with multiple infectious and nonin-
fectious risks.5 Additionally, our recent studies demonstrate 
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Background: Recent studies suggest that adult-specific treatment options 
for fibrinogen replacement during bleeding may be less effective in neonates. 
This is likely due to structural and functional differences found in the fibrin 
network between adults and neonates. In this investigation, the authors per-
formed a comparative laboratory-based study between immature and adult 
human and porcine plasma samples in order to determine if piglets are an 
appropriate animal model of neonatal coagulopathy.

Methods: Adult and neonatal human and porcine plasma samples were 
collected from the Children’s Hospital of Atlanta and North Carolina State 
University College of Veterinary Medicine, respectively. Clots were formed for 
analysis and fibrinogen concentration was quantified. Structure was examined 
through confocal microscopy and cryogenic scanning electron microscopy. 
Function was assessed through atomic force microscopy nanoindentation 
and clotting and fibrinolysis assays. Lastly, novel hemostatic therapies were 
applied to neonatal porcine samples to simulate treatment.

results: All sample groups had similar plasma fibrinogen concentrations. 
Neonatal porcine and human plasma clots were less branched with lower fiber 
densities than the dense and highly branched networks seen in adult human 
and porcine clots. Neonatal porcine and human clots had faster degradation 
rates and lower clot stiffness values than adult clots (stiffness [mmHg] mean 
± SD: neonatal human, 12.15 ± 1.35 mmHg vs. adult human, 32.25 ± 7.13 
mmHg; P = 0.016; neonatal pig, 10.5 ± 8.25 mmHg vs. adult pigs, 32.55 
± 7.20 mmHg; P = 0.015). The addition of hemostatic therapies to neonatal 
porcine samples enhanced clot formation.

conclusions: The authors identified similar age-related patterns in struc-
ture, mechanical, and degradation properties between adults and neonates 
in porcine and human samples. These findings suggest that piglets are an 
appropriate preclinical model of neonatal coagulopathy. The authors also show 
the feasibility of in vitro model application through analysis of novel hemo-
static therapies as applied to dilute neonatal porcine plasma.
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that one of the essential clotting proteins, fibrinogen, is 
structurally and functionally distinct between neonates and 
adults. Moreover, when mixed together to simulate transfu-
sion of cryoprecipitate (adult fibrinogen component), the 
resulting fibrin networks are structurally and functionally 
distinct compared to those formed solely from native neo-
natal fibrinogen.7

Recent investigations in developmental hemostasis indi-
cate that neonatal fibrinogen exists in a fetal form until 
maturation and that its replacement with adult fibrinogen 
after CPB may lead to inconsistent efficacy in treating post-
CPB bleeding.7–9 Developing neonatal specific treatment 
strategies to mitigate bleeding, especially during or after 
major surgery, could potentially improve outcomes in this 
challenging patient population. Unfortunately, there has 
been no validation of the observed differences in neonatal 
versus adult fibrin structure in animal models. Establishing a 
validated animal model would facilitate the preclinical anal-
ysis of neonatal specific hemostatic therapies prior to the 
implementation of clinical trials.

Here, we performed a comparative study between neo-
natal and adult human and porcine plasma samples to deter-
mine if piglets accurately reflect the maturation of human 
fibrinogen. Pigs represent an appealing model to use in 
translational medicine due to their anatomical and physi-
ologic similarities to humans, particularly in regard to the 
hemostatic system.10–13 Thus, we hypothesize that pigs pos-
sess age-related differences in fibrinogen that parallel those 
identified in humans.14 The primary objective of this study 
was to validate the fibrin network in piglets as an appropri-
ate in vitro animal model for that of human neonates. We 
accomplish this by characterizing fibrin network parame-
ters formed from plasma collected from neonatal and adult 
humans and pigs. Our second objective was to analyze the 
in vitro effect of several novel and commercially relevant 
procoagulant therapies on the fibrin network properties of 
neonatal porcine samples. We utilized a model of post-CPB 
dilutional coagulopathy because procoagulant therapies are 
currently being used off-label as rescue agents to control 
bleeding after CPB in neonates when conventional blood 
transfusions fail.5,15,16 Also, our previous studies demon-
strate that the ex vivo addition of procoagulant therapies 
to post-CPB plasma from human neonates enhances fibrin 
clot properties.17–20 We hypothesize that the in vitro addition 
of these hemostatic therapies to neonatal porcine samples 
will similarly augment plasma fibrin clot properties. If con-
firmed, piglets could serve as a suitable and much needed 
preclinical model for evaluating neonatal specific hemo-
static therapies.

Materials and Methods

Human Plasma Collection

After Institutional Review Board approval and parental 
informed written consent, blood samples were collected 

from 10 human neonates (aged less than 30 days) under-
going corrective and palliative cardiac surgery with CPB 
at the Children’s Hospital of Atlanta (Atlanta, Georgia). All 
samples were collected from an arterial line placed after 
the induction of anesthesia and before surgical incision 
and CPB. Samples were centrifuged immediately to yield 
platelet-poor plasma and stored at −80°C until use. All 
patient samples were deidentified before sample transfer to 
North Carolina State University (Raleigh, North Carolina). 
Pooled adult human platelet-poor plasma was obtained 
from the New York Blood Center (New York, New York).

Porcine Plasma Collection

Blood was collected from eight 1-yr-old female Yorkshire 
pigs and eight 8-week-old Yorkshire piglets before planned 
surgical procedures at North Carolina State University’s 
School of Veterinary Medicine (Raleigh, North Carolina, 
USA) through the tissue sharing program. Porcine ages 
and sample size were selected in order to minimize animal 
use. For this study, we utilized samples from pigs that were 
readily available in sufficient numbers. All samples were col-
lected via jugular venous puncture after the induction of 
anesthesia and before surgical incision. Samples were cen-
trifuged immediately to obtain platelet-poor plasma and 
stored at −80ºC until use.

Quantification and Isolation of Fibrinogen from Platelet 
Poor Plasma

Quantification of fibrinogen concentration was achieved 
via enzyme linked immunosorbent assays ([ELISA] Abcam, 
USA) with human and porcine protein quantification 
kits. Isolated fibrinogen was utilized for clottability assays. 
Fibrinogen was purified from plasma via an ethanol precip-
itation reaction. Briefly, ethanol (70% volume) was added 
to 4ºC plasma in a 4:1 ratio (plasma:ethanol) and cooled 
on ice for 20 min. The solution was then centrifuged for 
15 min at 4ºC. The supernatant plasma was removed and 
the resulting pellet was heated in a 37ºC water bath. A buf-
fer consisting of 20 mM sodium citrate was added until the 
pellet was fully dissolved. Protein concentration was deter-
mined via absorbance readings at 280 nm using a Nanodrop 
Microvolume UV-Vis Spectrophotometer (ThermoFisher 
Scientific, USA).

Analysis of Fibrinogen Clottability

Percentage of total fibrinogen clottability was determined 
by a protein quantification-based assay which measures the 
protein content in the clot liquor (soluble portion of clot 
sample) that remains after polymerization. Clots totaling 50 
μl were formed with purified fibrinogen at a concentration 
of 2.5 mg/ml, HEPES buffer (5 mM calcium; 7.4 pH) and 
were polymerized with the initiation of 0.5 U/ml throm-
bin. Before and after a 1-h polymerization period, 5-μl ali-
quots were taken and quantified via NanoOrange Protein 
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Quantification Kit (Invitrogen, USA). Alternately, 50-μl 
plasma clots were formed with 0.5 U/ml thrombin, and 
quantification was conducted via ELISA for pig or human 
fibrinogen (Abcam, USA). Percent of clottable fibrinogen 
was determined as: ([initial soluble protein – soluble protein 
in clot liquor] / initial soluble protein) × 100.21

Analysis of Clot Architecture

Confocal microscopy was utilized to examine clot struc-
ture from neonatal and adult human and porcine plasma 
samples. Clots consisting of 90% plasma by volume were 
polymerized with 0.1, 0.25, or 0.5 U/ml of human throm-
bin (Enzyme Research Labs, USA), and 10 μg/ml of Alexa 
Fluor 488–labeled fibrinogen for visualization. Clots were 
formed between a glass slide and coverslip, and allowed to 
polymerize for 2 h before imaging. A Zeiss Laser Scanning 
Microscope (LSM 710; Zeiss Inc., USA) was utilized for 
imaging at a magnification of 63× and a minimum of three 
random 5.06-μm z-stacks were acquired per clot. ImageJ 
software was used to create three-dimensional projections 
from z-stacks. Clot fiber density was determined from the 
ratio of black (fiber) over white (background) pixels in 
each image. Fibrin clot alignment was quantified with a 
custom MATLAB algorithm previously utilized in Brown 
et al.7,22 An alignment index was determined from the 
fraction of fibers aligned within ± 20° of a preferred fiber 
alignment normalized to random distribution of oriented 
fibers. A greater alignment index corresponds to a higher 
percentage of fibers aligned near the preferred fiber align-
ment. Alignment index values ranged from 1.0 to 4.55. 
Alignment analysis was conducted for each image in the 
z-stack and averaged together. Clot structure in porcine 
samples was additionally assessed with cryogenic scanning 
electron microscopy to examine three-dimensional clot 
architecture. Again, 50-μl plasma clots were formed with 
0.5 U/ml thrombin and allowed to polymerize for 2 h 
before imaging. Clots were rapidly frozen in subcooled 
liquid nitrogen and imaged at 2,500×. Three clots were 
imaged per group and three random images were taken 
per clot.

Analysis of Clot Stiffness

Clot mechanical properties were examined using atomic 
force microscopy (Asylum MFP3D-Bio; Asylum Research, 
USA) operated in force contact mode to obtain stiffness 
values. Plasma clots formed with 0.5 U/ml human throm-
bin were polymerized directly on a glass slide 1.5 h before 
force measurements. Standard silicon nitride cantilevers 
with a particle diameter of 1.98 μm (Nanoandmore, USA) 
were utilized. Force maps of 20 μm × 20 μm dimensions 
were collected on each clot and fit with a Hertz model 
to obtain the elastic modulus. A minimum of two random 
force maps were generated per clot with the average elastic 
modulus reported.

Analysis of Clot Degradation

Fibrinolysis was assessed for neonatal and adult human and 
porcine samples. A custom microfluidics based assay adapted 
from Brown et al. was utilized to analyze degradation rates 
for all sample groups.17,18 A polydimethylsiloxane (Dow 
Corning, USA) device consisting of a clot reservoir with a 
perpendicular lying channel was constructed via casting in 
an acrylic mold. After curing for 24 h, the device was plasma 
treated and bonded to a glass slide to create a sealed chan-
nel. Clots were formed from plasma and 10% Alexa Fluor 
488–labeled adult fibrinogen was added for visualization. 
Polymerization was initiated with the addition of 0.5 U/ml 
thrombin, and 25 μl of the clot solution was immediately 
injected into the clot reservoir. After polymerizing for 2 h, 
the device was mounted on an EVOS FL Auto microscope 
(Life Technologies, USA) for imaging. A plasmin solution 
(0.01 mg/ml plasmin in HEPES buffer) (Human Plasmin; 
Enzyme Research Laboratories, USA) was injected into a 
channel inlet, and the clot was imaged every 10 min for 
12 h. ImageJ (National Institutes of Health, USA) was used 
to determine rate of clot degradation by comparing the 
first and final images and measuring distance along a per-
pendicular line to the clot boundary. Clot degradation rates 
were expressed as the distance the clot boundary traveled 
divided by 12 h.

Analysis of Procoagulants in a Hemodilution Model of 
Coagulopathy

To mimic the reduction of clotting factors seen after CPB, 
porcine plasma was diluted for all subsequent assays. Initial 
fibrinogen levels of 8-week-old porcine plasma were deter-
mined via ELISA (Pig Fibrinogen ELISA; Abcam, USA). 
For all structural and functional assays, plasma was diluted 
to a final concentration of 1.5 mg/ml to match the fibrino-
gen concentration in human neonates post-CPB observed 
in our previous studies.7 The following procoagulants were 
added to the dilute neonatal plasma to simulate treatment 
after CPB: recombinant activated factor VII (Novo Nordisk 
Inc., USA), factor eight inhibitor bypassing activity (Shire 
US Inc., USA), RiaSTAP Fibrinogen Concentrate (CSL 
Behring, Germany), and novel synthetic platelet-like par-
ticles developed by our group. We chose the aforemen-
tioned therapies because factor VIIa, factor eight inhibitor 
bypassing activity, and RiaSTAP have been used off-label 
as rescue agents to control bleeding after CPB in neonates 
when the standard of care fails.5,15,16 Additionally, factor 
eight inhibitor bypassing activity, a prothrombin complex 
concentrate, was utilized in this study because of its use at 
our clinical institution. However, it should be noted that 
Kcentra is an additional prothrombin complex concentrate 
that is also used clinically. The synthetic platelet-like parti-
cles utilized for these studies have previously been shown 
to enhance human neonatal fibrin clot properties in vitro.17 
Diluted porcine plasma was used to form 50-μl clots with 
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0.5 U/ml thrombin in the presence of 0.05 mg/ml factor 
VIIa, 0.3 U/ml factor eight inhibitor bypassing activity, 
0.89 mg/ml RiaSTAP, or 0.5 mg/ml platelet-like particles. 
Factor VIIa, RiaSTAP, and factor eight inhibitor bypassing 
activity concentrations were chosen to reflect a clinically 
utilized dose, while the platelet-like particle concentration 
was chosen based off of optimized experiments previously 
conducted by our group.19 Synthetic platelet-like particles 
were synthesized and characterized as previously described 
by covalently coupling highly deformable ultralow cross-
linked microgels to a fibrin-specific antibody.17 Ultralow 
crosslinked poly(N-isopropylacrylamide-co-acrylic acid) 
microgels were synthesized via a precipitation polym-
erization reaction and characterized via atomic force 
microscopy dry imaging to determine particle deforma-
bility (Supplemental Digital Content 1, http://links.lww.
com/ALN/C237). Platelet-like particles were created 
by covalently coupling microgels to a sheep anti-human 
fibrin fragment E polyclonal IgG antibody using N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride/N-hydroxysuccinimide chemistry. Particles were 
purified via dialysis for 72 h, lyophilized, and resuspended at 
10 mg/ml. For analysis of clot structure in the presence and 
absence of hemostatic therapies, confocal microscopy was 
utilized as previously described. To examine clottability of 
diluted plasma with and without the addition of procoagu-
lant agents, 50-μl clots were formed and protein quantified 
before and after polymerization. Fibrinogen was quantified 
via ELISA (Pig Fibrinogen ELISA; Abcam, USA) and clot-
tability was calculated as previously described.

Statistical Analysis 
All statistical analyses were performed with a repeated 

measures one-way ANOVA test using GraphPad Prism 
Software (USA) with a Tukey post hoc analysis with a 
95% CI. Analysis was performed between sample groups. 
Statistical significance was achieved for P < 0.05. No a priori 
statistical power calculation was conducted. Data is defined 
as interval and is presented as average ± SD. Outlier tests 
were performed on all datasets before graph creation and 
statistical analysis. No outliers were identified. There were 
no missing data.

results

Quantification of Plasma Fibrinogen Levels 

Fibrinogen concentrations were quantified across age 
groups and species (fig. 1). We observed similar values of 
fibrinogen across species and age groups that is consistent 
with previous studies (neonatal humans, 246 ± 90 mg/dl; 
neonatal pigs, 295 ± 89 mg/dl; adult humans, 265 ± 116 mg/
dl; adult pigs, 346 ± 59 mg/dl; neonatal humans vs. adult 
humans, P = 0.993, neonatal pigs vs. adult pigs: P = 0.898, 
neonatal human vs. neonatal pigs: P = 0.909; adult human 
vs. adult pigs, P = 0.705). Additionally, porcine fibrinogen 

concentrations were within normal human ranges of 200 
to 450mg/dl.23

Analysis of Fibrinogen Clottability

To compare functional ability of fibrinogen across species 
and age groups, clottability of the purified protein was 
quantified (fig.  2). We demonstrate that neonatal samples 
had statistically significant lower clottability across species 

Fig. 1. Quantification of fibrinogen levels in platelet poor 
plasma. Fibrinogen was quantified via enzyme linked immuno-
sorbent assays across species and age ranges. Average fibrino-
gen concentrations ± SD is shown. N = 3.

Fig. 2. Quantification of isolated fibrinogen clottability across 
species. Clottability of purified fibrinogen was determined via 
NanoOrange Protein Quantification Kit. Average clottability ± SD 
is reported. N = 4 *P < 0.05, **P < 0.01.
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compared to their adult counterparts (neonatal humans, 29 
± 16%; neonatal pigs, 25 ± 17%; adult humans, 78 ± 17%; 
adult pigs, 81 ± 21%; neonatal humans vs. adult humans, 
P = 0.010; neonatal pigs vs. adult pigs, P = 0.004). Neonatal 
humans and pigs had similar clottability (P = 0.989) values, 
as did adult samples (P = 0.995).

Analysis of Clot Architecture

We first examined and contrasted the fibrin clot structure 
with confocal microscopy between adult and neonatal 
porcine samples as a function of thrombin concentra-
tion (fig.  3). In general, adult porcine clots were denser 
and more heavily branched with increasing fiber density 
with increasing thrombin concentration. Fiber density is 
calculated as the ratio of black pixels (fibers) over white 
pixels (blank space), therefore this measurement is unit-
less. Conversely, neonatal porcine fibrin clots were more 
aligned with a lower fiber density compared to adults 
(alignment index values: neonatal pigs: 0.1, 0.25, 0.5 U/
ml thrombin, 1.12 ± 0.05, 1.18 ± 0.08, 1.15 ± 0.09; 
adult pigs: 0.1, 0.25, 0.5 U/ml thrombin, 1.07 ± 0.006, 
1.08 ± 0.05, 1.07 ± 0.07; 0.1 U/ml thrombin: neona-
tal pigs vs. adult pigs, P  =  0.814; 0.25 U/ml thrombin: 
neonatal pigs vs. adult pigs, P = 0.063; 0.5 U/ml throm-
bin: neonatal pigs vs. adult pigs, P = 0.196; fiber density: 
neonatal pigs: 0.1, 0.25, 0.5 U/ml thrombin, 0.23± 0.19, 
0.25± 0.29, 0.54 ± 0.16; adult pigs: 0.1, 0.25, 0.5 U/ml  

thrombin, 0.56 ± 0.21, 1.19 ± 0.72, 1.27 ± 0.36; 0.1 U/
ml thrombin: neonatal pigs vs. adult pigs, P = 0.801; 0.25 
U/ml thrombin: neonatal pigs vs. adult pigs, P = 0.026; 0.5 
U/ml thrombin: neonatal pigs vs. adult pigs, P = 0.118). 
For all subsequent structural analyses, a thrombin concen-
tration of 0.5 U/ml was utilized. We also examined and 
contrasted fibrin clot structure with cryogenic scanning 
electron microscopy between neonatal and adult por-
cine samples (Supplemental Digital Content 2, http://
links.lww.com/ALN/C238). Three-dimensional structure 
reflected similar structural patterns identified via confocal 
microscopy with neonatal porcine samples more highly 
aligned compared to the densely branched network in 
adult porcine clots. However, because the freezing tech-
nique required for cryogenic scanning electron microscopy 
may impact clot porosity, it was utilized as a secondary 
method of image analysis and did not include quantitative 
analysis. Next, we utilized confocal microscopy to examine 
fibrin clot architecture across species (fig.  4). In general, 
age-related structural relationships were consistent across 
species. Neonatal porcine and human clots exhibited min-
imally branched, aligned, sheet-like fibrin matrices with 
significantly lower fiber densities than the adult groups 
(neonatal humans, 0.61 ± 0.28; neonatal pigs, 0.54 ± 0.16; 
adult humans, 1.41 ± 0.5; adult pigs, 1.27 ± 0.36 black/
white pixels; neonatal humans vs. adult humans, P = 0.043; 
neonatal pigs vs. adult pigs, P  =  0.035; neonatal human 

Fig. 3. Confocal microscopy analysis of structure of adult and neonatal porcine clots formed with increasing thrombin (A). Average clot fiber 
alignment (B) and fiber density (C) ± SD are shown. 0.1 U/ml thrombin: neonatal pigs, N = 4; adult pigs, N = 4; 0.25 U/ml thrombin: neonatal 
pigs, N = 8; adult pigs, N = 7; 1.0 U/ml thrombin: neonatal pigs, N = 8; adult pigs, N = 6. *P < 0.05.
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vs. neonatal pigs, P  =  0.903; adult human vs. adult pigs, 
P = 0.938). Neonatal human and porcine samples resulted 
in higher clot fiber alignment values than adult humans or 
pigs (neonatal humans, 1.22 ± 0.09; neonatal pigs, 1.14 ± 
0.07; adult humans, 1.09 ± 0.02; adult pigs, 1.07 ± 0.02; 
neonatal humans vs. adult humans, P = 0.021; neonatal pigs 
vs. adult pigs, P = 0.051; neonatal human vs. neonatal pigs, 
P = 0.092; adult human vs. adult pigs, P = 0.795).

Analysis of Clot Stiffness

Fibrin clot mechanical properties were evaluated via atomic 
force microscopy nanoindentation. Force maps were gen-
erated (Supplemental Digital Content 3, http://links.lww.
com/ALN/C239); average stiffness values are shown in 
 figure 5. We observed statistically significant lower clot stiff-
ness values in neonatal human plasma clots compared to 
adults. These tendencies were mirrored in porcine samples 
(neonatal humans, 12.15 ± 1.35 mmHg [1.60 ± 0.18 kPa]; 
neonatal pigs, 10.50 ± 8.25 mmHg [1.40 ± 1.1 kPa]; adult 
humans, 32.25 ± 7.13 mmHg [4.3 ± 0.95 kPa]; adult pigs, 
32.55 ± 7.20 mmHg [4.3 ± 0.96 kPa]; neonatal humans 
vs. adult humans, P =  0.016; neonatal pigs vs. adult pigs, 
P = 0.015; neonatal human vs. neonatal pigs, P > 0.999; 
adult human vs. adult pigs, P > 0.999).

Analysis of Clot Degradation

A custom microfluidics assay was utilized to determine 
plasma clot degradation rates (fig. 6).7 Clots formed from 
neonatal human and pig plasma samples had significantly 

faster rates of degradation compared to adult human and 
pig groups (neonatal humans, 24.9 ± 4.9 μm/h; neonatal 
pigs, 32.6 ± 5.2 μm/h; adult humans, 13.9 ± 3.1 μm/h; 
adult pigs, 12.4 ± 4.1 μm/h; neonatal humans vs. adult 
humans, P = 0.048; neonatal pigs vs. adult pigs, P < 0.0001; 
neonatal human vs. neonatal pigs, P = 0.140; adult human 
vs. adult pigs, P = 0.969).

Fig. 4. Confocal microscopy analysis of structure of adult and neonatal human and porcine clots formed with 0.5 U/ml thrombin (A). Average 
clot fiber alignment (B) and fiber density (C) ± SD is shown. Alignment: neonatal humans, N = 4; adult humans, N = 3; neonatal pigs, N = 8; 
adult pigs, N = 6. Fiber Density: neonatal humans, N = 4; adult humans, N = 3; neonatal pigs, N = 5; adult pigs, N = 3. *P < 0.05, **P < 0.01.

Fig. 5. Atomic force microscopy analysis of plasma clot stiff-
ness across species. Mean stiffness ± SD is shown. N  =  3;  
*P < 0.05.
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Analysis of Procoagulants in Porcine Model of 
Hemodilution

Neonatal porcine plasma was diluted to model the dilu-
tional coagulopathy and associated reduction in fibrino-
gen seen after CPB.7 Confocal microscopy was utilized to 
examine clot structure with or without the addition of fac-
tor VIIa, factor eight inhibitor bypassing activity, RiaSTAP, 
or platelet-like particles (fig. 7). Clots constructed of diluted 
porcine plasma were porous and heterogeneous in structure. 
The addition of all hemostatic therapies enhanced forma-
tion of the fibrin network with more complete fibrin matri-
ces. The addition of platelet-like particles to diluted porcine 
plasma resulted in clots with statistically significant higher 
fiber density values (diluted plasma, 0.22 ± 0.17; factor VIIa, 
0.31 ± 0.12; factor eight inhibitor bypassing activity, 0.61 ± 
0.29; RiaSTAP, 0.57 ± 0.19; platelet-like particles, 0.83 ± 
0.40; diluted vs. factor VIIa, P = 0.989; diluted vs. factor eight 
inhibitor bypassing activity, P = 0.122; diluted vs. RiaSTAP, 
P = 0.199; diluted vs. platelet-like particles, P = 0.005). Clot 
fiber alignment in the presence of factor VIIa was similar 
to control. The addition of factor eight inhibitor bypass-
ing activity and platelet-like particles resulted in decreased, 
although not statically significant, alignment values (diluted 
plasma, 1.13 ± 0.09; factor VIIa, 1.16 ± 0.08; factor eight 
inhibitor bypassing activity, 1.06 ± 0.01; RiaSTAP, 1.02 
±0.10; platelet-like particles, 1.06 ± 0.01; diluted vs. factor 
VIIa, P = 0.989; diluted vs. factor eight inhibitor bypassing 
activity, P = 0.340; diluted vs. RiaSTAP, P = 0.886; diluted 
vs. platelet-like particles, P = 0.402). Next, clottability was 
determined for diluted neonatal plasma with and without 
the addition of procoagulants. Diluted neonatal porcine 
plasma clots had a lower average clottability (47 ± 31%) 

than those formed from factor VIIa (66 ± 24%; factor eight 
inhibitor bypassing activity, 79 ± 20%; RiaSTAP, 86 ± 6%; 
or platelet-like particles, 88 ± 8%; diluted vs. factor VIIa, 
P = 0.225; diluted vs. factor eight inhibitor bypassing activ-
ity, P = 0.126; diluted vs. RiaSTAP, P = 0.039; diluted vs. 
platelet-like particles, P = 0.047).

discussion
Our results show that age-related differences identified 
in human fibrinogen are mirrored in pigs, thus confirm-
ing piglets as an appropriate preclinical model to evaluate 
the effects of neonatal specific hemostatic therapies on the 
fibrin network. To determine this, we thoroughly analyzed 
several aspects of fibrinogen and its resultant fibrin network 
across both species. We found that fibrinogen concentra-
tion and functionality in plasma collected from piglets 
accurately parallels those observed in plasma collected from 
human neonates. Fibrin network structure, when analyzed 
via confocal and cryogenic scanning electron microscopy, 
also displayed similar tendencies with highly aligned fibrin 
networks in both neonatal species compared to highly 
branched networks in adults. Lastly, we assessed fibrin net-
work stiffness and degradation patterns between neonates 
and adults in both species and again found substantial simi-
larities. To assess a potential application of post-CPB coagu-
lopathy, we analyzed the structural and functional effects of 
several procoagulant therapies on the fibrin network formed 
from diluted piglet plasma. We found that the ex vivo addi-
tion of factor VII, factor eight inhibitor bypassing activity, 
RiaSTAP, and platelet-like particles augmented fibrin net-
work properties as seen in our previous studies performed 
with human neonatal plasma obtained after CPB.17,18

Fig. 6. Evaluation of plasma clot degradation with a custom microfluidic device. Top view of the device (A). Initial (green) and final (red) 
frames of clot boundary overlaid with false coloring (B). Average degradation rates ± SD. Neonatal humans, N = 3; adult humans, N = 3; 
neonatal pigs, N = 5; adult pigs, N = 5. Scale = 10 μm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Coagulopathy can considerably complicate the clinical 
management of neonatal patients and results in significant 
morbidity and mortality.4 It is frequently seen during major 
surgery, extracorporeal membrane oxygenation, and sepsis. 
When these patients require surgical treatment, anesthesiol-
ogists are presented with a challenging situation. Although 
our understanding of the importance of fibrinogen replace-
ment in the treatment of severe bleeding has improved in 
recent years, available options to replenish it have not. The 
effectiveness of fresh frozen plasma to restore fibrinogen 
is poor due to a lack of potency, and the large volumes 
required in a neonate make it an impractical solution. 
Cryoprecipitate is more effective in providing higher con-
centrations of fibrinogen, but shares similar disadvantages 
to fresh frozen plasma: fibrinogen concentration is variable, 
blood group matching in neonates is recommended, time is 
required for thawing, and there is a risk of viral transmission. 
For those reasons cryoprecipitate is not available in several 
countries. Fibrinogen concentrate (RiaSTAP), made from 
pooled human plasma, is increasingly used to replete fibrin-
ogen, but has limited availability and represents yet another 
form of adult fibrinogen that may not be compatible in the 
neonatal system.4,7,24 Progress toward discovering improved 
methods to treat neonatal coagulopathy have been hin-
dered by an inadequate understanding of the differences 
between adult and neonatal hemostasis, a limited number 
of well-performed clinical studies evaluating therapies to 
treat bleeding in neonates, and a lack of a validated animal 

model of neonatal coagulopathy. Our results represent a step 
toward this important goal.

To assess developmental similarities between human and 
porcine fibrinogen, we conducted a series of analyses com-
paring function, structure, and degradation among adult and 
neonatal human and porcine fibrin networks. To analyze the 
functionality of fibrinogen between species, we assessed clot-
tability for all sample groups and found statistically signifi-
cantly lower clottability values in human neonatal fibrinogen 
than were found in adult fibrinogen. This same relationship 
was reflected in the porcine samples. Structurally, we observed 
a three-dimensional, highly branched clot architecture in 
adult porcine samples versus thin, sheet-like fibrin matrices 
with little cross branching in neonatal porcine samples. Our 
quantitative analysis also revealed higher alignment and lower 
fiber density in neonatal porcine samples compared to adults. 
At a thrombin concentration of 0.5 U/ml, we performed a 
comparative image analysis with human samples and again 
identified similar structural differences between age groups in 
pigs and humans. Both neonatal species exhibited fibrin clots 
with a higher degree of alignment and statistically signifi-
cant lower fiber densities when compared to corresponding 
adult clots. Moreover, these structural differences agree with 
our previous data examining fibrin clot structure constructed 
from neonatal and adult purified fibrinogen.7 We speculate 
that these structural differences are the result of differences in 
fibrin polymerization. Future studies are necessary to eluci-
date the underlying mechanisms.

Fig. 7. Structural and functional analysis of hemostatic agents in diluted neonatal porcine plasma. (A)Representative images are shown 
of diluted neonatal porcine plasma in the absence or presence of factor eight inhibitor bypassing activity (FEIBA), factor VII (rFVIIa), or plate-
let-like particles (PLPs). Average clot fiber density (B), alignment (C), and clottability (D) are reported ± SD. Structural analysis: plasma, N = 7; 
FEIBA, factor VII, RiaSTAP, PLPs, N = 5. Clottability: platelet poor plasma, N = 6; FEIBA, factor VII, RiaSTAP, PLPs, N = 5. *P < 0.05, **P < 0.01.
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Our model validation also included analysis of human 
and porcine clot mechanical properties. Research has linked 
structurally dense, highly branched clots to greater clot stiff-
ness.25,26 Here, we used atomic force microscopy to measure 
plasma clot stiffness in both porcine and human samples. 
We found clots formed from neonatal human plasma had 
statistically significantly lower average stiffness values than 
those formed from adult human plasma (P = 0.016). These 
patterns were mirrored in clots formed from neonatal and 
adult porcine samples (P = 0.015).

In addition to polymerization rates, an accurate animal 
model must also display a fibrinolytic potential similar to 
humans. Thus, we measured degradation rates between 
age groups and species using a custom microfluidic device. 
We identified statistically significant faster plasma deg-
radation rates in neonatal samples compared to adults. 
Previous research has indicated that fibrinolysis is related 
to clot structure, where denser, heavily branched clots have 
slower degradation rates than more porous clots.27,28 Our 
data agrees with this relationship in that both neonatal 
porcine and human plasma clots exhibited rapid rates of 
degradation and lower fiber densities when compared to 
adult samples. This data is also consistent with our previ-
ous work where we identified statistically significant faster 
rates of fibrin clot degradation in neonates compared to 
adults, and when mixed together (to simulate transfusion 
with cryoprecipitate), clot degradation was statistically sig-
nificantly slower than baseline neonatal rates.7 We hypoth-
esize that the intrinsic neonatal fibrinolytic system may not 
properly degrade adult fibrinogen, thus contributing to the 
high rate of thrombotic complications observed in neo-
nates after cardiac surgery.29 It is imperative that potential 
hemostatic therapies for surgical procedures be balanced to 
augment clotting while simultaneously limiting thrombotic 
complications. A valid preclinical animal model would aid 
this objective. Antifibrinolytic therapy is often used before, 
during, and after CPB to reduce bleeding by inhibiting 
degradation, but its clinical efficacy in the neonatal popula-
tion is inconsistent.30

After validation of our model, we focused on its potential 
application as an in vitro model for post-CPB hemodilution. 
We diluted neonatal porcine plasma to mimic the reduction 
in clotting fibrinogen seen after CPB. Structural analysis of 
these samples revealed very porous clot architecture with 
low clottability (fig. 7), and emulated our previous exper-
iments characterizing post-CPB clots made from neona-
tal plasma.7,18 Next, to explore possible treatment options 
for post-CPB bleeding, novel and commercially available 
hemostatic therapeutics were applied to the diluted samples. 
Structurally, all therapeutics enhanced fibrin clot formation 
and resulted in more complete fibrin matrices. Furthermore, 
the addition of synthetic platelet-like particles to diluted 
plasma produced a statistically significant increase in fiber 
density. Again, the results from these structural analyses are 
in line with our previous studies demonstrating that the ex 

vivo addition of factor VIIa, factor eight inhibitor bypassing 
activity, RiaSTAP, and platelet-like particles to post-CPB 
human neonatal plasma augment fibrin network proper-
ties.17,18 Future studies should include a thorough analysis of 
degradation rates within the neonatal system.

This study has several limitations. First, our experiments 
are conducted ex vivo with either purified fibrinogen or 
plasma and therefore may not accurately represent in vivo 
physiology. Specifically, our experiments did not account 
for the complexity of whole blood, including the crucial 
role of platelets in hemostasis. Future studies using whole 
blood samples and/or platelet-rich plasma are essential 
to better investigate the intricacy of in vivo coagulation 
and fibrinolytic responses. However, the simplified sys-
tem utilized in our study allowed for the detailed focus 
on age-dependent differences in fibrinogen and plasma 
fibrin networks between humans and pigs. Also, due to the 
accelerated timeline of aging in pigs compared to humans, 
it is likely that the 8-week-old piglets used in this study 
do not accurately reflect the neonatal period in humans. 
The samples utilized in this study were obtained based 
on availability from North Carolina State University’s 
School of Veterinary Medicine. Follow-up studies should 
include an analysis of younger porcine plasma samples 
to allow for more precise age matching between species. 
Nonetheless, we show that 8-week-old piglets could serve 
as a useful preclinical model for human neonatal fibrin 
deficiencies. Also, using 8-week-old piglets is logistically 
easier than very young, newborn pigs, as they are already 
weaned. Additionally, all sample groups utilized in this 
study included both male and female samples except for 
the adult porcine group in which there were only females. 
The experiments in this study have not been explored on 
the basis of sex and therefore it is possible that the addition 
of male pigs in the adult porcine group may alter results. 
This study utilized plasma samples from healthy piglets in 
order to establish a baseline in vitro model. However, the 
presence of congenital heart defects may add complexity 
to the coagulation system from poor circulation and cya-
nosis. Some porcine models of severe congenital heart dis-
ease, including tetralogy of Fallot, have been described.31 
In future research, porcine models with congenital heart 
defects should be used for in vitro characterization of 
plasma samples and in vivo analysis of bleeding to identify 
potential discrepancies between neonatal piglets without 
cardiac disease and piglets with complex congenital heart 
disease. Finally, the coagulopathy that results from CPB in 
neonates is complex and involves consumptive processes as 
well. Here, we concentrated only on the hemodilutional 
aspect of bypass-induced coagulopathy. However, focusing 
on the reduction in fibrinogen allowed us to examine the 
effect of procoagulants on fibrin properties in a less com-
plicated system. While informative, future studies should 
expose neonatal piglets to CPB and subsequently charac-
terize clotting properties.
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In summary, our results validate that piglets can serve 
as an appropriate animal model capable of reflecting the 
developmental nuances observed in human fibrinogen. 
Recent evidence confirms that neonatal fibrinogen is qual-
itatively distinct from adult fibrinogen resulting in differ-
ences between neonatal and adult fibrin clot structure. In 
our analyses, we observed similar fibrinogen concentrations 
and clottability across species as well as similar age-related 
patterns in structure, mechanical, and degradation prop-
erties of adult and neonatal porcine and human samples. 
Based on these results we conclude that piglets are indeed 
an appropriate preclinical animal model for neonatal hemo-
stasis. In addition, we demonstrated the feasibility of an 
in vitro model application through the analysis of several 
hemostatic therapies applied to diluted neonatal porcine 
plasma.
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