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Abstract
Background: In vitro efficacy of pro- and antihemostatic drugs is profoundly differ-
ent in patients with compensated cirrhosis and in those who have cirrhosis and are 
critically ill.
Objectives: Here we assessed the efficacy of pro- and anticoagulant drugs in plasma 
of patients undergoing hepato-pancreato-biliary (HPB) surgery, which is associated 
with unique hemostatic changes.
Methods: We performed in vitro analyses on blood samples of 60 patients undergo-
ing HPB surgery and liver transplantation: 20 orthotopic liver transplantations, 20 
partial hepatectomies, and 20 pylorus-preserving pancreaticoduodenectomies. We 
performed thrombin generation experiments before and after in vitro addition of 
fresh frozen plasma (FFP), prothrombin complex concentrate (PCC), recombinant 
factor VIIa (rFVIIa), low molecular weight heparin (LMWH), unfractionated heparin, 
dabigatran, and rivaroxaban.
Results: We showed that patients undergoing HPB surgery are in a hypercoagulable 
state by thrombin generation testing. FFP and rFVIIa had minimal effects on throm-
bin generation, whereas PCC had a more pronounced procoagulant effect in patients 
compared with controls. Dabigatran showed a more pronounced anticoagulant ef-
fect in patients compared with controls, whereas rivaroxaban and LMWH had a de-
creased anticoagulant effect in patients.
Conclusion: We demonstrate profoundly altered in vitro efficacy of commonly used 
anticoagulants, in patients undergoing HPB surgery compared with healthy controls, 
which may have implications for anticoagulant dosing in the early postoperative pe-
riod. In the correction of perioperative bleeding complications, PCCs appear much 
more potent than FFP or rFVIIa, and PCCs may require conservative dosing and cau-
tion in use in patients undergoing HPB surgery.
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1  | INTRODUC TION

Major hepato-pancreato-biliary (HPB) surgery is frequently as-
sociated with hemostatic complications including intraoperative 
bleeding and postoperative venous thrombosis, and these com-
plications contribute to morbidity and mortality.1 The pathogen-
esis of hemostatic events during or after HPB surgery is complex 
but is likely in part related to alterations in the hemostatic sys-
tem that develop during surgery or are already present at base-
line. For example, complex preoperative hemostatic abnormalities 
are frequently present in patients with liver disease.2 In addition, 
hemostatic changes occur during and after partial hepatectomy 
or orthotopic liver transplantation (OLT) resulting from hemodilu-
tion, consumption, and decreased hepatic synthesis of pro- and 
anticoagulant factors. Although bleeding during partial hepatec-
tomy may be largely due to surgical and anatomical factors, perio-
perative changes in the hemostatic system may also contribute.3,4 
During OLT, the substantially altered hemostatic system may con-
tribute to bleeding, although surgical factors and portal hyperten-
sion contribute significantly.5,6 The risk of deep vein thrombosis 
following HPB surgery is between 3% and 9%, even in patients 
receiving adequate thromboprophylaxis.7-11 In addition, in liver 
transplant recipients, thrombotic complications of the hepatic ar-
tery or portal vein may occur, and may directly compromise graft 
function and vitality.12

Prediction of bleeding or thrombosis in this setting is difficult 
as routine tests of hemostasis, such as the prothrombin time or 
platelet count, do not appear to reflect actual hemostatic sta-
tus.1,13 For example, routine hemostasis tests suggest a hypo-
coagulable state in patients with end-stage liver disease before 
OLT, but when tested with thrombin generation tests that take the 
balance between pro- and anticoagulant processes into account, 
patients appear in hemostatic balance, and even have hypercoag-
ulable features.14-17 Indeed, centers now report that many of their 
liver transplant recipients can undergo the procedure without 
the use of any blood product transfusions, a clinical confirmation 
that patients are not overtly hypocoagulable.18 Similarly, although 
routine hemostatic tests may suggest a hypocoagulable state fol-
lowing OLT or partial hepatectomy, thrombin generation tests, or 
viscoelastic assays may show normo- to hypercoagulability.14,19-21 
These laboratory data suggest that administration of prohemo-
static products should be limited to actively bleeding patients, 
and suggest the need of a proactive approach to anticoagulant 
therapy. However, although this strategy has been disseminated in 
position papers,22 little clinical evidence on the efficacy and safety 
of clinically available pro- and anticoagulant drugs in these patient 
populations is available.

Procoagulant strategies that are commonly used include fresh 
frozen plasma (FFP), prothrombin complex concentrate (PCC), and 

less often recombinant factor VIIa (rFVIIa). FFP is frequently used 
during partial hepatectomy and OLT to treat perceived coagulopa-
thy or prevent bleeding. The disadvantage of the use of FFPs is that 
often large volumes are needed to achieve meaningful increases in 
factor levels. Moreover, the efficacy of FFP as a procoagulant agent 
continues to be debated both in the general population,23,24 and in 
patients with liver disease.25,26 The advantage of PCCs over FFP is 
the low volume and the potential to fully normalize factor levels, 
whereas the disadvantage is that PCCs do not contain all procoagu-
lant factors. A strategy combining PCC with fibrinogen concentrate 
has been used as first-line hemostatic management during OLT.27

Heparins are frequently used in anticoagulant management of pa-
tients undergoing HPB surgery. Importantly, monitoring of heparins in 
these patients who have decreased antithrombin levels is complicated 
by the underestimation of heparin levels when tested by an anti-Xa as-
says.28 Although direct oral anticoagulants (DOACs) are not indicated in 
surgical settings beyond major hip or knee surgery, there are theoretical 
advantages of DOACs in the HPB surgical setting, as antithrombin lev-
els can become very low in the early postoperative period, particularly 
following OLT and major partial hepatectomies.14,19 Of note, although 
the clinical use of DOACs in patients with liver disease in increasing,29 
DOACs have never been studied in clinical trials in this patient popula-
tion. In addition, in package inserts, DOACs are contraindicated or ad-
vised to use cautiously in patients with advanced liver disease.

We have recently demonstrated that the in vitro efficacy of pro- 
and antihemostatic drugs is profoundly different in patients with 
compensated cirrhosis and in those who have cirrhosis and are crit-
ically ill.30,31 This likely relates to differences in the profound alter-
ations in their hemostatic systems.

In this study, we aimed to assess the efficacy of both pro- and 
anticoagulant drugs in plasma of patients undergoing HPB surgery 
because hemostatic changes in these patients are also frequently 
substantial. Better understanding of the efficacy of commonly 
used pro- and anticoagulant approaches may inform future clinical 
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Essentials

•	 Hepatobiliary surgery is frequently complicated by in-
traoperative bleeding and postoperative thrombosis.

•	 We added commonly used pro- and anticoagulant 
agents to samples taken during and after hepatobiliary 
surgery.

•	 Prothrombin complex concentrates had the most pro-
nounced prohemostatic effect in vitro.

•	 In vitro anticoagulant effects of common drugs differed 
between patients and controls.
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studies on optimizing use of pro- and anticoagulants in this patient 
population.

2  | METHODS

2.1 | Patients and setting

The study was performed at King's College Hospital, a 950-bed ter-
tiary hospital in London, United Kingdom, from September 2017 
until December 2017. Sixty consecutive adult patients who were 
scheduled for OLT, partial hepatectomy, or pylorus-preserving pan-
creatico-duodenectomy (PPPD), who had given written informed 
consent were included in this study. Twenty patients per group were 
recruited. Exclusion criteria were: age younger than 18 years, acute 
liver failure, hereditary thrombophilia or hemophilia, use of vitamin 
K antagonists, transfusion of blood products (<7  days), deep vein 
thrombosis (<30 days), pregnancy, and HIV positivity.

To establish reference values for the various laboratory tests 
used, blood samples of 42 healthy individuals were used. Exclusion 
criteria for healthy volunteers were similar to those applied in pa-
tients with addition of systemic diseases requiring clinical interven-
tion or follow-up, the use of anticoagulant medications, history of 
venous thromboembolic events, and blood (product) transfusion 
up to 7 days before inclusion. The study was approved by NRES 
Committee London – Westminster, Study Number 17/LO/0527.

2.2 | Blood samples

Blood samples for analyses were taken into 3.2% sodium citrate 
tubes at the time points indicated. Samples were drawn by veni-
puncture from controls and in the postoperative period using a 21G 
needle using minimal stasis. Intraoperatively, blood was drawn from 
nonheparinized indwelling vascular catheters already placed by the 
anesthesiologist. The citrate tube was always taken after taking a 
serum or EDTA tube that was used for routine diagnostic testing. 
In those patients receiving postoperative thromboprophylaxis, post-
operative samples were taken just before administration of low mo-
lecular weight heparin (LMWH).

Liver transplantation
Partial hepatectomy and 
PPPD

1 After induction of anesthesia After induction of anesthesia

2 30 minutes after the start of 
the anhepatic phase

At the end of surgery

3 30 minutes after reperfusion Postoperative day 1

4 At the end of surgery Postoperative day 3

5 Postoperative day 1 Postoperative day 6

6 Postoperative day 3

7 Postoperative day 6

Blood samples were directly taken from the operating room 
or clinical ward to the laboratory by the clinical investigators (S.B. 

and B.v.d.B.) who immediately processed the samples. Platelet-poor 
plasma was obtained by centrifuging blood samples at 18°C for 
10 minutes at 2000g and subsequently for 10 minutes at 10 000g 
within 30 minutes after blood collection. Plasma samples were then 
stored at −80°C until use.

2.3 | In vitro addition of pro- and anticoagulants

We added the following agents to plasma samples of each patient 
and control:

•	 Pooled normal plasma (to mimic FFP transfusion – obtained by 
combining plasma from > 200 healthy volunteers, a generous gift 
from Dr JC Meijers, Academic Medical Center Amsterdam, The 
Netherlands) – final concentration 20% (v/v)

•	 Cofact (a four-factor PCC, Sanquin, Amsterdam, Netherlands) – 
final concentration 0.5 U/mL

•	 rFVIIa (Novo Nordisk, Bagsvaerd, Denmark) – final concentration 
50 nmol/L

•	 The LMWH Clexane (Sanofi-Aventis BV, Gouda, the Netherlands) 
– final concentration 0.2 U/mL

•	 Unfractionated heparin (Leo Pharma, Denmark) – final concentra-
tion 0.1 U/mL

•	 Dabigatran (Alsachim, Illkirch Graffenstaden, France) – final con-
centration 300 ng/mL

•	 Rivaroxaban (Alsachim, Illkirch Graffenstaden, France) – final 
concentration 25 ng/mL

The final concentrations of the anticoagulant drugs were based 
on initial experiments in which drugs were added in various concen-
trations to pooled normal plasma, after which thrombin generation 
was performed as described in the next paragraph. Those drugs 
concentrations that gave appreciable (but not maximal) inhibition 
of thrombin generation in pooled normal plasma were selected so 
it would be possible to detect both increased and decreased drug 
effects in patients compared with controls. The final concentrations 
of the procoagulant drugs were chosen to mimic clinically relevant 
doses. All drugs were added in the same volume: thrombin gener-
ation tests are performed with 80 μL of plasma per well and, in all 
experiments, 3 μL of plasma was replaced by vehicle or drug. The 
exception was the pooled normal plasma addition, in which per well 
16 μL of plasma was replaced by 16 μL of pooled normal plasma.

All pro- and anticoagulants were added to samples obtained after in-
duction of anesthesia, whereas only procoagulants were added to intra-
operative, and only anticoagulants were added to postoperative samples.

2.4 | Thrombin generation

The thrombin generation test was performed using platelet-poor 
plasma with calibrated automated thrombography in absence or 
presence of the previously mentioned agents. Coagulation was 
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activated using commercially available reagents containing recom-
binant tissue factor (final concentration 5  pmol/L), phospholipids 
(final concentration 4 μmol/L), in the presence of soluble thrombo-
modulin (the concentration of which is not revealed by the manu-
facturer). These reagents were purchased from Thrombinoscope BV, 
Maastricht, The Netherlands. Thrombin Calibrator (Thrombinoscope 
BV) was added to calibrate the thrombin generation curves. For 
each plasma sample, we used a single calibration using plasma that 
was not spiked with pro- or anticoagulants. This calibrator was 
also used for the samples to which the various pro- and anticoag-
ulants were added. A fluorogenic substrate with CaCl2 (FluCa-kit, 
Thrombinoscope BV) was dispensed in each well to allow a continu-
ous registration of thrombin generation. Fluorescence was read in 
time by a fluorometer, Fluoroskan Ascent (ThermoFisher Scientific). 
All procedures were undertaken according to the protocol suggested 
by Thrombinoscope BV.

The pro- or anticoagulant potency of the different agents was 
expressed as the percentual change of endogenous thrombin poten-
tial (ETP) after addition of the study agent. We calculated the per-
centage of change in ETP for each individual sample and compared 
the median change in ETP between patients and controls.

2.5 | Coagulation parameters

The international normalized ratio (INR) was assessed with commer-
cially available methods on an automated coagulation analyzer (ACL 
300 TOP) with reagents (Recombiplastin 2G) and protocols from the 
manufacturer (Instrumentation Laboratory).

Levels of fibrinogen and antithrombin were assessed on an auto-
mated coagulation analyser (ACL 300 TOP). We used QFA Thrombin 
(Hemosil) for fibrinogen and Liquid Antithrombin for antithrombin. 
Testing was performed according to the protocols from the manu-
facturer (Instrumentation Laboratory).

2.6 | Statistical analyses

Data are expressed as means (with standard deviations), medians 
(with interquartile ranges), or numbers (with percentages) as ap-
propriate. Multiple groups were compared using one-way analysis 
of variance or Kruskal-Wallis H test as appropriate. P values of .05 
or less were considered statistically significant. Statistical analyses 
were performed with Graph Pad Prism and IBM SPSS Statistics 23.0 
(IBM).

3  | RESULTS

3.1 | Patient characteristics

Of the 60 included patients, 20 underwent OLT, 20 had a partial 
hepatectomy, and 20 underwent a PPPD. The main demographic and 

clinical characteristics of the study population are shown in Table 1. 
Additional clinical characteristics of the patients undergoing OLT are 
shown in Table 2.

Almost all the patients had their blood drawn at the planned 
time points. For two OLT patients, it was not possible to get a blood 
sample on the third postoperative day. Eight of the patients who 
underwent a partial hepatectomy were already discharged before 
the measurement on day 6, and one of these eight patients declined 
sampling on day 3. Among the patients who underwent a PPPD, 
seven did not have their blood drawn at day 6.

3.2 | In vitro efficacy of pro- and antihemostatic 
agents in samples taken during and after OLT

We studied changes in routine hemostatic tests and total thrombin 
generation in samples taken during OLT. The INR was elevated com-
pared with controls in patients at the start of OLT, and further pro-
longed during transplantation, with a normalization at postoperative 
day 6. In addition, plasma fibrinogen and antithrombin levels were 
lower in patients at the start of surgery, and decreased further dur-
ing the procedure, with a postoperative normalization (Figure S1). In 
contrast, patients generated more thrombin compared with controls 
at each time point, in agreement with our previously published data 
(Figure S1).31

We next studied changes in total thrombin generation by in vitro 
addition of commonly used pro- and anticoagulant agents. Figure 1 
shows absolute ETP values of controls and intraoperative plasma 
samples in absence or presence of procoagulant agents, and Figure 2 
shows the absolute ETP values in the absence and presence of com-
monly used anticoagulants. Statistical differences indicated are 
differences in proportional change in ETP upon addition of pro- or 
anticoagulants between controls and patients. In other words, these 
comparisons show whether an agent has altered pro- or anticoag-
ulant potency in patients compared with controls. Table S1 shows 
absolute ETP values and percentual differences between ETP values 
in the absence and presence of pro- or anticoagulant agents, with 
significance levels relative to the healthy control group.

When pooled normal plasma or rFVIIa was added to the plasma 
of controls or patients, there was very little change in total throm-
bin generation in patients and controls. In contrast, addition of PCC 
resulted in a substantial increase in the ETP in patients and controls. 
In patients, the increase in ETP was more pronounced with an exag-
gerated response particularly in samples after reperfusion and at the 
end of surgery.

Addition of LMWH resulted in a comparable decrease in 
ETP between patients and controls, but absolute ETP values in 
the presence of LMWH remained significantly higher in patients 
compared with controls at all postoperative days. Addition of 
unfractionated heparin (UFH) led to a more pronounced, but 
nonsignificant, decrease in thrombin generation in patients com-
pared with controls, but the absolute ETP values in the presence 
of heparin were similar or even higher in patients compared with 
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controls (Figure  2). Dabigatran was much more effective in in-
hibiting thrombin generation in patients compared with controls, 
with lower ETP values in the presence of dabigatran in patients 
compared with controls. In contrast, rivaroxaban was much less 
effective in patients compared with controls; consequently, the 
absolute ETP values in the presence of rivaroxaban were substan-
tially higher in patients compared with controls, with ETP values 
in the presence of rivaroxaban in patients approximating ETP val-
ues in absence of rivaroxaban in controls.

3.3 | In vitro efficacy of pro- and antihemostatic 
agents in samples taken during and after partial 
hepatectomy

We next studied changes in routine hemostatic tests and total 
thrombin generation in samples taken during and after partial he-
patectomy. The INR increased during and after surgery and started 
to normalize at day 3. Plasma fibrinogen was slightly elevated at the 
start of surgery, decreased during surgery, and was substantially 

TA B L E  1   Patient characteristics

OLT (n = 20) P-HEP (n = 20) PPPD (n = 20) Controls (n = 42)

Age, y 53 [41-59] 60 [46-77] 65 [60-73] 29 [27-40]

Sex, male/female 12/8 9/11 12/8 20/16

Cirrhosis, n (%) 20 (100) — 1 (5) —

Laparoscopic, n (%) — 6 (30) — —

Hemoglobin, g/dL 122 [104-128] 133 [123-139] 126 [118-136]

Platelet count, G/L 134 [69-163] 238 [199-299] 237 [208-312]

WBC count, G/L 5 [4-7.0] 7 [5-8] 7 [6-9]

Sodium, mmol/L 136 [132-140] 140 [137-141] 139 [136-140]

Creatinine, μmol/L 72 [55-91] 68 [57-86] 72 [58-78]

Alkaline phosphatase, U/L 177 [108-278] 115 [74-153] 149 [100-349]

AST, U/L 65 [46-131] 25 [21-36] 30 [23-68]

GGT, U/L 100 [57-178] 52 [31-129] 127 [37-481]

Bilirubin, μmol/L 36 [21-71] 8 [6-10] 15 [10-21]

Length of surgery, min 335 [271-377] 263 [180-362] 406 [343-530] —

Estimated blood loss, mL 3236 [2205-4000] 625 [263-1825] 145 [110-1163] —

RBC transfusion, mL 554 [271-1190] 447 [0] 570 [0] —

FFP transfusion, mL 1796 [1348-2650] 600 [0] — —

Platelet transfusion, mL 315 [304-576] — — —

Length of hospital stay, d 13 [10-16] 8 [6-10] 14 [9-18] —

Thromboprophylaxis, n (%) 18 (90)a  18 (90)a  20 (100)a  —

Postoperative VTE, n (%) 1 (5) 0 (0) 1 (5)

Surgical indications

Metastatic disease, n (%) — 7 (35)

Hepatocellular carcinoma, n (%) — 4 (20)

Neuroendocrine tumor, n (%) — 1 (5)

Cholangiocarcinoma, n (%) — 1 (5)

Epithelioid hemangioendothelioma, n (%) 1 (5)

Benign tumor, n (%) — 6 (30)

Pancreatic carcinoma, n (%) 12 (60)

Ampullary adenoma, n (%) 4 (20)

Side branch IPMN, n (%) 1 (5)

Common bile duct stricture, n (%) 2 (10)

Insulinoma, n (%) 1 (5)

Note: Numbers are represented as median [IQR], mean [standard deviation], or numbers (%).
Abbreviations: FFP, fresh frozen plasma; IPMN, intraductal papillary mucinous neoplasms; OLT, orthotopic liver transplantation; P-HEP, partial 
hepatectomy; PPPD, pylorus-preserving pancreaticoduodenectomy; RBC, red blood cell; WBC, white blood cell.
aThromboprophylaxis was started at day 1, the first postoperative sample was drawn before the first dose, whereas other samples were drawn just 
before the next dose. 
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elevated thereafter until day 6. Antithrombin levels were normal in 
patients at the start of surgery, but decreased during surgery and 
did not normalize until day 6 (Figure S2). Patients generated more 
thrombin compared with controls throughout the procedure, which 

is in line with our previously published data,19 except for elevated 
thrombin generation at baseline (Table S2).

In the samples taken from patients during and after partial 
hepatectomy, changes in thrombin generation after addition of 
pro- and antihemostatic drugs were also tested. Figure 3 shows 
absolute ETP values of patients and controls in absence or pres-
ence of procoagulant agents, with ETP values in absence or 
presence of anticoagulant agents shown in Figure  4. Statistical 
differences indicated are differences in proportional change in 
ETP upon addition of pro- or anticoagulants between controls 
and patients. Table S2 shows absolute ETP values and percentual 
differences between ETP values in absence and presence of pro- 
or anticoagulant agents, with significance levels relative to the 
healthy control group.

Addition of pooled normal plasma and rFVIIa resulted in very 
little change in thrombin generation in patients and controls. In con-
trast, PCCs substantially increased thrombin generation in patients 
and controls, and although the magnitude of the increase was similar 
between patients and controls, absolute ETP values were substan-
tially higher in patients because of higher thrombin generation in the 
absence of PCC, particular at the end of surgery.

LWMH had a similar anticoagulant effect in patients and con-
trols, although absolute ETP values in the presence of LMWH were 
very high in patients, with values even higher than control values 
in the absence of LMWH. At start of surgery, anticoagulant activity 
of LWMH was clearly higher in patients. With the addition of UFH, 
the relative decrease of the ETP in patients was comparable to the 
controls in all postoperative samples, but a more extensive antico-
agulant effect was seen at baseline. Absolute thrombin generation 
in the presence of UFH was substantially higher in postoperative 
samples compared with controls. Dabigatran showed a larger rela-
tive decrease of ETP in patients compared with controls, but abso-
lute values in the presence of dabigatran were comparable or even 
higher in patients. Rivaroxaban was much less effective in patients 

TA B L E  2   Clinical characteristics of the 20 orthotopic liver 
transplant patients

Characteristics

MELD 13 [9-17]

CTP, n (%)

A 3 (15)

B 12 (60)

C 5 (25)

Etiology of cirrhosis, n (%)

PBC 1 (5)

PSC 6 (30)

NASH 1 (5)

ALD 5 (25)

Autoimmune 1 (5)

Other 6 (30)

HBV 3 (15)

HCV 1 (5)

HCC 3 (15)

Ascites 8 (40)

Encephalopathy 4 (20)

CIT, min 464 [403-522]

WIT, min 36 [34-47]

Donation after brain death (vs donation after 
cardiac death)

13 (65)

Note: Numbers are represented as median [IQR] or numbers (%).
Abbreviations: ALD, alcoholic liver disease; CIT, cold ischemia time; CTP, 
Child Turcotte Pugh; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; 
HCV, hepatitis C virus; MELD, model for end-stage liver disease; NASH, 
nonalcoholic steatohepatitis; PBC, primary biliary cholangitis; PSC, primary 
sclerosing cholangitis; WIT, warmth ischemia time.

F I G U R E  1   Absolute ETP levels from thrombomodulin modified thrombin generation testing in plasma of controls, and patients during 
OLT before (−) and after (+) in vitro addition of prohemostatic agents. Start is after induction of anesthesia, anhep is 30 minutes after the 
start of the anhepatic phase, reperf is 30 minutes after reperfusion, and end is at the end of surgery. Shown are medians with error bars 
indicating interquartile ranges, and the proportional difference in ETP upon addition of procoagulants. Statistical differences indicated are 
differences in proportional change in ETP upon addition of procoagulants between controls and patients. *P < .05 vs controls, **P < .01 vs 
controls, ***P < .001 vs controls. FFP, fresh frozen plasma; PCC, prothrombin complex concentrate; rFVIIa, recombinant factor VIIa
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compared with controls, with ETP values in the presence of drug 
exceeding ETP values in controls in absence of drug.

3.4 | In vitro efficacy of pro- and antihemostatic 
agents in samples taken during and after PPPD

We studied changes in routine hemostatic tests and total throm-
bin generation in samples taken during and after PPPD. The INR 
increased during and after surgery, and began to normalize at day 
3. Plasma fibrinogen was slightly elevated at the start of surgery, 
decreased during surgery, and was substantially elevated thereafter 
until day 6. Antithrombin levels were normal in patients at the start 
of surgery, but decreased during surgery and did not fully normalize 
until day 6 (Figure S3). Patients generated more thrombin compared 
with controls throughout the procedure, which is in contrast with 
our previously published data,19 in which we reported normal throm-
bin generation (Table S3).

The prohemostatic drugs and anticoagulants that were 
tested in the samples from patients undergoing OLT and partial 

hepatectomy were also added to the samples taken from patients 
during and after PPPD. Absolute ETP levels in absence and pres-
ence of the pro- and anticoagulant drugs are shown in Figures 5 
and 6. Statistical differences indicated are differences in propor-
tional change in ETP upon addition of pro- or anticoagulants be-
tween controls and patients. Table S3 shows absolute ETP values 
and percentual differences between ETP values in absence and 
presence of pro- or anticoagulant agents, with significance levels 
relative to the healthy control group.

Addition of pooled normal plasma or rFVIIa had very little effect 
on total thrombin generation in patients and controls. In contrast, 
the addition of PCC increased thrombin generation to a similar ex-
tent in patients and controls, but total thrombin generation in the 
presence of PCC was much higher in patients as a result of ele-
vated thrombin generation compared with controls in the absence 
of drug. The effects of the anticoagulants in the plasma of patients 
after PPPD are similar to the effect described in the patients after 
partial hepatectomy, with heparins and dabigatran exerting similar 
to increased anticoagulant potency in patients compared with con-
trols, but with higher absolute ETPs in presence of drug in patients, 

F I G U R E  2   Absolute ETP levels from thrombomodulin modified thrombin generation testing in plasma of controls, and patients after OLT 
before (−) and after (+) in vitro addition of anticoagulants. Start is after induction of anesthesia, POD, postoperative day. Shown are medians 
with error bars indicating interquartile ranges, and the proportional difference in ETP upon addition of anticoagulants. Statistical differences 
indicated are differences in proportional change in ETP upon addition of anticoagulants between controls and patients. ***P < .001 vs 
controls. Dabi, dabigatran; LMWH, low molecular weight heparin; Riva, rivaroxaban; UFH, unfractionated heparin 
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F I G U R E  3   Absolute ETP levels from thrombomodulin modified thrombin generation testing in plasma of controls, and patients during 
partial hepatectomy before (−) and after (+) in vitro addition of prohemostatic agents. Start is after induction of anesthesia, end is at the 
end of surgery. Shown are medians with error bars indicating interquartile ranges, and the proportional difference in ETP upon addition 
of procoagulants. Statistical differences indicated are differences in proportional change in ETP upon addition of procoagulants between 
controls and patients. ***P < .001 vs controls. FFP, fresh frozen plasma; PCC, prothrombin complex concentrate; rFVIIa, recombinant factor 
VIIa
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F I G U R E  4   Absolute ETP levels from thrombomodulin modified thrombin generation testing in plasma of controls, and patients after 
partial hepatectomy before (−) and after (+) in vitro addition of anticoagulants. Start is after induction of anesthesia, POD, postoperative day. 
Shown are medians with error bars indicating interquartile ranges, and the proportional difference in ETP upon addition of anticoagulants. 
Statistical differences indicated are differences in proportional change in ETP upon addition of anticoagulants between controls and 
patients. *P < .05 vs controls, **P < .01 vs controls, ***P < .001 vs controls. Dabi, dabigatran; LMWH, low molecular weight heparin; Riva, 
rivaroxaban; UFH, unfractionated heparin
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particularly with LMWH. Rivaroxaban had very poor anticoagulant 
effects both in relative and absolute terms.

4  | DISCUSSION

In this study, we found that patients undergoing HPB surgery are 
hypercoagulable when assessed with thrombomodulin-modified 
thrombin generation testing. Although an elevated INR during or 
after the procedure may suggest a bleeding tendency, the actual 
hemostatic status appears prothrombotic, which is in line with 
clinical observations on mild bleeding in many patients, even those 
with preexisting liver failure,18 and confirms thrombotic risk fol-
lowing HPB surgery.7-11,32 We also demonstrated altered potency 
of commonly used anticoagulant drugs comparable to enhanced 
anticoagulant effects for UFH, LMWH, and dabigatran, and pro-
foundly decreased anticoagulant effects of rivaroxaban. Despite 
the increased anticoagulant effects of dabigatran and heparins, 
absolute on-drug thrombin generation was higher in patients com-
pared with controls, particularly in case of LMWH. The antico-
agulant effect of rivaroxaban was substantially lower in patients 
compared with controls with on-drug thrombin generation levels 
that substantially exceeded off-drug thrombin generation in con-
trols. Our results therefore suggest an insufficient anticoagulant 
effect of standard dosages of LMWH and rivaroxaban in patients 
that undergo HPB surgery. Finally, we found no appreciable proco-
agulant effects of FFP and rFVIIa in patients and controls, but sig-
nificant procoagulant activity of PCCs. The relative prohemostatic 
effect of PCCs appeared to be higher in liver transplant recipients 
compared with controls.

We also found elevated fibrinogen levels, mainly after oncolog-
ical surgery, which could be considered as an additional thrombotic 
risk factor.33,34 In light of the published data on increased risk of VTE 
after partial hepatectomy in the presence of optimal thrombosis 

prophylaxis with LWMH7,8,11 and our current data, it may be justi-
fied to increase the LMWH dose early after HPB surgery, although 
clinical studies are requires to assess safety and efficacy of such an 
approach. Dose adjustments have been previously proposed for 
patients undergoing partial hepatectomy,1,11 but no clinical studies 
have yet assessed this approach. Besides enhanced thrombin gen-
eration and hyperfibrinogenemia, patients that underwent HPB 
surgery are characterized by a persistent postoperative hypofibri-
nolysis35 and a VWF/ADAMTS13 unbalance,36,37 which further con-
tribute to the hypercoagulable state of these patients.

DOACs are replacing LMWH in thromboprophylaxis after ortho-
pedic surgery, but use of DOACs in other surgical settings has not been 
extensively explored. The major advantage of DOACs over LMWH is 
the mode of administration, and an additional advantage in the HPB 
surgery setting being the independence of antithrombin, which is fre-
quently low after OLT and major partial hepatectomy. However, given 
the substantially altered anticoagulant effects of the Xa-directed 
DOAC rivaroxaban, and the IIa-directed DOAC dabigatran, careful use 
is warranted in clinical application of these drugs in the surgical HPB 
setting, preferably guided by well-designed clinical studies.

Our data on prohemostatic strategies show that rFVIIa and FFP 
have little to no in vitro prohemostatic effect. These results are in 
line with clinical data on the use of rFVIIa in HPB surgery,38 and with 
increasing data arguing against liberal use of FFP in OLT18,22 and cir-
rhosis.26,39 In vitro and ex vivo studies have demonstrated little to no 
prohemostatic effect of FFP by thrombin generation tests in patients 
with cirrhosis.25,40 Although prophylactic administration of FFP in 
HPB surgery is common and leads to improvement of routine labo-
ratory parameters such as the INR, the actual prohemostatic effect 
of FFP is questionable. More important, FFP can lead to circulating 
volume overload, which may increase bleeding risk by increasing por-
tal and central venous pressure. Given the poor evidence that FFP 
is clinically effective in prophylactic and treatment settings,23,24 a 
search for alternative prohemostatic options would be wise. Our data 

F I G U R E  5   Absolute ETP levels from thrombomodulin modified thrombin generation testing in plasma of controls, and patients after 
PPPD before (−) and after (+) in vitro addition of prohemostatic agents. Start is after induction of anesthesia, end is at the end of surgery. 
Shown are medians with error bars indicating interquartile ranges, and the proportional difference in ETP upon addition of procoagulants. 
Statistical differences indicated are differences in proportional change in ETP upon addition of procoagulants between controls and 
patients. *P < .05 vs controls, **P < .01 vs controls, ***P < .001 vs controls. FFP, fresh frozen plasma; PCC, prothrombin complex 
concentrate; rFVIIa, recombinant factor VIIa
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suggest PCCs to be effective in improving hemostatic capacity during 
HPB surgery, although the exaggerated responses in our in vitro test 
may warrant careful dosing. The advantage of PCCs over FFP is that 
PCCs lead to a much more robust increase in coagulation factor levels 
because PCCs contain highly concentrated coagulation factors in a 
small volume. Our results are in line with a single-center retrospective 
study of liver transplant recipients, which showed that the admin-
istration of PCCs and/or fibrinogen concentrate guided via bedside 
hemostatic testing was safe and effective compared with an FFP/
platelet concentrate-based approach.41 In addition, an in vitro study 
in which plasma samples taken during OLT were supplemented with 
PCC or FFP showed a better improvement of thrombin generating ca-
pacity by PCCs as assessed by modern thrombin generation testing.42

Although our data indicate a possible requirement for dose 
adjustments of commonly used pro- and anticoagulant strategies 
in the HPB patient, we acknowledge the limitations of our in vitro 
approach. Thrombin generation is thus far only used in a research 
setting. It is a relatively cumbersome test and not yet ready for clin-
ical use, although the automated test (Genesia) has been launched 
and whole blood thrombin generation tests that may be suitable as a 
point-of-care test are in development.43,44 In addition, it is unknown 
which level of ETP represents the optimal pro- or anticoagulant sta-
tus; therefore, we do not have ETP target levels for management of 
thrombosis or bleeding. To incorporate dose adjustments in further 
studies, we would need such information to be able to adjust the 
dosing of pro- or anticoagulants in this specific population.

Our study is limited by a relatively low sample size and het-
erogenous cohorts. Our OLT cohort contains a large proportion 
of patients with cholestatic liver disease, which are known to be 
more hypercoagulable compared with patients with cirrhosis of 
other etiologies.45 In addition, our partial hepatectomy cohort 
consists of patients with and without an underlying malignancy, 
and these patients also differ in their baseline hemostatic sta-
tus. Although we did not detect obvious differences between 
patients in responses to pro- or anticoagulant agents in these 
subgroups, we note our cohorts are too small for meaningful 
subgroup analyses.

In conclusion, our data confirm a hypercoagulable profile of pa-
tients with cirrhosis and patients with HPB cancer, which remains 
present during and after major surgical procedures. We demon-
strate profoundly altered in vitro efficacy of commonly used anti-
coagulants, with indications that LMWH and rivaroxaban require 
higher dosing in patients that underwent HPB surgery compared 
to the general population requiring these anticoagulants. We also 
demonstrate that in case of a perioperative bleeding complication, 
PCCs are much more potent than FFP or rFVIIa. Our results should 
be seen as a starting point for clinical studies aimed at improved 
pharmacological hemostatic management of patients undergoing 
HPB surgery.
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F I G U R E  6   Absolute ETP levels 
from thrombomodulin modified 
thrombin generation testing in plasma 
of controls, and patients after PPPD 
before (−) and after (+) in vitro addition 
of anticoagulants. Start is after induction 
of anesthesia. POD, postoperative day. 
Shown are medians with error bars 
indicating interquartile ranges, and the 
proportional difference in ETP upon 
addition of anticoagulants. Statistical 
differences indicated are differences in 
proportional change in ETP upon addition 
of anticoagulants between controls and 
patients. *P < .05 vs controls, **P < .01 
vs controls, ***P < .001 vs controls. 
Dabi, dabigatran; LMWH, low molecular 
weight heparin; Riva, rivaroxaban; UFH, 
unfractionated heparin
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