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Abstract

Background Liver dysfunction is associated with a rebalanced but fragile hemostatic system, in which alterations
in coagulation factor synthesis and activity contribute to both bleeding and thrombotic risks. During liver
transplantation, this fragile equilibrium is further challenged by major physiological stress. This study aimed to
characterize the phase-specific intraoperative dynamics of coagulation factors V, VI, and XlIl (FV, FVIII, and FXIII) to
better understand hemostatic modulation and its clinical implications during liver transplantation.

Methods A subset of 17 liver transplant recipients receiving transfusion support without administration of
recombinant FVIIl or FXIIl was analyzed. Measurements were obtained at three defined intraoperative time points: T1
anesthesia induction, T2 end of anhepatic phase, T3 end of surgery. Activities of FV, FVIIl, and FXIIl were quantified and
analyzed for temporal trends.

Results All three coagulation factors declined during surgery. FV was already markedly reduced at T1 (37% (22/55))
and further decreased to 26% at T3 ((19/34); p=0.0309). FVIIl showed supranormal levels at T1 (193% (160/254) and
declined to near-normal levels at T3 (109% ((67/143); p <0.0001). FXIIl remained close to the lower limit of normal (T1:
68% (50/85)); T3: (63% (55/78)) without significant change.

Conclusion This prospective analysis reveals distinct, phase-specific trajectories of FV, FVIIl, and FXIII during liver
transplantation. Understanding these differential patterns may help identify critical periods of hemostatic vulnerability
and guide individualized factor-specific therapeutic interventions to optimize perioperative coagulation management
in liver transplant recipients.

Trial registration German Clinical Trials Register (DRKS00032827).
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Background

The liver is central to the hemostatic balance, synthesiz-
ing the majority of both procoagulant and anticoagulant
factors. These include key components of secondary
hemostasis such as fibrinogen, prothrombin, and fac-
tors V, VII, IX, and X, as well as natural anticoagulants
like antithrombin, protein C, and protein S. In liver dys-
function, this finely tuned equilibrium can be profoundly
disrupted. The resulting hemostatic state is not merely
hypo- or hypercoagulable, but represents a complex and
dynamic rebalancing of coagulation. This rebalanced
state is inherently fragile and susceptible to perturba-
tions, rendering liver patients vulnerable to both bleeding
and thrombotic complications (Tripodi and Mannucci
2011; Forkin et al. 2018; Northup et al. 2008; Henry and
Northup 2017; Tripodi et al. 2010).

While hepatic synthesis is crucial for hemostasis, indi-
vidual coagulation factors differ in their cellular origins.
Factor V (FV) is almost exclusively produced by hepato-
cytes in the liver, whereas factor VIII (FVIII) and factor
XIII (EXIII) synthesis occurs both hepatically and extra-
hepatically. Notably, a substantial proportion of FXIII
originates from myeloid cells, including megakaryocytes
and macrophages (Tripodi and Mannucci 2011; Rosing
and Tans 1997; Duga et al. 2004; Hollestelle et al. 2004;
Hollestelle et al. 2001 Sep; Sinegre et al. 2018; Muszbek
et al. 2011; Himmelreich et al. 1993). Understanding the
timing and magnitude of factor fluctuations is critical for
optimizing hemostatic management in patients at high
risk of bleeding or thrombosis.

Liver transplantation is the only definitive treatment in
end-stage liver failure. However, beyond the pre-existing
coagulopathy intrinsic to liver failure, the procedure itself
imposes additional physiological stress that can induce
unpredictable alterations in the tenuous hemostatic bal-
ance (Hartmann et al. 2016; Thai et al. 2020). Surgical
trauma, ischemia—reperfusion injury, and immunologic
responses create a highly dynamic coagulation environ-
ment manifesting in fluctuations in plasma levels and
activities of coagulation factors. The diversity of cellu-
lar sources involved in the synthesis of coagulation fac-
tors adds an additional layer of complexity with potential
implications for the hemostatic management.

In a subanalysis of a larger prospective study on hyper-
fibrinolysis during liver transplantation, intraoperative
trajectories of coagulation factors V, VIII, and XIII were
systematically investigated in patients who received
transfusion support reflecting the clinical reality of most
transplant cases (Thaler et al. 2025). These factors were
selected to capture complementary aspects of periop-
erative hemostasis: FV as a marker of hepatocellular
synthetic capacity due to its predominant hepatic ori-
gin and short half-life; FVIII as an indicator of endothe-
lial activation and rebalanced hemostasis; and FXIII as
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a key determinant of fibrin cross-linking and clot stabil-
ity, particularly relevant in the context of bleeding and
transplantation-associated hyperfibrinolysis. Given their
distinct cellular origins and physiological functions, this
study aimed to delineate phase-dependent fluctuations
across key surgical stages and to explore their relation-
ship with concurrent fibrinolytic profiles. While previous
studies have focused on isolated time points in transfu-
sion-free liver transplantation (Rengeiné et al. 2020), this
analysis provides an integrated, dynamic view of phase-
specific hemostatic shifts throughout the transplanta-
tion process. Such characterization may enhance the
understanding of hemostatic modulation during liver
transplantation and help identify critical periods of vul-
nerability to guide targeted therapeutic interventions.

Methods

This study was a prospective subanalysis embedded
within an observational cohort study investigating coag-
ulation dynamics in liver transplantation. The study
protocol was approved by the ethics committee of Lud-
wig-Maximilians-University (LMU), Munich, Germany
(No 23—0613; 2023, Aug 30) and conducted in accor-
dance with the Declaration of Helsinki. Written informed
consent was obtained from all patients before study
inclusion. Exclusion criteria comprised age<18 years
and refusal to participate. The study was registered at the
German Clinical Trials Register (DRKS00032827) prior
to enrolment.

For the current analysis, a subset of 17 patients was
selected from the overall cohort of 30 liver transplant
recipients enrolled between September 2023 and June
2024. Patients who received recombinant factor VIII or
factor XIII concentrates during transplantation were
excluded. Administration of Fresh Frozen Plasma (FFP)
did not lead to exclusion since FFP contains all coagula-
tion factors but at standard clinical doses only slightly
compensates for individual factor deficiencies without
inducing a procoagulant state (Kozek-Langenecker et al.
2011; Rassi et al. 2020). Patients undergoing retransplan-
tation or with missing values at any predefined sampling
time points were also excluded to ensure data complete-
ness and consistency.

Blood samples were collected in citrate and EDTA
tubes at predefined perioperative time points corre-
sponding to key procedural phases: T1 induction of
general anesthesia, T2 end of anhepatic phase, T3 end
of surgery. Activities of coagulation factor V (Thrombo-
rel® S), factor VIII (chromogenic assay), and factor XIII
(enzymatic chromogenic assay) were measured in the
LMU Department of Laboratory Medicine together with
routine coagulation parameters such as platelet count,
Quick/INR, and aPTT.
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Statistics

Statistical analysis was performed using GraphPad Prism
10 (GraphPad Software, San Diego, CA, USA). Differ-
ences across time points were evaluated using either
repeated measure one-way ANOVA or Friedman’s test,
depending on data distribution determined by prior
normality testing. Post-hoc correction for multiple com-
parisons was applied using the Holm-Sidak method
(ANOVA) or Dunn’s test (Friedman test). Spearman’s
rank correlation coefficient was used to assess correla-
tions between continuous variables. A two-tailed p <0.05
was considered statistically significant.

Table 1 Demographics and surgery data
Demographics of patients and surgery data (n=17)

Age (years) 58 (52/63)
Sex (male/female) 11 (65%)/6 (35%)
BMI (kg/m?) 24.(21/30)
Arterial hypertension 8 (47%)
Diabetes mellitus Type Il 6 (35%)
NASH 1 (6%)
Etiology of liver pathology
Alcoholic liver disease 5(29%)
Biliary cirrhosis 5(29%)
Autoimmune hepatitis 2 (12%)
HCC 2 (12%)
Others 3(18%)
Child-Pugh-Score (n=15)
Child A 2 (12%)
Child B 7 (41%)
Child C 6 (35%)
MELD-Score 19(13/27)
Preoperative hemostatic profile
Platelet count (G/1) 63 (49/99)
Quick (%) 50 (35/57)
INR 1.5(1.4/2.0)

Fibrinogen (mg/dl)
Length of surgery (min)

155 (130/186)
295 (242/334)

Blood loss (ml) 3300 (1700/5430)
Red Blood Cell concentrate (ml) 750 (500/1250)
Autologous blood transfusion (ml) 580 (142/954)
Platelet concentrate (ml) 0 (0/600)

Fresh Frozen Plasma (ml) 1500 (1125/2250)
Fibrinogen (q) 4(0/8)
Prothrombin complex concentrate (I.E.) 0(0/2050)

Postoperative complications (up to 7 days post transplantation)

Thromboembolic events 3(18%)
Primary Graft Dysfunction 1 (6%)
Bleeding complications 0

Values are presented as median with IQR or number (percentage), as
appropriate. Preoperative hemostatic parameters comprised platelet count,
Quick/INR and fibrinogen level

BMIBody Mass Index, HCC Hepatocellular carcinoma, MELD Model for End stage
Liver Disease, NASH Nonalcoholic Steatohepatitis
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Results

Descriptive statistics for the study cohort including
demographics, etiology and classification of liver disease,
preoperative hemostatic profile, surgical data and post-
operative complications are summarized in Table 1.

Data are presented as median with interquartile range
(IQR, Q1/Q3).

At baseline (T1), factor V activity was already mark-
edly reduced and continued to decline throughout the
intraoperative period (Fig. 1). Median FV activity levels
decreased from 37% (22/55) at T1 to 33% (24/50) at T2,
and further to 26% (19/34) at T3, with a statistically sig-
nificant reduction between T1 and T3 (p =0.0309).

Factor VIII activity was supranormal at T1 and T2 but
declined progressively during surgery (Fig. 2). Median
values decreased from 193% (160/254) at T1 to 165%
(141/193) at T2, reaching 109% (67/143) at T3, within
the normal reference range. The decline was statistically
significant between both T1 and T3 (p<0.0001) and
between T2 and T3 (p=0.0025), indicating normalization
of FVIII activity over the operative course.

Factor XIII activity remained near the lower limit
of normal at T1 and T2, with a slight, non-significant
decrease at T3 (T1: 68% (50/85); T2: 72% (59/87); T3:
63% (55/78); Fig. 3).

To explore the potential mechanisms underlying the
observed changes, correlation analyses were performed.
No significant relationship was found between baseline
EXIII activity and initial platelet count (p =0.374) as well
as baseline FXIII activity and blood loss (p =-0.4412).
Likewise, intraoperative blood loss showed no significant
correlation with changes in factor activity between T1
and T3 (blood loss vs FV: p =-0.442; blood loss vs FVIIIL:
p =-0.3522; blood loss vs FXIII: p =-0.4104).

Discussion

This prospective analysis of 17 liver transplant recipients
characterized the phase-specific intraoperative dynam-
ics of coagulation factors V, VIII, and XIII. The study
revealed distinct patterns: FV was markedly reduced at
baseline and declined further during surgery, FVIII was
supranormal at the start and gradually normalized, and
EXIII remained near the lower limit of normal with only
minor intraoperative changes. These findings provide a
detailed, phase-specific profile of factor dynamics, offer-
ing insights into hemostatic modulation during liver
transplantation.

While previous studies have characterized coagula-
tion factor behavior in transfusion-free liver transplanta-
tion settings (Rengeiné et al. 2020), such cases represent
a minority of clinical practice. In contrast, the present
study focused on transfusion-supported, yet factor-free
procedures, thereby reflecting real-world intraoperative
conditions in which blood product administration and
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Fig. 1 Intraoperative activity of coagulation factor V (FV) during liver transplantation. FV activity (%) measured at three intraoperative time points: T1 in-
duction of general anesthesia, T2 end of anhepatic phase, T3 end of surgery. Data are presented as median with interquartile range. FV activity decreased
progressively and significantly throughout the procedure
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Fig. 2 Intraoperative activity of coagulation factor VIII (FVII) during liver transplantation. FVIII activity (%) measured at three intraoperative time points:
T1 induction of general anesthesia, T2 end of anhepatic phase, T3 end of surgery. Data are presented as median with interquartile range. FVIII activity

declined from supranormal to near-normal levels over the course of surgery
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Fig. 3 Intraoperative activity of coagulation factor XIII (FXIIl) during liver transplantation. FXIIl activity (%) measured at three intraoperative time points:
T1 induction of general anesthesia, T2 end of anhepatic phase, T3 end of surgery. Data are presented as median with interquartile range. FXIII activity
remained near the lower limit of normal with a slight, non-significant decrease during surgery

hemodilution interplay with hepatic synthetic dynamics.
This perspective is essential for translating pathophysi-
ologic findings into practical hemostatic management.
Liver transplantation is associated with substantial
hemostatic alterations (Hartmann et al. 2016; Rengeiné et
al. 2020; Lisman et al. 2002; Lewis et al. 1989). In patients
with advanced liver disease these changes are increas-
ingly interpreted within the framework of a rebalanced
hemostasis, extensively described by the group of T. Lis-
man. In this model, concomitant decrease in pro- and
anticoagulant pathways creates a fragile but often func-
tionally preserved hemostatic equilibrium rather than
a simple bleeding diathesis (Lisman and Porte 2010).
Notably, thrombin-generating capacity has been shown
to remain relatively preserved despite abnormal conven-
tional coagulation tests (Tripodi et al. 2005; Lebreton et
al. 2020). The phase-specific factor trajectories exam-
ined in our study provide additional clinical context to
this concept. Although all three coagulation factors are
synthesized in the liver, their activity is differentially
affected by hepatic dysfunction. Baseline activities pri-
marily reflect pre-existing liver dysfunction. FV, pre-
dominantly synthesized by hepatocytes, was already low
at T1, underscoring its strong dependence on hepatic
synthetic capacity (Rosing and Tans 1997; Duga et al
2004). In contrast, FVIII, mainly produced by sinusoidal
endothelial cells of the liver instead of hepatocytes and
stabilized by elevated von Willebrand factor in cirrhosis,
presented with supranormal levels. In addition, elevated
FVIII levels in cirrhosis have been related to the presence
and severity of portal hypertension and are thought to

reflect endothelial activation and a prothrombotic shift
in the portal circulation. Although not specifically inves-
tigated in the present study, this mechanism may repre-
sent a further potential explanation for the supranormal
FVIII levels observed at baseline (Wu et al. 2024). FXIII,
a heterotetramer with subunits derived from liver and
extrahepatic sources (monocytes, macrophages, mega-
karyocytes), showed relative preservation, possibly due
to compensatory synthesis and its long half-life (approxi-
mately 9 days) (Muszbek et al. 2011; Himmelreich et
al. 1993); acquired partial reduction of FXIII has been
described in severe liver disease (Rengeiné et al. 2020;
1978), however, the extrahepatic sources may partly miti-
gate the impact of hepatic injury on plasma FXIII activ-
ity. Comorbidities such as arterial hypertension, diabetes
mellitus or nonalcoholic steatohepatitis (NASH) may
also influence the systemic inflammatory status including
EXIII. Unlike other coagulation factors like fibrinogen,
EXIII has been reported to remain low during the first 48
h after transplantation (Rengeiné et al. 2020), suggesting
it might be less suitable as a marker of early graft (dys-)
function. These differential patterns may explain the
distinct intraoperative trajectories observed. Although
EXIII synthesis partly depends on megakaryocytes, no
correlation between platelet count and FXIII activity was
observed in this study, as opposed to prior data (Tacke
et al. 2006). This may also reflect compensatory synthe-
sis by monocytes or macrophages and the relatively long
plasma half-life of FXIII, which might help maintain
functional levels despite thrombocytopenia or impaired
hepatic thrombopoietin production (Henry and Northup
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2017; Kajihara et al. 2007; Pradella et al. 2011; Intagliata
et al. 2019; Eto and Kunishima 2016; 2024).

During surgery, additional factors including cessation
of hepatic synthesis during the anhepatic phase, dilu-
tion, consumption, and hyperfibrinolysis may contribute
to further declines (Thaler et al. 2025; Lewis et al. 1989;
Clevenger and Mallett 2014; Brezeanu et al. 2020). FV
showed the most pronounced decrease, consistent with
its short half-life (approximately 12 h) and sensitivity to
synthetic disruption, highlighting its potential as an early
marker for graft function; with the onset of functional
graft activity, a prompt rise in FV levels can typically be
observed indicating the restoration of hepatic synthesis
capacity. This aligns well with prior studies highlight-
ing the prognostic relevance of FV in liver transplanta-
tion (Lisman et al. 2002; Gorgen et al. 2019; Zulian et
al. 2015). Low postoperative FV levels, especially below
a threshold of 36%, have been demonstrated to predict
early allograft dysfunction and graft loss within months
following transplantation (Clevenger and Mallett 2014).
In contrast, FVIII and FXIII appeared more resilient,
likely due to extrahepatic production and kinetic sta-
bility, although FVIII declined more markedly than
FXIII (Muszbek et al. 2011; 2024; Lison et al. 2011). The
absence of a correlation between factor activities and
intraoperative blood loss underscores the multifactorial
nature of coagulation changes in this setting. This obser-
vation is consistent with previous work from the group of
Lisman et al. given the poor performance of conventional
coagulation parameters to reflect the overall hemostatic
capacity in patients with liver disease, as simultaneous
changes in pro- and anticoagulant pathways are not cap-
tured by routine assays (Lisman 2023). One additional
player in this complexity may be hyperfibrinolysis, a well-
recognized phenomenon during liver transplantation as
repeatedly demonstrated in prior studies (Muszbek et al.
2011; Himmelreich et al. 1993; Thaler et al. 2025; Lisman
et al. 2002); however, there is high variability in fibrino-
lytic phenotypes depending on the etiology and severity
of the underlying liver disease (Blasi et al. 2020). Excess
plasmin, as observed in hyperfibrinolysis, can degrade
not only fibrin but also several coagulation factors — par-
ticularly FV and FVIII — thereby further reducing their
plasma levels (Muszbek et al. 2011; Himmelreich et al.
1993; Lewis et al. 1989). This mechanism may serve as an
additional explanation for the intraoperative decreases
found in this study associated with surgical phases specif-
ically prone to that coagulopathy like the anhepatic phase
exhibiting pronounced factor changes. Early detection
and timely treatment of clinically relevant hyperfibri-
nolysis might therefore contribute to stabilizing coagula-
tion factor levels and overall hemostatic balance during
transplantation.
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The findings support a nuanced, factor-specific
approach to coagulation management in liver transplan-
tation. Such an individualized approach is in line with
previous studies emphasizing that many bleeding events
in liver disease are not solely caused by impaired hemo-
stasis and that the optimal strategy for pro-hemostatic
therapy remains uncertain. Consequently, current con-
cepts advocate careful evaluation of bleeding etiology
and the use of targeted interventions rather than rou-
tine correction of laboratory abnormalities. (Lisman et
al. 2018; Lisman et al. 2022). FV may serve as an early
indicator of hepatic synthetic recovery (even with hemo-
static interventions like FFP administration), whereas
the trajectories of FVIII and FXIII suggest that routine
replacement may be unnecessary in the absence of clini-
cal bleeding. Understanding these intraoperative patterns
can help optimize individualized transfusion and substi-
tution strategies, potentially reducing exposure to plasma
products and associated risks.

This study uniquely provides high-resolution, phase-
specific intraoperative data on FV, FVIII, and FXIII in a
cohort without confounding by exogenous factor admin-
istration. Importantly, these findings extend previous
observations from transfusion-free liver transplantation
cohorts by demonstrating comparable yet distinct tra-
jectories under clinically realistic, transfusion-supported
conditions. This distinction is critical, as most liver trans-
plantations involve blood product administration, which
may itself modulate coagulation dynamics. By quantify-
ing intraoperative factor kinetics in this context at three
key surgical phases, the present study complements
existing literature and highlights differential factor kinet-
ics that may inform clinical decision-making.

This study holds some limitations to be acknowledged.
First, the study was not powered to comprehensively
assess factor kinetics nor were additional relevant vari-
ables measured that could have provided deeper insight
into the underlying pathophysiology of coagulation fac-
tor dynamics, e.g. von Willebrand factor antigen (VWE-
Ag); however, the study still provides valuable insight into
the real-world peri-transplant course of coagulation fac-
tors. The paucity of data regarding graft characteristics
and perioperative events such as reperfusion syndrome
represents an important limitation as these factors may
influence the observed variations in the synthesis of coag-
ulation factors, especially FXIII which plays a key role
in the interplay between inflammation and hemostasis;
future studies should specifically address these aspects
to allow for a robust evaluation of their independent
effects on coagulation factor dynamics. Subgroup analy-
ses according to liver failure severity or etiology were not
feasible due to sample size constraints. Second, clinical
endpoints such as bleeding complications and the post-
operative recovery of factor activity were not evaluated.
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Last, the study cohort was small and highly selected, lim-
iting generalizability.

Conclusion

Conclusively, this study demonstrates distinct phase-spe-
cific intraoperative dynamics of FV, FVIII, and FXIII dur-
ing liver transplantation. FV is highly sensitive to hepatic
dysfunction and intraoperative stress, FVIII declines
from supranormal baseline levels, and FXIII remains
relatively stable. Recognizing these differential patterns
may support targeted, factor-specific management and
improved hemostatic monitoring in liver transplant
recipients.
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