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Abstract

BACKGROUND AND AIMS: Recent evidence suggests that acute kidney injury (AKI) is

the main predictor of postparacentesis bleeding in patients with cirrhosis. To assess the factors
responsible for bleeding tendency in AKI, we performed a prospective study comparing all three
aspects of hemostasis (platelets, coagulation, and fibrinolysis) in patients with decompensated
cirrhosis with and without AKI.

APPROACH AND RESULTS: Primary hemostasis assessment included platelet aggregation
and secretion (platelet function markers) and von Willebrand factor. Secondary hemostasis
assessment included pro-coagulant (factor VIII and factor XI11) and anti-coagulant (protein

C, protein S, and antithrombin) factors and thrombin generation. Tertiary hemostasis
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assessment included fibrinolytic factors and plasmin-antiplasmin complex. Eighty patients with
decompensated cirrhosis were recruited (40 each with and without AKI). Severity of cirrhosis and
platelet count were comparable between groups. Median serum creatinine was 1.8 mg/dL and 0.8
mg/dL in patients with and without AKI, respectively. At baseline, patients with cirrhosis and AKI
had lower platelet aggregation and secretion, indicative of impaired platelet function (increased
bleeding tendency), without differences in von Willebrand factor. Regarding coagulation factors,
factor VIII was higher, whereas protein C, protein S, and antithrombin were all lower, which,
together with increased thrombin generation, indicate hypercoagulability. In contrast, factor

X111 was lower in AKI (increased bleeding tendency). Finally, while both hypofibrinolytic and
hyperfibrinolytic changes were present in AKI, a higher plasmin-antiplasmin complex indicated

a hyperfibrinolytic state. After AKI resolution (n = 23 of 40), platelet function and coagulation
improved to levels observed in patients with cirrhosis patients without AKI; however, fibrinolysis
remained hyperactivated.

CONCLUSIONS: In patients with decompensated cirrhosis, AKI is associated with both
hypocoagulable and hypercoagulable features that can potentially increase the risk of both
bleeding and thrombosis.

Patients with decompensated cirrhosis have multiple and complex alterations of hemostasis
that predispose them to both bleeding and thrombotic complications(?)

Although patients with cirrhosis are traditionally considered to be at high risk of bleeding
from procedures, data regarding the correlation between hemostatic alterations and risk of
bleeding are relatively sparse.(® In a recent study looking at predictors of postparacentesis
bleeding, our group found that the only independent predictor of such bleeding was the
presence of acute kidney injury (AKI).(®) This effect was independent of Model for End-
Stage Liver Disease (MELD) score, sepsis, platelet count, and international normalized ratio
(INR).®

Chronic kidney disease (CKD) and associated uremia are well-known risk factors for
bleeding and thrombosis, and are respectively associated with platelet dysfunction, increased
activation of coagulation, and impaired fibrinolysis.(4-6) Recently, similar hemostatic
alterations have been described in patients with AKI without chronic liver disease.(7-10)

AKI is a relatively common complication of decompensated cirrhosis, occurring in
approximately 20% of hospitalized patients,(!1) and may be associated with an increased
risk of bleeding.(312.13) However, the effect of AKI on the hemostatic system in patients
with cirrhosis has not yet been fully investigated.

Understanding the factors responsible for the purported increased bleeding tendency

in patients with cirrhosis and AKI, and investigating whether there may also be an
increased clotting tendency, may have implications for the prevention and treatment of
these potentially life-threatening complications. The goal of our prospective study was to
assess all three aspects of hemostasis (platelet function, coagulation, and fibrinolysis) in
hospitalized patients with decompensated cirrhosis and AKI.
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Materials and Methods
PATIENT SELECTION

Adult (>18 years old) patients with decompensated cirrhosis admitted to the medical
inpatient services of Yale New Haven Hospital from January 1, 2019, to September 1, 2019,
were prospectively screened to determine eligibility to participate in the study.

The diagnosis of cirrhosis was confirmed with available data including histology, radiology,
laboratory, and clinical assessment. Decompensation was defined by the presence or history
of clinically evident decompensating events (ascites, variceal hemorrhage, and hepatic
encephalopathy).(14)

Patients admitted for variceal hemorrhage or who experienced variceal hemorrhage and/or
any other major bleeding(!®) in the 30 days before admission, those with a diagnosis of acute
on chronic liver failure (ACLF)(18) at time of screening, and those who were transferred
from intensive care units to the medical services were not considered eligible.

Patients with ACLF were excluded because ACLF is a specific syndrome in which
inflammation plays a predominant role and is associated with distinct hemostatic features.
(16.17) patients admitted to the intensive care unit were excluded because they are more
severe and unstable and more likely to have ACLF compared with patients admitted to the
medical floor, and because they are more frequently treated with drugs that interfere with
hemostasis.

At screening, patients’ medical records, past medical history, and laboratory data were
reviewed for the following exclusion criteria: CKD, presence and/or history of portal vein
thrombosis and/or venous thromboembolism, presence of extrahepatic tumors or known
hematologic diseases, recent major surgery (within 1 month), human immunodeficiency
virus infection, and history of any organ transplantation (including liver).

Patients on therapeutic anticoagulation and/or antithrombotic (acetylsalicylic acid or
P2Y12 inhibitors) and/ or antifibrinolytic therapy, and those who received transfusion of
platelets, cryoprecipitate, or fresh frozen plasma in the 3 days before screening were also
excluded (these patients were excluded to avoid the potential interference of blood product
transfusions on hemostasis testing).

Following admission to the inpatient service and having determined eligibility, patients were
categorized into cases (with AKI) and controls (without AKI).

AKI was defined according to the International Club of Ascites as an increase in serum
creatinine of greater than or equal to 0.3 mg/dL within 48 hours or a 50% increase within 7
days from baseline serum creatinine.(8) For patients who were admitted with AKI, baseline
serum creatinine was obtained from the medical records within the previous 3 months, and
the most recent stable value was considered to be baseline; for patients who developed AKI
during hospitalization, baseline serum creatinine was the one obtained at admission.
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A third group of hospitalized patients with AKI but without liver disease was included as
controls, and they were compared with a group of healthy subjects. The Yale University
Research Joint Data Analytics Team provided the research team a daily list of all inpatients
with a new diagnosis of AKI.(18) Patients’ medical records, past medical history, and
previous laboratory data were reviewed to apply the same exclusion criteria used in patients
with cirrhosis plus the presence of any signs (clinical, biochemical, or imaging) and/or
history of liver disease.

STUDY DESIGN

This was a prospective, single-center, cohort study, approved by the Yale Human
Investigation Committee (#2000024288). The study was conducted in compliance with the
Declaration of Helsinki, and all patients gave written informed consent before enroliment.

Patients with cirrhosis and AKI were recruited within 24 hours of the diagnosis of AKI, both
when the AKI was present at admission and when the AKI developed during hospitalization.
Evaluation of hemostasis was performed twice: at enrollment, and on the day after AKI
resolution, as defined by a return of serum creatinine to a level within 0.3 mg/dL from
baseline. If the patient was treated with renal replacement therapy, the second evaluation was
not performed. In cases of transfusion of platelets, fresh frozen plasma, or cryoprecipitate,
we waited 3 days before performing the second hemostasis study. In patients with cirrhosis
without AKI, the evaluation of hemostasis was performed once, at enroliment. Patients with
AKI but without liver disease were recruited within 24 hours of the diagnosis of AKI, and
evaluation of hemostasis was performed once, at enrollment.

SAMPLE COLLECTION AND HEMOSTASIS ASSESSMENT

Blood Sampling—See Supporting Information.

Hemostasis Assessment—Hemostasis assessment included primary hemostasis,
secondary hemostasis, and tertiary hemostasis.

Primary hemostasis (platelets) was assessed by measuring platelet aggregation and secretion
(markers of platelet function) by whole-blood lumiaggregometry (Chronolog Model 700)
and von Willebrand factor (platelet adhesive glycoprotein), both antigen (VWF:Ag) and

function (ristocetin cofactor activity [VWF:RCo] and collagen binding activity [VWF:CB]).
(19,20)

Secondary hemostasis (coagulation) was assessed by measuring procoagulant factor

VI (FVII), fibrin-stabilizing factor X111 (FXIII), natural anticoagulants (protein C
chromogenic and coagulometric [PC], protein S [PS], and antithrombin [AT]), as well as
thrombin generation assay (TGA) with and without thrombomodulin (TM).(?1.22) Thrombin-
antithrombin complex (TAT) was determined as a marker of coagulation activation.

Tertiary hemostasis (fibrinolysis) was assessed by measuring plasminogen, tissue-type
plasminogen activator (t-PA), plasminogen activator inhibitor-1 (PAI-1), a2-antiplasmin
(a2-AP), and activated-inactivated thrombin-activatable fibrinolytic inhibitor (TAFla/ai).
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TAFla/ai represents the amount of TAFI that has been activated. Plasmin-antiplasmin
complex (PAP) was determined as a marker of fibrinolysis activation.

See Supporting Information for more information.

DATA COLLECTION

Data collected from the medical records included causes for admission, patient
demographics, presence or absence of infection at the time of AKI, and laboratory data.
Thrombocytopenia was defined as platelet count <150 x 10%/L, and subclassified as mild
(100 x 10%/L to 150 x 10%/L), moderate (50 x 10%/L to 100 x 10%/L), or severe (<50 x
109/L).

DATA ANALYSIS

Results

Study Objective—The primary objective of this study was to compare primary
hemostasis, secondary hemostasis, and tertiary hemostasis in patients with decompensated
cirrhosis with versus without AKI.

Because the measurement of platelet aggregation and secretion by whole-blood
lumiaggregometry depends on platelet count, this comparison was performed at two levels:
overall, and according to the severity of thrombocytopenia. This adjustment was performed
to better ascertain the impact of AKI on platelet function.

Infections, a common precipitant of AKI, may also affect hemostasis; therefore, we
performed a post hoc analysis looking only at patients whose AKI was not driven by
infection.

Sample-Size Determination—See Supporting Information.

Statistical Analysis—See Supporting Information.

DEMOGRAPHICS

Eighty patients with decompensated cirrhosis were recruited (40 each with and without
AKI) (Fig. 1). Baseline demographics and severity of cirrhosis by means of Child-Pugh
score were comparable between the two groups (Table 1). Abdominal pain or suspected
infection, ascites, and hepatic encephalopathy accounted for 60%-85% of admissions.
MELD score was significantly higher in patients with AKI than in those without AKI

(25 vs. 18, respectively), due solely to differences in serum creatinine (1.8 vs. 0.8 mg/dL,
respectively). Indeed, bilirubin (2.9 vs. 2.6 mg/dL) and INR (1.7 vs. 1.5) were comparable
between the study groups. Bacterial infections were more frequent in patients with AKI
(47% vs. 23%), and spontaneous bacterial peritonitis was the most common (30%) infection
in both groups.
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Prerenal azotemia was the most frequent (60%) cause of AKI, followed by hepatorenal
syndrome (20%) and acute tubular necrosis (20%). Half of the patients had AKI stage I,
with a median creatinine level of 1.8 mg/dL (interquartile range [IQR] 1.6-2.5).

Twenty-three (57.5%) patients with cirrhosis and AKI had repeat assessments at AKI
resolution (Fig. 1). The median duration of AKI was 5 days (IQR 4-8), but it ranged widely
according to AKI etiology (5 days [IQR 4-7] in prerenal azotemia, 16 days [IQR 12-19] in
hepatorenal syndrome, and 8 days [IQR 6-13] in acute tubular necrosis). At AKI resolution,
the median MELD score significantly decreased, such that it became comparable to patients
with cirrhosis without AKI (17 vs. 18, respectively).

Ten inpatients with AKI but without liver disease were also recruited (male/female 3/7,
median age 54 years [IQR: 45-69]) as controls. Reasons for admission were abdominal pain
(n = 3), hypertensive crisis (n = 2), chronic obstructive pulmonary disease exacerbation (n
= 3), bilateral leg edema (n = 1), and fall with shoulder trauma (n = 1). Median platelet
count was 231 x 10%/L (IQR: 191-303) in these patients. Prerenal azotemia and acute
tubular necrosis were the etiology of AKI in 70% and 30% of the patients, respectively.
Most patients (60%) had AKI stage 1, with creatinine level similar to that of patients with
cirrhosis (1.8 mg/dL [IQR 1.6-2]).

BASELINE SAMPLE COLLECTION

In patients with cirrhosis, baseline samples were collected at or near admission (median time
1.5 days [IQR 1-4] vs. 2 days [IQR 1-3] in patients with and without AKI, respectively [P

= 0.9]). None of the patients received platelet transfusion before baseline sample collection.
Among patients with AKI, 80% (32 of 40) had AKI at admission, while the remaining 20%
developed AKI during hospitalization with a median time from admission to blood draw of
5 days (range 3-7). None of the patients with cirrhosis and AKI was on renal replacement
therapy at the time of blood draw.

PRIMARY HEMOSTASIS IN PATIENTS WITH DECOMPENSATED CIRRHOSIS: AKI
IS ASSOCIATED WITH REVERSIBLE PLATELET DYSFUNCTION AFFECTING BOTH
AGGREGATION AND SECRETION

As indicated in Table 1, platelet count was comparable between patients with and without
AKI (79 x 10%/L vs. 66 x 109/L, respectively). Nearly all were thrombocytopenic, with most
having moderate thrombocytopenia (Table 1).

At baseline, patients with cirrhosis and AKI had a significantly more altered platelet
function than patients with cirrhosis without AKI (Fig. 2). Collagen-induced aggregation,
and all agonist-induced secretion, were significantly lower in patients with AKI. In contrast,
adenosine diphosphate (ADP)-induced aggregation was comparable between the two groups
(Table 2). The reduction of platelet function in the group of patients with cirrhosis and

AKI was consistent with the overall findings noted previously in all three subclasses of
thrombocytopenia (Supporting Table S1).

Baseline VWF:Ag, VWF:RCo, and VWF:CB were comparable between patients with and
without AKI (Table 2).
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Resolution of AKI was associated with significant improvement in both platelet aggregation
and secretion, regardless of the severity of thrombocytopenia (Fig. 3). Indeed, platelet
aggregation and secretion at resolution became comparable to baseline values in patients
with cirrhosis without AKI at all severities of thrombocytopenia (Supporting Table S1).

In contrast, VWF:Ag, VWF:RCo, and VWF:CB remained unchanged (Supporting Table
S2).

SECONDARY HEMOSTASIS IN PATIENTS WITH DECOMPENSATED CIRRHOSIS: AKI IS
ASSOCIATED WITH HIGH FVIII, LOW PC, PS AND AT, INCREASED ENDOGENOUS
THROMBIN POTENTIAL RATIO (HYPERCOAGULABLE FEATURES), AND WITH LOW FXIlII
(HYPOCOAGULABLE FEATURE)

At baseline, patients with cirrhosis and AKI had higher FVI1I1 and lower FXIII, PC, PS, and
AT, respectively, compared to patients with cirrhosis without AKI (Table 2).

Endogenous thrombin potential (ETP) by TGA was comparable among patients with
cirrhosis with AKI, patients with cirrhosis without AKI, and healthy controls (Table 2 and
Supporting Table S3). The addition of TM significantly reduced the ETP in healthy controls
but not in patients with cirrhosis (Table 2 and Supporting Table S3). Indeed, the ETP ratio
was significantly higher in patients with cirrhosis than in healthy controls (Fig. 4). Among
patients with cirrhosis, the ETP ratio was significantly higher in those with versus without
AKI (P<0.001) (Fig. 4). Other TGA parameters were comparable between the two groups
(Supporting Table S3).

After AKI resolution, FVIII decreased and FXIII, PC, PS, and AT all increased (Supporting
Table S2). Indeed, both procoagulant and anticoagulant factors became comparable to values
obtained in patients with cirrhosis without AKI.

Similarly, the ETP ratio tended to decrease and became comparable to that in patients with
cirrhosis without AKI (Supporting Table S2).

Baseline TAT was higher in patients with cirrhosis with versus without AKI (Table 2).
Resolution of AKI was associated with a significant decrease in TAT level, which became
comparable to the baseline value in patients with cirrhosis without AKI (Fig. 5).

TERTIARY HEMOSTASIS IN PATIENTS WITH DECOMPENSATED CIRRHOSIS: AKI IS
ASSOCIATED WITH MIXED HYPOFIBRINOLYTIC AND HYPERFIBRINOLYTIC ALTERATIONS

At baseline, patients with cirrhosis and AKI showed a significantly lower level of
plasminogen and a2-AP than patients with cirrhosis without AKI. Conversely, t-PA and
TAFla/ai were significantly increased in patients with AKI. PAI-1 was not different between
groups (Table 2).

After AKI resolution, plasminogen and a.2-AP increased, TAFla/ai decreased, and PAI-1
and t-PA remained unchanged (Supporting Table S2).

Baseline PAP was higher in patients with cirrhosis with versus without AKI (Table 2).
Resolution of AKI was associated with a further increase in PAP level, which remained
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significantly higher compared to baseline value in patients with cirrhosis without AKI (Fig.
5).

PRIMARY HEMOSTASIS IN PATIENTS WITH AKI WITHOUT LIVER DISEASE

Compared to healthy controls, patients with AKI without liver disease had lower platelet
aggregation and secretion (Supporting Table S4). VWF:Ag, VWF:RCo, VWF:CB were
higher than the normal reference range (Supporting Table S5).

SECONDARY HEMOSTASIS IN PATIENTS WITH AKI WITHOUT LIVER DISEASE

Compared to healthy controls, patients with AKI without liver disease had higher FVIII and
PC. FXIII, PS, and AT were normal (Supporting Table S5). The ETP ratio was significantly
higher compared with that in healthy subjects (Fig. 4).

Level of TAT was comparable between patients with AKI without liver disease and healthy
subjects (2.5 ng/mL [IQR 2-2.7] vs. 2.5 ng/mL [IQR 1.9-3.3]; £=0.9).

TERTIARY HEMOSTASIS IN PATIENTS WITH AKI WITHOUT LIVER DISEASE

Compared to healthy controls, patients with AKI without liver disease had higher levels of
a2-AP, t-PA, and TAFla/ai. No difference was found in plasminogen and PAI-1 (Supporting
Table S5).

The level of PAP was significantly lower in patients with AKI without liver disease than in
healthy subjects (39 ng/mL [37-40] vs. 48 ng/mL [42-62]; £ < 0.001]).

POST HOC ANALYSES OF HEMOSTATIC ALTERATIONS IN PATIENTS WITH CIRRHOSIS
WITHOUT BACTERIAL INFECTION

Similar to the overall analysis, noninfected patients with cirrhosis and AKI (n = 21) showed
lower platelet aggregation and secretion than noninfected patients without AKI (n = 31)
(Supporting Table S6). Resolution of AKI was similarly associated with a return to the
level observed in patients with cirrhosis without AKI. Differences in secondary hemostasis
and fibrinolysis between noninfected patients with and without AKI were similar to those
observed in the overall analysis (Supporting Table S6).

Discussion

Hospitalized patients with decompensated cirrhosis and AKI may be at increased risk of
bleeding,(312.13) put the hemostatic alterations that contribute to this purported increased
bleeding tendency have not been thoroughly investigated. In patients without liver disease,
platelet dysfunction has been proposed as the main factor for increased bleeding tendency

in patients with uremia with CKD® and, although less well studied, perhaps also in

patients with AKI.(9) While awaiting larger prospective studies to confirm the association
between AKI and increased bleeding risk in patients with decompensated cirrhosis, we
performed a study to investigate all aspects of hemostasis in this patient population. Because
hemostasis in cirrhosis, particularly in the patients with decompensated cirrhosis, is complex
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and multiple factors may be responsible for the bleeding tendency in AKI, we included
determination not only of platelet function but also of coagulation and fibrinolysis.

This study demonstrates, in hospitalized patients with decompensated cirrhosis, that AKI
is associated with a profound hemostatic derangement that includes both prohemorrhagic
(platelet dysfunction, low FXIII, and hyperfibrinolytic alterations) and prothrombotic (high
FVIII, low anticoagulants PC, PS and AT, and hypofibrinolytic defects) changes.

These AKI-driven hemostatic alterations may easily disrupt the precarious hemostatic
status of patients with decompensated cirrhosis toward either hypocoagulability or
hypercoagulability, thus increasing the risk of bleeding and/or thrombosis (Fig. 6).

The primary hemostasis assessment revealed that patients with cirrhosis and AKI have a
significantly lower platelet aggregation and secretion compared to patients with cirrhosis and
normal renal function. As platelet dysfunction is known to increase the risk of bleeding,
these results support the association between AKI and postparacentesis bleeding in patients
with cirrhosis.(31213) The resolution of platelet abnormalities to levels observed in patients
with decompensated cirrhosis and normal renal function is strong evidence that AKI is
responsible for this platelet dysfunction and is akin to the observed platelet-dysfunction
reversal observed in patients with CKD after dialysis.(23)

In vivo, in case of vessel injury, platelets adhere to subendothelial collagen, where they
aggregate, leading to thrombus formation and the secretion of intraplatelet granules that
contain substances (ADP, adenosine triphosphate) that bind to specific receptors on the
platelet membrane and further enhance aggregation. Lumiaggregometry, the method we used
to assess platelet aggregation and secretion, mimics /n vivo blood conditions.

However, because this assessment depends on the platelet count, one cannot compare
patients with thrombocytopenia to patients with normal platelet count.(24) To avoid this
pitfall, we used a control group of patients with cirrhosis without AKI, and we matched
cases and controls by severity of thrombocytopenia. Remarkably, we found that impaired
platelet function occurred, not only in the overall group, but also at all levels of
thrombocytopenia.

Regarding platelet aggregation, significant differences were found mostly in its response
to collagen (being lower in patients with AKI), but not as much in its response to ADP.
Common to all platelet stimuli is their binding to specific receptors on cell surface. The
reduction in collagen-induced aggregation in the presence of an unaffected ADP-induced
aggregation suggests that AKI selectively interferes with the collagen pathway.

On the other hand, platelet secretion was significantly lower in patients with AKI,
independent of the agonist used. This suggests that AKI does not interfere with a single
pathway, but is acting downstream in the secretion process. It has been proposed that
platelets in cirrhosis appear to have less granules.(2) Therefore, with AKI it may be that
the effects on secretion itself may be compounded on an already low content of granules,
making the defects in secretion more profound and uniform.
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The main function of VWEF, a glycoprotein released by endothelial cells, is to facilitate
the adhesion of platelets to subendothelial collagen. In cirrhosis, VWF is elevated due to
shear stress and inflammation.(2®) Previous data suggested that the high VWF in cirrhosis
might be enough to support primary hemostasis, despite a low platelet count.(2”) In our
cohort, VWF was comparable between patients with and without AKI and did not change
after AKI resolution. Interestingly, the evolution of platelet function with AKI (impaired
at baseline and improved with resolution) indicates that the deleterious effect of AKI on
platelet function in cirrhosis occurs independently of VWF.

Opposite to our findings regarding platelet function, our secondary hemostasis assessment
demonstrates that, in patients with decompensated cirrhosis and AKI, there is activation of
coagulation and prothrombotic alterations. The main AKI-driven hyper-coagulable changes
were (1) increased FVIII and (2) decreased PC, PS, and AT. As the severity of cirrhosis was
comparable between patients with and without AKI, these differences likely reflect an acute
phase reaction to AKI.(28-30) Another potential explanation for the lower levels of PC, PS,
and AT in patients with AKI may be a transient worsening of liver synthetic function.

The thrombomodulin-modified thrombin generation assay that we used is a well-established
research tool in evaluating the clotting process in cirrhosis.(?2:31) Previous data show that
patients with cirrhosis maintain the capacity of generating thrombin (i.e., clotting) despite

a low level of procoagulant factors, as reflected by a high ETP.(32:33) Current theory

posits that the decreased level of procoagulant factors is rebalanced by the decreased
hepatic production of anticoagulant factors (PC, PS, and AT) and by an increased level

of procoagulant factors synthesized outside the liver (FV111).34) In fact, we show that
thrombin-generating capacity is preserved in patients with cirrhosis and is not reduced by
the addition of thrombomodulin (a protein C activator). Interestingly, when comparing
patients with cirrhosis with versus without AKI, we found an increased ETP ratio in

those with AKI, possibly indicative of a more pronounced hypercoagulable state.(3% With
resolution of AKI, we observed a tendency for FVIII to decrease and for PC, PS, and AT

to increase, but not quite to the levels observed in patients without AKI. The coagulation
re-assessment at AKI resolution was performed on the very first day after normalization of
creatinine, which is probably too short a time for a complete resolution of an acute phase
reaction. However, the fact that with resolution of AKI, the ETP ratio decreased and became
comparable to that in patients with cirrhosis and normal renal function is further evidence
that AKI is responsible for the observed alterations in secondary hemostasis.

Further prospective studies are needed to validate the hypothesis that AKI-driven
hypercoagulable changes, as detected in our study, are risk factors for thromboembolic
complications in hospitalized patients with decompensated cirrhosis.

In the only previous study that evaluated coagulation in patients with cirrhosis with versus
without AKI, the only significant difference was a lower FXI11 in AKI,(38) which we
confirm in our cohort. The mechanisms leading to lower FXIII in AKI may encompass
transient worsening of liver function, accelerated catabolism of FXIII, a presumed effect of
AKI on platelets/megakaryocytes, or a combination of these factors. Indeed, we observed a
trend toward improvement in FXIII with AKI resolution. On the other hand, and in contrast
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to our results, FVIII and PC were not different between patients with and without AK].(36)
While Intagliata et al included both patients with decompensated cirrhosis and ACLF, we
excluded those with ACLF. Because ACLF is an inflammatory syndrome with specific
hemostatic characteristics,(16:17) it may be that the procoagulant effect of AKI in patients
with ACLF is less profound than in patients with decompensated cirrhosis. To test this
hypothesis, further studies should look specifically at the impact of AKI in patients with
ACLF.

For fibrinolysis analysis, our data demonstrate that AKI in patients with decompensated
cirrhosis is associated with mixed hypofibrinolytic (low plasminogen and increased
TAFla/ai) and hyperfibrinolytic (low antiplasmin and increased t-PA) changes.

In patients without liver disease, AKI has been associated with a hypofibrinolytic status.
(9.10,37.38) This is confirmed by our findings in hospitalized patients with AKI without liver
disease, in whom the level of PAP, a marker of fibrinolysis activation, was significantly
lower than in healthy subjects. As decompensated cirrhosis is associated with profound
alterations in the fibrinolytic system,3%-41) it may be that the superimposed effect of AKI
in patients with cirrhosis is less uniform than that in patients without liver disease, thus
explaining the coexistence of hypofibrinolytic and hyperfibrinolytic changes.

However, the increased level of PAP in patients with cirrhosis and AKI compared to
controls with cirrhosis and normal renal function would suggest that the overall effect of
AKI-driven fibrinolytic changes is a relatively hyperfibrinolytic status. Because our analysis
of single protein levels overlooks regulatory interactions and cellular contributions, this
hypothesis needs to be validated by global fibrinolytic assays. Interestingly, and contrary to
our findings in primary and secondary hemostasis, resolution of AKI was associated with

a further increase in PAP level, indicating worsening of this hyperfibrinolytic state beyond
normalization of renal function.

To analyze whether the effect of AKI on hemostasis was specific to cirrhosis, we included
a control group of patients with AKI but without liver disease. Compared with healthy
controls, these patients showed lower platelet function, increased thrombin-generating
capacity, and lower fibrinolysis activation, in line with previous findings.(919) Although
these groups are not completely comparable (hospitalized patients vs. healthy subjects),
these results confirm that AKI interferes with hemostasis in any setting, and not only in
patients with cirrhosis.

In our study, infections were more frequent in patients with AKI, and the association
between bacterial infections and alterations in hemostasis in cirrhosis is well known. (42:43)
By analyzing separately patients without infections (with and without AKI) and finding

the same abnormalities, we could demonstrate that the effect of AKI on hemostasis is
independent of infection. However, this requires further validation, as the number of patients
in this subanalysis was relatively low.

Despite this comprehensive analysis, our study has some limitations. As in any study
of hemostasis, the lack of interplay between blood components and the vessel wall is
unavoidable. Drugs could have interfered with hemostasis, but this effect should have been
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balanced by the use of the same inclusion criteria for both groups and the exclusion of other
confounders such as ACLF, CKD, bleeding, and thrombosis.

In conclusion, in a prospective study of hospitalized patients with decompensated cirrhosis,
we demonstrate that AKI is associated with complex hemostatic changes, including

both prohemorrhagic and prothrombotic features. On the one hand, AKI was associated
with platelet dysfunction, low FXII1, and hyperfibrinolytic alterations (increased bleeding
tendency), while on the other hand AKI was associated with increased FVII1, reduced
anticoagulants, and hypofibrinolytic defects (increased thrombotic tendency). Optimization
of renal function in patients with decompensated cirrhosis and AKI may help restore the
hemostatic rebalance and mitigate such risks. However, part of the AKI-driven hemostatic
alterations appear to persist after normalization of serum creatinine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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INR international normalized ratio
IQR interquartile range

MELD Model for End-Stage Liver Disease
PAI-1 plasminogen activator inhibitor-1
PAP plasmin-antiplasmin complex
PC protein C
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PS protein S
t-PA tissue-type plasminogen activator
TAFla/ai activated-inactivated thrombin activatable fibrinolysis inhibitor
TAT thrombin-antithrombin complex
TGA thrombin generation assay
™ thrombomodulin
VWF:Ag von Willebrand factor antigen
VWF:CB von Willebrand factor collagen binding activity
VWF:RCo von Willebrand factor ristocetin cofactor activity
a2-AP a2-antiplasmin
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N=136

Hospitalized patients with decompensated cirrhosis screened for recruitment

4

E 54 patients had at least 1 exclusion criteria:
1 - Transferred from ICU to medical services (N=10)
i - Admitted for VH or who had VH and/or major
+  bleeding in the past 30 days (N=6)
i - ACLF (N=5)
' - CKD (N=11)
t - PVT andlor VTE (N=4)
------------ » - HiV-infection (N=2)
i - History of organ transplantation (N=4)
i - Major surgery on the past 30 days (N=2)
+ - Therapeutic anticoagulation and/or anti-thrombotic
' therapy (N=2)
\ - Platelets anfor cryoprecipitate and/or FFP
v transfusion in the past 3 days (N=8)
E 2 patients refused to participate in the study

N=80

Hospitalized patients with decompensated cirrhosis recruited in the study

y

Patients with cirrhosis with AKI
N=40

- RRT (N=4) |
- Death (N=5)
[--* - Did not achieve resolution of AKI !
1 (N=6) '
! i - Refused 2° blood draw (N=2) X

Patients whose hemostatic alterations
were reassessed at AKI resolution
N=23*

FIG. 1.

'

Patients with cirrhosis without AKI
N=40

Flow chart of the study. *Three patients received platelet transfusion (6, 8, and 9

days) before repeat testing. Abbreviations: FFP, fresh frozen plasma; HIV, human
immunodeficiency virus; ICU, intensive care unit; PVT, portal vein thrombosis; RRT, renal
replacement therapy; VH, variceal hemorrhage; VTE, venous thromboembolism.
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Platelet aggregation according to severity of thrombocytopenia
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FIG. 2.

According to the severity of thrombocytopenia (mild: 100 x 10%/L to 150 x 10%L; moderate:
50 x 109/L to 100 x 10%/L; severe: <50 x 10%/L), both collagen-induced platelet aggregation
and thrombin-induced platelet secretion are more altered in patients with cirrhosis with AKI
compared to those without AKI. For numerical values, refer to Supporting Table S1.
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A Platelet aggregation B Platelet secretion
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FIG. 3.

After resolution of AKI, platelet function (both platelet aggregation and platelet secretion)
improves in patients with cirrhosis and AKI. (A) Collagen-induced aggregation (2= 0.001).
(B) Thrombin-induced secretion (£ = 0.0002). Resolution of AKI was defined by a return of
serum creatinine to a level within 0.3 mg/dL from baseline.
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FIG. 4.
Secondary hemostasis, as evidenced by the ETP ratio, was significantly more altered

(prothrombotic) in patients with cirrhosis and AKI compared to patients without AKI, AKI
without liver disease, and healthy controls.

Hepatology. Author manuscript; available in PMC 2021 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zanetto et al.

Page 20

A Thrombin-antithrombin complex B Plasmin-antiplasmin complex
10= 100
8 80—
61 60—
- -
E E
o =]
(=4 c
4- 40—
2 20—
Akl Resoiution ) A;{I Resoiution
(n=23) (n=23) (n=23) (n=23)

FIG.5.
(A) Resolution of AKI was associated with decreased activation of coagulation, as

evidenced by a decrease in thrombin-antithrombin complex (P = 0.03). (B) Resolution of
AKI was associated with further fibrinolysis activation, as evidenced by an increase in
plasmin-antiplasmin complex (P < 0.001). Resolution of AKI was defined by a return of
serum creatinine to a level within 0.3 mg/dL from baseline.
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HEMOSTASIS
Healthy subject — hemostatic balance

Decompensated cirrhosis — fragile hemostatic rebalance
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"""""" Decompensated cirrhosis with AKI — unstable hemostatic balance
(may easily shift towards either hypo- or hypercoagulability)
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FIG. 6.
Effect of AKI on the hemostatic balance in hospitalized patients with decompensated
cirrhosis.
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TABLE 1.

Baseline Characteristics in Patients With Decompensated Cirrhosis

AKI (n=40) NoAKI (n = 40)
Age, years 56 (52-65) 57 (52-64)
Male gender, % 60 73
Etiology of cirrhosis, %
Alcohol 53 58
Alcohol + HCV 127 7%
NASH 12 15
HCV 3 15
Other 20 5
Child-Pugh score’ 10 (7-13) 10 (7-12)
MELD score 25 (20-29) 18 (11-26)
Ascites, % 83 85
Reason for admission, %
Abdominal pain/suspected infection 20 25
Ascites 23 30
AMS or HE 20 30
AKI 12 0
Trauma 15 0
Other 10 15
Bacterial infection’t, % 48 23
VTE prophylaxis, % 47.5 45
Etiology of AKI, %
Prerenal/HRS/ATN 60/20/20 -
AKI stage, %
1/2/3 30/50/20 -
Hepatocellular carcinoma, % 10 13
Total bilirubin, mg/dL 2.9 (1.9-4.7) 2.6 (1.5-5.8)
INR 1.7 (1.4-1.8) 1.5 (1.3-1.8)
Albumin, g/dL 3.2 (2.6-3.5) 2.9 (2.4-3.3)
Hemoglobin, g/dL 8(7.3-9.2) 9.2 (8-11)
Platelet count, 10%/L 79 (61-127) 66 (48-96)
Thrombocytopenia, %
Present 93 98
Mild 100-150 x 10%/L 27 18
Moderate 50-100 x 10%/L 51 41
Severe <50 x 109/L 22 41
BUN, mg/dL 34 (27-46) 10 (8-16)
Creatinine, mg/dL 1.8 (1.6-2.5) 0.8 (0.7-0.9)

Sodium, mmol/L
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AKI (n=40) NoAKI (n=40)

Potassium, mmol/L 4.2 (3.9-4.6) 3.9(3.6-4.3)
AST, U/L 39 (31-61) 52 (35-65)
ALT, U/L 20 (15-33) 31 (23-45)

Note: Median values are reported with 25th and 75th percentile values in parenthesis.

*

Among patients with HCV-related cirrhosis, 2 patients in the AKI group and 3 patients in the no AKI group had positive HCV-RNA.
fMedian (range).

iBacteriaI infections included spontaneous bacterial peritonitis (33%), pneumonia (17%), urinary tract infection (6%), sepsis (22%), and other
(22%) in the AKI group, and spontaneous bacterial peritonitis (30%), pneumonia (20%), urinary tract infection (10%), sepsis (20%), and other
(20%) in the no AKI group, respectively.

Abbreviations: ALT, alanine aminotransferase; AMS, altered mental status; AST, aspartate aminotransferase; ATN, acute tubular necrosis; BUN,
blood urea nitrogen; HCV, hepatitis C virus; HE, hepatic encephalopathy; HRS, hepatorenal syndrome; NASH, nonalcoholic steatohepatitis; VTE,
venous thromboembolism.
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