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Elevated ADAMTS13 Activity is 
Associated with Poor Postoperative 
Outcome in Patients Undergoing 
Liver Resection
Stefanie Haegele1, Jennifer Fuxsteiner1, David Pereyra   1, Christoph Koeditz1, 
Benedikt Rumpf1, Clara Schuetz1, Christian Schwarz1, Christine Brostjan1, 
Thomas Gruenberger2 & Patrick Starlinger1

Recently, von-Willebrand-Factor (vWF) has been shown to correlate with postoperative liver 
dysfunction (LD). Accordingly, “disintegrin-like metalloprotease with thrombospondin type1 motif” 
(ADAMTS13) is known to cleave vWF in less active fragments. Thus, we aimed to evaluate the 
diagnostic potential of ADAMTS13-activity (ADAMTS13-AC) to identify patients with postoperative LD 
after hepatectomy. Accordingly 37 patients undergoing hepatectomy for different neoplastic entities 
were included in this study. Plasma ADAMTS13-AC and vWF-Ag were measured 1 day prior to (preOP), 
1 and 5 days (POD1/5) after hepatectomy. In accordance to the ISGLS-criteria LD was prospectively 
recorded. In this context, perioperative ADAMTS13-AC- and vWF-Ag/ADAMTS13-AC-ratio- levels 
revealed a significant increase after hepatectomy. Accordingly, elevated vWF-Ag/ADAMTS13-AC-
ratio significantly predicted LD (preOP AUC: 0.75, p = 0.02; POD1 AUC: 0.80, p = 0.03). Patients who 
fulfilled our perioperative vWF-Ag/ADAMTS13-AC-ratio cut-off-levels (preOP: ≥116, POD1: ≥165) 
suffered from significantly higher incidences of LD (preOP: 70% vs. 30%, p = 0.01; POD1: 83% vs. 17%, 
p = 0.001). In conclusion, perioperative ADAMTS13-AC measurement may serve as a useful parameter 
to early detect high-risk patients developing postoperative LD prior to liver resection in patients 
suffering from hepatic malignancies. Indeed, further investigations have to be performed to consolidate 
its role as a predictive marker for LD.

A sufficient ability of the liver to recover after its resection is the most significant factor determining postopera-
tive outcome after hepatectomy. If hepatic regeneration is impaired, postoperative liver dysfunction (LD) occurs 
and thereby markedly increases the risk of postoperative morbidity and mortality1,2. Therefore, preoperative risk 
assessment to predict postoperative LD and clinical outcome is of major importance.

With respect to this, hepatic microcirculation is known to play a crucial role in the complex process of liver 
regeneration (LR). It has been hypothesized that one of the most important trigger mechanism of initiating the 
regeneration process after liver resection is the relative increase in sinusoidal blood flow after loss of liver mass3. If 
the liver is reduced in its size the whole amount of hepatic venous blood has to run through the reduced remain-
ing liver lobe. This relative increase in blood flow causes a concomitant increase of intrahepatic shear forces and 
induces a stimulus on the endothelial surface, which in turn triggers a signaling cascade, essential for hepatic 
regeneration3–5. Accordingly, von Willebrand factor (vWF) is secreted upon endothelial cell activation and is 
known to form so called vWF–strings under increased shear conditions. These complexes, formed through ultra 
large vWF molecules, are essential for localized platelet aggregation and activation6,7. In this context it should be 
noted that platelets and their different granule contents have recently been shown to play a pivotal role for the 
improvement of the regenerative potential after liver resection8–10. Importantly, we provided evidence that an 
immediate vWF increase after induction of LR has a direct effect on site specific platelet accumulation and post-
operative liver function recovery11.
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However, increased accumulation or insufficient degradation of vWF–strings can cause thrombotic events and 
may led to a worsened outcome after partial hepatectomy12,13. Accordingly, vWF is proteolysed via the so called 
disintegrin-like and metalloprotease domain with thrombospondin type 1 motif (ADAMTS13). ADAMTS13 is 
exclusively produced in the liver, secreted as an active enzyme and therefore steadily active in plasma. It cleaves 
vWF-strings at the A2 domain, which is folded under normal flow conditions. Increased shear forces, as observed 
after liver resection, have been shown to force the unfolding of the ADAMTS13-cleaving site and proteolysis 
of vWF–strings7,14. Indeed, several studies have addressed the role of ADAMTS13 in liver disease. Still, little 
is known about the role of ADAMTS13 and its impact on postoperative complications after liver resection in 
humans13,15,16.

In this context, Thrombospondin 1 (TSP-1), a homotrimeric glycoprotein with well-known functions 
in haemostasis and angiogenesis was found to bind to the A2 domain of vWF, leading to a competition with 
ADAMTS13 and therefore protecting subendothelial vWF from being cleaved by circulating ADAMTS1317. 
TSP-1 can be produced by several different cell types but its major source is represented by platelets and endothe-
lial cells17,18. In plasma, it circulates only in very low concentrations however, after platelet or endothelial cell 
activation it can be released leading to an upregulation of the plasma TSP-1 levels up to 100 times of the initial 
concentration19. Accordingly, in the past TSP-1 was shown to represent a negative regulator of LR by activation 
of latent transforming growth factor β1 and recently we were able to show that high TSP-1 levels significantly 
predicted poor postoperative outcome after liver resection in humans20,21.

Thus, we here aimed to evaluate the role of ADAMTS13-activity (ADAMTS13-AC) and its potential as a 
predictive marker for risk assessment in human LR after partial hepatectomy via the evaluation of perioperative 
blood dynamics.

Material and Methods
Patients and study cohort.  A total of 37 consecutive patients, undergoing partial hepatectomy between 
February 2012 and March 2014, at the general hospital of Vienna, were included in this study. Patients with dif-
ferent neoplastic entities were evaluated, namely metastatic colorectal cancer (mCRC, N = 14), hepatocellular 
carcinoma (HCC, N = 14) and cholangiocellular carcinoma (CCC, N = 9). Patient’s plasma ADAMTS13-AC- as 
well as vWF-Ag- levels and routine laboratory parameters were evaluated one day prior to surgery (preOP) and 
one day (POD1) as well as 5 days (POD5) after liver resection. In addition, specific perioperative characteristics 
of all patients were prospectively recorded and are listed in Table 1 and Table 2. The extent of resection was clas-
sified according to the “IHPBA Brisbane 2000 nomenclature” (<3 segments = minor, >3 segments = major). 
Furthermore, this study involves the analysis of ADAMTS13-AC as well as patient data comparison and was 
approved by the institutional ethics committee of the “Medical University of Vienna”, in accordance with the 
“Declaration of Helsinki” (59th WMA General Assembly, Seoul, Republic of Korea, October 2008). All patients 
gave written informed consent. Furthermore, the trial was registered at a clinical trials registry (ClinicalTrilas.gov 
Identifier NCT02113059).

ADAMTS13-AC Measurement.  Perioperative ADAMTS13-AC levels were evaluated via commonly 
available chromogenic ELISA for the determination of its activity in human plasma (Technozym ADAMTS-13 
ACTIVITY Elisa, Technoclone, Vienna, Austria). Briefly, GST-vWF73 substrate were added to anti-GST antibody 
coated plates and incubated with patient’s plasma samples. Therefore, ADAMTS13 in the patient’s blood samples 
will then cleave vWF73 substrate. The specific cleavage site was further visualized via addition of HRP conjugate 
against the cleavage site of vWF substrate and measurement of its density at 450 nm wavelength. Accordingly, 
the amount of colored substrate is directly related to the extent of patient’s ADAMTS13-AC. The range of 
ADAMTS13-AC which is to be expected in the normal population varies from 0.40 to 1.30 IU/ml and the assays 
range of detection varies from 0.002 IU/ml (detection limit) to 1.05 IU/ml.

VWF-AG Measurement.  Perioperative vWF-Ag levels were measured through the local routine lab-
oratory via enzyme linked immunosorbent assay (ELISA [Asserachrom vWF:FVIIIB – Elisa, Stago, Neuffen, 
Germany]). The assay indicates the capacity of vWF-Ag to bind to the factor VIII. The range of vWF-Ag which is 
to be expected in the normal population varies from 60–180% and the assays lowest detection limit is about 1%. 
Accordingly, blood was collected perioperatively into 3 ml 9NC Coagulation sodium citrate 3,2% vacuette tubes 
and was immediately sent to the local laboratory for further analyzes.

TSP-1 Measurement.  Perioperative TSP-1 levels were analyzed by means of commercially available 
enzyme-linked immunosorbent assay (Quantikine®; R&D Systems, Minneapolis, Minnesota, USA) for human 
TSP-1

Definition and classification of postoperative ld and morbidity.  To assess postoperative LD, the 
definition published by the international study group of liver surgery (ISGLS) were modified as previously 
described8. Accordingly. LD was defined by an abnormal serum bilirubin level and prothrombin time on or after 
POD5 based on the threshold values of the local laboratory (serum bilirubin: >1.2 mg/dl, prothrombin time: 
<75%). If a patient was suffering from an abnormal preoperative serum bilirubin level or prothrombin time, a 
postoperative aggravation on or after POD5 (compared to the previous day) was identified as postoperative LD. 
Of note, for patients who reached normal serum bilirubin or prothrombin time values prior to POD5 and were 
discharged early, due to good clinical performance, no further blood collection could be performed. Accordingly, 
these patients were considered as “no LD”.

Moreover, patients were followed for a period of 90 days and the occurrence of postoperative morbidity was 
prospectively recorded as previously described8. Furthermore, the severity of postoperative complications was 
classified in grade I to V according to the classification scheme published by Dindo et al.22. Briefly, in case of 
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multiple complications per patient, the most serious one was graded. Accordingly, all patients requiring surgical, 
endoscopic or radiological intervention or were further suffering from life – threatening complications (including 
death), were further defined as “severe morbidity” (grade III–V).

Statistical analyses.  Statistical analyses were performed as previously described8. Briefly, statistical anal-
yses were achieved using SPSS 20 software (SPSS, Inc., Chicago, IL, USA) and were based on non–parametric 
tests (Mann–Whitney U test, Wilcoxon test, chi–squared test). To further validate the diagnostic potential of 
ADAMTS13-AC to detect poor postoperative performance (i.e. LD, morbidity or severe morbidity) a “receiver 
operating characteristic” (ROC) curve analysis was performed. Additionally, this statistical approach was used to 
identify the optimal cut-off level to distinguish between high- and low- risk patients.

Boxplot illustrations are given without outliers and extreme values to improve the resolution of interquartile 
ranges. Values were defined as outliers if they exceeded 1.5 till 3 times of the interquartile range, while they were 
classified as extreme values if they exceeded more than 3 times of the inter quartile range. P values < 0.05 were 
considered statistically significant.

Parameter

PreOP (N = 37)

LD (N = 37)

P - value

vWF-Ag/ADAMTS13-AC ratio (N = 37)

P - value

No (N = 27) Yes (N = 10) <116 (N = 24) ≥116 (N = 13)

N = /Median (Range/%) N = /Median (Range/%)

Age (years) 65.6 (40.0–86.1) 65.6 (40.0–86.1) 67.5 (51.1–81.8) 0.80 64.3 (40–86.0) 69.0 (55.1–86.1) 0.56

Sex

Male 30 (81.1) 22 (81.5) 8 (80.0)
0.92

22 (91.7) 8 (61.5)
0.03

Female 7 (18.9) 5 (18.5) 2 (20.0) 2 (8.3) 5 (38.5)

Neoplastic entity

mCRC 14 (37.8) 11 (40.7) 3 (30.0)

0.81

12 (50.0) 2 (15.4)

0.06HCC 14 (37.8) 10 (37.0) 4 (40.0) 6 (25.0) 8 (61.5)

CCC 9 (24.4) 6 (22.3) 3 (30.0) 6 (25.0) 3 (23.1)

Hepatic resection

Major 24 (64.9) 15 (55.6) 9 (10.0)
0.05

14 (58.3) 10 (76.9)
0.26

Minor 13 (35.1) 12 (44.4) 1 (90.0) 10 (41.7) 3 (23.1)

Cirrhosis

yes 11 (29.7) 7 (18.9) 4 (40.0)
0.41

4 (16.7) 7 (53.8)
0.02

no 26 (70.3) 20 (74.1) 6 (60.0) 20 (83.3) 6 (46.2)

RBC-transfusion (intraoperative)

yes 5 (100.0) 3 (60.0) 2 (40.0) 0.48 1 (20.0) 4 (80.0) 0.02

LD

yes 10 (100.0) 3 (30.0) 7 (70.0) 0.01

90-days mortality

yes 1 (100.0) 0 (0.0) 1 (100.0) 0.09 0 (0.0) 1 (100.0) 0.17

Preoperative Parameters

ADAMTS13-AC IU/ml 0.6 (0.4–1.1) 0.6 (0.4–1.1) 0.7 (0.5–1.0) 0.04 0.6 (0.4–0.8) 0.7 (0.5–1.1) 0.001

vWF-Ag % 165.0 (55.8–420.0) 155.0 (88.5–253.0) 184.5 (55.8–420.0) 0.048 139.5 (55.8–214.6) 185.0 (160.0–420.0) 0.001

vWF-Ag/ADAMTS13-AC ratio 91.5 (42.0–301.1) 84.8 (42.0–193.3) 127.3 (42.4–301.1) 0.02

TSP-1 ng/ml 39.0 (17.2–195.9) 41.7 (17.2–179.4) 37.0 (23.5–195.9) 0.78 40.3 (17.3–179.4) 38.1 (17.2–195.9) 0.84

SB mg/dl 0.7 (0.2–2.3) 0.7 (0.2–2.3) 1.1 (0.5–2.0) 0.15 0.7 (0.2–2.1) 0.6 (0.3–2.3) 0.67

PT%a 96.0 (40.0–150.0) 98.0 (61.0–150.0) 80.0 (40.0–120.0) 0.13 98.5 (61.0–150.0) 83.0 (40.0–124.0) 0.11

ALP U/l 85 (45–300) 85 (45–230) 93 (64–300) 0.27 84 (45–196) 105 (61–300) 0.03

GGT U/l 71.5 (11.0–710.0) 68.5 (11.0–710.0) 112.0 (31.0–699.0) 0.20 65.0 (11.0–299.0) 110.0 (51.0–710.0) 0.01

AST U/l 29.5 (17.0–208.0) 27.5 (17.0–75.0) 34.0 (21.0–208.0) 0.17 27.0 (17.0–62.0) 35.0 (21.0–208.0) 0.03

ALT U/l 33.0 (7.0–112.0) 29.0 (7.0–112.0) 39.5 (21.0–83.0) 0.16 27.0 (7.0–112.0) 39.0 (9.0–83.0) 0.45

Albumin g/l 41.9 (31.5–48.5) 42.7 (35.5–48.5) 40.1 (31.5–47.2) 0.06 42.6 (35.5–48.5) 40.7 (31.5–45.7) 0.10

Platelets (x10^3/µl) 211.0 (86.0–492.0) 210.0 (86.0–492.0) 217.5 (152.0–284.0) 0.96 210.0 (92.0–313.0) 224.0 (86.0–492.0) 0.86

Table 1.  PreOP levels (LD & vWF-Ag/ADAMTS13-AC ratio), patient demographics, outcome- and laboratory 
parameters. ADAMTS13, disintegrin-like and metalloproteinase with a thrombospondin type 1 motif member 
13; ALP, alkaline phosphatase; ALT, alanine amino transferase; AST, aspartate amino transferase; CCC, 
cholangiocellular carcinoma; CTx, chemo therapy; GGT, gamma glutamyl transferase; HCC, hepatocellular 
carcinoma; LD, liver dysfunction; mCRC, metastatic colorectal cancer; PreOP, preoperative; PT, prothrombin 
time; RBC-transfusion, red blood cell transfusion; SB, serum bilirubin; TSP-1, thrombospondin 1; vWF-Ag, von 
Willebrand-Factor antigen. aPT is expressed in relation to the coagulation time of a healthy person (i.e. Quick). 
Accordingly, it is illustrated in percentage.
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Results
ADAMTS13-AC deteriorates after liver resection in humans and is reflected by an increased 
VWF-AG/ADAMTS13-AC ratio.  In order to characterize possible alterations of ADAMTS13-AC, we ini-
tially characterized the perioperative time course of ADAMTS13-AC in patients undergoing liver resection as 
illustrated in Fig. 1A. Interestingly, ADAMTS13-AC significantly decreased on POD1 (median: preOP = 0.6 IU/ml 
vs. POD1 = 0.5 IU/ml, p = 0.001), further diminished and remained decreased until POD5 (median: POD1 = 0.5 
IU/ml vs. POD5 = 0.5 IU/ml, p = 0.01; median: preOP = 0.6 IU/ml, vs. POD5 = 0.5 IU/ml, p = 0.001).

Since ADAMTS13 is closely related to TSP-1 as well as vWF and its degradation into smaller less active frag-
ments, we additionally characterized the perioperative time course of vWF-Ag (Fig. 1B) as well as TSP-1 (Fig. 1C). 
Accordingly, vWF-Ag significantly increased until POD1 (median: preOP = 164.9%, vs. POD1 = 280.0%, 
p = 0.001) and doubled till POD5 (preOP = 164.9% vs. POD5 = 306.3%, p = 0.001). This strong decrease of 
ADAMTS13-AC and increase of vWF-Ag on POD1 was accompanied with a concomitant increase of TSP-1 
(median: preOP = 39.0 ng/ml, POD1 = 62.8 ng/ml, p = 0.02). Interestingly, TSP-1 tended to decrease up to POD5 
but did not reach any significance when compared to preoperative values, or levels measured on POD1 (median: 
preOP = 39.0 ng/ml, vs. POD5 = 50.1 ng/ml, p = 0.70; median: POD1 = 62.8 ng/ml vs. POD5 = 50.1 ng/ml, p = 0.10).

Parameter

POD1 (N = 37)

LD (N = 37)

P - value

vWF-Ag/ADAMTS13-AC ratio (N = 28) 9 
cases are missing

P - value

No (N = 27) Yes (N = 10) <165 (N = 21) ≥165 (N = 7)

N = /Median (Range/%) N = /Median (Range/%)

Age (years) 65.6 (40.0–86.1) 65.6 (40.0–86.1) 67.5 (51.1–81.8) 0.80

Sex

Male 30 (81.1) 22 (81.5) 8 (80.0)
0.92

17 (81.0) 1 (14.3) 0.78

Female 7 (18.9) 5 (18.5) 2 (20.0) 4 (19.0) 6 (85.7)

Neoplastic entity

mCRC 14 (37.8) 11 (40.7) 3 (30.0)

0.81

11 (52.4) 2 (28.6)

0.26HCC 14 (37.8) 10 (37.0) 4 (40.0) 3 (14.3) 3 (42.8)

CCC 9 (24.4) 6 (22.3) 3 (30.0) 7 (33.3) 2 (28.6)

Hepatic resection

Major 24 (64.9) 15 (55.6) 9 (10.0)
0.05

13 (61.9) 6 (85.7)
0.24

Minor 13 (35.1) 12 (44.4) 1 (90.0) 8 (38.1) 1 (14.3)

Cirrhosis

yes 11 (29.7) 7 (18.9) 4 (40.0)
0.41

3 (14.3) 2 (28.6)
0.39

no 26 (70.3) 20 (74.1) 6 (60.0) 18 (85.7) 5 (71.4)

RBC-transfusion (postoperative)

yes 4 (100.0) 0 (0.0) 4 (100.0) 0.001 0 (0.0) 3 (100.0) 0.001

LD

yes 10 (100.0) 1 (16.7) 5 (83.3) 0.001

90-days mortality

yes 1 (100.0) 0 (0.0) 1 (100.0) 0.09 0 (0.0) 1 (100.0) 0.09

Postoperative Parameters

ADAMTS13-AC IU/ml 0.5 (0.3–0.7) 0.5 (0.3–0.7) 0.6 (0.5–0.7) 0.02 0.5 (0.3–0.7) 0.6 (0.5–0.7) 0.004

vWF-Ag % 280.0 (49.4–445.0) 256.0 (128.3–422.0) 350.2 (49.4–445.0) 0.02 241.0 (49.4–343.5) 384.3 (243.5–445.0) 0.001

vWF-Ag/ADAMTS13-AC ratio 132.7 (27.7–280.4) 119.2 (49.7–267.3) 214.0 (27.7–280.4) 0.02

TSP-1 ng/ml 62.8 (14.9–303.0) 55.1 (14.9–303.0) 93.6 (51.4–157.4) 0.005 59.4 (14.9–303.0) 94.1 (55.1–242.0) 0.02

SB mg/dl 1.5 (0.4–8.2) 1.1 (0.4–3.8) 2.7 (1.2–8.2) 0.001 1.1 (0.4–3.8) 3.0 (0.6–8.2) 0.03

PT% a 54 (29–90) 58 (40–90) 46 (29–64) 0.002 57 (41–90) 53 (36–64) 0.20

ALP U/l 70 (35–591) 59 (35–152) 82 (44–591) 0.08 58 (35–148) 91 (44–591) 0.048

GGT U/l 65.0 (6.0–462.0) 63.0 (6.0–462.0) 121.5 (41.0–431.0) 0.04 63.0 (6.0–241.0) 112.0 (38.0–462.0) 0.06

AST U/l 377 (56–3747) 356 (56–1825) 508 (188–3747) 0.10 377 (56–819) 343 (124–3747) 0.84

ALT U/l 347.0 (70.0–2944.0) 295.0 (70.0–1049.0) 473.5 (164.0–2944.0) 0.19 357.0 (70.0–847.0) 338.0 (86.0–2944.0) 0.92

Albumin g/l 29.6 (23.3–37.5) 29.8 (23.3–37.5) 29.5 (24.6–32.4) 0.39 30.8 (23.3–37.5) 28.6 (26.4–32.4) 0.19

Platelets (x10^3/µl) 178.0 (70.0–391.0) 178.0 (70.0–391.0) 185.5 (77.0–316.0) 0.65 178.0 (70.0–391.0) 204.0 (109.0–316.0) 0.19

Table 2.  POD1 levels (LD & vWF-Ag/ADAMTS13-AC ratio), patient demographics, outcome- and laboratory 
parameters. ADAMTS13, disintegrin-like and metalloproteinase with a thrombospondin type 1 motif member 
13; ALP, alkaline phosphatase; ALT, alanine amino transferase; AST, aspartate amino transferase; CCC, 
cholangiocellular carcinoma; CTx, chemo therapy; GGT, gamma glutamyl transferase; HCC, hepatocellular 
carcinoma; LD, liver dysfunction; mCRC, metastatic colorectal cancer; POD1, postoperative day 1; PT, 
prothrombin time; RBC transfusion, red blood cell transfusion; SB, serum bilirubin; TSP-1, thrombospondin 1; 
vWF-Ag, von Willebrand Factor antigen. aPT is expressed in relation to the coagulation time of a healthy person 
(i.e. Quick). Accordingly, it is illustrated in percentage.
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The correlation of vWF-Ag and ADAMTS13-AC was reflected by a significant increase of vWF-Ag/
ADAMTS13-AC ratio on POD1 (median: preOP = 268.9 vs. POD1 = 545.1, p = 0.001). The ratio further 
increased till POD5 (median: POD1 = 545.1 vs. POD5 = 751.9, p = 0.03, Fig. 1D) but failed to show any sig-
nificant differences when compared to preoperative levels (median: preOP = 268.9 vs. POD5 = 751.9, p = 0.40).

Perioperative ADAMTS13-AC levels are associated with poor postoperative outcome after liver 
resection.  As the liver is known to play an essential role in hemostasis and hemostatic changes are thought 
to be one of the main inducers of LR after hepatectomy, we further evaluated possible associations between 
patients with poor and favorable postoperative development and perioperative ADAMTS13-AC levels. Of note, 
patients who lack a sufficient regenerative response suffered from significantly elevated preOP ADAMTS13-AC 
levels compared to those with normal hepatic recovery (preOP median: LD = 0.7 IU/ml vs. no LD = 0.6 IU/ml, 
p = 0.04, Fig. 2A). These findings persisted and were reflected by increased ADAMTS13-AC levels on POD1 in 
patients with postoperative LD compared to those with normal liver function (POD1 median: LD = 0.6 IU/ml 
vs. no LD = 0.5 IU/ml, p = 0.02, Fig. 2A). Interestingly, the observed diversity of ADAMTS13-AC levels between 
patients with and without LD could not be detected on POD5 (POD5 median: LD = 0.5 IU/ml vs. no LD = 0.5 IU/
ml, p = 0.70, Fig. 2A). Moreover, in both patient groups, ADAMTS13-AC steadily decreased after hepatectomy, 
remained diminished and approximately equalized on POD5 (LD: preOP median = 0.7 IU/ml vs. POD5 = 0.50 
IU/ml, p = 0.04; no LD preOP median = 0.6 IU/ml vs. POD5 = 0.5 IU/ml, p = 0.003, Fig. 2A).

As vWF and TSP-1 are closely related to ADAMTS13 we further evaluated vWF-Ag and TSP-1 dynamics in 
patients with and without postoperative LD. Accordingly, patients with poor postoperative regenerative response 
suffered from significantly increased preOP vWF-Ag levels compared to those with sufficient postoperative liver 
function (preOP median: LD = 184.5% vs. no LD = 155.0%, p = 0.048, Fig. 2B). This observation could also be 
observed on POD1 (POD1 median: LD = 350.2% vs. no LD = 256.0%, p = 0.02, Fig. 2B) and POD5 (POD 5 
median: LD = 420.0% vs. no LD = 281.2%, p = 0.01, Fig. 2B). In addition to this, TSP-1 was significantly upreg-
ulated on POD1 in patients with postoperative LD (POD1 median: LD = 93.6 ng/ml vs. no LD = 55.1 ng/ml, 
p = 0.01, Fig. 2C). However preOP TSP-1 levels as well as TSP-1 values measured on POD5 failed to show any 
significant differences between patients with and without postoperative LD (preOP median: LD = 37.0 ng/ml vs. 
no LD = 41.7 ng/ml, p = 0.80; POD5 median: LD = 62.1 ng/ml vs. no LD = 46.6 ng/ml; p = 0.10, Fig. 2C).

Figure 1.  Perioperative time course of ADAMTS13-AC, VWF-AG, TSP-1 as well as VWF-AG/
ADAMTS13-AC ratio. Perioperative activity values and antigen levels were measured one day prior to (PreOP), 
one day after (POD1) as well as 5 days after (POD5) liver resection and are shown separately in accordance 
to ADAMTS13-AC (A), vWF-Ag (B), TSP-1 (C) as well as vWF-Ag/ADAMTS13-AC ratio (D). Boxplot 
illustrations are given without outliers and extreme values to improve the resolution of interquartile ranges. 
*P < 0.05, **P < 0.005.
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To further evaluate the correlation between ADAMTS13-AC and vWF-Ag will translate into poor postoper-
ative performance we additionally characterized the vWF-Ag/ADAMTS13-AC ratio of patients with poor and 
favorable postoperative hepatic recovery. Interestingly, patients with postoperative LD suffered from significantly 
elevated pre- as well as postoperative (POD1) vWF-Ag/ADAMTS13-AC ratio values, compared to patients with-
out this complication (preOP median: LD = 127.3 vs. no LD = 84.8, p = 0.02; POD1 median: LD = vs. no LD=, 
p = 0.03, Fig. 2D).

Preoperative ADAMTS13-AC predicts postoperative ld.  As significant discrepancies in perioper-
ative ADAMTS13-AC levels between patients with and without LD were observed, we further evaluated the 
predictive potential of ADAMTS13-AC to accurately detect patients who are at high risk of developing such 
severe complications. Therefore, ROC curve analysis was performed; revealing a significant predictive value of 
preOP ADAMTS13-AC levels (area under the curve [AUC]: 0.73, p = 0.04, Fig. 3A). Additionally, using ROC 
curve analysis, a preOP cut-off level of ADAMTS13-AC ≥ 0.68 IU/ml was chosen to precisely identify patients 
with postoperative LD, with a sensitivity of 70% and a specificity of 74%. To further evaluate whether unfavora-
ble preOP ADAMTS13-AC levels would result in poor clinical performance, the incidence of postoperative LD 
was compared, using our preOP defined cut-off values of ADAMTS13-AC ≥ 0.68 IU/ml. Accordingly, patients 
fulfilling those preoperative cut-off levels suffered from significantly higher incidences of postoperative LD 
(ADAMTS13-AC < 0.68 IU/ml: 30% LD vs. ADAMTS13-AC ≥ 0.68 IU/ml: 70% LD, p = 0.01, Fig. 3C).

Postoperative ADAMTS13-AC predicts postoperative ld.  Since ADAMTS13-AC is exclusively pro-
duced within the liver and liver resection reduces functional liver mass we further aimed to assess if postoperative 
ADAMTS13-AC is able to differ between patients with and without postoperative LD. Therefore, to evaluate 
the predictive potential of postoperative measured ADAMTS13-AC, postoperative ROC curve analysis was per-
formed. Accordingly, ROC curve analysis was able to accurately predict LD, revealing a significant predictive 
value of ADAMTS13-AC measured on POD1 (AUC: 0.80, p = 0.03, Fig. 3B). To additionally evaluate if postoper-
ative elevated ADAMTS13-AC values would result in higher incidences of LD, we defined a postoperative cut-off 
of ADAMTS13-AC ≥ 0.56 IU/ml. Accordingly, patients fulfilling our postoperative cut-off values significantly 
suffered from higher incidences of LD (ADAMTS13-AC < 0.56 IU/ml: 33% LD vs. ADAMTS13-AC ≥ 56 IU/ml: 
67% LD, p = 0.04; Fig. 3D), with a sensitivity of 67% and a specificity of 77%.

Figure 2.  Perioperative time course of ADAMTS13-AC, VWF-AG, TSP-1 as well as VWF-AG/
ADAMTS13-AC ratio in accordance to postoperative complications. Perioperative activity values and antigen 
levels were measured one day prior to (PreOP), one day after (POD1) as well as 5 days after (POD5) liver 
resection. Accordingly, ADAMTS13-AC (A), vWF-Ag (B), TSP-1 (C) as well as vWF-Ag/ADAMTS13-AC ratio 
(D) levels were evaluated and are shown in accordance to the occurrence of postoperative liver dysfunction 
(LD). Boxplot illustrations are given without outliers and extreme values to improve the resolution of 
interquartile ranges. *P < 0.05, **P < 0.005.
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VWF-AG to ADAMTS13-AC dysbalance reflects poor postoperative performance.  As we had 
observed a correlation of ADAMTS13-AC and vWF-Ag, in patients with and without postoperative LD, during 
the perioperative course, we further aimed to evaluate the potential of vWF-Ag/ADAMTS13-AC ratio to predict 
poor postoperative performance. Accordingly a ROC curve analysis was performed revealing a significant predic-
tive value of preoperative vWF-Ag/ADAMTS13-AC ratio (AUC: 0.75, p = 0.02; Fig. 4A) as well as postoperative 
vWF-Ag/ADAMTS13-AC ratio (AUC: 0.80, p = 0.03; Fig. 4E).

To see if vWF-Ag/ADAMTS13-AC ratio is able to distinguish between patients who are at higher risk of 
developing postoperative LD, further investigations were performed. Accordingly, based on our newly defined 
pre- as well as postoperative (POD1) cut-off levels of vWF-Ag/ADAMTS13-AC ratio (preOP: ≥116, POD1: 
≥156) we were able to classify between patients who are at higher risk of developing postoperative complications. 
Patients fulfilling our pre- or postoperative cut-off values suffered from significantly higher incidences of postop-
erative LD (preOP: LD = 70% vs. no LD = 30%, p = 0.01, Fig. 4B; POD1: LD = 83% vs. no LD = 17%, p = 0.001, 
Fig. 4F) as well as postoperative severe morbidity (preOP: severe morbidity = 78% vs. no severe morbidity = 22%, 
p = 0.002, Fig. 4C; POD1: severe morbidity = 67% vs. no severe morbidity = 33%, p = 0.01, Fig. 4G). Moreover, a 
more pronounced dysbalance of vWF-Ag and ADAMTS13-AC was able to significantly predict intra- as well as 
postoperative usage of red-blood-cell transfusion (RBC-T). Accordingly, patients fulfilling our preOP vWF-Ag/
ADAMTS13-AC ratio cut-off significantly suffered from higher incidences of intraoperative (intraOP) RBC-T 
(preOP: <116 = 20%, ≥116 = 80%, p = 0.02, Fig. 4D). Similar results could be observed in accordance to our 
postoperative vWF-Ag/ADAMTS13-AC ratio cut-off (POD1: <165 = 0%, ≥165 = 100%, p = 0.001, Fig. 4H).

Discussion
The liver has the unique capacity to regenerate after multiple kinds of injuries23. Growing evidence suggests that 
platelets are one of the key players involved in a sufficient regenerative response after hepatectomy8,9,24. Hereof, 
vWF is known to be the main binding protein between activated endothelium and platelets and is therefore 
of crucial importance to support sufficient hemostasis and platelet granule release25,26. In this context, the 
vWF-cleaving protease ADAMTS13 has been shown to degrade vWF into less active fragments27. Recently, we 
were able to identify an essential role of vWF on site specific platelet accumulation and postoperative liver func-
tion recovery after liver resection in humans11. Applying a cut-off of vWF-Ag of 182% (preOP) and 315% (POD1) 

Figure 3.  Pre- as well as postoperative potential of ADAMTS13-AC to predict postoperative LD. Receiver 
operating characteristic (ROC) curve analysis for preoperative (PreOP, A) as well as postoperative day 1 (POD1, 
B) ADAMTS13-AC values to detect postoperative liver dysfunction (LD) are illustrated. ROC curve analysis 
includes the evaluation of its related area under the curve (AUC). Furthermore incidences of postoperative LD 
are shown in accordance to preOP (≥0.68 IU/ml, C) as well as POD1 (≥0.56 IU/ml, D) defined cut-off values of 
ADAMTS13-AC. *P < 0.05, **P < 0.005.
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we were able to demonstrate that elevated vWF-Ag levels were vital to identify high-risk patients that suffered 
from an increased risk of poor postoperative outcome. Accordingly, same results could be observed when apply-
ing those cut-off values to this study cohort (≥182: LD = 60% vs. no LD = 40%, p = 0.01; ≥315: LD = 60% vs no 
LD = 40%, p = 0.01; suppl. Fig. 1).

With respect to this, a proper regulation of its activity seems to be essential to maintain the natural equilib-
rium of coagulability after certain kind of liver injuries12,13,15. However, up to now there is still a lack of evidence 
addressing the role as well as the predictive potential of ADAMTS13-AC in human LR after partial hepatectomy.

Within this study we were able to show that ADAMTS13-AC decreases after liver resection and that 
this decline is accompanied with a significant increase of vWF-Ag/ADAMTS13-AC ratio. Additionally, 
ADAMTS13-AC was significantly elevated in patients that developed postoperative LD. This elevation of 
ADAMTS13-AC in patients with diminished postoperative regenerative response was paralleled by significantly 
higher postoperative vWF-Ag levels. Further, we documented ADAMTS13-AC to be a valuable marker to predict 
postoperative LD after partial hepatectomy. Importantly, with reference to the central relevance of vWF in hemo-
stasis, patients with deteriorated pre- or postoperative vWF-Ag/ADAMTS13-AC ratio levels also suffered from 
significantly higher incidences of postoperative LD as well as perioperative usage of RBC-T.

ADAMTS13 production is thought to be exclusively related to liver-specific stellate-cells and its activity has 
been shown to decrease due to chronic or acute liver injury and thereby loss of functional liver mass12,28. Due to 
its proteolytic activity, ADAMTS13 has the potential to cleave vWF and further degrade it into less active frag-
ments16. However, as a reflection of liver damage and endothelial cell activation vWF-Ag is secreted from its main 
storage, the Weibel-Palade bodies, and increases after chronic or acute liver injuries12,26. Accordingly, we recently 
demonstrated that vWF-Ag is of crucial importance to mediate platelet aggregation and thereby improve post-
operative LR11. Indeed, within this study we were able to show similar results. ADAMTS13-AC deteriorated after 
hepatectomy, being accompanied by an up regulation of vWF-Ag up to five days after surgery. This intraoperative 
dynamics culminated in an increased postoperative vWF-Ag/ADAMTS13-AC ratio and was further associated 
with increased TSP1 levels on POD1.

Reduced hepatic regeneration was associated with significantly elevated perioperative ADAMTS13-AC levels 
compared to patients with a sufficient regenerative response after hepatectomy. Although the precise mode of 
ADAMTS13 production has not yet been identified, recent studies suggest hepatic stellate cells (HSC) to be one 
of the main sources of ADAMTS13 secretion upon their activation28. Accordingly, several different pathways of 
HSC activation have been proposed29. On the basis of liver injury, two major mechanisms can be separated29: 1) 
In case of liver injury, HSC differentiate into activated myofibroblast-like cells and secret their contents to protect 
the liver from further damage30,31. 2) Chronic tissue damage will lead to recruitment of inflammatory cells as 
well as liver sinusoidal cells and in doing so promote HSC activation and fibrosis31. In this context, ADAMTS13 
was shown to correlate with severity of fibrosis and its activity was impaired in patients with mild to moderate 

Figure 4.  Perioperative potential of VWF-AG/ADAMTS13-AC ratio to predict poor postoperative 
performance. Receiver operating characteristic (ROC) curve analysis for preoperative (PreOP, A) as well as 
postoperative day 1 (POD1, E) vWF-Ag/ADAMTS13-AC ratio values to detect postoperative liver dysfunction 
(LD) are illustrated. ROC curve analysis includes the evaluation of its related area under the curve (AUC). 
Furthermore incidences of postoperative LD as well as severe morbidity and red-blood-cell transfusion (RBC-
T) usage are shown in accordance to preOP (≥116, B–D) as well as POD1 (≥165, F–H) defined cut-off values of 
vWF-Ag/ADAMTS13-AC ratio. *P < 0.05, **P < 0.005.
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fibrosis, as a sign of consecutive activation and secretion of ADAMTS13 proteinase. Nevertheless, due to the 
constant stimulus and thereby exhaustion of HSC, ADAMTS13-AC was significantly reduced in patients with 
severe fibrosis/cirrhosis32.

Interestingly, within this study no significant correlation between the grade of fibrosis and perioperative 
vWF-Ag as well as TSP-1 levels or development of postoperative LD could be detected. With respect to fibrosis 
grading and only when measured on POD1 and POD5, ADAMTS13-AC was irregularly distributed. However, 
since the number of patients is limited with respect to each of the 4 groups (2, 11, 6, 5 and 8 patients), the power 
to detect those suggested differences might be too low (suppl. Table 1).

In this context and as a sign of pre-damaged liver tissue, patients with postoperative LD showed significantly 
higher perioperative values of ADAMTS13-AC.

Interestingly, patients with postoperative LD showed not only elevated ADAMTS13-AC levels but also sig-
nificantly increased vWF-Ag levels. Accordingly, liver sinusoidal endothelial cells (LSEC) are well known to get 
activated and undergo phenotypical changes due to ongoing and chronic liver injury33. As a consequence of their 
activation, LSECs secret their contents and thus interact with their environment via paracrine signals. Hereof, 
vWF is known to be secreted upon endothelial cell activation, and have recently been found to correlate with the 
degree of fibrosis and presence of portal hypertension7,34. In this context, as a reflection of chronic liver injury 
and fibrogenesis, LSECs seems to be constantly stimulated to secret their contents and thereby leading to ele-
vated baseline levels of vWF-Ag in patients with postoperative LD. Furthermore, our data suggest a relative link 
between elevated levels of ADAMTS13-AC and vWF-Ag in patients with postoperative LD. Deleve et al. revealed 
that under normal conditions, LSECs suppresses the activation of HSC, but following injury, LSECs lose this 
capacity and further promote HSC activation33. As a consequence, ongoing liver injury and fibrosis leads not only 
to elevated vWF-Ag levels but also to increased ADAMTS13-AC.

Furthermore, ADAMTS13 is known to significantly influence postoperative hemostasis and is thereby 
able to cause either thrombotic or hemorrhagic effects15. Recent studies suggest a link between increased 
ADAMTS13-AC levels and disrupted coagulation. Given the fact that hemostasis is of central relevance during 
liver surgery, substantially increased ADAMTS13-AC levels should lead to a reduced amount of vWF-multimers 
and thereby accelerate perioperative blood loss16,35. In line with these results, we found vWF-Ag/ADAMTS13-AC 
ratio to be able to significantly predict perioperative RBC-T usage. This is of further clinical relevance; as previous 
studies have revealed that perioperative usage of blood transfusion is associated with worse clinical outcome (i.e. 
increased risk of morbidity, mortality and long term survival) after oncologic hepatectomy.

Up to now, postoperative risk stratification still endures to be a challenging assignment in liver surgery. 
Following resection, the liver has to enhance liver mass revitalization while maintaining its vital and organ spe-
cific function. A collapse of this physiological course will result in one of the most severe complications fol-
lowing hepatectomy, namely postoperative LD. In the past, several studies have addressed the relevance of 
ADAMTS13 and its activity during perioperative time-course after liver surgery12,13,35,36. Nevertheless, most of 
them lack sufficient evaluation of ADAMTS13-AC and its predictive potential to detect patients who might be 
affected by post-hepatectomy liver failure. Accordingly, within this study we were able to show that preoperative 
ADAMTS13-AC measurement on POD1 were able to accurately identify high-risk patients who require a more 
intense surveillance and therefore might represent a useful tool for perioperative risk stratification in patients 
undergoing hepatic resection. In particular, patients who fulfilled our pre- as well as postoperative defined cut-off 
values of ADAMTS13-AC as well as vWF-Ag/ADAMTS13-AC ratio, suffered from significantly higher inci-
dences of postoperative LD. Moreover, one patient died within our cohort. Importantly, this patient did fall in 
our high-risk group in terms of our pre- and postoperative cut off (Table 1 and Table 2). Accordingly, vWF-Ag/
ADAMTS13-AC “high” patients might benefit from detailed monitoring to detect postoperative liver failure. 
Furthermore, the timely initiation of liver support devices might be guided by perioperative ADAMTS13-AC 
measurement.

During the last 2 decades various methods have been developed to accurately determine ADAMTS13- 
activity37,38. In general, two groups of detection-method can be separated but both of them are based on the deter-
mination of residual undigested vWF-substrate. Nevertheless, there are some major differences when it comes 
down to clinical applicability37,38. One of the detection methods is based on multimeric vWF and is postulated 
to be reproducible but in contrast less sensitive than the other testing system and furthermore often requir-
ing equipment, which is uncommon in routine diagnostic laboratories. Moreover, a major disadvantage of this 
method is that it requires the usage of denaturing agents, which are thought to modify the binding modalities of 
free ADAMTS13-Ag and bound autoantibodies and therefore prolong the assay reaction time (6–24 h)37,38. On 
the other hand, the second method is based on vWF-peptides. It is also reproducible, more sensitive than the 
primarily established determination method, but not requiring denaturing agents which dramatically shortens 
the reaction time down to 0, 5–3 hours. Based on those second method several assays have been established which 
further reduces the complexity of ADAMTS13-AC detection and simplifies the techniques and instruments down 
to standard ELISA equipment37,38. Ultimately, this points out that our results will have to be validated in a large 
prospective setting including multiple routine laboratories of large hepatobiliary centers to determine compara-
bility of ADAMTS-13 measurement and establish a relevant cut-off for clinical use.

Moreover, some relevant weaknesses of this study should be acknowledged. In particular, the evaluated num-
ber of patients is fairly small. However, due to meticulous sample preparation, we were able to document specific 
differences between patients with poor clinical performance and perioperative ADAMTS13 values, despite the 
limited sample size. Moreover, it should be noted that not all patient could be followed up and analyzed during 
the perioperative time course. In particular, there is a lack of data from 9 patients on POD1, from which no 
plasma could be collected. Accordingly, this might affect postoperative ADAMTS13 results due to the reduc-
tion in power and should be taken into consideration during result interpretation. In this context, there seems 
to be a correlation between the extent of resection and postoperative LD. However, those differences failed to 
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become significant and did not affect perioperative vWF-Ag/ADAMTS13-AC ratio values (Table 1 and Table 2). 
Ultimately, these results should be validated in a larger prospective setting.

In conclusion, ADAMTS13-AC deteriorated after liver resection in humans and was associated with increased 
levels of vWF-Ag. Patients with postoperative LD suffered from increased levels of ADAMTS13-AC as well as sig-
nificantly up regulated vWF-Ag levels. Further, we revealed ADAMTS13-AC as well as vWF-Ag/ADAMTS13-AC 
ratio to be valuable markers to predict postoperative LD after partial hepatectomy. Patients with deteriorated 
pre- or postoperative ADAMTS13-AC levels suffered from significantly higher incidences of LD. Therefore; peri-
operative ADAMTS13-AC measurement might represent a useful tool to distinguish between patients who are 
at higher risk of developing such severe postoperative complications. Indeed, further investigations have to be 
performed to consolidate its role as a predictive marker to detect postoperative LD.

Data Availability Statement
All data generated or analyzed during this study are included in this published article (and its supplementary 
information files).

References
	 1.	 Clavien, P. A., Petrowsky, H., DeOliveira, M. L. & Graf, R. Strategies for safer liver surgery and partial liver transplantation. The New 

England journal of medicine 356, 1545–1559, https://doi.org/10.1056/NEJMra065156 (2007).
	 2.	 Michalopoulos, G. K. Liver regeneration after partial hepatectomy: critical analysis of mechanistic dilemmas. The American journal 

of pathology 176, 2–13, https://doi.org/10.2353/ajpath.2010.090675 (2010).
	 3.	 Abshagen, K., Eipel, C. & Vollmar, B. A critical appraisal of the hemodynamic signal driving liver regeneration. Langenbeck’s archives 

of surgery/Deutsche Gesellschaft fur Chirurgie 397, 579–590, https://doi.org/10.1007/s00423-012-0913-0 (2012).
	 4.	 Kandilis, A. N., Koskinas, J., Tiniakos, D. G., Nikiteas, N. & Perrea, D. N. Liver regeneration: focus on cell types and topographic 

differences. European surgical research. Europaische chirurgische Forschung. Recherches chirurgicales europeennes 44, 1–12, https://
doi.org/10.1159/000252770 (2010).

	 5.	 Wack, K. E. et al. Sinusoidal ultrastructure evaluated during the revascularization of regenerating rat liver. Hepatology (Baltimore, 
Md.) 33, 363–378, https://doi.org/10.1053/jhep.2001.21998 (2001).

	 6.	 Stockschlaeder, M., Schneppenheim, R. & Budde, U. Update on von Willebrand factor multimers: focus on high-molecular-weight 
multimers and their role in hemostasis. Blood coagulation & fibrinolysis: an international journal in haemostasis and thrombosis 25, 
206–216, https://doi.org/10.1097/mbc.0000000000000065 (2014).

	 7.	 De Ceunynck, K., De Meyer, S. F. & Vanhoorelbeke, K. Unwinding the von Willebrand factor strings puzzle. Blood 121, 270–277, 
https://doi.org/10.1182/blood-2012-07-442285 (2013).

	 8.	 Starlinger, P. et al. The profile of platelet alpha-granule released molecules affects postoperative liver regeneration. Hepatology 63, 
1675–1688, https://doi.org/10.1002/hep.28331 (2016).

	 9.	 Starlinger, P. et al. Evidence for serotonin as a relevant inducer of liver regeneration after liver resection in humans. Hepatology 
(Baltimore, Md.) 60, 257–266, https://doi.org/10.1002/hep.26950 (2014).

	10.	 Alkozai, E. M. et al. Immediate postoperative low platelet count is associated with delayed liver function recovery after partial liver 
resection. Annals of surgery 251, 300–306, https://doi.org/10.1097/SLA.0b013e3181b76557 (2010).

	11.	 Starlinger, P. et al. Perioperative von Willebrand factor dynamics are associated with liver regeneration and predict outcome after 
liver resection. Hepatology 67, 1516–1530, https://doi.org/10.1002/hep.29651 (2018).

	12.	 Groeneveld, D. J., Alkozai, E. M., Adelmeijer, J., Porte, R. J. & Lisman, T. Balance between von Willebrand factor and ADAMTS13 
following major partial hepatectomy. The British journal of surgery. https://doi.org/10.1002/bjs.10107 (2016).

	13.	 Pereboom, I. T. et al. Development of a severe von Willebrand factor/ADAMTS13 dysbalance during orthotopic liver 
transplantation. American journal of transplantation: official journal of the American Society of Transplantation and the American 
Society of Transplant Surgeons 9, 1189–1196, https://doi.org/10.1111/j.1600-6143.2009.02621.x (2009).

	14.	 Turner, N. A., Nolasco, L., Ruggeri, Z. M. & Moake, J. L. Endothelial cell ADAMTS-13 and VWF: production, release, and VWF 
string cleavage. Blood 114, 5102–5111, https://doi.org/10.1182/blood-2009-07-231597 (2009).

	15.	 Feys, H. B. et al. ADAMTS13 activity to antigen ratio in physiological and pathological conditions associated with an increased risk 
of thrombosis. British journal of haematology 138, 534–540, https://doi.org/10.1111/j.1365-2141.2007.06688.x (2007).

	16.	 Hugenholtz, G. C. et al. An unbalance between von Willebrand factor and ADAMTS13 in acute liver failure: implications for 
hemostasis and clinical outcome. Hepatology (Baltimore, Md.) 58, 752–761, https://doi.org/10.1002/hep.26372 (2013).

	17.	 Bonnefoy, A. et al. Thrombospondin-1 controls vascular platelet recruitment and thrombus adherence in mice by protecting (sub)
endothelial VWF from cleavage by ADAMTS13. Blood 107, 955–964, https://doi.org/10.1182/blood-2004-12-4856 (2006).

	18.	 Sid, B. et al. Thrombospondin 1: a multifunctional protein implicated in the regulation of tumor growth. Crit Rev Oncol Hematol 49, 
245–258, https://doi.org/10.1016/j.critrevonc.2003.09.009 (2004).

	19.	 Dubernard, V., Arbeille, B. B., Lemesle, M. B. & Legrand, C. Evidence for an alpha-granular pool of the cytoskeletal protein alpha-
actinin in human platelets that redistributes with the adhesive glycoprotein thrombospondin-1 during the exocytotic process. 
Arterioscler Thromb Vasc Biol 17, 2293–2305 (1997).

	20.	 Starlinger, P. et al. Plasma thrombospondin 1 as a predictor of postoperative liver dysfunction. Br J Surg 102, 826–836, https://doi.
org/10.1002/bjs.9814 (2015).

	21.	 Hayashi, H., Sakai, K., Baba, H. & Sakai, T. Thrombospondin-1 is a novel negative regulator of liver regeneration after partial 
hepatectomy through transforming growth factor-beta1 activation in mice. Hepatology 55, 1562–1573, https://doi.org/10.1002/
hep.24800 (2012).

	22.	 Dindo, D., Demartines, N. & Clavien, P. A. Classification of surgical complications: a new proposal with evaluation in a cohort of 
6336 patients and results of a survey. Ann Surg 240, 205–213 (2004).

	23.	 Forbes, S. J. & Newsome, P. N. Liver regeneration - mechanisms and models to clinical application. Nature reviews. Gastroenterology 
& hepatology 13, 473–485, https://doi.org/10.1038/nrgastro.2016.97 (2016).

	24.	 Haegele, S. et al. Deficiency in thrombopoietin induction after liver surgery is associated with postoperative liver dysfunction. PloS 
one 10, e0116985, https://doi.org/10.1371/journal.pone.0116985 (2015).

	25.	 Kirschbaum, M. et al. Transient von Willebrand factor-mediated platelet influx stimulates liver regeneration after partial 
hepatectomy in mice. Liver international: official journal of the International Association for the Study of the Liver https://doi.
org/10.1111/liv.13386 (2017).

	26.	 Lenting, P. J., Christophe, O. D. & Denis, C. V. von Willebrand factor biosynthesis, secretion, and clearance: connecting the far ends. 
Blood 125, 2019–2028, https://doi.org/10.1182/blood-2014-06-528406 (2015).

	27.	 Dong, J. F. et al. ADAMTS-13 rapidly cleaves newly secreted ultralarge von Willebrand factor multimers on the endothelial surface 
under flowing conditions. Blood 100, 4033–4039, https://doi.org/10.1182/blood-2002-05-1401 (2002).

	28.	 Uemura, M. et al. Localization of ADAMTS13 to the stellate cells of human liver. Blood 106, 922–924, https://doi.org/10.1182/
blood-2005-01-0152 (2005).

http://dx.doi.org/10.1056/NEJMra065156
http://dx.doi.org/10.2353/ajpath.2010.090675
http://dx.doi.org/10.1007/s00423-012-0913-0
http://dx.doi.org/10.1159/000252770
http://dx.doi.org/10.1159/000252770
http://dx.doi.org/10.1053/jhep.2001.21998
http://dx.doi.org/10.1097/mbc.0000000000000065
http://dx.doi.org/10.1182/blood-2012-07-442285
http://dx.doi.org/10.1002/hep.28331
http://dx.doi.org/10.1002/hep.26950
http://dx.doi.org/10.1097/SLA.0b013e3181b76557
http://dx.doi.org/10.1002/hep.29651
http://dx.doi.org/10.1002/bjs.10107
http://dx.doi.org/10.1111/j.1600-6143.2009.02621.x
http://dx.doi.org/10.1182/blood-2009-07-231597
http://dx.doi.org/10.1111/j.1365-2141.2007.06688.x
http://dx.doi.org/10.1002/hep.26372
http://dx.doi.org/10.1182/blood-2004-12-4856
http://dx.doi.org/10.1016/j.critrevonc.2003.09.009
http://dx.doi.org/10.1002/bjs.9814
http://dx.doi.org/10.1002/bjs.9814
http://dx.doi.org/10.1002/hep.24800
http://dx.doi.org/10.1002/hep.24800
http://dx.doi.org/10.1038/nrgastro.2016.97
http://dx.doi.org/10.1371/journal.pone.0116985
http://dx.doi.org/10.1111/liv.13386
http://dx.doi.org/10.1111/liv.13386
http://dx.doi.org/10.1182/blood-2014-06-528406
http://dx.doi.org/10.1182/blood-2002-05-1401
http://dx.doi.org/10.1182/blood-2005-01-0152
http://dx.doi.org/10.1182/blood-2005-01-0152


www.nature.com/scientificreports/

1 1SCientiFiC Reports |         (2018) 8:16823  | DOI:10.1038/s41598-018-34794-w

	29.	 Tsuchida, T. & Friedman, S. L. Mechanisms of hepatic stellate cell activation. Nature reviews. Gastroenterology & hepatology. https://
doi.org/10.1038/nrgastro.2017.38 (2017).

	30.	 Chang, W. et al. Early activated hepatic stellate cell-derived paracrine molecules modulate acute liver injury and regeneration. 
Laboratory investigation; a journal of technical methods and pathology 97, 318–328, https://doi.org/10.1038/labinvest.2016.130 
(2017).

	31.	 Ding, B. S. et al. Divergent angiocrine signals from vascular niche balance liver regeneration and fibrosis. Nature 505, 97–102, 
https://doi.org/10.1038/nature12681 (2014).

	32.	 Reuken, P. A. et al. Imbalance of von Willebrand factor and its cleaving protease ADAMTS13 during systemic inflammation 
superimposed on advanced cirrhosis. Liver international: official journal of the International Association for the Study of the Liver 35, 
37–45, https://doi.org/10.1111/liv.12657 (2015).

	33.	 Deleve, L. D., Wang, X. & Guo, Y. Sinusoidal endothelial cells prevent rat stellate cell activation and promote reversion to quiescence. 
Hepatology (Baltimore, Md.) 48, 920–930, https://doi.org/10.1002/hep.22351 (2008).

	34.	 Ferlitsch, M. et al. von Willebrand factor as new noninvasive predictor of portal hypertension, decompensation and mortality in 
patients with liver cirrhosis. Hepatology (Baltimore, Md.) 56, 1439–1447, https://doi.org/10.1002/hep.25806 (2012).

	35.	 Takahashi, N. et al. Behavior of ADAMTS13 and Von Willebrand factor levels in patients after living donor liver transplantation. 
Thrombosis research 131, 225–229, https://doi.org/10.1016/j.thromres.2012.12.002 (2013).

	36.	 Ko, S. et al. Relevance of ADAMTS13 to liver transplantation and surgery. World journal of hepatology 7, 1772–1781, https://doi.
org/10.4254/wjh.v7.i13.1772 (2015).

	37.	 Peyvandi, F. et al. ADAMTS-13 assays in thrombotic thrombocytopenic purpura. J Thromb Haemost 8, 631–640, https://doi.
org/10.1111/j.1538-7836.2010.03761.x (2010).

	38.	 Kato, S. et al. Novel monoclonal antibody-based enzyme immunoassay for determining plasma levels of ADAMTS13 activity. 
Transfusion 46, 1444–1452, https://doi.org/10.1111/j.1537-2995.2006.00914.x (2006).

Author Contributions
S.H. as well as P.S. planned the project and designed the study. S.H. performed the experiments, S.H. and P.S. 
interpreted the results and drafted the manuscript. J.F., D.P., C.K., B.R., C.S. and C.S. participated in the sample 
acquisition. C.B. and T.G. participated in the organization and revision of the manuscript. All authors reviewed 
the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34794-w.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/nrgastro.2017.38
http://dx.doi.org/10.1038/nrgastro.2017.38
http://dx.doi.org/10.1038/labinvest.2016.130
http://dx.doi.org/10.1038/nature12681
http://dx.doi.org/10.1111/liv.12657
http://dx.doi.org/10.1002/hep.22351
http://dx.doi.org/10.1002/hep.25806
http://dx.doi.org/10.1016/j.thromres.2012.12.002
http://dx.doi.org/10.4254/wjh.v7.i13.1772
http://dx.doi.org/10.4254/wjh.v7.i13.1772
http://dx.doi.org/10.1111/j.1538-7836.2010.03761.x
http://dx.doi.org/10.1111/j.1538-7836.2010.03761.x
http://dx.doi.org/10.1111/j.1537-2995.2006.00914.x
http://dx.doi.org/10.1038/s41598-018-34794-w
http://creativecommons.org/licenses/by/4.0/

	Elevated ADAMTS13 Activity is Associated with Poor Postoperative Outcome in Patients Undergoing Liver Resection

	Material and Methods

	Patients and study cohort. 
	ADAMTS13-AC Measurement. 
	VWF-AG Measurement. 
	TSP-1 Measurement. 
	Definition and classification of postoperative ld and morbidity. 
	Statistical analyses. 

	Results

	ADAMTS13-AC deteriorates after liver resection in humans and is reflected by an increased VWF-AG/ADAMTS13-AC ratio. 
	Perioperative ADAMTS13-AC levels are associated with poor postoperative outcome after liver resection. 
	Preoperative ADAMTS13-AC predicts postoperative ld. 
	Postoperative ADAMTS13-AC predicts postoperative ld. 
	VWF-AG to ADAMTS13-AC dysbalance reflects poor postoperative performance. 

	Discussion

	Figure 1 Perioperative time course of ADAMTS13-AC, VWF-AG, TSP-1 as well as VWF-AG/ADAMTS13-AC ratio.
	Figure 2 Perioperative time course of ADAMTS13-AC, VWF-AG, TSP-1 as well as VWF-AG/ADAMTS13-AC ratio in accordance to postoperative complications.
	Figure 3 Pre- as well as postoperative potential of ADAMTS13-AC to predict postoperative LD.
	Figure 4 Perioperative potential of VWF-AG/ADAMTS13-AC ratio to predict poor postoperative performance.
	Table 1 PreOP levels (LD & vWF-Ag/ADAMTS13-AC ratio), patient demographics, outcome- and laboratory parameters.
	Table 2 POD1 levels (LD & vWF-Ag/ADAMTS13-AC ratio), patient demographics, outcome- and laboratory parameters.




