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Abstract 

Background: Regional citrate anticoagulation (RCA) is recommended for continuous renal replacement therapy 
(CRRT). However, filter life varies and premature filter clotting can occur. The aims of this explorative prospective study 
were to investigate the effects of RCA on thrombin generation, fibrinolysis and platelet function in critically ill patients 
receiving CRRT, to compare clotting parameters between systemic and intra-circuit blood samples, and to screen 
participants for coagulation disorders. We recruited critically ill adult patients admitted to a 30-bedded Intensive care 
unit in a tertiary care hospital who required CRRT with RCA for acute kidney injury (AKI). Patients with pre-existing 
thrombotic, bleeding tendencies or a CRRT duration less than 48 h were excluded. We measured coagulation and 
thrombophilia parameters at baseline. Thrombin generation, D-dimer and platelet function were measured pre-CRRT 
and at 12, 24, 36, 48 and 72 h after commencing CRRT using blood samples taken from the arterial line and the circuit.

Results: At baseline, all eleven patients (mean age 62.4 years, 82% male) had Factor VIII and von Willebrand Factor 
concentrations above reference range and significantly increased peak thrombin generation. During CRRT, there were 
no significant changes in systemic maximum peak thrombin generation, time to peak thrombin generation, fibrino-
gen, D-dimer and platelet function analysis. We observed no significant difference between paired samples taken 
from the patient’s arterial line and the circuit.

Conclusions: Critically ill patients with AKI requiring CRRT are hypercoagulable. Citrate used for anticoagulation 
during CRRT does not affect thrombin generation, D-dimer or platelet function. Systemic clotting parameters reflect 
intra-circuit results.

Trial registration: ClinicalTrials.gov Identifier: NCT02486614.
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Introduction
Acute kidney injury (AKI) is a common complication dur-
ing critical illness and renal replacement therapy (RRT) 
is often required [1–3]. Regional citrate anticoagulation 
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(RCA) is recommended to maintain filter patency dur-
ing continuous renal replacement therapy (CRRT) [4–7]. 
Citrate acts by chelating calcium and inhibiting calcium-
dependent steps of clotting biochemistry [8]. Although 
filter life is significantly better with RCA compared with 
systemic heparin [7, 9–11], premature filter clotting 
can occur despite post-filter ionised  [Ca2+] in the target 
range [12, 13]. Potential explanations for reduced filter 
life are sub-optimal vascular access and the existence of 
conditions that are associated with hypercoagulability. It 
has also been suggested that systemic haemostasis results 
do not always reflect coagulation parameters within the 
circuit and may lead to inappropriate clinical decision-
making [14]. Whether citrate also impacts thrombin gen-
eration, fibrinolysis or platelet function and impacts filter 
life through these mechanisms is unknown [15–17]. Until 
recently, there were no data to this effect. In June 2021, 
Wiegele et  al. reported the results of an observational 
study in 24 critically ill patients receiving citrate-based 
continuous veno-venous haemodialysis (CVVHD) [18]. 
They showed no significant changes in thrombin genera-
tion and platelet function after start or during CVVHD. 
The impact on fibrinolysis was not investigated. Also, a 
proportion of patients received blood transfusions, plate-
let transfusions, fresh frozen plasma and/or fibrinogen 
concentrates during the study period. Patients were not 
screened for any underlying coagulopathies.

The objectives of our explorative prospective study 
were.

 (i) to investigate thrombin generation, fibrinolysis and 
platelet function in critically ill patients receiving 
CRRT with RCA who were not known to have a 
coagulopathy or any confounding comorbidities;

 (ii) to compare haemostasis results between systemic 
and intra-circuit blood samples, and

 (iii) to screen all participants for any potential unrecog-
nised coagulopathies.

Results
Patient cohort
A total of 103 patients were screened of whom 22 were 
enrolled. Following exclusion of 11 patients (Fig.  1), 11 
participants were included in the final analysis (mean age 
62.4 ± 15.2  years; 81.8% male) (Table  1). Nine patients 
were treated with CRRT for > 72  h of whom 4 received 
un-interrupted CRRT and 5 had interruptions in therapy 
(receiving a mean of 67.8 h of CRRT throughout the 72-h 
study period). Two patients had CRRT permanently dis-
continued before 72 h had elapsed (both received CRRT 
for 65 h).

During CRRT, 164 measurements of post-filter ion-
ised  [Ca2+] were undertaken by the clinical staff as per 

departmental protocol to ensure adequacy of anticoagu-
lation. The ionised  [Ca2+] was within target range on all 
but 4 occasions where  [Ca2+] was > 0.34 mmol/L and cit-
rate administration was adjusted as per protocol.

Haemostasis assessment
Baseline assessment
Analysis of baseline samples (pre-CRRT) confirmed evi-
dence of hypercoagulability which was not known to the 
clinical or research team prior to enrolment. (Table  2) 
Factor VIII concentrations and von Willebrand fac-
tor (VWF) were markedly above the reference range 
in all patients. In addition, 7 of 8 patients had elevated 
thrombin:antithrombin complexes (TAT), and in 9 of 11 
patients protein C activity was below the reference range. 
Lupus anticoagulant was detected in 5 of 11 patients, 3 of 
whom also had elevated anticardiolipin antibodies and/
or antiβ2-glycoprotein I antibodies. Functional activated 
protein C resistance (APCR) assays suggested that 2 
patients had acquired APCR, both of whom had elevated 
Factor VIII concentrations (Fig. 2).

In TGA analysis, the mean peak thrombin was 
498.5 nM (SD 390.6) (range 7.8–1255.7 nM), which was 
significantly greater than the mean of the control group 
(p = 0.002). Mean time to peak was 22.9  min (SD 10.5) 
(range 4.7–41.4  min) which was statistically not signifi-
cantly different from time to peak in the control group 
(p = 0.26). Mean PFA-100 CT was 127  s (SD 80) (refer-
ence range 63-263  s) using the collagen/ADP cartridge 
(PFSCA) and 122  s (SD 68) (reference range 57–234  s) 
using the collagen/epinephrine cartridge (PFSCE). Mean 
INR and APTTr values were also elevated at baseline.

Measurements during CRRT 
We observed a significant decline in haemoglobin 
(p = 0.017), platelet count (p = 0.043) and systemic INR 
(p = 0.018) during the 72-h period of CRRT, while sys-
temic APTTr showed a statistically non-significant trend 
of decline (p = 0.077). There was no significant varia-
tion in systemic maximum peak thrombin in TGA, time 
to peak in TGA, fibrinogen, D-dimer and PFA-100 CT 
(PFSCA and PFSCE) (Table  3, Additional file  1: Figure 
S1).

INR results of samples taken from the circuit were sig-
nificantly lower at 72  h compared to first sample taken 
during CRRT (p = 0.020) (Table 3, Additional file 1: Fig-
ure S2). No significant changes of the circuit APTTr, 
fibrinogen, D-dimer, maximum TGA, time to peak TGA, 
and PFA-100 results were observed over time (Fig. 3).

Comparison between systemic and intra‑circuit samples
Table 4 shows mean differences and limits of agreement 
between systemic and intra-circuit samples. INR, APTTr 
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and PFSCA results were significantly higher in blood 
samples drawn directly from the circuit than in systemic 
samples taken from the patient’s arterial line but there 
was no significant difference between paired fibrinogen, 
D-dimer, maximum TGA, time to peak TGA, and PFSCE 
results (Additional file 1: Figure S3).

Discussion
The main findings of this study are: (i) citrate-based anti-
coagulation does not impact thrombin generation, plate-
let function or fibrinolysis during CRRT; (ii) critically ill 
patients with severe AKI are hypercoagulable with labo-
ratory evidence of coagulopathies that were not known to 
the clinical team, and (iii) there was no significant differ-
ence in the coagulation results between systemic blood 
samples and samples drawn directly from the circuit 
(Fig. 4).

These results are important for clinical practice for the 
following reasons: filter life during citrate-based CRRT 

can be variable even when post-filter  [Ca2+] is in tar-
get range. It is reassuring to know that this is not due to 
effects of citrate on thrombin generation or platelet func-
tion or inhibition of fibrinolysis. The fact that there was 
no significant difference between systemic and circuit 
samples provides re-assurance, too. Our data confirm 
that critical illness associated hypercoagulability is very 
common.

Despite the fact that we excluded all patients with a 
known bleeding or clotting diathesis and also patients 
with premature filter clotting, we found markedly raised 
factor VIII concentrations and VWF in all patients. TAT 
and prothrombin fragment 1.2 were increased in the 
majority of patients. Most patients also had reduced lev-
els of protein C which most likely reflects the severity of 
critical illness rather than hereditary deficiencies. Some 
patients had positive lupus anticoagulant and mildly 
raised anticardiolipin and anti-β2 glycoprotein I antibody 
levels. Without checking for persistence of the antibodies, 

commenced on RRT
n = 103

met inclusion criteria  
n = 82

absence of exclusion criteria 
n = 25

enrolled in study  
n = 22

included in analysis
n = 11

CRRT for reason other than AKI  n = 9
not for RCA  n=7
CRRT planned for <72 hours   n=5

met 1 or more exclusion criteria: 
recent blood transfusion   n = 26
recent anticoagulant or antiplatelet therapy n = 26
platelet count <100x109/L   n = 21
haemoglobin <75g/L   n=7
would refuse blood transfusion   n = 2
active bleeding   n = 1
intravenous heparin within 4 hours   n = 1
BMI <18.5kg/m2    n = 1
incorrectly identified as eligible   n = 1

declined participation  n = 3

received <48 hours of CRRT   n = 7
transfused blood products after enrolment  n = 1
withdrawal of consent   n = 1
samples misplaced   n = 2

Fig. 1 Cohort selection flowchart. BMI body mass index, CRRT  continuous renal replacement therapy, RCA  regional citrate anticoagulation



Page 4 of 11Fisher et al. Annals of Intensive Care           (2022) 12:29 

ANOVA p=0.01760
80

10
0

12
0

14
0

16
0

Ha
em

og
lob

in

0 12 24 4836 72
Time (hours)

Haemoglobin

ANOVA p=0.0430
20

0
40

0
60

0
80

0
Pla

tel
ets

0 12 24 4836 72
Time (hours)

Platelets

ANOVA p=0.018.9
1

1.1
1.2

1.3
1.4

IN
R

0 12 24 4836 72
Time (hours)

INR

ANOVA p=0.077.5
1

1.5
2

2.5
AP

TT
r

0 12 24 4836 72
Time (hours)

APTTr

ANOVA p=0.8682
4

6
8

10
Fib

rin
og

en
(g/

L)

0 12 24 4836 72
Time (hours)

Fibrinogen

ANOVA p=0.9840
20

40
60

D-
Di
me

r(
mg

/L)

0 12 24 4836 72
Time (hours)

D-Dimer

ANOVA p=0.9480
50

0
10

00
15

00
Ma

xim
um

TG
A
(nM

)

0 12 24 4836 72
Time (hours)

Maximum TGA

ANOVA p=0.1860
20

40
60

Tim
et

oP
ea

kT
GA

(m
ins

)

0 12 24 4836 72
Time (hours)

Time to Peak TGA

ANOVA p=0.69450
10

0
15

0
20

0
25

0
30

0
35

0
Se

co
nd

s
0 12 24 4836 72

Time (hours)

PFSCA CTS

ANOVA p=0.20050
10

0
15

0
20

0
25

0
30

0
35

0
Se

co
nd

s

0 12 24 4836 72
Time (hours)

PFSCE CTS

Fig. 2 Changes in systemic measurements of coagulation over duration of treatment. INR International Normalised Ratio, APTTr activated partial 
thromboplastin time ratio, TGA  thrombin generation assay, PFSCA platelet function assay using collagen/adenosine diphosphate, PFSCE platelet 
function assay using collagen/epinephrine, CT closure time. Repeated measures ANOVAs compared systemic parameters from baseline to 48 h. Post 
hoc pairwise comparisons found significant differences between haemoglobin at baseline and 36 h (p = 0.030) and baseline and 48 h (p = 0.018); 
platelets at baseline and 36 h (p = 0.035) and baseline and 48 h (p = 0.040) and INR at baseline and 36 h (p = 0.034) and baseline and 48 h 
(p = 0.024). There were no significant differences in systemic parameters on CRRT 
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Fig. 3 Changes in circuit measurements of coagulation over duration of treatment. INR International Normalised Ratio, APTTr activated partial 
thromboplastin time ratio, TGA  thrombin generation assay, PFSCA platelet function assay using collagen/adenosine diphosphate, PFSCE platelet 
function assay using collagen/epinephrine, CT closure time. Repeated measures ANOVAs of measurements from the circuit compared data from 12 
to 48 h. Only INR differed overtime, with a significant difference between 12 and 48 h in post hoc comparisons (p = 0.002)
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it  is not possible to suggest the possibility of pre-event 
antiphospholipid syndrome. Two of five patients had low 
classic APCR ratio and only slightly reduced Modified 
APCR ratio, which reflects acquired APCR, most likely 
due to the grossly elevated FVIII levels and/or the lupus 
anticoagulants. One patient had reduced Classic APCR 
ratio accompanied by markedly reduced Modified APCR 
ratio, indicating hereditary APCR, although genetic anal-
ysis for FV Leiden, the most common F5 variant confer-
ring APCR, was not performed [19].

Thrombin, a key protein in the regulation of haemo-
static processes, has both pro- and anticoagulant proper-
ties. TGAs evaluate thrombin generation and decay. The 
peak represents the highest thrombin concentration that 
can be generated, and the time to reach the peak repre-
sents the velocity of thrombin generation. In contrast, 
PT and APTT indicate whether there is a coagulation 
deficiency of one or more procoagulant factors, but not 
whether this deficiency is counterbalanced by a con-
comitant deficiency of anticoagulant factors. Our results 
showed that pre-CRRT, thrombin generation was signifi-
cantly higher and faster in patients than in healthy volun-
teers, supporting the concept of critical illness associated 
hypercoagulability. Data on TGA in critically ill patients 
have previously been reported in the context of liver 
failure, trauma, sepsis, severe burns and extracorporeal 

membrane oxygenation, but to the best of our knowledge, 
the report by Wiegele et al. and our data are the first in 
patients with severe AKI requiring RRT [18, 20–22].

During CRRT with RCA, there was a normalisation of 
INR and APTTr from baseline but no significant change 
in D-dimer, fibrinogen, and peak and time to peak throm-
bin generation. It is unlikely that the normalisation of 
INR and APTTr reflects increased activation of coagula-
tion as it would have been accompanied by a decrease in 
time to peak, an increase in peak thrombin, and possibly 
further D-dimer elevation.

To test platelet function, we used the PFA-100 analyser 
which is based on the property of platelets to adhere to 
collagen via VWF under conditions of shear stress and to 
aggregate in the presence of agonists [23]. The method 
involves the drawing of citrate anticoagulated blood 
through a narrow bore capillary that has at its end a col-
lagen-coated membrane in which a defined microscopic 
aperture (147 μm) is present. Platelets adhere to the col-
lagen which is infused with either adenosine diphosphate 
(ADP) or epinephrine to stimulate aggregation. A platelet 
clot occurs because of shear stress and agonists. The time 
taken by platelets to occlude the orifice and to block the 
flow is defined as the closure time (CT). During the 72-h 
period on CRRT, we observed no significant change in 
CT using ADP or collagen/epinephrine. We also did not 
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Fig. 4 Bland–Altman plots showing difference between systemic and circuit measurements. INR International Normalised Ratio, APTTr activated 
partial thromboplastin time ratio, TGA  thrombin generation assay, PFSCA platelet function assay using collagen/adenosine diphosphate, 
PFSCE platelet function assay using collagen/epinephrine, CT closure time. Lines shown represent the mean differences in systemic and circuit 
measurements and 95% limits of agreement
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detect any significant changes in systemic or intra-circuit 
D-dimer concentrations which suggests that fibrinolysis 
was not affected by citrate either.

This study adds to the existing data on the mechanisms 
of citrate and complements the findings by Wiegele 
et  al. who studied 24 critically ill surgical patients and 
showed that thrombin generation did not change dur-
ing citrate-based CVVHD [18]. Using multiple electrode 
aggregometry, they also demonstrated decreased plate-
let function at baseline and during CVVHD but citrate 
had no impact. A different study focused on the mecha-
nisms of early filter clotting and compared the effects 
of citrate, heparin, and no anticoagulation strategies on 
TAT, activated protein C-protein C inhibitor (APC-PCI), 
and PAI-1 [14]. It showed that in case of early filter fail-
ure (< 24  h), inlet concentrations of TAT and APC-PCI 
were higher, irrespective of anticoagulation. In the hepa-
rin group, there was more production of APC-PCI and 
platelet-derived PAI-1 in the filter after 10  min than in 
patients who received citrate. Another study explored 
coagulation parameters in critically ill patients with 
AKI receiving CRRT with heparin or RCA [24]. Patients 
with active bleeding had RCA, whereas those without 

bleeding received heparin anticoagulation.  Pre-existing 
coagulopathy or bleeding disorder was not an exclusion 
criterion. The study demonstrated no changes in plate-
lets, TAT complexes, beta-thromboglobulin, and VWF 
during RCA.

An important strength of our analysis is the applica-
tion of strict eligibility criteria to minimise the impact 
of confounding factors and the exclusion of participants 
who needed blood products, had CRRT for less than 48 h 
or developed premature filter clotting whilst in the study. 
This allowed us to investigate the direct impact of citrate 
as best as possible. In addition, citrate-based CVVHD 
was delivered by an experienced clinical team according 
to an established protocol [13]. Finally, the analyses were 
undertaken in a Centre for Haemostasis and Thrombosis 
at a tertiary care centre using established techniques. The 
data will serve to underpin future research studies and 
quality improvement projects in critically ill patients [25].

It is important to also acknowledge some potential 
limitations. Firstly, our patient cohort was heterogenous 
despite strict eligibility criteria. Although we excluded 
all patients with known pro- or anti-thrombotic condi-
tions, we acknowledge that thrombin generation at base-
line pre-CRRT ranged from 7.8  nM to 1255.17  nM, all 
patients had factor VIII levels above the reference range, 
and protein C concentrations were below the reference 
range in the majority of patients. This is likely a reflec-
tion of critical illness and multi-organ failure, illustrating 
the under-recognised prevalence of hypercoagulabil-
ity in critically ill patients with AKI. However, we only 
included patients with AKI who needed CRRT and can-
not comment on coagulation abnormalities in critically 
ill patients without AKI. Second, TGA still lacks defined 
reference values [18]. Consequently, reference ranges for 
TGA parameters specific to the reagents/analyser/ana-
lytical protocol were locally derived from healthy vol-
unteer donors to which patient results were compared. 
Third, the TGA failed to return a result in 6.8% of sam-
ples (8/117). Similarly, the PFA failed to return a result 
in 26.5% of samples (62/234) due to the test exceed-
ing the maximum permitted run time (300 s). This may 
be related to the fact that several patients developed 
thrombocytopenia during the study (4/11) which returns 
elevated PFA-100 CTs purely as a function of reduced 
platelet numbers and not necessarily altered function 
[26]. Although thrombocytopenia was an exclusion cri-
terion, it can obviously develop during the course of an 
illness. In our study, there was a significantly lower plate-
let count in those tests that timed out compared to those 
that returned a result (88 vs. 216, p < 0.0001). Fourth, all 
samples for haemostasis testing were necessarily taken in 
vacutainers containing 3.2% citrate which leads to citrate 
concentrations 10.9–12.9 mmol/L and a fall in  [Ca2+] in 

Table 1 Baseline characteristics of patients included in analysis

APACHE II Acute Physiologic and Chronic Health Evaluation II, BMI body mass 
index, CRRT  continuous renal replacement therapy, SD standard deviation, SOFA 
Sequential Organ Failure Assessment

Baseline characteristics Values

Age, years (mean, SD) 62.4 (15.2)

Male sex (n, %) 9 (81.8%)

BMI, kg/m2 (mean, SD) 30.9 (8.5)

Reason for critical care admission (n)

 Sepsis 3

 Severe pancreatitis 4

 Post-surgery 2

 Trauma 1

 Stroke 1

Comorbidities (n)

 Diabetes 3

 Hypertension 4

APACHE II score (mean, SD) 20.1 (3.0)

SOFA score (mean, SD) 10.1 (2.7)

Mechanical ventilation (n, %) 9 (81.8%)

Vasopressor (n, %) 8 (72.7%)

Laboratory parameters pre-CRRT (mean, SD)

 White cell count, ×  109/L 21.0 (10.4)

 Neutrophils, ×  109/L 18.1 (10.2)

 Urea, mmol/L 17.0 (6.0)

 Creatinine, µmol/L 280.2 (105.0)

 Albumin, g/L 24.5 (4.0)

 C-reactive protein, mg/L 208.2 (113.6)
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the vacutainer to ~ 0. Where analytically necessary, hae-
mostasis assay design principles incorporated replen-
ishment of  [Ca2+] with 25 mmol/L  CaCl2 in coagulation 
screening tests and 15  mmol/L  CaCl2 in TGA. Conse-
quently, INR, APTT and TGA results were possibly con-
founded by variations in the final  [Ca2+]. This was not 
an issue for specific-component assays that employ cal-
cium replenishment as they were performed to merely 
assess levels of each parameter and not effects of citrate 
anticoagulation on their function. Calcium chloride is 
not replenished in PFA-100 analysis. The citrate antico-
agulated samples would therefore not assess any direct 
effects of citrate in the circulation, but reflect changes in 
primary haemostasis resulting from the CRRT treatment 
itself. Fifth, we acknowledge that D-dimer and PFA-
100 tests do not reflect the full spectrum of fibrinolysis 
or platelet function. Global fibrinolysis assays, such as 
euglobulin clot lysis and dilute clot lysis were not avail-
able. Performing specific-component assays like tissue 
plasminogen activator (t-PA), urokinase-type plasmino-
gen activator (u-PA), plasminogen activator inhibitor-1 
(PAI-1), plasminogen, thrombin-activatable fibrinolysis 
inhibitor (TAFI) or histidine-rich glycoprotein (HRG) 
was beyond the resources available. However, markers 
such as t-PA/PAI-1 complexes and plasmin/antiplasmin 
complexes give broadly the same information as D-dimer. 

Also, we used widely available assays that could have 
been applied in this context if our results had suggested 
that monitoring citrate anticoagulation with them could 
be valuable. Lastly, the study took 2.5 years to complete 
and not all planned investigations were performed in all 
patients [17]. This reflects our very tight inclusion criteria 
and the challenges of studying coagulation biochemistry 
in critically ill patients.

Our results have implications for clinical practice 
and future research. More in-depth investigations of 
patients with repeated episodes of premature filter clot-
ting are warranted to identify potential contributing 
factors and to rule out an underlying acquired coagu-
lopathy. This is particularly relevant since filter life has 
been proposed as a potential marker for quality assess-
ment and performance measurement during CRRT 
[25]. Finally, the fact that all patients exhibited raised 
thrombin generation potential should prompt research 
studies exploring the role of thrombin inhibitors in 
CRRT.

Conclusions
Critically ill patients with AKI requiring RRT are hyper-
coagulable. Citrate does not impact thrombin generation, 
fibrinolysis or platelet function.

Table 2 Summary of measurements at baseline (pre-CRRT)

aβ2GPI anti-β2 glycoprotein I antibodies, aCL anticardiolipin antibodies, APCR activated protein C resistance, dAPTT dilute activated partial thromboplastin time, 
dRVVT dilute Russell’s viper venom time, FVIII:C factor VIII coagulant activity assay, VWF:GPIbR ristocetin-triggered von Willebrand factor glycoprotein Ib-binding 
activity assay, VWF:Ag von Willebrand factor antigen

Investigations Units Reference range Number with 
abnormal results

Range of abnormal results Mean/median

Thrombin time Ratio (0.86–1.14) 1 1.19 N/A

Classic APCR Ratio (3.3–5.82) 3 2.22, 2.25, 2.44 2.30/2.25

Modified APCR Ratio (2.63–3.34) 3 1.81,2.51, 2.53 2.28/2.51

Antithrombin activity IU/dL (85.9–117.5) 9 24.2–80.0 61.8/67.4

Protein C activity IU/dL (77.1–126.4) 9 38.5–72.5 58.3/61.5

Free protein S antigen IU/dL (80.2–137.4) 5 48.9–76.2 67.7/70.4

Lupus anticoagulant by dRVVT and dAPTT - Not detected 5 5 × positive N/A

IgG aCL GPL U/mL (0–10) 3 11.2, 13.5, 17.2 14.0/13.5

IgM aCL MPL U/mL (0–10) 3 19.2, 19.7, 31.9 23.6/19.7

IgG aβ2GPI SGU (0–2.9) 3 3.9, 6.0, 8.6 6.2/6.0

IgM aβ2GPI SMU (0–6.5) 7 6.8–31.9 15.0/12.0

Homocysteine µmol/L (0–15) 5 15.2–18.0 16.1/15.6

VWF:GPIbR IU/dL (41–127) 4 380.1–494.1 426.0/415.0

VWF:Ag IU/dL (50–172) 11 280.8–682.7 531.3/581.3

FVIII:C IU/dL (50–150) 11 199.4–614.4 418.4/432.6

Thrombin:antithrombin complexes (TAT) µg/L (1–4.1) 7 9.22–74.6 24.3/25.1

Prothrombin fragment 1.2 pmol/L (69–229) 3 333.3, 401.1, 964.0 566.1/401.1

Prothrombin 20,210 – – 1 1 × heterozygous N/A

Factor V Leiden – – 0 – –
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Methods
Setting
The study was performed in a 30-bedded multi-discipli-
nary Critical Care Unit at a tertiary care centre in Lon-
don, UK, between April 2014 and December 2016.

Patient population
Critically ill patients in whom the clinical team had 
decided to start CRRT with RCA were recruited. The 
inclusion criteria were AKI as defined by the KDIGO 
criteria [27], age ≥ 18  years, and expectation that CRRT 

was needed for at least 72  h. To limit confounding by 
potentially pro- or anti-thrombotic factors, we excluded 
patients with any of the following: (1) known pre-exist-
ing thrombotic or bleeding tendency, including patients 
with previous thromboembolic or vascular occlusive 
disease, Factor V Leiden, heparin-induced thrombocyto-
penia, thrombocytosis, haematological malignancy, sys-
temic lupus erythematosus, antiphospholipid syndrome, 
haemophilia, thrombocytopenia and liver disease; (2) 
laboratory evidence of disseminated intravascular coag-
ulation (DIC); (3) transfusion of blood products dur-
ing the 24  h prior to enrolment; (4) active bleeding; (5) 

Table 3 Changes in measurements of coagulation over duration of treatment

INR International Normalised Ratio, APTTr activated partial thromboplastin time ratio, TGA  thrombin generation assay, PFSCA platelet function assay using collagen/
adenosine diphosphate, PFSCE platelet function assay using collagen/epinephrine, CT closure time
* Repeated measures ANOVAs compared systemic parameters from baseline to 48 h. Post hoc pairwise comparisons found significant differences between 
haemoglobin at baseline and 36 h (p = 0.030) and baseline and 48 h (p = 0.018); platelets at baseline and 36 h (p = 0.035) and baseline and 48 h (p = 0.040) and INR at 
baseline and 36 h (p = 0.034) and baseline and 48 h (p = 0.024). There were no significant differences in systemic parameters on CRRT. Repeated measures ANOVAs of 
measurements from the circuit compared data from 12 to 48 h. Only INR differed overtime, with a significant difference between 12 and 48 h in post hoc comparisons 
(p = 0.002)
** Test failed to return a result in 6.8% of samples (8/117)
*** Test exceeded maximum permitted duration in 25.6% of samples (30/117); lower bound for duration of 300 s was used in analysis
**** Test exceeded maximum permitted duration in 27.4% of samples (32/117), lower bound for duration of 300 s was used in analysis

Baseline 12 h 24 h 36 h 48 h 72 h p value*

Haemoglobin (g/L) 102 (28) 95 (26) 93 (23) 91 (25) 91 (17) 87 (19) 0.017

Haematocrit 0.32 (0.09) 0.29 (0.08) 0.29 (0.07) 0.28 (0.08) 0.28 (0.06) 0.27 (0.06)

Platelets (×  109/L) 233 (164) 187 (114) 176 (104) 173 (107) 174 (110) 169 (95) 0.043

INR

 Systemic 1.18 (0.15) 1.13 (0.13) 1.13 (0.13) 1.10 (0.11) 1.08 (0.10) 1.06 (0.09) 0.018

 Circuit 1.22 (0.15) 1.15 (0.13) 1.13 (0.11) 1.10 (0.10) 1.08 (0.12) 0.020

APTTr

 Systemic 1.29 (0.31) 1.25 (0.37) 1.18 (0.20) 1.11 (0.21) 1.11 (0.18) 1.17 (0.30) 0.077

 Circuit 1.33 (0.38) 1.23 (0.24) 1.17 (0.22) 1.20 (0.24) 1.19 (0.28) 0.262

Fibrinogen (g/L)

 Systemic 4.81 (1.47) 5.01 (1.67) 5.53 (1.85) 5.25 (1.74) 5.36 (1.64) 5.13 (1.80) 0.868

 Circuit 5.12 (1.70) 5.27 (2.07) 5.33 (1.86) 5.42 (1.58) 5.31 (1.93) 0.309

D-Dimer (mg/L)

 Systemic 15.8 (15.9) 13.4 (11.8) 16.2 (9.3) 14.4 (9.2) 13.8 (12.8) 15.5 (14.5) 0.984

 Circuit 15.4 (13.1) 15.2 (9.3) 13.4 (9.2) 15.1 (14.1) 15.6 (13.9) 0.912

TGA: maximum thrombin generation (nM)**

 Systemic 498.5 (390.6) 650.2 (383.8) 631.5 (397.7) 649.9 (443.9) 599.3 (290.3) 557.3 (315.1) 0.948

 Circuit 606.4 (422.9) 612.2 (349.7) 678.9 (458.3) 670.8 (249.0) 603.5 (187.6) 0.642

TGA: time to peak thrombin generation (min)**

 Systemic 22.9 (10.5) 21.5 (11.2) 26.3 (10.4) 21.7 (8.1) 28.7 (12.4) 31.1 (14.0) 0.186

 Circuit 22.7 (11.3) 27.6 (10.7) 21.3 (6.5) 23.2 (12.1) 25.9 (6.5) 0.668

PFSCA CT (s)***

 Systemic 127(80) 162 (92) 137 (82) 130 (45) 139 (84) 123 (74) 0.694

 Circuit 166 (94) 145 (72) 216 (84) 169 (89) 148 (74) 0.126

PFSCE CT (s)****

 Systemic 140 (85) 160 (77) 159 (75) 198 (69) 138 (36) 155 (73) 0.200

 Circuit 176 (87) 170 (82) 169 (80) 162 (64) 175 (68) 0.970
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haemoglobin < 75  g/L, haematocrit > 0.55 or platelet 
count < 100 ×  109/L; (6) treatment with an anticoagu-
lant or antiplatelet agent within 7  days prior to enrol-
ment (with exception of unfractionated or low molecular 
weight heparin for prophylaxis against deep vein throm-
bosis), or (7) treatment with intravenous heparin within 
4 h of study enrolment. To exclude confounding by pre-
existing medical conditions that may impact haemosta-
sis, we also excluded patients who were malnourished 
[body mass index (BMI) < 18.5  kg/m2 or unplanned 
weight loss > 10% of actual body weight (ABW) in the 
preceding 6  months or BMI < 20  kg/m2 with unplanned 
weight loss > 5% of ABW]. We also excluded patients 
who received CRRT for an indication other than AKI. 
We acknowledge that our study involved blood sampling 
which may contribute to anaemia and therefore excluded 
patients who may refuse a blood transfusion. Finally, if 
CRRT was discontinued within 48  h or transfusion of 
blood products was necessary, participants were with-
drawn and a new patient was recruited in their place. 
This was done to ensure an adequate number of meas-
urements per patient.

Protocol
Patients received CVVHD using a central dual-lumen 
dialysis catheter. RCA was delivered as per depart-
mental protocol. Accordingly, 4% tri-sodium citrate 
(136 mmol/L) was administered into the circuit pre-filter, 
aiming for an initial citrate concentration of 4 mmol/L in 
blood and a post-filter ionised  [Ca2+] in the target range 
of 0.25–0.34  mmol/L. Subsequent titration of the cit-
rate administration was permitted to maintain the post-
filter ionised  [Ca2+] in target range. Calcium chloride 
(100 mmol/L) was administered into the return lumen of 

the dialysis catheter at 0-10 mmol/h to keep the systemic 
ionised  [Ca2+] between 1.12 and 1.2 mmol/L.

Prior to commencing CRRT, blood was sampled from 
the patient’s arterial line for measurement of full blood 
count (FBC) and clotting profile, including prothrombin 
time expressed as international normalised ratio (INR), 
activated partial thromboplastin time (APTT) expressed 
as activated partial thromboplastin time ratio (APTTr), 
Clauss fibrinogen, D-dimer and platelet function assay 
(PFA-100). Baseline assessment for hereditary and 
acquired coagulopathies was performed as previously 
described [17]. Plasma samples were stored at − 80 °C for 
subsequent batch testing of thrombin generation.

Following commencement of CRRT, blood samples 
were taken at 12, 24, 36, 48 and 72 h from an arterial line 
as well as directly from the CRRT circuit (post-filter) for 
FBC, INR, APTTr, Clauss fibrinogen, D-dimer, PFA-100, 
and thrombin generation assay (TGA). FBC samples 
were transferred to the laboratory in ethylenediaminetet-
raacetic acid (EDTA) vacutainers whilst all other blood 
samples were transferred in 3.2% citrate vacutainers.

Laboratory analyses
The TGA was performed to measure the overall capacity 
of a plasma sample to form thrombin after initiation of 
coagulation using TECHNOTHROMBIN® TGA (Tech-
noclone, Vienna, Austria) on a Wallac Victor3 Multilabel 
Plate Reader (Perkin Elmer, Turku, Finland) to generate 
total thrombin and time to peak parameters. To gener-
ate local reference ranges, the TGA was performed on 
24 control samples from healthy volunteers. In these 
control samples, mean peak thrombin was 195.1  nM 
(SD 132.0, range 78.1–549.9 nM) and mean time to peak 
thrombin concentration was 26.6  min (SD 7.3, range 

Table 4 Agreement between systemic and circuit measurements

APTTr activated partial thromboplastin time ratio, INR International Normalised Ratio, TGA  thrombin generation assay, PFSCA platelet function assay using collagen/
adenosine diphosphate, PFSCE platelet function assay using collagen/epinephrine, CT closure time, CI confidence interval, SD standard deviation
* Average difference between results of systemic samples and intra-circuit samples

Mean difference * 95% CI for mean difference SD difference Limits of agreement

Lower limit Upper limit Lower limit Upper limit

INR − 0.03 − 0.05 − 0.01 0.05 − 0.13 0.07

APTTr − 0.07 − 0.13 − 0.02 0.18 0.42 0.28

Fibrinogen (g/L) − 0.06 − 0.22 0.09 0.51 − 1.06 0.93

D-Dimer (mg/L) − 4.5 − 0.15 0.21 2.4 − 5.2 4.2

TGA: maximum throm-
bin generation (nM)

− 26.6 − 70.2 16.9 151.6 − 323.7 270.4

TGA: time to peak 
thrombin generation 
(mins)

2.1 − 0.4 4.6 8.5 − 14.5 18.7

PFSCA CT (s) − 28.8ρ − 53.4 − 4.2 86.6 − 198.5 140.9

PFSCE CT (s) − 7.4 − 29.5 14.7 77.7 − 159.7 145.0
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16.2–45.0  min). A PFA-100 analyser (Sysmex UK, Mil-
ton Keynes, UK) was used to investigate platelet func-
tion using both collagen/ADP and collagen/epinephrine 
cartridges.

Data collection
Baseline demographics, including age, gender, height, 
weight, BMI, comorbidities, reason for ICU admission, 
and AKI cause were collected.

Sample size
For this mechanistic study, we aimed for a sample size of 
at least 10 patients.

Trial registration
The study was registered on 1st July 2015 with Clinical-
Trials.gov (Identifier: NCT02486614). https:// clini caltr 
ials. gov/ ct2/ show/ NCT02 486614

Statistical analysis
Baseline characteristics and coagulation parameters were 
summarised as frequency (percentage) or mean (SD). 
Baseline TGA parameters were compared to controls 
using two sample t-tests. Coagulation and fibrinolysis 
parameters were summarised as mean (SD) at each time 
point and mean (95% confidence intervals) and plotted 
over time along with trajectories of individual patients. 
Repeated measures analysis of variance (ANOVA) was 
used to explore changes over time. ANOVAs were lim-
ited to measurements up to 48 h as some patients com-
pleted CRRT before the 72-h point. Separate ANOVAs 
were used to compare each of the measurements of blood 
samples taken from the arterial line from baseline to 48 h 
and from 12 to 48 h using blood samples from the circuit. 
Where significant main effects of time were observed, 
post hoc pairwise companions were carried out using 
Tukey’s honestly significant difference.

Differences in coagulation and fibrinolysis parameters 
of blood samples taken from the arterial line and the cor-
responding value obtained from blood drawn from the 
circuit were plotted against the average of the two param-
eters. The mean (SD) of the differences was calculated 
along with the Bland–Altman limits of agreement assum-
ing. Samples drawn from the same patient at different 
time points were treated as independent. The analysis 
was carried out using Stata 16 /IC.

Abbreviations
aβ2GPI: Anti-β2 glycoprotein I antibodies; aCL: Anticardiolipin antibodies; AKI: 
Acute kidney injury; ANOVA: Analysis of variance; APCR: Activated protein C 
resistance; APACHE: Acute Physiologic and Chronic Health Evaluation; APC-PCI: 
Activated protein C-protein C inhibitor; APTTr: Activated Partial Thromboplas-
tin Time ratio; BMI: Body mass index; CRRT : Continuous renal replacement 

therapy; CT: Closure time; CVVHD: Continuous veno-venous haemodialysis; 
dAPTT: Dilute activated partial thromboplastin time; dRVVT: Dilute Russell’s 
viper venom time; INR: International Normalised Ratio; PAI-1: Plasminogen 
activator inhibitor type 1; PFSCA: Platelet Function Assay using Collagen/
Adenosine diphosphate; PFSCE: Platelet Function Assay using Collagen/
Epinephrine; RCA : Regional citrate anticoagulation; RRT : Renal replacement 
therapy; SD: Standard deviation; SOFA: Sequential Organ Failure Assessment; 
TAT : Thrombin:antithrombin complexes; TGA : Thrombin generation assay; VWF: 
Von Willebrand factor; VWFAg: Von Willebrand factor antigen.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13613- 022- 01004-w.

Additional file 1: Figure S1. Changes in systemic measurements of 
coagulation over duration of treatment. Figure S2. Changes in circuit 
measurements of coagulation over duration of treatment. Figure S3. 
Bland Altman plots showing difference between systemic and circuit 
measurements

Acknowledgements
The authors are grateful to the research nurses and the renal nurses in the 
critical care department who helped recruiting patients. They would also like 
to thank the patients for participating in this study.

Authors’ contributions
MO and RF developed the study in consultation with GWM and MM. RF 
conducted the study and collected the clinical data. NL collected clinical 
data. MM, GWM and LD undertook the laboratory analyses. SC performed the 
statistical analysis. RF, GWM, MM, NL and MO interpreted the data. RF wrote 
the first draft of the manuscript. All authors revised the draft and approved the 
final version. All authors read and approved the final manuscript.

Funding
The study was supported by an Investigator initiated research grant from 
Fresenius Medical Care (UK).

Availability of data and materials
The datasets used and analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Full ethical approval was granted by the London—Harrow National Research 
Ethics Committee (14/LO/0138). Informed consent to participate in the study 
was provided by the patient if possible. If the patient did not have capacity 
to consent, a personal or professional legal consultee was consulted and 
informed consent was obtained from the legally accepted representative of 
the patient. In all patients who survived, informed consent to remain in the 
study was sought following patient recovery. To generate local reference 
ranges for the TGA measurements, healthy volunteers provided samples. The 
department has an accredited normal donor management system where 
informed written consent is obtained prior to sample donation.

Consent for publication
Informed consent for publication of the results was provided by the partici-
pants if possible. If the patient did not have capacity to consent, a personal 
or professional legal consultee was consulted and informed consent was 
obtained from the legally accepted representative of the patient. In all 
patients who survived, informed consent to remain in the study was sought 
following patient recovery.

Competing interests
MO has received speaker honoraria and research funding from Fresenius 
Medical and Baxter and is a member of an advisory board for NxStage and 
Pfizer. GWM reports consultancy fees from Technoclone and was employed 

https://clinicaltrials.gov/ct2/show/NCT02486614
https://clinicaltrials.gov/ct2/show/NCT02486614
https://doi.org/10.1186/s13613-022-01004-w
https://doi.org/10.1186/s13613-022-01004-w


Page 11 of 11Fisher et al. Annals of Intensive Care           (2022) 12:29  

at Guy’s & St Thomas’ Hospital at the time of the study. RF, MM, LD, SC and NL 
report no conflict of interest.

Author details
1 Department of Critical Care, King’s College Hospital, London, UK. 2 Depart-
ment of Haemostasis and Thrombosis, Viapath Analytics LLP, Guy’s & St 
Thomas’ NHS Foundation Trust, London, UK. 3 Faculty of Science and Technol-
ogy, Middlesex University, London, UK. 4 MRC Clinical Trials Unit, University Col-
lege London, London, UK. 5 Department of Critical Care, King’s College London, 
Guy’s & St Thomas’ Hospital, London SE1 7EH, UK. 6 Division of Nephrology, 
Department of Internal Medicine, King Chulalongkorn Memorial Hospital, 
Bangkok, Thailand. 7 Excellence Centre in Critical Care Nephrology, King Chu-
lalongkorn Memorial Hospital, Bangkok, Thailand. 8 Critical Care Nephrology 
Research Unit, Chulalongkorn University, Bangkok, Thailand. 

Received: 5 November 2021   Accepted: 18 March 2022

References
 1. Pickkers P, Darmon M, Hoste E, Joannidis M, Legrand M, Ostermann M, 

et al. Acute kidney injury in the critically ill: an updated review on patho-
physiology and management. Intensive Care Med. 2021;47(8):835–50.

 2. Ostermann M, Liu K. Pathophysiology of AKI. Best Pract Res Clin Anaes-
thesiol. 2017;31(3):305–14.

 3. Davies TW, Ostermann M, Gilbert-Kawai E. Renal replacement therapy 
for acute kidney injury in intensive care. Br J Hosp Med (Lond). 
2019;80(8):C124–8.

 4. Lameire N, Kellum JA. Contrast-induced acute kidney injury and renal 
support for acute kidney injury: a KDIGO summary (Part 2). Crit Care. 
2013;17(1):205.

 5. Ostermann M, Bellomo R, Burdmann EA, Doi K, Endre ZH, Goldstein SL, 
et al. Controversies in acute kidney injury: conclusions from a Kidney 
Disease: Improving Global Outcomes (KDIGO) Conference. Kidney Int. 
2020;98(2):294–309.

 6. Vinsonneau C, Allain-Launay E, Blayau C, Darmon M, Ducheyron D, Gaillot 
T, et al. Renal replacement therapy in adult and pediatric intensive care : 
recommendations by an expert panel from the French Intensive Care 
Society (SRLF) with the French Society of Anesthesia Intensive Care 
(SFAR) French Group for Pediatric Intensive Care Emergencies (GFRUP) 
the French Dialysis Society (SFD). Ann Intensive Care. 2015;5(1):58.

 7. Bagshaw SM, Darmon M, Ostermann M, Finkelstein FO, Wald R, 
Tolwani AJ, et al. Current state of the art for renal replacement therapy 
in critically ill patients with acute kidney injury. Intensive Care Med. 
2017;43(6):841–54.

 8. Oudemans-van Straaten HM, Ostermann M. Bench-to-bedside review: 
citrate for continuous renal replacement therapy, from science to prac-
tice. Crit Care. 2012;16(6):249.

 9. Zarbock A, Küllmar M, Kindgen-Milles D, Wempe C, Gerss J, Branden-
burger T, et al. Effect of regional citrate anticoagulation vs systemic hepa-
rin anticoagulation during continuous kidney replacement therapy on 
dialysis filter life span and mortality among critically Ill patients with acute 
kidney injury: a randomized clinical trial. JAMA. 2020;324(16):1629–39.

 10. Gattas DJ, Rajbhandari D, Bradford C, Buhr H, Lo S, Bellomo R. A 
randomized controlled trial of regional citrate versus regional heparin 
anticoagulation for continuous renal replacement therapy in critically Ill 
adults. Crit Care Med. 2015;43(8):1622–9.

 11. Liu C, Mao Z, Kang H, Hu J, Zhou F. Regional citrate versus heparin 
anticoagulation for continuous renal replacement therapy in critically 
ill patients: a meta-analysis with trial sequential analysis of randomized 
controlled trials. Crit Care. 2016;20(1):144.

 12. Oudemans-van Straaten HM, Ostermann M. Citrate anticoagulation for 
CRRT: don’t always trust the postfilter iCa results! Crit Care. 2015;19:429.

 13. Tovey L, Dickie H, Gangi S, Terblanche M, McKenzie C, Beale R, 
et al. Beyond the randomized clinical trial: citrate for continuous 
renal replacement therapy in clinical practice. Nephron Clin Pract. 
2013;124(1–2):119–23.

 14. Schilder L, Nurmohamed SA, ter Wee PM, Paauw NJ, Girbes AR, Beishui-
zen A, et al. Coagulation, fibrinolysis and inhibitors in failing filters during 
continuous venovenous hemofiltration in critically Ill patients with 

acute kidney injury: effect of anticoagulation modalities. Blood Purif. 
2015;39(4):297–305.

 15. Stefanidis I, Hägel J, Frank D, Maurin N. Hemostatic alterations during 
continuous venovenous hemofiltration in acute renal failure. Clin Neph-
rol. 1996;46(3):199–205.

 16. Cardigan R, McGloin H, Mackie I, Machin S, Singer M. Endothelial dysfunc-
tion in critically ill patients: the effect of haemofiltration. Intensive Care 
Med. 1998;24(12):1264–71.

 17. Fisher R, Lei K, Mitchell MJ, Moore GW, Dickie H, Tovey L, et al. The effect 
of regional citrate anti-coagulation on the coagulation system in critically 
ill patients receiving continuous renal replacement therapy for acute kid-
ney injury—an observational cohort study. BMC Nephrol. 2017;18(1):304.

 18. Wiegele M, Infanger L, Lacom C, Koch S, Baierl A, Schaden E. Throm-
bin generation and platelet function in ICU patients undergoing 
CVVHD using regional citrate anticoagulation. Front Med (Lausanne). 
2021;8:680540.

 19. Moore GW, Van Cott EM, Cutler JA, Mitchell MJ, Adcock DM. Recom-
mendations for clinical laboratory testing of activated protein C resist-
ance; communication from the SSC of the ISTH. J Thromb Haemost. 
2019;17(9):1555–61.

 20. Petros S, Kliem P, Siegemund T, Siegemund R. Thrombin generation in 
severe sepsis. Thromb Res. 2012;129(6):797–800.

 21. Mazzeffi M, Strauss E, Meyer M, Hasan S, Judd M, Abuelkasem E, et al. 
Coagulation factor levels and underlying thrombin generation patterns 
in adult extracorporeal membrane oxygenation patients. Anesth Analg. 
2019;129(3):659–66.

 22. Voils SA, Lemon SJ, Jordan J, Riley P, Frye R. Early thrombin formation 
capacity in trauma patients and association with venous thromboembo-
lism. Thromb Res. 2016;147:13–5.

 23. Paniccia R, Priora R, Liotta AA, Abbate R. Platelet function tests: a com-
parative review. Vasc Health Risk Manag. 2015;11:133–48.

 24. Polanská K, Opatrný K Jr, Rokyta R Jr, Krouzecký A, Vit L, Kasal E. Effect of 
regional citrate anticoagulation on thrombogenicity and biocompatibil-
ity during CVVHDF. Ren Fail. 2006;28(2):107–18.

 25. Kashani K, Rosner MH, Haase M, Lewington AJP, O’Donoghue DJ, Wilson 
FP, et al. Quality improvement goals for acute kidney injury. Clin J Am Soc 
Nephrol. 2019;14(6):941–53.

 26. Dovlatova N, Heptinstall S. Platelet aggregation measured by single-
platelet counting and using PFA-100 devices. Platelets. 2018;29(7):656–61.

 27. Ostermann M. Diagnosis of acute kidney injury: kidney disease 
improving global outcomes criteria and beyond. Curr Opin Crit Care. 
2014;20(6):581–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Effects of regional citrate anticoagulation on thrombin generation, fibrinolysis and platelet function in critically ill patients receiving continuous renal replacement therapy for acute kidney injury: a prospective study
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Patient cohort
	Haemostasis assessment
	Baseline assessment
	Measurements during CRRT

	Comparison between systemic and intra-circuit samples

	Discussion
	Conclusions
	Methods
	Setting
	Patient population
	Protocol
	Laboratory analyses
	Data collection
	Sample size
	Trial registration
	Statistical analysis

	Acknowledgements
	References




