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Abstract

Background: Hemostasis evaluation in chronic kidney disease (CKD) is critical for op-
timal management of thrombotic and bleeding events. Standard coagulation screens
are inadequate for predicting coagulopathy in CKD.

Objective: To evaluate hemostasis parameters in patients with different stages of
CKD using novel coagulation assays.

Patients/Methods: Cross-sectional study of 30 healthy controls (HC) and 120 CKD
patients (10 Stage 2, 20 Stage 3, 20 Stage 4, 20 Stage 5 not requiring renal replace-
ment therapy, 20 transplant, 10 newly started on hemodialysis [HD], 20 established
on HD). Standard laboratory tests were performed in addition to rotational throm-
boelastometry (ROTEM), multiple electrode aggregometry (MEA), thrombin genera-
tion assays, D-dimer, and markers of thrombogenesis (thrombin-antithrombin [TAT]),
fibrinolysis, and endothelial activation (intercellular adhesion molecule-1 [ICAM-1]).
Results: D-dimer, TAT, and ICAM-1 concentrations were significantly higher in pa-
tients with CKD than HC (P < .01). ROTEM maximum clot firmness was significantly
higher in patients than in HC (P < .01). In CKD Stage 5 patients (pre-HD and started
HD) adenosine diphosphate and thrombin receptor activating peptide MEA tests
were significantly lower than HC indicating platelet aggregation defect (P < .05).
Multivariate analysis confirmed the direct effect of estimated glomerular filtration
rate (eGFR) in the variance of ROTEM and MEA tests. Endogenous thrombin potential
and peak thrombin were not statistically different between groups, but Stage 5 CKD
patients had prolonged lag time (7.91 vs. 6.33, P < .001) and time to thrombin peak
(10.8 vs. 9.5, P < .05) compared to HC.

Conclusions: Patients with CKD exhibit features of concomitant hypercoagulability
measured by ROTEM and platelet dysfunction measured with MEA. eGFR was an
independent determinant of platelet dysfunction and hypercoagulability.
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1 | INTRODUCTION

Chronic kidney disease (CKD) is associated with both bleeding
and thrombotic tendencies.! The relationship between uremia and
bleeding is likely to be multifactorial involving cellular (platelet func-
tion), % plasma (enzymatic coagulation cascade and fibrinolysis),*
and endothelial abnormalities.>” Anemia is also implicated be-
cause it is associated with reduced platelet-vessel wall interaction.®
Conversely, a prothrombotic state is proposed to be mediated by
increased fibrinogen and von Willebrand factor (VWF) as part of
the inflammatory state recognized by the pro-inflammatory markers
(C-reactive protein [CRP], interleukin-6) and endothelial dysfunc-
tion.”1% Most studies have focused on patients with end stage kid-
ney disease (ESKD) and few have explored the relationship across
the spectrum of CKD severity.

Clinical and laboratory assessment of bleeding and thrombotic
risks in patients with CKD is critical for optimization prior to proce-
dures and prevention of arterial and venous thromboembolic events.
Strategies to reduce bleeding risk include commencing hemodialy-
sis to reduce urea and/or the use of blood transfusion are based on
clinical judgment to optimize risk prior to interventions. Both ap-
proaches are resource intensive and associated with additional com-
plications; therefore, accurate individual risk prediction is required
to reduce their need. However, standard coagulation screens pro-
vide limited information on hemostasis because they assess limited
components of hemostasis. Enhanced approaches are desirable to
enable a comprehensive risk evaluation of bleeding and thrombosis
in patients with CKD.

Thromboelastometry (TEM) is a point-of-care test measuring vis-
coelastic clot formation in whole blood. It enables a global evaluation
of coagulation“ and its perioperative use has been demonstrated
to reduce need for blood transfusion and improve outcomes during
cardiac surgery.!? Its utility in evaluating bleeding and thrombotic
risk in patients with CKD is uncertain.

Multiple electrode aggregometry (MEA) assesses platelet aggre-
gation in whole blood based on impedance aggregometry.'® After ac-
tivating platelets with specific agonists, this instrument detects the
electrical resistance caused by their aggregation.’* The Multiplate
has been used in cardiac surgery to predict bleeding risk!> and to
reduce red cell transfusion requirement 1618 Specific defects in
platelet function have been detected in small studies of pre-dialysis
patients but validation in larger cohorts has not been performed.’’
Thrombin generation assays (TGA) measure thrombin generated in
plasma, initiated by the addition of recombinant tissue factor, and
provide information about lag time, endogenous thrombin poten-
tial (ETP), peak thrombin, and time to thrombin peak (ttP). ETP has
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been demonstrated to be a predictor of both thrombotic and

Essentials

e Coagulopathy in chronic kidney disease (CKD) is chal-
lenging to detect with standard tests.

e We assessed hemostasis using novel coagulation assays
in 120 patients with varying stage CKD.

e Patients with CKD exhibited features of concomitant
hypercoagulability and platelet dysfunction.

e Markers of both hypercoagulability and platelet dys-
function correlated with renal function.

hemorrhagic tendencies®>?*

in patients without renal disease, but
TGA assessment in patients with renal disease is poorly understood.

The objectives of this study were to evaluate hemostasis pa-
rameters in patients with different stages of CKD using TEM, MEA,
TGA, and markers of in vivo thrombin generation and fibrinolysis,
and to explore the relationship between estimated glomerular filtra-
tion rate (eGFR), urea, dialysis, and endothelial activation with these

assessments.

2 | METHODS

2.1 | Patient cohort and study design

A cross-sectional study was conducted between September 2018
and January 2020 at King's College Hospital with Research Ethics
Committee approval (IRAS 245370). Patients with CKD includ-
ing those starting and established on hemodialysis (HD) and with
renal transplants and healthy controls (HC) were included. Exclusion
criteria were inability to provide informed consent, antithrombotic
medications (e.g., warfarin), known bleeding diathesis that can af-
fect coagulation (e.g., liver disease), current malignancy (except
skin cancers), paraproteinemia, thrombocytopenia (<100 x 107/L),
active bleeding within 1 week, arterial and venous thromboembo-
lism within the previous 3 months, and known thrombophilia (e.g.,
antiphospholipid syndrome). Sampling was by consecutive conveni-
ence, and all patients approached were confirmed to be eligible, pro-
vided data and samples, and completed the study.

For patients established on HD, samples were taken from fis-
tulae or arterial line (with initial volume discarded) before injecting
the anticoagulant prior to first session of the week and before first
session in patients commencing HD. For HC and non-dialysis CKD
patients, samples were collected on a day of convenience. Serum

samples were collected for urea and creatinine determination, full
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blood count was measured in ethylenediaminetetraacetic acid, and
citrated (0.109 M) samples were collected for coagulation assays.

Citrated whole blood samples were centrifuged at 4750 g for
10 min, within 30 min of sample collection. Then, the top three-
quarters of supernatant was decanted into polypropylene tubes for
TGA analysis. All the samples were then re-centrifuged at 4750 g for
10 min. The resulting supernatant was transferred into 500 pl ali-
quots and stored at -80°C. Samples were analyzed in a batch at the
end of the study. All samples were analyzed blinded to study group.
Missing data were handled as missing; there was no imputation for
missing data.

Rotational thromboelastometry (ROTEM) was measured with
INTEM, EXTEM, and FIBTEM reagents, which evaluate the intrinsic
pathway of coagulation, the extrinsic pathway, and fibrinogen con-
tribution to clot, respectively. Whole blood samples were analyzed
using the four-channel ROTEM® delta, according to manufacturer’s
instructions, within 4 h of sample collection. INTEM and EXTEM
assays were performed by the addition of 20 pl CaCl, 0.2 mol/I
(STAR-TEM®) to 300 ul citrated whole blood with coagulation then
activated by partial thromboplastin phospholipid derived from rab-
bit brain and ellagic acid (IN—TEM®) or recombinant tissue factor
and phospholipid (rEX-TEM®), respectively. FIBTEM was performed
by adding combined cytochalasin D (a thrombocyte inhibitor; FIB-
TEM®) and CaCl, and then activating coagulation with 20 pl of rEX-
TEM® reagent. Parameters reported include those validated for
clinical use: clotting time (CT; time taken for clot amplitude to reach
2 mm); clot firmness time (CFT; time for clot amplitude to increase
from 2 mm to 20 mm); a-angle (tangent from the point of CT to the
slope of the curve); amplitude of the clot at 5, 10, and 20 min (A5,
A10, and A20); maximum clot firmness (MCF; peak clot amplitude);
lysis index at 30 min (LI30; percent of reduction in amplitude at
30 min after CT is detected); and maximum lysis (ML).

MEA was performed using a Multiplate® 5.0 analyzer, software
V2.03.11 (Roche Diagnostics) according to manufacturer’s instruc-
tions. In Roche® Hirudin Tube or Sarstedt S-Monovette® Hirudin
test tubes, 1.6 ml whole blood was collected and analyzed within 30-
120 min of blood collection after being allowed to rest for 30 min.
In three measuring cells, 300 pl of blood were pipetted, mixed with
300ul of isotonic sodium chloride, and incubated at 37°C for 3 min.
Twenty pl of adenosine diphosphate (ADP; 6.5 uM), arachidonic acid
(0.5 mM), or thrombin receptor activating peptide (TRAP)-6 (32 uM)
were added for ADPtest, aspirin (ASPI) test, and TRAPtest, respec-
tively. Maximum platelet aggregation was monitored over 6 min and
expressed as aggregation unit (AU). Patients taking aspirin and/or
P2Y12 inhibitors such as clopidogrel were excluded from analysis of
ASPI and ADP tests, respectively.

TGAs were performed using platelet-free plasma (PFP) after
thawing the plasma at 37°C in a water bath. In a 96-well microtiter
plate, 20 pl of the PPP-Low reagent (tissue factor 1 pM+ phospholip-
ids 4 uM final concentration) were added to the thrombin generation
wells. Twenty pl of thrombin calibrator were added to the calibra-
tion well. Then, 80 pl plasma were added to each well and incubated
for 10 min at 37°C in the analyzer. After incubation, 20 ul Flu-Ca
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(@ mix of fluorinated substrate [amino-methyl-coumarin (AMC)]
and fluorinated buffer [Hepes, calcium, and bovine serum albumin
(BSA)]) were added automatically to each well. Fluoroskan Ascent-
Thrombinoscope-Hemker (CAT) (Serial No: 3743139) Software
version Release 5.0.0.742 was used according to manufacturer’s
instructions. The lag time, peak, ETP, and ttP were analyzed from
the thrombin generation curve. Laboratory reference ranges using
double spun normal plasma are derived from 60 healthy volunteers.

TAT, alpha 2-antiplasmin, platelet activator inhibitor-1 (PAI-1),
and intracellular adhesion molecule-1 (ICAM-1) were measured
by enzyme-linked immunosorbent assays using AssayPro LLP
TAT (Universal Biologicals Ltd), Human Alpha 2-antiplasmin ELISA
Kit (Abbexa Ltd), and Quantikine PAI-1 and ICAM-1 ELISA kits
(Biotechne, R & D Systems Europe) respectively. For TAT, alpha
2-antiplasmin, PAI-1, and ICAM-1, the inter-assay coefficient of
variation was 8.8%, <10, 8.7%, and 7.8%, respectively; the intra-
assay coefficient of variation was 5.4%, <10%, 4.6%, and 3.6%,
respectively.

D-dimer measurement was performed with a latex enhanced im-
munoturbidimetric assay (Diazyme Laboratories, Inc.) on a Siemens
Advia 1800 analyzer as per manufacturer’s instructions. The inter-
assay coefficient of variation was 6.2%; the intra-assay coefficient
of variation was 5%.

2.2 | Sample size calculation and statistical analysis
A sample size of 20 patients and 4 healthy controls would enable
an effect size of 1.05 estimated from differences in R time between
cases and controls in previous work with 80% power with signifi-
cance level .05.2° Recruitment of 120 patients and 30 healthy con-
trols was decided upon to enable subgroup analysis to be sufficiently
powered.

Data analysis was performed with IBM SPSS® Statistics version
23.0 software. Normal distribution was assessed by Shapiro-Wilk
test. Data were expressed as median and interquartile range for non-
parametric data and as mean and standard deviation for parametric
data. For continuous variables, comparison between healthy con-
trols and patients were performed using Student’s t-test and Mann-
Whitney test for parametric and non-parametric data, respectively.

To compare different patient groups, analysis of variance
(ANOVA) and Kruskal-Wallis tests were used for parametric and
non-parametric data, respectively. For categorical data, compari-
sons between groups were performed using Chi-square and Monte
Carlo tests. For correlations, Spearman correlation coefficient was
used. A value of P < .05 was considered significant. In a second
step, multivariate analysis was performed to determine contribu-
tion of kidney disease severity to the variance of the novel assays
when controlling for other predictor variables. The analysis per-
formed was linear regression using each of the hemostasis param-
eters as continuous dependent variables in separate regression
analysis. The hemostasis parameters included in the regression
analysis were selected a priori due to potential contribution to the
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variance of the global assessments. Demographic characteristics
of participants (age, sex, ethnicity, and body mass index [BMI])
were introduced in all analyses. In ROTEM assays, Hb, platelet
concentration, urea, eGFR, and PAI-1 were introduced as predic-
tor variables. MEA analysis included Hb, platelet, urea, eGFR, and
exposure to aspirin or clopidogrel. In TGAs, eGFR and presence of
diabetes were introduced as predictor variables, in addition to de-
mographic variables. Ethnicity was categorized (Caucasian, Black,
Asian, and other) into a binary variable and introduced as single
dichotomous predictor variables. Tolerance and variance inflation
factor (VIF) were calculated in all analyses to exclude structural
multicollinearity (thresholds defined for multicollinearity was a
tolerance of less than 0.1 and VIF of higher than 10). Adjustment
for multiple testing was not undertaken due to the exploratory na-
ture of the work, relatively small sample size, and the need to iden-

tify potential contributory pathways to validate in a larger cohort.

3 | RESULTS

One hundred and fifty participants included 30 HC and 120 CKD
patients (10 Stage 2, 20 Stage 3, 20 Stage 4, 20 Stage 5 not yet re-
quiring renal replacement therapy, 10 newly started on HD, and 20
patients established on HD). Demographics and baseline charac-
teristics of participants are presented in Table 1. Minimal data was
missing (see Table S1 in supporting information). There were signifi-
cant differences in age, sex, and ethnicity between patients and con-
trols (P < .05).

Standard laboratory tests including urea, eGFR, hemoglobin
(HGB), packed cell volume (PCV), platelets (PLT), international nor-
malized ratio (INR), and activated partial thromboplastin time ratio
(APTR) are summarized in Table 2. Median HGB, PCV, and PLT were
lower in patients with CKD compared to HC but there were no dif-
ferences in INR or APTR.

3.1 | Markers of hemostasis and endothelial
dysfunction

Both markers of fibrinolysis, alpha 2-antiplasmin and PAI-1, were
comparable between patients with CKD and HC. In contrast, D-
dimer, TAT, and ICAM-1 were significantly higher in patients with
CKD than HC (Table 2).

3.2 | Rotational thromboelastometry

INTEM and EXTEM CFT were significantly shorter in patients with
CKD than HC (49 s vs. 555, P < .01 and 58 s vs. 68 s, P < .01 re-
spectively). However, only a minority of patients with CKD had CFT
below the lower limit of the published reference range (INTEM:
22/120; EXTEM: 28/120). CFT was directly correlated with eGFR

TABLE 1 Demographic and clinical characteristics of patients
with CKD and healthy controls

Healthy
Patients with CKD  controls
(n=120) (n=30) P
Age (years) 55+14 48+13 .013
Male n (%) 74 (61%) 8 (26%) .001
Race n (%)
Caucasian 68 (56%) 13 (43%) .010
Asian 9 (30%) 9 (7%)
Black 38(31%) 7 (23%)
Others 1(3%) 5(4%)
BMI (kg/m?) 28.76 + 5.4 26.07 +3.7 0.013
Cause of CKD n (%)
Diabetes 35 (29%)
mellitus
Hypertension 25 (21%)
Cystic kidney 21 (17%)
disease
Obstructive 25 (21%)
uropathy
Miscellaneous 10 (8%)
Unknown 2 (2%)
Medications n (%)
Aspirin 46 (38%) 0 (0%)
Clopidogrel 17 (14%) 0 (0%)

Abbreviations: BMI, body mass index; CKD, chronic kidney disease.

for both INTEM (r = .36, P < .001) and EXTEM (r = .40, P < .001),
HGB and PCV, and urea, and inversely with PLT.

a-angle, A5, A10, A20, and MCF for INTEM and EXTEM were
significantly increased in patients with CKD compared to HC
(P < .01). These parameters directly correlated with eGFR and
PLT and inversely with HGB and PCV (P < .001). Similarly, MCF of
FIBTEM was higher in CKD patients than controls (24 mm vs. 18 mm,
P < .001) and inversely correlated with eGFR (r = -.45, P < .001),
HGB (r = -.61, P < .001) and PCV (r = -.62, P < .001). CT INTEM
correlated with APTR (r = .31, P <.001) but there was no association
between CT EXTEM and INR. There were no differences in LI30O be-
tween CKD patients and HC. Although ML showed a significant dif-
ference between CKD patients and HC, the values remained within
normal range indicating that no hyperfibrinolysis was detected in
CKD patients. INTEM LI30 correlated with PAI-1 (r = .33, P < .001).
Figure 1 shows the progression of CFT, MCF, and ML of EXTEM and
MCF of FIBTEM with progressive CKD.

Linear regression analysis confirms the relationship between
CKD severity and variance of TEM assays. eGFR has a significant
explanatory effect in the variance of MCF and ML of INTEM pa-
rameters, CFT, a-angle, and MCF of EXTEM parameters, holding all
other predictor variables constant (Table 3).
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FIGURE 1 Results of ROTEM parameters in different studied groups. Data are given as median and interquartile ranges. Clot formation
time EXTEM (A) was shorter with progression of CKD, P < .01. Maximum clot firmness EXTEM (B) and Maximum clot firmness FIBTEM (C)
were increasing with worsening of eGFR, P < .01. Maximum lysis INTEM (D) is lower with progression of CKD, P < .01. Dotted lines indicate
normal range. CKD, chronic kidney disease; HC, healthy control; HD, hemodialysis; ROTEM, rotational thromboelastometry

3.3 | Multiple electrode aggregometry

There were no statistical differences between patients with CKD
and HC in ADP, ASPI, and TRAP tests (Table 4). However, when
ESKD (pre-dialysis CKD stage 5 and HD patients) were compared
to HC, ADP and TRAP tests were significantly lower in ESKD (37
AU vs. 61 AU, P < .01 and 78 AU vs. 112 AU, P < .05, respectively).
Analysis for ASPI and ADP tests excluded 46 patients taking aspirin
and 18 taking clopidogrel, respectively. Higher proportions of pa-
tients with CKD tended to have lower than normal reference range
MEA tests than HC but this was not statistically significant: ADP
<57 AU: 59/103 (57%) versus 13/29 (44%; P = .34); ASPI <71 AU:
30/74 (40%) versus 12/30 (40%; P = .32); TRAP <84 AU: 49/120
(40%) versus 7/30 (23%; P = .12). Multivariate analysis confirmed
the direct effect of urea and eGFR in the variance of both ADP and
TRAP tests, holding all other variables constant (demographic vari-
ables, HGB, PLT, and presence of clopidogrel for ADP test; Table 5).

3.4 | Thrombin generation assays

Lag time and ttP were longer in patients with CKD than HC
(7.58 min vs. 6.33 min, P < .001) and (10.6 min vs. 9.5 min, P < .01),
respectively. ETP and peak thrombin were not statistically differ-
ent between groups (Figure 2). Comparing ESKD patients to HC, the
former had a prolonged lag time (7.91 vs. 6.33, P < .001) and ttP
(10.8 vs. 9.5, P < .05). Figure 3 shows the progression of lag time,
ETP, peak thrombin, and ttP with progressive CKD. Lag time and ttP
correlated directly with urea (r=.39,P <.001 andr=.25,P < .01, re-
spectively) and inversely with eGFR (r = -.36, P < .001 and r = -.23,
P < .01, respectively). ETP and peak thrombin inversely correlated
with CT INTEM (r = -.20, P = .02, r = -.34, P < .001), respectively.
Lag time inversely correlated with CT EXTEM (r = -.29, P < .001) and
CFT EXTEM (r = -.32, P < .001). On regression analysis, eGFR was
a significant contributor to lag time, with BMI representing the main
determinant of ETP and peak thrombin.
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TABLE 3 Linear regression analysis of ROTEM assays: unstandardised coefficients

INTEM EXTEM FIBTEM

CcT CFT w-angle MCF ML CFT wo-angle MCF MCF
Age -0.04 0.04 -0.01 0 -0.03 0.05 -0.02 0.01 0.05
Sex(Male=1)  2.03 -4.04 0.44 0.02 -0.47 2.66 -0.32 -1.06 -1.71
Caucasian -8.94 22.94 -2.96+ -3.99+ 0.14 6.46 -1.31 -3.04+ -2.35
Black 3.09 8.35 -1.27 -2.88 0.6 4.04 -0.75 -3.02+ -3.68
Asian 0.61 14.85 -1.77 -2.4 -0.45 1.83 -0.55 -1.73 -1.37
BMI 0.27 0.41 -0.03 0.02 0.01 0.02 0 0 0.17+
HGB 0.21 -0.49* 0.04 -0.01 n/a 0.34** -0.07** -0.07** -0.15**
Platelets n/a -0.22** 0.03** 0.04** n/a -0.11** 0.02** 0.04** n/a
Urea -0.89** -0.38 0.05 -0.03 -0.06 0.07 -0.03 -0.05 0.04
eGFR -0.19+ 0.27 -0.04+ -0.09** 0.04* 0.16* -0.04* -0.06** -0.04
PAI-1 n/a n/a n/a n/a -0.22+ n/a n/a n/a n/a
Intercept 170.42** 136.32** 70.07** 64.49** 7.25** 30.78+ 86.62** 74.92** 38.33**
Adjusted R? 0.1 0.11 0.18 0.26 0.22 0.36 0.35 0.4 0.34
Significance 0.01 0.01 <.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Abbreviations: BMI, body mass index; CFT, clot formation time; CT, clotting time; eGFR, estimated glomerular filtration rate; HGB, hemoglobin; MCF,
maximum clot firmness; ML, maximum lysis; PAI-1, platelet activator inhibitor-1.

Notes: Significance level: **P < .01; *P < .05; +P < .10. CT and ML were not included for EXTEM, as regression model was not statistically significant.

TABLE 4 Multiple electrode aggregometry analysis according to study group and healthy controls and patients with end-stage kidney
disease and healthy controls after excluding the patients on antiplatelets medications. Data are expressed as median (IQR). Normal ranges

for each test are presented in the left-hand column

Study group Healthy Controls
(n =103) (n=29)
ADP test 57-113 AU 50 (28, 70) 61 (41, 78)

Healthy controls

Study group (n = 74) (n = 30)
ASPI test 71-115 87 (58, 103) 75 (56, 89)
AU
Study group Healthy controls
(n = 120) (n=30)
TRAP test 84-128 92 (67, 120) 112 (84, 121)

AU

Healthy Controls

P ESKD (n = 28) (n=29) P

13 37 (20, 61) 61 (41, 78) .005
Healthy controls
P ESKD (n = 41) (n = 30) P
.07 64 (48, 100) 75 (56, 89) 976
Healthy controls

ESKD (n = 31) (n = 30) P

16 78 (55, 115) 112 (84, 121) .011

Abbreviations: ADP, adenosine diphosphate; ASPI, aspirin; ESKD, end-stage kidney disease; TRAP, thrombin receptor activating peptide.

4 | DISCUSSION

The findings of this study confirm that patients with CKD have
changes of both hyper- and hypo-coagulability identified with novel
global assessments of hemostasis. Analyzing the viscoelastic prop-
erties of clot formation with ROTEM demonstrated a prothrombotic
state (with reduced CFT and increased MCF) while measures of fi-
brinolysis showed hypofibrinolysis. MEA detected a platelet aggre-
gation defect in ESKD patients.

As a rapid, point-of-care device, ROTEM can be used to detect
early coagulopathy and inform treatment in the surgical setting.26
For example, hemostatic monitoring with ROTEM is used to en-
sure appropriate blood product transfusion in bleeding during liver

transplantation surgery,27 trauma,?® cardiac surgery,12 and postpar-
tum hemorrhage.” When optimizing patients with CKD for proce-
dures, ROTEM parameters are unlikely to be useful in predicting
bleeding as no features of hypocoagulability were seen. Of note, the
ROTEM assays we utilized in this study are insensitive to platelet
dysfunction; further study with ROTEM in this patient group should
investigate the role (if any) of platelet mapping.

Poor correlations were found between INR and APTT and
EXTEM (extrinsic pathway) and INTEM (intrinsic pathway) parame-
ters, respectively, which has also been described by others®® and may
be due to ROTEM using whole blood rather than plasma. However,
strong correlations between INTEM and APTT and EXTEM and PT
have been reported in different patient groups, which may be at-
tributed to the presence of coagulopathies, for example, patients
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TABLE 5 Linear regression analysis of MEA and TGA assays: unstandardized coefficients

Multiple electrode aggregometry

Thrombin generation assays

ASPI test ADP test TRAP test

Age -0.16 0.12 0.14
Sex (Male =1) -10.10+ -3.68 -9.91
Caucasian 1.28 -8.74 1.12
Black -6.04 -20.99+ -24.41
Asian -24.33 -13.21 -12.35
BMI 0.45 0.24 -0.05
HGB 0.19 0.05 -0.32
Platelets 0.19** 0.25** n/a
Urea 1.07** 1.29** 1.28**
eGFR 0.03 0.31* 0.59**
Aspirin (1 = Yes) -57.18** n/a n/a
Clopidogrel n/a -32.64** n/a

(1 = Yes)
Diabetes (1 =Yes) n/a n/a n/a
Intercept -6.29** -42.76** 99.29**
Adjusted R? 0.54 0.39 0.11
Significance 0 0 0.006

Lag Time ETP Time to peak Peak thrombin
0.02 -0.28 0.02 0.59
0.62+ -66.51 0.48 1.97
0.59 -55.16 1.3 -70.26*
0.41 -126.35 1.34 -96.78**
0.27 51.49 1.11 -51.81
-0.04 14.17** -0.06+ 4.17**
n/a n/a n/a n/a

n/a n/a n/a n/a

n/a n/a n/a n/a
-0.02** 0.57 -0.01* -0.34
n/a n/a n/a n/a

n/a n/a n/a n/a

n/a n/a n/a -21.04
7.58** 771.61** 10.69** 151.92**
0.12 0.07 0.04 0.11
0.002 0.025 0.11 0.004

Abbreviations: ADP, adenosine diphosphate; ASPI, aspirin; BMI, body mass index; eGFR, estimated glomerular filtration rate; ETP, endogenous
thrombin potential; HGB, hemoglobin; TRAP, thrombin receptor activating peptide.

Notes: Significance level: ** P < .01; * P < .05; + P < .10. Time to peak was not included as regression model was not statistically significant.

with liver cirrhosis who have defective liver synthetic function,31

whereas, in our study standard coagulation tests and ROTEM pa-
rameters were within the normal range.

In our study, ROTEM detected a prothrombotic and hypofibrino-
lytic state in CKD patients. This finding has also been described by
Gickler et al.,*? who performed ROTEM in 40 ESKD patients and re-
ported raised MCF FIBTEM, which has also been described in smaller
cohorts,?® and in other hypercoagulable conditions including severe
COVID-19 pneumonia®® and malignancy.®* Similarly, Darlington
et al.% assessed 70 ESKD patients with thromboelastography (TEG)
and reported 41.4% of ESKD patients had hypercoagulable features;
however, hypocoagulable features were also identified in 42.9% of
patients and 15.7% had both abnormalities, but regression analysis
was not undertaken by the authors to identify which components of
the coagulation pathway were contributory.

Regression analysis confirmed ROTEM parameters were strongly
correlated with hemoglobin (CFT INTEM, CFT EXTEM, MCF
EXTEM, and FIBTEM, inversely) and platelet count (MCF INTEM
and EXTEM, directly; CFT INTEM and EXTEM, inversely), as MCF
and CFT depend on platelet count. This has also been described in
bleeding trauma patients?® and orthotopic liver transplantation®®
studies, which concluded ROTEM parameters can be used as a
surrogate for thrombocytopenia and to guide the need for platelet
transfusion. However, no other studies have demonstrated the in-
dependent association between eGFR and ROTEM parameters and
notably urea was only a predictor of INTEM CT. A proposed mech-
anism for the prothrombotic state in CKD is that it is secondary to

the inflammatory state that occurs due to reduced clearance and
accumulation of pro-inflammatory substances such as advanced
glycation end-products (AGE), reduced defence mechanisms against
oxidative stress, and dialysis-related problems (for example, vascular
access infections or dialysate back-leak). These factors will contrib-
ute to endothelial and platelet activation and increased production
of coagulation factors by the liver and thus generate a prothrom-
botic state.3” This is supported by the relationship between MCF
FIBTEM and ICAM-1 identified in this study.

In our study, MEA showed significant reduction in platelet aggre-
gation using the ADP and TRAP tests in ESKD patients compared to
controls and regression analysis confirmed a direct effect of plate-
let count, urea, and eGFR, with urea being the strongest predictor.
Platelet dysfunction on evaluation with either MEA or an alternative
platelet function analyzer, PFA-100®, has been reported in three
previous small cohorts of patients with ESKD but without further
evaluation of independent determinants.?>3138

As platelets are pivotal in primary hemostasis, platelet dysfunc-
tion in CKD is likely to contribute to recognized bleeding risk. MEA
offers the advantage of rapid evaluation of platelet function before
interventional procedures such as renal biopsies and vascular line in-
sertions and may be a useful predictor of bleeding risk.%’ It could also
be used to guide periprocedural safety of antiplatelet medications
(for example, aspirin and clopidogrel), which are widely prescribed in
uremic CKD patients.40 However, others have suggested that MEA is
an assessment of platelet aggregation only and that increased levels
of platelet adhesive protein VWF in CKD may compensate for this
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FIGURE 2 Results of thrombin generation assays in healthy controls and chronic kidney disease patients. Lag time (A) was longer in
patients than healthy controls, p < .001. Endogenous thrombin potential (B) and peak thrombin (C) are comparable between healthy controls
and patients. Time to peak (D) is longer in patients than healthy controls, P < .01. Dotted lines indicate normal range

defect.*! Prospective study of the predictive performance of MEA
to assess bleeding risk in patients with CKD is needed.

In this study, TGA did not show evidence of increased thrombin
generation in CKD, but lag time and time to peak were prolonged
suggesting delayed thrombin generation. Gackler et al. also reported
a prolonged lag time with lower ETP, peak, and velocity index in 10
HD patients compared to HC.3? Brophy et al.*? investigated throm-
bin generation time in 10 CKD stage 3-5 patients and 10 ESKD on
maintenance HD but found no differences compared to HC, which
may reflect the small sample size. However, others?* have reported
that ETP in 58 stable HD patients with fistulae was significantly
lower compared to HC, with no significant differences found in lag
time, peak thrombin, or ttP. Unsurprisingly, 11 HD patients with
acute vascular access thrombosis had increased ETP compared
to those without thrombosis. In our study, we found BMI to be a
significant determinant of ETP and peak thrombin in keeping with
Campello et al.*® Earlier studies did not report BMI, but it is possible
that the increased BMI along with other comorbid disease in our co-
hort contributes to the differences in reported findings. Additional

contributors may be variation in pre-analytic variables, such as sam-
ple collection. The lack of inter-laboratory standardization is a recog-
nized limitation of TGA, which has limited its integration into routine
clinical care.**

Markers of fibrinolysis, «-2 anti-plasmin, and PAI-1 did not
demonstrate hyperfibrinolysis in patients with CKD, indeed they
suggested hypofibrinolysis, in keeping with historic studies of pa-
tients with ESKD.*>*¢ Moreover, Lottermoser et al.* suggested that
decreased availability of tissue plasminogen activator (t-PA) in 22
ESKD patients may contribute to increased thrombotic risk.

Raised markers of endothelial activation including ICAM-1 have
been described in other cohorts of ESKD patients*” including in
children and young adults*® and in both pre-dialysis and ESKD
patients receiving HD. Impaired ICAM-1 clearance and enhanced
synthesis, related to malnutrition and inflammation, were re-
ported to be associated with elevated ICAM-1 concentrations in
88 pre-dialysis CKD and HD patients,49 and endothelial activation
due to accumulation of AGE leading to oxidative stress that results
in decreased release of nitric oxide was proposed.’® Others have
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FIGURE 3 Results of thrombin generation assays in different studied groups. Data are presented as median and interquartile ranges. Lag
time (A), peak thrombin (C), and time to peak (D) were comparable between subgroups. Endogenous thrombin potential (B) was significantly
different between patient subgroups P = .036. Dotted lines indicate normal range. CKD, chronic kidney disease; HC, healthy control; HD,

hemodialysis

also reported elevated D-dimer®! in patients with renal insuffi-
ciency, consistent with our study findings. Vaziri et al.>found that
D-dimer was elevated in ESKD patients compared to HC. Catena
et al.’*found that D-dimer was elevated in patients with hyperten-
sion and mild to moderate renal impairment independent of age,
blood pressure, duration of hypertension, triglyceride level, uri-
nary protein excretion, and erythrocyte sedimentation rate, due
to increased production of thrombin that is related to severity of
renal impairment.

There are limitations to this study including the generalizability
of a single-center study and small numbers potentially precluding
adequate power and the lack of exploration of clinical thrombotic or
bleeding events. Only platelet aggregation was tested, and platelet
secretion and adhesions assessments were not performed. The im-
pact of serial dialysis on platelet defects needs studying but was too
challenging to undertake in this study due to timing of study sample

collection in those requiring urgent dialysis.

In conclusion, this comprehensive assessment of hemostasis in
a spectrum of patients with CKD showed platelet dysfunction and
features of hypercoagulability on ROTEM. eGFR was a significant
determinant of TEM parameters (CFT and MCF), with urea and eGFR
significantly contributing to platelet aggregation on MEA ADP and
TRAP tests. We suggest that ROTEM is unlikely to be useful for as-
sessing bleeding risk but its role in predicting arterial and venous
thromboembolic events needs to be explored. MEA assessment of
platelet function prior to interventional procedures may extend the
diagnostic spectrum beyond that offered by the standard coagula-
tion tests for patients with CKD and warrants further study to as-
sess its ability to predict bleeding risk in CKD.
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