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Abstract

Background: Global assays measure the interactions of coagulants, anticoagulants,
and platelets on thrombin generation and may reflect the comprehensive coagulation
potential in patients with hemophilia better than conventional assays.

Objectives: The objectives of the current study were to investigate the value of
global assays for measuring and monitoring the coagulation potential of patients with
hemophilia A (HA).

Patients/Methods: Rotational thromboelastometry, thrombin generation assay
(TGA), and activated partial thromboplastin time (APTT) clot waveform analysis were
investigated in a cohort of patients with severe, moderate, and mild HA and com-
pared with conventional assays.

Results: The maximum velocity (MaxVel) parameter of modified thromboelastom-
etry analysis, initiated by tissue factor and in the presence of corn trypsin inhibitor
(CTI), had 92% sensitivity and 95% specificity for hemophilia diagnosis. The MaxVel
also strongly correlated with factor VIII (FVIII) levels of patients with HA (r = .805,
P < .0001). CTI improved the sensitivity of TGA, providing more accurate results.
In particular, peak height parameter of platelet-rich plasma samples with CTI had
a sensitivity and specificity of 100% and 94%, respectively, in all patients with HA.
APTT clot waveform analysis minimum value of first derivative (Min1) and minimum
value of second derivative (Min2) parameters (representing speed and acceleration of
clot formation, respectively) were sensitive and correlated more strongly with FVIII
levels than APTT clotting times did (Min1: r = 0.786, P < 0.0001; Min2: r = 0.759,
P <0.0001; APTT:r = -0.513, P = 0.001).

Conclusions: The sensitivity and specificity of the global assays was method depend-
ent. Correlation between clinical end points and thrombin generation might also be

valuable in the era of non-factor replacement therapy.
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Essentials

e Three global assays were used to measure the coagulability of hemophilia A (HA) blood.

e Specific conditions in ROTEM analysis were sensitive for the heterogeneity of coagulation profiles.

e Peak height in thrombin generation assay was most sensitive for severity of HA.

o Clot waveform analysis correlated more strongly with factor VIII levels than did the APTT.

1 | BACKGROUND

Hemophilia A (HA) is one of the most common severe hereditary co-
agulation disorders and is caused by factor VIII (FVIII) abnormalities.
The hallmark of severe HA is spontaneous bleeding into joints and
muscles that can be painful and destructive if inadequately treated.
Most patients with severe HA require regular replacement therapy,
but a small proportion of patients exhibit a mild clinical presenta-
tion and need only occasional treatment.? The FVIII and Factor
IX Subcommittee of the International Society of Thrombosis and
Hemostasis has recommended that plasma levels be used to classify
hemophilia severity into 3 groups: mild, FVIII >5 to 40 IU/dL; moder-
ate, FVIII 1 to 5 IU/dL; and severe, FVIII <1 [U/dL.3*

Management of severe HA includes infusion of FVIII on a regu-
lar basis to convert the bleeding pattern from a severe to a moder-
ate phenotype, maintaining FVIII trough levels above 1 [U/dL, and
reducing spontaneous bleeds.® Accurate measurement of coagula-
tion potential is thus critical to diagnose and manage HA. Clinical
laboratories most commonly measure FVIII activity (FVII:C) by
one-stage activated partial thromboplastin time (APTT) clotting as-
says (OSA).” The quality of the deficient plasma, activating reagent,
type of standard, and other analytical variables define the lower
assay limit.8 As a result, the lower limit of quantitation for conven-
tional assays is approximately 1.0 u/dL,’ although trough levels
are titrated to maintain FVIII 21 |U/dL. Furthermore, OSAs mainly
capture the initial thrombin generation required for clot formation.
Nevertheless, 95% of thrombin generation occurs after initial clot
formation.'® Thus, OSAs do not simulate in vivo hemostasis'! and
may fail to characterize the true severity of the HA phenotype.
Of patients diagnosed with severe HA, about 10% present with a
milder phenotype.!

In contrast, global assays such as rotational thromboelastometry
(ROTEM), the thrombin generation assay (TGA), and clot waveform
analysis reflect a greater range of interactions among procoagulants,
anticoagulants, and platelets. Results obtained by thromboelastog-
raphy are dependent on the activity of the plasma coagulation sys-
tem, platelet function, and fibrinolysis. TGA reflects the interaction
of procoagulants and select anticoagulants and can be performed
on both platelet-poor plasma (PPP) and platelet-rich plasma (PRP).}?
Clot waveforms are derived from constant light-transmittance mea-

surement taken during routine APTT assays. These sigmoid patterns

reflect parameters from the clotting process such as minimum value
of first derivative (Minl; coagulation acceleration) and minimum
value of second derivative (Min2; coagulation velocity).13‘15

Many recent advances in hemophilia treatment have sparked
new interest in global assays. Half-life extending modifications
on recombinant coagulation factors have led to discrepancies in
FVII:C measurements with conventional assays.'® Novel nonre-
placement therapies such as FVIII-mimetic bispecific antibodies®’
and tissue factor (TF) pathway inhibitor antibodies'® may be diffi-
cult to measure using conventional assays. Researchers have ex-
plored the use of global assays to measure coagulation potential
with these products.“”20 Furthermore, evidence suggests that
global assays are a useful tool to detect bleeding tendency in peo-
ple with HA,221"25 might facilitate individualized treatment of pa-
tients with HA,?%27 and help monitor bypassing agents in patients
with inhibitors.28:2?

To investigate and understand differences in global and conven-
tional laboratory assays in the diagnosis and management of HA, we
measured the coagulation potential of patients with severe, moder-
ate, and mild HA using thromboelastometry, TGA, and clot wave-
form analysis and compared the parameters to conventional APTT
tests and FVIII levels.

2 | PATIENTS/METHODS
2.1 | Patients and controls

Patients who participated in this research had previously identified
HA and were registered at the Katharine Dormandy Haemophilia
and Thrombosis Centre, Royal Free Hospital, London, United
Kingdom. All patient material was collected with informed consent.
This study was approved by the local ethical committee (the Royal
Free Hospital Ethics Committee; reference number: 04/Q050/120)
and was conducted in accordance with the International Conference
on Harmonization and World Health Organization Good Clinical
Practice standards.

Patients from the United Kingdom; 216 years old; previously
diagnosed with severe, moderate, or mild HA; without inhibitors
were enrolled between November 2005 and January 2007 after

informed consent was obtained. Samples were collected from
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2007 to 2011. Patients with established liver disease and high lip-
ids were excluded. Patients were asked to withhold hemostatic
treatment 72 hours before planned sample collection. The local
ethics committee recommended this washout period, as there was
a potential risk for bleeding with longer washout periods. Some
patients with severe HA had FVIII:C >1 IU/dL after the washout
period. This group is referred to as severe HA FVIII >1 |U/dL. To
calculate reference ranges, healthy male volunteers from Royal
Free Hospital staff gave informed consent and provided blood

samples.

2.2 | Blood sample collection and plasma preparation

Blood samples were collected in S-Monovette tubes (Sarstedt,
Leicester, UK) containing 0.106 mol/L trisodium citrate (1:9,
V:V) alone or in combination with corn trypsin inhibitor (CTI)
(Haematologic Technologies Inc., Essex Junction, VT, USA) (final
concentration 20 pg/mL whole blood). Details on PRP and PPP
preparation are reported in the supplemental methods. For tests on
whole blood or PRP, samples were analyzed immediately after col-
lection. All other analyses were performed in batches within 6 to
8 weeks of collection. Confirmatory tests were performed within 6

months of collection.

2.3 | FVIII activity measurements

Factor VIII activity was measured using APTT lyophilized reagent
(Instrumentation Laboratory Ltd, Warrington, UK) and Coatest C/4
kit (Chromogenix, Quadratech, Epsom, Surrey, UK) according to the
manufacturer’s instructions. All samples were analyzed on an ACL
300R (Instrumentation Laboratory Ltd). For details, please see the

supplemental methods.

2.4 | Thromboelastometry analysis

Thromboelastometry using ROTEM (Pentapharm GmbH, Munich,
Germany) analysis was performed immediately after collection of
citrated whole blood (CWB) samples with or without CTIl and ac-
tivated with recombinant TF (Innovin, Dade Behring, Marburg,
Germany), using the nonactivated thromboelastometry protocol.
As samples were taken prior to the availability of commercial CTI
tubes, CTl was added to tubes before sample collection. All samples
taken for ROTEM analysis were rested for 30 minutes (as instructed
by the manufacturer) before the test was performed as per proto-
col. ROTEM in this study was performed as described by Sgrensen
et al.%° Based on their methodology, the final TF (Innovin, Dade
Behring) dilution was 1:17 000, corresponding to a theoretical level
of approximately 13 pg/mL (~0.35 pmol/L). CWB was recalcified by
20 puL 0.2 mol/L CaCl,

The above method was validated in-house to check re-
producibility and precision. TF concentration was determined
by Actichrome TF activity assay (American Diagnostica Inc,
Greenwich, CT, USA). TF was added to the thromboelastometry
cup, immediately followed by a 300-uL test sample (with/without
CTI) and 20-uL 200 mmol/L CaCl,. Samples and solutions were
mixed and immediately returned to the thromboelastometry cup
according to the manufacturer’s instructions. Clotting time (CT),
clot formation time (CFT; the time for the clot to reach a width of
20 mm) and alpha angle (a°; to measure the kinetics of clot forma-
tion) were measured and analyzed by the software provided with
the ROTEM analyzer. Thromboelastometry curves were analyzed
using a software program provided with the ROTEM analyzer,
which was first described by Sgrensen et al.’® The raw data are
imported into the ROTEM software CalcuRo (Pentapharm GmbH,
Munich, Germany) for analysis of maximum velocity (MaxVel),
time to maximum velocity (tMaxVel), and area under the curve
(AUCVel) 31,

2.5 | Thrombin generation assay

Thrombin generation assay was performed by an in-house method
based on Hemker et al.®? TGA was activated with 1 pmol/L of TF
(final concentration) for PPP or 0.5 pmol/L of TF (final concentra-
tion) for PRP. PRP was analyzed within 2 hours of collection after a
30-minuterest period. TF was diluted in working buffer—20 mmol/L
of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
140 mmol/L of NaCl, 5 mg/mL of bovine serum albumin, pH 7.35
(Severn Biotech, Kidderminster, UK). Synthetic phospholipids:
phosphatidylcholine, phosphatidylethanolamine, and phosphati-
dylserine (Avanti Polar Lipids, Alabaster, AL, USA) were prepared
using an extrusion method.®® Final phospholipid concentration
was 4 mmol/L (20% phosphatidylserine, 20% phosphatidylethan-
olamine, 60% phosphatidylcholine; a ratio optimized for Xase as-
sembly in the absence of platelets34). TF and phospholipids were
mixed in a 96-well plate (Greiner Bio-One, Stonehouse, UK), with
PPP samples. Only TF was mixed with PRP samples. Mixtures then
were incubated at 37°C for 10 minutes; 2.5 mmol/L of fluorogenic
substrate (Z-Gly-Gly-Arg-AMC; Bachem, Bubendorf, Switzerland)
in 0.1 mol/L of CaCl,, 20 mmol/L of HEPES, and 60 mg/mL of bo-
vine serum albumin, pH 7.35 (Severn Biotech) was used as a start-
ing reagent and was dispensed into each well. Reactions were
measured in a plate reader at the excitation wavelength of 390 nm
and the reading wavelength of 460 nm at 30-second intervals for
1 hour (Spectramax Gemini XS, Molecular Devices, Wokingham,
UK). The amount of thrombin generated was calculated accord-
ing to the method of Hemker and Beguin.®® Peak height (PH), area
under the curve (AUC), and time to PH were calculated.®® All pa-
rameters were normalized against pooled control plasma prepared
using the same method as patient PPP samples (controls were run

with each test).
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2.6 | Clot waveform analysis

APTT tests were performed on the MDA coagulometer (Organon
Teknika, Cambridge, UK) using MDA Platelin LS and Platelin LS CaCl,
reagents (Organon Teknika), according to the manufacturer’s pro-
tocol. Aliquots of patient and control group plasma were stored at
-80°C immediately after processing and were thawed before test-
ing. Minl (coagulation velocity, percent change in transmittance
[T]/s) and Min2 (coagulation acceleration, percent change in T/5%)

were observed and analyzed as previously described.®’

2.7 | Statistical analysis

Statistical analysis was performed using GraphPad Prism version
5.00 (GraphPad Software, La Jolla, CA, USA). Mann-Whitney U tests
were performed to compare the different patient groups to each
other and to the controls (mild vs. moderate, moderate vs. severe,
severe vs. severe >1 |U/dL). Wilcoxon rank tests were performed
to compare paired parameters across the test categories. Kruskal-
Wallis nonparametric analyses of variance tests were performed to
analyze the variance among three test categories. Correlation co-
efficients were determined using the Spearman rank method. The
sensitivity, specificity, and likelihood ratio were calculated for the
conventional and derived parameters by receiver operating char-
acteristic (ROC) analysis. Sensitivity and specificity analyses were
not performed for diagnosis but to investigate the proportion of
individuals who had abnormal clot formation (sensitivity) and pro-
portion of normal individuals who had normal clot formation (spec-
ificity). ROC analyses were performed on all patients with HA in
each test category and compared to 22 healthy individuals. For all
statistical analyses, P < 0.05 was considered significant.38
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3 | RESULTS

A total of 68 patients with previously diagnosed severe HA (n = 41),
moderate HA (n = 11), or mild HA (n = 16), were included in the final
analysis. The median (range) of FVIII levels measured by OSA were
11 (5-48 1U/dL) for patients with mild HA and 3 (1-5 1U/dL) for pa-
tients with moderate HA. Eleven patients with severe HA had FVIII
levels >1 IU/dL due to ongoing prophylaxis and inadequate washout.
These patients formed the >1 |U/dL severe HA group and had a me-
dian (range) of FVIII levels of 4 (1.3-11 IU/dL). Chromogenic FVIII ac-
tivity assays showed good agreement with OSA results for all patient

groups (data not shown).

3.1 | Thromboelastometry analysis

Thromboelastometry tests were performed in all HA patient groups
under 3 different sample and analytic combinations: CWB, CWB+TF,
and CWB+CTI+TF for CT, CFT, a°, MaxVel, tMaxVel, and AUCVel.

In all patient and healthy volunteer samples, CWB+TF condition
had shorter CT and CFT than CWB or CWB+CTI+TF (Tables 1 and 2).
HA patient groups and the control group were significantly different
for CT, CFT, a°, MaxVel, and tMaxVel in all 3 test conditions (Tables
1 and 2).

For AUCVel, however, the HA patient groups and the control
group were significantly different in all conditions except for mild
CWB HA samples and moderate and mild CWB+CTI+TF HA samples
(Tables 1 and 2).

For CWB samples, CT, CFT, a°, and tMaxVel median differences
(95% confidence interval) between severe vs. moderate HA were
563 seconds (330-1375), 189 seconds (40-449), 11° (2-18), and
12.9 minutes (5.5-28.4), all significant (P = 0.002, 0.02, 0.04, and

TABLE 1 Thromboelastometry conventional parameters. Median (5th-95th percentile) values are shown for each parameter

Thromboelastometry Severe, HA Moderate HA,

parameters Test category  Normal, n = 22 Severe, HA, n =30 FVIII>1,n=11 n=11 Mild, HA,n = 16

Clotting time (seconds) CWB 597 (354-937) 1783**(1132-5524) 1174 (852-1620) 1262(772-1580) 1019 (641-1328)
CWB+TF 311(186-437) 754 (372-1779) 795 (371-929) 486 (348-757) 483 (288-1398)
CWB+CT+TF 412 (201-612) 1018 (464-2832) 983 (389-2759) 768.5(374-1652) 727 (409-1554)

Clot formation time CWB 247 (130-459) 537* (288-1434) 423 (326-678) 348 (216-522) 359 (177-557)

(seconds) CWB+TF 117 (95-290) 291 (180-587) 304 (203-395) 211(159-326) 211 (102-323)

CWB+CTI+TF 178 (112-280) 544* (256-1773) 536 (235-1372) 413 (211-524) 366 (183-738)

a® CWB 49.5(30.4-61.9) 28.5*(14.4-44.6) 32.5(24-42) 36.5(28-44) 37 (26-57)
CWB+TF 64 (51.0-71.0) 45 (26.5-57) 42 (34-54) 53 (40-58) 53 (42-69)
CWB+CTI+TF  57.5(47.0-67.7) 27.5(10.9-50.6) 27 (20-50) 35(28-52) 39 (26-58)

Note: The median and the range (5th-95th percentiles) thromboelastometry conventional parameters were calculated in the control group and 6

patient groups in 3 test categories.

Abbreviations: «°, alpha angle; CFT, clot formation time; CT, clotting time; CTI, corn trypsin inhibitor; CWB, citrated whole blood; HA, hemophilia A;

TF, tissue factor.
*P < 0.05 vs. moderate.
**P <0.01 vs. moderate.



d AGHIGHI ET AL.
= %Hil‘i"ﬁimm =
TABLE 2 Thromboelastometry-derived parameters. Median (5th-95th percentile) values are shown for each parameter

Severe HA
FVIII>1,n=11, Moderate HA,
Thromboelastometry Normal, median (5th- n = 11, median (5th-
parameters Test category n=22 Severe HA,n =30 95th percentile)  95th percentile) Mild HA, n = 16
Maximum velocity CWB 7.4 (5.1-12.5) 3(1.2-5.2) 4 (3.0-6.0) 3.3(2.0-4.0) 4 (3.0-8.0)
(mm/min) CWB+TF 10(7.0-15.2)  5(2.6-8.3) 6(4.0-7.3) 5(3.4-8.3) 7(5.0-12.0)
CWB+CTI+TF 9.0(6.5-13.7) 3.0(1.9-6.3) 4(1.0-5.8) 3.5%(2.90-4.9) 5(3.0-8.0)
Time to maximum CWB 9 (5.5-13.5) 38.7*(21.9-92.0) 23.1(9.5-31.6) 25.9*#(18.3-33.0) 19.7 (13.3-26.8)
velocity (minutes)  cwpTF 77(3512.3)  169(9.8-35.4) 13.5 (8.4-20) 12.4%(10.8-189)  10.5 (6.6-13.9)
CWB+CTI+TF 8.4 (4.7-14.9) 22.6(9.3-52.2) 17.5 (8.9-50) 19.2 (12.5-32.2) 15.8(10.1-26.9)
Area under the first CWB 55(43.6-60.0) 47.6(27.8-61.0) 43.6(30.8-53.4) 44.2(39.7-58.7) 48.1(35.4-60.0)
derivative curve CWB+TF 58.8(44.1-82.0) 51.6(39.2-69.5) 48.8(39.9-56.9)  49.1(43.0-63.4) 53.6 (46.8-62.6)
(mm) CWB+CTI+TF 55.5(48.4-62.3) 48 (40.5-68.3) 49.4 (45.5-57.4) 51.6 (44.6-65.0) 52.5(42.8-62.0)

Note: The median and the range (5th-95th percentiles) thromboelastometry-derived parameters were calculated in control group and HA patients in

3 categories.

Abbreviations: CTI, corn trypsin inhibitor; CWB, citrated whole blood; FVIII, factor VIII; HA, hemophilia A; MaxVel, maximum velocity; TF, tissue

factor.

*P < 0.05 vs. moderate.
#P < 0.05 vs. mild.

##p < 0.01 vs. mild.

0.002, respectively) (Table 2). The median tMaxVel difference for
moderate HA vs. mild HA was 6.1 minutes (2.9-10.5; P = 0.010). In
CWB+TF samples, median tMaxVel was 2.0 minutes (0.3-5.8) longer
in moderate HA compared to mild HA (P = 0.007) (Tables 1 and 2).

For CWB+CTI+TF samples, severe HA median CFT 138 seconds
(25-399) was longer than moderate HA patient group (P = 0.02).
Median MaxVel was markedly reduced in severe HA, but increased
proportionally in patients with moderate and mild HA (Figure 1A-
C). TF initiation dramatically increased variability, particularly in
the severe HA patient group (Figure 1B,C). Patients with mild HA
were a median of 4 mm/min (2-5) higher than moderate HA patients
(P = 0.019) (Figure 1C), and MaxVel strongly correlated with indi-
vidual FVIII levels (r = 0.805, P < 0.0001). Furthermore, linear re-
gression analysis showed a significant coefficient of determination
(r* = 0.648, P < 0.0001) (Figure 1D).

Across all severities of HA, the sensitivity for MaxVel was the
highest in CWB+CTI+TF (92%; 85% in CWB+TF and 90% in CWB).
The specificity was 95% for all test conditions. The positive likeli-
hood ratio, therefore, was highest in CWB+CTI+TF (20.31), followed
CWSB (18.08) and CWB+TF (16.19).

To avoid skewed results, the ROC analysis was repeated for the
mild HA patient group (n = 16) only compared with the control group
(n = 22). This analysis found that tMaxVel in sample condition CWB
was the most sensitive parameter (100%) of thromboelastometry
(95% specificity, 20.0 likelihood ratio). This is compared to sensitivity,
specificity, and likelihood ratio of 71%, 89%, and 6.79 in CWB+TF, and
54%,95%, and 11.85 in CWB+TF+CTI. The sensitivity and specificity
of CWB+TF+CTIl MaxVel in mild HA was 85% and 95%, respectively.

Wilcoxonrank tests were performed to investigate if MaxVel was

different between test categories. The results showed a significant

difference between CWB+TF and CWB+CTI+TF (P = 0.0004)
where median MaxVel was higher in CWB+TF. This indicates that
the addition of TF, without exclusion of contact activation by CTI,
may cause overestimation of the results. There was no significant
difference between MaxVel in CWB and CWB+CTI+TF. MaxVel in
CWB and CWB+TF was significantly different (P = 0.0005).

3.2 | TGA analysis

HA patient groups had significantly lower PH and AUC, and longer
PH than control samples (Table 3, Table S1).

In PPP, PHs of severe HA patients were 7% (3%-20%) lower
with CTIl and 28% (3.3%-34.2%) lower with no CTI than moder-
ate HA patients (P < 0.002 for both). In PPP+CTI samples, median
PH was 8% (4%-13%) lower for the severe HA group than severe
>1 |U/dL patient group (P = 0.0015) (Figure 2B). However, median
of PPP for the mild and moderate groups were similar (Figure 2A-
D). Interestingly, in the PRP and PRP+CTI groups, severe and mod-
erate PHs were similar.

Although the differences between the groups with and without
CTI were not significant, ROC analysis demonstrated an improved
sensitivity for diagnosing hemophilia under conditions tested with CTI.

ROC analysis for the mild HA patient group (n = 16) compared
with the control group (n = 22) showed that PH provided the best
sensitivity with CTI (94% in PPP+CTI vs. 80% in PPP only). Within
PH, CTI improved sensitivity further, with PRP+CTI achieving 100%
sensitivity (likelihood ratio, 18.0), compared with 83% sensitivity
(likelihood ratio, 15.0) in PRP only. Specificity for TP and AUC pa-

rameters was 94% in all test conditions.
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FIGURE 1 MaxVel parameter of thromboelastometry analysis in haemophilia A patient blood samples treated with the following
conditions: (A) CWB, (B) CWB+TF and (C) CWB+CTI+TF. (D) Linear regression curve for FVIII concentration vs thromboelastometry MaxVel
in sample condition CWB+CTI+TF showed a significant coefficient of determination (r2 =.648, P < 0.0001). CTI, corn trypsin inhibitor; CWB,
citrated whole blood; FVIII, factor VIII; MaxVel, maximum velocity; TF, tissue factor

Using the Wilcoxon paired test, PH values for HA patient PPP
samples were significantly lower than PRP samples without CTI
(P = 0.0004) and with CTI (P = 0.02). No differences were found be-
tween the PHs of PPP and PPP+CTI samples (P = 0.14), and PRP and
PRP+CTI (P = .73) samples (Figure 2A-D).

3.3 | Clot waveform analysis

Min1 and Min2 were significantly lower in all HA patient groups
compared to control samples (Table 4). Furthermore, Min1 and
Min2 of severe HA patients (1.5% T/s [0.56-3.14]), 0.11% T/5%)
were lower than moderate HA patients (2.52% T/s [1.39-4.28],
0.25% T/s% P = 0.003 and 0.001). Median Min1 and Min2 of
moderate HA patients were slightly lower than that of mild pa-
tients (3.54% T/s [2.15-5.57], 0.37% T/s2 [0.19-0.59], P > 0.05)
(Table 4).

As with thromboelastometry and TGA analyses, ROC was per-
formed for the mild HA patients group compared to the healthy pa-
tient group, resulting in a 93% sensitivity, 96% specificity, and 21.5
likelihood ratio for Minl and 80% sensitivity, 96% specificity, and
18.4 likelihood ratio for Min2.

Min1 correlated stronger with FVIII levels than with APTT (Min1,
r=.786, P < 0.0001 vs. APTT, r = -0.513, P = 0.001). This was also
true for Min2 (r = 0.759, P < 0.0001). The correlation between FVIII
levels and APTT was only moderately strong, indicating that Minl
or Min2 may more accurately reflect FVIII levels than APTT. Similar

results were seen with linear regressions (Figure S1).

4 | DISCUSSION

In this evaluation of clinical HA samples measured by global assays,

we have demonstrated that thromboelastometry differentiates
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TABLE 3 Thrombin generation assay (in-house) parameters. Median (5th-95th percentile) values are shown for each parameter

Test Normal Severe HA
TGA Category n=22 n=30
Peak height PPP+CTI 95 (66-152) 16***# (6.4-31.5)
% PPP 97 (64-159) 19.6** (6.7-39.5)
PRP+CTI 97 (67-133) 28.8(9.3-57.6)
PRP 104 (65-134) 31.7(9.5-56.9)
Area under the PPP+CTI 90.5 (78-133) 34.4(12.1-56.7)
thrombin PPP 100 (72-124)  38.8(14.6-61.5)
generation curve
% PRP+CTI 103 (71-115) 37.2 (10.0-71.4)
PRP 93 (86-114) 39.7 (9.0-77.3)
Time to peak PPP+CTI 12 (9-15) 20.5 (14.4-52.6)
thrombin PPP 12 (9-15.5) 20 (13.5-54.5)
generation
minutes PRP+CTI 29 (20.5-49) 50.8 (37-61)
PRP 22 (15-41) 50 (34.5-60)

Severe HA >1 1U/ Moderate HA
dLn=11 n=8 Mild HAn = 15
24 (15-49) 28.5 (16-50) 32.3(17.8-60.5)

27 (10.7-46.8)
28.8 (20-35.8)
31.7 (22.1-34.3)
46 (29-78)

51.5 (23.2-74)
29.7 (22.9-42.5)
39.3(21.3-46.2)

44.4(18.2-47.9)
30.8 (15.2-70)
36.3(24.9-65.4)
40 (32-70)
66.5(33.6-81.7)
39.7 (21.3-64.4)
54.7 (35.0-89.2)

42.5(16.6-84.1)
41.6 (29.4-65.2)
53.5(33.1-69.7)
53.3(27.1-90.8)
59.1(27.9-119.5)
49.4 (28.6-83.8)
76.9 (52.0-93.7)

18.5(11-51) 18.3(11.5-28) 17.5(13-22)
18.3 (11-39) 15.3(11.5-17) 14.5 (9.5-20)
58.5(53-60) 47.5(23.5-58) 38.5(32.5-56)
58.5(54-60) 41 (25-47.5) 32.5(24.5-41)

Note: The median and the range (5th-95th percentiles) for in-house TGA were calculated in control group and Hemophilia patients in 4 categories.
Significant difference (P value) is shown between mild HA and normal groups only. **P < .01 vs moderate; *#P < .01 vs severe >1 IU/dL.

Abbreviations: CTI, corn trypsin inhibitor; HA, hemophilia A; PPP, platelet poor plasma; PRP, platelet rich plasma; TGA, thrombin generation assay.

between moderate and mild HA, while TGA and clot waveform
analysis were better able to distinguish between severe and mod-
erate HA.

The accuracy and precision of thromboelastometry measure-
ments can be affected by preanalytical variables, including spec-
imen collection techniques, transport, and storage. In all patient
and healthy volunteer samples, CWB+TF condition had the low-
est CT and CFT values, suggesting early coagulation and simul-
taneous activation via both the extrinsic and intrinsic pathway.
Thromboelastometry analysis with CWB and CWB+CTI+TF was the
most useful for identifying the heterogeneity of patients’ global co-
agulation profiles.

The tMaxVel of CWB samples distinguished individuals with
HA from the healthy population with 100% sensitivity and 94%
specificity. However, the CWB test condition does not add dis-
criminatory or diagnostic value to conventional assays. CWB is
dominated by contact activation and coagulation through the
intrinsic pathway, mimicking the OSAs. Addition of CTIl and TF
ensures activation through the extrinsic pathway followed by the
intrinsic pathway, simulating in vivo coagulation. In CWB+CTI+TF
samples, MaxVel differentiated between the severe, moderate,
and mild hemophilia populations and strongly correlated with in-
dividual FVIII levels. Furthermore, CWB+CTI+TF MaxVel had an
85% sensitivity and 95% specificity for the diagnosis of mild HA.
In CWB+TF samples, however, MaxVel was less sensitive (57%) but
specific (95%), indicating that CTl is essential to improve the sen-
sitivity when TF is used to activate coagulation.

The MaxVel was markedly depressed in severe HA, but increased
proportionally in patients with moderate and mild hemophilia. The
absence of statistical significance between severe and moderate HA
may be related to lack of complete washout, or represent underlying

variability contributing to fewer bleeding episodes in some severe

patients and marked bleeding tendency in some moderate patients.
TF initiation improved the tracing, but dramatically increased vari-
ability, particularly in the severe HA group. This variability might be
due to clot formation by other components of blood (such as red
blood cells, platelets, and white blood cells). It is also possible that
thromboelastometry identified changes in FVIII levels at <1.0 U/
dL in this study. Indeed, the correlation between the MaxVel in
CWB+CTI+TF and the level of FVIII was strong and significant, and
the linear regression analysis showed a significant coefficient of
determination.

Clinical application of the TGA has increased in recent years, but
its utility and reliability in various clinical scenarios remains unclear
22-24.39-42 TGA appears to be a reliable test for excluding individuals
with lower than normal coagulation FVIII levels. In this study, the
use of CTI to eliminate the interference of contact-activated coagu-
lation improved the accuracy and precision of thrombin generation
measures. In particular, PH with PRP+CTI samples achieved 100%
sensitivity and a likelihood ratio of 18.0 (PRP: 83% sensitivity, likeli-
hood ratio, 15.0).

Although the results generally confirmed differences between
severe, moderate, and mild groups, there were a number of cross-
overs in both thromboelastometry and TGA results. This may
suggest that not all patients with severe, moderate, or mild HA
have the same coagulation potential. Modified thromboelastom-
etry analysis with CTl and TF mimics in vivo hemostasis and thus
may predict clinical phenotype more accurately. This is in line with
Chitlur et al,** who concluded that thromboelastometry param-
eters showed evidence of faster and better clot formation by a
higher maximum thrombin/fibrin generation in patients with mild
bleeding manifestations compared to those with severe bleeding
tendency. Furthermore, Santagostino et al®> demonstrated that

TGA was able to detect increased thrombin generation in patients
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FIGURE 2 TGA peak height of blood samples from patients with hemophilia A under the following conditions: (A) PPP, (B) PPP+CTl, (C)
PRP, and (D) PRP+CTI. CTI, corn trypsin inhibitor; PPP; platelet-poor plasma, PRP; platelet-rich plasma, TGA, thrombin generation assay

TABLE 4 Clot waveform analysis of HA and control group. Median (5th-95th percentile) values are shown for each parameter

Severe, HA, >1 1U/dL,

Clot wave form Normal, n =22 Severe, HA, n =30 n=11 Moderate, HA,n=8 Mild, HA,n = 15
Min1, %T/s 6.62 (5.42-8.67) 1.50* (0.56-3.14) 2.79 (1.86-3.82) 2.52**(1.39-4.28) 3.54(2.15-5.57)
Min2, %T/s? 0.58 (0.51-0.76) 0.11* (0.03-0.29) 0.28 (0.19-0.36) 0.25**(0.12-0.45) 0.37 (0.19-0.59)
APTT, s 29.0 (24-36) 70.2 (55.5-111.6) 56.5 (44.1-76.5) 53.1(45-66.1) 42.2(35.8-75.9)
FVIII, 1U/dL 100 (50-150) <1 4(1.4-11) 3 (1-5) 11 (5-48)

Note: The median and the range (5th-95th percentiles) Clot waveform parameters, APTT, and FVIlI/factor IX levels were calculated in patient and
control groups.

Abbreviations: APTT, activated partial thromboplastin time; FVIII, factor VIII; HA, hemophilia A; Min1, minimum value of first derivative (coagulation
velocity, percent change in transmitance (T)/s); Min2, minimum value of second derivative (coagulation acceleration, percent change in transmitance
(T)/s2).

*Significant vs. moderate (P < 0.05).

**Significant vs. mild.

with severe HA who had a mild phenotype. Thus, additional infor- In the present study, the clot waveform parameters, Minl and
mation provided by global assays capturing the effects of other Min2, appeared to be reliable predictors of FVIII levels <1.0 1U/dL.

coagulation factors and platelets might help improve management The wide ranges of Min1 (5th-95th percentile = 8%-47%) and Min2

2,44-46

of patients with hemophilia. (5th-95th percentile = 5%-48%) suggests that heterogeneity exists
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in patients with severe HA, and categorizing all patients with severe
HA under the same <1.0 IU/dL FVIII activity level may not reflect the
manifestation of their clinical phenotype.

Furthermore, Minl and Min2 correlated better with FVIII
levels than APTT did,** suggesting that APTT might be variably
affected by other plasma factors'® and raises the possibility that
Minl and Min2 could be used interchangeably with APTT as an
end point for factor assays. Other studies have also indicated that
clot waveform analysis may have greater discriminatory power
in assessing low-clotting-factor-activity samples, providing addi-
tional information in patients with severe HA.%”#748 The increased
sensitivity of Minl1 and Min2 may also be valuable for other uses,
such as monitoring patients treated with novel coagulation factor
products or nonreplacement products®’ or in emergencies when
technical support is limited.

The heterogeneity of thrombin generation, in particular in se-
vere HA, was demonstrated by all 3 global assays. This indicates
that the rate and amount of thrombin generation are not exclusively
dependent on the amount of FVIII or level in the samples. The use
of CTI to eliminate the interference of the contact system was also
shown to play an important role in improving the accuracy and pre-
cision of thrombin generation. This confirms earlier reports by other
groups that the use of CTl at low TF concentration (1.0 pM) for initi-
ation of thrombin generation improves assay variations.?4°0-31

Clot waveform analysis was carried out in this study and showed
that heterogeneity exists among individuals with severe HA and was
more pronounced in Minl and Min2 parameters when compared to
the APTT. Minl and Min2 appear to be sensitive, simple, fast, and
cost effective in diagnosing hypocoagulability and may be useful in
the monitoring of patients with hemophilia.

A major limitation of our study was related to the washout
period. As the ethics committee restricted the washout period
to 72 hours, a correlation between the global assays and clinical
phenotype could not be undertaken. Furthermore, no analysis was
performed on interoccasion variability to ascertain the robust-
ness of these assays for use in routine clinical practice. Currently,
the company (Organon Teknika) that made the instrument and
APTT reagents used to perform clot waveform measurements in
this study has ceased production. However, we have previously
compared methods used in this study to clot waveform measure-
ments made using an instrument and APTT reagent widely in use
today (ACL TOP series analyzer and the APTT reagent SynthASil,
Instrumentation Laboratory Ltd, Warrington, UK). Min1 and Min2
strongly correlated with the Max1 and Max2 parameters of the ACT
TOP series analyzer (r = 0.88, P < 0.0001 for both parameters).52

Differences in the coagulation profile of samples measured
with global assays and conventional OSAs suggests that various
factors contribute to severity of clinical HA phenotype. A better
understanding of patients’ global coagulation profile may help indi-

t>2 and improve clinical outcomes.>*.

vidualize prophylaxis treatmen
However, the small number of subjects in this study, and other lim-
itations, means that further research with robust clinical end points

is required to define the roles of these assays in clinical care.

5 | CONCLUSION

The sensitivity and specificity of the global assays was method de-
pendent. The use of CTl and low doses of TF enhanced the sensitivity
of both TGA and thromboelastometry. TGA of PRP with TF in the
presence of CTl was able to discriminate between severe and moder-
ate HA. Similarly, with thromboelastometry, MaxVel in CWB+CTI+TF
samples differentiated between the severe, moderate, and mild
HA populations and strongly correlated with individual FVIII levels.
Furthermore, clot waveform analysis was more sensitive and cor-
related better with FVIII level than APTT and could potentially be
incorporated into the methodology for factor assay measurement.
Correlation between clinical end points and thrombin generation
might also be valuable in the era of non-replacement product therapy.
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