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Abstract

Global hemostatic assays including thromboelastography (TEG), Innovance ETP (endogenous thrombin potential), and Throm-
binoscope could measure thrombin generation potential and be useful to guide management of patients with factor VIII (FVIII)
inhibitors. However, the performance characteristics of these global assays in the presence of FVIII inhibitors are incompletely
characterized. In this study, the normal range of thrombin generation potential was measured in 20 healthy individuals by all
3 assays. In 5 commercial and 7 clinical samples with FVIII inhibitors, it was shown that PPP-reagent thrombinoscope shows a
dose-dependent response to different levels of FVIII inhibitors from the same patients, while Innovance ETP shows virtually no
response to FVIIl inhibitors. The TEG is more sensitive to FVIII inhibitors than thrombinoscope. Importantly, we show the same
levels of FVIII inhibitor from different patients results in different levels of inhibition for thrombin generation potential by
thrombinoscope, which potentially explains the phenotypic heterogeneity of patients with FVIII inhibitors. Global assays such as
thrombinoscope, but not Innovance ETP, show appropriate sensitivity to FVIIl inhibitors that could offer an objective and clinically

relevant marker to guide patient management.
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Introduction

Patients with hemophilia A display phenotypic heterogeneity:
Patients with the same levels of factor VIII (FVIII) activity or
inhibitor titers may present with different bleeding tendencies.'
Blood coagulation is a complex physiological process, and the
generation of thrombin is the outcome of coagulation cascade
activation. The most widely used coagulation tests including
the prothrombin time (PT) and the activated partial thrombo-
plastin time (APTT) mainly assess the initiation phase of coa-
gulation during which only 3% to 5% of thrombin is formed.
Thus, these in vitro tests as well as clot-based FVIII activity
and FVIII inhibitor assays do not always reflect the in vivo
hemostatic conditions. In contrast, global hemostatic assays
measure total thrombin generation, and thus recent guidelines
have proposed using global coagulation assays to assess the
risk of bleeding or thrombosis.

Currently, there are 3 global assays that can measure or
estimate thrombin generation potential, either from direct mea-
surement or derivation from coagulation wave form analysis:
thromboelastography (TEG), Innovance ETP (endogenous
thrombin potential), and Thrombinoscope. The TEG can assess

the efficiency of whole blood coagulation including the process
of clot formation and fibrinolysis, reflecting the function of
clotting factors, platelets, fibrinogen, and the fibrinolytic pro-
teins. The kinetics of the process are recorded graphically.* The
parameter total thrombus generation (TTG), the total area
under the velocity curve, is a derivative of the TEG waveform
and a reasonable parameter for the assessment of thrombin
generation. The Thrombinoscope assay is based on Calibrated
Automated Thrombography (CAT). The Thrombinoscope
assay utilizes fluorogenic substrate Z-Gly-Gly-Arg-AMC to
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monitor thrombin activity chromogenically. This fluorogenic
substrate produces fluorescence at a wavelength of 460 nm.>
The parameter ETP, which corresponds to the area under the
curve, represents the total enzymatic activity of thrombin pro-
duced. The thrombin generation curve reflects all 3 phases of
coagulation (initiation, propagation, and termination). The
ETP is considered the most predictive parameter for bleeding
and thrombosis risk.”® Thrombinoscope-CAT assay has been
used to assess the severity of the bleeding phenotype of
hemophilia,”'* the risk of venous thromboembolism,'* and
monitoring oral anticoagulants.'* Innovance ETP assay is a
commercially available chromogenic assay and reported
automatically by the BCS XP System. This assay uses the
H-B-Ala-Gly-Arg-pNA as a chromogenic substrate. Throm-
bin generation is recorded by monitoring the generation of the
chromogenic substrate at a wavelength of 405 nm. The para-
meter ETP-the area under the curve (AUC), derived from the
corrected substrate conversion curve, has been proved to cor-
relate with the hemostatic state.''®

The performance characteristics of these global assays are
incompletely defined including their responses to FVIII inhi-
bitors. It is also unclear how these assays perform in compar-
ison to each other. The aim of our study was to perform a
parallel comparison of these 3 global assays to assess their
responses to FVIII inhibitors.

Materials and Methods

The study was approved by the Institutional Review Board of
Johns Hopkins University (IRB00097630). Plasma samples
from 20 healthy individuals (10 males and 10 females) and 7
patients with hemophilia A with different FVIII inhibitor levels
(1091BU, 128BU, 75BU, 58BU, 20BU, 8BU, and<1BU) as
well as 5 commercial samples with different levels of FVIII
Inhibitors (6345-F8 inhibitor: <1BU, 6100-F8 inhibitor: 1BU,
6089-F8 inhibitor: 54BU, 6091-F8 inhibitor: 88BU and 6017-
F8 inhibitor: 111BU) were used in the study. These 5 commer-
cial plasmas are citrated human plasma derived from a
congenital FVIII-deficient donor who has developed an anti-
body to FVIII. All Bethesda unit titers were measured using a
standard 1-stage aPTT assay and the Nijmegen modification of
the Bethesda assay on a Siemens XP coagulation analyzer. The
commercial samples were purchased from George King Bio-
Medical, Inc (Overland Park, Kansas). Normal pool plasmas
were purchased from Precision Biological, Dartmouth, Nova
Scotia, Canada.

Blood samples were collected into Vacutainer tubes (BD,
Franklin Lakes, New Jersey) containing sodium citrate (3.2%)
and were centrifuged twice at 2000 x g for 10 minutes at room
temperature to obtain platelet-poor plasma. Plasma was stored
at —80°C until the time of assay.

Plasmas from 5 commercial samples and 7 patients with
hemophilia A with different FVIII inhibitor were diluted seri-
ally until plasma inhibitor levels were <IBU. The dilution was
performed with normal plasma to keep FVIII level constant,
and the only variable is different levels of specific FVIII

inhibitors. After 2 hours incubation, thrombin generation
potential was measured by 3 global assays.

Thromboelastography

The TEG assay was performed on the TEG 5000 Thrombe-
lastograph Hemostasis Analyzer (Haemonetics Corporation,
Braintree, Massachusetts) with TEG Analytical Software.
According to the instruction manual of the instrument, after
adding 20 pL of 0.2 mol/L calcium chloride (Haemonetics
Corporation), all samples were activated by 340 pL kaolin.
The TTG was calculated from the first derivative of the TEG
waveform. Other parameters included the maximum rate of
thrombus generation and time to maximum rate of thrombus
generation.

Calibrated Automated Thrombography

The Thrombinoscope assay was performed on a microtiter
plate using the Calibrated Automated Thrombogram assay
(Thrombinoscope BV, Maastricht, the Netherlands). The CAT
reagents (Thrombinoscope BV) contain PPP-reagent (a mixture
of 4 pmol/L phospholipids and 5 pmol/L Tissue Factor), PPP-
LOW reagent (a mixture of 4 pmol/L phospholipids and
1 pmol/L Tissue Factor), thrombin calibrator and FluCa-kit
(a mixture of Fluo-Substrate and Fluo-Buffer). Plasma of
80 puL was added to reagents consisting of thrombin calibrator
(20 pL) in one set of wells and a trigger (PPP-Reagent or
PPP-Reagent LOW: 20 pL) in another set of wells to activate
coagulation. All samples were run in triplicate. Thrombin gen-
eration was measured with the FluCa-kit. Several parameters
can be derived from the thrombin generation curve, including
endogenous thrombin potential (nmol/L/min; the area under
the thrombin generation curve), lag time (the time from throm-
bin generation to reach one-sixth of the peak concentration),
peak thrombin (nmol/L; the maximal height of the thrombo-
gram), and the ttpeak (min; time to peak thrombin generation).

Innovance ETP

Innovance ETP assay was performed on a BCS XP (Siemens
Healthcare Diagnostics Products GmbH, Marburg/Germany)
according to the instruction manual of the instrument. Reagents
include INNOVANCE ETP reagent (chromogenic substrate,
fibrin aggregation inhibitor, salts, and stabilizers in aqueous
solution), Innovance ETP calcium chloride solution, and
Innovance ETP buffer. The first derivative of the corrected
substrate conversion curve is obtained, which corresponds to
the thrombin generation curve. The important parameters of
the assay include ETP-AUC (the area under the thrombin
generation curve), lag time (the time from starting the reac-
tion to thrombin generation), ETP-AUC (endogenous throm-
bin potential-the area under the curve), and maximum
thrombin generation (Cmax).
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Table 1. Thrombin Generation in Healthy Individuals With 3 Global Methods.

TEG Thrombinoscope ETP-AUC

MTG, TTG, Lag time, ETP, Peak thrombin,  ttpeak, ETP-AUC, Lag time, ETP-Cmax,
mm/min TMG, min mm/min min nmol/L/min nmol/L min mA sec mA/min
145+ 39 71 + 14 7612 + 703 3.0 + 06 21264 + 441.6 3972 + 846 57 + 09 411.0 + 484 230 + 25 1143 + 134

Abbreviations: Cmax, maximum thrombin generation; ETP, endogenous thrombin potential; ETP-AUC, endogenous thrombin potential-the area under the curve;
MTG, maximum rate of thrombus generation; TEG, thromboelastography; TMG, time to maximum rate of thrombus generation; TTG, the total thrombus

generation; ttpeak, time to peak thrombin generation.
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Figure |. The correlations of thrombin generation between Thrombinoscope parameter endogenous thrombin potential (ETP; nmol/L/min),
thromboelastography (TEG) parameter thrombus generation (TG; mm/min), and Innovance ETP parameter ETP-the area under the curve (AUC).

Results

Measuring Thrombin Generation With Healthy
Individuals in 3 Global Assays

We compared thrombin generation in samples from 20 healthy
individuals in 3 global assays: TEG, Thrombinoscope (PPP-
reagent), and Innovance ETP. The corresponding parameters
of each method are shown in Table 1. We tested whether there
are correlations in thrombin generation measurements. As
shown in Figure 1, although there appears to be a modestly
positive correlation trend in thrombin generation potential, they
are not statistically significant among ETP (nmol/L/min) by
Thrombinoscope, TG (mm/min) by TEG, and ETP-AUC
(mA) by Innovance ETP. We also ran thrombin generation
potential by Thrombinoscope in normal pool plasmas 37 times
to assess the Thrombinoscope assay’s precision. The means (stan-
dard deviations) of ETP were 1142.16 (+ 128.30) (nmol/L/min)
with a coefficient of variation (CV) of 11.2%.

Comparison of PPP and PPP-LOW Reagents
in Thrombinoscope Method

The PPP-reagent and PPP-LOW reagent are commonly used
for measuring thrombin generation with Thrombinoscope in
platelet-poor plasmas. The PPP-LOW reagent is particularly
recommended for use with hemophilia plasma due to high
sensitivity to deficiencies of FVIII, IX, and XI. We compared
thrombin generation in 4 commercial plasma samples with a

FVIII inhibitor (6345-F8 inhibitor: <1BU, 6100-F8 inhibitor:
1BU, 6091-F8 inhibitor: 88BU, and 6017-F8 inhibitor: 111BU)
with PPP and PPP-LOW reagent by Thrombinoscope. As
shown in Figure 2, the PPP-LOW reagent is more sensitive
to inhibition of thrombin generation potential by FVIII inhibi-
tors (Figure 2B-D). An exception is 6345 (Figure 2A), which
has factor VIII inhibitor titer <I BU.

Comparison of the Sensitivity of the 3 Global Assays
to FVIII Inhibitors

Five commercial plasmas with different levels of plasma FVIII
inhibitor (6345-F8 inhibitor: <IBU, 6100-F8 inhibitor: 1BU,
6089-F8 inhibitor: 54BU, 6091-F8 inhibitor: 88BU, and 6017-
F8 inhibitor: 111BU) were used to compare the 3 global assays
for their sensitivity to FVIII alloantibodies. We measured FVIII
levels and confirmed inhibitor titers in these plasma samples.
With different dilutions of the samples, thrombin generation
potential was measured using all 3 global assays. As shown in
Figure 3, TEG appears to be more sensitive than Thrombino-
scope or Innovance ETP for detecting inhibition of thrombin
generation potential by FVIII inhibitors. For example, in sam-
ple 6345 (Factor VIII inhibitor <1 BU), a dose-dependent inhi-
bition (inhibition of thrombin generation potential is dependent
on the concentration of FVIII inhibitors) of the thrombin gen-
eration potential can be seen with TEG but not with the other 2
assays (Figure 3 B-D). Other commercially available plasma
samples with FVIII inhibitors completely abolish the thrombin
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Figure 2. Comparison of different reagents in Thrombinoscope: Comparison of thrombin generation with different dilution in 4 commercial
samples of factor VIII (FVIIl)-deficient plasma with inhibitors (6345-F8 inhibitor: <IBU, 6100-F8 inhibitor: IBU, 6091-F8 inhibitor: 88BU and
6017-F8 inhibitor: 111BU) after 2 hours of incubation with PPP and PPP-LOW reagent in the Thrombinoscope method.

generation potential as measured by TEG but not with the other
assays. Only after serial dilutions of the samples were there
detectable thrombin generation potentials (Figure 3 F, J, N, and
R) by TEG. On the other hand, Innovance ETP method appears
insensitive to FVIII inhibitors. No dose-dependent changes
were seen in thrombin generation with serial dilution of the
samples using the Innovance ETP assay (Figure 3H, L, P and
T). With the Thrombinoscope method, thrombin generation
potentials can be detected in all dilutions with all the specimens
with a dose-dependent relationship of the FVIII inhibitors
plasma (Figure 3 G, K, O, and S, and Figure 4B, C, D, and E).

Assessing Thrombin Generation in Patients with
Hemophilia A With Different FVIIl Inhibitor Levels

We next measured thrombin generation potential in 7 patients
with hemophilia A (Table 2) with different plasma FVIII inhi-
bitor levels (1091BU, 128BU, 75BU, 58BU, 20BU, 8BU,
and<1BU) using Thrombinoscope. Serial dilutions were made
before 2 hours of incubation (Figure 5 and Figure 6A-G). With
all clinical specimens, a dose-dependent inhibition of thrombin
generation potential was observed. Interestingly, the level of
FVIII inhibitor did not always correlate with the level of inhi-
bition of thrombin generation potential. For example, patient
No. 1 had the highest inhibitor level (>500 BU), but the
patient’s plasma only showed mild inhibition of thrombin gen-
eration potential, and clinically the patient had no bleeding
symptoms. In contrast, patient No.5 with a 20 BU FVIII inhi-
bitor displayed stronger inhibition than other patients’ plasma
with higher titer FVIII inhibitors. Interestingly, patient No.7
with a <1 BU of FVIII inhibitor demonstrated the strongest
inhibition of thrombin generation potential, which correlated
with persistent bleeding clinically. The patient’s FVIII inhibi-
tor was shown to be an autoantibody.

Discussion

The FVIII inhibitors reduce the efficacy of factor concentrates,
making it more difficult to treat bleeds. The FVIII activity and
FVIII inhibitor titer are used to monitor patients with

hemophilia, but they do not always correlate with bleeding
risk.!” Therefore, widely available and standardized assays that
are better measures of in vivo hemostasis in patients with factor
inhibitors would be a significant advance. In this study, we
performed parallel comparison of 3 global assays and assessed
their potential clinical utility in monitoring patients with FVIII
inhibitors.

In this study, we demonstrated the 3 global assays of throm-
bin generation do not correlate well with each other. We sus-
pect this is at least partially explained by the large CV of
precision for Thrombinoscope which was around 11%. This
also suggests that for healthy individuals’ thrombin generation
potential measured by the global assays should be interpreted
with caution.

Thrombinoscope-CAT assay uses tissue factor as a trigger to
activate the coagulation cascade. In general, PPP-reagent
(5 pmol/L TF and 4 pmol/L phospholipids) is used for the
measurement of thrombin generation, while PPP-LOW reagent
(1 pmol/L TF and 4 pmol/L phospholipids) is recommended for
use in hemophilia plasma due to increased sensitivity to FVIII,
IX, and XI. It was shown that the sensitivity and specificity of
the Thrombinoscope-CAT for individual coagulation factors
depends on the TF concentration.'®! In our study, it was
found that Thrombinoscope with PPP-LOW reagent was
highly sensitive to FVIII inhibitors and had narrow range of
testing: Thrombin generation potential was abolished with
even low level of FVIII inhibitors (Figure 2C and D). Lewis
et al reported that using 1 pmol/L TF in some patients with
severe hemophilia often resulted in incomplete thrombin
generation curves with Thrombinoscope-CAT, but thrombin
generation can be measured at 5 pmol/L TF*; Veen et al'’
also compared thrombin generation at 1 and 5 pmol/L TF
concentration in patients having hemophilia with
Thrombinoscope-CAT and found that the assay can discrimi-
nate between patients with mild and severe hemophilia A at
5 pmol/L TF but not 1 pmol/L TF. Consistent with these
studies, our findings support using regular PPP reagents by
thrombinosope in monitoring patients having hemophilia with
FVIII inhibitors.
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Figure 3. Comparison of 3 global assays in their sensitivity to factor VIII (FVIII) inhibitors with 5 commercial samples of FVIlI-deficient plasma
with inhibitor: FVIII levels in 5 commercial samples before incubation and after 2hours incubation (A, E, I, M, and Q); thrombin generation
potential after 2 hours incubation with different dilution in thromboelastography (TEG; B, F, J, N, and R), Thrombinoscope(C, G, K, O, and S),
and Innovance endogenous thrombin potential (ETP; D, H, L, P, and T) methods. *not tested.
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Table 2. Clinical Information of 7 Patients With Hemophilia A With Different FVIII Inhibitor Levels.

Fviil
Diagnosis Age Gender Activity Inhibitor Bleeding Status Treatment Antibody Type
Patient | Hemophilia A 2 yr Male <1% 1091BU No bleeding NovoSeven Alloantibody
Patient 2 Hemophilia A 22 m.o Male <I% 75BU Tripped 2 days ago and injured his knee; Advate NovoSeven  Alloantibody
now no increasingly swollen, no
limping, no mobility impact
Patient 3 Hemophilia A 2 yr Male <I% 128BU  No signs of bleeding NovoSeven Alloantibody
Patient 4 Hemophilia A 14 m.o Male <I% 58BU Knee hematoma a month ago Advate Alloantibody
Patient 5 Hemophilia A 13 m.o Male <I% 20BU No breakthrough bleeds NovoSeven Alloantibody
Patient 6 Hemophilia A 19 m.o Male <I% 8BU No breakthrough bleeds Advate
Patient 7 Acquired FVIII 73 yr Female 3% <IBU Severe bleeding NovoSeven Autoantibody
deficiency prednisone
cyclophosphamide
Abbreviations: FVIII, factor VIII; m.o., months old; yr, year.
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Figure 5. Thrombin generation in 7 patients with hemophilia A by Thrombinoscope with different factor VIII (FVIII) inhibitor levels (patient |-F8
inhibitor: 1091BU; patient 2-F8 inhibitor: 75BU; patient 3-F8 inhibitor: 128BU; patient 4-F8 inhibitor: 58BU; patient 5-F8 inhibitor: 20BU; patient
6-F8 inhibitor: 8BU; patient 7-F8 inhibitor: <IBU): Inhibitor level does not always correlate with inhibition on thrombin generation potential with
Thrombinoscope method. (Plasma samples of patients 2, 4, 6, and 7 were diluted from the beginning).

We compared the sensitivity to FVIII inhibitors by 3 global
assays using 5 commercial samples. Thrombinoscope-CAT
with PPP reagent (5 pmol/L TF) invariably showed dose-
dependent response to different levels of FVIII inhibitors from
the same samples (Figure 3G, K, O, and S). However, Inno-
vance ETP showed virtually no response to FVIII inhibitors
regardless of inhibitor levels (Figure 3D, H, L, P, and T). Both
the Innovance ETP and the Thrombinoscope methods use the
term endogenous thrombin potential to describe the area under
the curve for thrombin generation. The main difference
between these 2 methods are the application of different sub-
strates and different data-processing processes.> We found in
our study that no thrombin generation potential was detected in
some of the serial diluted samples by TEG (Figure 3F, J, N and
R), and a moderate level of FVIII inhibitor often abolished
thrombin generation, suggesting that TEG is more sensitive
to FVIII inhibitors with a narrow range of detection. The TEG
has been found to be highly variable in patients with

hemophilia and is considered too unreliable for routine moni-
toring.?>** It was also shown that TEG parameters were unreli-
able to predict clinical phenotypes.”> Thrombinoscope assay
showed more relevance to the hemostatic state of patients hav-
ing hemophilia with inhibitor,®° but there is still some con-
troversy.>>%2! Our study suggested that Thrombinoscope with
PPP-reagent (SpM TF) has appropriate sensitivity for monitor-
ing patients having hemophilia with inhibitors.

With 7 well-characterized clinical samples with different
levels of FVIII inhibitor (1091BU, 128BU, 75BU, 58BU,
20BU, 8BU, and<1BU), we measured the thrombin generation
potential using Thrombinoscope (PPP-reagent). It was found
that the same levels of FVIII inhibitor from different patients
have different levels of inhibition for thrombin generation
potential (Figure 5), which is consistent with the findings of
others.>*?” The No. 1 patient with >1000 BU FVIII inhibitor
showed only mild thrombin generation inhibition (Figure 5,
No.l patient) and no bleeding clinically, which potentially
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explains the phenotypic heterogeneity of patients with same
levels of FVIII inhibition. On the other hand, the No. 7 patient
with <1 BU FVIII inhibitor showed unexplained severe bleed-
ing with very low FVIII activity of 3%, and the levels of other
factor, von Willebrand antigen, serum immunoglobulins and
Ristocetin cofactor, were all normal; ANA screen and hepatitis
studies were negative. When she received an infusion of FVIII,
her FVIII levels initially had 62% recovery and subsequent
drops, suggesting the presence of an inhibitor. On Thrombino-
scope (PPP-reagent), this patient’s thrombin generation was
significantly inhibited (Figure 5, patient 7 and Figure 6G),
correlating well with clinical bleeding phenotype. Inhibition
of thrombin generation was more significant by patient No.5’s
plasma at 10BU than by patient No. 4’s plasma at 58 BU
(Figure 5), again indicating that the inhibition level of thrombin
generation potential measured by Thrombinoscope (PPP-
reagent) is not entirely dictated by the level of FVIII inhibitor
and suggesting that thrombin generation potential by Thrombi-
noscope is a better marker to monitor patients having hemo-
philia with inhibitors than FVIII inhibitor levels.

In this proof-of-principle study, we have shown that of 3
global assays, Thrombinoscope with PPP reagent show appro-
priate sensitivity to FVIII inhibition, and thrombin generation
potential could be a valuable marker in monitoring patients
with FVIII inhibitors. Future studies are warranted to validate
the clinical utility.

Ethical approval to report this case series was obtained from
Institutional Review Board of Johns Hopkins University
(IRB00097630). Informed consent for patient information to
be published in this article was not obtained because this is a
retrospective study with existing leftover samples, and speci-
mens were not individually identifiable. Moreover, the results
of the study will not in any way affect management of patients
involved in the study. Thus, the research involves no more than
minimal risk to participants.
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