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The combined research efforts in our field over the last hundred
years made that we now recognise dozens of plasma proteins with a
function in the clotting system and a set of platelet components that is
of the same order. Progress in molecular biology is such as to have
identified some one hundred genes that may influence haemostasis and
thrombosis and a new one comes about every month. Nevertheless the
phenotype of the clotting system cannot be adequately established.
There is no simple method that gives us a clear picture of the net result
of the activity of all those genes, together with non-genetic influences
(e.g. drugs), on the over-all clotting function of blood at a given moment.

For over a century we make do with clotting times that we know to
be marginally – if at all – sensitive to hypercoagulability and mild
bleeding disorders. We are used to employing different variants for the
control of oral anticoagulants and of heparin. Some anticoagulants do
not significantly influence any type of clotting time and for convenience
are assumed not to require control. Standardisation is a constant problem.
But we are so used to clotting times as to almost forget that they do not
actually serve the purpose of a simple adequate indicator of clotting
function, that we lack a test that is equivalent to blood sugar in diabetes
or blood pressure in hypertension.

Conceivably measuring thrombin generation could be such a test.
Thrombin is at a focal point in haemostasis and thrombosis. The whole
“clotting” mechanism is engaged in its generation and subsequent in-
activation. During its active life it exerts a multitude of actions on the
blood and the vessel wall, among which the clotting of fibrinogen. The
sum of these actions is haemostatic and/or thrombotic. The part played
by thrombin has always been evident in haemophiliac bleeding and
venous thrombosis. It becomes more and more clear that it is also
pivotal in arterial thrombosis (1-4). Anticoagulant therapies that
decrease thrombin formation by completely different mechanisms,
such as oral anticoagulation and heparin, are effective in both venous
and arterial thrombosis (5, 6). Even “antiplatelet” drugs do influence
thrombin generation (see below). 

The Consequences of Complication

This is not the place to review the clotting mechanism but even a
simple scheme (Fig. 1) shows clearly the existence of various positive
and negative feedback systems. Thrombin activates factors V, VIII and
XI but also the APC-system, so that it first enhances its own formation
and then inhibits it. Factor Xa activates prothrombin but, via TFPI,
inhibits its own activation, etc. Even the end product, fibrin plays a

role in the generation of thrombin because it retains active thrombin
that is inaccessible to antithrombin and capable of activating factors V,
VIII, XI and platelets (7). Moreover there are a number of “minor
players” in plasma such as �2-glycoprotein 1, �1-antitrypsin, �2-macro-
globulin, heparin cofactor II, C4b-binding protein, phospholipase A2,
vitronectin, TAFI, lactoferrin, glycosaminoglycans etc. that can
influence thrombin generation without having a prominent part in the
mainstream of the coagulation mechanism.

In the presence of platelets the complications multiply: thrombin and
fibrin activate platelets, platelets expose phospholipids and the kinetics
of the generation of factor Xa, thrombin and APC are dependent upon
the amount, the physical form and the chemical composition of these
phospholipids.

This degree of complication has an important consequence: The
ensemble of reaction mechanisms is so complex that it is beyond the
power of enzyme kinetic analysis. For isolated reactions this problem
does not arise. Slightly bigger subsystems can be analysed in terms of
“catastrophe theory” (8) and “non linear kinetics” (9) but the complete
system defies such approach.

This makes that the reaction of the physiological system is difficult –
if not impossible – to predict from the knowledge of its isolated parts.
Consequently, if we want to know about physiological function we will
have to measure it under circumstances that are close to those in vivo;
we have, so to speak, to assess the function of the “isolated organ”.
The choice of the “isolated organ” is a compromise. Going from
platelet poor plasma (PPP) to platelet rich plasma (PRP) to whole
blood, the system becomes more representative of what happens in the
body and technically more difficult to assess.

The recognition of this need for “physiological chemistry” as op-
posed to biochemical analysis made us switch to studying thrombin 
generation in plasma 15 years ago. This is not to say that biochemical
reconstruction of the “normal” coagulation pathway is not an inter-
esting intellectual exercise, but it should not be considered representa-
tive of the complete picture as it occurs in vivo (10,11).

The Thrombogram and How to Measure it

The last few years have seen a revival of the interest in a time-
honoured tool of the clotting trade (12, 13): the thrombin generation
curve, or “thrombogram” as we now call it. Here we would like to dis-
cuss in how far this test can be expected to reflect the clotting function
of blood. (Aside: not to be confused with the “thrombelastogram” which
monitors changes in mechanical properties of the developing clot (14).

The general form of the thrombogram is shown in Fig. 2. There may
or there may not be a lag-time, then an explosive rise to a peak value is
seen and a slow decline follows. A clot forms at the end of the lag time,
as soon as the first traces of measurable thrombin are formed. The lag
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time therefore, for all practical purposes, equals the clotting time. Du-
ring the lag time the traces of thrombin are formed that, through feed-
back activation, cause explosive thrombin formation. In the intrinsic 
system (aPTT) the rate-limiting positive feedback effect is probably 
activation of factor VIII. In PRP the exposure of procoagulant phos-
pholipids by the platelet triggers explosive thrombin formation (15). That
it is thrombin, rather than other components of the clotting mechanism
that are at the basis of feedback activation phenomena can be deduced,
among other things, from the inhibitory effects of hirudin (15, 16).

Thrombin generation is dependent upon the trigger used. High
concentrations of TF start the classical extrinsic pathway. At lower
concentrations thrombin generation takes more complicated pathways
in which the antihaemophilic factors (VIII, IX and XI) are involved
(17-20). Triggering by low amounts of tissue factor is probably the
more physiological situation (21), the role of contact activation, i. e. of
the classical intrinsic pathway, remains doubtful.

To obtain thrombin generation in PPP procoagulant phospholipids
have to be added, in PRP the platelets provide these. Inhibition of
platelet function inhibits thrombin generation because it inhibits
scrambling of the platelet membrane which makes procoagulant
phospholipids available (22).

The use of the thrombogram as a global function test has been
severely limited by the technical difficulties in obtaining the curve. The
classical subsampling method, as in the experiments in Fig. 2, takes
1-2 h of two trained people for a series of six curves. The thrombogram
can be measured continuously by the use of special substrates (23).
These substrates are split slowly, with a velocity that remains propor-
tional to the concentration of thrombin over the whole of the thrombin
generation process (24, 25). In a suitable laboratory automaton two
dozen thrombograms can be recorded simultaneously in this way. The
drawback is that the plasma has to be defibrinated in order to prevent
turbidity that would disturb optical density registration upon coagula-
tion. This automatically prevents measurements in platelet rich plasma.
This problem can be circumvented by using fluorogenic substrates (26). 

A technical problem arises from the fact that part of the thrombin
in plasma reacts with �2-macroglobulin (�2M) to form a complex that,
though biologically inactive, still is capable to convert small substrates.

Thus, during thrombin generation in vitro, amidolytic activity builds
up that is not due to thrombin itself and that has no known biological
activity. By a mathematical procedure it is possible to subtract this
irrelevant activity and obtain the activity curve of free thrombin only.
An excel spreadsheet carrying out this operation is to be found at www:
thrombin.com. Recently we found substrates that are split by thrombin
but not by the �2M-thrombin complex, which circumvents this problem
(unpublished).

The Endogenous Thrombin Potential (ETP)

A particularly interesting feature of the thrombogram is the area
under the curve, i. e. the endogenous thrombin potential or ETP (24).
It represents the number of “man-hours” of thrombin that develop, and
hence the amount of “enzymatic work” that thrombin is potentially
capable to accomplish during its lifetime in clotting blood. In a clotting
time measurement this thrombin goes unobserved but in vivo it may
diffuse away from the site where blood clots and exert its haemostatic
and thrombotic actions in the surrounding area.

We did not as yet encounter an antithrombotic that did not diminish
the ETP. The action of all anticoagulants is seen in platelet poor plasma
triggered with modest amounts of tissue factor. In platelet rich plasma,
the thrombogram additionally renders the action of anti-platelet drugs.
This is not meant to question the importance of inhibition of aggrega-
tion and adhesion but one surmises that inhibition of thrombin genera-
tion contributes to the activity of anti-platelet drugs (27).

The limited use of clotting times is reflected in the thrombogram
because there is no fixed relation between the lag-phase (≈ clotting
time) and the area under the curve (= thrombin potential).

The residual amidolytic activity in serum, due to the �2M-thrombin
complex, is proportional to the ETP and further dependent upon the
level of �2M and other conditions in the plasma. This property can be
used to estimate the influence of addition of thrombomodulin or other
inhibitors on the ETP (28). The ratio of the amidolytic end-level with
and without an addition is the ratio of the ETPs with and without the
addition. This method has been used by Rosing as a sensitive device for
measuring changes in APC sensitivity brought about by different types
of oral contraceptives (29, 30).

Fig. 1 Feedback mechanisms in tissue factor induced thrombin generation. In
this (over)simplified clotting scheme, the vertical axis is the traditional cas-
cade mechanism, the horizontal axis shows the regulation of prothrombin 
conversion via activation and inactivation of factor V. The same type of 
regulation governs the alternative factor X activation, with factor VIII in the 
role of factor V and factor IXa in the role of factor Xa (left upper quadrant).
Factor Xa binds to tissue factor pathway inhibitor (TFPI) and this complex
quenches the factor VIIa-tissue factor complex (right upper quadrant). A third
positive feedback, the activation sequence  thrombin > factor XI > factor IX has
been omitted so as to overload the figure 

Fig. 2 The Thrombogram. The curves were obtained by subsampling from
clotting plasma at 30 s intervals and measuring the thrombin formed. A) Plate-
let poor plasma, triggered with a moderate amount of tissue factor, 1 �M phos-
pholipids and Ca++. B) Platelet poor plasma triggered by contact activation with
kaolin and Ca++ , in the presence of 1 �M phospholipids. C) Platelet rich plas-
ma triggered by recalcification only
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Results Obtained with the Thrombogram

We first applied thrombin generation measurement to investigate the
mode of action of heparin (31). The thrombogram is the result of
simultaneous prothrombin activation and thrombin inactivation. The
velocity of thrombin decay can be calculated and therefore also the
course of prothrombin conversion. In this way we could demonstrate
that heparins, both unfractionated and low molecular weight, act essen-
tially on thrombin decay rather than on prothrombin conversion. This
result has not been questioned, neither has it been recognised by those
heparin pharmacologists who continue to think in terms of prothrom-
binase inhibition (“anti-factor Xa activity”).

The reconstruction of the time course of prothrombin conversion,
together with measurements of factor Va and Xa in clotting plasma
also allowed to observe that the plasma concentrations of these factors
are over ten times those required for prothrombinase formation (16,
32). We found that in order to develop 50% of normal thrombin gene-
ration one requires about 2% factor VII and about 5% of factors XI, X
and V (33). This is to be expected on basis of the classical work of
Owren, Macfarlane and others who observed normalisation of deficient
plasmas by only a few % of normal plasma added (13). It nevertheless
continues to surprise (11).

With the automated method it was possible to measure the thrombo-
gram in a number of conditions. It appeared to be increased in congeni-
tal prothrombotic states like antithrombin deficiency and prothrombin
mutation A20210G (34) as well as in venous and arterial thrombosis
(25). In disorders of the APC system the increase is dependent on the
conditions of the test. If high concentrations of TF are used and no
thrombomodulin is present, the APC system can be short circuited.
At intermediate TF, as in our routine procedure (25), a moderate effect
is seen (~10% increase). At intermediate and low TF in the presence
of thrombomodulin the increase can be several fold (28).

The acquired APC resistance brought about by hormonal changes
like pregnancy or the use of oral contraceptives merits special attention.
It was found that pill-use increases thrombin generation by about 10%
(35). Rosing et al. by applying the �2M-thrombin end point method,
showed that this increased thrombin generation could be attributed to
an acquired APC-resistance (29, 30). The thrombogram plus or minus
added APC appeared to be a superior way to quantify APC resistance
and was so sensitive as to allow the detection of differences between
second and third generation of oral contraceptives. Epidemiologists
find more pill-thrombosis with those types of pill that cause the higher
increase in the ETP (= area under the thrombogram) (36).

In order to establish the relation between the ETP and the incidence
of thrombosis and bleeding under oral anticoagulation, we first
determined the relation between INR and ETP in 200 samples from
orally anticoagulated patients. Then we re-expressed the results from
a ~7000 patient-years study in the Dutch thrombosis services (37) in
terms of the ETP (Fig. 3). The therapeutic gap appears to be found
between 40 and 20% of the normal ETP. Administration of unfractio-
nated heparin (5000 U subcutaneous) causes 30-40% inhibition of the
ETP until ~5 h after subcutaneous injection. A low molecular weight
heparin (enoxaparin 40 mg, subcutaneous) causes 30-70% of inhibition
for at least 8 h (see also ref. 38). Preliminary results with direct throm-
bin inhibitors again show that adequate prophylaxis is obtained by
inhibition of the ETP to around 40% of its normal value. 

It thus seems that an increase of the ETP to levels of �110% of
normal indicate a thrombotic tendency and that levels of between 20
and 40% of normal correspond to adequate antithrombotic treatment.
Possibly a stable 20% decrease over 24 h, such as might be obtained

with drugs with a favourable pharmacokinetic profile (the antithrombin
binding pentasaccharide, oral thrombin inhibitors) will already cause
an antithrombotic effect. Aspirin decreases the ETP by about 10% but,
there, inhibition of aggregation will play its role apart from the anti-
coagulant effect. Inhibition to below 20% of normal carries the risk of
bleeding. In severe deficiency of factors V, VII, VIII, IX or XI we
found ETP values <10% of normal (unpublished results and ref. 39).

Thrombin Generation and Platelet Function

Recent research stresses the importance of cross-talk between plate-
lets and the clotting system. For many years studies on blood coagula-
tion have been carried out in platelet free plasma, whereas platelets
were studied in non-recalcified- or heparinized plasma. This hardly
allows to observe interactions between the cellular and the humoral
components of the haemostatic and thrombotic system. Thrombin
generation in platelet rich plasma (PRP) does reflect this interaction.
Our first experiments in this domain showed that traces of tissue factor,
insufficient to provoke thrombin generation in PPP, will start the
process in PRP after a lag-time of several minutes (15). During that lag
time, traces of thrombin (in the picomolar range) cause the platelets
to provide the necessary procoagulant lipids. Thrombin generation in
PRP reflects the combined effect of the clotting factors of PPP plus the
procoagulant functions of platelets. Thrombin generation in the presence
of platelets is the more interesting because the composition and physi-
cal form of the procoagulant phospholipids that become available change
during the process. This influences the activity of the membrane-borne
enzymes of the coagulation mechanism. It is evidently more represen-
tative of the in vivo situation to allow the platelets to play their natural
role than to add foreign phospholipids.

The peak height and the ETP of the thrombogram of PRP are di-
minished in Glanzmann’s thrombasthenia and upon blocking
GPIIb/IIIa  (27). In von Willebrands disease these parameters are low
as well, which cannot be ascribed to a lack of factor VIII. At least part
of this effect is due to adsorption of vWF on formed fibrin and sub-
sequent activation of the platelet via GPIb (40). Clopidogrel (41) and
aspirin (42) and in fact many, if not all, platelet inhibitors diminish
thrombin generation in PRP (unpublished data).

Fig. 3 Incidence of reinfarction (black) and of bleeding (white) as a function
of the ETP. This graph is from ref. 37, where the incidence of reinfarction
(black columns) or bleeding (white columns) is given as the function of the INR
(from left to right: <2, 2-3, 3-4, 4-5, >5). We established the relation between
INR and ETP in 350 patients and replaced the INR boundaries by the equiva-
lent ETP boundaries
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Conclusions and Future Developments

From the above it seems that thrombin generation is a plausible
candidate for a test that reflects the phenotype of the coagulation system
and its modulations by drugs. It can be studied at different levels.
Moving from biochemistry to (patho)physiology we can recognise:
1) the determination of single clotting factors, 2) thrombin generating
systems, reconstructed from isolated clotting factors, 3) platelet poor
plasma, 4) platelet rich plasma, 5) whole blood. With each step the
system becomes more complicated and our analytical understanding
decreases. With each step also the system becomes more representative
of what is happening in vivo and with each step the information ob-
tained is more relevant from the medical and pharmaceutical point of
view.

For the moment the largest subsystem that can be conveniently
studied is PRP (26). The technical embodiment as a fluorescence 
measurement in microtiter plates not only allows multiple experiments
to be carried out simultaneously but also, by using plates in which 
endothelial cells are grown, to investigate elements of vessel wall-pla-
telet interaction.

Thrombin generation in the “isolated organ” blood is an obvious
next step. Indeed white and red cells do influence thrombin genera-
tion (43). For the moment, blood can be studied only via complicated
subsampling techniques (41). An automated technique has been re-
ported, but in our hands it gave a signal that is more dependent upon
sedimentation rates of red blood cells than upon thrombin genera-
tion (44). Nevertheless we are confident that a solution will be found
in the near future. Even with whole blood, the information obtained
remains limited however, aberrations of the haemostatic-thrombotic 
system that are primarily located in the vessel wall will go unrecog-
nised until their effect is transmitted to the blood (45).

A further approach to the situation in vivo would be measuring under
conditions of controlled flow and shear stress. Instruments capable to
do this are easy to conceive but will certainly require several man-years
of development.

The adequate function test of the haemostatic-thrombotic system
that we are hoping for will a) recognise blood borne prethrombotic states,
b) correlate with the clinically observed bleeding tendency in congeni-
tal and acquired disorders, c) indicate the level of anticoagulant treat-
ment independent of the drug used. The data presented here suggest that
thrombogram is a candidate for such a test. In how far, in the end, it will
indeed fulfil its promise can only be decided on basis of extensive
clinical experience that is yet to come.
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