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Abstract

In this review we summarize the current status of knowledge and outline future directions regarding the use of activated clotting time devices (ACT) for heparin
monitoring.

It is over 50 years ago that Paul Hattersley first described the ACT and 40 years ago it was first used as a simple method of heparin management during extracorporeal
circulation. Today, ACT is the primary test for monitoring heparin activity in cardiac and vascular operating rooms, intensive care and hemodialysis units as well as in
the catheter lab. Without appropriate anticoagulation clot will start to form during these procedures, with a high chance of a fatal event occurring. Currently, there are
several POC methods available for ACT measurement, however results obtained with different devices can vary substantially. Furthermore, the target ACTs which
are described in guidelines are mostly empiric or based on small-scale studies done with one or different POC ACT devices. Moreover, it is important to realize that
there is no “gold standard” ACT method and therefore no “true” ACT. The ACT has gone unchallenged for a long time. Being mostly ‘clinician owned’ we have come
to accept that, in the absence of a gold standard, there is no way to determine if any one of the commercially available devices measures a true ACT value. The lesson
to be learned from the last 40 years is that clinicians’, laboratory staff’s and manufacturers’ approach to the ACT needs to become more collaborative, open and truly

multidisciplinary in order to stand up to the level of scrutiny that is increasingly demanded in modern healthcare.

Abbreviations: ACT: Activated Clotting Time; CBP:

Cardiopulmorary Bypass; POC: Point of Care.

ACT 2018 - Are there any lessons to be learned from
the past?

In the absence of adequate anticoagulation, blood stasis or
contact with artificial, non-biological surfaces is likely to lead to
activation of the clotting cascade with potentially fatal consequences.
It is therefore mandatory to ensure that appropriate anticoagulation
has been achieved for any form of extracorporeal circulation and any
circumstance where foreign material, such as large-bore catheters,
is introduced into the arterial side of the circulation for extended
periods of time.

Conventional cardiopulmonary bypass (CPB) circuits are
made up of several meters of plastic tubing, a plastic reservoir and
a membrane oxygenator. Without appropriate anticoagulation clot
will start to form in the circuit within minutes of commencing
bypass, with a high chance of a fatal event occurring. Despite being
less invasive in nature, electrophysiology procedures in the catheter
lab carry a 1-5% risk of thromboembolic complications without
anticoagulation [1]. In addition to preventing major untoward
events, the level of anticoagulation throughout the procedure must be
adequate to stop ‘microvascular’ clot formation. In their most severe
form microvascular clots may lead to a patients death, but they are
more often accused of causing post-operative organ damage such as
neurological dysfunction or renal failure.

To this day heparin is the preferred agent for anticoagulation
worldwide because of it its cheap price, relative ease of use, predictable
onset of action and the ready availability of the antidote protamine.
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The ability to quickly and reliably monitor whole blood coagulation
is crucial for the safe management of patients undergoing heparin
therapy. Presently the activated clotting time (ACT) remains the
primary test for monitoring heparin activity in cardiac and vascular
operating rooms, intensive care and hemodialysis units as well as in
the catheter lab.

The activated clotting time

It is over 50 years ago that Paul Hattersley first described the ACT
[2] and over 40 years ago that Hill published his experience with it
as ‘a simple method of heparin management during extracorporeal
circulation’ [3]. The original version used diatomaceous earth as an
activator; the processing of the sample was rather questionable by
today’s standards, requiring it to be placed into a pre-warmed tube
sitting in a water bath or on a heating plate while it was being observed
and the time until the blood had clotted was measured by hand. The high
variability these early results generated might to some extent explain
the large differences in ACT values required for safe commencement of
CPB between institutions [4,5].

The first commercial device was launched by Becton Dickinson
Company (BD, Franklin Lakes, NJ, USA); the first device automating
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end-point detection, temperature control and counting of time elapsed
was introduced by Hemochron (ITC, Edison, NJ, USA). Both machines
attempted to standardize the testing process using Hattersley’s formula
and celite, a commercially available inert silicious earth, as activator.
These systems terminated the testing process when a sufficient mass
of clot had been formed. To this day the majority of devices on the
market utilizes this testing principle. The methods used to detect the
presence of clot include the cessation of the sample flowing through an
hourglass-like narrowing, the displacement of a magnet, the slowing
movement of a plunger or the change in the photo-optic properties of
blood as it thickens. The common denominator for all devices using
this technology is that they do not detect the onset of clotting but their
end point is the formation of late stage clot. The variability in the time
needed between onset of clotting and the formation of a significant clot
is likely to contribute to the poor reproducibility that plagues the ACT.

There are two notable exceptions to this test principle. Firstly the
i-STAT™ (Abbott, Princeton, NJ USA), which relies on amperometric
detection of an electroactive compound formed during the common
pathway of the clotting cascade to measure the ACT, i.e. its end point is
at the beginning of clot formation and not the final product. Secondly,
the Hepcon Heparin Management System Plus (HMS Plus™, Medtronic,
Minneapolis, MN, USA) calculates the heparin dose required, based
on a heparin dose response. This system is able to measure heparin
concentrations during CPB and calculates a protamine dose at the point
of desired reversal.

All current tests are cartridge-based; consumables can be stored
outside the fridge for reasonable periods of time and take up little
space. The devices are small, portable and easy to use at the point of
care (POC), providing the following advantages over coagulation tests
that need to be processed in the core lab:

fast draw-to-result time
no risk of sample degradation over time
minimal risk of samples being mislabeled or mishandled

non-lab staff are able to perform the test.

The truly unique features about the ACT are that

it is a blood test almost exclusively run by clinicians without much
input from the lab

it does not have a reference range
it does not have a true value

its reference range not only varies from institution to institution but
is defined by historic preference rather than science.

An analogy comparing the ACT with a dartboard whose bull’s eye
changes from pub to pub is tempting!

Different ACT device, different ACT result

All ACT devices report their result in seconds. However, the way
they generate these results varies greatly between manufacturers and
even between devices from the same company. An overview over the
most widely used POC devices, their activators and detection technique
is shown in Table 1. A number of devices offer additional utilities such
as pre-warm and non pre-warm or CPB and non-CPB measuring
modes or low and high range ACT cartridges. Unfortunately, there is
no consensus amongst clinicians regarding the use of these features.

Currently there are several POC methods available for ACT
measurement, however results obtained with different devices can vary
substantially [6]. The American College of Cardiology Foundation/
American Heart Association guidelines for management of STEMI
are a just one example of this. During primary percutaneous coronary
intervention (PCI) procedures they recommend a target ACT of 250 to
300s when using the Hemotech device and 300 to 350s when using the
Hemochron [7].

Several studies have attempted to compare the performance of
current ACT tests. The majority of the studies involve Hemochron,
Medtronic or i-STAT devices.

Schussler et al compared the i-STAT ACT with Hemochron during
PCI and concluded that the difference in results was not clinically
significant [8]. Paniccia et al. confirmed this during CPB and during

Table 1. An overview of the most widely used POC devices, their activators and detection technique

Manufacturer Device Test setup
Medtronic
(Minneapolis, MN, USA) ACT plus ACTLR
HMS plus ACT HR
Sienco KACT
Sonoclot gbACT+ Kit
(Boulder, CO, USA) <onACT Kit
Hemochron
International Technidyne Jr. Signature, ACT and ACT low
(Edison, NJ, USA) Signature+ range
Signature Elite
cACT
Hemochron response kACT

Glass activated ACT
Instumentation

Laboratory GEM PCL Aé%{’]{
(Lexington, MA, USA)
Helena Laboratories
(Beaumont, TX, USA) Cascade Abrazo cACT (LR)
cACT
.. kKACT
Actalyke XL/Mini 11 glass ACT
MAXACT
Abbott Laboratories . cACT
(Princeton, NJ, USA) i-STAT KACT
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Reagent Detection method
Celite Mechanical
Celite Mechanical
Kaolin

Glass bead Mechanical
Celite

Mixture of silica, kaolin and Mechanical. optical
phospholipids » P
Celite
Kaolin in glass tube,
Glass beads in plastic tubes

Mechanical

Kaolin and silica

Celite Mechanical, optical

Celite Mechanical, optical

Celite
Kaolin
glass
Mixture of all
Celite
Kaolin

two-point electromechanical

Electrochemical

Endpoint
Clot formation

Heparin titration and dose response

Clot formation

Clot formation

Clot formation

Clot formation

Clot formation

Clot formation

Amperometric detection of first thrombin

formation
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hemodialysis. However, this study also reports that results were
statistically different when high levels of heparin were administered
[9]. A small scale study by Maslow et al verifies the lack of agreement
when high doses of heparin are used and reports that the Hemochron
yielded higher ACT values than the i-STAT [10]. In contrast, a recent
large multi-center study comparing Hemochron Signature and i-STAT
found the latter to systematically return higher measurements [11].

Another study comparing the Hemochron Jr. Signature with the
Medtronic ACT Plus during CPB showed a good correlation between
the two devices with the Hemochron yielding lower readings [12].
In contrast, results from PCI trials showed that Medtronic ACT
values were consistently lower when compared to Hemochron [13].
Unsurprisingly a further comparison involving three ACT devices
- GEM PCL (Instrumentation Laboratory, Lexington, MA, USA),
Hemochron and Medtronic - during cardiovascular surgical procedures
confirmed that ACT results generated by these devices could not be
used interchangeably [14].

The majority of these studies do not specify activator or cartridge
type and measuring mode, some do not even specify the device where
a company has more than one on the market. These deficiencies in
reporting might go some way in explaining the contrasting results,
making the comparison of the results challenging.

The labs’ perspective

Arguably the ACT is the first true POC test, performed by clinical
staff at patients’ side in the operating room, the catheter lab or any other
clinical location where procedural anticoagulation is required. This has
largely been done without any involvement of laboratory medicine,
allowing clinicians to ‘own’ the ACT for many years. This practice is
in sharp contrast with international guidelines, which state that POC
devices fall under the responsibility of the laboratory (15022870). In
plain text this means that laboratory professionals have an obligation
to be involved in all matters ACT, independent of whether testing takes
place within the laboratory or at the patient’s side. Like any other POC
test the ACT should be approached in a multidisciplinary fashion,
involving lab staff as well as clinicians, in order to provide optimal
patient care by guaranteeing appropriate use and the highest standard
of testing and reporting.

The 1SO22870 recommends that internal quality control and
external quality assessment procedures be applied in a way that ensures
immediate and ongoing control of result generation. Yet, internal
quality control alone is not sufficient. It may confirm that a test is
precise, however, that does not necessarily make it accurate. Some
form of external assessment is essential to confirm accuracy and is
recommended in the regulatory standard. Unfortunately, at this point
in time there is no agreed formal external quality assessment program,
which could enable clinicians and lab staff to compare different ACT
devices to each other [15].

Analytical performance and result reproducibility

There are several publications reporting on reproducibility of
results in different ACT devices. Ojito et al. [16] notably compared
the reproducibility of four different ACT devices, Medtronic
HMS, ACTplus, Hemochron Signature Elite and i-STAT, during
ex vivo circulation of heparinised donated blood. Whereas Bosch
and colleagues investigated the repeatability of the GEM PCL, the
Hemochron 801 and Medtronic II during cardiovascular operations
requiring unfractionated heparin therapy with 200 - 300 IU/kg [14].
Both studies showed the Hemochron devices to have the highest
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variability while i-STAT and Medtronic showed the best reproducibility
of results. A comparison between the Actalyke and the Hemochron
8000 during CBP showed higher reproducibility of the former in the
lower ACT range [17]. The largest multi-center study in this area to
date compared the reproducibility of results of i-STAT vs. Hemochron
Signature Jr. for high dose heparin during cardiac surgery. The authors
showed that the i-STAT provides a more reliable and reproducible test
for assessing safe anticoagulation during cardiac surgery on pump [11].
The superior analytical performance of the i-STAT was confirmed in
another multi-center study including cardiac surgical and catheter lab
procedures [18].

Alternatives to ACT

Currently, to our knowledge, there is no viable and clinically
acceptable alternative to the ACT for ensuring adequate procedural
anticoagulation with unfractionated heparin using POC technology.

Heparin management systems such as Medtronic’s HMS Plus, make
use of the heparin dose response curve to calculate the heparin dose
required for an individual patient to reach a certain target ACT. The
heparin dose response is calculated by mixing blood with 0, 1.5, and
2.5 U/ml of heparin, measuring a baseline and two further ACTs. These
three measurements and the patient’s estimated blood volume are used
to calculate the heparin bolus dose. Despite the theoretical advantages,
heparin management systems have not been introduced into clinical
practice widely and have been found to produce a poor estimate of
heparin requirements [19]. Amongst the potential sources of error that
have been identified are inaccurate estimation of blood volume, lack of
reliability of the measured heparin concentration, inherent inaccuracy
of the device and differences between ex vivo and in vivo heparin
activity. Additionally the lack of adoption of this technology is likely to
be due to the fact that conventional ACT devices are cheaper, simpler to
use and familiar to the vast majority of clinicians [20].

Viscoelastic whole blood techniques, such as thrombelastography
(TEG, Hemonetics, Braintree, MA, USA) or rotational
thrombelastometry (ROTEM, Instrumentation Laboratory, Lexington,
MA, USA), measure the time between addition of an activator and the
onset of clot formation. They could theoretically be used in a similar
way to the ACT, however to our knowledge this approach has never
been validated or published.

Although prothrombin time and activated partial thromboplastin
time have their place in peri-operative testing of cardiac surgical or
catheter lab patients, they are not helpful in assessing procedural
anticoagulation. They do not reflect the complexity of hemostasis in
vivo. The main drawback is their inability to provide information about
the interaction with platelets as both are measured in platelet poor
plasma. Moreover, heparin concentrations exceeding 1 IU/mL cannot
be accurately evaluated using the activated thromboplastin time.

The anti-Xa assay provides the only alternative to the ACT.
Residual Xa in patients’ plasma cleaves a chromogenic substrate, and
its colored compound can be detected by spectrophotometer. Although
the anti-Xa assay is thought to give good insight into heparin activity,
there are limited published data evaluating its safety and effectiveness
for unfractionated heparin therapy [21,22]. Currently there is no POC
test available, further limiting its use during unfractionated heparin
therapy for procedural anticoagulation.

Future outlook

Despite all of the recent technological advances, the ACT remains
troubled by the wide variation in results. The main factors influencing
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measurements are very similar to those impacting on the coagulation
system: hypothermia, hemodilution, reduced platelet count or function
and coagulopathy with factor deficiency, which all prolong the ACT for
a variety of reasons such as reduced enzyme activity [23], the inability
to interlink fibrin or reduced platelet adhesion [24]. So far none of the
manufacturers have been able to find a way to compensate for these
commonly encountered conditions in order to allow more standardized
results to be generated.

The introduction of the antifibrinolytic aprotinin into cardiac
surgical practice initially threw the ACT into doubt as it binds the
activator celite, thus leading to an artificial prolongation of the clotting
time. However, kaolin emerged as the activator of choice as it is only
very mildly influenced by the presence of aprotinin [25]. After a
series of adverse publications, culminating in the BART trial [26], the
drug’s license was suspended worldwide. After numerous reviews of
the evidence aprotinin is undergoing a slow process of rehabilitation
[27,28]. Its use is currently increasing in Europe and in parts of
Australia, leading the authors to speculate that celite ACT could be
phased out over the next few years. There is great uncertainty if any
one device is superior when using aprotinin on CPB. Several studies
from around the time when aprotinin was withdrawn suggest that the
Sonoclot produces more consistent results than the Hemochron Kaolin
ACT and is less affected by the drug [29].

Bivalirudin is an intravenous direct thrombin inhibitor that is
primarily eliminated through proteolytic cleavage and has a half-life
of 25 minutes. The FDA has approved its use in patients undergoing
PCI. The dosing for this indication is standardized and does not require
adjustment based on repeated ACT measurements [30]. Product
labeling, however, suggests that an ACT should be performed 5 minutes
after a bolus dose has been given and that further bolus doses may
be administered if needed. Unfortunately, no ACT value at which an
additional dose is warranted has been specified [31].

The use of bivalirudin on CPB is more challenging and requires
careful management as well as excellent communication between
anesthesiologist, perfusionist and surgeon. Two randomized, controlled
trials have shown bivalirudin to be safe [32,33] and the latest STS / SCA
/ AmSECT practice guidelines for anticoagulation during CPB give it
a Class ITa indication when an alternative to heparin is required [34].
The current dosing regimes of bivalirudin involve a bolus dose and
a continuous infusion, suggesting that an ACT of 2.5 times baseline
provides safe conditions for CPB.

Overcoming the challenges of various influences from patient-
and CPB inherent factors, the influence of aprotinin and the ability to
ascertain safe levels of coagulation when using alternative anticoagulants
to heparin, will in our opinion largely determine future developments
in ACT technology. The debate about appropriate anticoagulation and
monitoring thereof can only become more acute, particularly in the
age of increasing use of clotting factor concentrates and of prolonged
mechanical support with extracorporeal membrane oxygenation in
increasingly sick patients.

A confusing number of ACT devices are available. Very rarely
is there a structured, lab driven process in place when an institution
changes manufacturer or even only updates its ACT fleet from their
current supplier. There is little awareness amongst clinicians that ACT
targets cannot be used interchangeably between different devices [35-
37]. Implementing a new ACT device does not mean that ‘business as
usual’ can resume after swapping one machine for another. Clinicians
need to engage with lab colleagues who are very well placed to guide
them through the process of safe implementation. Conversely, lab
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colleagues need to accept that the ACT without reference range,
universally agreed target value or a true value will take them outside
their comfort zone. Clinicians willing to engage in dialogue are very
well placed to explain why the ACT is safe in their hands with only
distant oversight.

Conclusion

The ACT has gone unchallenged for a long time. Being mostly
‘linician owned’ we have come to accept that, in the absence of a gold
standard, there is no way to determine if any one of the commercially
available devices measures a true ACT value. Very few clinical
colleagues are uncomfortable with the fact that the performance of
the various devices can only be assessed in terms of reproducibility of
results and not in terms of accuracy. Emerging evidence shows that
devices cannot be used interchangeably, yet the target ranges during
procedures requiring anticoagulation with heparin are mostly passed
down to the next generation of clinicians irrespective of the particular
device being used.

The way that we currently measure procedural heparin therapy
in the clinical arena is old-fashioned. On the other hand it needs to
be acknowledged that, despite several shortcomings, current practice
is safe judging by the lack of reports of serious thromboembolic
complications during procedures requiring heparin anticoagulation.
The lesson to be learned from the last 40 years is that clinicians),
laboratory staff’s and manufacturers’ approach to the ACT needs to
become more collaborative, open and truly multidisciplinary in order
to stand up to the level of scrutiny that is increasingly demanded in
modern healthcare.
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