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Abstract

Introduction: Unfractionated heparin (UFH) has been the standard anticoagulant for cardiac
surgery involving cardiopulmonary bypass (CPB) circuits since 1953. However, there is no
universally accepted method for determining the most appropriate dose to achieve the desired
activated clotting time (ACT) of at least 480 seconds, or an agreed method for determining the
appropriate dose and timing of protamine for heparin reversal.

Methods: A technique for determining an initial heparin dose to achieve a desired ACT was
developed for catheter ablation cases in patients with atrial fibrillation. This method also
enabled the estimation of an appropriate dose of protamine for reversing the active heparin at
the end of the procedure. We evaluated this approach in cardiac bypass cases with additional
information being provided by the use of viscoelastic testing.

Results: The method used enabled a single dose of heparin to be found that achieved an ACT of
more than 480 seconds in over 82% of cases. A single dose of protamine was effective in
reversing the heparin effect after cessation of bypass and patient rewarming in 88.89% of cases.
Conclusion: This study presents a promising, cost-effective approach to managing heparin
therapy during coronary bypass (CBP) surgery. Our approach enables an appropriate initial
heparin dose to be estimated and determination of a dose of protamine that can be given to
adequately reverse active heparin at the end of the procedure, after warming and replacement
of pump blood.
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Introduction

Unfractionated heparin (UFH) has been the standard anticoagulant for cardiac surgery involving cardiopulmonary
bypass (CPB) circuits since 1953 [1]. Weight-based algorithms are often used to estimate the initial heparin dose to
achieve an activated clotting time (ACT) of more than 480 seconds. The actual dose used varies between institutions,
based on tradition, and personal experience. There are several approaches, with a common approach being to
administer a dose of 3-5 mg/kg and top up the dose if the ACT is less than 480 seconds, although lower values have
been used depending on the circuits employed [2].

There is no consensus on the best method of determining the optimal dose of protamine for the reversal of residual
heparin after coronary procedures [3-5].

One of the most common strategies is to estimate the dose using a fixed protamine to heparin ratio based either on the
first heparin bolus or the total heparin dose given during coronary bypass (CBP) [6]. Neither approach accounts for
heparin administration and metabolism during CPB. Other strategies have been developed to consider heparin
metabolism and/or heparin concentration such as statistical or pharmacokinetic modeling of heparin metabolism over
time or as a function of baseline and post-heparin ACT. The Hepcon hemostasis management system (HMS)
(Medtronic Australasia Pty Ltd, 2 Alma Road, Macquarie Park NSW 2113, North Ryde NSW 1670, Australia) [7]
uses a measured heparin concentration to estimate the initial heparin dose and final protamine dose based on a
measured heparin concentration, but suffers from a number of problems [8, 9].

These approaches have had limited success in predicting the appropriate dose of heparin to achieve a desired ACT,
and the dose of protamine needed to counteract the remaining heparin.

The approach taken in this paper was used in the cardiac catheter laboratory involving patients undergoing catheter
ablation for atrial fibrillation as part of an observational study of heparin administration and reversal during catheter
ablation for atrial fibrillation [10]. The results have been published in the Journal of Atrial Fibrillation &
Electrophysiology [11].

In this paper, 86% of patients achieved a desired ACT of between 300 and 400 seconds after a single dose of heparin,
with 92% reversal of heparin to pre-heparin ACT after a single dose of protamine. The approach taken in this study
has yet to be validated in cardiac surgery.

The logic behind this approach is as follows (Supplementary, Appendix A):
The volume of distribution of heparin has been shown to be closely approximated to the blood volume [12].

The ‘effective’ heparin concentration can be estimated by dividing the initial heparin dose by the estimated blood
volume (EBV) after redistribution of the heparin has occurred.

The initial heparin concentration before heparin is given is considered to be zero.

The slope of the heparin:ACT dose-response curve can be estimated if the ACT is measured before and after the
heparin is given.

Knowing the individual heparin:ACT dose-response curve slope enables an estimate of the heparin concentration for
a measured ACT.

This allows estimation of subsequent doses of heparin required to maintain a desired ACT, and the protamine dose
needed to reverse the active heparin at that ACT.

The median heparin:ACT dose-response curve taken from all patient measurements can be used to estimate the initial
heparin dose likely to achieve a desired ACT in future cases.
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The objective of this pilot study was to evaluate this approach for initial heparin dose and protamine reversal in the
context of cardiac surgery. To this end, the details of cardiac surgery and individual patient medical problems were
not considered. The approach taken differs from the approach taken by the Hepcon HMS system in that with this
approach the heparin:ACT dose-response curve is based on the pre-heparin ACT, the in vivo ACT measured after a
heparin dose is administered to the patient, and estimated heparin concentration found by dividing the heparin dose
given by the EBV from the formula of Nadler et al. [13].

This is in contrast with the HMS system, which uses heparin concentrations estimated in a sample of blood taken from
the patient. This ignores the heparin-binding to endothelial cells that occurs rapidly after heparin is given. They also
use the Allen et al. [14] formula for estimating blood volume, which has been shown to be inferior to the formula
derived by Cumpston [15]. The pros and cons of the HMS system have been discussed elsewhere [9, 16].

The slope of the HDR curve in our study is calculated using the following formula:

ACTah — ACTbh

Slope = Hlah — [HIbh (Equation 1)

Where:

ACTah is ACT after heparin.

ACTDbh is ACT before heparin.

[H]ah is heparin concentration after the initial heparin administration, given by dividing the heparin dose by the EBV
using the formula of Nadler et al. [13].

[H]bh is heparin concentration before the initial heparin administration.

If no heparin has been administered beforehand, the [H]bh becomes zero.

Once this relationship has been established, it is possible to estimate the heparin concentration at any ACT.
Multiplying the heparin concentration by the EBV gives the total amount of active heparin contributing to that ACT.
It is then possible to estimate how much heparin is needed to adjust the ACT to the desired level, and how much
protamine to use to reverse that heparin. Further, it is possible to estimate the likely heparin dose to achieve a desired
ACT, based on the pre-heparin ACT, the median value for the slope (calculated from all previous patient data), and
the EBV as follows:

Equation 1 can be modified as follows:

__ (ACTah — ACTbh) .
([H]ah — [H]bh) = — = (Equation 1)

For a new patient:

__ (ACTah — ACTbh)
Median Slope

~ [H]ah given that [H]bh is zero, and using the median slope derived from all patients.

By interpolation, the desired heparin concentration for the desired ACT is....

(ACTdesired — ACTbh)
Median Slope

~ [H]desired =

(Equation 2)

Multiplying the estimated heparin concentration by the EBV gives:

EBV x (ACTdesired — ACTbh)
Median Slope

~ Heparin for desired ACT = [H]desired x EBV = (Equation 3)

For example, a 70-year-old male patient weighing 97 kg, with a height of 178 cm, a pre-heparin ACT of 120 seconds,
and a desired ACT of 600 seconds would need:

Given a median slope of 96.83, and applying equation 2,
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Heparin concentration desired = (600 - 120)/96.83 = 4.957
From Nadler et al. [13] formula, the EBV is 5796 mL
Therefore, the heparin dose needed is 5796 x 4.957 = 28,731 1U.

In this real-world example, it was decided to give 30,00 IU. The ACT after this was 610 seconds.
Materials and Methods

This study formed part of a study receiving Ramsay Governance Approval [17]. Patient consent was not required as
the data collected formed part of the normal administration of heparin and protamine during CBP procedures. All data
was entered into a purpose-written database application, with the SQL ite database encrypted. Data was then exported
to an anonymized .CSV text file and analyzed using R statistical software [18, 19].

Continuous variables were tested with the Shapiro-Wilk test of normality which showed that the variables being
examined showed a non-normal distribution (heteroscedasticity). Those variables that failed to meet the criteria for
normal distribution were compared using a two-tailed Wilcoxon rank-sum test with continuity correction.

Robust statistical methods were then used for comparison of variables [20-22].
Differences were considered significant at a level of p < 0.05.
Patient demographics

45 patients were allocated sequentially as part of routine cardiac lists. Their details are shown in the table below (Table
1).

Variable Study cohort” (n = 45)
Age 72.31 (56 - 86)

Height (cm) 171.4 (151 - 182)
Weight (kg) 79 (51 - 107)
Estimated blood volume® (mL) 4915 (3282 - 6092)
BMI 26.91 (19.2 - 44.54)
Sex

Male 35

Female 10

Table 1: Patient details expressed as a mean plus range. "Variables are expressed as mean and range. Height, weight, and sex were used to determine
an estimated blood volume using the Nadler et al. [13] formula.

Research design

The same anesthetist carried out each procedure. A baseline ACT was taken before heparin administration and an
initial heparin dose was estimated, based on the median slope derived from previous experience from the catheter
ablation study. After each subsequent patient was entered, the median value for the slope was recalculated. A post-
heparin ACT was measured two minutes after the initial dose and the unique HDR slope was derived for that patient.
This slope value was then used for further adjustments to the ACT during the procedure. Additional heparin doses
were based on heparin concentrations estimated from the ACT and the HDR curve. After the patient was taken off
cardiac bypass and rewarmed, a pre-protamine ACT was taken and the amount of active heparin was estimated from
the ACT and that patient’s individual HDR curve. Protamine was then given, based on the relationship of 1 mg of
protamine being roughly equivalent to 100 1U of heparin. A further ACT was taken three minutes after protamine
administration.


https://seriesscience.com/journal-cardio/

Series of Cardiology Research 2024 | Vol 6| Iss 1

The Hemochron Signature Elite (Soma Tech Intl, 166 Highland Park Dr. Bloomfield, CT 06002, USA) was used for
all ACT measurements. At the end of the procedure, viscoelastic testing using the TEG 6 device (Haemonetics
Corporation, 125 Summer Street Boston, MA 02110, USA) was carried out to determine the presence of ongoing
heparin effect, as a normal post-protamine ACT has been shown to be an insufficient indicator of heparin reversal
[23].

Results
There were no adverse results related to the use of this approach, and the average on pump time was not affected.
ACT after initial heparin

The range of ACT values after the initial heparin dose is given in the table below (Table 2).

Minimum 1st quarter Median Mean 3rd quarter Maximum

385.0 526.0 598.0 658.1 767.0 1005.0
Table 2: ACT achieved after initial heparin dose.

The ACT desired after the initial dose of heparin was usually set at a target of 600 seconds, but varied according to
the patient, with a range of 450-600 seconds. The median value achieved was 598 seconds. The recommendation for
bypass procedures is for an ACT of more than 480 seconds [2].

In this study, an ACT of more than 480 seconds was achieved with a single dose of heparin in 37 patients (82.22% of
the time) (Figure 1). Knowing the patient’s individual heparin:ACT dose-response curve made it simple to estimate
the dose of heparin required to increase the ACT to the desired level.

ACT before and after intial heparin

1005

800 1000
L

767

598
526

400 600
L |

ACT (secs)

ACT before Heparin ACT after intial Heparin
n=45, pis 0, ci = 466.67 to 585.48, MOE = £59.41 Effect Size = 2.9

Figure 1: Box and whisker plot showing ACT before and after initial heparin dose.

Given that the anesthetist was using the method being tested as a guide, it was felt wise to check that the dose of
heparin given did not differ significantly from the dose estimated. The figure shows no significant difference between
the dose of heparin estimated by the method used and the initial dose given (p = 0.378) (Figure 2).

Initial heparin predicted cf. actual dose given
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Figure 2: Box and whisker plot showing no significant difference between heparin predicted and dose given.
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By rearranging Equation 3, we can estimate the ACT that would have been achieved if the dose predicted had been
used:

EBV x (ACTdesired — ACTbh)
Median Slope

~ Heparin for desired ACT = [H]desired x EBV =

EBV x (ACTah — ACTbh)

Individual Patient Slope

. Heparin for desired ACT =

EBV x (ACTah — ACTbh)
Individual Patient Slope

~ Heparin given =

Individual Patient Slope x Heparin given
EBV

~ ACTah = + ACTbh

(Equation 4)

The result of these calculations shows that if the predicted dose of heparin were given, the percentage of cases with
an ACT of more than 480 seconds would increase from 82.22% to 95.56%. The range of values is seen in the table
below (Table 3).

Minimum

1st quarter

Median

Mean

3rd quarter

Maximum

385.0

534.5

636.0

667.0

769.0

1005.0

Table 3: ACT predicted if the initial heparin dose estimated had been given.
ACT after initial protamine

There was no significant difference between the dose of protamine predicted and that given (p = 0.91) (Figure 3).

Protamine dose predicted Vs that given
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n=45 pis 0.7, ci =-15.88 to 10.81, MOE = £13.35 Effect Size = -0.06

Figure 3: Box and whisker plot showing no significant difference between the estimated protamine dose and that given.

There was a statistically significant difference between the pre-heparin and post-protamine ACT values (p = 0) (Figure
4) but no clinically significant difference. The normal range for ACT is given as either 70-180 seconds or 70-120
seconds, depending on the laboratory. It is generally accepted that an ACT of more than 180 seconds suggests a
heparin effect in the context of bypass surgery.

ACT before heparin Vs ACT post Protamine
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Figure 4: Box and whisker plots showing the ACT before heparin Vs. after protamine was given. Blue dotted lines indicate an ACT of 70 and 180.
The red dotted line shows an Act of 120.
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In this study, post-protamine heparin values were all less than 180 seconds. There were 12 out of 45 cases that had an
ACT of more than 120 seconds. Viscoelastic testing with the TEG 6 showed no significant difference between R and
R with heparinase, with a p-value of 0.79 (Figure 5). However, 6 patients had evidence of a residual heparin effect as
shown by a raised ACT (patients 20, 21, 30, 31, 44, 45). Further investigation showed that patient 20 had been assessed
as needing a protamine dose of 798 mg and had been given only 500 mg. That patient had additional protamine and
the repeat TEG values indicated complete reversal of heparin. If patient 20 is excluded, then only 5 out of the total of
45 patients (11.11%) had inadequate heparin reversal. That is, 88.89% had a satisfactory reversal of heparin.

Of the remaining patients with a post-protamine ACT of more than 120 seconds, one had a normal TEG with a TEG
ACT of 106.6 (patient 21), and two had an identified platelet defect contributing to the increased ACT (patients 6,
28). One had a problem with coagulation factors (patient 14), and one had low fibrinogen and possibly low platelets
(patient 15) (Supplementary Appendix B).

It is worth noting that patients 6 and 30 had an ACT of more than 120 seconds before heparin was administered.

This showed that the increase in ACT over 120 seconds for these remaining five cases was contributed to by factors
other than inadequate heparin reversal.

CK R Vs CKH R (after heparinase - all data)

15 20

TEG R value
10
L

65

T T
R R after Heparinase
n =45, pis 0,079, ci =-0.89 to 0.05, MOE = +0.47 Effect Size = -0.32

Figure 5: Box and whisker plots showing the TEG 6 R-value before and after heparinase.

Discussion

This work shows that the creation of an individual patient’s heparin: ACT dose-response curve can be used to estimate
the dose of protamine needed to reverse heparin at the end of CBP procedures with a success rate in the order of 89%.
The use of viscoelastic testing helped elucidate the cases where heparin or other factors were causing an ACT of
greater than 120 seconds. When the median slope for the HDR curves of all cases was used to predetermine a likely
heparin dose to achieve a value of more than 480 seconds, a success rate of 82% was achieved. In those cases where
the ACT proved to be less than desired, the individual patient’s HDR curve could be used to determine an appropriate
dose of heparin to achieve the desired result.

This approach is considerably cheaper and simpler to implement than using the Hepcon HMS device, with its
described problems. It can be used with any ACT device that has a linear response between heparin concentration and
measured ACT.

The significance of this work is that it provides a straightforward method for determining the initial heparin dose and
takes a lot of the guesswork out of estimating an appropriate protamine dose for heparin reversal after coming off
bypass and rewarming the patient. It also eliminates the need for a protamine test dose, with its consequent risks [5].

Limitations

This approach depends on a number of assumptions. The blood volume estimation depends on work done in adults
and may not be as accurate in children. Further work needs to be done to improve algorithms for estimating blood
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volume over a range of ages and body types. The assumption that the heparin: ACT dose-response curve is linear over
the range seen in cardiac surgery may not be correct. Dilution of the blood during bypass leads to reduced heparin
concentration as measured by anti-Xa levels, while the ACT remains high. However, the amount of heparin and the
amount of blood components it is binding to remain relatively unchanged (except in the case of major blood loss). It
may be that even on bypass, the HDR curve can be used to adjust heparin dosing, but this has not been tested in this
study. After coming off the bypass and rewarming the patient, the HDR curve can be used to determine the appropriate
protamine dose, as has been shown in this paper. Changes in the actual blood volume and its components may have
accounted for some of the cases where the post-protamine ACT was more than 120 seconds.

This paper addresses only the management of heparin and protamine and does not address other causes of perioperative
bleeding and its treatment. There were no adverse results related to the use of this approach, and the average on pump
time was not affected.

Conclusions
This study presents a promising, cost-effective approach to managing heparin therapy during CBP surgery.

Creating a patient-specific heparin:ACT dose-response curve allows for a more tailored initial heparin dose compared
to a standard approach. This achieved an 82% success rate in reaching the desired ACT level of more than 480 seconds.

A recent paper by Crivellari et al. [24] summarizes the interactions between protamine and heparin. They state that
historically, protamine has been given at a 1:1 ratio relative to the initial or even total dose of heparin previously
administered. They point out that this ratio may lead to excessive bleeding due to the anticoagulant properties of
protamine. They remain, however, uncertain as to the optimal strategy for heparin antagonism.

Despotis et al. [25] have demonstrated that a reduction in the protamine-to-heparin ratio decreased postoperative
bleeding and the amount of fresh-frozen plasma and platelet administration after CPB. Miles et al. [4] used a
mathematical model to guide protamine dosing in patients following CPB with improved TEG R-time and reduced
the dose administered relative to a fixed ratio. No differences were detected in postoperative mediastinal/pleural
drainage or red blood cell transfusion requirement in their cohort of low-risk patients.

The use of the individual patient’s HDR curve allows estimation of the protamine dose needed to reverse
heparinization after bypass and rewarming, with an 89% success rate. This reduces reliance on guesswork and
potentially avoids complications associated with excess protamine.

This method utilizes readily available ACT devices and avoids the complexities and costs associated with the Hepcon
Heparin Management System.

Areas for future research are indicated as follows:

e Blood volume estimation needs further research, particularly for children.
e The linearity of the HDR curve during bypass requires validation.
o HDR curve adjustments/alterations during bypass itself needs investigation.
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