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ARTICLE INFO ABSTRACT

Introduction: Warfarin is the most widely prescribed vitamin K antagonist and in the United States and Europe
more than 10 million people are currently in long-term oral anticoagulant treatment. This study aims to
retrospectively validate a dynamic statistical model providing dosage suggestions to patients in warfarin
treatment.

Materials and methods: The model was validated on a cohort of 553 patients with a mean TTR of 83%. Patients in
the cohort were self-monitoring and managed by a highly specialised anticoagulation clinic. The predictive
model essentially consists of three parts handling INR history, warfarin dosage and biological noise, which allows
for prediction of future INR values and optimal warfarin dose to stay on INR target. Further, the model is based on
parameters initially being set to population values and gradually individualised during monitoring of patients.
Primary outcome: Time in therapeutic range was used as surrogate quality measure of the treatment, and model-
suggested dosage of warfarin was used to assess the accuracy of the model performance.

Results: The accuracy of the model predictions measured as median absolute error was 0.53 mg/day (interquar-
tile range from 0.25 to 1.0). The model performance was evaluated by the difference between observed and
predicted warfarin intake in the preceding week of an INR measurement. In more than 70% of the cases where
INR measurements were outside the therapeutic range, the model suggested a more reasonable dose than the
observed intake.

Conclusion: Applying the proposed dosing algorithm can potentially further increase the time in INR target range
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Introduction

Warfarin is the most widely prescribed drug in oral anticoagulant
treatment (OAT) and more than 6 million patients in Europe and
approximately 4 million in the United States are currently living on
long-term OAT [1,2]. The most common indications for warfarin treat-
ment are atrial fibrillation (AF), deep venous thrombosis (DVT), pulmo-
nary embolism (PE), post myocardial infarction (MI), and heart valve
replacement. The treatment balances between avoiding thrombotic
events and bleeding episodes.

Abbreviations: INR, international normalised ratio; OAT, oral anticoagulant treatment;
AF, atrial fibrillation; DVT, deep venous thrombosis; PE, pulmonary embolism; MI, post
myocardial infarction; VKA, vitamin K antagonists; TR, therapeutic range; TTR, Time in
therapeutic range; PST, patient self-testing; PSM, patient self-management; MAE, median
absolute error.

* Corresponding author at: Forskningens Hus, Srd. Skovvej 15, DK-9000 Aalborg,

Denmark. Tel.: +45 99 32 81 00; fax: +45 99 32 80 99.

E-mail address: pbn@rn.dk (P.B. Nielsen).

0049-3848/$ - see front matter © 2014 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.thromres.2013.12.042

Anticoagulant monitoring is done by measurement of the Interna-
tional Normalised Ratio (INR). The therapeutic range of INR is 2.0-3.0
or 2.5-3.5 for the majority of the underlying conditions mentioned
above. Further, anticoagulation with vitamin K antagonists (VKA) is a
complicated task due to food and drug interacting with the effect of
VKA [3-5]. A noticeable between patients variation in response to warfa-
rin entails individual dosing and frequent monitoring of the INR. The
risk profile for patients undergoing VKA treatment is dependent on
the time for which the INR value is within therapeutic range (TR)
[6-9]. Time in therapeutic range (TTR) is often used as a quality marker
of VKA management [7,10,11], and is recommended as an endpoint
when analysing quality of anticoagulation management [12]. A recent
study, however, shows that TTR is not the optimal predictor of mortali-
ty, stroke, bleeding and hospitalisation in atrial fibrillation patients
receiving warfarin therapy [13].

Warfarin therapy is primarily monitored by laboratory determina-
tion of INR using plasma from venipuncture. Different settings of
treatment management exists, including usual care provided by the
general practitioner, hospital outpatient clinics, and highly specialised
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anticoagulation clinics. However, some patients are eligible for patient
self-testing (PST) or patient self-management (PSM) using portable
point-of-care testing coagulometers and will benefit for this type of
management [14,15]. A meta-analysis comparing PSM and PST with
usual care proved a significant reduction in thromboembolic events,
but neither a reduction in major haemorrhagic events nor reduction in
death was shown [16]. Patients younger than age 55 and patients with
mechanical heart valve replacement had the largest reduction in
thrombotic events in the comparison (hazard ratio of 0.33 and 0.52,
respectively).

Some PSM patients are using decision aiding electronic tools or
online decision support systems that will provide an on-screen dosage
advice [17,18]. These meta-analysis favours uses of such systems with
an overall improvement across studies of 6% in time in therapeutic
INR range. However, no significant difference was found between
controls and patients using decision support systems when comparing
the risk for major bleeding (risk of thrombotic events was not reported)
[19]. A proportion of published warfarin prediction algorithms utilise
pharmacogentic dose prediction [20-22]. While they have shown to
perform better compared to physician managed warfarin dosing in
predicting the initial optimal dose (often measured in the time to
reach stable treatment), the genetic information does not persistently
improve the warfarin treatment [23-26].

It may be important to consider the intention behind the use of
decision aiding tools that includes a prediction model, and such under-
lying prediction model should perform well in at least two situations.
First, the model should attempt to maintain a high TTR by providing a
dose adjustment advice. This can only be investigated in a prospective
study design. Second, the model should perform properly when a mea-
sured INR value is outside the INR target range, in the sense of providing
a dose adjustment that will bring the future INR value(s) within the
desired range. This can be investigated in a retrospective designed
study. For the sake of patient’s safety and prior to a randomized con-
trolled trial, we propose to retrospectively validate such a model bear-
ing in mind that OAT is a potential lethal treatment if inappropriate
dosage is provided.

In this study we aim to apply a developed dynamic statistical model
for decision support [27] in a cohort of PSM patients treated in a highly
specialised anticoagulation clinic.

Materials and methods
Population

Eligible patients were identified from the clinical database of the
Thrombosis Research Clinic for PSM Oral Anticoagulation, Department
of Cardiology, Aalborg University Hospital, Denmark. This centre
includes a highly specialized anticoagulation clinic with approximately
850 patients who are trained in PSM OAT. The centre's functions are
handled by specially trained nurses and specialists. The centre handles
all matters relating to the patient's anticoagulant therapy including
perioperative management when needed (regulation of INR, delivery
of low molecular weight heparin, contact to other departments’ etc.).

The patients are using an online dosage and decision support tool
(AC Shared Care, ACURE, IBM, DK-8240 Risskov, Denmark), which pro-
vides dosage suggestions of warfarin for the following week based on
the previous INR measurement. The dosage advice is given as a mean
tablet (2.5 mg) intake per week, and subsequently calculated as a week-
ly pattern of daily dosage of warfarin. If an INR measurement typed into
the system is not adequately close to or within the therapeutic range, a
suggestion to contact the staff at the Thrombosis Research Clinic is given
to the patient. The staff can order an instant dose change, e.g. double
warfarin intake for a day or suspend the treatment for a day. These
changes are registered in the clinical database as additions to the cur-
rent intake of warfarin that day.

The data for the present study was acquired from January 2010 till
December 2012 and consists of 837 patients assigned to PSM. Patients
were excluded (N = 284) if the following criteria were met: less than
30 days of warfarin therapy or fewer than 4 INR measurements since
onset of PSM (N = 38); registered with an event (thrombosis or
minor/major bleeding) in the clinical database (N = 158); interval be-
tween INR measurements above 8 weeks (N = 87); no registered clin-
ical information (N = 1). Data for each patient were then prepared to
be applicable to the prediction model. The model required at least
seven days of warfarin intake before the first INR measurement.
Hence, the INR measurements that were performed within this period
could not be included in the model and were removed accordingly.

Model description

The model is fully specified and discussed in details in [27], and is
designed to handle time series of daily intake of warfarin and measured
INR values. For a given patient, let T denote the target INR value, INR;
and INR;_; be the measured INR value at a given day and the previous
day (INR history), and wy_; and w;_, be the warfarin intake the previous
day and the day before (warfarin dosage). Subjected to optimal dosing,
the departure from target at a given day, apart from biological noise, is
expected to be smaller than the departure the previous day. If the
warfarin intake the previous day and the day before is higher than the
optimal dose (to stay on target), the INR is expected to increase, and
decrease if the warfarin intake is lower than the optimal dose. The
day-to-day dynamics of warfarin and INR is modelled as

INR history Warfarin dosage Noise

INR—T = p(INR,_ —T) +A(W,_ + AW, 5~(1+N)De_y) + &,

where p quantifies the day-to-day dynamics of INR, A is the sensitivity
towards changes in warfarin intake, D is the idealised dose to maintain
INR target, \ is a constant, and &, is a series of independent noise terms.
The day-to-day dynamics of INR is quantified by the constant, p, be-
tween 0 and 1, leaving an auto-regressive structure of INR measure-
ments when the patient is on optimal dosing. The sensitivity towards
changes in warfarin intake, A, is an unknown patient specific parameter,
negatively correlated to the dosage. This allows for modelling the indi-
vidual INR change due to a unit change in warfarin, such that patients
on a low warfarin dose are more likely to have a larger INR change
compared to patients on a high dose. The idealised warfarin dose, D, is
an unknown patient specific parameter. Over time D can exhibit small
fluctuations reflecting changes in endogenous or exogenous factors.
Warfarin affects INR; through a between-day-profile of intake, (w¢_1 + \
W), where \ is common to all patients. The noise sequence, &, reflecting
the biological noise has a patient specific standard deviation. Thus, the full
specification of the model contains parameters describing population
distributions.

Model based monitoring

When the model based monitoring of a patient is initiated all param-
eters are set to population values. Usually patients have a daily warfarin
intake whereas INR measurements are less frequent. For each day
predictions of INR, sensitivity and idealised dose are extrapolated from
previous values. When an INR values becomes available the model
parameters are updated. This so-called Kalman filter [28] offers recur-
sive formulae for calculation of these updates, see details in [27]. Hereby
the suggested dose at each time point is based on history of warfarin
intake and INR measurements of the individual patient. Similarly, the
individual sensitivity to changes in dose is updated. Hence the model
adopts how the patient should be dosed aiming for a higher TTR.
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Table 1
Demographics and clinical characteristics of the patient cohort.

Patient characteristics Total Percent or SD
Number of patients 553
Sex
Females 177 32%
Age 55.5 +11.8
Total number of INR measurements 26,175
Total number of observation days 203,964
Target INR
Target 2.5 501 90.60%
Target 3.0 52 9.40%
Indication for treatment™®
VTE 166 30.02%
AF 194 35.08%
MI 3 0.54%
Mechanical heart 151 27.31%
valve, stenosis or
prosthesis
Stroke or TIA 32 5.79%
Other 7 1.26%
TIR 83%
INR Mean SDy, SDw
Target 2.5 2.54 +0.19 +0.46
Target 3.0 298 +0.26 +0.58

Warfarin intake (mg) Mean SDy, SDw
Target 2.5 6.01 +243 +0.52
Target 3.0 6.44 +249 +0.73

*Abbreviations and details: Venous thromboembolism and Thrombophilia (VTE),
transient ischemic attack (TIA). SD is standard deviations, SDy, is between patient standard
deviation and SD,, is the within patient standard deviation.TTR" is time in therapeutic
range calculated by Rosendaal method.

Model performance evaluation

A Matlab (MathWorks Inc., MA) script of the dynamic model was
implemented, using population values obtained from previous pub-
lished work [27]. All predicted INR values and predicted doses are
stored for the purpose of comparison with their observed counterparts.
Dose predictions were compared with administered doses in two ways.
First, simple calculation of median absolute error (MAE) is produced to
assess the accuracy of the predictions. Second, the means calculated for
the seven previous days of predicted and administered dose for each
INR value are evaluated as a function of deviations from INR target.
This allows for comparing the suggested dose against the administered
for INR values outside INR range. Further, the initiation to model predic-
tions is assessed by regarding MAE in patients with 10 consecutive
observations within INR range. Hereby the contribution of model uncer-
tainties can be evaluated.

Results

Of 837 eligible patients 284 met the exclusion criteria. The baseline
characteristics of the remaining 553 patients are shown in Table 1.

The accuracy of the model predictions compared to administered
dose was within a quarter of a tablet, MAE = 0.53 mg/day (interquar-
tile range from 0.25 to 1.0).

An approach taken to evaluate the model performance is to report
the proportion of dose suggestions “more reasonable” than the admin-
istered doses when observed INR is below TR or above TR, as shown
in Table 2.

It is of notice that the model suggests a more adequate dose in more
than 70% of the incidents when INR measurements are outside TR.

The distinction between whether or not the suggested dose is above
or below the administered may be refined by introducing the category
“nearly identical”. If the weekly total of suggested doses differs from
the administered by less than one tablet, the two dosages will be consid-
ered identical. Furthermore, larger deviations from TR are more severe
and would cause clinical intervention. In Fig. 1 we depict the mentioned
three warfarin categories versus INR measurements subdivided into five
ranges. It is evident that the model performs adequately in these severe
situations in more than 60% of the incidents and inferior in less than
18%.

A subgroup analysis regarding MAE of warfarin intake for patients
with 10 consecutive INR measurements (N = 51) within INR range is
depicted in Fig. 2. From inspection it is apparent that the MAE between
predicted and administered warfarin intake stabilizes after 3 INR obser-
vations when initiating monitoring.

Discussion

This study reports the outcome of an evaluation of a dynamic deci-
sion support algorithm retrospectively applied on a cohort of PSM
patients treated by a highly specialised anticoagulant clinic.

Two European decision support systems for use in anticoagulation
treatment (DAWN AC and PARMA 5) have been clinically validated in
a multicenter randomized trial [29]. In comparison with experienced
medical staff, the two systems significantly improved the TTR, and
reduced the clinical events of DVT and pulmonary embolisms. The TTR
reported from the randomized trial was significantly lower (65.9 % for
computer assisted group) than the TTR reported in this study. For
comparison it would be desirable to apply DAWN AC or PARMA 5 on a
cohort of PSM patients with a higher baseline TTR. Further, one recent
study shows non-inferiority of DAWN AC compared to a simple warfa-
rin dosing algorithm [30]; the reported mean TTR was approximately
70 %.

In Sweden a web-based dosing system, named Auricula (based on an
algorithm applying 720 rules), for warfarin treatment is widely used
[31]. The system also served as a national quality registry since 2006.
In a retrospective analysis of more than 50.000 patients the system
performed adequately in most cases. The algorithm is meant to improve
over time, as it is retrospectively evaluated and the rules can be changed
accordingly.

The data in the present study originates from a centre with a high
quality OAT that educates patients in PSM. Continuous close monitoring
of the quality of the treatment is maintained by specialised staff at the
centre. The patients are using an online dosage advisory system to
maintain their INR within the designated target INR. When INR mea-
surements are outside TR, the staff can order an instant dose change
in the attempt to bring back the future INR within range. This leads to
a high TTR of 83%, compared to most European contents published.

Despite the high quality OAT, which is achieved by a dosing algo-
rithm supplied with optional interference from experienced staff, our

Table 2
Dosage suggestions provided by the model.
INR below TR INR within TR INR above TR Total
Less warfarin intake than model the suggests 1,589 10,246 726 12,561
72.29% 49.01% 23.63% 47.99%
More warfarin intake than the model suggests 609 10,659 2,346 13,614
27.71% 50.99% 76.37% 52.01%
Total 2,198 20,905 3,072 26,175

Difference between model-suggested dose of warfarin and administered dose of warfarin in the preceding week grouped in three different intervals of therapeutic range.
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Fig. 1. Dosage suggestions for five ranges of INR measurements. Subgroup analysis of INR measurements divided into five groups as a function of difference between model-suggested dose
and administered dose in the preceding week. Difference in administered dose and predicted dose within 2.5 mg/week is considered as approximately equal intake. See details in online

supplementary table.

dose suggestions compared to the administered doses demonstrates a
potential for further improvement. We consider it plausible that good
model performance on a high quality OAT setting will imply good
model performance also on a low quality OAT setting. We can, however,
merely speculate if a minor (or major) improvement in TTR will benefit
the patients in terms of a reduction in thrombotic events or bleedings
[13]. An important addition to measuring TTR could be a calculation
of INR variation as well as the range of measurements. This enables
detection of potential dangerous intervals (e.g. very high or very low
INR values) that cannot easily be derived from TTR alone. Due to the
retrospective design of this study, it is not possible to assess if INR vari-
ations would be introduced by the algorithm.

According to Table 2 in more than 70% of the occasions, where INR is
outside TR, our dose suggestions are clinically sound, but the magnitude
of the change remains uncertain. However, a more thorough analysis
reveals that in situations where clinical intervention can be expected
(INR < 1.50r INR > 3.5 if target is 2.5) the model performs inadequately
in some cases. INR below 1.5 is comparable to not being in OAT [32].
Consequently, dose suggestions lower than the administered dose
when INR < 1.5, which is seen in 17% of the incidents (see Fig. 1), attract
attention. Information on operative procedures or bridging therapy is
not available from the clinical database. It is, however, anticipated that
such episodes occurs in the data set. The staff at the centre handles
the clinical management of those episodes and overrules the dose
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Fig. 2. Median absolute error between administered and predicted warfarin. Analysis of the model uncertainty when initiating model predictions based on a subgroup of 51 patients, who

had the first 10 INR observations within INR range.
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suggestions provided by the algorithm in the current system used by
the patients. The warfarin dose stored in the database is not updated
or changed, but merely not followed by the patients. This entails faulty
inputs of warfarin intake to the model, which could explain part of the
17% of the poor dose predictions when INR is below 1.5.

The MAE between administered and predicted warfarin intake,
shown in Fig. 2, is provided to entail how the model performs when
monitoring is initiated. It was chosen to select the subgroup based on
patients who have the first ten INR observations within INR range.
This ensures that the treatment is optimal within this time span, and
hence the provided predicted warfarin dose should be equal or suffi-
ciently close to the administered warfarin dose. As expected the MAE
is declining when INR observations are presented to the model, which
is due to adoption of patient specific parameters of required warfarin
maintenance dose and warfarin sensitivity towards changes. It should
be noted that included patients are not warfarin naive, and hence it
cannot be derived from this analysis how long time it takes after initia-
tion of warfarin until the model has adjusted its parameters.

Certain aspects of the potential performance of our model-suggested
dosages cannot be evaluated due to the retrospective study design. The
most important functionality of a system with a build-in model is to
maintain patients within a tight TR. This remains yet to be proven for
the present model. It should be thoroughly investigated if replacing
the currently used algorithm with the presently discussed algorithm
would imply an increased number of possibly unnecessary dose changes,
hereby risking oscillating warfarin and INR series [33]. A well designed
randomised clinical controlled trial comparing the existing algorithm
with the presently discussed, keeping the administrative OAT set-up
unchanged, is going to be the next succession in the performance
validation.

For the sake of patient safety, the present study should in our opin-
ion precede a prospective validation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.thromres.2013.12.042.
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