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Quantification of the Forgiveness of Drugs to Imperfect
Adherence

P Assawasuwannakit*, R Braund and SB Duffull

The circumstance of how sensitive therapeutic success is under imperfect adherence is driven by the property known as
forgiveness. To date, no studies have considered variability in the pharmacokinetic-pharmacodynamic process in conjunction
with imperfect adherence patterns in order to develop a comparative criterion to determine the forgiveness of a drug. In this
study, we have proposed a criterion to quantify forgiveness; illustrated the criterion for a theoretical example and evaluated
the forgiveness of a motivating example, namely warfarin. A forgiveness criterion, relative forgiveness, is defined as the
number of times more likely that a target is successfully attained under perfect adherence compared to imperfect adherence;
or when comparing two drugs under a standard setting of imperfect adherence. The relative forgiveness criterion may have
important implications for both drug development and clinical practice since the choice of drug can account for the likely
influence of its forgiveness.
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It is known that increased adherence to appropriately prescribed
drugs is associated with better therapeutic outcomes1 and con-
tributes to lower mortality.2 Adherence is not simply whether or
not a patient takes a dose at the times prescribed. Although
often described simply as the percentage of doses taken, it
involves a much broader composite of factors and considers ini-
tiation, implementation of a dosing regimen, and discontinua-
tion.3 Adherence linked with implementation represents the level
of agreement between a patient’s actual dosing regimen and the
prescribed dosing regimen between initiation and discontinua-
tion. It has been suggested that factors influencing adherence
may be grouped into five dimensions which are related to the
patient, condition, therapy, health care team and system, and
socioeconomics.4 To better understand adherence, it is impor-
tant to consider the extent of drug taking behavior and the pat-
tern that patients deviate from the nominal prescribed schedule.
In this work, we concentrate on adherence with respect to imple-
mentation. Suboptimal implementation may be divided into (i)
timing variability, (ii) random missed doses which are denoted
here as nonconsecutive missed doses or by chance two consec-
utive missed doses, and (iii) a drug holiday, i.e., three or more
consecutive missed doses.5

The circumstance of how sensitive therapeutic success is
under imperfect adherence is driven by the property known as
forgiveness.6 A forgiving drug would be one in which therapeutic
outcomes are robust to common patterns of imperfect adher-
ence. Forgiveness is a function of the duration of action and the
dose interval of the drug, conceptually shown as F5D2I.
Here, F is forgiveness, D is duration of action and I is dose
interval.6 When the duration of action greatly exceeds the dose
interval, then the drug is considered forgiving.5,7 The number of
sequentially missed doses that can be missed with a minimal
loss of drug effect, i.e., a forgiveness index (FI) can be concep-
tualized as FI5ðD2IÞ=I.5–8 Here, the duration of effect (D)
relates to the pharmacokinetic (PK) and pharmacodynamic
(PD) properties of the drug. Since in practice, patients may not

take drugs exactly as prescribed, I which represents the actual
dose interval relates to drug taking behavior. The PK and PD
properties can themselves be further subdivided whereby for
PK there are intrinsic and extrinsic drug properties and for PD
there are drug and system related properties. For example, an
intrinsic PK property is a drug with a long half-life in relation to
the dosing interval which leads to persistent plasma concentra-
tions, and an extrinsic PK property is an extended-release for-
mulation which provides an apparently longer half-life. A drug
related PD property arises when a given dose yields concentra-
tions that are much higher than the concentration resulting in
half maximal effect such that the effect is prolonged for longer
than would be expected given the declining plasma drug con-
centrations. A system related PD property pertains to an effect
of the drug on the turn-over of a substrate in the system for
which the half-life of turn-over exceeds the dose interval.

The variability in both the duration of action and adher-
ence behavior should be considered when determining the
forgiveness properties of any drug. To date, no studies have
considered variability in the PKPD process in conjunction
with imperfect adherence patterns in order to develop a
comparative criterion to determine the forgiveness of a drug.

In this study, we have developed a criterion to quantify
forgiveness and then: (1) illustrate the criterion for a theo-
retical example and (2) apply the criterion to warfarin as a
motivating example. Warfarin was chosen as it is commonly
prescribed and a great deal has been studied about its
PKPD properties which allows for straightforward interpreta-
tion of the clinical importance of forgiveness.

RESULTS

The results are divided into two parts: (1) illustration of the
forgiveness criterion with a theoretical example and (2) an
application of the criterion to warfarin.
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Part 1. Illustration of the forgiveness criterion with a
theoretical example
Considering the same individual with the typical values of
CL, V, Emax, EC50 (mean values), Figure 1 shows a com-
parison of the PK and PKPD responses to perfect and
imperfect adherence.

Quantification of forgiveness as relative forgiveness. For
the illustrative example, the probability of target attainment
with imperfect adherence (Pip) was 0.38 and the probability
of target attainment with perfect adherence (Pp) was 0.62
yielding a relative forgiveness (RF) of 0.38. This means
that therapeutic success was 0.38 times as likely (i.e., 62%
less likely) with imperfect adherence. When profiles were
considered that only contained timing errors the RF was
0.80 and when only considering missed doses (random
missed doses and drug holidays) the RF was 0.44. It is
clear that missed doses, from any cause, have a quantita-
tively larger effect on RF than timing errors. Indeed the
influence on timing errors resulted in only a 20% reduction
in RF, indicating that, in this example, timing is of minimal
concern.

The original drug properties are shown in Table 1.
Changes in drug properties resulting in different values of
RF are presented in Table 2. Here, the relative forgiveness
is a comparison of the different drug properties (DRUG B, C,
D, A 3 2) to the original drug properties (termed DRUG A).

The results showed that when compared to the original
drug with imperfect adherence that increasing the half-life
had the greatest single effect, becoming almost nine-fold

more forgiving. Changing half-life and potency together
yielded a marked (31-fold) increase in forgiveness. This
value from the simulations was also similar to the value
from the product of the two independent effects, changing
half-life RF 5 8.57 and changing potency RF 5 3.63. Dou-
bling the dose was similar in effect size to doubling potency
(i.e., halving EC50) in this simulated example.

Part 2. Application of the forgiveness criterion to
warfarin
Simulations with warfarin included all components of imper-
fect adherence, i.e., imperfect timing, random missed doses,
and drug holidays. The probability of therapeutic success for
perfect adherence was 0.58 (Pp) and for imperfect adher-
ence (Pip) was 0.52. The relative forgiveness of warfarin to
imperfect adherence was 0.78, which indicates that success
was 22% less likely with warfarin for imperfect adherence,
suggesting that warfarin is a relatively forgiving drug to non-
adherence originating from factors linked to implementation.

DISCUSSION

This study has described a criterion to quantify forgiveness
that accounts for variability in both PKPD and adherence.
We defined the criterion as relative forgiveness (RF), which
has the same interpretation as an odds ratio or relative risk.
The RF holds the original concept of forgiveness while incor-
porating variability in the duration of drug action as well as
the dose interval. This criterion can be used to compute the
forgiveness of a given drug or to compare the forgiveness
between two drugs whose effects can be quantified on the
same biomarker of response. This study shows how the pro-
posed criterion can be used to determine forgiveness for a
specific drug, to compare between drug entities that have

Figure 1 A comparison of a single individual with perfect adherence (left panel) and imperfect adherence (right panel) with the top row
representing the adherence profile, the second row the concentration-time profile, and the third row the effect-time profile with the
(hypothetical) threshold of a target success.

Table 1 Model

Parameter/variablea Mean value BSV (CV%)

Dose (mg) 1 -

CL (L/d) ln(2) 30

V (L) 1 30

Emax 1 30

EC50 (mg/L) 1.3 30

Proportional RUV - 10

BSV, between subject variability; CL, clearance; CV, coefficient of variation;

Emax, maximum effect; EC50, drug concentration resulting in half maximal

effect; RUV, residual unexplained variability; V, apparent volume of

distribution.
aNote the units are arbitrary and provided for interpretation of once daily

dosing profiles.

Table 2 Theoretical modifications to the drug

Drug Pip RF ðB : AÞ

DRUG A (original drug) 0.38 -

DRUG B (twice half-life) 0.84 8.57

DRUG C (twice potency) 0.69 3.63

DRUG D (twice half-life

and twice potency)

0.95 31

DRUG A x 2 (double dose) 0.71 3.99
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different pharmaceutical and/or pharmacological profiles and
how it can be applied to a current therapeutic agent, namely
warfarin.

The concept of forgiveness has been considered previ-
ously.9–14 In a study of Alzheimer’s disease it was reported
that, under chronic dosing, one or two consecutive missed
dose/s of donepezil 5 mg or 10 mg would be unlikely to
affect the attainment of the optimal target of peripheral cho-
linesterase inhibition.12 Similarly, it has been shown that the
administration of either once or twice daily lopinavir/ritonavir
resulted in comparable treatment outcomes.15 Later research
on lopinavir/ritonavir found that the proportion of patients
achieving appropriate virologic suppression over 24 weeks
were similar across four quartiles of adherence rates, meas-
ured as percentage of prescribed doses taken, ranging from
23.5–53.3% to 92.9–100%.10 In addition, the degree of for-
giveness of hypertensive drugs has been established based
on “off-rate”, e.g., loss of a decrease in blood pressure in
mmHg per day under imperfect adherence circumstances.13

These findings indicate that drugs are forgiving when they
have low off-rates, i.e., drugs with a long duration of action.
Examples of low off-rate antihypertensive drugs that are
administered once daily include amlodipine and aliskiren,
and examples of those with high off-rates include enalapril
and atenolol.13,16 These measures to date have considered
forgiveness informally and attempted to find drug related
characteristics that are associated with forgiveness.

Recently the work of Boissel and Nony has provided a theo-
retical framework for quantification of forgiveness.17 Their work
considered alteration of PKPD parameters of direct and delayed
models of hypothetical drugs to explore impact on drug
effects.17 Our study, and criterion, builds on this approach and
also incorporates variability in the PKPD parameters. Nony and
Boissel further proposed the use of sensitivity functions to com-
pare forgiveness.18 Methods for comparing forgiveness across
drugs were also investigated by Gohore et al.19 In this study, the
most sensitive PKPD parameters in relation to the number of
subtherapeutic days and smoothness index were determined
and forgiveness was based on a sensitivity analysis and a com-
parison of four calcium channel blocker drugs.19 This work did
not consider forgiveness in the context of concurrent variability
in adherence and PKPD parameter values.

With respect to the influence of different types of imperfect
adherence on forgiveness, we found that the influence of
only missed doses was stronger than that of only timing vari-
ability with RF values of 0.44 and 0.80, respectively (in our
theoretical example). This finding is not surprising since
most drugs have a duration of action that spans more than a
few hours either side of the nominal dose interval and hence
timing variability is likely to be quantitatively less important.
This effect will be drug specific and drug candidates that
have poor forgiveness to timing variability are likely to fare
much worse in RF values. It may be expected that the influ-
ence of timing variability will be more influential if the distri-
bution of timing variability deviates to a much larger extent
compared to the timing variability used in this study. How-
ever, it is believed that the greatest impact of timing variabili-
ty would be seen in the most extreme timing variability, i.e.,
random missed doses, which is categorized separately as in
this case not only is timing delayed but the dose is also not

taken. In general, it, therefore, seems that the number of
random missed doses is a more influential adherence pat-
tern than the timing of any given dose. It is also proposed
that the influence of missed doses depends also on the dos-
ing schedule. For instance, it has been proposed that drug
actions may persist longer in patients prescribed with twice
daily compared to once daily dosing since the probability of
missing two or three consecutive doses in the former is
proposed to be half of that of missing a daily dose in the
latter.20 To illustrate, in terms of the maintenance of drug
concentrations within a therapeutic range, which may well
result in the maintenance of drug actions, twice daily
lopinavir/ritonavir was reported to be superior to once daily
lopinavir/ritonavir.20 A corresponding result has been shown
with saquinavir/ritonavir11 and again similarly for twice daily
ticagrelor compared to once daily clopidogrel.21

Our work has shown how theoretical modifications to the
properties of a drug (either by chemical alteration or pharma-
ceutical modification) can be quantified in terms of an altera-
tion in forgiveness. A drug with twice the potency or given at
twice the dose shared similar degrees of relative forgiveness
(both had RF values around 4 in the theoretical example). By
comparison, a drug with twice the half-life was considerably
more forgiving (an RF of approximately 8 in the theoretical
example). A combination of longer half-life and greater
potency combined linearly to provide a relative forgiveness of
approximately 30 (the product of the influence of either modifi-
cation alone). Choice of drug, either in drug development to
consider which lead molecule to take forward, or in therapeu-
tics to consider which medicine to use in a patient with known
poor adherence, can therefore account a priori for the likely
influence of its forgiveness. All things being equal, then a
drug with the best relative forgiveness should be considered.

The RF criterion was illustrated by consideration of warfa-
rin. The therapeutic range was chosen to be an INR
between 2 and 3.5 and therapeutic success defined when at
least 55% of a dosing profile achieved INR values in that
range. For simplicity, this example did not consider dose indi-
vidualization of warfarin dose to achieve the INR target since
this example is to show an application rather than a defini-
tive review of warfarin forgiveness. Under imperfect adher-
ence, the value of RF was not diminished greatly from 1
(RF 5 0.78). In theory, a confidence interval could be applied
to this quantity but this would have natural statistical limita-
tions on its interpretation since the interval (for the same
drug) cannot include the null value. The high value of RF for
warfarin indicates that the likelihood of patients with subopti-
mal adherence (comprising timing variability, random missed
doses, and random drug holidays) successfully attaining the
target was 0.78 times of those with perfect adherence.
Hence, the impact of imperfect adherence on achieving a
desirable INR was considered minimal. It seems likely, there-
fore, that under profiles of imperfect adherence that are
within the range of plausible profiles explored here that war-
farin would remain forgiving. A plausible poor adherence
scenario that would have been included in these simulations
would have had 3 drug holidays and 25 missed doses over
the 150 treatment day period.

It should be noted that the index adherence pattern chosen
for this study was not related specifically to anticoagulants and
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it is possible that adherence patterns may differ in patients with
atrial fibrillation or coagulation disorders due to the influence of
disease or other patient characteristics (e.g., age). Although it is
possible that adherence patterns, and hence forgiveness val-
ues, may differ depending on the subpopulation being studied,
we have compared our index adherence profile to other adher-
ence profiles and feel that the adherence implementation fea-
tures that were seen in the index profile are representative of
other profiles. In this work, we assumed that the adherence pro-
file of a patient was independent of the PKPD parameters. This
assumption is not a requirement of determining RF but was
rather a simplification used here in these examples. It is plausi-
ble that an association between adherence patterns and PKPD
profiles may exist where an association between patient covari-
ates, e.g., age and adherence patterns has been identified pre-
viously (as per22). If it were the case that either a PK parameter,
e.g., CL, or a PD parameter, e.g., Emax, were correlated with
age, then there may be an association between adherence pat-
terns and PKPD parameters. However, as mentioned in the
methods section: Parametric simulation of imperfect adherence
patterns, the purpose of this current work, was not to learn how
patterns of nonadherence arise but rather provide a forgiveness
criterion. The influence of covariates would be an important and
interesting further exploration. We also note that this study
focused on the process of suboptimal implementation rather
than failure to initiate or early discontinuation. Here, the concept
of forgiveness is articulated in the case where implementation
and its issues predominates. However, patients who fail to initi-
ate, while an important population for consideration, are not
amenable to choice of forgiving regimens in circumstances
when patient autonomy is maintained. Finally, this work illus-
trated the case of once-daily drug administration. Therefore, it
should be noted that for other dosing regimens, profiles of
imperfect adherence would differ. However, the RF criterion
described in this paper is generalizable to these settings.

In conclusion, this study shows that relative forgiveness
can be used as an index to quantify the forgiveness proper-
ties of a drug given its dosing regimen. This may have
important implications for both drug development and clini-
cal practice. Further work is needed to examine the proper-
ties of RF as a measure of forgiveness behavior to
determine its clinical utility.

METHODS

Initially, we introduce a criterion for quantifying forgiveness
then we describe the methods for exploring the illustrative
example and then the motivating example for warfarin. All
simulations in this study were conducted in MATLABVR

R2012a (The MathWorksTM, Natick, MA). For both Parts 1
and 2 of the methods, all simulations included 1,000 indi-
viduals each with an individual profile and individual set of
PKPD parameters. Note that the adherence profiles were
considered to be independent of the PKPD parameter val-
ues, such that and for example high or low CL values were
as likely to accompany a highly adherent profile as a profile
representing poor adherence. Relaxation of this assumption
will provide opportunities for further exploration of relative
forgiveness. The relationship between adherence profiles

and PKPD parameter values would be an interested area
for future study.

Quantification of forgiveness as relative forgiveness
A criterion to quantify forgiveness was developed. Its concept is
in line with relative forgiveness (RF) which has the same inter-
pretation as an odds ratio or relative risk. Calculation of RF was
based on the probability of therapeutic success given imperfect
adherence (Pip) and the probability of therapeutic success given
perfect adherence (Pp). RF is defined as the number of times
more likely that target success is attained under perfect adher-
ence compared to imperfect adherence; or when comparing
two drugs under a standard setting of imperfect adherence.

A general form of a relative forgiveness is given by, RF :

RF5
Pip=ð12PipÞ
Pp=ð12PpÞ

(1)

where RF is the relative forgiveness, Pip is the probability
of successful attainment of a treatment target under imper-
fect adherence, and Pp is the probability of successful
attainment of a treatment target under perfect adherence.
Values of RF close to one indicate that a drug is forgiving
to imperfect adherence and values close to zero indicate
that the drug is particularly sensitive to imperfect adherence
behavior (i.e., not forgiving).

When comparing the RF of two drugs (Drug A and
Drug B), then the relative forgiveness of Drug B compared
to Drug A can be determined as:

RF B : Að Þ5
Pip B½ �= 12Pip B½ �

� �
Pip A½ �= 12Pip A½ �

� � (2)

In this setting, Drug A and Drug B could be two formula-
tions of the same drug or could be different drugs. When
comparing drugs then values of RF can exceed 1 and, in
this circumstance, indicate how many times more likely that
Drug B is forgiving compared to Drug A (i.e., how many
times more likely therapeutic success will be achieved with
Drug B compared to Drug A) given some pattern of imper-
fect adherence.

Part 1. Illustration of the forgiveness criterion with a
theoretical example
PKPD model. A one-compartment instantaneous unit input
PK model linked to an immediate effects Emax PD model
was used as an illustrative example (as per, for exam-
ple23,24). Two scenarios were considered: (i) perfect adher-
ence and (ii) imperfect adherence, which consisted of
several subtypes of imperfect adherence patterns. In these
scenarios, a 1-unit dose was administered every half-life for
150 half-lives. Steady state was assumed at 10 half-lives.
The model is shown in Table 1. Proportional residual vari-
ability was incorporated to the effect.

Parametric simulation of imperfect adherence patterns. In
this work, adherence patterns were simulated from para-
metric distributions. It is noted in the work of others that
various approaches have been used to estimate imperfect
adherence including Bayesian approaches and Markov
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models.13,19,22,25–27 These techniques were not considered
in this study since the goal was to simulate acceptable pat-
terns of nonadherence rather than to learn about how pat-
terns of nonadherence arise. Simulated patterns were used
to assess the relative forgiveness criterion and its
performance.

The three types of imperfect adherence patterns were
considered that when layered together would provide an
overall imperfect adherence pattern. These were (i) timing
variability, (ii) random missed doses, and (iii) drug holidays.

An index adherence profile that included the imperfect
adherence patterns described above was identified from an
online resource, www.iAdherence.org. The index adherence
profile was identified that had once daily dosing prescribed
for 150 days (see Figure 2). The profile was compared to
other once daily profiles and was determined to contain typ-
ical features and importantly contained all the three key
patterns of interest but did not contain initiation or discon-
tinuation aspects of nonadherence.

After identifying the index adherence profile, this index profile
was then used to quantify important features of each imperfect
adherence pattern. The important features were used to deter-

mine reasonable parametric distributions of the three sources
of imperfect adherence (timing variability, random missed
doses, and drug holidays). Figures 3–5 show the parametric
distribution of timing variability, random missed doses, and
drug holidays, respectively. Full details are included in Supple-
mentary Materials S01–S15, which are available online.

Successful attainment of a treatment target. The profile of

the drug effect for each individual was assessed for suc-

cessful attainment of a target treatment. Only steady state

profiles were considered and the first 10 dosing profiles

were discarded (corresponding to 10 half-lives of mainte-

nance doses) over the period of 150 days. For the pur-

poses of these simulations, successful attainment of a

target was defined as:
Condition 1. The effect level at the trough was greater

than a defined lower treatment target. The (hypothetical)

threshold of a target success is illustrated in Figure 1 using

an individual with the mean values of CL, V, Emax, EC50.
Condition 2. The number of doses where criterion 1 is

true meets a defined fraction of doses over the 140 treat-

ment doses.

Figure 2 An index adherence profile. The x-axis is calendar date in day/month/year. The y-axis is 24-h clock time. Each dot represents
timing of each dose taken. Each vertical bar depicts each missed dose. (Figure taken from www.iAdherence.org.)
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It should be noted that Condition 1 is sensitive to variabil-
ity in both PKPD and adherence profiles, whereas Condi-
tion 2 is most sensitive to variability in adherence. For the
theoretical example, the value for Condition 1 was set to a
minimum trough effect value of 0.35 (units) and the value
for Condition 2 was 0.9 such that at least 90% of doses
(from dose 11) within an individual must have an effect at
the trough greater than 0.35 (units).

To evaluate the forgiveness criterion, the success of tar-
get attainment for each simulated patient was evaluated
with a perfect adherence profile and an imperfect adher-
ence profile. Summing the success values and expressing
as a fraction of the 1,000 patients provides the probability
of success for either perfect adherence (Pp) or imperfect
adherence (Pip). This is shown in the following four steps
using warfarin as an example:

Step 1. Success for an individual patient at a particular
dosing interval.

For the i th patient receiving warfarin, the successful (s)

attainment of an international normalization ratio (INR) for

thej th dose is given by,

sijðINRÞ5
0; if troughijðINRÞ < 2 or troughijðINRÞ > 3:5

1; if 2 � troughijðINRÞ � 3:5
; for j > 20

(

(3)

where sijðINRÞ is an indicator variable that takes the value of

1 if the observed INR is in the therapeutic range and 0 oth-

erwise. In this example, the first 20 doses are discarded as

these were not considered to be within 90% of steady state.

Figure 3 Parametric distribution of timing variability. This distribution is provided by a mixture of 2 normals. The x-axis represents the
difference of the actual dose time from the nominal dose time (hours). The y-axis is density.

Figure 4 Poisson distribution of random missed doses. The x-axis is number of random missed doses. The y-axis is density.
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Step 2. Time in the therapeutic range.
The proportion of dose intervals within the therapeutic

range (TTRi ) for the i th individual is determined by the

number of successful doses that arise from Step 1 above

as a fraction of the total number of doses under considera-

tion. Each patient receiving 130 doses was considered.

TTRi 5
X

sijðINRÞ=130 (4)

Step 3. Overall success for a patient’s dosing regimen.
The dosing regimen with associated PKPD and adher-

ence variability was considered to be a success (Si ) when
the number of successful dose intervals exceeded the pre-
defined criteria (for warfarin this was fd5 0.55). The value
of 1 indicates success and 0 otherwise.

Si5TTRi > fd (5)

Si 5
0; when TTRi < fd

1; when TTRi � fd

(
(6)

Step 4. Probability of success for 1,000 patients.
The probability of success is the fraction of successful

patient profiles out of the total number of simulations.

P5
1

1000

X1000

i51

Si (7)

where P is the probability of success for either perfect
adherence (Pp) or imperfect adherence (Pip).

Influence of different types of imperfect adherence on RF.
The influence of imperfect timing and missed doses (ran-
dom missed doses 1 drug holidays) were considered sepa-
rately and when combined into the overall composite
pattern. In addition, a series of what-if scenarios were
investigated in which hypothetical drugs were considered

that had the following characteristics: (i) a longer half-
life (the value of CL halved) [DRUG B], (ii) greater
potency (EC50 halved) [DRUG C], (iii) a combination of
longer half-life and greater potency (both CL and EC50

halved) [DRUG D], and (iv) where the dose was doubled
[DRUG A 3 2].

Part 2. Application of the forgiveness criterion to
warfarin
Adherence patterns were simulated using the same meth-
ods as described for the illustrative example. For this warfa-
rin example, 1,000 individuals were simulated with perfect
and imperfect adherence profiles.

The model used for warfarin in this study was a population
kinetic-pharmacodynamic (KPD) model developed by Ham-
berg et al.28 The model and parameter values are taken
from28 and are provided in Supplementary Information S2.
The dose was 3.5 mg given once daily for 150 days. The
dose was chosen such that the population average patient
with perfect adherence would achieve a steady state average
INR midway in the therapeutic range. Successful attainment
of a treatment target was considered as time in the therapeu-
tic range. The time to steady state was assumed to be 20
days. The therapeutic range was defined as an INR within
the range of 2 to 3.5. Successful treatment was defined
as where at least 55% of steady state trough values were
within the therapeutic INR range (which is similar to the suc-
cess reported by Wright & Duffull29 when INR monitoring
was not performed). Note that, in this example, dose individu-
alization to target INR was not considered. Covariates were
not considered and it was assumed that food had no impact
on INR.

Acknowledgments. P.A. was supported by a University of Otago
PhD Scholarship.

Author Contributions. P.A., R.B., and S.B.D. wrote the manu-
script; P.A., R.B., and S.B.D. designed the research; P.A. and S.B.D. per-
formed the research; and P.A. and S.B.D. analyzed the data.

Figure 5 An empirical distribution of drug holidays. The x-axis is number of drug holidays over 150 days. The y-axis is density.

Quantification of Forgiveness
Assawasuwannakit et al.

7

www.wileyonlinelibrary/psp4



Conflict of Interest. The authors declared no conflict of interest. As
an Associate Editor for CPT:PSP, S.B.D. was not involved in the review or
decision process for this paper.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THIS
TOPIC?

� A drug is forgiving when its duration of action greatly exceeds
the dose interval. Previous research has considered this
forgiveness concept and attempted to find drug related
characteristics that are associated with forgiveness.

WHAT QUESTION DID THIS STUDY ADDRESS?

� This study addresses a method to quantify forgiveness
that accounts for variability in both PKPD and adher-
ence patterns.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

� This study shows how a proposed forgiveness criterion can
be used to determine forgiveness for a specific drug, to
compare between drug entities that have different pharma-
ceutical and/or pharmacological profiles and how it can be
applied to a current therapeutic agent, namely warfarin.

HOW THIS MIGHT CHANGE CLINICAL
PHARMACOLOGY AND THERAPEUTICS

� The relative forgiveness criterion may have important
implications for both drug development and clinical
practice. Choice of drug, either in drug development to
consider which lead molecule to take forward, or in
therapeutics to consider which medicine to use in a
patient with known poor adherence, can account for
the likely influence of its forgiveness.
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