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Abstract

Background. A subtherapeutic drug concentration admits two explanations: high clearance, or
doses not taken. The usual response is to increase the dose, which is correct for the first and
creates a latent hazard for the second, because the larger dose is eventually taken. We quantified

how often escalation is applied to the wrong cause.

Methods. We simulated 40,000 patients on a narrow-therapeutic-index drug with lognormal
clearance and bimodal adherence, in which erratic intake produced both lower and more
variable concentrations. Adherence improved partially or fully after the clinic visit. We
compared no escalation, escalation of every subtherapeutic level, and escalation only where
two levels agreed, and tested whether repeated measurement could separate the two causes.

Results. 27.5 per cent of patients had a subtherapeutic level at the first visit, of whom 72.0 per
cent would have been within range at full adherence. Escalating every subtherapeutic level
raised target attainment from 67.5 to 75.6 per cent and toxic concentrations from 0.7 to 1.2 per
cent; among escalated patients 1.9 per cent became toxic, comprising 2.7 per cent of those
escalated for non-adherence and 0.0 per cent of those escalated for genuinely high clearance.
Patients escalated who subsequently became fully adherent experienced a median 2.45-fold
and ninetieth-percentile 15.2-fold rise in exposure from a dose increased by half, with 35.0 per

cent ending above the therapeutic range. No measurement strategy separated the causes well:
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a single level gave an area under the curve of 0.669 and between-visit variability 0.667.
Escalating only where two levels agreed halved escalations and reduced toxic concentrations

to 0.8 per cent at a cost of 1.8 percentage points of target attainment.

Conclusion. Most subtherapeutic concentrations in this model were adherence failures, and
dose escalation converts them into stored exposure. Concentration measurement alone did not
identify them.

Keywords: medication adherence; therapeutic drug monitoring; dose escalation; narrow

therapeutic index; drug toxicity; clinical pharmacology.
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1. Introduction

Therapeutic drug monitoring exists because the relationship between dose and concentration
varies between patients. When a measured concentration falls below the target range, the
inference drawn is usually pharmacokinetic: this patient clears the drug faster than average,

and the dose should be increased [1,2].

There is a second explanation, and for many drugs it is the more common one. Adherence to
long-term therapy averages around half in chronic disease, and a patient who takes a substantial
proportion of prescribed doses will have a concentration below target at any dose [3-5]. The
measurement cannot distinguish the two, because it reports the product of dose, intake and the

inverse of clearance.

The consequences of misattribution are asymmetric. Escalating the dose of a patient with
genuinely high clearance is the correct action. Escalating the dose of a patient who is not taking
their medication does nothing while the doses continue to be missed, and creates a hazard that
is realised at the moment adherence improves — after counselling, after a dosing aid is
supplied, after a hospital admission, or simply after the attention that a clinic visit brings [6,7].

That timing is the feature that makes the problem hard to see. The harm does not appear at the
visit where the decision is made, and when it appears it presents as a toxic concentration in a
patient taking the prescribed dose, which looks like a pharmacokinetic event rather than the

consequence of a decision taken months earlier.

We therefore simulated the sequence explicitly: a cohort in which both causes are present and
known, a clinic visit at which only the concentration is observed, and a subsequent period in
which adherence changes.

1.1 Obijectives

We aimed to determine what proportion of subtherapeutic concentrations are attributable to
non-adherence rather than clearance; to quantify the exposure change experienced by patients
escalated for the wrong reason; to compare escalation policies on target attainment and toxicity;

and to test whether repeated concentration measurement can separate the two causes.

2. Methods

2.1 Cohort and pharmacokinetics
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We simulated 40,000 patients. Relative clearance was lognormal with a geometric mean of 1
and a geometric standard deviation of 1.35, giving the several-fold between-patient range

typical of hepatically cleared drugs.

Adherence was bimodal: 30 per cent of patients were poor adherers taking a mean of 46 per
cent of doses, and the remainder took nearly all. Mean adherence across the cohort was 79 per

cent.

Erratic intake was modelled as part of what non-adherence is: the variability of intake between
measurement windows scales with the shortfall from full adherence, so a fully adherent patient
is also a consistent one and a patient taking half their doses does so unevenly. This is the feature

that gives repeated measurement any prospect of discriminating.

A proportion of patients were additionally modelled as improving intake in the days before a
scheduled visit, so that the concentration measured overstates their usual exposure.

Steady-state concentration was taken as proportional to dose multiplied by intake and divided
by clearance, with measurement subject to 12 per cent coefficient of variation representing

assay and sampling-time imprecision:

C = dose x intake / clearance (@)

One measurement, two explanations, opposite correct responses

SUBTHERAPEUTIC LEVEL

28% of patients at the first visit

HIGH CLEARANCE DOSES NOT TAKEN

28% of subtherapeutic levels 72% of subtherapeutic levels

escalation is correct escalation is stored harm

Figure 1. One measurement, two causes, and opposite correct responses.
2.2 Attribution and policies

A subtherapeutic concentration was classified as clearance-driven if the patient would still have

been below target at full adherence, and as adherence-driven otherwise. This classification uses
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information available only in the simulation and is the ground truth against which the policies

are judged.

Three policies were compared: no escalation, escalation of every subtherapeutic level by 50
per cent, and escalation only where two separate levels were consistent with one another. After
the visit, 35 per cent of patients became fully adherent and the remainder improved partially,
representing the range of responses to counselling and renewed attention.

Parameters are given in Table 1. All are illustrative and represent a narrow-therapeutic-index

oral drug rather than any specific agent.

Table 1. Model parameters.

Parameter Value Basis
Patients 40,000 Sufficient for stable subgroup estimates
Clearance Lognormal, GSD 1.35 Several-fold between-patient range
Poor adherers 30% of cohort Taking a mean of 46% of doses

Scales with shortfall from full

Intake variability o

Erratic intake is part of non-adherence

Therapeutic range 1.0t02.0 Normalised concentration

Toxic threshold 3.0 Concentration above which risk rises sharply

Escalation 50% dose increase Applied to subtherapeutic levels

Post-visit adherence 35% fully adherent, rest partial Counselling, dosing aids, renewed attention
3. Results

3.1 Most subtherapeutic levels are not pharmacokinetic

At the first visit 27.5 per cent of patients had a concentration below the therapeutic range. Of
those, 28.0 per cent would have remained subtherapeutic at full adherence and were therefore
genuinely clearance-driven; 72.0 per cent would have been within range had they taken their

doses.

Table 2 and Figure 2 vary the prevalence of poor adherence in the population. The adherence-
driven share rose from 58.4 per cent where 10 per cent of patients were poor adherers to 80.4

per cent where 60 per cent were.

In every population modelled, non-adherence was the more common cause of a subtherapeutic
level. That ordering is not an artefact of a high assumed prevalence: even at the lowest
prevalence tested, fewer than half of subtherapeutic concentrations reflected a genuine

pharmacokinetic difference.

JAVZHS | 5



The reason is arithmetic. A patient must have unusual clearance to fall below the range while
fully adherent, whereas any patient with ordinary clearance can fall below it by missing doses.

The second route is available to everyone and the first only to the tail of the clearance

distribution.
In every population modelled, most subtherapeutic levels were not a PK problem
77% iy
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=@= Share of subtherapeutic levels caused by non-adherence
=M= Patients with a subtherapeutic level
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Prevalence of poor adherence in the population (%)

Figure 2. Cause of subtherapeutic levels against the prevalence of poor adherence.

Table 2. Attribution of subtherapeutic concentrations by population adherence.

Poor adherers in population Patients subtherapeutic Share attributable to non-adherence  Share attributable to clearance
10% 18.3% 58.4% 41.6%
20% 22.8% 66.3% 33.7%
30% 27.5% 71.7% 28.3%
45% 34.5% 76.9% 23.1%
60% 41.8% 80.4% 19.6%

3.2 Escalation stores exposure

Table 3 and Figure 3 report what happened to exposure. Across all escalated patients the
concentration in the period after the visit was a median 1.76 times the measured level, with a
ninetieth percentile of 9.8 times, from a dose raised by 50 per cent.

Among the 3,794 patients who were escalated and subsequently became fully adherent, the
median rise was 2.45-fold and the ninetieth percentile 15.2-fold. 35.0 per cent of that group
ended above the therapeutic range and 5.5 per cent above the toxic threshold.

The gap between the intended and realised exposure change is the finding. A clinician raising
a dose by half expects a 1.5-fold change in exposure. Where the measured level was depressed

by missed doses and those doses are subsequently taken, the realised change is the product of
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the dose increase and the adherence increase, and the second factor can be several-fold on its

own.

This is why the hazard is latent rather than immediate. At the visit, and for as long as adherence
remains unchanged, the escalation appears to have had a modest effect or none. The exposure
is realised only when the patient starts taking the medication as prescribed, which is the
outcome every part of the consultation is trying to bring about.

The dose rose by half; the exposure rose by much more

18

Hl Median exposure increase
16 - EEE 90th percentile

15.2x

Exposure relative to the measured level

All escalated Escalated, then
patients became adherent

Figure 3. Realised exposure change relative to the measured concentration.

Table 3. Exposure change after escalation.

Median exposure Ending above the

Group 90th percentile

change therapeutic range
All escalated patients 1.76x 9.8x —
Escalated and became fully adherent 2.45% 15.2x 35.0%
Intended effect of the dose change 1.50% 1.50% —

3.3 The harm falls on the misattributed group

Table 4 and Figure 4 give the outcome by true cause. Escalating every subtherapeutic level
raised the proportion of patients in the therapeutic range from 67.5 to 75.6 per cent and reduced
subtherapeutic concentrations from 20.3 to 8.9 per cent, so the policy achieved its intended

purpose.

It also raised toxic concentrations from 0.7 to 1.2 per cent. Among escalated patients, 1.9 per
cent reached a toxic concentration: 2.7 per cent of those escalated for non-adherence and 0.0

per cent of those escalated for genuinely high clearance.
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The entire increment in toxicity fell on the group for whom the escalation was the wrong action.
That is not a coincidence of the parameterisation but a structural feature: a patient with
genuinely high clearance is, by definition, less able to accumulate the drug, so escalation is
both correct and comparatively safe in them. The patients who can become toxic on an

escalated dose are those whose clearance was never the problem.

This asymmetry also explains why the aggregate toxicity increase is small while the individual
hazard is not. Escalation selects against low-clearance patients, so most escalated patients
cannot become toxic whatever their adherence. The risk is concentrated in a subgroup that the

policy has no means of identifying.

All of the escalation harm fell on the misattributed group

3.5 A

3.0 A

2.7%

2.5 A

2.0 A

1.5 4

1.0 A

Reaching a toxic concentration (%)

0.5
0.0%

0.0

1
Escalated for Escalated for
genuine high clearance non-adherence

Figure 4. Toxic concentrations after escalation, by the true cause of the low level.

Table 4. Outcome by escalation policy.

Patients In therapeutic

Policy I range Subtherapeutic Toxic
No escalation 0.0% 67.5% 20.3% 0.7%
Escalate every subtherapeutic level 27.5% 75.6% 8.9% 1.2%
Escalate only if two levels agree 13.8% 73.7% 13.1% 0.8%

3.4 Measurement did not separate the causes

Table 5 and Figure 5 test whether concentration measurement can identify the adherence-
driven group. Among the 11,063 patients subtherapeutic at the first visit, a single concentration
gave an area under the receiver operating characteristic curve of 0.669 for identifying non-
adherence.

Between-visit variability, which we expected to perform better because erratic intake produces

erratic concentrations, gave 0.667 — no improvement. A second concentration considered
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alone gave 0.370, which inverted is 0.630: a higher second level indicated non-adherence,

consistent with erratic patients regressing upward from a low first measurement.

We report this as a negative result because it was the hypothesis the study set out to test. The
variability signal is real in the model by construction, and it still did not discriminate usefully,
because variability in measured concentration also arises from assay imprecision, sampling
time and ordinary physiological variation, and because the clearance distribution overlaps

heavily with the adherence distribution in its effect on the level.

The practical implication is that the information needed is not in the assay. Pharmacy refill
records, electronic monitoring, directly observed dosing and a candid conversation are the

instruments that bear on adherence, and none of them is a concentration.

No measurement strategy tested separated the two causes well

0.8

0.7 0.669 0.667
0.630

0.6

hang

112

0.5 +-=

0.4

0.3

0.2

AUROC for identifying non-adherence

0.1+

0.0 -

First level Second level Variability between
alone (inverted) two levels

Figure 5. Discrimination between non-adherence and high clearance by three measurement strategies.

Table 5. Discrimination between causes among patients with a subtherapeutic level.

Strategy AUROC Interpretation Useful?

Lower level weakly favours non-

adherence Marginal

Single concentration 0.669

Higher second level favours non-

o o Marginal, inverted

Second concentration 0.370

Erratic levels favour non-

adherence No improvement

Variability between two levels 0.667

3.5 A more selective policy

Table 6 and Figure 6 evaluate escalating only where two concentrations were consistent with
each other. That policy escalated 13.8 per cent of the cohort against 27.5 per cent, roughly

halving the number of dose increases.
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It achieved 73.7 per cent target attainment against 75.6 per cent, a loss of 1.8 percentage points,

while reducing toxic concentrations from 1.2 to 0.8 per cent.

Given the weak discrimination reported in Section 3.4, the selective policy works less by
identifying non-adherence than by escalating fewer people. It is closer to a precautionary rule

than a diagnostic one, and it should be presented as such rather than as a test.

Whether the trade is worth making depends on the drug. For an agent where subtherapeutic
exposure means treatment failure of a serious condition, a two-point loss in target attainment
may be unacceptable. For one where the toxicity is severe and the underlying condition
tolerates delay, it is clearly favourable. The model supplies the exchange rate; the drug

determines the decision.

Three escalation policies compared

Patients escalated (%) In therapeutic range (%) Subtherapeutic (%) Toxic (%)
> 25 1.4
30 1 27.5 80 75.6 20.3 i 1.2
73.7 1.2
20 +
25 - 67.5
1.0 4
60
20 1 157 131 | (.8 - 0.8
0.7
15 4 13.8 | i
40 10 - als 0.6
10 A 0.4 1
20 - 5 -
=N 0.2
0.0
0 - 0 - 0 - 0.0 -
No Escalate Escalate No Escalate Escalate No Escalate Escalate No Escalate Escalate
escalation all if consistent escalation all if consistent escalation all if consistent escalation all if consistent

Figure 6. Three escalation policies compared on four outcomes.

Table 6. Trade-off between the two active policies.

Measure Escalate all Escalate if consistent Difference
Patients escalated 27.5% 13.8% -13.7 points
In therapeutic range 75.6% 73.7% -1.8 points
Subtherapeutic 8.9% 13.1% 4.2 points
Toxic 1.2% 0.8% -0.4 points

Table 7. Recommendations.

Recommendation Addresses Cost Evidence here
Assess adherence before attributing a low  The more common cause treated as the rarer A conversation and refill data Section 3.1
level to clearance one
Expe_ct exposure to rise by more than the !_atent exposure realised when adherence NG Section 3.2
dose increment improves
Recheck _the level after any adherence Toxicity appearing months after the decision One additional level Section 3.2
intervention
018 il el Gy o G ias! Information the assay does not contain None Section 3.4

non-adherence
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Recommendation Addresses Cost Evidence here

Consider two consistent levels before

. Escalation applied to a transient low reading One additional level Section 3.5
escalating

Record the reason for each escalation in

A decision whose consequence arrives later One line Section 3.3
the notes

4. Discussion

4.1 Principal findings

Four findings follow. 72 per cent of subtherapeutic concentrations were attributable to non-
adherence rather than clearance, and the proportion exceeded half in every population
modelled. Patients escalated who then became fully adherent experienced a median 2.4-fold
rise in exposure from a dose raised by half, with 35 per cent ending above the therapeutic range.
All of the additional toxicity fell on patients escalated for non-adherence, none on those
escalated for genuine high clearance. And no concentration-based strategy separated the two

causes usefully.

The unifying point is that a concentration is a product of three quantities and a single
measurement cannot factor it. Clinical practice reads it as though the adherence term were one,

and in the patients who most often trigger a dose change it is not.

4.2 Relation to existing work

Non-adherence to long-term therapy is extensively documented, with typical adherence around
half in chronic conditions and substantial variation within patients over time [3-5,8]. The
phenomenon of improved intake around scheduled visits is well described and complicates the
interpretation of any measurement taken at a clinic [9,10]. The limitations of concentration
measurement as an adherence measure, and the comparative performance of refill records and

electronic monitoring, have been examined across several therapeutic areas [11-13].

The specific sequence modelled here — a low level, an escalation, an adherence intervention,
and toxicity at the new dose — is described in the clinical literature as a recognised hazard,
particularly for antiepileptics, immunosuppressants and anticoagulants [6,7,14]. What we add
is a quantification of how often the misattribution occurs and how large the stored exposure is,

together with the negative result that repeated concentration measurement does not resolve it.

4.3 Implications for practice

Table 7 sets out six recommendations. Two deserve comment.
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Treat adherence as the leading hypothesis for a low level, not the residual one. On these
figures it is the more common explanation in every population modelled, and it is the
explanation for which the conventional response is actively harmful. Reversing the default
costs a conversation and a look at dispensing records, and it identifies the group in whom

escalation should not proceed.

Recheck the concentration after any successful adherence intervention. The hazard created
by an escalation is realised at the moment intake improves, so the point at which a dosing
aid is supplied or a patient is counselled is precisely when a level is most informative and
least often taken. This applies equally where no escalation occurred, since improving
adherence on the original dose can itself move a patient through the range.

MOST SUBTHERAPEUTIC LEVELS ARE NOT PHARMACOKINETIC

- 72% of subtherapeutic levels would have been in range at full adherence

- The share rose to 80% where poor adherence was common

F
\

ESCALATION STORES EXPOSURE FOR WHEN THE DOSES ARE TAKEN

- Patients escalated who then became adherent saw a median 2.4-fold rise in exposure

- 35% ended above the therapeutic range from a dose raised by half

V
\

NO LEVEL-BASED STRATEGY SEPARATED THE TWO CAUSES

- Assingle level gave AUROC 0.67; between-visit variability gave 0.67

- The discriminating information is about the patient, not the assay

r
\

ASSESS ADHERENCE BEFORE RAISING THE DOSE

- Escalating only where two levels agreed halved escalations and cut toxicity from 1.2% to 0.8%

- It cost 1.8 percentage points of target attainment

r

Figure 7. Proposed approach to a subtherapeutic concentration.
5. Limitations

Adherence is modelled as a proportion of doses taken with variability scaling from it, which
omits the patterns that matter clinically: drug holidays, consistent omission of one daily dose,
and timing errors that affect trough concentrations without changing the number of doses.
Those patterns would alter both the concentration distribution and the discrimination results,
plausibly in the direction of better discrimination for some of them.
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The classification of cause is binary and defined by a counterfactual at full adherence. Real
patients combine moderately elevated clearance with moderately reduced intake, and for them

the correct action is genuinely mixed. Our two categories therefore sharpen a continuum.

We model a single escalation at a single visit with a fixed 50 per cent increment, and no
subsequent monitoring or de-escalation. Real practice rechecks levels, and a follow-up
measurement after the escalation would detect many of the overshoots we count as harm. Our
toxicity figures are therefore an overestimate of what would be realised in a well-monitored

service and a reasonable estimate for one where follow-up is unreliable.

Toxicity is represented by a single concentration threshold rather than a graded relationship,
and no clinical outcome is modelled. The proportion above a threshold is a convenient index

and not a rate of harm.

Finally, the post-visit adherence recovery is imposed rather than derived, and the proportion
becoming fully adherent is the parameter to which the stored-exposure results are most

sensitive. We did not vary it systematically, which would have been a useful addition.

6. Conclusion

In this model 28 per cent of patients had a subtherapeutic concentration, and 72 per cent of
those would have been within range had they taken their doses. Escalating every subtherapeutic
level improved target attainment from 67 to 76 per cent and raised toxic concentrations from
0.7 to 1.2 per cent, with the entire increment falling on patients escalated for non-adherence.

Those escalated who subsequently became fully adherent saw a median 2.4-fold rise in
exposure, and 35 per cent ended above the therapeutic range, from a dose increased by half.
The excess arrives not at the consultation where the decision is made but when the patient

begins taking the medication as prescribed.

No concentration-based strategy we tested identified the misattributed group: a single level
gave an area under the curve of 0.67 and between-visit variability 0.67. The information
required is not in the assay, and a dose should not be raised on a concentration alone.
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