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BACKGROUND

Adverse drug reactions are sometimes described as being ‘non-dose-related’ because no relationship has been found between increasing doses
and either the intensity of the response or the proportion of individuals in whom the response occurs; furthermore, hypersensitivity reactions are
often regarded as being non-dose-related, even if different doses have not been studied. However, the law of mass action implies that all
pharmacological effects are concentration related and should increase in intensity with increasing dose. We set out to explain this paradox.

METHODS

We searched for published adverse drug reactions that have been described as non-dose-related and analysed them.

RESULTS

We identified four categories of explanations that resolve the paradox: (i) the reaction is not real; it may have occurred by chance or
there may be methodological problems, such as bias or confounding factors; (ii) the dose-response curve for the adverse effect reaches
a maximum at doses lower than were studied (i.e. a hypersusceptibility reaction); this underpins the use of test doses to predict the

possibility of an adverse reaction at therapeutic doses; (iii) susceptibility to the adverse reaction differs widely among individuals; and

(iv) imprecision or inaccuracy in the measurement of either dose or effect obscures dose responsiveness. This last explanation
encompasses: (a) reactions related to cumulative dose; (b) dissociation between dose and concentration through saturable
pharmacokinetics; and (c) variability in the measurement of the effect.

CONCLUSIONS AND IMPLICATIONS

If an adverse drug reaction appears to be non-dose-related, the reasons should be sought, having these mechanisms in mind.

“...alein die Dosis macht daf3 ein Ding kein Gift ist”
Paracelsus (Theophrastus von Hohenheim) Sieben
Defensiones: Verantwortung liber etliche
Verunglimpfungen seiner MiBgénner, 1564

Introduction

There has until recently been wide acceptance of the idea
that there is a class of adverse drug reactions that are

non-dose-related, such reactions often being described
using inappropriate terms such as ‘idiosyncratic’ (which
actually means ‘occurring in a susceptible individual’) and
‘bizarre’ [1]. However, it is a corollary of the law of mass action
that all pharmacological effects are concentration related
and should therefore increase with increasing dose. This is
important in understanding the nature of adverse drug
reactions, their management [2], and their prevention [3].
Here we offer explanations that resolve the paradox
that some adverse drug reactions may appear to be
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non-dose-related in clinical practice, while the law of mass
action predicts otherwise.

The law of mass action: defining
concentration responsiveness

According to the law of mass action, the velocity of a reaction
depends on the concentrations of the reactants; when a
chemical reaction reaches equilibrium, the concentrations
of the chemicals involved bear a constant relationship to
each other, which is described by the equilibrium constant.

The pharmacological implications of this law [4],
which were first described in relation to disinfection [5],
can be seen in the concentration-effect curve [6]. The
representation of concentration-effect curves as dose-
response curves implies that the administered dose
predicts the concentration at the site of action.

The principle of the dose-response curve, stated in its
simplest terms, is that:

* no effect occurs in the absence of a drug;

« the intensity of the effect increases when increasing
concentrations of the drug are introduced;

« there comes a point at which further increases in con-
centration produce no further appreciable increase in
effect, that effect being regarded as a maximum.

In a very few cases, a further increase in concentration
produces a down-turning in effect, so-called hormesis
[7], but this phenomenon does not affect our general argu-
ment about dose-relatedness.

Between the two extremes of no effect and maximum
effect, the effect increases monotonically with increasing
concentration. Although the exact shape of the function
can vary (see Figure 1 [8]), it is its monotonicity that
matters here, not its shape.

What non-dose-relatedness would
imply

It is commonly stated that a particular pharmacological
effect, often an adverse drug reaction, is ‘non-dose-
related’. The basis of such statements is usually that the
effect has been studied at more than one dose of the
drug, and that no relationship has been found between
increasing doses and either the intensity of the response
or the proportion of individuals in whom the response
occurs. Furthermore, hypersensitivity reactions are
sometimes described as non-dose-related, even though
different doses have not been studied.

For the sake of completeness, we note that in a few
cases it has been observed that an effect occurs at a low
dose and paradoxically not at a high dose. For example,
in a survey of all Danish patients who sustained fractures
during 1 year (n = 124655) compared with age- and
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Figure 1

Concentration-effect relationships for a series of alkylated
trimethylammonium salts causing contraction in guinea-pig ileum
in vitro. The data illustrate different potencies, different maximum
efficacies, and, in one case, hormesis (reproduced from Stephenson [8])

sex-matched controls from the general population, low
doses of oral P,-adrenoceptor agonists were associated
with a significantly increased risk of fracture but higher
doses were not [9]. This kind of effect is not what is typi-
cally referred to as a non-dose-related effect, and in any
case such effects are most likely to be explained by con-
founding factors.

In some cases, bidirectional or paradoxical pharmaco-
logical effects can result in such unexpected relationships
between dose or concentration and outcomes [10]. For ex-
ample, at low doses ketamine can cause nervous system
excitation, and at higher doses sedation. A complete analy-
sis of such reactions is beyond the scope of our discussion
here. We merely point out that if such reactions are due to
two separate mechanisms, one would expect each mecha-
nism to show dose relatedness in the absence of the other.

Apparent non-dose-relatedness of
adverse drug reactions

The idea that certain adverse drug reactions can be
non-dose-related may have been first specifically suggested
in 1973 by Levine, who distinguished dose-related (‘toxic’
and ‘idiosyncratic’) reactions from non-dose-related (‘aller-
gic) reactions [11], but it had already been implied earlier,
for example in 1958 by Wayne, who distinguished predict-
able effects (‘toxic effects ... related to the main action of
the drug or to its side effects’) and unpredictable effects
(‘not related to the main or subsidiary pharmacological action
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of a drug’) [12]. The idea was strengthened in 1977, when
Rawlins and Thompson devised a system [13] in which
adverse drug reactions were defined as being of one of
two types, which they designated A and B, later adding
the mnemonic tags, ‘augmented’ and ‘bizarre’ [14]. They
defined these two types of reaction as follows [15, 16]:

« Type A reactions: ‘the result of an exaggerated, but
otherwise normal, pharmacological action of a drug
given in the usual therapeutic doses’.

* Type B reactions: ‘totally aberrant effects that are not to
be expected from the known pharmacological actions of
a drug when given in the usual therapeutic doses to a
patient whose body handles the drug in the normal way'.

Type A reactions were characterized as usually
predictable and dose related and Type B reactions as
unpredictable and non-dose-related [16].

We have elsewhere detailed the difficulties that
attend these definitions [1]. However, aside from defini-
tional problems, the fact that some adverse drug
reactions have been labelled as ‘non-dose-related’ needs
to be explained.

Resolving the paradox of apparently
non-dose-related adverse drug
reactions

Here, we describe four mechanisms that explain the
paradox that some adverse drug reactions may appear to
be non-dose-related in clinical practice, while the law of
mass action predicts otherwise. The explanations are listed
in Box 1, and we shall discuss them individually and
illustrate them with examples drawn from the literature.

Box 1

Four reasons that resolve the paradox of apparently
non-dose-related adverse drug reactions

1 The effect is not real; for example, (a) it may have
occurred by chance or (b) there may be methodolog-
ical problems, such as bias or confounding factors;

2 The dose-response curve for the adverse effect
reaches a maximum at doses lower than the authors
studied (i.e. a hypersusceptibility reaction, whether
immunological or not);

3 The susceptibility to the adverse reaction differs
widely among individuals; and

4 Imprecision or inaccuracy in the measurement of
either the dose or the effect obscures dose respon-
siveness; this encompasses: (a) reactions that are
related to cumulative dose; (b) dissociation between
dose and concentration through saturable pharmaco-
kinetics; and (c) measurement variability.
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The effect is not real

A putative effect of a drug, beneficial or adverse, may
have been mistakenly attributed to the drug. This could
happen, for example, by chance or when there are meth-
odological problems, such as confounding by indication.

Chance In a dose-ranging study of indacaterol in 436
patients with persistent asthma, headache was a reported
adverse event in up to 7.9% of patients compared with
2.8% of those taking placebo; this effect was reportedly
not dose-related [17]. However, in a much larger study of
B,-adrenoceptor agonists in 9441 patients, headache was
not significantly more frequent with indacaterol than with
placebo, except with the Jowest of four doses of
indacaterol in a subgroup of 449 patients [18], a finding
that could be attributed to chance. The original finding, in
a similarly small number of individuals, can therefore also
be attributed to chance.

In pooled data from nine placebo-controlled studies of
the effects of irbesartan in patients with hypertension, it
was reported that there was no relationship between dose
and adverse reactions [19]. However, rates of adverse events
and discontinuation were almost identical in those who took
irbesartan and those who took placebo. One can therefore
conclude that the apparently non-dose-related adverse reac-
tions that were reported in those studies actually occurred
by chance and were not attributable to the drug.

Confounding by indication In a study of 44 alcohol-
dependent patients, nine were reported to have had
non-dose-related subclinical hepatotoxicity after taking
disulfiram for 3 weeks [20]. The problem of confounding by
indication when attributing hepatotoxicity to a drug in
patients with a high risk of liver damage (in this case due to
alcohol) is obvious. Disulfiram may well cause hepatotoxicity,
but it would be difficult to establish the dose relationship
of such a reaction in a population of patients in whom
liver damage is expected for another reason.

The effect has been studied in the wrong range
of doses to detect a dose-related effect

If the dose-response curve for the adverse reaction is suffi-
ciently separated from the dose-response curve for the
beneficial effect, it may be possible to delineate a dose
relationship over one of those curves while failing to
delineate it over the other. If we restrict ourselves to consid-
ering adverse drug reactions that appear to be non-dose-
related, this is most likely to happen in hypersusceptibility
reactions, in which the dose required to produce a maximal
adverse reaction is below any dose that is normally used to
produce a beneficial effect (Figure 2). [In technical terms,
the dose-response curve for the adverse effect is to the left
of the curve for the beneficial effect.] This is why test doses
that are used to predict the likelihood of a hypersensitivity
reaction (e.g. amphotericin [21]) are chosen to be suffi-
ciently small that any adverse reaction that occurs is
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Theoretical concentration-effect relationships for a beneficial effect
(right-hand curve) and an adverse reaction (left-hand curve); if the
resultant adverse reaction is elicited at doses in the usually beneficial
range, it may be severe and will appear to be non-dose-related (black
arrows); however, a very low test dose (blue arrow) will elicit a milder
adverse reaction, which would not be mild if the reaction was truly
non-dose-related at all doses

correspondingly small, being intended to be at the lower
end of the adverse dose-response curve (Figure 2, blue
arrow). If the adverse reaction was not dose related, a test
dose would be expected to produce as large a reaction as
a normally beneficial dose. This is also the basis of desensi-
tization protocols, which always start with very small doses.

Some hypersusceptibility reactions are immunologically
mediated (e.g. penicillin hypersensitivity), while others are
not (e.g. haemolysis due to oxidizing agents in glucose-6-
phosphate dehydrogenase deficiency). Examples of immu-
nological reactions that are clearly dose related include hay
fever in response to pollen [22], the immunogenic response
to hepatitis B vaccine [23], desensitization by the use of
increasing doses of antigen (e.g. cephalosporins) [24];
and type IV hypersensitivity skin reactions [25]. When
an immunological reaction is collateral (i.e. occurs within
the same range of doses or concentrations as the benefi-
cial response), there is no doubt about dose responsive-
ness. Examples include lupus-like syndrome due to
hydralazine [26] and methyldopa-associated haemolytic
anaemia [27].

Adverse reactions to which not all individuals are
susceptible

When only a small proportion of the population is suscep-
tible to an adverse reaction, those who are not susceptible
will be able to take any dose of the drug without develop-
ing the adverse reaction; thus, the relationship between

dose and response is imprecise and dose responsiveness
will be hard to detect. If the adverse event can occur inde-
pendently of the drug in nonsusceptible individuals, then
the signal-to-noise ratio depends on the background inci-
dence of the event. If the background incidence of the
event (e.g. myocardial infarction) is high, it will be even
more difficult to detect a dose-response relationship in
those who are susceptible. For example, in order to demon-
strate that the risk of myocardial infarction in patients tak-
ing rofecoxib was dose related, it was necessary to study
a large number of patients [28].

Imprecision or inaccuracy in the measurement of
either the dose or the effect

There are several ways in which the dose or the effect
may be inaccurately or imprecisely measured. We have
identified three varieties of this effect:

Reactions that are related to cumulative dose If the
measure of dose used is, for example, the amount that is
given every day, then effects that are related to cumulative
doses may misleadingly appear to be non-dose-related. For
example, in a study of 51 patients with jaundice associated
with flucloxacillin, it was reported that there was no
relationship between the daily dose of flucloxacillin and
the risk of jaundice [29]. However, it was also reported that
the risk was associated with the duration of treatment. This
clearly implies that the risk was related to the cumulative
dose.

Dissociation between dose and concentration through
saturable pharmacokinetics In theory, saturable absorption
of a drug from the gut would obscure any relationship
between dose and plasma concentration at doses
exceeding the threshold of saturability, and any adverse
reactions that were due to absorbed drug would appear
to be non-dose-related. In this case, the dose would not
be an accurate indicator of the concentration at the site
of action. We have not identified any real-life examples of
this theoretical mechanism.

Variability in the measurement of effect The fewer
measurements of a variable that are made at each dose
of a drug, the more uncertain the estimate of the mean
effect size will be. Thus, when few subjects are studied or
when few observations are made in an individual subject,
dose responsiveness may be obscured by large variability. In
other words, in such cases there is insufficient power to
detect a dose-related effect. An example is shown in
Table 1 and Figure 3. ARIES-1 and -2 (the Ambrisentan in
Pulmonary Arterial Hypertension, Randomized, Double-
Blind, Placebo-Controlled, Multicenter, Efficacy Studies)
were concurrent double-blind studies in which a total
of 394 patients with pulmonary arterial hypertension
were randomized to placebo or ambrisentan orally once
a day for 12weeks (5 mg or 10mg in ARIES-1 and
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Table 1

The frequencies of two different adverse events in four treatment
groups in the ARIES-1 and -2 studies

Placebo Ambrisentan
(n=132) 2.5mg 5mg 10 mg
(n = 64) (n =130) (n=67)
Nasal congestion 2 (1.5%) 1(1.6%) 7 (5.4%) 7 (10.4%)
Abdominal pain 1(0.8%) 2 (3.1%) 4(3.1%) 2 (3.0%)

® Observed frequency

Frequency.of — Calculated 95% CI

abdominal pain (%)

A T
10
5 |
[ J ®
ol
| L L
Placebo 2.5 5 10
Dose (mg day™!)
Figure 3

The frequencies of abdominal pain in the combined ARIES-1 and -2
studies [30]; the dots are the original data points, the vertical lines are
the calculated 95% confidence intervals (Cl)

2.5mg or 5mg in ARIES-2) [30]. The frequencies of a
range of adverse events in the four groups were
tabulated, and Table 1 shows the frequencies of two of
those events, nasal congestion and abdominal pain.
Although the numbers of subjects studied were small, it
appears that there was a clear relationship between the
dose of ambrisentan and the percentage incidence of
nasal congestion. By contrast, the incidence of
abdominal pain appeared to be significantly increased at
all three doses of ambrisentan compared with placebo,
without a clear dose relationship. However, Figure 3
shows the confidence intervals of the mean frequencies
of abdominal pain in each group, calculated using the
binomial rule, and it can be seen that there was very large
variability in the frequency estimates. There are three
possible interpretations of these data (Figure 4). The
first is that the variability hides a probable dose-
response relationship (the dotted curve in Figure 4); the
second is that there is a dose-response relationship,
but that the maximum effect is reached at doses below
the lowest dose used in the study, giving the appearance
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Three possible interpretations of the data in Figure 3: (i) the dotted
curve is a dose-response relationship that fits the data, with the maxi-
mum reached at the highest dose used in the study; (ii) the solid curve
is an example of a dose-response relationship with the maximum
reached at the lowest dose used in the study; (iii) the shaded area is
the region that is common to the 95% confidence ranges of all the
mean frequencies, including placebo, showing that the adverse event
need not be an adverse reaction at all. Cl, confidence interval

of a non-dose-related adverse reaction (solid curve in
Figure 4); the third is that there is no significant dose-
response relationship (shaded area in Figure 4), in which
case the event is not causally linked to the drug. In this
case the paucity of data makes interpretation impossible.

Conclusions

We have outlined four major categories of reasons that
explain apparent non-dose-relatedness of adverse drug
reactions, reconciling clinical observations with the law
of mass action, which predicts dose responsiveness. In
most cases, we have been able to find examples of these
mechanisms in published reports.

We suggest that whenever an adverse drug reaction ap-
pears to be non-dose-related, the reasons should be sought,
bearing in mind the mechanisms that we have described.
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