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A New Paradigm. “Learn — Learn More”;
Dose-Exposure-Response at the Center of
Drug Development and Regulatory Approval

Alan Maloney"

In his seminal paper, Lewis Sheiner introduced the “Learning versus Confirming” paradigm. From that foundation, this work
proposes why the precise estimation of the dose-exposure-response (D-E-R) for both efficacy and safety endpoints should
be the ultimate goal for most drug development programs. The subsequent identification and approval of an optimal dose
regimen range will provide a pragmatic framework for delivering personalized medicine based on dose titration for each

and every patient.

Within this paper, I will use the term “utility” to reflect the com-
posite of both benefit and risk, which themselves will be used
interchangeably with efficacy and tolerability/safety respectively.
The term “dose-exposure-response” (D-E-R) will be used to rep-
resent the sequence from dosing regimen (iec., dose, frequency,
route, etc) to drug exposure (ie., typically actual or integrated
drug concentrations in plasma (e.g., average concentration at
steady state (Css)) through to response (clinical measures of effi-
cacy, tolerability, and safety).

The seminal paper by Sheiner' highlighted the critical role of
“learning” in drug development. He commented: “. . .the intellec-
tual focus for clinical drug development should be on under-
standing (i.c., science and learning).”

In the 20 years since he wrote this paper, two key components
have become more central to modern drug development: (1) the
importance of quantifying and predicting the safety and tolerabil-
ity of different dosing regimens (in addition to efficacy); and
(2) the goal of personalized medicine and its inter-relationship
with wide interindividual variability (IIV) in response for efficacy,
safety, and tolerability.

The former, the importance of being able to estimate how
safety endpoints change as a function of drug exposure and
patient covariates, was recognized by Sheiner." Indeed he wrote:
“In confirmatory trials. . .a larger number of toxicity outcomes
may be observed, but this is because the analysis of a confirmatory
trial for toxicity is actually a learning analysis”.

Today, “learning” is not simply about efficacy endpoints. The
same logic (i.e., “science and learning”) that applied to efficacy end-
points in 1997 must apply equally, if not even more importantly, to

safety endpoints in 2017. We must design our studies to “learn”
how safety endpoints change as a function of the drug regimen.
That is, we must stop approaching safety analyses as a crude post-
hoc exercise in integrating the (whatever is available) clinical trial
data to one in which the design of the studies (i.c., the dose range
studied + sample size) in the whole drug program are optimized to
maximize the learning for safety endpoints. We must plan for these
analyses and design our studies accordingly.

The second aspect is our goal of personalized medicine. In
essence, personalized medicine is about getting the right drug and
right dosing regimen (personalized dosing) for each patient.>’
Woodcock? wrote: “The principal challenge in therapeutics is the
variability of human responses to drugs, both for good and for ill.
The ability to predict and consequently reduce this variation can
significantly improve the benefit/risk balance of medicines.”

We must strive to better understand the shape of the D-E-R
relationship at the population level (all patients), the subgroup
level (all patients with covariates X and Y), and, most impor-
tantly, the patient level. As advocated by Woodcock,? using indi-
vidual patient characteristics (e.g., sex, age, pharmacogenetics,
etc.) to better tailor the drug regimen to the patient is commend-
able, strongly encouraged, and fully supported. This identification
and use of patient-level characteristics to deliver better outcomes
for patients is often termed “precision medicine,”* and is likely to
challenge current regulatory assessments based on population
level inference.” However, even within precision medicine, it is
misguided to believe we will ever eliminate ITV, and the critical
role played by dose; IIV in patient responses will remain ever
present, and we must recognize this in both our approach to drug
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development and explicitly incorporate it as we look to best tailor
medicines to patients. Two simple examples can be used to sup-
port this position.

First, there is warfarin. Warfarin is perhaps one of the most
studied drugs, and Hamberg ez al® reported a 10-fold range in
the dose required for adequate anticoagulation in adults (assessed
by the prothrombin time International Normalized Ratio).
Although their tool can incorporate information on body weight,
age, baseline International Normalized Ratio, target International
Normalized Ratio, cytochrome P450 2C9, and VKORCI geno-
types, the authors advocate adaptive dosing to achieve the target
International Normalized Ratio using Bayesian forecasting. That
is, even after adjustments for multiple important covariates, there
remains considerable IIV in the maintenance doses required, and
individual titration is still important and necessary.

The second example is population pharmacokinetics (PKs).
The PK/pharmacometric community has over 40 years of experi-
ence in estimating population PK models incorporating random
effects that reflect IIV in key model parameters (e.g., clearance),
and then identifying patient level covariates (such as weight, sex,
age, renal function, etc) that influence these parameters. How-
ever, the reduction in the IIV after adjusting for covariates is
often rather limited; considerable IIV still remains. This should
not be surprising. Simply because two patients share some basic
covariate data (e.g., two men who both weigh 80 kg, are 50 years
old, and with normal renal function), there remains countless
physiological, biological, pharmacological, and behavioral (e.g.,
compliance and diet) factors that could influence their own PK
profiles (note: the ability of population PK models to better
explain IIV in the future will depend on being able to better
define and capture these more relevant covariates). Because phar-
macodynamic (PD) variability to a given dose regimen is influ-
enced by both PK variability (e.g., differences in concentration at
steady state) and PD variability (ie., PD IIV to the same expo-
sure), the recognition and explicit incorporation of PD IIV into
how we develop and approve all drugs must take center stage. [TV
in response is our (ever-present) adversary.

It should be noted that the International Conference on Har-
monization E4 guideline on Dose Response Information to Sup-
port Drug Registration,7 first published in 1994, highlighted a
number of the points that will be covered herein. Some key pas-
sages are (the emphases are mine): “Knowledge of the relation-
ships among dose, drug-concentration in blood, and clinical
response (effectiveness and undesirable effects) is important for
the safe and effective use of drugs in individual patients. This
information can help identify an appropriate starting dose, the
best way to adjust dosage to the needs of a particular patient, and
a dose beyond which increases would be unlikely to provide
added benefit or would produce unacceptable side effects.”

“Dose-response data for both beneficial and undesirable effects
may provide information that allows approval of a range of
doses that encompass an appropriate benefit-to-risk ratio.”

“In addition to carrying out formal dose-response studies,
sponsors should examine the entire database for possible dose-
response information... that can. . .identify a reasonable starting
dose. .. and identify reasonable, response-guided titration steps,

and the interval at which they should be taken. . .with appropriate
adjustments for patient characteristics.”

The highlighted text points to the centrality of the individual
patient (not the whole patient population) and the use of dose
titration via an approved dose range. Analysis of the “entire data-
base” is also expected, although the document does not point out
the information within this entire database is a function of the
“input” study designs (quality of design => quality of inference).

In December 2014, the European Medicines Agency ran an
excellent meeting entitled “Dose Finding \7(/01‘kshop.”8 Although
there was universal agreement on the importance of “learning”
via dose response studies, the reported stated: “The International
Conference on Harmonization E4 acknowledges the importance
of dose-response characterization and provides still valid recom-
mendations. However, evidently it has not had the desired
impact over the past 20 years probably due to insufficient specific
guidance on dose-response requirements and methods.”

Thus, progress has been painfully slow (and indeed D-E-R
continues to be seen as purely a phase II exercise that should be
completed as hastily and cheaply as possible, so as to get one to
two doses selected for phase III).

In addition to International Conference on Harmonization F4,
the US Food and Drug Administration issued a guidance docu-
ment on Exposure Response in 2003.” It starts with an excellent
statement: “Exposure-response information is at the heart of any
determination of the safety and effectiveness of drugs.”

However, much of the discussion thereafter focuses on the use
of exposure-response (E-R) as a mechanism for proposing dose
adjustments in special populations (e.g., pediatric, geriatric, renal/
hepatic impairment, etc), implicitly using “population average”
changes in exposure to support dose regimen changes. For exam-
ple, if the typical exposure in patients with moderate renal
impairment was 100% higher compared with patients with nor-
mal renal function, a 50% reduction in dose may be proposed.
However, to play devil’s advocate, perhaps the typical (efficacy/
safety) half-maximal effective concentration (EC50) for these
patients is 100% higher, in which case the dose adjustment is
wholly unnecessary (and actually detrimental). Thus, although
PK arguments based on average exposure changes may seem
reasonable, they both assume the underlying PD E-R relation-
ships are identical in the two populations (i.c., “fixing” the PK is
all that is necessary), and ignore the IIV in PK and PD. The key
point here is that we need to adjust the dose to address IIV in
PD response, and not simply/only for PK arguments based on
average exposure.

The US Food and Drug Administration has recently published
the Prescription Drug User Fee Act for fiscal years 2018-2022
(known as PDUFA VI),'® and it is very positive to note a num-
ber of important topics, consistent with the ideas herein, are pro-
posed for further development and application. These include
the design, analysis, and inference of D-E-R studies within a
model-informed drug development setting, along with the use of
complex, adaptive, Bayesian clinical trial designs, and the advance-
ment of benefit-risk assessments in regulatory decision making.

This work posits that the use of one or two fixed dose regimens

woefully fails to address PD IIV, leading to patients being
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routinely underdosed and overdosed. This, in turn, leads to lower
levels of efficacy and higher rates and severity of adverse events
(that is, we are failing to deliver personalized medicine, as we are
not getting the right dose to each and every patient). One conse-
quence of overdosing is adverse drug reactions (ADRs). A Euro-
pean Commission report'’ concluded: (1) 0.12-0.22% of
hospital admissions result in death due to an ADR corresponding
to 100,800-197,000 deaths annually in the European Union;
(2) 3-10% of hospital admissions are caused by ADRs corre-
sponding to 2.5-8.4 million annually in the European Union;
(3) 2.1-6.5% of hospitalized patients have an ADR, correspond-
ing to 1.8-5.5 million annually in the European Union; €79 bil-
lion represents a reasonable estimate of the total societal cost of
ADRs occurring in the European Union.

Dose titration will reduce both the rate and severity of any ADR.
If we are capable of reducing the figures above, shouldn’t we?

In addition, Radley er al'> reported 150 million off-label
medications in the United States in 2001, and commented:
“Most off-label drug mentions (73%; 95% confidence interval,
61-84%) had little or no scientific support.”

The routine use of off-label drug use is the proverbial “elephant
in the (regulators) room,” and sits diametrically opposite to the
fundamental principles of evidence-based medicine. For example,
at the European Medicines Agency meeting in December 2014,
one physician stated how he used most antipsychotics at doses
substantially different from the approved doses. The report noted
for this presentation: “This means that the B:R balance of the
“real” doses has never been subject to regulatory scrutiny.”

Is it acceptable that we routinely expose individual patients to
doses beyond those studied and documented? Is this “wild west”
approach to dosing, in which “anything goes,” acceptable in
20172 Has it ever been?

The paradigm outlined herein is relevant when the pharmaco-
logical goal is to reduce or manage current symptoms and/or to
help prevent future complications, in contrast to life threatening
situations in which the PD effect of drug treatment is time criti-
cal (e.g,, heparin to treat a thromboembolism) and/or initiation
of treatment with low doses may compromise outcomes (e.g.,
permit resistance development with antivirals and antibiotics).
Although dose titration in life threatening situations may still be
important and necessary, it is accepted that the approaches and
ideas herein are specifically relevant to the more common situa-
tion of pharmacological interventions in which there is no immi-
nent risk to the patient, and, hence, dose titration is reasonable.

This paper will first introduce individual and population
D-E-Rs, and present why the search for an “optimal” dose is mis-
guided. The significant limitations of studying a single dose in
phase IIT are then covered. The “Learn — Learn More” paradigm
is then introduced, from the philosophical foundations to the
practical implementation. The critical role of the regulators is
then discussed, and how the “Learn — Learn More” paradigm fits
beautifully with the adaptive licensing/lifecycle benefit risk man-
agement approach to drug zlpprova.l,B’14 and the regulators need
to avoid excessive “risk aversion” in drug approval consider-
ations."> A number of issues relevant to the proposed paradigm
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are highlighted in the “Additional Points to Consider” section,
followed by the conclusion.

The goal of this work is to improve individual patient out-
comes via a new paradigm for drug development and regulatory
approval that permits a “start low, go slow” approach to dose
titration over an approved “optimal dose regimen range.” Science
shows us the right path forward, but we will need determined
pioneers to “grasp the nettle” and firmly put D-E-R at the center
of drug development and approval, and deliver the regulatory
changes needed to facilitate this new paradigm.

Individual and population dose-exposure-response
Central to this work is the distinction between a population D-E-R
and the individual D-E-R for each patient. They are not the same.
Much of drug development involves studying cohorts of
patients over a reasonably long period of time (e.g., 6 months),
with each cohort receiving placebo or a different fixed dose regi-
men. The “average” or population D-E-R can then be estimated
from combining all data using suitable D-E-R models, but impor-
tantly the results tell us nothing about individual D-E-R relation-
ships, other than to confirm some individuals must have
experienced some real change. Thus hypothetical, if dose regimen
X vyielded a population increase in heart rate of 2 bpm vs. pla-
cebo, then this may have been the result of all dose regimen X
individuals experiencing a 2 bpm increase, or 10% of individuals
experiencing a 20 bpm change, and 90% of individuals experienc-
ing no change. Thus, the population D-E-R represents a simple
“cross sectional” estimate of the average effect, but is incapable of
telling us anything about the treatment effects in individual
patients. Figure 1 shows three different scenarios in which the
population D-E-R is very similar, despite the underlying individ-
ual patient level D-E-R relationships being very different. Ideally,
one would obtain individual patient level data over a wide range
of doses to facilitate the estimation of individual D-E-R (in techni-
cal language, a D-E-R model with random effects that accurately
capture IIV in the drug effect parameters; e.g, ED50, Hill and
maximum effect (E,,,,)). Although study designs like this should
be considered in some settings (e.g., like the heart rate example
above), often the significant delay in observing the pharmacody-
namic responses (e.g, HbAlc in diabetes) means that it may be
difficule (or impossible) to consider such designs, and we are left
with the basic population D-E-R models as our primary tool for
dose selection. The main message from Figure 1 is that knowing
the population D-E-R does not provide us with any knowledge of
how individual patients will respond to a given dose.

There is no one “Optimal” dose - patients are heterogeneous
With population D-E-R models available for multiple efficacy
and safety parameters, there is often the discussion as the
“optimal” dose regimen, with “optimal” being defined as the dose
that would yield the highest utility (best benefit risk trade-off
across all possible doses). Such approachesl6 seem initially appeal-
ing, and would be perfect if we must pick a single dose. However,
there is no such requirement.

Thus, the search for an “optimal” dose at the population level
is a misguided goal, and indeed may not be optimal in any
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Figure 1 Population dose-response (D-R) curves (solid green/blue/red lines for populations 1, 2, and 3, respectively) shown alongside 100 random
individual D-R curves. For population 3, there are 3 subpopulations (colored purple, gray, and orange). The three population D-R curves are shown

superimposed in the last panel. [Color figure can be viewed at cptjournal.com]

patient. This distinction is best illustrated using a therapeutic
area much studied by Sheiner' — anesthesiology. Consider a new
general anesthetic agent. If the dose is too low, the patient may
be awake during surgery. If the dose is too high, the patient may
experience respiratory depression or death. Thus, although we
may indeed consider a single dose “optimal” if it minimizes (rela-
tive to all other doses) the fraction of patients who experience
either of these negative effects, it is ridiculous to consider this a
truly optimal use of the drug. Thankfully, anesthesiologists
have utilized judicious dose titration strategies to tailor the dosing
regimen to each patient (perhaps the perfect example of
“personalized medicine”). Although the anesthesiologists may
have the luxury of being able to rapidly determine the optimal
dose for cach patient based on the immediacy of the PD
responses, the key point here is to recognize that each and every
patient has their own D-E-R relationships for efficacy and safety,
and, hence, utility function, in each and every therapeutic area.
In addition, anesthesiology also tells us something further; despite
the PK benefit of i.v. administration (e.g., no IIV in absorption as
with oral agents), patients are highly heterogeneous with, for
example, a very wide infusion dose range (>10-fold) recom-
mended for maintenance of anesthesia with remifentanil.'” We
see similarly large IIVs for the mean daily doses of insulin in
patients with type 2 diabetes.'® Thus, we must recognize that
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patient heterogeneity is ever present, and wholly unaddressed
with small two to three-fold “approved” dose ranges.

Thus, we should not ask what the optimal dose is, but rather,
what is the distribution of individual optimal doses across the
patient population. That is, whereas some patients may be opti-
mally treated at 2 mg, other patients may be optimally treated at
20 mg Thus, our goal is to allow the dose range of 2-20 mg to
be available to the patients using dose titration. If (and when) we
can better refine the dose regimens using patient covariates (e.g.,
sex, weight, renal function, comedications, pharmacogenetic
information, etc), we clearly should.

Patients must be seen as a highly heterogencous group, with
any dosing regimen generating a wide range of systemic exposures
[the dose-exposure (D-E) part] that are “married” to a wide range
of individual responses to those exposures (the E-R part). Thus,
we must see dose as just a very crude mechanism of delivering the
drug to the site of action, and adjust it as needed to achieve the
highest utility for each patient. No one dose is ever optimal.

What is wrong with looking at the benefit risk of a single
phase Ill dose? Is this ethical drug development?

Without a well-defined D-E-R, we cannot say anything about
whether a single dose represents the dose with the highest utility,
even at the crude population level; perhaps lower or higher doses
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would be significantly superior. In addition, we know nothing
about the steepness of the D-E-R for the safety endpoints. Thus,
for a drug with an IIV of 40% in clearance, there is about a
5-fold difference in steady state exposures across patients from
the 2.5-97.5 percentiles. Therefore, while the “average” effect on
a safety parameter may seem borderline acceptable for a given
dose level, the patients with the higher exposures may be going
into an area of the E-R with substantially higher risks than
“average.” More importantly, this simplistic demonstration based
on PK arguments ignores the even more important PD IIV, and,
hence, patients who are particularly sensitive to the drug
could avoid (or at least minimize the severity of) adverse events
by starting at much lower doses and up-titrating,

In is worth commenting here on the (poor) practice of E-R
modelling based on data from a single dose level (e.g., one expo-
sure measure for one PD measure), in the hope the IIV in PK
(like the 5-fold range discussed above) will reveal the true E-R. As
an analyst, I know the partial confounding of exposure levels with
covariate effects could be highly misleading [because we do not
randomize patients to exposures, we lack balance (in a statistical
sense) on the exposure axis]. For example, if reduced renal func-
tion is related to both higher exposures and an inferior efficacy
outcome, the “overall” exposure response relationship may well be
spurious (in addition to the general problem of being a mixture of
the individual patient E-R relationships). Thus, the observed pop-
ulation E-R relationship may seem flatter or steeper than the true
population E-R. At best, such an exercise is hypothesis generating.
As a regulator looking at such an analysis for a safety endpoint,
I would be forced to be highly skeptical. The scientific solution, at
the design stage, is straightforward — study more dose levels and
generate better input data for sound E-R analyses.

Currently, regulators are not tasked with assessing whether any
dose regimen proposed by the sponsor is optimal in any sense,
but rather to determine whether the benefit/risk (at the popula-
tion level) is favorable. Thus, a single drug regimen that yields
a positive individual utility (benefit/risk) in 55% of patients,
but a negative individual utility in 45% of patients would be
“approvable” based on the current remit, even though we may be
doing net harm to 45% of patients. With only data from a single
dose level, all safety analyses are intrinsically weak and limited,
and, hence, we are also forcing our regulators to guess the actual
risks of the regimen for our heterogencous “real world” patient
populations — this is not acceptable.

At this time, the reader may ask “But most drug programs study
two dose levels in phase III, not one, so are the problems
highlighted above still applicable?” In short, yes, especially when the
higher dose is simply double the lower dose (a twofold dose range).
Without using exposure data (i.c., just dose), the exercise is simply
about fitting a linear D-R between the two treatment means, which
is painfully crude and prone to error in both interpolation and
extrapolation; such an analysis is quite useless. With exposure data,
the limited dose range may yield only a small section of the E-R
relationship, and any good analyst will desperately look to augment
this weak analysis with phase II data considering a much wider
dose/exposure range. Unfortunately, the small sample sizes in phase
II will limit the actual information gained from such efforts,
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especially for the analysis of binary (yes/no) safety endpoints. In
summary, studying two dose levels in phase III is a very poor strat-
egy if you consider the precise estimation of the D-E-R relation-
ships for efficacy and safety as your primary goal (which I do).

As an aside, we should consider the ethics of phase III study
design regarding dose levels and sample size. As argued herein,
the whole drug development program, and, hence, the individual
studies, should be (optimally) designed to best obtain sufficiently
precise estimates of the D-E-R across multiple efficacy and safety
endpoints to best facilitate an accurate benefit risk assessment,
and not to demonstrate that the effect is not zero on a single pri-
mary efficacy endpoint in a single study [i.e., via the (mis-)use of
power statements). For example, for a diabetes drug entering
phase III, a study may be “designed” to reject the hypothesis
“Does the drug have no effect on HbAlc?” This is often akin to
asking a physicist “Will the Sun rise tomorrow”? In phases I and
I1, the drug would have shown clear effects on fasting plasma glu-
cose, postprandial glucose, and glycated hemoglobin (HbA1c).
Thus, to determine the sample size to “disprove” a single, ridicu-
lous null hypothesis is bordering on unethical. These patients,
and this study, could be much better utilized by considering a
very wide range of doses to either “rule out” or “rule in” different
possible dose regimens. I would posit that it is unethical to recruit
patients into studies and not maximize the information we learn
from their participation (one of the many reasons why I advocate
adaptive designs (see later for further discussion)).

The “Learn — Learn More” paradigm — from philosophy to
implementation

The six principles that define the “Learn - Learn More” para-
digms are:

1. IIV in efficacy, tolerability, and safety are always present.

2. Population D-E-R conducted across a wide dose range pro-
vides greater understanding of benefits/risks than studying any
single dose.

3. Population D-E-R does not tell us how individuals will
respond.

4. Individual titration across an approved dose range will
improve outcomes for patients (higher benefits/lower risks).

5. Learning is about estimation, not significance testing,

6. Adaptive designs (e.g., changing the randomization allocations
based on the accruing data) are more informative, and, hence,
more cthical than fixed designs.

Points 1-4 have been discussed previously, but perhaps it is use-
ful to provide an illustration of what this would look like in prac-
tice. In Figure 2, the D-R for three endpoints (one efficacy, one
tolerability, and one safety) are shown for a hypothetical drug pro-
gram that studied 2,500 patients using a standard parallel group
study (500 patients at each of placebo, 40 mg, and 80 mg, and
200 patients at each of 1 mg, 2 mg, 5 mg, 10 mg, and 20 mg).
The endpoints are all binary, and the population D-R and 90%
prediction interval for the change vs. placebo is shown (full details
of the simulation and estimation methods are provided
in Supplementary Material S1). The figure also illustrates a
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Figure 2 The estimated population dose-response (D-R) and 90% prediction interval (white lines and shaded regions) for an efficacy, tolerability, and
safety endpoint are shown in the top three panels. The light gray lines are 100 random individual D-R curves; these are typically unobserved but which,
when averaged over, generate the population D-R. The fourth panel shows the population utility curve (black line) along with the individual utility curves
(gray lines). The circles represent the maxima for each individual utility curve. [Color figure can be viewed at cpt-journal.com]

random sample of 100 individual D-R relationships (gray lines),
to highlight the differences between individuals and the popula-
tion average response. Finally, the last panel shows a utility (bene-
fit/risk) assessment using a simple utility function, in which the
weighting is 1:1:3 for efficacy/tolerability/safety, respectively.
Thus, a 1% increase in efficacy is considered “equivalent” to a 1%
increase in tolerability, but a 1% increase in safety would need a
3% increase in efficacy to be considered “equivalent.” This type of
clinical utility index (also called multicriteria decision analysis) is
one method of quantitatively balancing benefits vs. risks, as well as
each reviewer simply moving their eyes across the dose axis to
determine their own “preferred” drug profile. Importantly, the
final figure shows the utility curves for our 100 random individu-
als, along with their maxima (circles). Of note, these individual
utility curves have maxima from below 5 mg to above 40 mg.
Thus, whereas the population utility curve might suggest 10 mg
and 20 mg as the “optimal” doses, the individual utility curves sug-
gest we can do much better. Indeed, this simple example crudely
assumes all patients have the same utility function (i.e., they would
all use identical weighting function across the three endpoints,
which is unrealistic.'”” Based on these population results, individ-
ual titration from 2 mg up to 20 mg might be reasonable for
approval. A future study could consider “difficult to treat”
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patients, who tolerate 20 mg, but do not reach a sufficient efficacy
response at that dose. These patients could be randomized to
cither dose escalation (e.g, to 40 mg or higher) or placebo (i.e.,
stay on 20 mg). These data would then support or refute the value
of additional titration beyond 20 mg in such patients.

A number of points are worthy of discussion:

1. All endpoints were binary, and, thus, arguably we are using the
least informative type of data in this example (cf. normal type
data).

2. The precision of the D-R relationships is high, and the use of
a wide dose range permits a much clearer understanding of the
risks at, for example, 10 mg and 20 mg, than if only these
doses had been studied.

3. It took the computer <20 s to fit each nonlinear D-R model
using advance methods of estimation that accurately capture the
uncertainty in the model predictions (sce Supplementary
Material S1). Thus, we can routinely apply D-R analysis methods
as our primary analyses instead of simplistic and naive “by study/
by dose” methods (e.g, analysis of covariance for each study).

4. The extension to multiple efficacy and safety endpoints is
straightforward, and permits a clear overview of all population
dose responses.

947


http://cpt-journal.com

REVIEWS

5. The fixed design/randomization allocation used was not
optimized in any way. Thus, better designs (yielding lower
uncertainty/higher precision across the three endpoints) could
have been found, thereby learning more than we actually did

(higher precision = lower uncertainty), or, equivalently,
reducing the total sample size to achieve the same overall pre-
cision (see refs. 20, 21 for examples of optimal design for D-E-

R modeling).

In all of the above, it is worth noting that the paradigm is one
of estimation, not of significance testing. The “significance
testing” approach to design is concerned with being able to reject
statements such as “the drug effect is not zero,” whereas the
“estimation” approach is concerned with quantifying the magni-
tude of the positive and negative effects of a drug (the “how
much” question). With significance testing, the idea of collapsing
a distribution of an estimate of interest (like a treatment differ-
ence) to a binary, yes/no, is unhelpful. As shown in Figure 2, an
estimation framework can provide everything needed for a ratio-
nal approach to dose range selection (no P values required).

Finally, although the main thrust of this paper is not to explain
the value of adaptive designs, it would be remiss to not mention
why they fit so perfectly from a scientific, ethical, and cost/time
perspective, and, hence, why they should be seen as an integral
part of the “Learn — Learn More” paradigm. To be precise, the
adaptive element is the use of adaptive randomization, whereby
the randomization allocations (percentage of patients random-
ized to each dose level) are continually optimized as the location
and shape of the D-E-R relationships (for efficacy and safety)
are “learnt” from the accruing data (note: the study can remain
double/triple blinded). Thus, while the starting design (dose
range and initial randomization allocation) should be optimized
prior to the study start (using all available knowledge at that
time), it is judicious to use the accruing data to update the ran-
domization allocations to maximize the information gained from
each patient (and wholly avoid, for example, the situation in
which most or all doses are at the bottom or top of the D-E-R
curve). This will always be more efficient than a fixed design, and
most valuable when the new data is least consistent with the prior
expectations.”” To be direct, running D-E-R studies as fixed
designs is to be deliberately inefficient. By ensuring each and
every patient contributes most to our understanding of the D-E-
R using adaptive randomization, it is not only more efficient (in
cost/time/patients), it is “more” ethical, because we are not
exposing patients to dose levels that contribute minimally to our
understanding (note: the study can also have built-in stopping
rules for futility to ensure recruitment is stopped if the data sug-
gest a positive outcome is very unlikely).

To conclude, if the six principles are agreed and supported, we
have the methods and tools to implement them in practice.

The three components that need to change to facilitate

this new paradigm

Figure 3 gives an overview of the “Learn — Learn More” para-
digm embedded into the drug development and regulatory

review/approval framework. The continued learning and
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Figure 3 The “Learn — Learn More” paradigm for drug development. The
learning cycle consists of design clinical studies for the planned dose-
exposure-response (D-E-R) analysis, then collecting the new data, and
then performing the analyses. When the evidence base in sufficiently
strong, one or more dose levels may be proposed for approval. An adaptive
regulatory approach naturally facilitates extensions or amendments to the
approved dosing regimens based on the accruing evidence base, and
“feeds back” into the ongoing clinical development program (that is, the
whole process is cyclic). [Color figure can be viewed at cpt-journal.com]

refinement of the D-E-R relationships for efficacy and safety gen-
erate an ever stronger evidence base, thus permitting an adaptive
regulatory licensing strategy, whereby lower doses may be initially
approved, followed by higher doses as the evidence base becomes
stronger. To facilitate this paradigm, at least three factors need to
be fundamentally changed.

First, the integrated D-E-R analyses needs to be considered the
primary analysis. By integrated, this means “across all late phase
studies” and across all doses tested. Although it will always be
wise to review each study separately, it is essential to combine
data across all studies to determine the best and most precise
overall estimates (and uncertainty) of the D-E-R for each efficacy,
tolerability, and safety endpoint. At the most basic level, this
could be a simple D-R analysis of each endpoint independently,
through to more complex D-E-R longitudinal models (potentially
across multiple correlated endpoints) incorporating, for example,
disease progression, covariate effects, and alternative methods for
missing data imputation.

Second, when the integrated D-E-R is considered the definitive
key analysis, the studies should be designed accordingly, with
wide dose ranges studied in all studies. Phase III studies should,
in general, be essentially large phase II studies, and designed to
obtain sufficient precision on the treatment effects for key effi-
cacy and safety endpoints, rather than designed to “reject” a
hypothesis that the treatment effect for a single efficacy endpoint
is not zero (by focusing on the power of a single efficacy end-
point, current phase IIT designs woefully fail to “confirm” benefit
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risk in any way). Importantly, the separation between phase II
and phase III need no longer exist, because the studies could be
essentially combined, with the remit simply to acquire sufficient
data across a broad range of doses to facilitate an optimal dose
regimen range for approval. To understand IIV in response, ran-
domized crossover studies (such as balanced incomplete block
designs), forced titration, and flexible titration studies can aug-
ment fixed, parallel group designs.

Third, the regulators must drive this change. If the regulatory
framework is changed such that the two steps above are placed
central to the drug approval process, the drug industry will
change. By itself, the drug industry is very unlikely to change,
because the upside for the industry (more patients staying on
treatment for longer, better overall outcome for patients, poten-
tially shorter drug development programs and earlier to market,
lower adverse event rates, etc.) will be lost to the commercial
demands and operational (“same as last time”) simplicity of the
current (flawed) approach.

The last point is, by far, the most difficult to achieve. Although
I am wholly optimistic good scientists will embrace the scientific
foundations of the “Learn — Learn More” paradigm at a personal
level, it will require significant commitment from senior regula-
tory stakeholders to deliver this vision. As science moves forward,
so must our regulatory frameworks.

Adaptive licensing / lifecycle benefit risk management

The proposed paradigm works beautifully with the concepts of
adaptive licensing/lifecycle benefit risk management. That is,
rather than see the regulatory process as a single approve/reject
exercise, to see it as one that is continually refined in light of an
ever-stronger evidence base (data/results). Technically, every new
patient helps improve the precision of the D-E-R models, to the
point where a given dose or dose range may be considered suit-
able (or not) for approval. Depending on the indication and/or
unmet need (e.g,, orphan indications), regulators may be prepared
to initially grant early approval even when the D-E-R predictions
are associated with high uncertainty (that is, wide prediction inter-
vals), because the early results may be highly compelling and/or the
need pressing. For example, the initial European Union approval
of Glybera (a gene therapy treatment that compensates for lipopro-
tein lipase deficiency) was based on 27 patients.> Clearly, with 27
patients the uncertainty across all efficacy and safety endpoints
would be extremely high, however, initial approval may be reason-
able, with the caveat that more data must be generated. There will
always be a balance between higher sample size (to reduce bias and
uncertainty) and regulator risk,”* and it is for all parties (regulators,
patient groups, therapeutic experts, industry, etc) to define where
the thresholds are for each indication.

In addition, it seems natural to approve lower dose levels ini-
tially, because these will be least likely to cause harm. At this
stage, the target population may also be restricted. As the evi-
dence base strengthens, the greater precision for the D-E-R pre-
dictions could support the approval of higher doses (and/or the
broadening of the target population). The product label could
then be updated to reflect the dose range available, along with a
recommended titration strategy for physicians to use (e.g, the

starting dose, and the minimum duration of exposure; e.g., 1
week, 1 month, etc.) before any subsequent up-titration, based on
both PK and PD knowledge of temporal delays in observing full
treatment effects. Knowledge of interoccasion variability could
also potentially augment the titration strategy. For example, dose
titration could be proposed if a patient with diabetes had (after
treatment) a fasting plasma glucose above a given threshold, how-
ever, because interoccasion variability may be expected for fasting
plasma glucose, it may be prudent to require multiple fasting
plasma glucose samples (e.g., taken more than 1 week apart) to be
consistently above the given threshold before up-titration, to
ensure patients are not inappropriately up-titrated [based on a
single (randomly high) sample].

Ideally, regulators and sponsors would communicate early on
the relative importance of endpoints for the D-E-R analyses, such
that the process is transparent for all. The role of clinical utility
index/multicriteria analysis quantitative
approach for aggregating the D-E-R results across endpoints to
assess benefit-risk. Indeed, one could imagine that every 3-6

decision offers a

months the accrued evidence base is aggregated to (re-)evaluate
the D-E-R results, to determine if the approval status for any/all
doses should be revised. For sponsors, a candidate drug failing to
demonstrate sufficiently positive benefit risk could be swiftly ter-
minated, whereas a highly positive benefit-risk profile should be
given greater resources (e.g., faster recruitment) and considered
for early approval. This achieves the twin goals of getting patient
access to innovative medicines quicker, while helping the sponsor
best utilize their finite resources across their portfolio (e.g., termi-
nating drugs ecarly when the probability of reaching key goals is
low, while fast tracking their most promising drug candidates).

Additional points to consider

Supplementary Material $2°°7%* briefly discusses a number of
topics not mentioned elsewhere, but relevant to the application
of “Learn — Learn More” in practice (e.g., discussing the “where
and how” rather than the “why” of the main paper). This addi-

tional material is organized into the following sections:

Applicable therapeutic areas

Analysis methods: What D-E-R model?

Covariate analysis, not subgroup analysis
Use of external data and active controls

Pediatric drug development and off-label drug use — moving
from a bad system to a good one

Dose individualization — progress is being made.

CONCLUSION

This paper has briefly outlined why the precise estimation of the
D-E-R for both efficacy and safety endpoints should be the ulti-
mate goal for most drug development programs. By identify an
optimal dose regimen range, patients can use dose titration to
achieve their own maximum utility (benefit vs. risk). This will
lead to improved individual patient outcomes. Our extensive
knowledge of IIV in both PK and PD (i.e., science) tells us that
for drug dosing regimens, one size does not fit all. We must stop
pretending that is does, and recognize the need for change.
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Drug development and approval should be a scientific exercise
in “Learn — Learn-More.” The methods to design and analysis
D-E-R studies for both efficacy and safety are well understood;
no technical barriers exist.

In 1997, Sheiner® wrote: “I and others have recently advocated
increased attention to science (learning) in clinical drug develop-
ment. Some of us have lamented the lack of scientific orientation
of clinical drug development.”

Because most drug development programs I see today consist of
one or two fixed dose regimens in phase III studies designed around
significance testing for a single primary efficacy endpoint, I am
pained to agree with this statement today. Equally, I remain con-
vinced that a more scientific approach to drug development and
approval (like the one outlined herein) will ultimately prevail. It is
hoped this paper will stimulate the discussion, refinement, and, most
importantly, the implementation of “Dose-Exposure-Response at the
center of drug development and regulatory approval.”

To expedite the transition to this new paradigm, it is highly
likely that regulatory agencies will play a critical role, but will
need to update their legislative remit to do so.

Additional Supporting Information may be found in the online version of
this article.
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