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Abstract

Recent regulatory approvals of three amyloid-lowering monoclonal antibody thera-

pies for the treatment of Alzheimer’s disease (AD) have triggered a polarizing debate

in the field on the clinical meaningfulness of their reported effects. The question of

how to define clinical meaningfulness for any treatment that has a modest effect size

is important and will likely be subject to influence from interested stakeholders. We

warn of claims of evaluating meaningful within-individual change from randomized

parallel-group trials of AD treatments, sometimes purportedly assessed by a com-

monly recognized “responder” analysis approach, and explain why it is likely tomislead

and should simply be avoided. The average between-group difference in score change

is where the debate and research efforts should be focused to contextualize and

evaluate the clinical meaningfulness of the true treatment effect. The statistical and

communication principles we consider and would recommend are applicable to the

evaluation of most interventions in medicine.

KEYWORDS
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Highlights

∙ Dichotomized outcome analysis approaches purporting to evaluate

within-individual meaningful change are highly likely tomislead.

∙ In our view, the most valid statistical approach to understanding the true treatment

effect is to analyze the average between-group difference in outcome scores.

∙ The average between-group difference in score change is where the debate and

research efforts should be focused to contextualize and evaluate the clinical

meaningfulness of the true treatment effect.

1 MAIN TEXT

There is no consensus on how to define clinical meaningfulness most

accurately and informatively for treatment outcomes in Alzheimer’s

disease (AD) trials. Since the publication of outcomes data from piv-
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otal licensing trials of aducanumab,1 lecanemab,2 and donanemab,3

three US Food and Drug Administration (FDA)-approved amyloid-

lowering monoclonal antibody therapies for the treatment of AD,4–6

various approaches have been proposed to define and evaluate a clin-

ically meaningful difference.7 Our view is that for parallel-arm AD
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randomized controlled trials (RCTs) using a continuous outcome mea-

sure, the most valid statistical approach is to look at the average

between-group difference in (primary) outcome, which corresponds

to the average variation between treatment and placebo groups8 and

the true treatment effect above the placebo effect. Other indirectly

derivedapproaches topresent trial findingshave serious statistical lim-

itations or depend on as yet unsupported assumptions, for example,

the “time saved with treatment” approach assumes a linear pattern of

cognitive/functional decline in early AD stages, and the “percentage

slowing” approach assumes the treatment has disease-modification

properties andwill confer cumulative benefit.7

Another persistent approach has been to compare numbers or

proportionsof individuals in treatment andplacebogroupswhoexperi-

enced a threshold-defined level of clinicallymeaningful change to show

that the treatment was associated with a higher likelihood of mean-

ingful changewithin individuals. The FDA has encouraged amovement

toward a “patient-focused” approach, accompanied by an emphasis on

establishing meaningful change in outcome measures at the individ-

ual level versus at the treatment group.9,10 Suggested thresholds of

within-individual clinically meaningful change for AD include progres-

sion to the next category of a clinical staging instrument or empirically

defined minimal clinically important difference (MCID) estimates. It is

often argued, without clear statistical justification, that such thresh-

olds are intended to define meaningful change within individuals and it

is inappropriate to apply them to between-group mean differences.11–13

While these are distinct concepts, we would emphasize that it is not

possible to attribute individual outcomes observed in a parallel-arm

RCT to a treatment effect because this trial design identifies only

between-treatment and not within-individual variation. For this reason,

the suggested within-individual change approach, often presented as

a comparison of the proportion of individuals who experienced a

threshold-defined meaningful change between treatment and placebo

groups, is highly likely to mislead and risk committing what we term

“causal fraud.”

We use a simulated AD parallel-arm RCT to show that observed

between-group differences in proportions of individuals who have

achieved a certain binary outcome are derived from a treatment-

related shift in the distribution of scores, which cannot quantify

the true treatment response within individuals. It is imperative that

researchers, clinicians, sponsors, and regulators are clear about the

statistical transformations involved in these within-individual analy-

ses and their limitations, as they can present trial findings in a more

favorable light than the data support, and that can ultimately influence

decisions made by patients and their families.

1.1 Average difference between groups

In a simulated parallel-arm RCT, in which AD participants (n = 1000)

are randomized to receive either a placebo or active drug, the change

from baseline scores in each group are continuous measures. It is not

essential to our argument, but it simplifies the discussion if we assume

that these measures will be approximately normally distributed under

placebo. In Figure 1A, we assume that the effect of treatment is to shift

this distribution to the left. The basic logic of a randomized parallel-

group trial is that the placebo group can act as a proxy for what would

have been seen for the treated patients had they been given a placebo

instead. If the effect of treatment is to give the sameconstant benefit to

every patient (compared towhat their placebo valuewould have been),

the figure representswhatwewould see.Of course, such constant shift

is not the only possible explanation, but without further evidence, we

cannot know. For themoment, we assume that such a simple shift is the

case and consider the consequences.

In Figure 1A, the mean difference in score changes from baseline

between treatment and placebo groups at the trial endpoint, a stan-

dard a priori primary outcome for AD treatment RCTs, is associated

with a shift of the score distribution (to the left for treatments of AD in

which all trial participants continue to decline and higher scores on the

outcome scale represent worse cognitive/functional decline). Usually

(and as was the case for aducanumab,1 lecanemab,2 and donanemab3

phase 3 RCTs), mean between-group differences from longitudinal

RCTsareanalyzedusingmixedmodels for repeatedmeasures (MMRM)

approaches, which can provide a more accurate estimate of the true

treatment effect than a simple mean difference as they can account

for multiple sources of variability. These include between-individual

variability by incorporating covariates such as trial groupmembership,

baseline differences, use of medication, apolipoprotein E ε4 carrier

status, and geographic region, as well as within-individual variability

by incorporating random effects over repeated measures. Although, if

there are no missing data and the covariates can be treated as fixed,

that is, having a constant effect on the outcome across all individuals,

there is usually very little, if any, advantage to using amixedmodel over

simple summarymeasures approaches.14

Clinically, the average between-group difference is a useful statis-

tic because it is both accurate and straightforward to communicate to

patients and their families that, on average, the size of the benefit (or

the reduction in cognitive/functional decline), above effects of placebo,

after taking the drug for a certain durationwas equivalent to, for exam-

ple, 0.5 points on anoutcome scale. Even very small differences in score

can become statistically significant with a large enough sample size,15

and it becomes more difficult to interpret and communicate the clini-

cal relevance of smaller treatment effects, particularly those that are a

fraction (e.g., less than half) of a point on a clinical symptomscale. In our

view, the average between-group score difference is where the debate

and research efforts should be focused to contextualize and evaluate

the clinical meaningfulness of the average true treatment effect, for

example, whether it represents (for individuals or groups) a noticeable

and valuable benefit that is worthwhile when weighed against risks,

costs, and/or inconvenience of treatment.7

1.2 Dichotomization of continuous outcomes and

pitfalls of responder analyses

A persistent argument, without clear statistical justification, has been

that thresholds of clinical meaningful response can only be applied to
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F IGURE 1 A simulatedmodel of the normally distributed changes in score from baseline in a parallel-arm RCT. Trial arms comprise treatment

(red, n= 500, mean= 1 point, SD= 0.7) and placebo (blue, n= 500, mean= 1.5 points, SD= 0.7) groups. In panel (A), histogram bars display the

frequency distribution of score changes and overlaying density curves illustrate the probability density function of score changes. In panel (B),

CCDF curves show the proportion of individuals in each groupwho have achieved a score change from baseline equal to or greater than a given

value on the x axis. Vertical dashed lines represent themean changes in score from baseline for each group. Compared to placebo, the treatment

shifts the score distribution and groupmean to the left, and themean between-group difference in score change from baseline (M) is 0.5 points. In

panel (B), a hypothetical clinically meaningful threshold of 0.75 points (dotted black line) is used to dichotomize score changes from baseline to

define proportions of “responders,” or in the case of meaningful decline, “progressors,” who experienced a 0.75-point score increase. These

proportions can be compared between groups to give a difference in progressor risk or rate (R). Approximately 70% of the treatment group are

defined as “progressors” versus 85% of the placebo group, which can be presented as a 15% risk (or 18% relative risk) reduction of experiencing

clinically meaningful decline associated with treatment. This illustrates why themean between-group difference (particularly viaMMRM

approaches) provides amore accurate estimate of the true treatment effect compared to an alternative responder/progressor analysis. CCDF,

complementary cumulative distribution function; MMRM,mixedmodels for repeatedmeasures; RCT, randomized controlled trial; SD, standard

deviation.

within-individual change,11–13 which involves dichotomizing a contin-

uous outcome measure to obtain a binary outcome. For example, an

MCID estimate is proposed as a threshold that can define individu-

als who experienced a (minimal) clinical meaningful change and those

who did not. Statistical approaches that rely on a dichotomized binary

outcome, including responder analyses (which can be transformed into

numbers needed to treat) and time-to-event analyses, result in a loss

of information and reduced statistical power, increasing the risk of

false positives andnegatives. The precise threshold chosenwill directly

influence the findings, and a single MCID threshold is unlikely to apply

to all individuals in all contexts. For example, available empirical MCID

estimates for AD comprise mean score changes anchored to clinician-

rated judgments of (minimal) meaningful change,13,16 which can be

influenced by duration of follow-up (and degree of recall bias), cohort

characteristics, and disease severity.

A “responder analysis” is a specific binary outcome analysis that

presents and compares the proportion of individuals who surpass a

threshold used to define a clinically meaningful “response” in each

group, from which a (statistically significant) risk difference or rel-

ative risk associated with treatment can be calculated. Figure 1B

shows the distribution of scores in treatment and placebo arms in

a simulated RCT using complementary cumulative distribution func-

tions, where the y axis shows the proportion of individuals in each

group who have achieved a score change from baseline equal to or

greater than a given value on the x axis. Empirical MCID estimates can

define individuals who have experienced a clinically meaningful level

of cognitive/functional worsening, that is, a “progressor” (which can be

considered the inverse of a “responder”). In Figure 1B a hypothetical

MCID threshold of 0.75 points defines a proportion of individuals who

experienced a score change from baseline ≥ 0.75 points. In the simu-

lated example, this is≈75% in the treatment versus 90% in the placebo

group,which can be presented as a risk difference of 15%and a relative

risk reduction of 17% associated with treatment. For smaller “progres-

sor” proportions, smaller risk differences can equate to larger relative

risk reductions, for example, “progressor” proportions of 20% in the

treatment versus 25% in the placebo group result in a 5% risk differ-

ence but a 25% reduction in relative risk. This is relevant as 18-month

RCTs of individualswith earlyAD, defined asmild cognitive impairment

and mild AD dementia, can be expected to show lower overall propor-

tions of “progressors” compared to longer trials or those conducted at

more severe AD stages.

While it is not inaccurate per se to report observed proportions in

each group in a parallel-arm RCT who have achieved a certain binary

outcome, this approach is highly likely to mislead,17 as illustrated in

Figure 2. Comparing responder rates between treatment and placebo

groups can lead to the erroneous interpretation that the treatment
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F IGURE 2 Comparison of two approaches to evaluate the treatment effect from parallel-arm RCT data. A responder analysis (A) is proposed

to evaluate within-individual meaningful change by comparing the proportions of individuals who experienced a clinically meaningful change

between treatment and placebo groups. However, this approach in a parallel-arm RCT does not reflect the within-individual variation (response)

associated with a true treatment effect, which requires repeated crossover RCT or n-of-1 trial designs. In contrast, the average between-group

difference in score change from baseline (B) identifies the between-treatments variation, which reflects the average variation attributable to a

true treatment effect. *Mixedmodels for repeatedmeasures approaches can account for some components of between-individual variation (by

incorporating covariates such as trial group, baseline differences, use of medication, apolipoprotein E ε4 carrier status, and geographic region) and

within-individual variation by incorporating random effects over repeatedmeasures. RCT, randomized controlled trial.

increased the chance that a patient achieved a clinically meaningful

benefit when, in fact, the parallel-arm RCT design precludes the iden-

tification of within-individual variation attributable to treatment. To

put it another way, if all individuals have the same true shift there is

no distinction between the mean effect for the group of patients and

the effect for any given patient and arguing that the latter is the supe-

rior way to understand treatment effects is false. Furthermore, given

measurement error, the mean group effect will provide a more accu-

rate estimate. Conversely, if there is measurement error, the fact that

observedwithin-subject differences differ from subject to subject can-

not, on its own, be taken as evidence that the true effect differs. Amore

careful analysis is required. The identification of an interaction (where

the effect of the treatment varies depending on the presence or level

of another factor) requires replication at the level at which the interac-

tion occurred.17 Thus, for example, a treatment-by-sex interaction can

be identified if there are sufficient males and sufficient females in the

trial to compare the treatment effects between the sexes. However, in

a parallel-group trial there is no replication at the level of the individual.

In other words, it is impossible to know the extent to which the

observed “response” was caused by the treatment; for that, we would

need a repeated crossover RCT, or n-of-1 trial design in which patients

are randomized to sequences in which they receive treatment and

placebo at least once to evaluate within-individual variation. At best,

one might be able to judge that some variability in treatment effect

has occurred if the spread of values differedmarkedly between groups.

However, labeling patients as responders and non-responders does

not provide a valid shortcut to such inferences. It is entirely possible

that any observed difference in responder rates is, in fact, due to a

clinically trivial treatment effect (smaller than the dichotomization or

MCID threshold of clinically meaningful change) that shifts a propor-

tionof individualswhohaveaborderline “response” toplacebopast the

threshold to be classified as a responder. Responder analyses depend

on the shift in the distribution of scores between groups but cannot

quantify individuals’ true treatment response, let alone judge whether

it was clinically meaningful. It is, therefore, inaccurate to attribute any

difference in or risk reduction of response rates to a treatment effect.

By comparison, the between-group mean difference (via MMRM) pro-

vides a more accurate estimate of the (average) true treatment effect

but stating that a treatment resulted in a 25% reduction in relative

risk of clinically meaningful progression is likely to sound more favor-

able than saying it resulted in an average benefit equivalent to half a

point on a cognitive scale, whichmight be smaller than empiricalMCID

estimates.18

2 CONCLUSION

Although we discuss here the situation for recently licensed treat-

ments for AD, the statistical and communication principles we

consider and would recommend are applicable to the evaluation of all
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interventions in medicine except possibly, when a true binary out-

come, as opposed to a continuous one that might be dichotomized, is

considered. Using a simulated AD parallel-arm RCT, we demonstrate

that there is more than one way to present a treatment-related shift

in the distribution of scores, but in our view, the most valid statistical

approach to understanding the true treatment effect is to analyze

the average between-group difference in outcome scores. Persistent

attempts to dismantle the validity of the average between-group dif-

ference and replace it with dichotomized outcome analysis approaches

purporting to evaluate within-individual meaningful change, for exam-

ple, responder proportions defined by a threshold of clinically mean-

ingful change, are highly likely to mislead and risk committing “causal

fraud” if any difference in responder proportions are presented as a

treatment effect. Our view is that the debate should lie in whether the

observed between-group mean difference is clinically meaningful, and

further work is needed to improve our understanding of how to inter-

pret and communicate the clinical relevance of derived between-group

mean differences in trials as applied to diverse patient populations.
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