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Understanding Research Methods

SUMMARY

For the task of estimating a target benchmark dose such as the ED50 (the
dose that would be effective for half the population), an adaptive dose-finding
design is more effective than the standard approach of treating equal num-
bers of patients at a set of equally spaced doses. Up-and-down is the most
popular family of dose-finding designs and is in common use in anesthe- o
siology. Despite its widespread use, many aspects of up-and-down are not 3
well known, implementation is often misguided, and standard, up-to- date§
reference material about the design is very limited. This article provides an = 3
overview of up-and-down properties, recent methodologic developments, and 3
practical recommendations, illustrated with the help of simulated examples.
Additional reference material is offered in the Supplemental Digital Content.

(AnesTHEsIoLogY 2022; 137:137-50)

p-and-down designs were developed for dose-finding
Uexperiments in which patient responses can be dichot-
omized; for example, whether an analgesic drug achieved suf-
ficient pain relief, or whether an experimental drug triggered
an unacceptable toxic reaction. Without loss of generality, we
use the term “positive” to denote the response that occurs
more frequently with increasing dose and vice versa for “neg-
ative.” The objective of dose-finding is to estimate a target
dose that would trigger positive responses in a prespecified
proportion of the population. The most commonly sought
target dose is the dose that produces a positive response in
half the population, referred to in certain anesthetic contexts
as the ED50 (the dose that would be effective for half the
population), or the minimum alveolar concentration (MAC).
In statistics this target dose is sometimes called the median
response threshold. Other targets encountered often are the
ED90 (the dose that would be effective for 90% of the pop-
ulation) and the TD30 (the dose that would be unacceptably
toxic for 30% of the population).
Observations at doses far from the target dose are not
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very useful for the dose-finding task (fig. 1). Therefore,
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Box 1. What to Look for in Research Using This Method

¢ Does the binary endpoint have a consistent and sensi-
ble definition?

e |s the response probability F(x) expected to trend in the
same direction throughout the range of doses used?

e |s the study design simple and straightforward?
Up-and-down designs are compatible with simple problems,
such as finding a single threshold or possibly comparing a
few groups. Anything more complex may require a different
design.

¢ Does the sample size seem sufficient? n < 20, preva-
lent in many fields, is generally quite insufficient. If the article
cites a sample-size calculation formula, it is likely an outdated
reference.

e Does the study present the complete sequence of doses
and responses? Is there a dose—response plot showing
observed rates and estimates? These foster transparency
and facilitate interpretation and evaluation of results.

e Are the point and interval estimation methods ade-
quate, up to date, clearly described, and explained?
New improved estimation methods have been published, and
they should make their way to implementation.

e Was any estimate reported for an “off-target” dose,
such as estimating the ED95 from ED50-finding
up-and-down design data? These would be biased and
rely on very little relevant information.

e |f the article compares up-and-down designs with
other dose-finding methods (e.g., via simulation), did
it use a targeted up-and-down design as described
in this article, and was it used properly in the com-
parison? Many comparison articles conflate up-and-down
designs with other designs, or use inadequate estimation
methods.

when the goal is dose-finding, dividing patients equally
across a broad range of doses is wasteful and potentially
unethical. Adaptive dose-finding designs do not allocate all
doses a priori. Rather, they aim to concentrate dose allo-
cations around the target, using information from prior
patients at each stage of the experiment.

Up-and-down designs, first described in the 1940s, are
among the earliest adaptive dose-finding designs.'™ They
remain the most broadly used dose-finding design overall*
and in particular in anesthesiology.>® Up-and-down designs
specify clear and simple rules for assigning doses to patients
and have robust properties that enhance efficiency and
effectiveness.”®

Improvements to up-and-down design theory and
implementation have been developed over the years, keep-
ing the design competitive and up to date with recent
methodologic knowledge. In this journal, the 2007 article
by Pace and Stylianou® has helped share developments with
anesthesiologists, introducing novel up-and-down design
variants and target-dose estimation approaches. That article
has played an important role, because up-and-down designs
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Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

suffer from lack of accessible reference material written by
methodologic experts.

Since 2007, substantial additional progress has been
made but has yet to be shared effectively beyond the meth-
odologic literature.”"! This Readers’ Toolbox aims to close
the information gap and also to provide a broader and gen-
erally accessible intuitive understanding of up-and-down
design basics. We believe that such an understanding will
promote better up-and-down design implementation prac-
tices and broader adoption. We begin by describing the
basic principles and properties of up-and-down designs.
Next we address target-dose estimation methods, fol-
lowed by practical design recommendations. The discus-
sion section reflects back on the article’s main points and
explores the conceptual and practical differences between
up-and-down designs and other dose-finding approaches.
The Supplemental Digital Content (http://links.lww.com/
ALN/C867) contains complementary supporting informa-
tion, in particular about estimation methods and software.

Up-and-down Basics

Principles and Behavior

Up-and-down designs share five simple elements:

1. The response is simplified to a binary endpoint (e.g,
analgesia effective/ineftective).

2. Potential treatments must be ordered as a discrete set
of increasing doses of the same treatment or drug.
Preferably, the allowed doses are uniformly spaced in an
algebraic or geometric sequence.

3. For up-and-down designs described here, the probability
of positive response must maintain the same direction of
change (increasing or decreasing) with increasing dose.
For notational simplicity, we assume that it is increas-
ing and denote the relationship between dose and posi-
tive-response probabilities by the function F(x), where x
is the dose-magnitude variable (fig. 1).

4. Doses are allocated to patients sequentially and only
allow for increasing the dose by one level, decreasing by
one level, or repeating the same dose. Hence, the design’s
name “up-and-down,” or (in sensory studies and materi-
als testing) the “Staircase Method.”'*"

5. The dose-transition rules are based on the doses and
responses of the last patient or several patients rather
than on all patient data going back to the beginning of
the experiment. Furthermore, the rules do not use any
estimated quantity that changes during the study.

These elements make up-and-down design dose-allocation
sequences, or trajectories, part of a family known as random
walks.”> Unlike simple random walks for which doses are
equally likely to increase or decrease, with up-and-down
design, these probabilities depend on the dose. When the
current dose is above the target, a dose decrease is more
likely than an increase—and more extremely so the further

Oron et al.
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Fig. 1. lllustrating the context of dose-finding designs such as up-and-down. Observations are dichotomized to positive/negative, and the
probability of positive response increases with increasing dose. Estimating the entire dose—response curve F(x) requires numerous obser-
vations throughout the dose range, including doses that might be too low or too high for patient needs. Dose-finding designs concentrate
most observations in a region of interest; illustrated are two often-targeted regions: the ED50 or minimum alveolar concentration (MAC) and

the ED9O0.

one ventures above the target. The opposite takes place
below the target, resulting in a target-centered random
walk. During up-and-down designs’ early years, method
developers experimented with various intuitive designs,
some producing target-centered random walks and oth-
ers not.'” In general, the former type has enjoyed broader
and longer-lasting adoption by practitioners. In the 1990s,
Durham and Flournoy”!” discovered the criteria that gov-
ern whether a dose-finding design would generate a tar-
get-centered random walk. In this article, we reserve the
term “‘up-and-down” only for designs meeting these cri-
teria, the accepted terminology nowadays among up-and-
down design experts. However, there is some confusion in
the literature regarding what constitutes an up-and-down
design, and the reader may encounter the term “up-and-
down” used less carefully elsewhere.

‘We begin our description of up-and-down designs from
the original 1940s design, which targets the ED50. While
anesthesiologists often seek a dose that would be effective
most of the time, the ED50 can be estimated most quickly
and reliably, is often used in anesthesiology as a benchmark
quantity (e.g., the MAC), and is particularly useful for com-
paring the required dosage between different patient groups
or different drugs.'®?'

We use simulated data to illustrate the interplay between
occasional idiosyncrasies of individual up-and-down design
random walks and the guaranteed nature of their overall

behavior. Simulations play a central role in dose-finding
research and study design, because no closed-form formu-
lae exist for design attributes such as sample size, power,
or expected estimation error. Figure 2A displays data
from an ED50-finding up-and-down design simulation.
Shown are two virtual up-and-down design experiments
with sample size n = 30, assuming the same F(x) (in real
life, F(x) remains unknown to the researchers). The two
experiments differ only by the random draw of patient
responses. Black and white squares represent positive and
negative responses, respectively. The target dose, known to
us because this is a simulation, is marked with a horizontal
red line. Even though the two random walks bear some
similarity and both start from dose level 6, they are differ-
ent. In the top panel, the most commonly allocated dose
level is 8, while in the bottom, it is level 7. The randomness
of individual experiments notwithstanding, using the same
F(x) and the dose-transition rules, we can calculate exactly,
based on up-and-down design theory, the average number
of patients expected to be treated at each dose, were we to
run a large collection or ensemble of n = 30 experiments
(fig. 2B). On average, the most commonly allocated dose
level is 7, which is also closest to target. It is followed by
levels 8 and 6, respectively; nearly 24 of the first 30 patients
are expected to receive one of these three doses, as opposed
to only about 8 patients under a traditional design that splits
the 30 patients evenly between the 11 available dose levels.
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Fig. 2. (A) Two simulated experimental trajectories of an ED50-finding up-and-down designs with a sample size of n = 30 and with 11 dose
levels, obtained via different random draws from the same F(x). (B) Expected cumulative number of patients allocated to each dose, at a total

sample size of n = 30, calculated theoretically using knowledge of F(x).

Transition Rules of Common Up-and-down Design
Variants

Under this ED50-targeting classical up-and-down design
(fig. 2), dose assignments:

* Increase after a negative response.
* Decrease after a positive response.

A note about dose boundaries: usually, doses are not allowed
to increase or decrease without bound, whether due to
physical (e.g., a dose of 0), logistical, or ethical restrictions.
Whenever transitioning outside a boundary would be man-
dated, it is standard to repeat the boundary dose. This is the
boundary rule we assume in the article.

Up-and-down designs have also been developed for
other targets. The most common one in practice is the
k-in-a-row design,'“*** owing its popularity to sensory
studies, in which it is known as the “fixed-staircase method”
or “transformed up-and-down.”** To target a highly effec-

tive dose with k-in-a-row design, dose assignments:

* Increase after a negative response.

e Decrease upon a positive response, but only after observ-
ing k consecutive positive responses at the same dose.

e Otherwise, remain the same dose.

Anesthesiology 2022; 137:137-50
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Using k = 2 will bring the random walk near the 70th per-
centile, and k = 3 will center it just shy of the 80th percen-
tile. To target the ED90, we recommend using k = 6, while
targeting the ED95 would require k = 13.

Figure 3A shows two randomly simulated n = 50
experiments with k = 6. The trajectories are very asym-
metric, exhibiting rapid dose escalations and slow descents.
Nevertheless, the average dose allocations for n = 50 exper-
iments (fig. 3B) are only mildly asymmetric around the tar-
get. Roughly half the doses allocated to the first 50 patients
are expected to be at dose levels 4 and 5, immediately adja-
cent to the target.

Another nonmedian up-and-down design, the biased-

coin up-and-down design”*!

25-29

is currently popular in
anesthesiology, possibly owing to its introduction by
Pace and Stylianou. Under the biased-coin up-and-down

design:

* Increase the dose after a negative response.
* Upon a positive response, “toss a biased coin” (draw a
random number) and then either:

° Decrease the dose with probability inverse to the
odds of positive response at the target.
o QOtherwise, remain the same dose.

Oron et al.
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Fig. 3. (4) Two simulated experimental trajectories of an ED90-finding k-in-a-row design (k = 6) with a sample size of n = 50 and with 8
dose levels, obtained via different random draws from the same F(x). (B) Expected cumulative number of patients allocated to each dose, at
total sample size n = 50, calculated theoretically using knowledge of F(x).

We illustrate the term “odds” used in the rules above
via an example. At the ED90, take the ratio between
90% and the remainder from 100%, i.e. 10%, obtaining
an odds of 9. Therefore, under a biased-coin up-and-
down design targeting the ED90, the probability for
dose decrease after a positive response will be 1/9 (the
inverse of these odds). Since the “coin” probability is
so small, the random walk will gravitate toward doses
with high positive response rates. Due to the random-
ization, during the experiment the number of consec-
utive positive responses before each dose decrease will
vary randomly. Targeting the ED90, the average will be
9 patients, 3 more than under the analogous k-in-a-row
design. A biased-coin up-and-down design targeting the
ED95 would use a “coin” probability of 1/19, meaning
that on average 19 consecutive positive responses will be
required for each dose decrement.

With both k-in-a-row design and biased-coin up-and-
down design, inverting the transition rules (mandating a
decrease after every positive response, while requiring several
negative responses for an increase) will cluster dose alloca-
tions around targets lower than the ED50. Another com-
mon up-and-down design that facilitates treating groups

of patients simultaneously is described in the Supplemental
Digital Content (http://links.lww.com/ALN/C867).

Estimating the Target Dose

As demonstrated in figures 2B and 3B, up-and-down design
rules effectively concentrate doses around the target. However,
the original up-and-down design estimation methods from
the 1940s to the 1960s made simplifying assumptions about
F(x) and did not consider the full implications of up-and-
down designs’ random-walk behavior. They only work well
under narrow, specialized conditions. When these conditions
are violated, the historical estimates perform very poorly****!
(see also the Supplemental Digital Content, http://links.
Iww.com/ALN/C867).The fact that such outdated up-and-
down design estimation methods are still in very common
use has been a concern to up-and-down design experts.””!
Two decades ago, a robust alternative was developed,
using a simple and standard statistical algorithm called

isotonic regression.>!

More recently, an upgraded, more
efficient version of this method was published.!*!'*? Our
discussion of UDD estimation begins with the original
estimation approach, followed by the isotonic regression

approach, and ending with Cls.

Anesthesiology 2022; 137:137-50
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Dose-averaging Estimates: The Old and the New

Since up-and-down designs concentrate doses in roughly
symmetrical fashion around the target (figs. 2B and 3B),
method developers realized early on that averaging the
sequence of allocated doses, possibly with some empirical
correction, may serve as a reasonable target estimate. This
is what Dixon and Mood suggested in 1948," and to this
day, most published up-and-down design experiments use
some form of dose averaging as their estimate. The original
Dixon—Mood averaging method, sometimes called Dixon—
Massey, is still encountered in anesthesiology.?’ However,
across the many research fields using up-and-down designs,
the most popular averaging method was introduced by

A Centered Isotonic Regression: ED50
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Wetherill ef al.*® in the 1960s. It identifies and averages
only the doses at reversal points (i.e., a positive response
observed immediately after a negative one or vice versa). In
figure 4C, the first three reversals (sometimes called “cross-
overs”®) are marked with blue circles.

Dose-averaging estimates are extremely simple and,
when used appropriately under the right conditions, can
also be the most efficient option. Unfortunately, the sym-
metry illustrated in figures 2B and 3B can be broken if the
starting dose is far removed from the target or if the target is
close to a boundary, rendering the dose average far less use-
ful (see also Supplemental Digital Content, fig. S6, http://
links.Iww.com/ALN/C867).
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Fig. 4. (A) Dose-response plot and target estimates for the first simulated experimental trajectory from figure 2A. Shown are the observed
response rates versus dose levels (x marks), the true F(x) used to simulate the data (red curve), the estimated isotonic regression (black
dashed line) and centered isotonic regression (blue line) curves, and the centered isotonic regression ED50 estimate with its 90% Cl (purple
dot and line). (B) Similar, but for the first trajectory from figure 3A, and the centered isotonic regression estimate is for the ED90. (C) The first
trajectory from figure 2A replotted to illustrate dose-averaging estimation. The first three reversal points are circled in blue. The observations
participating in our recommended dose-averaging estimate are marked in green. Note that this includes a “virtual” 31st dose allocation,
determined by the 30th patient’s response. The horizontal lines show the true ED50 (req), the averaging estimate (purple), and the 90% Cl

(dotted purple).
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For this and other reasons, we generally do not rec-
ommend dose-averaging up-and-down design estimates.
If one wishes to use them, then they should be restricted
only to ED50 finding and secondary to the main estimate,
which should be centered isotonic regression. A safe dose-
averaging method (relatively speaking) would be to aver-
age all doses starting from the third reversal, rather than the
Dixon—Mood formula or Wetherill’s reversal-only averages.
The Supplemental Digital Content (http://links.lww.com/
ALN/C867) provides additional information on the prop-
erties and limitations of dose-averaging estimates, includ-
ing R code and comparisons with the isotonic regression
methods we describe now.

Centered Isotonic Regression and Other Regression
Estimates

Up-and-down experiments generate binary (positive/nega-
tive) response data. We can calculate and plot the proportion
of positive responses at each dose on a dose—response plot.
Figure 4 (A and B) shows dose—response plots for the first
random walk in each of the example pairs from figures 2
and 3.1In other words, the simulated experiments in figure 4
(A and B) target the ED50 and ED90, respectively. From
the dose—response observation pairs (X marks), regression
methods are used to estimate the dose—response curve. The
point where this curve crosses the target response probabil-
ity marks the target dose estimate (purple points).

While there are many regression methods in use, given
up-and-down design’s typically modest amount of data
concentrated at a few doses, the most viable general-purpose
option 1is isotonic regression, a standard nonparametric
method that assumes only that F(x) is nondecreasing, mak-
ing no further assumptions about its shape. However, iso-
tonic regression (dashed black curves in the top panels of
fig. 4) has a practical disadvantage: the curve it generates
tends to have “flat” constant intervals, which are unrealistic
in most contexts, and reduce estimation precision. Oron
and Flournoy'" developed a simple modification of the
algorithm that eliminates most flat intervals. This centered
isotonic regression estimate was shown to incur smaller
estimation errors than the original isotonic regression, and
is publicly available together with a confidence-interval
method in a package named “cir” for the open-source sta-
tistical programming language R (see Supplemental Digital
Content, http://links.Iww.com/ALN/C867).%> The purple
circles and horizontal segments in figure 4 (A and B) indi-
cate the centered isotonic regression point estimates and
90% CI for each target.

Many researchers have used parametric regression
methods (most commonly logistic or probit) for up-and-
down design estimation, a practice that antedates isotonic
regression’s introduction to the field and is still encoun-
tered in publications.?! Parametric regression makes more
specific assumptions about the shape of F(x). We recom-
mend strongly against using parametric regression on

Up-and-down Designs

up-and-down design data: the data are usually too limited
and sparse to properly evaluate the underlying assumptions
about F(x). In addition, parametric estimates can become
nonsensical or nonexistent, far more often than isotonic
estimates.™

A note of caution regarding the use of any regression in
dose-finding: regressions assume that the observed propor-
tions plotted on the dose—response plane are unbiased esti-
mates of the values of F(x) at the assigned doses. However,
recently Flournoy and Oron'' showed that all adaptive
dose-finding designs, including up-and-down design,
induce some bias on observed response proportions. This
bias 1s minimal near the target and therefore has little effect
upon centered isotonic regression and isotonic regression
target estimates. In addition, our R package implement-
ing centered isotonic regression offers an empirical bias
correction.

Because this bias increases as the dose gets further from
target, it is 1l advised to estimate percentiles far from the
designated target (e.g., estimating the ED95 using ED50-
finding up-and-down design data, a practice that has
become prevalent in recent anesthesiology studies). 2
Such estimates are likely biased in the direction of the
ED50 (i.e., downward). Furthermore, an ED50-centered
up-and-down design would collect few observations near
the ends of the dose—response curve, and therefore esti-
mates in that region would rely upon very little direct
data. The problematic nature and likely bias of estimating
extreme percentiles from ED50-finding up-and-down
design data has been noted previously by some commen-
tators and researchers in anesthesiology.*"* For practical
alternatives, see the section about estimating two distinct
target doses.

Challenge of Confidence Intervals

Cls are essential to research: point estimates always have a
degree of uncertainty, which tends to be substantial with
small samples. Conveying the amount of uncertainty pro-
motes responsible decision-making in the interpretation
and incorporation of study data.

A property of Cls rarely discussed outside of statisti-
cal literature is interval coverage: in brief, whether the CI
performs “as advertised.” To examine coverage, statisticians
simulate a large ensemble of experiments under known
conditions and calculate the CI for each. The coverage
is the proportion of simulated experiments in which the
CI indeed contains the true value. A CI with substantially
deficient coverage is misleadingly optimistic about the true
amount of information provided by the study and about the
location of the target itself. Conversely, excessive coverage,
also known as conservative Cls, provide too little informa-
tion about target location.

The ClIs in most published up-and-down design exper-
iments tend to be deficient in coverage. In fairness, pro-
ducing a CI with the correct coverage is rather challenging

Anesthesiology 2022; 137:137-50
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for dose-finding in general. Therefore, our first recommen-
dation regarding up-and-down design Cls is to provide
90% rather than 95% intervals. Unless the sample size is far
greater than those typically used in up-and-down designs,
90% 1is probably the highest level of confidence that the
experiment can promise while remaining both reliable and
informative. Furthermore, per our investigations, bootstrap-
based CIs as recommended 15 yr ago by Pace and Stylianou®
tend to have insufficient coverage regardless of target.
Instead, the Cls implemented in the “cir” package are ana-
lytically derived.'™!! These centered isotonic regression Cls
can guarantee sufficient coverage up to the ED90 at typical
up-and-down design sample sizes. However, for ED95 with
n = 50, the 90% CIs we have simulated achieve less than
80% coverage.

ClIs for dose-averaging estimates are even more challeng-
ing and problematic. Due to space limitations, we do not
discuss them here. A relatively sound method to calculate
them for ED50 finding is presented in the Supplemental
Digital ~ Content  (http://links.Iww.com/ALN/C867),
together with R code for both point and interval dose-
averaging estimates.

Practical Design Considerations

Despite the lack of simple, “off-the-shelf” sample size
calculation formulae and the widespread reliance upon
computer simulations to investigate design properties, for
most run-of-the-mill up-and-down design experiments,
investigators should be able to yield satisfactory results by
following the general guidelines summarized in box 2. We
explore here a few topics worthy of more detailed discus-
sion. Information regarding other recommendations is in
the Supplemental Digital Content (http://links.lww.com/
ALN/C867).

Midexperiment Design Changes

Dose-finding study designers often face a long wishlist of
desired properties and a short sample size. To meet all these
demands, it is tempting to have the experiment “learn”
quickly and change its own rules. Such attempts include
halving the dose spacing midexperiment to more precisely
center the random walk, or stopping as soon as enough
information appears to have been collected rather than after
a fixed sample size.

The Achilles” heel of these innovations is that the uncer-
tainty early in the experiment is too great for making such
decisions effectively. This is a matter of quantity rather than
principle: after 40 to 50 patients, there should be sufficient
information regarding the approximate location of the tar-
get to guide a beneficial placement of the next dose upon
halving the step size. However, this is more than the entire
sample size of many up-and-down design experiments.
This perspective should also be applied to the practice
of stopping after a fixed number of reversals rather than

Anesthesiology 2022; 137:137-50
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a fixed sample size.® The Supplemental Digital Content
(http://links.lww.com/ALN/C867) discusses one excep-
tion to this guideline: a short quick-start stage that might
help in certain situations (see also box 2, design recom-
mendation 10).

Choosing the Sample Size

We note that up-and-down is not strictly a small-sample
design. To obtain a very narrow and accurate 95% CI for
the target dose will require n > 100. Even with that many
participants, as long as the main goal is estimating the target
dose rather than the entire dose-response curve, up-and-
down designs should deliver better precision than nonadap-
tive designs and are therefore still preferable. If one is able
to afford such larger samples, then splitting the sample into
stages whose sizes are more typical of published up-and-
down design studies (n = 30 to 60) allows for design-
change decisions such as changing the step size and the
boundaries in a way that improves overall performance. As
long as the target, treatment, and response evaluation pro-
tocols remain the same, one can pool data from all stages at
the experiment’s end into a single centered isotonic regres-
sion estimate.

That said, up-and-down design in practice remains pre-
dominantly a small-sample design, mostly due to logisti-
cal constraints and researcher expectations. Our general
recommendation of using at least n = 30 to 40 for ED50
finding and n = 50 to 60 for the ED90 is a compromise
indicating the minimal sample sizes that would still pro-
vide a useful estimate, albeit not a very precise one. Since
mishaps and inconclusive experimental trajectories cannot
be avoided, consider adding to the study protocol a list of
conditions that would mandate a sample-size increase with
possible design modification. This may include a relatively
low patient count at the most visited dose or triggering the
dose boundary rules more than once.

Keep in mind that the choice of target, sample size, dose
levels, and starting dose are all interrelated. For example, if
the experiment’s safety board requires starting at one end
of the dose range, then sample-size considerations should
allow ample contingency for a scenario in which the target
is near the other end. Otherwise, the entire experiment may
be spent traversing the dose range.*

Another, poignant example for this interdependence is
the sharp increase in sample size requirements when shift-
ing the target from ED90 to ED95. As mentioned when
presenting k-in-a-row design and biased-coin up-and-
down design, each dose decrease with both designs
requires more than twice as many positive responses when
targeting the ED95 as when targeting the ED90. We also
reported the lack of sufficient CI coverage for ED95 esti-
mates after n = 50, a sample size generally sufficient for
ED90 CI coverage. Thus, we recommend considering
carefully whether an ED95 estimate is indeed required
or whether the ED90 would suffice. If the former is still
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Up-and-down Designs

Box 2. Basic Guidelines for Up-and-Down Design and Estimation

Stronger recommendations are in boldface. For guidelines marked with an asterisk, most of the supporting information is provided in

the Supplemental Digital Content (http://links.lww.com/ALN/C867).

Design choices:

—_

. *Do not impose dose boundaries, unless mandated by physical, feasibility, or safety constraints.

2. Use a fixed prespecified sample size rather than a random stopping rule. Note: “counting” the sample using reversals is also a

random stopping rule.

3. Do not target percentiles more extreme than the 10th to 90th, unless using a substantially larger sample size (n > 100).

4. Typical sample sizes for a moderate-confidence estimate are n = 30 (ED50) to 60 (ED90). The more extreme the target percentile,
the larger the recommended sample size. If you can afford a larger sample than that, split it up by prespecifying design reevaluation
points (dose-spacing changes, boundary modification, and so forth) every 30 to 60 patients.

5. Consider adding to the study protocol, conditions under which the sample size would automatically increase with potential design mod-

ifications. See text for details.

6. Dose spacing: employ a dose range based on known clinical effectiveness and split it into 8 to 12 dose levels. See article

text for specific guidance.

7. Starting dose: barring safety constraints, for ED50 finding, start near the presumed target. For high percentiles, start about 1 to 2 dose

levels below the presumed target, and vice versa.

8. *When a k-in-a-row up-and-down design is suitable, it is more efficient than the biased-coin design; however, both are viable.
9. *For experiments to compare target doses between two different groups, designing two separate up-and-down designs and testing for

an overlap of 83% Cls is acceptable.

10. *Do not incorporate adaptive rules that change design parameters after a few patients. The only exception is for nonmedian
targets, for which an initial ED50-targeting stage may help make the trial more efficient in some cases.

Estimation choices:

1. *Use centered isotonic regression. Include all data in the estimate and report a Cl.
2. Do not use data from a dose-finding experiment to make off-target estimates (e.g., using ED50-finding up-and-down design to estimate

the ED95).
3. Do not use parametric regression for target-dose estimates.

4. *Dose-averaging estimates are germane only for ED50-finding experiments. Do not use Dixon and Mood’s original method
or reversals-only estimates. The dose-averaging estimate we recommend uses all doses starting from the third reversal.
5. Unless using larger sample sizes (n > 100), do not report Cls at the 95% confidence level; use 90% or less.

desired, then absent strong prior knowledge regarding the
EDO95’ approximate location, one should be willing to
plan for n > 100 with up-and-down and even more with
a nonadaptive design.

Dose Spacing and Boundaries

A dose boundary near the target dose disrupts the allo-
cation symmetry of figures 2B and 3B, inducing large
biases on dose-averaging estimates and potentially pre-
venting centered isotonic regression from obtaining a
target estimate at all. Therefore, we recommend against
setting any dose boundaries narrower than those dictated
by physical and safety constraints. After the experiment’s
data are collected, if the target appears to be very close
to a boundary or the target estimate sits on the edge
of the range of doses administered, the reliability of the
estimate may be questionable. The appropriate resolution
might be, if applicable, to extend the boundary, or halve
the step size to allow for more symmetry—or simply to
increase the sample size. Exact remedies would vary by
study context, and therefore we cannot recommend a
single course of action.

The closely related question of step size, also known as
dose spacing, has been addressed as ecarly as the work of
Dixon and Mood in 1948. Their recommendation, which
still holds sway over many fields, was a spacing of approxi-
mately 1 SD of the response-threshold distribution, which
they assumed to be Normal. Here, we offer an alterna-
tive approach, informed by more recent understanding of
up-and-down design random walk and reflecting the lim-
ited knowledge researchers possess about F(x) before the
study.

We begin by noting that even in the absence of “hard”
dose boundaries in the study rules, up-and-down design
experiments face “soft” boundaries generated by F(x) and
by the dose-transition rules. Using classical up-and-down
as an example, if the experiment reaches doses for which
F(x) is very close to 0 or 1, it is unlikely to reach them often
and even less likely to transition beyond them. Therefore,
for the classical up-and-down design, consider the range of
F(x) from 0.02 to 0.98 to define the effective dose range,
containing the dose levels that have reasonable probability
of being used during the experiment. Under the Normal
distribution (mentioned for illustrative purposes rather than

Anesthesiology 2022; 137:137-50
Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

145

20z Idy 01 uo 3senb Aq Jpd 60000-0"00802202/0202L9/LE /2/LE LIypd-ajoie/ABojoIsayisaue/Woo JIeyDIBA|IS Zese//:d)Y WOy papeojumog


http://links.lww.com/ALN/C867

READERS’ TOOLBOX

Box 3. Where to Find More Information on This Topic

There is very little up-to-date, published reference information about up-and-down designs. In particular, there is yet not a single book
dedicated to up-and-down designs, neither for method developers nor for practitioners. Some relatively recent accessible reviews:

Gorges M, Zhou G, Brant R, Ansermino JM: Sequential allocation trial design in anesthesia: An introduction to methods, modeling, and
clinical applications. Paediatr Anaesth 2017; 27:240-7

Notes: This may be the most recent review in the spirit of Pace and Stylianou.® It also presents a moderate-sized simulation study. Some
perspectives in that review are discouraged in the current article (e.g., using reversal count as a stopping rule).

Flournoy N, Oron AP: Up-and-down designs for dose-finding, Handbook of Design and Analysis of Experiments. Edited by Dean A, Morris M,
Stufken J, Bingham D. London, CRC Press/Chapman Hall, 2015, pp 862—98

Notes: This is the most detailed up-and-down design reference we are aware of. It is somewhat more technical than the current article.
Since writing that text, we have acquired more insights and results about up-and-down designs and have considered more carefully practical
guidelines for researchers. These more recent results are shared in the current article.

Saranteas T, Finlayson RJ, Tran DQH: Dose-finding methodology for peripheral nerve blocks. Reg Anesth Pain Med 2014; 39:550-5

Notes: A clear, concise, and highly informative review of standard, classical up-and-down, biased-coin up-and-down, and continual reas-
sessment method designs.

Pace NL, Stylianou MP: Advances in and limitations of up-and-down methodology: A précis of clinical use, study design, and dose estimation
in anesthesia research. Anesthesiology 2007; 107:144-52

Notes: Most of the essential content in this seminal review is covered or referred to in the current article. However, revisiting it is still valuable.
Columb MO, D’Angelo R: Up-down studies: Responding to dosing! Int J Obstet Anesth 2006; 15:129-36

Notes: A lively debate article between a leading popularizer of up-and-down designs in anesthesiology and a colleague critical of the design.
Interestingly, the latter had identified in his experimental work a point we make here: ED50-targeted up-and-down design is ill suited for
estimating extreme percentiles.

Simulation studies from other fields, exemplifying the siloed nature of up-and-down design implementation paradigms and
practices. In each study, the authors diligently attempt to fix the problems of a “legacy” estimation approach. Qur own perspective is that
these approaches have outlived their useful life and should simply be replaced with centered isotonic regression, or at least with a more
robust dose-averaging estimate. See the Supplemental Digital Content (http://links.lww.com/ALN/C867) for more detailed comparison and
discussion of estimation approaches.

Miiller C, Wachter M, Masendorf R, Esderts A: Accuracy of fatigue limits estimated by the staircase method using different evaluation tech-
niques. International Journal of Fatigue 2017; 100:296-307

Pollak R, Palazotto A, Nicholas T: A simulation-based investigation of the staircase method for fatigue strength testing. Mechanics of
Materials 2006; 38:1170-81

Garcia-Perez MA: Forced-choice staircases with fixed step sizes: Asymptotic and small-sample properties. Vision Research 1998;
38:1861-81
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as an assumption), this effective range comprises 4 standard
deviations. The tradeoft between the benefit of a symmet-
ric well defined up-and-down design dose distribution
(figs. 2B and 3B) and the risk of the experiment having to
traverse too many dose levels en route to the target region
suggests dividing this effective range into 8 to 12 dose levels.
Therefore, our recommendation is analogous to about half
of the step size suggested by Dixon and Mood.

For non-ED50 up-and-down designs, one must con-
sider the transition rules, which cause the effective range
to be narrower and also asymmetric over F(x). Specifically
for k-in-a-row design with k = 6 to estimate the ED90, the
upper end of the range would still be around F(x) = 0.98,
because the dose-increase rule is identical to classical
up-and-down design. However, the point with dose-
decrease probability of 2% is near F(x) = 0.60.Thus, a rough

Anesthesiology 2022; 137:137-50
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guideline for the “soft” lower boundary could be the ED50,
in case information is available regarding its approximate
magnitude. We reiterate that no hard boundaries need to
be set to ensure desirable behavior. If your assumptions
regarding the effective rate are reasonably correct, then the
strong central-tendency random walk will keep nearly all
dose allocations to the 8 to 12 dose levels you have chosen;
usually only to a subset of them.

Estimating Two Distinct Target Doses

Many recent anesthesiology up-and-down studies have
reported two target estimates after a single ED50-finding
experiment: the ED50 estimate and another, “off-target”
high-percentile estimate. As explained earlier, there is far
less confidence in the latter estimate. In view of this, some
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of these studies added a confirmatory stage enrolling n
= 30 to 100 patients and treating them at the estimated
higher percentile.”* While some studies reported results
that corroborate the off-target estimate, a better use of the
additional sample might have been to follow upon the clas-
sical up-and-down design with a high-target up-and-down
design, using the first stage to refine the dose spacing as
suggested earlier in this section.

Discussion

There is established precedent for the use of up-and-down
design in anesthesiology to improve the efficiency of exper-
imental design. Here, we have attempted to offer further
insight into this adaptive strategy that concentrates patient
exposure in regions of interest along the dose—response
curve F(x) (fig. 1). The design’s rules generate target-cen-
tered random walk behavior. The development of asym-
metric up-and-down design rules provides an ability to
focus upon different regions of F(x).

We have noted caveats in the application of different
methods for target-dose estimation from up-and-down
design data, including appropriate and inappropriate use
of dose-averaging estimates. We recommend the method
of centered isotonic regression, which improves the reli-
ability of estimates, is informed by recent research, provides
a reasonable CI, and has a publicly available R package.?
Basic application notes appear in the Supplemental Digital
Content (http://links lww.com/ALN/C867). A longer
tutorial is found in the package’s vignette.

Sample sizes and other design decisions can be explored
beforehand using simulation to inform pragmatic planning
of study conduct. We have provided simple design recom-
mendations that may obviate the need for planning sim-
ulations in most typical applications, along with concise
insights into more elaborate strategies. The Supplemental
Digital Content (http://links.lww.com/ALN/C867) con-
tains further material that may be relevant for design choice.

Various design modifications and extensions inspired by
up-and-down have been developed.'>'** In particular,
escalation designs used in toxicity trials appear to have orig-
inated from up-and-down designs but do not produce a
targeted random walk. Most prominent among them is the
“3+3” escalation algorithm, to date the most popular Phase
I cancer trial design and very often misrepresented as an
up-and-down design.*® Escalation designs stop the experi-
ment after a prespecified, usually modest, amount of toxicity
has been observed at a given dose. They serve an important
role in approaching the general vicinity of doses at which
toxicities may begin to appear, without placing participants
at unacceptable risk. This is particularly adequate for first-
in-human studies with healthy volunteers. However, esca-
lation designs do not provide reliable target-dose estimates
and should not be used for estimation.

At the other end of the risk-taking continuum, prominent
statisticians have promoted the use of sophisticated Bayesian

Up-and-down Designs

model-based designs, in particular the continual reassess-
ment method for Phase T cancer trials.”™* These designs
have “long memory,” in contrast to up-and-down designs,
the dose-transition rules of which require only the last sev-
eral subjects. Anesthesiology articles utilizing the continual
reassessment method appeared at least as early as 2000, and
their numbers have grown recently** Other long-mem-
ory designs used in anesthesiology, such as the modified
Narayana design, the origins of which date back to the
19505, also show similar overall behavior despite not being
perceived as associated with the Bayesian approaches.”®
We note that up-and-down designs, while using only
recent observations for dose allocation, do use the entire
experiment’s data during the estimation stage. Therefore,
they achieve dose-finding performance similar to leading
long-memory designs.*****% Where the two approaches
differ markedly is the dose-allocation distribution: unlike
up-and-down design’s random  walk,
long-memory designs promise to dedicate all allocations to

target-centered

the dose closest to target and to do so quickly. This often

39.61-63 hecause

leads to detrimental experimental behavior,
as written regarding midexperiment design changes, early
on there is insufficient information to justify dramatic deci-
sions. That said, long-memory designs may be warranted
when the study objective is more complicated than straight-
forward dose-finding. This would likely also require larger
sample sizes. The Supplemental Digital Content (http://
links.Iww.com/ALN/C867) contains further discussion of
long-memory designs.

These up-and-

down designs, and long-memory designs—offer different

three families—escalation designs,

philosophical approaches to uncertainty. Uncertainty and
randomness in research are inevitable; in the domain of
small-sample, binary-endpoint experiments, the uncer-
tainty is particularly substantial. Escalation designs aim to
preempt uncertainty by stopping upon the first encounter
with a predefined risk level. Long-memory designs and in
particular Bayesian ones promise to overcome the uncer-
tainty with the aid of special models, zooming in swiftly
and exclusively on the correct dose. The “swiftly” part of
this promise is not backed by proven theory.” In our view,
among established approaches, up-and-down designs offer
the most realistic path for managing uncertainty, channeling
it into a target-centered random walk with clear theoretical
properties, in a manner that generally conforms with ethical
and clinical expectations.

Overall, up-and-down design remains an established yet
intriguing experimental design approach. Up-and-down
design are competitive with other significantly more com-
plicated alternatives, and their simplicity and transparent
behavior are popular features that keep them in vogue.
There are, however, caveats in their application that may
confound the unwary, and the new user is strongly advised
to seek statistical help to guide their use within study
designs.
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