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In some part of eatly prehistory, it was noticed that
clinical studies required ‘dependent variables by
which to judge the study results. In complex
chronic illnesses, such as rheumatoid arthritis (RA),
such dependent variables need to provide summary
end points and to reflect the values of patients as
well as health professionals. Under the medical
model, dependent variables were traditionally typi-
fied by the erythrocyte sedimentation rate (ESR)
and the number of swollen or tender joints as
counted by a physician. Curiously, these dependent
variables were accepted as a matter of faith and were
very rarely an object of study. Had they been stud-
ied, it would have been easily observed that there
was an extraordinary amount of noise in these vari-
ables, with great variability in repeated measure-
ments, between observers, between the same
observer on different days, and across laboratories.
The ESR and the joint counts are simply not very
reproducible. It would have been observed just as
easily that the ESR or joint counts did not correlate
well with how the patient felt or functioned; that is,
their very relevance could not be well argued.

Compounding these neglected observations
was a statistical failure, where the number of
patients (sample size) required for a study was cal-
culated under the assumption that the observed
variability in the dependent variable was the true
variability of the variable, that all of the observed
variability was due to differences in treatment
effect across patients. There was no place in such
sample size calculations for an ‘error term’. As a
result, the noise in variables was not assessed, and
there was little incentive to improve the precision
of the variables. If a study lacked statistical power,
you could just enroll more patients, regardless of
the cost and resource implications.

Ironically, there were already emerging meas-
ures that were more responsive than the old.
However, a quarter of a century, ago when the
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Better tools are needed to evaluate our treatments for rheumatic diseases. The long-overdue
patient-reported outcome measurement information system project is a NIH roadmap
initiative to build better instruments for measuring patient-reported outcomes through use of
item banking, item response theory and computerized adaptive testing. The resulting tools
are intended to supplant current standards, such as the health assessment questionnaire
and the SF-36, and will enable greater study power with reduced sample sizes, as well as
integrating greater relevance to the patient into the measures.

SE-36 instrument from the medical outcomes
study and the health assessment questionnaire
(HAQ) were new instruments, patient-reported
outcomes (PROs) were of only marginal interest
to rheumatologists [1,2]. The term ‘outcome’ itself
was little used. The ‘dependent variables’ for our
clinical trials were laboratory measured or physi-
cian observed, including, in addition to the
above, the physician global assessment, grip
strength, ring size, timed 50-foot walk, x-ray and
immunological tests, such as the antinuclear anti-
body titer, and the rheumatoid factor titer. Pres-
ently, while some of these measures have survived,
the new gold standard for many, if not most,
rheumatologists has become the patients own
report. PROs can be true outcomes. They are
about things that affect patient lives, they measure
the impact of the disease process and they reflect
patient values [3]. They usually have better meas-
urement characteristics than the more traditional
clinical variables, and, in most instances, are more
reliable, more valid, more meaningful and less
expensive to obtain. However, they are not as
good as they now can be.

The major PRO instruments in rheumatology
and many other disciplines include the HAQ and
SE-36. Our patient-reported outcome measure-
ment information system (PROMIS) research
group is led by the developers of these instru-
ments (myself for the HAQ and John Ware for
the SF-36), and we proceed from a long and gen-
erally  successful  perspective  on  these
instruments [45]. Our instruments have been
used in thousands of studies and hundreds of
separate validations, and each has been translated
into more than 50 languages and cultures. They
have become standards for the US FDA, the
American College of Rheumatology (ACR) and
outcome measure in RA clinical trials (OMER-
ACT), among others. However, these studies are
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now over 25 years old. New measurement sci-
ences have evolved, which can make good use of
computers, the internet and wireless communi-
cations. Scientific advances in measurement and
the maturation of consumerism in healthcare
require us to re-examine PRO assessment and
raise the bar in order to extend the application of
these concepts [6,7).

PRO measurement information system

The NIH roadmap projects are designed to serve
all areas of medicine; to catalyze changes that can
transform new scientific knowledge into tangible
benefits for people. Part of the roadmap is

directed at re-engineering the clinical research
enterprise, and prominent within this effort is
PROMIS, intended to bring the new sciences of
item response theory (IRT) (8] and computerized
adaptive testing (CAT) 9], long used in educa-
tional testing settings, to important new uses in
identifying better treatments.

The process of PROMIS is to develop large
item banks of thousands of items, to improve
these items and to use IRT and CAT to develop
next—generation outcome measures (Figure 1).
These new measures will be more meaningful
and more precise than previously, and will require
fewer patients in a clinical trial to achieve the

Figure 1. Development of improved items and improved ways of using these items
proceeds through a number of qualitative steps, followed by a number of

quantitative steps, each described in the text.
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same statistical power. This paper is intended to:
explain the process; introduce concepts such as
unidimensionality and local independence to
many rheumatologists; discuss the concept of a
domain hierarchy [6,7); extend prior discussions of
these issues [10]; and estimate the potential effects
of these approaches in reducing sample sizes and
increasing the precision of clinical trials [11].

The sequence of activities required for the
development of more optimal outcome assess-
ment is sometimes tedious, as illustrated in
Figure 1. The development of large item banks is
complicated and labor intensive. Qualitative item
improvement must first precede and later accom-
pany quantitative analyses. To develop an item
bank that enables short, efficient and precise
assessment, lengthy preparation is necessary.

We can think of an item ‘domain’ as a group
of items on a common subject. Such domains
exist on a continuum from more general
domains to more specific ones [6,7], and the more
specific may be collapsed into the more general.
The domain hierarchy provides a map to the
ordering of domains, and the PROMIS prelimi-
nary hierarchy represents analysis of thousands
of items and hundreds of instruments, with con-
sultation from hundreds of people and major
national and international organizations. Quant-
itative empirical testing of item clusters has been
used to confirm the conceptual framework.

The need for a defined domain hierarchy may
not be initially obvious, but there are natural
orders for groups of items. “Walking’ may be a
part of ‘physical function’, but physical function
cannot be subordinate to walking, nor may walk-
ing be subordinate to mental function. Each
domain may have a ‘score’ computed, and the
more specific scores reported separately and then
‘rolled-up’ into more general domain scores.

Three levels of the preliminary PROMIS
domain hierarchy illustrate the concept, using
physical function/disability as the major example.
‘Health’, the grandest of domains, is envisioned as
consisting of three dimensions of physical, mental
and social health, following the definition of health
adopted by the WHO and others. At the second
domain level, physical health, for example, is con-
sidered to consist of the subdimensions of physical
function/disability, pain, fatigue and other symp-
toms. At the third domain level, physical func-
tion/disability conceptually divides into domains of
mobility (lower extremity items), dexterity (upper
extremity items), central (neck and back items) and
activities (often described as instrumental activities
of daily living [IADL]) (Figure 2).
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As the domain map continues to divide into
ever more narrow domains, IRT techniques are
used to determine whether all items in a domain
measure the same construct, or whether two or
more constructs are required to describe the
domain accurately. This involves testing for uni-
dimensionality, a requirement for IRT models,
sometimes referring to ‘principal component
analysis. If a domain contains only a single con-
struct (such as walking, containing items with a
variety of distances, rates and terrains), then the
domain-mapping task is completed. All items in
walking vary only by their level of difficulty, such
as walking a block or walking a mile. If there is
more than one principal component present (as
with the domain of physical function/disability)
then the domain map will continue to be split
into narrower subdomains until domains with a
single dimension are found.

For both CAT and traditional applications, a
goal is to have as few and as relevant domains as
possible. The domain-mapping process begins
with conceptual and qualitative decisions and
ends with quantitative, evidence-based decisions.
For example, the HAQ disability index (HAQ-
DI) has eight domains under physical function;
the PROMIS map postulates four, reasoning
that you might estimate a ‘stair-climbing’ score
from knowledge of walking ability or a hygiene
score from a ‘dressing and grooming’ score, but
you cannot reliably predict ‘hand function’ from
a walking score.

All items ever used

The item identification process initially estab-
lishes the universe of items likely to be useful. An
‘item’ is a question for a patient. It has four basic
components, a ‘context’ (considering the ways
that your arthritis affects you), a ‘stem’ (are you
able to walk a block on level ground), a ‘time
frame’ (considering the past 7 days) and a set of
possible ‘responses’ (without difficulty, with some
difficulty, with much difficulty and unable to do).
An item has a domain (e.g., mobility) to which it
is temporarily (qualitatively) or permanently
(quantitatively) assigned. An item is different
from another item if it has a different context,
stem, time-frame or set of response options.

All previously used items from all known
instruments must be initially considered in order
to reduce bias and to ensure completeness. Taken
together, these items represent the collective wis-
dom of hundreds of item authors. The item bank
development task is not trivial and corresponds to
the initial step of a traditional meta-analysis where
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Figure 2. The PROMIS domain hierarchy framework (or map).
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PROMIS: Patient-reported outcome measurement information system.
With permission from the PROMIS Cooperative Group.
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This model displays the relationships between ‘domains’, which proceed from more general domains at the left to more specific
subdomains to the right. ‘G’ denotes a domain introduced with a general global item. A ‘satisfaction’ box is appended to major domains
to indicate the importance of this concept and also that it is seldom a primary outcome by itself. The domain map continues to evolve as
empiric item response theory data accumulate; this figure reflects status in February 2006.
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all previous work is identified. In examining the
domain of physical function/disability, for
instance, the PROMIS item banks identified over
2000 items from over 200 English language ques-
tionnaires. To many, this effort may be seen as
unexciting, but the strongest buildings must have
good foundations.

Losing the bad stuff

These initial item pools are much larger than nec-
essary for a working CAT application, as
described later. At the same time, they contain
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many items that are imprecise, redundant, have
inappropriate response options, are grammati-
cally incorrect, are directed at too high a reading
level, are absent time-frames or are potentially
offensive. Indeed, many items have been found to
have been very pootly conceived; for example,
‘how much difficulty does your arthritis cause in
playing the cello?” or ‘how much difficulty do you
have with eating or climbing stairs?” Such items
may be deleted after an expert review process,
where at least three trained raters independently
apply a defined set of rules to each item.

Future Rheumatol. (2006) 1(4)
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The reduced item pool is then tested with
patients, to ensure that patient inputs and
patient values are substantially represented in
the final item pools. Patient values are assessed
by focus groups, cognitive review and patient
surveys. Information sought includes the impor-
tance of the item to the patient, the clarity of the
item and the ability of the patient to describe
(back translate) the idiomatic meaning of the
item. With many items to evaluate, different
patient samples are used to evaluate different
item sets, with some common items being used
to anchor the evaluations. Weak items uncov-
ered during review by patients are either revised
or culled.

After patient views are incorporated, the
remaining items are improved further where pos-
sible. Changes may be made to standardize
response categories, time scales and item presen-
tation. Gaps and omissions, particularly regard-
ing the difficulty of items, are filled by the
writing of new items. To date, most identified
gaps are regarding the omission of easy items,
such as transfer from bed to chair, or hard items,
such as jogging two miles. Absence of these items
results in floor and ceiling effects, which decrease
the reliability of a measure and decrease its
generalizability to populations as diverse as
nursing-home residents and healthy seniors.

Number-crunching the items
Quantitative item analysis, using IRT, proceeds
through several steps, which depend upon the
gathering of large amounts of data on individual
items from large and diverse patient groups. The
location of each item on the underlying trait
scale is measured; this is similar to assessing the
difficulty of an item on an educational test.
Within a given domain, it is useful to have items
with a wide range of difficulty. Then, items are
screened by correlating them with each other
and with an overall index of the domain. Identi-
fication of redundant items with high correla-
with each other,
deletion of items, and reduces ‘local depend-
ence’ (redundancy); IRT requires that items in a
domain be locally independent of each other.
Items that do not correlate well with the other
items in a domain do not belong in that
domain; such items may need to be grouped to
form another domain [8].

The items that have survived this gauntlet pro-
ceed through formal IRT analyses to confirm the
unidimensionality of a proposed domain, seeking

tion coefficients enables

a domain with a single principal component.
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These analyses may employ Rausch modeling or
more complex models that, for example, take
into account the discriminating power (slope) of
an item as well as its difficulty. The generalized
partial credit model is one example [12-14]. The
strategy is to continue to add levels of ever more
specific domains until domains that are both
conceptually and quantitatively unidimensional
are found, and then to allow no further splitting
of domains. The expectation is that this process
will confirm a structure not too different from

the preliminary PROMIS domain hierarchy [10].

CAT & the mouse

The term short-forms, as in the SF-36, describes
questionnaires that are sufficiently short so that
the burden to the subject of completing a ques-
tionnaire is reasonable. The ability to create bet-
ter short-forms with more precise estimation of,
for example, functional ability, is one goal of
PROMIS. IRT techniques combined with item
improvements enable development of instru-
ments better than the current standards, and
they permit translation of literature results from
old to new metrics. For example, the physical
function scale of the SF-36 (PF-10) may be cali-
brated to the HAQ-DI, thereby enabling data to
be reanalyzed with instruments that had not
been actually administered, and allowing previ-
ously impossible comparison of literature results
across studies [15].

The more important advance, however, is the
transition from static instruments to ‘dynamic’
or ‘adaptive’ instruments made possible by CAT.
As in educational testing applications, CAT
makes it possible for everyone to receive a dif-
ferent and shorter test, as with the graduate
record exam (GRE), and also to estimate the
ability of the individual more precisely. This
enables far greater precision without increasing
questionnaire burden, and advances PRO
assessment to the age of the computer, internet
and specialized hand-held device 19,16,17). The
CAT administers the test, and the subject
responds with the mouse.

From many items come fewer. Consider, for
example, a domain termed ‘walking’. The
HAQ-DI contains two items on walking, and
they generate one of four numbers corresponding
to no, mild, moderate and severe disability. On a
100-mm ruler, these four response options might
(but actually do not) correspond to 0, 33, 67 or
100 mm. By contrast, CAT will first employ a
screening question on walking, such as a HAQ-
DI item, and will then ask a narrower question
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that spans this point, and then an even narrower
question that spans the resulting point. This
process is continued until a predefined level of
precision is obtained, for example, 53 mm with a
standard deviation of three, generally achieved
after only three or four items. By contrast, the
HAQ-DI might have yielded a score of 67 with a
standard deviation of 20. Having precisely scored
one domain, CAT moves on to the next. If the
screening question results in the preset floor of 0,
only one confirmatory question for that domain
will generally be required. After scoring all of the
domains at the third level of mobility, dexterity,
central and activities, CAT uses these scores to
compute a score for the domain at the second
level, physical function/disability. Without addi-
tional questionnaire burden, CAT, using the
mouse rather than the pencil, can generate far
more precise estimates.

Sample size is the cost

The PROMIS project will permit smaller sample
sizes in clinical trials while retaining the same
statistical power [18]. Full discussion is beyond
the scope of this paper, but power is strongly
related to the standardized effect size, which, in
turn, is a function of the standard deviation of
the estimate [11,19,20]. The long neglected fact? As
noted above, the standard deviation of an esti-
mate has both a true (latent) term and an error
term. Sample size calculations generally assume
an error term of zero, even when considering the
noisiest of measures. However, the error term is
never 0. IRT and CAT will reduce the standard
deviation of the estimate, and, in most settings,
sample size requirements may be reduced by
25-40% from present levels. The improved effi-
ciency using fewer subjects will facilitate recruit-
ment of subjects, reduce the number of centers
required, and decrease the cost of the trial by a
proportion only slightly lower than the propor-
tion of reduction of the sample size requirement.
Yearly savings in research costs to the NIH alone
could be hundreds of millions of dollars.

Transcendent instruments

The new outcome assessment instruments are
almost certain to be better than the old. They
will use better items in better ways. However,
the magnitude of this improvement is impor-
tant. If the advances are relatively small, pro-
found changes in the way that clinical research is
conducted are less likely. Within PROMIS, pro-
tocols of rigorous evaluation and validation have
been developed. Randomized controlled trials,

using different instruments and means of
administration as the variables of interest, will
compare the reliability and responsiveness of the
traditional measures against the newer tech-
niques. PROMIS activities will examine differ-
ential item functioning (DIF) across diseases
and medical fields, seeking to minimize the
number of items that only work well in certain
disease populations. A bottom-line evaluation
will be the extent to which the PROMIS tools
improve the precision and reduce the costs of
clinical research. These tools will be in the pub-
lic domain, and no charges are anticipated for
academic uses.

Future perspective
After 25 years, it is time for PRO outcome assess-
ment to move to the next level. The HAQ), the
SF-36, Australian Institute of Medical Sciences
(AIMS), Western Ontario and Macmaster OA
index, sickness impact profile, and other instru-
ments do not reach the standards of precision
currently achievable. They are not sufficiently
precise to be used to follow the individual patient
well. With better items, a more carefully devel-
oped domain structure, better knowledge of item
characteristics, and more efficient and accurate
methods of combining the items, improved
instruments can be introduced, study sample
sizes reduced and outcome assessment brought to
the level of the individual patient [10,21].
However problems will be encountered
because of the need for a new consensus in areas
less familiar than the old. Acceptance of major
change is not often easy to achieve, especially in
this setting, where the historical instruments have
been used widely and have been implemented
successfully in many languages and cultures. The
transition to the use of stand-alone computers,
internet or hand-held devices that operate CAT
involves a considerable learning curve. The clini-
cal trial visit, for example, will include the subject
sitting at a keyboard or using a hand-held device
to input data. If the proposed changes are
adopted by the FDA, industry, ACR, OMER-
ACT and other major organizations, the transi-
tion will be easier. Well-documented advantages,
such as reduced study sample sizes and better
applicability for the individual patient course,
will help inform change.
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Executive summary

e Clinical study evolution has neglected obvious approaches to structural improvements that can enable

greater research productivity and more reliable science.

e Patient-reported outcome measurement information system (PROMIS) is a NIH roadmap project to
improve the reliability, relevance and efficiency of clinical studies using patient-reported outcomes (PROs).

e PROMIS will provide definitive new PRO instruments that far exceed the capabilities of classic
instruments, such as the health assessment questionnaire and the SF-36.

¢ [tem response theory (IRT) now permits us to move forward into an era of item banking and
computerized adaptive testing (CAT).

e |tem banking uses IRT models to develop higher quality item banks from pools of thousands of items
from hundreds of questionnaires.

¢ |RT enables identification of the best items and assembles domains of items that are unidimensional
and not excessively redundant.

o CAT provides software approaches to sequentially select the most informative remaining item in a
domain pool until a desired degree of precision is obtained.

¢ By use of the best items in the best way, the number of patients required for a clinical trial may be
reduced by 25-40% while holding statistical power constant, greatly reducing the cost and improving
the efficiency of clinical research.
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