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Abstract

Objective—To document the development and psychometric evaluation of the Patient-Reported
Outcomes Measurement Information System (PROMIS) Physical Function (PF) item bank and
static instruments.

Study Design and Setting—Items were evaluated using qualitative and quantitative methods.
16,065 adults answered item subsets (n>2,200/item) on the Internet, with over-sampling of the
chronically ill. Classical test and item response theory (IRT) methods were used to evaluate 149
PROMIS PF items plus 10 SF-36 and 20 HAQ-DI items. A graded response model was used to
estimate item parameters, which were normed to a mean of 50 (SD=10) in a US general
population sample.

Results—The final bank consists of 124 PROMIS items covering upper, central, and lower
extremity functions and IADL. In simulations, a 10-item Computerized Adaptive Test (CAT)
eliminated floor and decreased ceiling effects, achieving higher measurement precision than any
comparable-length static tool across four standard deviations of the measurement range. Improved
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psychometric properties transferred to the CAT’s superior ability to identify differences between
age and disease groups.

Conclusion—The item bank provides a common metric and can improve the measurement of PF
by facilitating the standardization of PRO measures and implementation of CATs for more
efficient PF assessments over a larger range.
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Item Response Theory; Computer Adaptive Test; physical function; health status; questionnaire

1. Introduction

Measurement of patient-reported outcomes (PRO) in clinical studies has steadily increased
in frequency, as has its importance in evaluating therapies and developing treatment plans.
The plethora of outcomes tools available today allows for increasing specificity of
measurement over a wide range of domains. However, most widely-used PRO tools have
well-described shortcomings, including high respondent burden and lack of measurement
precision. Moreover, results from different instruments can be hard to compare, which limits
the interpretability of PRO data.

To address these shortcomings, the National Institutes of Health funded an initiative to build
a comprehensive Patient-Reported Outcomes Measurement Information System

(PROMIS) 12, PROMIS uses Item Response Theory (IRT) and Computerized Adaptive
Tests (CATS), which are believed to be promising solutions to the most important
limitations of current measurement tools. An IRT item bank consists of a set of items
measuring the same construct and parameters that describe the items’ measurement
properties 3. Item banks provide the foundation for CATs, which make it possible to
administer the most informative items to an individual respondent 4. Thus, higher precision
can be achieved, while respondent burden can be reduced >-7.

One aim of the PROMIS initiative was to build an improved item bank for the Physical
Function construct, which has been evaluated using IRT methods for more than a

decade 812, Items covering a wide range of functioning, from self-care to strenuous
activities, have been calibrated using IRT models, and some of the first CATs were
developed for Physical Function 1314, We presented results from a rigorous evaluation of
IRT methods in preparation for development of the PROMIS Physical Function item bank
earlier in this journal. 8. The current paper reports on the development and initial
psychometric evaluation of the PROMIS Physical Function item bank.

2. Methods

Item bank development and evaluation followed the general PROMIS approach, described
in detail elsewhere 2:6:15:16 |ssyes specific to the PROMIS Physical Function item bank are
discussed below.
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2.1 Item Bank Development and Qualitative Review

PROMIS aimed to develop a generic Physical Function item bank that could be used across
diseases and different levels of ability. Four sub-domains were defined: instrumental
activities of daily living (IADL), mobility or lower extremity function, back and neck
(central) function, and upper extremity function. The qualitative work to develop the
Physical Function item bank has been described in detail 17. In short, 1,728 items from 165
instruments were reviewed and 1,560 items were eliminated as redundant, condition-
specific, vague or unrelated to the domain. Most remaining items were rewritten to minimize
variation in item attribution and response scales. As in many existing Physical Function
measures, items used the present tense. Items that were primarily determined by the
respondent’s functioning omitted health or disease attribution, because difficulty in
performing these tasks was considered to be due to health problems or disability. Tasks that
were strenuous or included social interaction might be constrained by non-health related
factors, so these included health attribution. All items went through additional expert review
and patient assessment.

The field test included 168 Physical Function bank items, one global Physical Function item,
and 30 items from two legacy tools (20 Health Assessment Questionnaire (HAQ-DI1)18 and
10 SF-36 Health Survey Physical Functioning (PF-10) 19 items). Twenty of the 168 items
are not analyzed here, including 5 items about device use, 7 items about task performance, 7
items that were not specific to Physical Function, and 1 item that we could not obtain
permission to include in the final bank.

2.2 Field Testing

21,133 adults participated in the PROMIS Wave 1 data collection, 16,065 of whom
answered two or more Physical Function items. Of these, 14,777 were enrolled via a
YouGov/Polimetrix Internet portal 29, 54.7% from the general population and 45.3% self-
identified with specific diseases. Another 1,288 enrolled at four PROMIS clinical sites. All
participants answered 10 PROMIS global items 2! and questions on clinical conditions and
sociodemographics. A sub-sample (Form C) completed the HAQ-DI and PF-10.

The 168 PROMIS items were administered in two different designs. In the “full bank’
design, one sub-sample (Form C) answered 112 items, while another sub-sample (Form G)
answered the remaining 56 items. This full bank design allowed for analysis of the item
covariance matrix without using imputation methods. Within the ‘block design’ (Forms H-
W), 16 sub-samples answered different subsets of items from all PROMIS item banks,
including 21 Physical Function items each. This balanced incomplete block design allowed
for simultaneous IRT-based estimation of item parameters, i.e., blocks of at least 7 items
from each domain were administered in two independent samples. Items were administered
in a fixed order in both designs.

2.3.1 Data Preparation and Skewness—If fewer than three participants endorsed a
response option for an item, we collapsed that response option with the adjacent response
option. The full set of response options will be used in future item administrations, but
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collapsed response options were used for score estimation. 248 participants (1.54%) were
excluded because they had response patterns or response times indicating insufficient
attention or had too much missing data 22, resulting in a sample of 15,817. Skewness was
used to indicate poor fit between the health of the sample and the level of health measured
by an item.

2.3.2 Unidimensionality and Local Independence—To ensure that items were
measuring Physical Function, items correlating <.50 with the global Physical Function item
were excluded. Confirmatory factor analysis (CFA) was used to explore the interrelationship
of the four a priori defined Physical Function sub-domains and to determine if a sufficiently
unidimensional Physical Function construct 23:24 could be obtained, using the Mplus™ with
an WLSMYV estimator 2°. Items with factor loadings below .70 in the final CFA were
eliminated 26, Studies from Wolfe 12 and our previous work © supported a two factor
solution. Accordingly, we tested three alternative ways to define a two factor solution: (1)
Fine (hand activities) vs. Gross Motor Activities; (2) Upper (hand or arm activities) vs.
Back/Neck and Lower Extremity; and (3) Musculoskeletal (all Upper Extremity items) vs.
Cardiopulmonary Demanding Tasks.

To test for local independence 15, we analyzed residual correlations using Mplus™ 27, If a
pair of items had a residual correlation of .25 or more we eliminated the item that had a
higher accumulated residual correlation with the remaining items 28,

2.3.3 Differential Item Functioning—Tests of differential item functioning (DIF) 2°
were used to identify systematic error due to group bias (independent variables were gender,
age, education, and disease), using an ordinal logistic regression model in which the item
response was regressed on the total sum score of all items and each independent variable. A
significant effect of the independent variable on the item response indicated uniform DIF,
while a significant interaction effect (between the independent variable and sum score)
indicated non-uniform DIF. The magnitude of DIF was evaluated with the coefficient of
determination R? as described by Nagelkerke3C. An increase in combined AR? > 0.03
indicated noticeable DIF. DIF for age, gender, and education were evaluated in the “full
bank’ data. DIF for disease (musculoskeletal, cardiopulmonary, mental) was evaluated twice
for each item within the *block design’ data.

2.3.4 Monotonicity—Item response curves (IRC) were examined using the program
TestGraf 31, applying a non-parametric kernel-smoothing technique. Each response option
curve should have only one clear maximum that is well separated from the maximum of
other curves.

2.3.5 Item Parameter Estimation and Item Fit—Item parameters were estimated using
a Graded Response Model (GRM) 3 with Multilog Version 7. Parameters for the PROMIS
item bank and global item were estimated first. Item fit statistics were calculated based on
algorithms published earlier32, using the SAS macro IRTFIT 33, We report S-G2 values (a
likelihood ratio G2 statistic), which quantifies the difference between expected and observed
frequencies of item category responses for various levels of scores. Non-fitting items were
identified if test statistics were significant in at least two of the three (one full-bank and two
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block-design) sub-samples. Item parameters then were re-estimated excluding the non-
fitting items and fit tests were re-evaluated. This procedure was repeated until all items in
the model fitted. Item parameters then were fixed for the fitting items, and item parameters
were estimated for the non-fitting items.

Once item parameters were established for the PROMIS items, parameters were estimated
for legacy HAQ-DI and PF-10 items, holding the PROMIS item parameters as fixed. For
this estimation, PROMIS items with similar content as legacy items were excluded. To

counter skewness for the legacy items, ARAMIS data (phase 48.1 http://aramis.stanford.edu/ 18) with the HAQ-DI

2.3.6 Population-Based T-Score Transformation—IRT-calibrated scores were
transformed to have a mean of 50 and standard deviation of 10 in the U.S. general
population, as described elsewhere 29, All item parameters were centered based on the mean
and standard deviation of this scale-setting sample. Higher scores indicate better physical
function.

2.3.7 Analysis of Item Information Functions and Reliability—Item information
functions (11F) were calculated from the IRT model 3. An IIF describes each item’s
contribution to overall test precision, and their sum defines the ideal precision of the test at a
given level of the latent trait (© theta), allowing for estimation of the expected standard
error. For samples with an IRT score standard deviation of 0=10, a standard error of 2.3 is
comparable to an internal consistency of a=0.95.

2.3.8 Static Form Development—To demonstrate a potential use of the PROMIS item
banks, we constructed 10- and 20-item static forms that covered similar content as legacy
tools, included all four sub-domains, balanced items measuring “ability’ and ‘limitations’,
covered a wide measurement range, and provided good measurement properties. Thus, the
static forms were constructed based on both content and psychometric considerations. A
third static form with 5 items that excluded upper extremity items also was tested. Each
shorter static form contains a subset of items from the preceding longer form.

2.3.9 Simulation Studies—Simulation studies were performed to describe properties of
the item bank, static forms, and potential CATs. To cover the range in which most patients
would score, we simulated the answers of 1,000 simulees having a normal distribution with
a mean of 40 and a SD of 20. We also simulated a 10-item CAT for a general population
sample (mean=50, SD=10) and a potential clinical sample (mean=30, SD=10).

2.3.10 Validity Testing—Construct validity was evaluated by correlating scores for the
item bank and static forms with scores for two legacy measures (HAQ-DI and PF-10). We
also used the method of known-groups validity and conducted analyses of variance to
determine how well PROMIS and legacy measures distinguished among groups varying in
self-reported health, age, and number of chronic conditions. Relative validity (RV)
coefficients were computed for each measure in each test by computing the ratio of pair-
wise F-statistics, with the F value of the item bank as the denominator. The RV coefficient
indicates in proportional terms how valid a scale is relative to the item bank.
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Fifty-two percent were female. Age ranged from 18-95 with a mean of 54. Eighty-two
percent were white, 9% black and 8% multi-racial; 9% Hispanic or Latino. Education ranged
from less than high school (3%) to an advanced degree (19%), with 24% having a college
degree, 38% some college, and 16% a high school diploma. The majority reported at least
one chronic condition, but most reported no limitations in carrying out daily activities (Table
A-1).

3.2 Skewness

For 50% of items, at least 75% of subjects endorsed the least difficult response option, and
almost 90% endorsed the two least difficult options. Two highly skewed items (skewness <
—7.25; ‘wash face’, ‘open and close mouth”) were excluded. The least difficult response
options for 11 items were collapsed because fewer than three respondents endorsed the least
difficult category.

3.3 Unidimensionality and Local Independence

Two items did not show a sufficient correlation (r<.50) with the global Physical Function
item (“‘open new or tight jar’, ‘turn head side to side’), and were excluded.

In the four factor CFA, all factors had very high correlations (r=0.89-0.97), supporting a
more parsimonious solution. All three alternative two factor solutions for “full bank’
samples produced very similar results and showed high two factor correlations (Form C r>.
90/Form G r>.75) (Table A-2). Fit indices changed minimally for a one factor solution.
Form C data showed reasonably good fit for the one and two factor solutions (RMSEA
0.084 vs 0.088). Form G data showed a less favorable fit, but it was similar for both
solutions (RMSEA 0.143 vs 0.133). Some ‘block design’ analyses suggested that a two
factor solution provided a slightly better fit, but in all samples the two factors were highly
correlated (mean r=0.87, median r=0.88). Even in the worst fitting one factor solutions, fit
indices were still in the range frequently seen in WLMSV estimates for health
questionnaires 3°. Thus, we pursued a more parsimonious one factor solution, as this was
more practical and the resulting item bank enables a wider range of measurement. One item
with a factor loading <.70 in the one factor solution (‘turn head”) was excluded. No residual
correlations of the remaining items were above 0.25, so no items were excluded for local
dependence.

3.4 Differential Item Functioning

Out of 429 tests in the “full bank” sample (143 remaining items and three socio-demographic
variables), only 12 tests showed DIF (4 age, 7 gender, 1 education). Overall, no clear pattern
was observed. In ‘block design’ data, ten items showed DIF for disease in at least one of the
two tested samples for each item. Three items demonstrated particularly meaningful (>0.05)
differences, two of which were in Form L (predominantly patients with musculoskeletal
conditions), which is highly dominated by dexterity items. Figure A-1 shows that patients
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with musculoskeletal disease indicated relatively less impairment in standing up or walking
than patients with cardiovascular disease at a given ©-level.

Given the multitude of DIF tests, the number of items identified as showing DIF was small.
Thus, we followed the PROMIS strategy of retaining these items to allow further analysis of
their impact.

3.5 Monotonicity

No item showed violations to the monotonicity assumption.

3.6 Item Parameter Estimation and Item Fit

Item parameters were estimated for the remaining 144 PROMIS items (143 item bank and
one global item). Seven iterations of item fit tests were performed until a final IRT model
included only items with no misfit. Most non-fitting items either asked about strenuous or
very easy activities. When experimental items (used to evaluate different item stems) and
misfitting items were removed, parameters for 124 PROMIS items (plus one global item)
remained. We additionally estimated parameters for the HAQ-DI and PF-10.

3.7 Item Bank Properties

Across all items, discrimination parameters (slopes) were high with a mean of 3.17 (= 0.70).
The mean maximum item information was 2.68, with a range from 0.72 (‘open jars’) to 5.58
(“chores like vacuuming, yard work”). Most items provide the best information around a ©-
value of 30 (2 standard deviations below the population mean), but maximum information
ranged from a © of 10 (‘lift cup to mouth”) to 65 (‘run ten miles’) Items with the highest
information have their maximum around a ©-value of 40. Table 1 illustrates these properties
for the items included in the static forms.

3.8 Static Form Development

Figure 1 demonstrates the precision that can be expected in comparison with the criterion
standard (entire item bank) and a simulated 10-item CAT. The 20-item static form matched
the expected precision for a 10-item CAT but had a more restricted range. Omitting items
about upper extremity functions in the 5 item static form illustrates the loss of measurement
precision and an increased floor problem.

3.9 Simulation Studies

Simulation studies showed that an IRT-scored SF-36 Physical Functioning scale provided
very good measurement properties (SE <2.3) around a range of two SD below the U.S.
general population mean, and that an IRT scored HAQ-DI provided very good measurement
properties around a range of 4 SD below the mean. However, the same measurement
precision could be obtained over a substantially larger measurement range if a 10-item CAT
was applied (Figure 1).
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3.10 Validity Testing

Within the Form C data, a 10-item CAT correlated r=.98 with the IRT score from all bank
items. The CAT also correlated strongly with the PROMIS static forms (static20/10/5, r=.
85/.88/.90) as well as with the SF-36 PF-10 (r=.86), and lower with the HAQ-DI (r=-.67).
PROMIS static forms correlated highly among each other (r>.90), and had similar high
correlations with both legacy tools (PF-10 with static20/10/5 r=.86/.91/.91; HAQ-DI with
static20/10/5 r=-.91/-.86/-.77).

All tools discriminated across groups differing in self-reported general health, age, and
number of chronic conditions (Table 2). In almost all instances, the full PROMIS item bank
and CAT showed a higher relative validity than the PROMIS static forms and legacy
instruments. The PROMIS static forms showed higher F-values than legacy tools of same
length.

4. Discussion

PROMIS aims to make a major contribution to improved measurement of patient-reported
outcomes. The development of the Physical Function item bank is one part of the project.

An important contribution of PROMIS is its extensive qualitative work. The literature search
used to build the Physical Function item bank 17 defines this construct based on the body of
instruments that have emerged over the last three decades. The resulting item bank
contributes to the long-term goal of substituting an instrument-defined measurement system
with a construct-defined measurement system, where different tools can be scored on one
common metric.

As in our previous work 8, we showed in simulation studies that CATs are likely to
outperform static tools of the same or longer length in measurement precision and range, as
well as discriminant validity. Based on these simulation studies, it can be expected that a 10-
item PROMIS Physical Function CAT will be able to measure Physical Function with high
precision (comparable to a reliability of .95) over a range of more than six standard
deviations. Reducing floor and ceiling effects addresses a serious shortcoming of most
disease-specific tools as many chronically ill patients also experience periods with normal
functioning (i.e. ©~50 equivalent to a HAQ-DI-scorex0.07). While real CAT applications
need to confirm this finding, this is an important proof of concept. PROMIS measures also
correlated highly with established Physical Function tools, demonstrating construct
validity 36.

However, in addition to these encouraging findings, this research raised a number of
noteworthy issues that need to be addressed.

4.1 Conceptual Issues

A major issue is the dimensionality of Physical Function, which has been explored at length.
Previous research has supported a two dimensional (upper versus non-upper)
approach8:12:37 although Martin also found that a one factor model was more responsive to
clinical outcomes3’. Raczek!! and Hays38 also showed that mobility, self-care, and back and
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neck functions fit a one factor IRT model reasonably well. Our analysis demonstrated that
upper, central, lower body and IADL items can be combined, reflecting the assumption that
each item measures an underlying Physical Function construct. This replicates what has
been successful for a classic tool such as the HAQ-DI. However, for some specific diseases,
itis likely that some activities are more important than others. A heart failure patient is
likely to be compromised in gross motor activities, whereas fine motor activities will likely
be unaffected. On the other hand, a rheumatoid arthritis patient may have difficulty with fine
motor activities, whereas cardiopulmonary function may be less affected. The PROMIS data
only allowed for a limited number of tests of this issue. Another question is whether a CAT-
based approach, which puts emphasis on the unidimensionality of a construct, may be
disadvantageous over a classical sum score which may more easily combine different
subcategories of Physical Function.

The PROMIS Assessment Center allows users to choose among three types of instruments:
1) Pick-a-Pro (off-the-shelf static forms), 2) Build-a-Pro (user selects items for static forms),
and 3) CATSs. Pick-a-Pro forms may show advantages or disadvantages compared to legacy
instruments; this empirical question will be informed over time. Build-a-Pro is a new
approach and a priori validation data will not be available for any particular instrument. The
advantage of Build-a-Pro is that, for example, a rheumatologist can pick different items from
a cardiologist, but both instruments will be comparable. However, if a researcher picks less
appropriate items, treatment effects might be overlooked. CAT provides its own challenges
because different items may be applied before and after successful treatment or to treatment
and control groups. In addition, while in theory an IRT score can be achieved from any
combination of items, in practice items from one sub-domain may be more relevant and
responsive in a particular disease. Some CAT software provides content balancing to force
the CAT to apply the most informative items from predefined sub-domains to estimate one
common score. Real-time evaluation of response consistency could evaluate the adequacy of
such a balanced score 39, If an individual’s response pattern differs from the model, the CAT
would omit a total score and automatically report scores for each sub-domain instead (Figure
2). Ultimately, we think this can be an important advantage of CATSs.

4.2 Empirical Issues

PROMIS item banks studied to date show relatively high item discrimination parameters
compared to previous studies 728, One possible explanation is that thorough item
development resulted in improved items. However, data skewness may have contributed to
this as well because the majority of participants did not have serious health issues. Thus, the
item bank may seem more consistent than it would be in more disabled samples. Also,
PROMIS chose to simplify the assessment by keying all items in one direction, which may
have led to response set, with higher inter-item correlations and higher item discrimination
parameters.

An issue inherent to item bank development is the balance among different aspects of the
latent trait. The content of the majority of items in a bank will have a prominent impact on
construct definition. Because upper body items are only one-quarter of the PROMIS
Physical Function bank, they carry less item information and would be picked less often by
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a CAT, if decisions are based entirely on psychometric criteria. However, validity of an
instrument depends on content as well as measurement properties. Upper body items provide
particularly good information in the lowest range of function. If we had separated the
Physical Function bank into upper and non-upper banks, we would have narrowed the
measurement range for both banks. Further there is a clear practical advantage to having one
Physical Function score. The use of multidimensional IRT models may be a promising
answer to this issue in the future 4, and researchers currently have the option to analyze
upper or lower body items separately 4°.

4.3 Limitations

An important advantage of generic PRO tools is comparability of results between different
diseases. The Wave 1 data only allowed for partial evaluation of the impact of different
diseases on item parameter estimates. Thus, additional research is needed to support the
assumption that the item banks can be used across patient groups.

While DIF analyses showed that almost all items could be used across disease groups, DIF
for a variety of diseases could not be tested for many items. In addition, diseases with
known impact on Physical Function, such as back pain, were not included. Disease also was
treated as a dichotomous value, but disease severity is in many cases more important in
evaluating DIF.

4.4 Perspective

The PROMIS initiative is the largest effort worldwide to improve PRO measures and
facilitate their use in clinical research and practice. While initial empirical results are
promising, a number of important issues need to be addressed, and many opportunities and
challenges of CAT are just being discovered. Most of the issues discussed above also are
relevant for instruments developed using classical test theory, but the current interest in IRT-
based tools allows for addressing them with rigor. We hope that the current PROMIS item
banks can serve in this respect as a starting point for the standardization of PRO measures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Measurement precision and range of two established static tools, PROMIS static forms,
a simulated PROMIS PF-CAT with 10 items, and the entire item bank

The Y-axis shows the standard error of measurement, the X-axis the ©-value. The graph
shows the precision of the test which can be expected at a particular level of Physical
Function (latent trait, ©) based on test information (static forms) or simulation studies
(CAT)
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