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A. Summary 

 

Abstract (English) 

Title  

Construct validity of item banking approaches for the assessment of patient-reported outcomes 

Background 

Item response theory (IRT) methods are increasingly used to standardize the assessment of patient-

reported outcomes. By estimating an IRT model with a large number of items measuring the same 

trait, a construct-based item bank can be established. In theory, any subset of relevant items for a 

specific population can be selected from an IRT-calibrated item bank to assess an individual’s trait 

level on a standardized scale. However, health-related constructs, such as physical functioning or 

depression, are often broadly defined, and items of the same item bank may differ in corresponding 

subdomain or item format, potentially affecting construct validity if different subsets are used for 

measuring the same latent trait. Based on three studies on recently established item banks, this 

thesis aims to investigate if different item subsets sufficiently represent the latent construct defined 

by an entire item bank. 

Methods 

Study 1: Data from N=3,315 German-speaking subjects who answered the Patient Health 

Questionnaire depression scale (PHQ-9) were analyzed. For estimating depression scores, PHQ-9 

item parameters were used as reported for an IRT-calibrated depression item bank consisting of 

143 items from 11 questionnaires in an earlier study. These scores were compared to newly 

estimated scores resulting from fitting an IRT model solely to the PHQ-9 data. Study 2: The 

German 121-item PROMIS Physical Function item bank covering different subdomains was 

psychometrically tested (N=266). Nonparametric IRT and factor analysis were used to evaluate 

scalability and unidimensionality. Study 3: PROMIS Wave 1 data (N=15,719 subjects from the 

US) were used to compare measurement precision between three PROMIS Physical Function short 

forms with similar content but different item format. A common IRT model was estimated for 

these short forms. Unidimensionality was evaluated using one-factor and bifactor models. 

Results  

Study 1: Reestimating the model solely based on PHQ-9 data led to similar depression scores 

compared to using item bank parameters for scoring. Study 2: The PROMIS Physical Function 
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item bank showed sufficient psychometric properties, including unidimensionality. Scores based 

on different (subdomain-specific) item subsets were highly correlated with the full item bank. 

Study 3: The item format affected measurement precision and range but not the underlying 

construct.  

Conclusion 

These findings indicate construct validity of using item subsets from large IRT-calibrated item 

banks for the assessment of patient-reported outcomes. This applies even when the item subsets 

vary in subdomain-specific content or item format, enabling high flexibility regarding the use of 

tailored (e.g., population-specific) measurement tools.  

 

Abstrakt (Deutsch) 

Titel  

Konstruktvalidität von Itembanking-Ansätzen zur Erfassung patientenberichteter Endpunkte 

Hintergrund 

Methoden der Item-Response Theorie (IRT) werden zunehmend zur standardisierten Erfassung 

patientenberichteter Endpunkte genutzt. Durch das Schätzen eines IRT-Modells mit einer großen 

Anzahl an Items, die dieselbe Eigenschaft messen, kann eine konstruktbasierte Itembank kalibriert 

werden. Theoretisch kann jede Teilmenge einer IRT-kalibrierten Itembank, bestehend aus 

relevanten Items für eine bestimmte Population („Item-Subset“), verwendet werden, um die 

Eigenschaftsausprägung einer Person auf einer standardisierten Skala abzubilden. 

Gesundheitsbezogene Konstrukte, wie körperliche Funktionsfähigkeit oder Depression, sind 

allerdings oft breit definiert und Items innerhalb einer Itembank können sich hinsichtlich 

Subdomäne oder des verwendeten Itemformats unterscheiden. Dies könnte die Konstruktvalidität 

beeinträchtigen, wenn unterschiedliche Item-Subsets zur Erfassung derselben latenten Eigenschaft 

verwendet werden. Die vorliegende Doktorarbeit umfasst drei Studien zu kürzlich entwickelten 

Itembanken und hat zum Ziel, zu untersuchen, ob verschiedene Item-Subsets das latente 

Konstrukt, das durch die Gesamtheit der Items in einer Itembank definiert ist, hinreichend 

repräsentieren.  

Methoden 

Studie 1: Daten von N=3,315 deutschsprachigen Personen, die das Depressionsscreening des 

„Patient Health Questionnaire“ (PHQ-9) beantwortet haben, wurden analysiert. Zur Bestimmung 
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von Depressionswerten wurden PHQ-9-Itemparameter verwendet, die im Rahmen einer früheren 

Studie für eine IRT-kalibrierte Depressions-Itembank, bestehend aus 143 Items aus insgesamt 11 

Fragebögen, berichtet wurden. Diese Depressionswerte wurden anschließend mit neu geschätzten 

Depressionswerten verglichen, die aus einem IRT-Modell auf Basis der neuen PHQ-9 Daten 

resultierten. Studie 2: Die deutschsprachige PROMIS Physical Function Itembank, die 

verschiedene Subdomänen körperlicher Funktionsfähigkeit umfasst, wurde psychometrisch 

überprüft (N=266). Nonparametrische IRT-Methoden und Faktorenanalysen wurden verwendet 

um Skalierbarkeit und Eindimensionalität zu überprüfen. Studie 3: Anhand von PROMIS Wave 1 

Daten (N=15,719 Probanden aus den USA) wurde die Messgenauigkeit zwischen drei PROMIS 

Physical Function Kurzformen mit gleichem Inhalt aber unterschiedlichem Itemformat verglichen. 

Für die Kurzformen wurde ein gemeinsames IRT-Modell geschätzt. Die Eindimensionalität der 

Items wurde mittels unidimensionaler Faktorenanalysen und Bifaktor-Modellen überprüft.  

Ergebnisse 

Studie 1: Die neu geschätzten Depressionswerte auf alleiniger Basis der PHQ-9 Daten waren 

vergleichbar mit den Depressionswerten auf Grundlage von Itemparametern einer zuvor 

veröffentlichten Depressions-Itembank. Studie 2: Die deutschsprachige PROMIS Physical 

Function Itembank zeigte gute psychometrische Eigenschaften, einschließlich Eindimensionalität. 

Verschiedene (subdomänenspezifische) Item-Subsets korrelierten hoch mit der gesamten 

Itembank. Studie 3: Das Itemformat beeinflusste Messgenauigkeit und Messbereich, nicht aber 

das latente Konstrukt.  

Fazit 

Die Ergebnisse lassen darauf schließen, dass die Erfassung patientenberichteter Endpunkte anhand 

von Item-Subsets aus umfangreichen IRT-kalibrierten Itembanken konstruktvalide ist. Dies trifft 

selbst dann zu, wenn sich die Item-Subsets bezüglich der gemessenen Subdomäne oder des 

Itemformats unterscheiden, was ein hohes Maß an Flexibilität hinsichtlich der Verwendung von 

maßgeschneiderten (z.B. populationsspezifischen) Messinstrumenten ermöglicht. 
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1. Introduction 

Given the increased burden of chronic and non-communicable diseases in ageing societies, health-

related quality of life (HRQoL) has become an important indicator for evaluating the efficacy of 

healthcare programs and systems [1]. For example, in many high-income countries, the 

improvement of HRQoL, along with mortality and morbidity, has been defined as the third main 

criterion for assessing the value of new treatments [2]. Patient-reported outcomes (PRO) for the 

assessment of HRQoL have consequently become an essential part of medical research [3]. Two 

of the most frequently assessed HRQoL domains are physical and emotional health [4, 5]. For 

both, many PRO measures have been developed for different target populations, predominately in 

the form of fixed-length questionnaires [6, 7]. Most of these traditional measures use instrument-

specific scores to assess a person’s trait level. Therefore, scores of different measures assessing 

the same construct cannot be compared on a common scale. This affects the comparability of 

research results across different diseases and interventions [8]. Moreover, fixed-length instruments 

bear the limitation that high precision on a wide range of the trait continuum can only be achieved 

by administering many items, which is burdensome for patients and less practicable in clinical 

settings [9]. Thus, there is an urgent need for standardized, yet flexible, PRO assessment methods. 

The current paradigm shift in PRO measurement away from instrument-based towards construct-

based assessment is a promising development with the potential to overcome the above limitations 

[3]. As a methodological foundation of construct-based assessment, item response theory (IRT) 

has been used to create construct-specific item banks by calibrating large numbers of items 

measuring the same latent trait on a common scale [10]. This can be done by estimating a statistical 

model for the pooled items of existing questionnaires or for a pool of newly written items for a 

given construct, covering relevant items for all populations of interest. Estimating such an IRT 

model provides probability functions that describe the relationship between each item and the 

latent construct. In theory, this has the advantage that the individual response pattern to any item 

subset can be used to estimate a person’s trait level on a standardized metric. This enables the 

comparison of scores among different legacy measures and tailored (e.g., population-specific) 

short forms [7, 11], as well as computer-adaptive testing (CAT), i.e., the automatized 

individualization of item subsets during assessment [12]. Furthermore, once a common IRT metric 

has been established, measurement precision can be assessed for each item at each trait level, 

allowing for tailored instruments based on choosing the most informative items for a population 

of interest [12].  
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However, although IRT modeling has a long tradition in educational and personality testing [13], 

PRO item banks still need to prove their worth in clinical practice because of some particularities 

of HRQoL assessment. First, health constructs are typically broadly defined [14]. For example, 

items for the assessment of depressive mood can ask about affective, cognitive, behavioral, or 

somatic aspects of depression; all of which can be included in the same item bank [7]. Second, 

items of the same item bank can be presented in various item formats (e.g., using different response 

scales) providing different frames of reference [12]. Therefore, using relatively small item subsets 

for the assessment of broad constructs as defined by the whole of items included in large item 

banks may jeopardize construct validity (does the subset assess what it claims to be assessing?). 

Using the example of two recently established item banks for depression and physical function, 

this thesis evaluates the concordance between the latent construct as originally defined by all items 

of a given full item bank and the specific constructs defined by item subsets that are used for 

assessing a person’s trait level. The value of construct-valid item banks for standardized and 

flexible PRO assessment is demonstrated. Moreover, the unique opportunity of IRT metrics to 

compare measurement precision on item level, which is useful for item development and 

optimization, is illustrated. The findings of this thesis were published in three articles (referred to 

as paper 1, paper 2, and paper 3; full texts on pp. 25-69). 

 

2. Methods 

2.1. Item Bank Development: General Methodological Background 

The latent construct and its subdomains need to be clearly specified as the first step in the 

development of PRO item banks  [12]. In accordance with the construct definition, an initial pool 

of items must be established. This can either be done by pooling the items of existing 

questionnaires or by creating new items. While the latter approach has some advantages over using 

existing items (e.g., the possibility to use a consistent response format and to customize the item 

content to match the construct as well as possible), newly written items need to be pre-tested in 

debriefing interviews to ensure clarity and comprehensibility for the target population [6]. A useful 

item bank should include items that cover all subdomains at the full range of trait levels expected 

in the populations of interest to ensure content-valid and reliable assessment on a wide range of 

the latent trait continuum [12]. In the example of physical functioning, the item bank should consist 

of relevant items for all levels of disability for both mobility and upper extremity function.  
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In the next step, the initial pool of items must be psychometrically evaluated in a sufficiently large 

and well-distributed (regarding latent trait level) sample to identify items that have the potential to 

form a common scale and make resulting scores meaningful [9]. It is useful to investigate several 

psychometric properties prior to fitting a parametric IRT model to eliminate non-fitting items at 

an early stage. These properties include item skewness, monotonicity, unidimensionality, and local 

independency; all of which were used for item bank evaluation in this thesis. Highly skewed items 

(e.g., if more than 95% of the sample used the same response category [15]) are of little 

informational value and should be excluded. Monotonicity reflects the assumption that subjects 

with higher levels on the latent trait are more likely to score higher on an item. Monotonicity can 

be evaluated by inspecting the item step response functions of a nonparametric IRT model [16]. 

Items not fulfilling the monotonicity assumptions are not appropriate for calculating meaningful 

scale scores and should not be retained in the item bank. One-factor confirmatory factor analysis 

(CFA) is the most widely used method when investigating unidimensionality. Due to the 

categorical nature of most PRO data, CFA models with either a robust weighted least squares 

means and variance adjusted (WLSMV) estimator or a diagonally weighted least squares (DWLS) 

estimator have been recommended [17]. Unidimensional model fit can be evaluated by several fit 

indices. In the studies of this thesis, the comparative fit index (CFI > 0.95 indicating sufficient 

model fit), the Tucker-Lewis index (TLI > 0.95 indicating sufficient model fit), and the root mean 

square error of approximation (RMSEA < 0.08 indicating sufficient model fit) were used [7]. If 

residual correlations between each pair of items did not exceed a value of 0.25, local independency 

was assumed [9]. Local independency is an important assumption of IRT modeling and means that 

all covariation between the items is explained by the common factor. As traditional one-factor 

CFA has been discussed as being too restrictive when applied to HRQoL constructs, bifactor 

models have been recommended as an alternative to evaluate sufficient unidimensionality for IRT 

modeling [14, 18]. In bifactor models, a general factor represents the common construct of an item 

bank while several uncorrelated group factors (e.g., one for each subdomain) are allowed. 

According to Reise et al., a high amount of explained common variance (ECV > 0.6) by the general 

factor can be used as an indicator of sufficient unidimensionality of a model [19]. 

For the remaining items with sufficient psychometric properties, an IRT model can be estimated 

to calibrate all items on a standardized scale. It is important to note that after IRT-modeling further 

items may need to be excluded, for example due to significant IRT item-fit statistics assessing the 

discrepancy between observed and model-predicted item responses [20], or due to differential item 

functioning (DIF) between samples with different diseases or sociodemographic characteristics 

[12]. The estimation of an IRT model results in logistic functions for each item and describes the 
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relationship between a person’s level on the latent trait and his or her probability of choosing a 

given response category [12]. The visual representations of these functions are called item 

characteristic curves (IIC). The IICs can be useful in the inspection of scale and item characteristics 

[21]. In the past decades, many different IRT models have been developed and used to analyze 

PRO data [12, 22]. IRT models can vary in several aspects, for example: (i) number of item 

parameters provided, (ii) number of response categories that can be analyzed, (iii) assumption of 

ordered response options, (iv) dimensionality assumptions, and (v) how the probabilities of 

choosing a given response category are calculated [23]. In PRO research, the graded response 

model (GRM) [24] and the generalized partial credit model (GPCM) [25] are two of the most 

frequently used IRT models [12]. These models have been applied when establishing and (re-) 

analyzing the item banks on which this thesis is based [7, 15]. Except for some differences in the 

model definition, the GRM and the GPCM are very similar and suitable for the same type of data, 

namely polytomous items (i.e., with more than two response options) with rank ordered response 

categories measuring a unidimensional construct [12].  

In both models, two different kinds of item parameters describing the ICC are estimated: one slope 

parameter and multiple (the number of response categories minus one) threshold parameters. The 

slope parameter specifies an item’s discriminative value and therefore indicates how strong an 

item is associated with the latent trait (equivalent to factor loadings in CFA). The threshold 

parameters define the difficulty of an item by determining the locations on the latent trait 

continuum at which an item is most informative, i.e., at which the probability of choosing a given 

response category is equal to the probability of choosing the adjacent category [21]. Once these 

parameters are provided, the response pattern to any item subset can be used for estimating latent 

trait scores [10]. Additionally, the item parameters are useful to identify the item information at 

each trait level, allowing the most precise items to be chosen in advance if the approximate trait 

level of the respondent is known [12]. 

2.2. Item Banks Used for Evaluation 

2.2.1. The Common Depression Metric by Wahl et al. 

Wahl and colleagues developed a comprehensive item bank by pooling all 143 items of 11 self-

report measures for the assessment of depression [7], including the 9-item Patient Health 

Questionnaire depression scale (PHQ-9) [26]. The included questionnaires differ in many aspects, 

including number of items, number and wording of response options, and item content. For 

example, while some questionnaires ask for cognitive and affective indicators of depression only 

(e.g., loss of interest, depressed mood, concentration difficulties), others also ask for somatic 
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symptoms, such as sleeping problems or loss of weight. All 143 items were calibrated on a 

common scale using a GPCM. The model was based on data from several clinical and non-clinical 

German samples (N=33,844 adults) with scores normed to a T-metric shifted to a general 

population mean of 50 and a standard deviation (SD) of 10. A total of 54 depression items, 

including three somatic items of the PHQ-9 (items 3, 5, and 8), did not fulfill the psychometric 

requirements for fitting a unidimensional IRT model. Therefore, the GPCM was fitted to the 89 

remaining items to establish the definitive common depression metric. Consequently, only these 

89 items contributed to the final latent depression construct of the item bank. It is noteworthy that 

none of the well-fitting items asked for somatic depression symptoms. The 54 previously excluded 

items were subsequently fitted to the common depression metric one by one to provide item 

parameters for all items of each included depression questionnaire. This was done by estimating 

separate GPCMs for each non-fitting item together with the 89 well-fitting items, with parameters 

of the latter being fixed to the values as estimated previously.  

Given that many items included in the final item bank did not fit the common depression model 

(but were subsequently “forced” into the model), including one third of the PHQ-9 items, there is 

an urgent need to investigate the level of concordance between the latent depression construct of 

the item bank and the specific depression constructs as defined by the individual questionnaires. 

2.2.2. The PROMIS Physical Function Item Bank  

The Patient-Reported Outcomes Measurement Information System (PROMIS®) initiative is one 

of the most extensive projects worldwide integrating rigorous qualitative and quantitative research 

methods for the development of IRT-based PRO item banks [3]. Funded by the US National 

Institutes of Health (NIH), PROMIS established many item banks for different HRQoL domains 

within the past ten years, including a comprehensive physical function (PF) item bank [15]. 

Aiming to develop a generic PF bank allowing for the precise assessment of physical function on 

a wide range of ability levels and for use in various clinical and non-clinical populations, PROMIS 

conducted an extensive item identification and evaluation process, following a standardized data 

analysis protocol [27]. According to PROMIS, PF is a broad construct defined as an individual’s 

capability “to carry out activities that require physical actions, ranging from self-care (activities of 

daily living) to more complex activities that require a combination of skills, often within a social 

context" [28]. A systematic search for PRO measures for the assessment of PF resulted in the 

identification of 1,860 existing items [6]. After expert evaluation and qualitative analyses, most of 

these PF items were eliminated as redundant, incomprehensible, unclear, irrelevant, condition-

specific, or unrelated to the PROMIS PF construct as defined above. The remaining 168 items 
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were rewritten to establish a consistent item structure for the item bank. Pre-analyses identified 

items prefaced with “Are you able to…?” and five response options (“no difficulty” to “unable to 

do”; Format A) and items prefaced with “Does your health now limit you…?” with five response 

options (“no difficulty” to “unable to do”; Format B) to reveal adequate psychometric properties 

and to be the most comprehensible items for participants. Thus, these two item formats were 

predominately used for item revision. For experimental reasons, some items were presented in a 

third item format with the item stem “How difficult is it for you to…?” and an extended response 

scale with six response options (ranging from “very easy” to “impossible”; Format C). The set of 

168 revised items was field-tested in healthy and clinical US samples which were part of the 

PROMIS Wave 1 data collection (N=15,817) [3]. A “block design” was used for collecting data. 

This means that participants responded to different PF item subsets (“blocks”).  

The final PROMIS PF item bank version 1.0 consists of 124 items showing sufficient 

psychometric properties [15]. Using a GRM, the items were calibrated to a T-metric with an US 

general population mean of 50 (SD=10). After further optimization, PROMIS PF version 1.2 

includes 121 items covering four overlapping subdomains: (1) lower extremity (mobility); (2) 

central regions (back and neck); (3) upper extremity (grip, reach, and fine-motor control); (4) 

instrumental activities of daily living (IADL).  

2.3. Specific Methods used in Paper 1 

The aim of paper 1 (“Using Patient Health Questionnaire-9 item parameters of a common metric 

resulted in similar depression scores compared to independent item response theory model 

reestimation” [29]) was to evaluate the concordance of the latent depression construct as defined 

by the IRT-based item bank by Wahl et al. [7] covering the items of 11 depression questionnaires 

(see 2.2.1) and the specific depression definition of the PHQ-9 [26], which is part of this item 

bank. Secondary analysis of PHQ data of four German-speaking samples (two from Austria, two 

from Germany; N=3,315) was conducted. The Austrian samples (n=1006 from general medical 

practice and orthopedic rehabilitation settings) answered the PHQ-8 depression screening instead 

of the PHQ-9. The PHQ-8 is equal to the PHQ-9 but omits the ninth item regarding thoughts of 

suicide. The PHQ-8 has been recommended for screening depressive mood in populations with a 

low proportion of individuals suffering from major depressive disorder [26].   

Unidimensionality and local independence of the PHQ-9 items were assessed using a one-factor 

CFA model with a WLSMV estimator. Since the PHQ-9 includes items for the assessment of 

cognitive, affective, and somatic symptoms of depression, a bifactor model was additionally fitted 

to the data (allowing for three exploratory group factors) to determine the explained common 
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variance by a general factor representing a common latent depression construct of all items. 

Sample-related DIF was evaluated using an ordinal logistic regression approach as described by 

Nagelkerke [30].  

PHQ data were analyzed and scored in two different ways. As a first approach, depression scores 

were estimated for each participant by applying the previously established PHQ-9 item parameters 

which were reported for the depression item bank by Wahl et al. (based on a common IRT model 

of 11 questionnaires and data from other samples). As a second approach, a new GPCM was fitted 

solely to the new data (PHQ items only). To allow for meaningful comparisons across these 

estimation methods, the newly estimated GPCM was calibrated to the same scale as the common 

depression metric using two different linking methods. First, mean and covariance of the prior 

distribution were fixed to the values that resulted from applying the common metric parameters to 

the data (“model with shifted prior”). Second, Stocking-Lord linking constants were used to 

linearly transform the newly estimated PHQ-9 item parameters to the common depression metric 

[31]. Mixed effect models were applied to estimate the effect of estimation method on depression 

scores. These models included sample and estimation methods as fixed effects and participants as 

random effects. Pearson correlation coefficients and Bland-Altman plots were used to investigate 

the agreement in depression scores between the different scoring methods [32].   

All analyses were conducted separately for two different sets of items: (1) for all PHQ-9 (or PHQ-

8) items and (2) without the three non-fitting PHQ items that were excluded by Wahl et al. for 

estimating the definitive common depression metric. 

2.4. Specific Methods used in Paper 2 

In paper 2 (“An initial psychometric evaluation of the German PROMIS v1.2 Physical Function 

item bank in patients with a wide range of health conditions” [33]), the PROMIS PF item bank 

was translated into German and psychometrically evaluated in adult patients with a wide range of 

medical conditions. A stepwise translation and cross-cultural adaptation process was conducted 

by a bilingual expert group following the Functional Assessment of Chronical Illness (FACIT) 

methodology [34]. Cognitive debriefing interviews with German-speaking patients were 

conducted to test the clarity of the items and the conceptual equivalence with the English source. 

After the translation was finalized, psychometric properties were tested separately for the full 

PROMIS PF bank (121 items) and different item subsets of this item bank, namely five generic 

PROMIS PF short forms of different lengths (SF-4a, SF-6b, SF-8b, SF-10a, and SF-20a; ranging 

from 4 to 20 items) and two subdomain-specific short forms (Mobility, 15 items; Upper Extremity, 

16 items) in N=266 patients.  
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Due to the relatively small sample, parametric IRT was not used to analyze the data. Instead, initial 

psychometric properties were evaluated using traditional methods as suggested for PROs [35] and 

nonparametric IRT methods [16]. Sum scores for the PROMIS PF full bank and each short form 

were calculated according to the PROMIS PF Scoring Manual. To allow for meaningful 

comparisons of scores across these measures (within-subject), z-score transformation of respective 

sum scores was applied (standardized to a sample mean of 0; SD=1). Cronbach’s alpha and 

corrected item-total correlations were calculated for each scale to verify internal consistency. To 

investigate convergent validity, PROMIS PF measures were correlated with the SF-36 physical 

functioning scale (SF-36 PF-10) [36]. Pearson correlation and the root mean square error (RMSE; 

indicating the average discrepancy of scores between two measures [37]) were used to investigate 

the agreement between the full bank and each short form. 

Considering the small sample size in relation to the large number of items in the full bank, 

traditional CFA, using a DWLS estimator, was conducted for the short forms only. Additionally, 

bifactor models with three exploratory group factors were fitted to each short form. To evaluate 

unidimensionality of the full PROMIS PF item bank, a nonparametric IRT (NIRT) approach was 

applied, namely the monotone homogeneity model (MHM) [16]. Loevinger’s homogeneity 

coefficient H was used as an indicator of unidimensionality of the data (H > 0.5 indicating a strong 

unidimensional scale) [38].  

2.5. Specific Methods used in Paper 3 

The objective of paper 3 (“Varying the item format improved the range of measurement in patient-

reported outcome measures assessing physical function” [39]) was to investigate the effect of 

different item formats on dimensionality, measurement precision, and measurement range in 

PROMIS PF items. For this purpose, the data of three experimental 5-item PF short forms, which 

were included in the PROMIS Wave 1 data collection, were analyzed. These short forms asked 

about the same activities (doing physical labor, doing yard work, climbing stairs, going for a walk, 

and opening jars) but used different item formats (Formats A, B, and C as described in 2.2.2).1 

CFA with a WLSMV estimator was used to evaluate unidimensionality of the experimental items 

and all remaining items of the final PROMIS v1.0 PF bank, resulting in a total of 134 PF items. 

Residual correlations between items with similar content (i.e., similar physical activity) but 

presented in different item format were calculated to investigate local independence. Confirmatory 

                                                           
1 Only five of the 15 experimental items were included in the final PROMIS v1.0 PF bank (three items using Format 

A and two using Format B). Format C is not used in the final PROMIS PF bank. 
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bifactor models with group factors specified for each item format were used as a second approach 

for evaluating unidimensionality of the items presented in different formats. Due to the block 

design used for data collection, both the one-factor CFA and the bifactor model had to be fitted to 

two different subsets of the 134 items.  

A GRM was then fitted to the full set of 134 items. Item information functions (IIFs) and test 

information functions (summarized IIFs of all items in a short form) [12] were calculated to 

compare measurement precision and measurement range across items and 5-item short forms. 

These functions were visualized by using item information curves (IICs) and test information 

curves (TICs), depicting the information provided for each item at each point of the PF continuum. 

For each IIC and TIC, the area under the curve (AUC) was calculated as an indicator of the overall 

information provided by a given item or short form. 

Because none of the participants rated his or her capability to perform a given activity in all three 

short forms (due to the block design used for data collection), simulated data were used to directly 

compare the performance between the format-specific short forms. First, “true” PF scores of five 

groups with differing average PF levels (n=10,000 respondents per group) were simulated. Next, 

the corresponding responses to the experimental PF items were simulated based on the item 

parameters estimated for the GRM. The RMSE between the simulated “true” scores and the scores 

derived from the short forms was calculated to illustrate format-specific scoring differences. 

Relative validity (RV) analysis was used to compare the format-specific power to distinguish 

between groups with different PF levels [40]. 

 

3.  Results  

3.1. Findings of Paper 1 

The different CFA fit indices used for evaluating the fit of a one-factor structure of the PHQ-9 and 

PHQ-8 data led to inconsistent results. While CFIs indicated appropriate model fit in each sample 

(CFI > 0.95), RMSEA values exceeded the predefined cut-off criterion of 0.08 in three of four 

samples. However, exploratory bifactor analyses resulted in high explained common variance by 

the general factor (ECV > 0.74 in each sample), indicating sufficient unidimensionality. The 

analyses did not indicate a potential problem of local dependency or DIF between subsamples. 

The item parameters that resulted from the newly estimated GPCM fitted to the PHQ data were 

found to be almost identical for the two different linking methods (model with shifted prior and 

Stocking-Lord linkage). Moreover, fitting the GPCM to the eight PHQ-8 items led to equal 
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parameters compared to fitting the model to the nine PHQ-9 items. However, the newly estimated 

PHQ parameters of items 3, 5, and 8 slightly differed from those PHQ parameters that were 

reported previously for the common depression metric by Wahl et al. [7].  

The effect of estimation method on scoring was negligible. Latent depression scores based on the 

common depression metric parameters and latent depression scores based on fitting a new model 

solely to the new PHQ data correlated with r > .99 in each sample. When using all PHQ-9 (or 

PHQ-8) items for scoring, 95% of the individual depression scores differed by less than 1.9 T-

scores between estimation methods. When excluding items 3, 5, and 8 for scoring, the agreement 

across methods was even higher: 95% of the individual depression scores differed by less than 0.8 

T-scores between estimation methods.  

3.2. Findings of Paper 2 

In general, the German version of the PROMIS PF item bank and derived generic and subdomain-

specific short forms showed good psychometric properties. Internal consistency was high for the 

full bank and for each short form (Cronbach’s alpha ≥ 0.88). The corrected item-total correlations 

between each item and the full PROMIS PF bank were found to be sufficiently high and ranged 

from 0.44 to 0.88 (lowest values were found for hand function items). However, 38% of the sample 

reached the highest possible score in the 16-item Upper Extremity scale, indicating ceiling effects. 

Each short form was highly correlated with the full PROMIS PF bank (r=0.87 to 0.99). The 

correlation of the SF-36 PF-10 with the full PROMIS PF bank (r=0.87) and most short-forms 

(r=0.80 to 0.90) was very high, except for the Upper Extremity scale (r=0.64). Additionally, Upper 

Extremity z-scores showed higher discrepancy with full bank z-scores (RMSE=0.54) compared to 

z-scores derived from other short forms with a similar number of items (e.g., the RMSE was 0.17 

for the 20-item SF-20a and 0.28 for the 15-item Mobility scale). 

Unidimensionality of each short form was supported by appropriate fit indices found for the one-

factor CFA (CFI ranging from 0.996 to 0.998; TLI ranging from 0.995 to 0.998; lower border of 

the RMSEA 90% CI ranging from 0.036 to 0.071) and by the results of the exploratory bifactor 

models (ECV ranging from 0.64 to 0.80). Furthermore, sufficient unidimensionality of all 121 

items included in the full PROMIS PF bank was indicated by the nonparametric IRT analyses. 

Loevinger’s homogeneity coefficient H was above the commonly used cut-off of 0.5 [38] 

indicating a strong unidimensional scale (H=0.646). The monotonicity assumption was not 

significantly violated for any item.  
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3.3. Findings of Paper 3  

The one-factor CFAs resulted in sufficient fit indices supporting unidimensionality of the 134 

PROMIS PF items, including the 15 experimental items in different item formats (CFI and TLI > 

0.96; lower border of the RMSEA 90% CI ≤ 0.08). Factor loadings ranged from 0.72 to 0.96 and 

were very similar for the items that were presented in different formats but asked about the same 

physical activity. The fit indices of the confirmatory bifactor model were only slightly better (CFI 

and TLI > 0.97; lower border of the RMSEA 90% confidence interval ≤ 0.074), and loadings on 

the general factor were substantially higher than the format-specific group factor loadings, 

indicating sufficient unidimensionality. 

IRT analyses did not result in significant item misfit for any experimental short form item. 

Compared to Formats A and B, items presented in Format C (using an extended 6-category 

response format) showed the broadest item information curves, indicating high measurement 

precision on a wider range of the PF continuum. In contrast, items presented in Format B, which 

was the only item format using a health-related item stem (“Does your health now limit you…?”), 

led to the highest maximum information on a specific point on the PF continuum. These format-

specific differences in item information were consistent across different physical activities. 

Therefore, test information functions (TIFs) of the format-specific 5-item short forms were 

affected by the item format in the same way: While the short form using Format B delivered the 

highest maximum test information, the short form using Format C increased the reliable 

measurement range (marginal reliability ≥ 0.90) by about half a standard deviation on the positive 

end of the PF continuum compared to the other short forms. This was also reflected in the total 

area under the test information curve (AUC), which was considerably larger for Format C. 

The simulation study found that Formats A and B allowed for short form T-scores up to 61.8 and 

61.0, while the highest possible T-score derived from the short form presented in Format C was 

65.5. The agreement between short form scores and simulated “true” scores was similar across all 

item formats when samples with below-average PF levels were assessed. In contrast, for samples 

with above-average PF levels, the scoring discrepancy with “true” scores was substantially smaller 

for Format C short form scores (RMSE ≤ 3.3), compared to using other formats (RMSE up to 4.3 

for Format A and 4.4 for Format B). In accordance with these findings, the ability to distinguish 

between groups with above-average PF levels was significantly better when using the 5-item short 

form presented in Format C compared to the other formats.  
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4. Discussion  

After applying different approaches to evaluate recently published IRT-calibrated PRO item banks 

for physical function and depression, this thesis indicates high concordance between the latent 

constructs defined by the full item banks and the item subsets that were used for scoring.  

In the first construct validation approach, the agreement between the item parameters of the PHQ 

depression scale as reported for a common depression metric and newly estimated item parameters 

based on PHQ data only was investigated (paper 1). The idea behind this approach was that IRT-

based item parameters represent the individual relationship between an item and the latent 

construct. Consequently, if two different item pools are assessing the same latent construct, this 

should be reflected by consistent item parameter estimates for those items that are included in both 

pools, regardless of whether an IRT model is fitted to the one item pool or to the other (provided 

that both item pools are calibrated on the same scale). A practical consequence is that when using 

the common items of the two item pools for estimating latent trait scores, there should be no 

difference whether corresponding item parameters are based on the first or on the second pool of 

items. Although small differences for some item parameters were found when fitting an IRT model 

solely to the set of PHQ depression items compared to those parameters that have been reported 

for a substantially larger depression item bank, the practical impact on estimating depression 

scores was negligible along the whole range of depression severity. This indicates that both the 

PHQ depression scale and the common depression metric for 11 instruments have similar 

underlying construct definitions. Hence, it is possible to simply use item parameters from a 

common IRT model for estimating depression severity scores that are placed on a common 

depression metric (and therefore comparable with scores derived from other instruments that are 

also part of the common metric) without substantially affecting the underlying PHQ depression 

construct, even though one third of the PHQ-9 items had to be excluded for defining the common 

depression construct and were fitted to this metric subsequently.  

As a second approach to evaluate if all items (and item subsets) of an item bank can be used to 

assess a common construct, several types of factor analytic methods were used to investigate the 

unidimensional structure of the PROMIS PF item bank in different samples and languages (papers 

2 and 3). In sum, the majority of analyses identified the PROMIS PF items to form a strong 

unidimensional scale with each item being significantly associated with the latent trait, 

independent of corresponding subdomain or item format. Therefore, each item subset can be used 

to assess the underlying physical function construct as defined by PROMIS.  
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At this point it seems important to point out that according to Bjorner et al. [12], a good PRO 

measurement instrument should cover all aspects of the latent trait to be assessed to assure content 

validity. For example, the PROMIS PF item bank has a sufficiently high number of items provided 

for each of its subdomains [9]. However, the fact that the full item bank is content-valid does not 

imply that each subset used for assessment is content-valid as well. It has been demonstrated by 

other authors that items assessing upper extremity are more informative on the lower end of 

physical function while items of other subdomains are better suited for higher PF levels [15]. This 

means that developing customized short forms for populations with different PF levels may result 

in population-specific PF measures with different content. The same applies when computerized 

adaptive tests (CATs) are used in subjects with different PF levels. CATs usually select those items 

that provide highest information. Thus, due to the automatized CAT algorithm, patients with low 

physical function may respond to a high number of upper extremity items, while subjects with 

above-average physical functioning may not respond to any upper function item at all. Many more 

assessment scenarios exist that could affect content validity, not least because subdomain-specific 

short forms are made available by PROMIS (“Pick-a-PRO”) and the possibility of selecting the 

most relevant items for a given (disease-)group (“Build-a-PRO”) [15]. However, little is known 

about the practical consequences of using item subsets that are not content-valid for estimating 

latent trait scores in the context of comprehensive PRO item banks for the assessment of broad 

HRQoL constructs. Including at least some items of each subdomain in customized short forms is 

one way to ensure content validity of item subsets [12]. When administered as CATs, content 

balancing could be used to ensure that items from each subdomain are selected [41]. 

As a third approach for evaluating construct validity, the practical consequences of using different 

item subsets for estimating the latent trait level were investigated by comparing respective scores 

within subjects (papers 2 and 3). In paper 3, it was found that different item formats used for the 

assessment of PF, although differing in reference frame (health attribution versus no health 

attribution) and response scale, did not affect PF scores when respondents with below-average to 

average PF levels were assessed. For respondents with above-average levels of PF, an item format 

with an extended response scale (allowing respondents to state that the performance of a physical 

activity is very easy) resulted in slightly but systematically higher scores; however, this was most 

likely a result of larger ceiling effects which were apparent when using the other item formats 

rather than a problem of multidimensionality or low construct validity. It was concluded that the 

item format did not affect the underlying construct as defined by the PROMIS PF item bank. With 

respect to item content, the findings of paper 2 indicate that scores derived from generic PF short 

forms (including items for several PF subdomains) and scores derived from a subdomain-specific 
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mobility short form showed high agreement with scores derived from the full PROMIS PF item 

bank. A second subdomain-specific short form for upper extremity functioning showed a 

somewhat higher scoring discrepancy with the full item bank. However, the correlation between 

upper extremity and full item bank scores was still high and the lower scoring agreement could 

have been a result of ceiling effects identified for the upper extremity scale.  

In sum, the results indicate that providing common IRT metrics for item banks measuring broad 

HRQoL constructs offers a flexible, efficient, and construct-valid approach to improve 

standardized PRO assessment. Thus, this thesis supports the advantages of IRT modeling 

mentioned in the literature. One advantage is that different item subsets can be used to estimate 

latent trait scores placed on a standardized scale. As shown by the example of the PHQ-9, this 

enables researchers and clinicians to directly compare scores across several traditional static 

questionnaires, which are still the most frequently used instruments for PRO assessment. 

Moreover, high measurement precision on a wide range of the latent trait continuum can be 

reached without administering extensive questionnaires with large numbers of items. Instead, 

customized measurement tools can be used by optimizing item sets for a given study aim, target 

population, or trait level. This can be done by choosing only the most informative and relevant 

items for a given population of interest, which is less burdensome for patients and much more 

feasible in clinical practice. If technical requirements allow, CATs can be used for administering 

highly individualized item sets, automatically selecting the most informative items during 

assessment based on previous responses.  

A second advantage of establishing a standardized metric based on IRT modelling is that item 

banks can be extended by adding new items to the common model without changing the metric 

(i.e., the parameters of the original items). This can be useful when a new fixed-length 

questionnaire needs be added to a previously established common metric of static PRO measures 

or when newly developed ceiling or floor items need to be added to an item bank with too few 

items at the extremes of a trait continuum. Additionally, the possibility of adding items to an 

existing item bank by fitting a common IRT model allows for the evaluation of the performance 

of newly developed items. As demonstrated in paper 3, this may be helpful for tuning existing 

items by modifying characteristics that are not content-related (e.g., item stem wording or number 

and wording of response options). 
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5. Limitations 

This thesis has several limitations. First, the conclusions are based on only two individual item 

banks; one for depression and one for physical function. Not only are there more HRQoL 

constructs that could have been assessed, but there are also more item banks that have been 

published for both depression and physical function [42, 43]. It cannot be assured that the findings 

can be generalized to other item banks. Second, the two item banks used for evaluating common 

IRT metrics differ regarding the construct to be measured as well as the approach used for item 

bank development. While PROMIS PF items were newly written and non-fitting items were 

excluded, the common depression metric included pre-existing items and non-fitting items were 

“forced” into the model (without changing the underlying metric based on the well-fitting items). 

It is not clear if the findings in one of these item banks are transferable to the other item bank and 

vice versa. Third, the high concordance between the PHQ-9 depression construct and the latent 

construct defined by the common depression metric does not imply that this is the case for each of 

the other questionnaires included in the item bank, which should be evaluated separately in further 

studies. Finally, the German sample used to evaluate PROMIS PF was rather small and high ceiling 

effects were indicated for upper extremity items. It is not certain if the lower accordance of z-

scores in the upper extremity scale with the full item bank was caused by these ceiling effects or 

if upper extremity is a different construct than PF as defined by other domains, which has also 

been discussed by other authors [44]. In this regard, due to the small sample size in relation to the 

high number of PROMIS PF items, parametric IRT was not used to estimate scores in the German 

PROMIS PF study. Although the English version was developed by estimating a GRM (indicating 

that the translated items are likely to fit a common IRT model well), for scoring the German 

version simple z-score transformations of the scale sum scores had to be used to enable meaningful 

score comparisons on a common scale. It would be interesting if the scoring discrepancies would 

still be apparent once IRT item parameters can be used in the German version. 

6. Conclusion 

In conclusion, this thesis provides evidence that sufficient construct validity can be assumed when 

using different item subsets of IRT-scaled item banks for the assessment of broad PRO constructs. 

Based on the findings of three studies, it was illustrated that two general features of IRT modeling 

also apply to IRT-based assessment of health-related quality of life: (i) the opportunity to directly 

compare scores across different item subsets (e.g., customized short forms or legacy instruments) 

and (ii) the possibility to compare measurement precision on item level, which is useful for the 

development and tuning of items and the optimization of PRO measures.  
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Abstract

Background: Physical function (PF) is a core patient-reported outcome domain in clinical trials in rheumatic

diseases. Frequently used PF measures have ceiling effects, leading to large sample size requirements and low

sensitivity to change. In most of these instruments, the response category that indicates the highest PF level is the

statement that one is able to perform a given physical activity without any limitations or difficulty. This study

investigates whether using an item format with an extended response scale, allowing respondents to state that the

performance of an activity is easy or very easy, increases the range of precise measurement of self-reported PF.

Methods: Three five-item PF short forms were constructed from the Patient-Reported Outcomes Measurement

Information System (PROMIS®) wave 1 data. All forms included the same physical activities but varied in item stem

and response scale: format A (“Are you able to …”; “without any difficulty”/“unable to do”); format B (“Does your

health now limit you …”; “not at all”/“cannot do”); format C (“How difficult is it for you to …”; “very easy”/

“impossible”). Each short-form item was answered by 2217–2835 subjects. We evaluated unidimensionality and

estimated a graded response model for the 15 short-form items and remaining 119 items of the PROMIS PF bank

to compare item and test information for the short forms along the PF continuum. We then used simulated data

for five groups with different PF levels to illustrate differences in scoring precision between the short forms using

different item formats.

Results: Sufficient unidimensionality of all short-form items and the original PF item bank was supported.

Compared to formats A and B, format C increased the range of reliable measurement by about 0.5 standard

deviations on the positive side of the PF continuum of the sample, provided more item information, and was more

useful in distinguishing known groups with above-average functioning.

Conclusions: Using an item format with an extended response scale is an efficient option to increase the

measurement range of self-reported physical function without changing the content of the measure or affecting

the latent construct of the instrument.
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Background
Patient-reported outcome (PRO) measures assessing

health-related quality of life (HRQoL) have become an

essential part of health outcomes research, clinical trials,

epidemiological studies, and routine patient monitoring

[1–3]. Physical function (PF) is one of the most frequently

assessed HRQoL domains [4–6] and has been identified

as a core PRO in clinical trials in rheumatic diseases [7].

Thus, efficient assessment of PF is very important. How-

ever, traditional PF instruments with a fixed number of

items, such as the 10-item Medical Outcome Study Short

Form-36 (MOS SF-36®) Health Survey physical function-

ing scale (PF-10) [8] and the 20-item Health Assessment

Questionnaire Disability Index (HAQ-DI) [9], have to

compromise between clinical practicality and measure-

ment precision, leading to a limited measurement range

on the continuum of physical ability [10].

With the application of item response theory (IRT), any

number of items measuring the same latent trait can be

calibrated on a common metric. Hence, IRT provides a

flexible solution for the challenge of providing practical but

still highly precise PRO assessment on a wide range of the

latent trait continuum [11–14]. The National Institutes of

Health (NIH)-funded Patient-Reported Outcomes Meas-

urement Information System (PROMIS®) has been applying

this approach for over 10 years, thereby demonstrating the

relevance of IRT item calibration.

PROMIS has developed item banks for a large number

of HRQoL domains [2, 15–19], including physical func-

tion [10, 20–22]. An important advantage of providing a

bank of items scaled on a common metric is that scores

derived from different item subsets are directly compar-

able. This enables the comparison of scores from tai-

lored short forms, which are developed by choosing only

the most informative items for a pre-specified trait level

and individualized scores from computerized adaptive

tests (CATs) [12, 23, 24]. Similarly, if items from differ-

ent instruments (e.g., short forms) are scaled on the

same metric, the measurement precision of these instru-

ments can be directly compared in various populations

of interest [25, 26]. This is possible because IRT allows

the measurement error of each item (and item subset) to

be investigated at each level of the latent trait [27].

Using IRT methods, it has been demonstrated that

most PRO instruments measuring PF have satisfactory

measurement precision on below average to average

functional levels [25, 28]. However, as these instruments

have usually been developed for clinical use, they often

have ceiling effects in the general population and in

samples with higher levels of PF, meaning that a high

percentage of these participants achieve the best possible

score [29–31]. Thus, individuals with average or above

average PF cannot be assessed precisely, leading to low

sensitivity to change and larger sample size requirements

in clinical trials [28, 29]. The most frequently proposed

solution to respond to this shortcoming is the use of items

with more difficult content to increase test information on

the upper end of a trait continuum [32]. However, this

approach might not always be sufficient, e.g., when aiming

at extending the measurement range of a static instrument

with a fixed number of items or when ceiling effects are

still present even after adding new items with more

difficult content [33]. In such cases, the modification of

the item format of existing items, e.g., by extending the

response scale, may present an efficient way of adjusting

for ceiling effects [34–36].

Physical function item formats may vary with regard to

the item stem, tense (past or present), recall period, attribu-

tion (e.g., attribution to health), or response options [4, 35,

37, 38]. For example, in two of the most widely used scales

(PF-10, HAQ-DI), the response category that indicates the

highest level of PF is the statement that one is able to per-

form a given activity without any limitations or difficulty [8,

9]. However, there are alternative response scales, for ex-

ample the one used in the Louisiana State University Health

Status Instrument (LSU HSI) [36], that allow respondents

to state that the performance of a given activity is easy or

even very easy. Such an extended response scale potentially

raises the measurement ceiling of PF measures, thus avoid-

ing the necessity of writing new items to measure the ability

to perform more difficult activities.

To date, the effect of the item format on item perform-

ance in terms of extending the measurement range of

PRO measures of PF has not been investigated systematic-

ally. To examine the hypothesis that a response format

that asks about the ease of doing an activity improves the

measurement range, a modification of the LSU HSI item

format was incorporated into a set of experimental items

in the PROMIS wave 1 data collection [35]. This study

uses PROMIS data and IRT to calibrate three five-item

short forms with similar content but different item for-

mats on a common metric, to compare the measurement

precision and validity of this new item format with two

widely used item formats derived from the HAQ-DI and

the SF-8™ Health Survey [39].

Methods
Development of the PROMIS PF item bank

To establish the PROMIS PF item bank, a stepwise

process integrating qualitative and quantitative item iden-

tification and evaluation methods was performed [10, 22,

35], following standard PROMIS procedures [19, 40]. The

aim was to develop a generic item bank for use in various

patient populations to enable the precise assessment of

PF, defined as the capability “to carry out activities that

require physical actions, ranging from self-care (activities

of daily living) to more complex activities that require a

combination of skills, often within a social context” [41].

Liegl et al. Arthritis Research & Therapy  (2017) 19:66 Page 2 of 12



As detailed elsewhere [35], an initial systematic search for

PF instruments resulted in the preliminary retention of 168

unique items, which were rewritten to establish a consistent

item structure for the PROMIS item bank. This set of 168

revised items was then field tested in the general population

and in clinical samples in the USA (total n = 15,817) and

analyzed applying established standard criteria for PROMIS

item bank development [39]. To minimize the burden on

respondents, items were administered in two different de-

signs: (1) a “full bank” design in which separate subsamples

answered either 112 (form C) or 56 (form G) PF items and

(2) a balanced incomplete “block” design in which subsam-

ples answered blocks of 21 PF items and items for other

PROMIS domains. As a result, each PF item was answered

by 2201 to 2926 participants [19, 22]. After psychometric

evaluation, the final PROMIS PF item bank version 1.0 con-

sisted of 124 items [22].

Experimental items

Because preparatory analyses showed that the item for-

mats derived from the HAQ-DI [9] (format A: prefaced

with “Are you able to …?”; this included five response

categories ranging from “without any difficulty” to “unable

to do”) and the SF-8 [37] (format B: prefaced with “Does

your health now limit you …?”; this included five response

options ranging from “not at all” to “cannot do”) revealed

appropriate psychometric properties [10] and appeared to

be the formats most comprehensible to participants in a

pre-test, these two formats were predominantly used for

the aforementioned set of 168 items for field testing [35].

However, for experimental reasons, in a small number of

items a modified LSU HSI [36] item format was used

(format C: prefaced with “How difficult is it for you …”;

this included six response options ranging from “very

easy” to “impossible”).

To compare the influence of these item formats on item

performance, the set of 168 items included 15 experimen-

tal items: 5 instrumental activities of daily living (IADLs)

of different difficulty levels were presented in all three

aforementioned item formats. These three sets of five

items differed with regard to the number of response

options, definition of the highest and lowest response

categories, and attribution to health or not (Table 1). As a

result, three five-item short forms with similar content

(IADLs) but different item formats were constructed. Of

the 15 experimental items, 5 were used in the final 124-

item PROMIS PF item bank, with 3 presented in format A

and 2 presented in format B.

Data analysis

Item bank evaluation and calibration

Sufficient unidimensionality of the final 124-item PROMIS

PF bank had previously been established [22] and was re-

evaluated including the 10 additional experimental items,

using confirmatory factor analysis (CFA) of a one-factor

model with a weighted least squares means and variance

Table 1 Experimental PROMIS PF items for five activities administered in three different item formats

Item format Item Item stem Item content Number and wording
of response options

Attribution
to health

A A1 Are you able to … … do two hours of physical labor? 5 Without any difficulty
4 With a little difficulty
3 With some difficulty
2 With much difficulty
1 Unable to do

No

A2a … do yard work like raking leaves,
weeding or pushing a lawn mower?

A3 … climb several flights of stairs?

A4a … go for a walk of at least 15 minutes?

A5a … open previously opened jars?

B B1a Does your health now
limit you in …

… doing two hours of physical labor? 5 Not at all
4 Very little
3 Somewhat
2 Quite a lot
1 Cannot do

Yes

B2 … doing yard work like raking leaves,
weeding or pushing a lawn mower?

B3a … climbing several flights of stairs?

B4 … going for a walk of at least 15 minutes?

B5 … opening previously opened jars?

C C1 How difficult is it for you to … … do two hours of physical labor? 6 Very easy
5 Easy
4 Slightly difficult
3 Difficult
2 Very difficult
1 Impossible

No

C2 … do yard work like raking leaves,
weeding or pushing a lawn mower?

C3 … climb several flights of stairs?

C4 … go for a walk of at least 15 minutes?

C5 … open previously opened jars?

a Item is part of the final Patient Reported Outcomes Measurement Information System Physical Function (PROMIS PF) item bank version 1.0
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adjusted (WLSMV) estimator and a bifactor model, specify-

ing local factors for items that shared the same response

format. CFA analyses of experimental items in format A

used data from “full bank” form C (97 items total), while

analysis of formats B and C experimental items used data

from “full bank” form G (37 items total); for more informa-

tion on study design, see [22]. A potential problem of local

independence between similar items in Format B and C

being administered to the same group was evaluated by

analyzing residual correlations. Residual correlation of 0.25

or more was considered potentially problematic and the

impact on IRT item parameters was evaluated, as previ-

ously described [22].

A graded response model (GRM) was fitted to the set of

134 items consisting of the 15 experimental items (three

format-specific short forms) and the remaining 119 items

of the final PROMIS PF item bank. Due to the data collec-

tion design used for the initial set of 168 PF items, some

participants answered only a few of the 134 items analyzed

in this study. As in previous analyses [22], only partici-

pants who responded to at least two of the 134 PF items

were included in the GRM. Although GRM item parame-

ters had already been estimated for the 124 items of the

final item bank [22], including 5 of the experimental

items, the model was re-estimated to include the 10

additional experimental items. As in previous analyses

[22], if a specific response category for an item was

answered less than three times, the response option was

collapsed with the next higher category to ensure stable

item parameter estimates. We estimated item parameters

comprising item thresholds and item slopes. Threshold

parameters define the range on the latent trait continuum

at which a particular response is most likely. The slope

parameter specifies the discriminative value of an item.

Item fit was evaluated using the S-X2 statistic.

For estimating individual PF scores, we used the

expected-a-posteriori method to calculate theta scores that

were subsequently linearly transformed to a T-metric

(mean = 50, SD = 10 in the calibration sample used in this

analysis). To determine the precision of a particular item,

we calculated item information functions (IIFs), defining

the contribution of an item to the overall precision of the

item bank at a given T-score level [27]. Differences between

IIFs resulting from varying the item format were visualized

using item information curves (IICs). Using natural cubic

spline interpolation, we calculated the area under the curve

(AUC) for each IIC on the empirically observed T-score

range in the calibration sample as a measure of overall item

information. To investigate systematic differences in meas-

urement precision depending on the item format used, we

first calculated test information functions for each of the

format-specific short forms by summarizing respective IIFs

and then we compared the resulting format-specific test in-

formation curves and related AUCs.

Simulation study

Due to the study design, no participant in the calibration

sample responded to any of the five IADLs used in the

experimental items in all three formats. Therefore, to

illustrate the performance of all three formats simultan-

eously, we used simulated data, following the approach

used by Voshaar et al. to evaluate PROMIS PF CATs [25].

In the first step, we simulated “true” PF T-scores based on

the PF score distributions found for five groups in the

calibration sample with different self-reported general

health; 10,000 “true” PF T-scores were simulated for each

of the following five general health groups:

(1)Poor general health group:

mean PF T-score = 35.6 (SD = 6.5)

(2)Fair general health group:

mean PF T-score = 41.9 (SD = 7.6)

(3)Good general health group:

mean PF T-score = 48.9 (SD = 7.8)

(4)Very good general health group:

mean PF T-score = 54.4 (SD = 7.2)

(5)Excellent general health group:

mean PF T-score = 58.8 (SD = 6.5)

In the next step, we simulated responses to the 134

PROMIS PF items for all 50,000 respondents based on

their “true” score and the item parameters from the GRM.

We scored the three format-specific five-item short forms

and the 124-item final PROMIS PF item bank (from now

on referred to as the “full bank”) using the simulated re-

sponses to the respective items in each of these measures.

To illustrate differences in measurement precision

due to item format, we calculated root mean square

errors (RMSEs) between simulated true scores and

corresponding short form scores, with lower values

indicating better agreement in estimating individual PF

levels [42].

To illustrate how the differences in item format affect

the ability to distinguish groups with different levels of PF,

we calculated relative validity (RV) coefficients for each

format-specific short form [22, 43]. The RV coefficients

were calculated using the analysis of variance (ANOVA)

F-statistic resulting from comparing the full bank PF

scores between general health groups as the denominator

and the F-statistic from comparing short form PF scores

between general health groups as the numerator. Hence,

the RV coefficient specifies how well a five-item short

form with a specific item format distinguishes among

groups that differ in PF, compared to using all 124 items

of the original PROMIS PF item bank. We calculated 95%

confidence intervals for the RV coefficients using standard

bootstrap techniques [43, 44]. To provide RV coefficients

for different levels of PF, four different general health

group comparisons were performed:
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(1)Full sample (ANOVA between all five general health

groups; n = 50,000)

(2)Average PF compilation (ANOVA between groups

with fair, good, and very good general health;

n = 30,000)

(3)Below-average PF compilation (ANOVA between

groups with poor general health and fair general

health; n = 20,000)

(4)Above-average PF compilation (ANOVA between

groups with very good and excellent general health;

n = 20,000)

CFAs were conducted using Mplus 7.4 [45]. All other

statistical analyses were conducted using R 3.1.2 [46].

We used the packages mirt [47] for estimating the GRM

and simulating response patterns. For calculating AUCs,

we used the package MESS [48]. For plotting item and

test information curves, we used ggplot2 [49].

Results

Sample

A total of 15,719 subjects responded to at least two of

the 134 items analyzed in this study and therefore were

included in the GRM. Of these, only 10 subjects (<0.1%)

responded to fewer than 6 items; 99.7% responded to at

least 12 items. More than half (54%; n = 8568) responded

to one or more of the 15 experimental items (sample

characteristics in Additional file 1: Table S1). The experi-

mental items were answered by 2217–2835 participants.

The calibration sample had a wide range of PF, with em-

pirically observed T-scores (mean = 50, SD = 10) ranging

from 11.1 to 73.6.

Evaluation of unidimensionality

Form C and form G had satisfactory fit for the one-

factor solution. Factor loadings for the experimental

items ranged between 0.83 and 0.93 (format A), 0.83 and

0.96 (format B), and 0.72 and 0.92 (format C). We found

residual correlation above 0.25 in one only pair of items

(B5 and C5, r = 0.30). However, excluding item B5 in the

GRM calibration did not notably affect the parameters

of item C5 and vice versa, so both items were retained.

In the bifactor models, loadings on the global PF factor

were substantially higher than loadings on local factors

defined by the common response format, thus support-

ing sufficient unidimensionality of the experimental

items and the original PF item bank. For more details,

see Additional file 2: Table S2.

Item properties

The results of the IRT analyses for the 15 experimental

items (5 IADLs presented in three different item for-

mats) are summarized in Table 2. When adjusting for

multiple testing, no item fit-statistic showed significant

misfit for any experimental item. Except for one IADL

(“open previously opened jars”), item slopes were gener-

ally high for all formats. Items prefaced with “Does your

health now limit you …” (format B) tended to show

slightly higher slope parameters compared to formats A

and C (see Table 2).

Item thresholds tended to be similar for format A and

format B. In contrast, using format C with the item stem

“How difficult is it for you to …” and an extended six-cate-

gory response scale (ranging from “impossible” to “very

easy”) expanded the range of the thresholds on the latent

trait continuum in both directions. This was particularly

pronounced at the positive end of the continuum where

the last response in format C increased the measurement

range by ≥0.5 SDs of the PF distribution of the sample for

all physical activities. As a consequence, the percentage of

participants who responded with the highest possible re-

sponse category was systematically lower (by about 20–

25% of the total sample) for items presented in format C

compared to the other formats. For two of the more diffi-

cult activities (2 hours of physical labor and climbing sev-

eral flights of stairs), the ceiling effects were halved when

using format C compared to both format A and format B

(see Table 2).

Figure 1 depicts the IICs for all experimental items

presented in different item formats. Format B delivered

the highest maximum item information for four of the

five physical activities. Moreover, the maximum item

information of format B was placed on a systematically

higher point on the PF continuum compared to the

other formats. In contrast, format C had the broadest

measurement range on the T-score continuum for each

of the five physical activities. The maximum item infor-

mation of a given item and corresponding points on the

latent trait and the AUCs are presented in Table 2. The

highest overall item information as specified by the AUC

was found for format C except for items asking about

opening previously opened jars.

Consequently, the item format affected the total test

information provided by the short forms (Fig. 2). The

highest maximum test information was found for format

B, while items with an extended response format (format

C) were highly informative on the widest range on the

latent continuum. That is, format C increased the range

of highly reliable measurements (defined as marginal

reliability ≥0.9 ≈ test information ≥10) by about 0.5 SDs

of the PF distribution of the sample on the positive side

of the continuum and about 0.1 to 0.2 SDs on the nega-

tive side of the continuum.

The cumulative AUC for format C (AUC = 611) was

39% larger than for format A (AUC = 439) and 11% lar-

ger than for format B (AUC = 550). When focusing on

the item information curve for T-scores above 50, the

cumulative AUC for Format C (AUC = 192) was 109%
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larger than for format A (AUC = 92) and 81% larger than

for format B (AUC = 106).

Agreement between true scores and short forms

The results of the simulation study indicated that the agree-

ment between the simulated true scores and the estimated

short form scores was generally lower for formats A and B

than for format C (Table 3). Using formats A and B, the

agreement with the simulated true scores became even

lower when analyzing groups with average to high PF levels

(up to RMSE of 4.3 for format A and RMSE of 4.4 for for-

mat B). In contrast, the agreement between simulated true

scores and short form scores remained relatively constant

among all groups when using format C, even in individuals

with excellent general health (RMSE ≤3.3).

The highest possible short form T-score was 61.8 when

using format A and 61.0 when using format B. In contrast,

format C allowed for T-scores up to 65.5, which reduced

ceiling effects by more than half in the full simulated sam-

ple. Format C was found to be especially beneficial for

groups with high PF levels. For example, in the subgroup

with “very good” general health, 45.4% of the simulated

sample reached the highest possible short form score

when using format B. In contrast, only 16.8% of the sub-

group with “very good” health reached the highest possible

score when using format C. Moreover, lower floor effects

were found when using format C.

Distinguishing known groups

The results of the RV analyses using simulated data are

presented in Table 4. In most group comparisons (compari-

sons a, b, and c) the RV was 0.90 or above for all item

formats. In contrast, when distinguishing between the two

groups with “very good” and “excellent” general health

(comparison d), the RV coefficients of format A (RV = 0.79;

95% CI = 0.74–0.84) and format B (RV = 0.78; 95% CI =

0.74–0.83) were considerably lower compared to format C

(RV = 0.92; 95% CI = 0.88–0.96).

Discussion

In this study we compared the performance of three

different item formats for measuring self-reported PF by

analyzing item information. Using simulated data, we il-

lustrated precision in estimating scores and validity in

distinguishing between known groups of three five-item

short forms with identical content but different item stems

and response scales. The five physical activities included

in these short forms covered a broad range of item

difficulty. Using IRT methodology for data analysis offered

the unique opportunity to investigate and visualize meas-

urement precision and range at the item level.

We found strong evidence that the item format may

affect the measurement properties of patient-reported

PF outcomes. These findings are of practical importance

both to researchers and clinicians because this is not

Table 2 Psychometric results for the experimental items presented in three different item formats

Item Formatb Content Slope Thresholdc Item fit: p
(S-X2)d

Imax

(at T-score)e
Area under
the curvef

Percentage floor/
percentage ceilingg

1 2 3 4 5 Mean

A1 A Do 2 hours of
physical labor

3.49 38.6 42.9 47.8 54.9 46.1 0.6523 3.71 (T = 42) 92.9 10.4/41.6

B1a B 4.53 38.0 43.0 48.4 53.1 45.6 0.1133 5.93 (T = 49) 132.9 10.0/42.7

C1 C 4.01 37.7 42.0 46.3 52.7 59.8 47.7 0.0358 4.88 (T = 42) 140.3 10.2/19.6

A2a A Do yard work 4.09 36.3 40.1 44.3 50.7 42.9 0.1473 5.10 (T = 40) 111.1 6.6/57.3

B2 B 4.79 35.7 40.8 46.1 50.6 43.3 0.0751 6.58 (T = 47) 144.0 6.7/52.7

C2 C 4.53 34.3 39.1 43.1 49.3 56.0 44.4 0.0300 6.10 (T = 40) 167.5 5.3/32.1

A3 A Climb several flights
of stairs

3.78 35.2 40.3 45.2 52.0 43.2 0.1722 4.28 (T = 41) 107.0 5.8/51.5

B3a B 4.20 34.2 40.8 46.7 51.3 43.3 0.8460 5.16 (T = 48) 126.0 5.1/51.3

C3 C 3.78 33.3 39.8 44.0 51.0 57.1 45.0 0.1174 4.31 (T = 42) 135.0 6.3/25.4

A4a A Go for a walk of
at least 15 minutes

3.78 33.2 36.4 40.2 45.5 38.8 0.2497 4.45 (T = 37) 91.3 3.7/73.5

B4 B 4.03 32.1 37.2 42.0 45.8 39.3 0.3555 4.93 (T = 43) 107.0 3.4/71.6

C4 C 3.99 30.3 35.6 39.5 44.9 50.8 40.2 0.0033 4.85 (T = 37) 134.7 3.6/47.5

A5a A Open previously
opened jars

1.91 18.8 28.4 37.9 28.4 0.2434 1.10 (T = 28) 36.5 0.9/85.8

B5 B 1.90 12.9 22.8 32.3 39.6 26.9 0.5429 1.10 (T = 33) 39.9 0.3/81.9

C5 C 1.57 5.0 15.5 23.4 34.0 45.4 24.7 0.1877 0.77 (T = 20) 33.6 0.3/62.4

aItem is part of the final Patient Reported Outcomes Measurement Information System Physical Function (PROMIS PF) item bank version 1.0. bFormat A: “Are you

able to …” (five-category response scale from “Without any difficulty” to “Unable to do”); format B: “Does your health now limit you in …” (five-category response

scale from “Not at all” to “Cannot do”); format C: “How difficult is it for you to …” (six-category response scale from “Very easy” to “Impossible”). cThresholds are

transformed to a T-score of 50 ± 10, where 50 =mean and 10 = standard deviation of the analytic sample; slopes are reported unchanged. dX2 statistics (S-X2) were

evaluated after adjusting for multiple testing (p < 0.0033). eImax (at T-score) depicts the maximum of item information (upper number) of a given item at the

corresponding point on the T-score continuum. fTotal area under the item information curve (IIC) on the empirically observed T-score range in the calibration

sample (T-score = 11.1–73.6). gPercentage of participants who answered the item with the lowest (floor) or highest (ceiling) possible response category
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only relevant for the development of new instruments

but also for the selection of currently available question-

naires for assessing PF in a given population of interest.

Moreover, these findings deliver useful information for

data interpretation, as the distribution of presumably

similar samples can be impacted by the way items are

phrased, i.e., identical content but different stem and re-

sponse format.

In detail, we found that item information differed

systematically between the three formats. Format C (“How

difficult is it for you to …”), which used an extended

response scale including a sixth response option (“very

easy”), improved the measurement range by about half a

standard deviation on the positive side of the continuum

and by about a tenth to a fifth of a standard deviation at

the negative end of the continuum, compared to format A

(“Are you able to …”) and format B (“Does your health now

limit you …”). This finding was consistent across different

item difficulties. The improvement of the measurement

range was found to be particularly beneficial for groups

with above-average PF levels, reducing the number of

subjects demonstrating ceiling effects in a five-item short

Fig. 1 Comparison of item information functions (IIFs) using different item formats. Format A: “Are you able to …” (five-category response scale

from “Without any difficulty” to “Unable to do”); format B: “Does your health now limit you in …” (five-category response scale from “Not at all” to

“Cannot do”); format C: “How difficult is it for you to …” (six-category response scale from “Very easy” to “Impossible”). Item parameters and IIFs

were initially estimated using a standard normal physical function (PF) metric. PF values were subsequently transformed to a T-metric, where 50

=mean and 10 = standard deviations of the analytic sample (x-axis). Item information values on the y-axis are reported unchanged. Imax depicts

the specific point on the T-score continuum, where a given item delivers maximum item information
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form by half or even more, when using format C instead of

the other item formats. As a consequence, format C was

the only item format that had relatively constant measure-

ment precision for all PF levels investigated in the simula-

tion study and had sufficient power to distinguish between

groups with above-average functioning. As the improved

measurement range of format C was particularly apparent

at the positive end of the PF continuum, it seems likely that

this improvement was not solely caused by using six instead

of five response options but rather by allowing subjects to

state that activities were “very easy”.

Moreover, our results support that all included item

formats measured the same latent construct of PF. The

majority of factor loadings were high and their respective

magnitude seemed to depend mainly on item content.

Consequently, although the final PROMIS PF item bank

includes item formats with five-category response options

only [35], this study provides evidence that an extended

response scale can be applied without affecting the under-

lying PF construct.

These findings have practical implications for the chal-

lenge when encountering ceiling effects, for example,

when measuring PF in the general population or in other

samples with high PF. The usual way to minimize such

ceiling effects is to provide new items with item content

that is more relevant for individuals with high PF [32,

33]. However, although providing a larger number of

items assessing the extremes of a given trait is undoubt-

edly useful for the improvement of CATs, this approach

does not seem beneficial for increasing the measurement

performance of static measures that use the same items

for all respondents. Such static measures may still be

preferred by many researchers and clinicians for prac-

tical reasons [4]. Our findings suggest that it is possible

to reduce ceiling effects by optimizing the item format

without changing the content of the measures, which

may be especially relevant for the future development of

items for static PF measures for use in heterogeneous

populations with a broad range of ability. However, such

modified items should be evaluated psychometrically

before use, and additional qualitative item review may

be needed. Doing so was beyond the scope of this study.

Another finding of our study is that compared to item

formats that do not use attribution, items prefaced with

a health-related item stem, as used in format B, delivered

the highest maximum item information on a rather nar-

row range on the PF continuum. Therefore, those types

of items seem to be particularly interesting for CATs

where highly informative items are selected automatic-

ally based on the individual patient’s trait level. More-

over, using format B resulted in increased power to

distinguish between known groups with close-to-average

PF levels compared to the other formats. However, it is

not entirely clear if these benefits of format B are caused

by health attribution; another reason could be that the

wording in format B focuses on “limitations” while both

format A and format C ask for “difficulty” in performing

physical activities. Further, slightly lower floor effects

Fig. 2 Comparison of test information functions between different item formats. Format A: “Are you able to …” (five-category response scale

from “Without any difficulty” to “Unable to do”); format B: “Does your health now limit you in …” (five-category response scale from “Not at all” to

“Cannot do”); format C: “How difficult is it for you to …” (six-category response scale from “Very easy” to “Impossible”). Item parameters and

information functions were initially estimated using a standard normal physical function (PF) metric. PF values were subsequently transformed to

a T-metric, where 50 =mean and 10 = standard deviations of the analytic sample (x-axis). Test information values on the y-axis are reported unchanged
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were found for format B (using “cannot do” as the low-

est response option) than for format A (using “unable to

do” as the lowest response option).

Our study has some limitations. First, our conclusions

are based on only five items. Consequently, we cannot

be sure that our results apply to all items in the PRO-

MIS PF item bank. However, the format-specific differ-

ences were highly consistent among all experimental

items. A second limitation concerns the selection of only

three item formats. Among PRO instruments for the as-

sessment of PF there is a large variety of item formats,

which differ in many more aspects than the response

scale and item stem [35, 37, 38]. Future studies should

clarify whether other formats should be considered for

further optimization of measurement precision, and also

if the wording of the formats used in this study can be

further improved [50]. In particular, modifications might

be made to format C, which is based on the LSU HSI

(format C: “How difficult is it for you to …”), in which

the item stem asked about difficulty but not ease,

whereas the corresponding response set included “easy”

and “very easy”.

Third, we had to use simulated data for illustrating

differences in measurement precision due to the item

formats because the study design did not permit direct

comparisons using real data. Fourth, it has been shown

that PF measures are not only limited by ceiling effects

but also by floor effects when assessing highly disabled

populations [33]. It seems unlikely that this issue can be

solved sufficiently by simply modifying the response

scale, as the most extreme response option at the nega-

tive end of the trait continuum is usually rated “impos-

sible”. For highly disabled samples, it may therefore be

necessary to include items asking about basic activities

of daily living (ADLs). Finally, although we found differ-

ences in measurement precision between the item for-

mats, it remains unclear whether one of the formats

used in this study is superior to the others in measuring

what a person is actually able to perform, i.e., as mea-

sured by performance-based outcome measures.

Conclusions

This study systematically investigated differences in meas-

urement properties resulting from extending the response

scale of PRO measures assessing PF. Our findings provide

evidence that using an extended six-category response

format, including the response options “easy” and “very

easy”, is an efficient and valid way to considerably extend

the range of precise measurement of PF at the positive

end of the trait continuum without changing the content

of the measure or affecting the latent construct of the

instrument. Optimizing the item format offers an effective

opportunity to improve measurement precision and to

reduce ceiling effects. This is especially relevant for the

application of generic short forms in populations with

average and above-average levels of PF and for the selec-

tion of global items measuring PF.
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Table 4 Analysis of variance (ANOVA) and relative validity (RV)

Subgroup
comparisons

General health groups
considered for ANOVAa

Full bank
(124 items)b

Format Ac

(5-item short form)
Format B
(5-item short form)

Format C
(5-item short form)

Poor Fair Good Very good Excellent F RV F RVd (95% CI) F RV (95% CI) F RV (95% CI)

a. Full sample X X X X X 16,957 1 .0 15,582 0.92 (0.91–0.93) 16,139 0.95 (0.94–0.96) 15,712 0.93 (0.92–0.94)

b. Average PF X X X 6960 1 .0 6246 0.90 (0.88–0.91) 6473 0.93 (0.92–0.94) 6349 0.91 (0.90–0.93)

c. Below-average
PF

X X 3818 1 .0 3421 0.90 (0.87–0.92) 3491 0.91 (0.89–0.94) 3564 0.93 (0.91–0.96)

d. Above-average
PF

X X 1870 1 .0 1476 0.79 (0.74–0.84) 1467 0.78 (0.74–0.83) 1720 0.92 (0.88–0.96)

aSubgroups marked X were considered for calculating F values (ANOVA); n = 10,000 per subgroup. bFinal Patient Reported Outcomes Measurement Information

System Physical Function (PROMIS PF) item bank version 1.0. cFormat A: “Are you able to …” (five-category response scale from “Without any difficulty” to “Unable

to do”); format B: “Does your health now limit you in …” (five-category response scale from “Not at all” to “Cannot do”); format C: “How difficult is it for you to …”

(six-category response scale from “Very easy” to “Impossible”). dRV calculation: (ANOVA F values derived from using a format-specific 5-item short form)/

(ANOVA F values derived from using full bank scores)
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