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Abstract
Purpose  The animated activity questionnaire (AAQ) is a computer-based measure of activity limitations. To answer a ques-
tion, patients choose the animation of a person performing an activity that matches their own level of limitation. The AAQ 
has not yet been tested for suitability to be applied as computer-adaptive test (CAT). Thus, the objective of this study was to 
develop and evaluate an AAQ-based CAT to facilitate the application of the AAQ in daily clinical care.
Methods  Patients (n = 1408) with hip/knee osteoarthritis from Brazil, Denmark, France, The Netherlands, Norway, Spain, 
and the UK responded to all 17 AAQ items. Assumptions of item-response theory (IRT) modelling were investigated. To 
establish item parameters for the CAT, a graded response model was estimated. To evaluate the performance of post-hoc 
simulated AAQ-based CATs, precision, test length, and construct validity (correlations with well-established measures of 
activity limitations) were evaluated.
Results  Unidimensionality (CFI = 0.95), measurement invariance (R2-change < 2%), and IRT item fit (S-X2 p > .003) of the 
AAQ were supported. Performing simulated CATs, the mean test length was more than halved (≤ 8 items), while the range 
of precise measurement (standard error ≤ 0.3) was comparable to the full AAQ. The correlations between original AAQ 
scores and three AAQ-CAT versions were ≥ 0.95. Correlations of AAQ-CAT scores with patient-reported and performance 
measures of activity limitations were ≥ 0.60.
Conclusion  The almost non-verbal AAQ-CAT is an innovative and efficient tool in patients with hip/knee osteoarthritis from 
various countries, measuring activity limitations with lower respondent burden, but similar precision and construct validity 
compared to the full AAQ.
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Introduction

Osteoarthritis is a highly prevalent chronic disease and 
a major cause of activity limitations in affected patients 
[1, 2]. With hip and knee being two of the most affected 
joints [1], patients are often particularly limited in lower 
body functions and associated activities of daily living 
(ADL). Consequently, limitations in performing physical 
activities is an important outcome in the field of hip and 
knee osteoarthritis [3].

By now, many different measures of activity limitations 
have been developed [4], with patient-reported outcome 
(PRO) and performance-based outcome (PerfO) measures 
being the most frequently used assessment types [4, 5]. In 
PRO measures, respondents rate their perceived level of 
activity limitations by responding to self-report items in a 
questionnaire, while PerfO measures assess a patient’s per-
formance of physical tasks in a standardized test environ-
ment [4]. PRO measures are easy to use and cheap but sub-
jective with regard to the interpretation of the terms used 
in the questionnaire (i.e., ‘difficulty’) and to the adopted 
reference frame of the respondent (i.e., the situation or 
status the subject relates) [6]. It has been shown that PRO 
measures are more influenced by subjective patient vari-
ables than PerfO assessments [6–9]. In contrast, PerfO 
measures lead to more objective assessments, but are more 
resource-intense and burdensome to the patients [10]. 
Moreover, while PRO measures allow to capture a broad 
range of different activities, PerfO measures usually focus 
on a very specific activity and are often used as single-task 
measures [11]. In sum, several previous research findings 
indicate that PRO and PerfO measures may assess related 
but yet different constructs, and that respective results 
should only be compared with caution [12, 13].

To combine the advantages of PRO and PerfO measures 
within one instrument, the animated activity questionnaire 
(AAQ) was developed [14, 15]. The AAQ is an online-based 
measure of activity limitations for patients with hip and 
knee osteoarthritis. Each of its 17 items consists of several 
videos of an animated avatar performing a specific ADL 
task. To answer an item, patients choose the animation that 
best matches their own activity limitation level. Resource-
intensity of the AAQ is comparable to computer-based PRO 
measures. At the same time, by showing animations of activ-
ities in a standardized real life situation and environment, 
the influence of the patient’s reference frame is expected 
to be minimized [14, 16]. Moreover, the AAQ is almost 
non-verbal, potentially reducing validity problems due to 
differences in literacy across patients, and allows for cross-
language application with little translational efforts [16, 17]. 
Thus, the AAQ is being discussed as a suitable alternative 
for PerfO measures in largescale studies [14].

Several studies indicated good psychometric charac-
teristics of the AAQ [14, 16–19]. However, item response 
theory (IRT) methods, allowing for validating an instru-
ment on item-level [20], has not yet been applied to psy-
chometrically evaluate the AAQ. Using IRT, ability esti-
mates can be assessed on an interval scale and statistical 
precision and power can be improved [20]. Estimating an 
IRT model provides individual parameters for each item of 
a measure [21–23]. A major advantage of using IRT item 
parameters for scoring is that item sets can be optimized by 
administering only the most relevant and precise items for a 
given ability level. One method of item set optimization is 
the application of computerized adaptive tests (CAT) [23]. 
In a CAT, a computer algorithm automatically selects the 
most informative items for an individual respondent, based 
on her or his answers given on previous items [23]. These 
algorithms are based on item parameters reflecting the indi-
vidual statistical relationship between the latent construct of 
a measure and the responses to a given item. The applica-
tion of CATs usually leads to a significant reduction in the 
number of items to be answered and in the time required 
to complete a questionnaire [21, 23, 24]. This seems to be 
particularly useful even for relatively short instruments, as 
study participants often have to complete not only a single 
questionnaire, but entire batteries of questionnaires, which 
can be very burdensome for patients and resource-intensive 
for those conducting these studies [24]. Moreover, to answer 
an AAQ item, patients must watch multiple videos simulta-
neously, which requires a certain level of concentration and 
attention. Therefore, administration as a CAT could lead to 
a significant reduction in patient burden.

Considering its computer-based nature, the AAQ seems 
to be very well-suited for being used as a CAT. Thus, the 
aims of this study were (1) to investigate if the items of the 
AAQ fulfill psychometric criteria for IRT modelling and 
(2) to establish IRT item parameters which can be used for 
the application as CAT. Moreover, (3) the performance of 
different CAT versions in terms of test length, precision, 
and construct validity will be evaluated based on post-hoc 
simulations.

Methods

Measures

Animated activity questionnaire (AAQ)

The AAQ is an online animated questionnaire containing 17 
items of single ADL tasks [14, 15]. The development and 
selection of items was based on conceptual and theoretical 
considerations as well as focus groups with patients [14]. 
Each item simultaneously shows 3 to 5 animated videos of 
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an avatar performing an ADL task. Patients select the anima-
tion that best matches their performance of the task in the 
past week, or “Not possible” (http://​www.​kmin-​vumc.​nl/_​
16_0.​html). Responses are scored from 1 to 4/5/6 (depending 
on the number of response options), with higher response 
categories indicating more activity limitations. The AAQ is 
currently available in eleven languages at https://​anima​tedac​
tivit​yques​tionn​aire.​com/. The AAQ showed high test–retest 
reliability (intraclass correlation = 0.97) and internal consist-
ency (Cronbach’s alpha = 0.95) [14], next to other satisfac-
tory psychometric properties with regard to responsiveness 
[19], construct validity, and cross-cultural validity [17]. 
AAQ scores are transformed to a 0–100 metric with higher 
scores indicating less activity limitations.

H/KOOS ADL subscale and PerfO measures

To investigate construct validity of the IRT-calibrated AAQ 
measure and related CAT scores, a disease-specific PRO and 
three PerfO measures were administered. As PRO measure, 
the ADL subscale of the hip disability and osteoarthritis 
outcome score (HOOS) [25] or knee injury and osteoarthritis 
outcome score (KOOS) [26] was used. The ADL subscales 
of the HOOS and KOOS are identical, therefore the same 
scale was used for both hip and knee patients (H/KOOS). 
The H/KOOS contains 17 questions about perceived dif-
ficulty in executing ADL tasks in the past week due to hip 
or knee problems, on a 5-point scale. A total H/KOOS score 
was calculated and transformed into a score ranging from 
0 to 100, with higher scores indicating less activity limi-
tation. In addition, three single-item PerfO measures were 
executed by a subsample of participants: the Stair Climbing 
Test (SCT; n = 324) [27], and the Timed Up and Go test 
(TUG; n = 396) [28], both measuring the time in which the 
activity is performed, and the 30 s Chair Stands Test (CST; 
n = 325) [29], which takes the number of sit to stands that 
was performed within 30 s. These measures were chosen 
from the most feasible, reliable and responsive measures 
recommended by OsteoArthritis Research Society Interna-
tional [30].

Participants and data collection

The present study used data from various research projects 
on the development, translation and evaluation of the AAQ, 
which were collected between 2013 and 2019 [14, 16–19, 
31]. The largest of these projects with 1239 participants was 
conducted to establish cross-cultural validity of the AAQ 
in 7 European countries, namely Denmark, France, Italy, 
the Netherlands, Norway, Spain, and United Kingdom [17]. 
However, Italian AAQ data (n = 203) were not considered 
for the present study because problems with cross-cultural 
validity have been identified [17]. In addition to the data 

mentioned above, Brazilian data were analysed that were 
collected as part of another AAQ validation project [31]. In 
all participating countries, patients aged over 18 years with a 
diagnosis of hip and/or knee OA according the ACR criteria 
[32] were invited to participate in the study, either by phone 
or when they visited the clinic where they receive treat-
ment. If they agreed to participate, an information leaflet, 
an informed consent form, and a pre-stamped, pre-addressed 
envelope were sent or given to them personally. A consecu-
tive sample of patients was recruited from different health 
care settings such as primary care, in-patient rehabilitation, 
and hospitals. The participants were sent a link to the online 
questionnaire. They completed the AAQ and the H/KOOS 
ADL subscale in consecutive order. A random subgroup 
was invited to visit the outpatient clinic to execute three 
performance-based tests after the AAQ and the H/KOOS 
were completed.

Statistical analysis

To describe the characteristics of the study sample, descrip-
tive statistics were used (see Table 1). Psychometric analyses 
were conducted following the analysis plan of the Patient-
Reported Outcomes Measurement Information System 
(PROMIS) [33]. Table 2 provides an overview of psycho-
metric properties and related research questions that were 
investigated, including analyses and statistics, criteria, and 
applied software.

Before IRT-based AAQ item parameters were estimated, 
assumptions of IRT modelling were checked [34]. We con-
ducted a confirmatory factor analysis (CFA) of a one-factor 
model with a weighted least squares means and variance 
adjusted (WLSMV) estimator, which is a robust (scaled) 
variant of the diagonally weighted least squares estimator 
[33, 35]. Unidimensional model fit was evaluated by cal-
culating the comparative fit index (CFI), the Tucker–Lewis 
index (TLI), the root mean square error of approximation 
(RMSEA), and the standardized root mean square residual 
(SRMSR) [33]. Since strictly unidimensional models have 
been discussed as too restrictive when applied to patient-
reported data, the explained common variance (ECV) as 
well as Omega H, resulting from an exploratory bifactor 
model with one general and three specific group factors, 
were additionally used to evaluate ‘sufficient’ unidimension-
ality [33, 36, 37]. Residual correlations were calculated for 
each pair of items to investigate locale independence. Low 
residual correlations indicate that all covariation between 
items is explained by the common factor. Monotonicity, 
meaning that subjects with more severe activity limitation 
are more likely to score higher on each AAQ item, was eval-
uated using Mokken scale analysis [38]. Loevinger’s homo-
geneity coefficient H was used as an indicator of scalability 
for the total AAQ scale. For determining the discriminative 

http://www.kmin-vumc.nl/_16_0.html
http://www.kmin-vumc.nl/_16_0.html
https://animatedactivityquestionnaire.com/
https://animatedactivityquestionnaire.com/
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power of each AAQ item, item specific Hj values were cal-
culated [38]. Differential item functioning (DIF) analysis 
was used to examine measurement invariance across patient 
groups regarding age, gender, and country. With regard to 
DIF by country, we compared Brazilin data versus all other 
countries, because measurement invariance across the other 
6 countries was demonstrated before [17]. To identify DIF, 
ordinal logistic regression was applied [39].

Since we did not assume all items to have equal dis-
crimination based on the results of a previous study [14], 
a two-parameter IRT model, namely the graded response 
model (GRM), was fitted to estimate item parameters [40]. 
In GRMs, one slope and several (number of response 
options minus 1) threshold parameters are estimated for 
each item. While the slope parameter (a) specifies how 
strong an item is associated with the latent trait (discrimi-
nation), threshold parameters (bj) define the locations on 

the latent trait continuum at which item responses are 
most informative. Data from all countries were modelled 
together. Item fit was evaluated using the S-X2 statistic, 
assessing the discrepancy between observed and model-
predicted item responses [41]. Item characteristic curves 
were checked for disordered thresholds [42].

To investigate the performance of applying the AAQ 
items as CAT, post-hoc simulations were conducted [43], 
based on the responses of the participants to the full set of 
AAQ items and the established GRM item parameters. The 
maximum Fischer Information (MFI) method was used to 
automatically select the most informative items [43]. For 
estimating scores indicating the individual level of activity 
limitations (theta), expected a posteriori (EAP) estimation 
was applied [43].

IRT-based AAQ scores (theta) were initially calibrated 
to the total sample mean of 0 and a standard deviation of 
1, with higher scores indicating more activity limitations. 
In a second step, to enable comparisons with the original 
AAQ measure, expected sum scores were calculated based 
on the fitted IRT model [44] and subsequently transformed 
to the original 0–100 metric, with higher scores indicating 
less activity limitations.

The performance of three versions of the AAQ-CAT 
was compared to the full AAQ measure. The three CAT 
versions differed in the pre-specified stopping rule:

(1)	 ‘CAT-17’: Administration of further items stops when 
the standard error becomes ≤ 0.3, with a maximum of 
all 17 AAQ items.

(2)	 ‘CAT-10’: Administration of further items stops when 
the standard error becomes ≤ 0.3, with a maximum of 
10 items.

(3)	 ‘CAT-5’: Administration of further items stops when 
the standard error becomes ≤ 0.3, with a maximum of 
5 items.

The root mean square error (RMSE) and the mean dif-
ference to original AAQ scores (bias) were calculated for 
the IRT-calibrated AAQ measure and the CAT versions. 
Mean test lengths (i.e., number of items administered) and 
precision (i.e., standard error) in dependence of a given 
activity limitation level was calculated for the different 
CAT versions and inspected graphically.

To investigate construct validity, AAQ scores were cor-
related with the H/KOOS ADL, the SCT, the TUG, and the 
CST. We hypothesized that correlation coefficients would 
be ≥ 0.60 [17].

For statistical analyses, R 3.6.2 was applied and the R 
packages catR, lavaan, lordif, mirt, mokken, and psych 
were used [35, 43–48].

Table 1   Sample characteristics (n = 1408)

AAQ animated activity questionnaire, BMI body mass index, H/
KOOS ADL ADL subscale of the Knee disability and Osteoarthritis 
Outcome Score (HOOS) or Knee injury and Osteoarthritis Outcome 
Score (KOOS), n sample size, SD standard deviation

Variables

Female; n (%) 1037 (73.7)
Mean age (SD) 64.5 (9.6)
Mean BMI (SD) 28.6 (5.4)
Joint affected; n (%)
 Knee(s) only 854 (60.7)
 Hip(s) only 287 (20.4)
 Both 267 (19.0)

Total joint replacement; n (%)
 None 1008 (71.6)
 Knee(s) only 209 (14.8)
 Hip(s) only 159 (11.3)
 Both 32 (2.3)

Country; n (%)
 Brazil 200 (14.2)
 Denmark 201 (14.3)
 France 190 (13.5)
 Netherlands 425 (30.2)
 Norway 91 (6.5)
 Spain 99 (7.0)
 United Kingdom 202 (14.3)

Measures of ability limitations; mean (SD)
 AAQ (0–100) 78.3 (17.3)
 H/KOOS ADL (0–100) 64.6 (20.7)
 Stair climbing test (SCT; s) 17.1 (9.9)
 Timed up and go (TUG; s) 12.1 (7.1)
 Chair stands test (CST; counts) 9.4 (6.8)
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Results

Sample characteristics

AAQ data from 1408 patients with hip/knee osteoarthritis 
from Brazil (n = 200), Denmark (n = 201), France (n = 190), 
The Netherlands (n = 425), Norway (n = 91), Spain (n = 99), 
and the UK (202) were included. Further demographic and 
clinical characteristics of the study sample regarding gen-
der, age, body mass index (BMI), affected joint(s) and joint 
replacement are presented in Table 1. 

Psychometric properties

Criteria for IRT modelling

Results with regard to IRT-model assumptions are pre-
sented in Table 2. While results of the CFA were some-
what contradictory, bifactor analysis supported sufficient 
unidimensionality of the AAQ for IRT analysis. Residual 
correlations were lower than 0.2 in 97% of item pairs, sup-
porting local independence and, thereby, indicating that 
one common factor explains almost all covariation across 

Table 2   Psychometric properties of the AAQ 17-items instrument

CFI comparative fit index, ECV explained common variance, IRT item response theory, GRM graded response model, H Loevinger’s Homoge-
neity coefficient, r correlation coefficient, RMSEA root mean square error of approximation, SRMSR standardized root mean square residual, TLI 
Tucker-Lewis index
a Fit statistics are based on a weighted least squares means and variance adjusted (WLSMV) estimator, which is a robust variant of the diagonally 
weighted least squares estimator
b Measurement invariance across all included countries except Brazil has already been demonstrated (Peter et al. [17])
c S-X2 item fit statistics were evaluated after adjusting for multiple testing (p ≥ 0.003)

Psychometric properties and related 
research questions

Statistics/indices Criterion Software Results

Unidimensionality: Do all items of the measure assess a common construct?
 Confirmatory factor analysis 

(CFA)a
lavaan (R package)

CFI  > 0.95 0.95
TLI  > 0.95 0.94
RMSEA  < 0.06 0.15
SRMSR  < 0.08 0.08

 Exploratory bifactor analysis psych (R package)
ECV  > 0.70 0.76
Omega H  > 0.80 0.84

Local independence: Do the items relate only to the construct being measured?
 Residual correlation matrix result-

ing from CFA
Residual correlations of item pairs 

(rRes)
≤ 0.20 lavaan (R package) rRes ≤ 0.20 in 97% of item pairs

Monotonicity: Do the probabilities of affirmative responses to the items increase with increasing levels of the construct?
 Mokken scale analysis Scalability coefficient of the total 

scale (H)
 > 0.50 mokken (R package) 0.60

Measurement invariance: Is it valid to use the same IRT-model to compare these groups?
 Differential item functioning by 

age (median split)
McFadden’s pseudo R2-change  < 2% lordif (R package) R2-change < 2% in 100% of items

 Differential item functioning by 
gender (female versus male)

R2-change < 2% in 100% of items

 Differential item functioning by 
country (Brazilian data versus 
data from all other countriesb)

R2-change < 2% in 100% of items

IRT model fit: Can the relationship between the items adequately be described by a GRM?
 GRM fit S-X2 p-valuec  ≥ 0.003 mirt (R package) p ≥ 0.003 in 100% of items
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items. Monotonicity and IRT model fit were supported for 
all AAQ items. DIF analysis confirmed measurement invari-
ance regarding age, gender, and country. 

Item characteristics

As IRT assumptions were fulfilled, legitimating IRT mod-
elling, a GRM was estimated for all 17 AAQ items. Item 
parameters as well as detailed characteristics regarding 
scalability and fit statistics are presented in Table 3. While 
slopes of most items were (close to) a = 2 or above, slopes 
for item 16 (‘putting on shoes’) and item 17 (’taking off 
shoes’) were considerably lower (a = 1.40 and a = 1.29, 
respectively). Threshold parameters ranged from − 1.56 (b1 
of item 16; ‘putting on shoes’) to 3.69 (b4 of item 11; ‘sitting 
down on a chair’). Disordered thresholds were detected in 
four items (see Online Appendix Fig. A1). After collapsing 
the affected response categories and reanalyzing the data 
using a GRM, the newly estimated theta values matched the 
theta values of the original model (Pearson’s r = 1.00), indi-
cating that the recoding of the items had no effect. Since 
a satisfactory fit of the items was found for the original 
model, we decided to retain the original response categories 

for all items. A test information plot is provided in Online 
Appendix Fig. A2, indicating highly reliable measurements 
(defined as marginal reliability ≥ 0.9 ≈ test information ≥ 10) 
between theta = -1 and theta = 4.

Performance of the AAQ CAT​

Results of the IRT-calibrated AAQ measure and each AAQ-
CAT version regarding measurement characteristics and 
construct validity in comparison to original AAQ scores 
are summarized in Table 4. Scores derived from the IRT-
calibrated AAQ measure as well as score estimates from 
all CAT versions were very close to original AAQ scores, 
with Pearson correlations of r ≥ 0.95. RMSE and bias were 
comparable between the different CAT versions.

Items 4, 6, 7, 12, 13, and 14 had the highest exposure 
rates in each CAT version, indicating that these items are the 
most informative items for the sample. This is in line with 
Table 3, showing that all of these items had comparatively 
high slopes.

With regard to construct validity, AAQ full measure and 
CAT scores were highly correlated with PRO (H/KOOS 
ADL), and PerfO measures (SCT, TUG, and CST), with |r| 

Table 3   AAQ item characteristics

Hi Loevinger’s Homogeneity coefficient (on item level), GRM graded response model
a In GRMs, one slope and several (number of response options minus 1) threshold parameters are estimated for each item. While the slope 
parameter (a) specifies how strong an item is associated with the latent trait, threshold parameters (bj) define the locations on the latent trait con-
tinuum at which an item responses are most informative
b S-X2 item fit statistics were evaluated after adjusting for multiple testing (p < 0.003)

Item Monoto-nicity GRM fit GRM item parametersa

Item ID Item description Hi S-X2

p-valueb
a b1 b2 b3 b4 b5

AAQ_01 Ascending stairs 0.613 0.369 2.743 0.126 0.960 1.954 2.798 –
AAQ_02 Descending stairs 0.580 0.232 2.386  − 0.191 0.698 1.802 2.275 3.096
AAQ_03 Walking outside on a flat surface 0.628 0.030 2.857 0.130 1.168 1.443 2.193 3.259
AAQ_04 Walking outside on uneven terrain 0.634 0.667 2.964 0.156 1.079 1.429 2.444 –
AAQ_05 Walking inside: starting walking 

after at least 15 min sitting
0.629 0.069 2.467  − 0.526 0.879 2.173 3.363 –

AAQ_06 Ascending a bridge 0.657 0.499 3.453 0.087 1.326 2.123 2.928 –
AAQ_07 Descending a bridge 0.648 0.035 3.132 0.005 1.406 2.221 3.092 –
AAQ_08 Picking up an object from floor 0.584 0.030 2.260 0.092 1.033 1.710 2.869 –
AAQ_09 Rising from the floor 0.560 0.073 1.983  − 0.240 0.987 1.859 – –
AAQ_10 Rising from a chair 0.630 0.284 2.693  − 0.346 1.230 2.024 3.526 –
AAQ_11 Sitting down on a chair 0.620 0.480 2.734  − 0.105 1.312 1.823 3.690 –
AAQ_12 Rising from a sofa 0.669 0.158 2.789  − 0.886 0.590 1.553 2.629 –
AAQ_13 Sitting down on a sofa 0.633 0.012 2.779  − 0.400 0.898 1.606 2.800 –
AAQ_14 Rising from a toilet 0.633 0.385 2.964 0.072 0.929 2.002 3.195 –
AAQ_15 Sitting down on a toilet 0.622 0.751 2.727 0.186 1.126 2.234 3.430 –
AAQ_16 Putting on shoes 0.499 0.654 1.403  − 1.561  − 0.259 1.433 3.055 –
AAQ_17 Taking off shoes 0.461 0.008 1.289  − 0.461 0.505 3.144 – –
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≥ 0.60. The correlation coefficients between AAQ scores 
(full measure and CAT versions) and each of the other PRO 
and PerfO measures tended to be higher than the correla-
tions between the H/KOOS ADL with the SCT (r =  − 0.56; 
95% CI [− 0.63, − 4.72]), the TUG (r =  − 0.48; 95% CI 
[− 0.56, − 0.40]), and the CST (r = 0.48; 95% CI [0.38, 
0.56]). The test length of the full AAQ (17 items) was more 

than halved with each CAT version, with an average of 8.0 
items (minimum = 4; maximum = 17) for the CAT without 
test length restrictions (‘CAT-17’), 6.6 items (minimum = 4; 
maximum = 10) for the ‘CAT-10’ and 4.8 items (mini-
mum = 4; maximum = 5) for the’CAT-5’. Figure 1 shows 
that in all CAT versions about 5 to 6 items were sufficient 
for precise scoring (SE < 0.3) of participants with average 

Table 4   Comparison of measurement characteristics and construct validity between IRT-based AAQ scores and different CAT versions with 
original AAQ scores

AAQ animated activity questionnaire, CAT​ computer adaptive test, CI confidence interval, CST chair stands test, H/KOOS ADL ADL subscale of 
the knee disability and osteoarthritis outcome score (HOOS) or knee injury and osteoarthritis outcome score (KOOS), RMSE root mean square 
error, SCT stair climbing test, SD standard deviation, TUG​ timed up and go test

Original AAQ score IRT-based AAQ score CAT-17 CAT-10 CAT-5

Mean test length 17 items 17 items 8.0 items 6.6 items 4.8 items
AAQ score mean 

(SD)
78.3 (17.3) 78.5 (16.8) 78.4 (16.7) 78.4 (16.7) 78.4 (16.6)

AAQ score range 0.0–100.0 2.3–98.6 8.0–98.6 8.0–98.6 8.0–98.6
RMSE – 1.71 5.02 5.05 5.39
Bias (mean difference 

to original AAQ)
– 0.17 0.11 0.13 0.16

Pearson correlation 
with full AAQ (95% 
CI)

– 1.00 [1.00, 1.00] 0.96 [0.95, 0.96] 0.96 [0.95, 0.96] 0.95 [0.95, 0.96]

Pearson correlation H/
KOOS ADL (95% 
CI)

0.73 [0.71, 0.76] 0.73 [0.70, 0.75] 0.68 [0.65, 0.71] 0.68 [0.65, 0.71] 0.68 [0.65, 0.71]

Spearman correlation 
with SCT (95% CI)

 − 0.68 [− 0.74, − 0.62]  − 0.68 [− 0.74, − 0.62]  − 0.66 [− 0.72, − 0.58]  − 0.66 [− 0.72, − 0.59]  − 0.66 [− 0.72, − 0.59]

Spearman correlation 
with TUG (95% CI)

 − 0.61 [− 0.68, − 0.54]  − 0.62 [− 0.68, − 0.54]  − 0.60 [− 0.66, − 0.52]  − 0.60 [− 0.66, − 0.52]  − 0.60 [− 0.67, − 0.52]

Spearman correlation 
with CST (95% CI)

0.60 [0.52, 0.67] 0.60 [0.52, 0.67] 0.60 [0.52, 0.67] 0.60 [0.52, 0.67] 0.60 [0.52, 0.67]

Fig. 1   Conditional test length: 
average number of items admin-
istered (y-axis) for estimated 
AAQ score and related theta 
deciles (x-axis) in the study 
sample. Higher AAQ scores 
indicate less activity limitations
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and below-average scores (i.e. more severe activity limita-
tion levels). In contrast, for participants with above-average 
scores (i.e. less severe levels of activity limitations), more 
items were needed for precise measurement. In accordance 
with this finding, Fig. 2 shows higher standard errors for 
patients scoring above-average. When using the ‘CAT-5’, 
only participants with AAQ scores lower than 80 could 
be scored with a precision of SE ≤ 0.3. In contrast, using 
the CAT versions that allow for administering more than 5 
items, the range of precise measurement was comparable to 
the full AAQ measure. 

Discussion

Based on a large international sample of patients with hip 
and/or knee osteoarthritis, the findings of our study indicate 
that all items of the AAQ are well-suited for being calibrated 
on a unidimensional IRT-based scale. Item parameters have 
been established using graded response modelling. These 
parameters can be used for applying the AAQ as CAT. 
Using post-hoc simulations, good psychometric properties 
were found for three different CAT versions (without length 
restrictions, with a maximum of 10 items, with a maximum 
of 5 items).

Statistical analyses indicated that all items of the AAQ 
fulfill psychometric criteria for IRT modelling. Among oth-
ers, a core assumption of unidimensional IRT is that all 
items can be used for the assessment of a common under-
lying construct (i.e., activity limitations in the case of the 
AAQ). Although the results of a traditional unidimensional 
CFA were inconsistent, bifactor analysis as well as indi-
vidual item analyses supported a unidimensional structure 

of the AAQ items. That the use of bifactor models might 
be better suited for evaluating sufficient unidimensionality 
of self-reported data than traditional CFA criteria has been 
discussed before [37].

Individual item parameters indicated that the AAQ items 
are generally best suited for measuring more severe activity 
limitations. Moreover, items 16 (‘putting on shoes’) and 17 
(‘taking off shoes’) showed comparably low slopes, indicat-
ing low associations of these two items with the underlying 
construct. In the context of CAT, items with low slopes are 
generally less informative and, consequently, less likely to 
be administered by the automated CAT algorithm. Nonethe-
less, items 16 and 17 appeared to be useful when it comes to 
scoring individuals with below-average activity limitations 
and were actually selected by the CAT algorithm for some 
participants.

Important to consider in relation to CAT administra-
tion is that the individual items of the AAQ cover some-
what different aspects of physical activity limitations, i.e., 
climbing stairs (items 1 and 2), walking (items 3 to 7), 
rising and sitting down (items 9 to 15), but also activities 
that require fine motor skills next to hip joint mobility, 
such as picking up an object from the floor as well as put-
ting on and taking off shoes (items 8, 16, and 17, respec-
tively). Thus, when applied as CAT, content validity of 
the AAQ might be reduced in case one or more of these 
aspects are skipped due to the automatized CAT algorithm 
[39]. Content validity means that a measure represents all 
aspects of the construct of interest. This issue appeared 
to be particularly relevant for the 5-item CAT, where as 
much as five AAQ items were never used for scoring any 
participant (items 2, 8, 9, 15, and 17). In the 10-item CAT, 
only one item (item 8) was never used; in the 17-item 

Fig. 2   Conditional precision: 
IRT-based standard error 
estimates (y-axis) for estimated 
AAQ score and related theta 
deciles (x-axis) in the study 
sample. Higher AAQ scores 
indicate less activity limitations
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CAT, all items were used (lowest exposure rate was 17% 
for item 15). Content balancing has been suggested to be 
a potential solution when reduced content validity causes 
systematic bias in CAT assessments, i.e., when the items 
of a scale appear to measure distinct sub-constructs [23, 
39]. Nevertheless, our analyses did not indicate any sys-
tematic bias when administering the AAQ as CAT. Each 
CAT version was highly correlated with the full AAQ and 
the differences to the original AAQ scores were negligi-
ble. Moreover, scores of the full AAQ measure and each 
CAT version were similarly associated with other PRO 
and PerfO measures of activity limitations. In sum, based 
on the results of this study, content balancing seems not 
to be necessary for any version of the AAQ-CAT. Moreo-
ver, the correlation between AAQ scores and each of the 
other measures of activity limitations tended to be higher 
than the correlations between PRO and PerfO measures. 
This finding might empirically reflect the original pur-
pose to develop the AAQ as an innovative assessment tool 
combining the characteristics of PRO and PerfO measures 
[15].

This study has some limitations. First, the evaluation of 
the CAT performance was based on post-hoc simulations. 
The performance of actual AAQ-CAT administrations 
must be examined in future studies. Nevertheless, findings 
of previous studies comparing simulated and real CAT 
data indicated that results might be similar [49]. Moreo-
ver, using post-hoc simulations had the advantage that the 
anticipated performance of different CAT versions could 
directly be compared to each other and to the full measure. 
Second, while 11 language versions of the AAQ already 
exist, data from only 7 countries were used for psycho-
metric evaluations and for establishing IRT parameters 
in the present study. Three languages (German, Swedish, 
and Turkish) could not be considered because sufficient 
data has not yet been collected. Moreover, Italian data 
were not considered for establishing CAT parameters in 
the present study because considerable differential item 
functioning has been identified before [17]. However, it is 
not known whether these problems were caused by a lack 
of cross-cultural validity, or whether there was an issue 
with the specific set of Italian data collected for the AAQ 
cross-cultural validity study [17]. As long as cross-cultural 
invariance has not been shown, CAT results should be 
interpreted with caution for languages not included in the 
present study. Third, the current AAQ metric ranging from 
0 to 100 is arbitrary. It is yet to be decided whether a dif-
ferent metric should be used. For instance, linearly trans-
forming the IRT-based theta metric to a T-score metric 
with a mean of 50 and a standard deviation of 10 based on 
a representative sample of a meaningful reference popula-
tion might lead to increased interpretability of AAQ scores 

[33]. Original AAQ scores could also be linked to such a 
metric, allowing for comparisons with AAQ-CAT scores.

With regard to the comparison of different CAT ver-
sions, the CAT-10 (with a maximum of 10 items) appeared 
to be the most efficient version in our sample, with an aver-
age of less than 7 administered items but with comparable 
precision and validity to the full AAQ. Nevertheless, for 
samples with highly impaired patients, the CAT-5 might 
also be well-suited.

The AAQ was originally developed to combine the 
benefits of patient-reported and performance-based meas-
ures of activity limitations. In addition, since the AAQ is 
almost non-verbal, it is applicable in low literacy patients 
and its items are easy to translate to other languages, 
which allows for cross-cultural application. Our study 
clearly supports the suitability of the AAQ to be applied as 
CAT, measuring activity limitations with lower respondent 
burden, but similar precision and construct validity com-
pared to the full AAQ measure. Moreover, calibration of 
the AAQ to an IRT-based scale is the basis for expanding 
the measurement range by adding new items, e.g., specific 
items assessing the extremes of the underlying construct, 
in future developments. To make the CAT accessible to 
users, it is considered to integrate the AAQ into existing 
CAT platforms, e.g., the Dutch-Flemish PROMIS Assess-
ment Center.
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