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Abstract

Background Computerized adaptive testing (CAT) is an effective way to reduce time, repetitious redundancy,
and respond burden, and has been used to measure outcomes in many diseases. This study aimed to develop and
validate a comprehensive disease-specific CAT for chronic obstructive pulmonary disease (COPD) patient-reported
outcome measurement.

Methods The discrimination and difficulty of the items from the modified patient-reported outcome scale for
COPD (mCOPD-PRO) were analyzed using item response theory. Then the initial item, item selection method, ability
estimation method, and stopping criteria were further set based on Concerto platform to form the CAT. Finally, the
reliability and validity were validated.

Results The item discrimination ranged from 1.05 to 2.71, and the item difficulty ranged from —3.08 to 3.65. The
measurement reliability of the CAT ranged from 0.910 to 0.922 using random method, while that ranged from 0.910
t0 0.924 using maximum Fisher information (MFI) method. The content validity was good. The correlation coefficient
between theta of the CAT and COPD assessment test and modified Medical Research Council dyspnea scale scores
using random method was 0.628 and 0.540 (P<0.001; P< 0.001) respectively, while that using MFI method was 0.347
and 0.328 (P=0.007; P=0.010) respectively. About 11 items (reducing by 59.3%) on average were tested using random
method, while about seven items (reducing by 74.1%) on average using MFI method. The correlation coefficient
between theta of the CAT and mCOPD-PRO total scores using random method was 0.919 (P<0.001), while that using
MFI method was 0.760 (P<0.001).

Conclusions The comprehensive disease-specific CAT for COPD patient-reported outcome measurement is
well developed with good psychometric properties, which can provide an efficient, accurate, and user-friendly
measurement for patient-reported outcome of COPD.
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Background

Chronic obstructive pulmonary disease (COPD), charac-
terized by chronic respiratory symptoms and persistent
(often progressive) airflow limitation, is a leading cause
of morbidity and mortality worldwide inducing an eco-
nomic and social burden that is both substantial and
increasing [1]. The prevalence of COPD among people
aged 40 years or older is 12.64% around the whole world,
and 13.7% in China [2, 3]. COPD is the third leading
causes of death responsible for approximately 6% of the
world’s total deaths in 2019 [4]. Health status in patients
with COPD declines over time [5]. A patient-reported
outcome (PRO) is any report of a patient’s health status
derived directly from the patient [6]. It has been increas-
ingly recognized that PRO instruments play an important
role in assessing health status and treatment outcome
of COPD [7, 8]. Previously, our team has developed and
validated a 27-item comprehensive disease-specific PRO
measurement, the modified Patient-reported Outcome
Scale for COPD (mCOPD-PRO), which is a 5-point Lik-
ert scale including physiological, psychological, and envi-
ronmental domains, with lower scores indicating better
health status [9]. In the stage of validation of the instru-
ment, the measurement properties assessed referred to
internal consistency reliability, content validity, construct
validity, criterion validity, known groups validity, and
feasibility [9]. It is showed that the mCOPD-PRO has
good psychometric properties with the Cronbach’s alpha
of 0.954 [9]. As a common chronic disease worldwide,
patients with COPD usually require frequent outcome
measures. In this case, the response burden of measure-
ment tools can't be ignored. Although the median com-
pletion time of the mCOPD-PRO is only 5 min, given the
number of items, the response burden still needs to be
considered [9].

Computerized adaptive testing (CAT), based on item
response theory (IRT), is a form of testing that uses a
computer to automatically select appropriate items for
the examinee [10]. Generally speaking, CAT selects an
item from an item bank that is appropriate to the exam-
inee’s theta, an index of the latent trait in IRT, here the
health status, and then updates the examinee’s theta
according to the responses to this item [10]. This pro-
cess is repeated until the examinee’s theta is accurately
estimated [10]. CAT is an effective way to reduce time,
repetitious redundancy, and respond burden, and has
been increasingly used for psychological and health
measurement in an efficient, accurate, and user-friendly
manner [11-13]. Recently, CAT has also been used for
outcome measurement of COPD [14-22]. Norweg A

et al. developed a modified and expanded item bank of
Dyspnea Management Questionnaire measuring the dys-
pnea, one of the most prominent symptoms in COPD, to
construct the CAT using an internally developed CAT
program, and subsequently conducted CAT real data
simulations to estimate the CAT’s accuracy, precision,
and validity [14]. Choi SW et al. and Yount SE, et al. also
focused on the dyspnea in COPD, and developed a mea-
sure of dyspnea and related functional limitations, where
post-hoc CAT simulations were conducted to determine
the number of items required to achieve high precision
[15, 16]. Additionally, Yount SE et al. administered the
Patient-Reported Outcomes Measurement Information
System (PROMIS®) measures using CAT, followed by
administration of any remaining short form items that
had not yet been administered by CAT, to examine their
responsiveness to changes associated with COPD exacer-
bation recovery [17]. Paap MCS et al. performed simula-
tions using empirical data from patients with COPD to
assess the incremental value of multidimensional CAT
compared with unidimensional CAT, and investigated the
item usage for the multidimensional CAT drawing items
from three PROMIS domains (fatigue, physical function,
and ability to participate in social roles and activities)
and a COPD-specific item bank [18, 19]. O'Hoski S et al.
estimated the test-retest reliability, construct validity, and
responsiveness of the CAT version of Late Life Disabil-
ity Instrument in patients with COPD, which was a par-
ticipation measure not specifically developed for COPD
[20, 21]. Ho EH et al. used plausible values to account
for measurement error and analyze the probability of
true within-individual change in a sample of patients
with COPD completing two PROMIS domains (physical
function and fatigue), and indicated that CAT have bet-
ter ability to detect change compared to short forms [22].
However, although two of the measures are designed for
COPD, they are not comprehensive. By comparison, the
others are multi-dimensional, but they are not designed
for COPD or only include part of disease-specific items.
The comprehensive disease-specific CAT for PRO mea-
surement of COPD is urgently needed. Therefore, the
current study aimed to develop and validate a compre-
hensive disease-specific CAT for PRO measurement
of COPD based on the paper-and-pencil version of
mCOPD-PRO.

Methods

Developing the CAT

The CAT was developed based on an open-source
online adaptive testing platform Concerto developed and
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maintained by the University of Cambridge Psychomet-
rics Centre (Available from: https://concertoplatform.
com/about) [23]. The essential elements of the CAT
involved item parameters calibration, initial item, item
selection method, ability estimation method, and stop-
ping criteria [24].

Item parameters calibration

The item bank of the CAT was the same as the paper-
and-pencil version of mCOPD-PRO. Item parameters
including discrimination (a) and difficulty (b) were esti-
mated using graded response model of IRT. Before mod-
elling, the core assumptions (unidimensionality, local
independence, and monotonicity) were evaluated. The
unidimensionality assumption was assessed using both
exploratory and confirmatory factor analysis. For the
former, a ratio of the eigenvalue for the first factor to
the second factor in excess of four was supportive of the
unidimensionality assumption [25]. As for the latter, the
recommended criteria for fit indices were as follows: (1)
the comparative fit index and non-normed fit index were
close to 0.90; (2) the incremental fit index was close to
0.95; and (3) the standardized root-mean-square residual
and root-mean-square error of approximate (RMSEA)
were close to 0.08 [26, 27]. A Chen and Thissen’s index of
>0.30 implied possible local dependence [28]. The mono-
tonicity was considered acceptable if the scalability coef-
ficients (Hi) for the items were >0.30 [29]. The data were
from 366 patients with COPD in the phase of validation
of the paper-and-pencil version of mCOPD-PRO [9]. The
mean age was 66 years; 279 cases (76.2%) were males and
87 cases (23.8%) were females.

Initial item and item selection method

Item selection is dependent on the examinee’s responses
to a given item. The random and maximum Fisher infor-
mation (MFI) methods were adopted to select items. The
former is simple and effective, and selects items ran-
domly, while the latter selects items based on the infor-
mation of items. Thus, the initial item selected by the
random method is random, while that selected by the
MFI method is the one with the maximum information.

Ability estimation method

As a key component of CAT, the ability estimation
method not only affects the accuracy of ability estima-
tion, but also affects the efficiency of item selection and
the determination of stopping rule. In this study, the
maximum likelihood estimation, one of the most widely
used ability estimation method, was used to conduct abil-
ity estimation.
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Stopping criteria

Generally speaking, the stopping criteria of CAT involves
fixed length and standard error of measurement (SEM).
The measurement accuracy may vary among subjects
with different fixed lengths, and the fixed SEM can best
reflect the core idea of CAT. In this study, the SEM of
<0.30 was determined as our stopping criteria, which
meant that the test was terminated if the pre-specified
value of SEM was met or the item bank was exhausted
[10].

Simulation test

The CAT simulation was performed to determine the
appropriate sample size for the validation of the CAT
based on the true participants’ responses data from the
phase of validation of the paper-and-pencil version of
mCOPD-PRO [9]. R commands for the simulated data
of different sample sizes (60 cases, 100 cases, 300 cases,
500 cases, 1000 cases, 3000 cases, and 5000 cases, respec-
tively) were generated using Firestar version 1.5.1, and
then ran in R version 3.5.1. The CAT simulation settings
for Firestar version 1.5.1 were as follows: (1) for the IRT
model, graded response model was used; (2) for the item
selection method, random and MFI methods were used
respectively; (3) for the stopping criteria, the maximum
SEM was 0.30; and (4) for the simulated data, the mean
was specified as zero with the standard deviation of one.

Validating the CAT

There is no consensus regarding the validation of CAT
for PRO instruments. In our study, the reliability was
estimated based on IRT method, while the content and
criterion validity were evaluated referring to classical test
theory method. It was assumed that the response to each
item of the CAT was consistent with that of the paper-
and-pencil version of mCOPD-PRO in the phase of vali-
dation [9]. However, the number of items selected by the
CAT might be less than that of the paper-and-pencil ver-
sion of mCOPD-PRO.

Reliability

The measurement reliability (r) was calculated through
the SEM of the CAT. The relationship between SEM
and measurement reliability (r) is inversely proportional
function (assuming that the mean ability of the sub-
jects is zero and the standard deviation is one). The for-
mula: SEM = (1-r)"/?; that is, the measurement reliability
(r)=1-SEM? [10, 24].

Content validity

The content validity of the CAT was assessed based on
the content validity of the paper-and-pencil version of
mCOPD-PRO in the phase of validation [9].
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Criterion validity

The COPD assessment test and modified Medical
Research Council dyspnea scale (nMRC) recommended
by the Global Strategy for the Diagnosis, Management,
and Prevention of Chronic Obstructive Pulmonary Dis-
ease were both used as gold standard [1, 30, 31]. The
criterion validity was evaluated using correlation coeffi-
cient between the test result theta of the CAT and COPD
assessment test and mMRC scores. The correlation coef-
ficient of >0.40 was considered acceptable [9].

Statistical analysis

Continuous data were expressed as the mean=+standard
deviation or median (interquartile range), while cat-
egorical data were presented as frequencies (percent-
ages). The confirmatory factor analysis was conducted
using LISREL version 8.70 (Scientific Software Interna-
tional, Inc., Chicago, IL, USA). The local independence
and monotonicity were tested using “TestAnaAPP” and
“mokken” packages in R (The R Foundation, Vienna, Aus-
tria), respectively. The IRT analysis was performed using
MULTILOG version 7.03 (Scientific Software Interna-
tional, Inc., Chicago, IL, USA), and the CAT simulation
was conducted using Firestar version 1.5.1 (Northwest-
ern University Feinberg School of Medicine, Chicago,
IL, USA) and R version 3.5.1 (The R Foundation, Vienna,
Austria). Additionally, descriptive statistics, exploratory
factor analysis, calculation of measurement reliability (r),
correlation analysis, and independent sample -test were
conducted using SPSS version 22.0 (IBM Corporation,
Armonk, NY, USA).

Results

Calibration of item parameters

The exploratory factor analysis showed that the ratio of
the eigenvalues for the first factor (12.551) to the sec-
ond factor (2.015) is 6.229 surpassing the thresholds of 4.
Moreover, the confirmatory factor analysis showed that
comparative fit index, incremental fit index, non-normed
fit index, standardized root-means-quare residual, and
RMSEA were 0.91, 0.91, 0.90, 0.11, and 0.16, respectively.
The fit indices were close to the thresholds, except for
the RMSEA which was less satisfactory. 32 of 351 item
pairs (9.1%) showed a Chen and Thissen’s index of above
threshold of 0.30 with a maximum of 0.526, and 25 of
32 item pairs (78.1%) ranged from 0.30 to 0.40. Most of
the locally dependent items were found to be related to
respiratory symptoms of COPD, such as cough, sputum,
chest tightness, panting, and shortness of breath. Given
the fact that multiple respiratory symptoms often coex-
ist, and that one symptom may involve more than one
item (for example, the items “Did you cough?*, “Was your
cough aggravated by daily activities?’, and “Was your
cough aggravated by mood swings?), the test results of
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local independence are considered acceptable. The scal-
ability coefficients (Hi) for all the items ranged from 0.36
to 0.54 exceeding the thresholds of 0.30. Overall, it can be
considered that all three assumptions for IRT analysis are
met. The item discrimination (a) of mCOPD-PRO ranged
from 1.05 to 2.71, and the item difficulty (b) ranged from
—3.08 to 3.65 (Table 1). Moreover, the difficulty (b) of
24 items (88.9%) was between —3.0 and 3.0. The first
and fifth item characteristic curve showed monotonous
changes, and the second, third and fourth item charac-
teristic curve showed normal distribution except for indi-
vidual items (Additional file 1). The maximum value of
total information was 34.224 (Additional file 2).

Establishment of CAT model

The CAT model established based on Concerto platform
included item bank, algorithm, test system, score report,
and management system modules.

Formation of the CAT

The CAT was formed. At least five links (Login, Run, Test,
Feedback, and End) were needed to complete the whole
test. Taking a test with random item selection method as
an example, a total of 11 items were tested. The test pro-
cedure was presented in Additional file 3.

Simulation test

The results of CAT simulation using random and MFI
methods were described in Table 2, Figs. 1 and 2, and
Additional file 4-9. Despite different sample sizes of
simulated data (60 cases, 100 cases, 300 cases, 500 cases,
1000 cases, 3000 cases, and 5000 cases, respectively), the
items administered in different simulation testes using
random method were relatively discrete, and the average
number was all ten. The correlation coefficient between
simulated and true theta estimates ranged from 0.970 to
0.976, and the average SEM was 0.290 or 0.291. By com-
parison, the items administered in different simulation
testes using MFI method were relatively centralized, and
the average number was all seven. The correlation coeffi-
cient between simulated and true theta estimates ranged
from 0.968 to 0.979, and the average SEM ranged from
0.289 to 0.292.

Validation of the CAT

According to the results of CAT simulation above, the
sample size for the validation of the CAT was determined
as 60 cases. Therefore, the true participants’ responses
data from 60 patients with COPD in the phase of vali-
dation of the paper-and-pencil version of mCOPD-PRO
were used to evaluate the reliability and validity of the
CAT. The mean age was 65 years; 41 cases (68.3%) were
males and 19 cases (31.7%) were females.
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Table 1 The item discrimination (a) and difficulty (b) of the modified patient-reported outcome scale for chronic obstructive

pulmonary disease (MCOPD-PRO)

Item No. Item description a b
b1 b2 b3 b4

1 Did you cough? 152 -280 -036 072 254
2 Did you have phlegm? 130 -284 -081 061 275
3 Did you have chest tightness? 192 -187 -075 026 200
4 Did you have panting? 218 -220 -092 005 167
5 Did you get short of breath? 216 -235 -086 006 1.85
6 Did you feel weak when you talked? 218 -122 -011 078 207
7 Did you have fatigue? 228 -174 -053 027 222
8 Did you feel that you were in a poor spirit? 207 -112 -033 101 233
9 Did you notice cyanosis (your lips, nails, skin, etc. turned purple)? 105 -054 080 223 343
10 Were you afraid of the wind (cold)? 122  -204 -093 037 236
11 Did you have abdominal distension? 118 -1.00 046 168 365
12 Did you often catch cold? 133 -274 -044 071 270
13 Were you able to go outdoors alone? (walking, going shopping, having a haircut, taking a bus, etc) 190 -121 004 115 237
14.1 Was your cough aggravated by daily activities? 213 -127 -019 067 198
14.2 Was your chest tightness aggravated by daily activities? 269 -145 -047 025 155
14.3 Was your panting aggravated by daily activities? 243 -162 -058 012 150
14.4 Was your shortness of breath aggravated by daily activities? 252 -156 -054 019 154
15 Did you often feel upset? 220 -149 004 096 265
16 Did you often feel sad? 216 -1.16 030 146 267
17 Did you worry about your illness? 198 -133 -022 077 203
18.1 Was your cough aggravated by mood swings? 271 -081 023 092 203
182 Was your chest tightness aggravated by mood swings? 264 -098 006 082 217
183 Was your panting aggravated by mood swings? 263  -091 006 078 275
184 Was your shortness of breath aggravated by mood swings? 271 -087 011 086 273
19 Did the illness affect your contacts with friends, colleagues or neighbors? 227 -051 042 122 264
20 Was your illness affected by weather changes (cloudy, smoggy, damp, and sultry days, etc.)? 124 -308 -162 -040 175
21 Did your iliness get worse when in a closed or poorly ventilated environment? 168 -184 -079 041 244
Reliability Criterion validity

The SEM ranged from 0.266 to 0.300 using random
method, while that ranged from 0.276 to 0.300 using
MFI method (Table 3). On this basis, the calculated mea-
surement reliability (r) ranged from 0.910 to 0.929 using
random method, while that ranged from 0.910 to 0.924
using MFI method (Table 3). The correlation coefficient
of SEM and measurement reliability (r) between the two
methods were both 0.267 (P=0.040; P=0.040), and the
independent sample t-test showed that there were no
significant differences in SEM and measurement reliabil-
ity (r) between the two methods (¢=-0.533, P=0.594; {=-
0.472, P=0.637).

Content validity

As was reported in our previous publication, the paper-
and-pencil version of mCOPD-PRO had good content
validity [9]. The CAT was developed based on the 27
items of the paper-and-pencil version of mCOPD-PRO,
and therefore, was considered to have good content
validity.

The theta ranged from —2.331 to 1.226 using random
method, while that ranged from —2.336 to 1.102 using
MFI method (Table 3). The correlation coefficient of
theta between the two methods was 0.753 (P<0.001), and
the independent sample ¢-test showed that there were no
significant differences in theta between the two methods
(t=-0.514, P=0.609). The correlation coefficient between
theta and COPD assessment test and mMRC scores using
random method was 0.628 and 0.540 (P<0.001; P<0.001)
respectively, while that using MFI method was 0.347 and
0.328 (P=0.007; P=0.010) respectively.

Comparisons between the CAT and the paper-and-pencil
version of mCOPD-PRO

The initial item of the paper-and-pencil version of
mCOPD-PRO was all the same (“Did you cough?“), while
that of the CAT was random using random method, and
was all the same (“Was your chest tightness aggravated
by daily activities?”) using MFI method. All (27 items)
were tested for the paper-and-pencil version, while
about 11 items (reducing by 59.3%) were tested on aver-
age for the CAT using random method with at least eight
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Table 2 The average SEM and number of items administered,
and correlation coefficient between simulated and true theta
estimates in different simulation tests
Sample size Average number of Average
items administered SEM

Correlation coef-
ficient between
simulated and true
theta estimates

Random method

60 10 0.290 0.975
100 10 0.290 0.976
300 10 0.291 0.976
500 10 0.291 0.970
1000 10 0.291 0973
3000 10 0.291 0.972
5000 10 0.290 0973
MFI method

60 7 0.289 0.968
100 7 0.292 0.979
300 7 0.289 0.975
500 7 0.290 0973
1000 7 0.289 0.974
3000 7 0.290 0977
5000 7 0.290 0977

Abbreviations SEM, Standard Error of Measurement; MFI, Maximum Fisher
Information

items (four cases) and at most 26 items (only one case),
and about seven items (reducing by 74.1%) on average
using MFI method with at least six items (36 cases) and
at most 20 items (only one case) (Additional file 10). The
correlation coefficient between theta of the CAT and the
paper-and-pencil version of mCOPD-PRO total scores
using random and MFI methods was 0.919 and 0.760
(P<0.001; P<0.001) respectively. The correlation coef-
ficient between theta and physiological, psychological
and surrounding domain scores using random and MFI
methods was presented in Table 4.

Discussion

To our knowledge, this was the first study to develop and
validate a comprehensive disease-specific CAT for PRO
measurement of COPD by using the Concerto platform.
Our study showed that the CAT is efficient, accurate, and
user-friendly with good reliability and validity. Compared
with the paper-and-pencil version of mCOPD-PRO, the
average number of items tested for the CAT reduced by
more than 50%, which indicated a significant reduction
of respond burden. Moreover, the measurement accuracy
was quite high. These findings are believed to contribute
to the field.

As an open-source online adaptive testing platform,
the Concerto platform has been used for neuropsycho-
logical testing and PRO measurement, and has been
considered capable of harnessing the power of CAT
and machine learning for developing and administering
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advanced PRO measurement [23, 32—34]. Therefore, our
study chose this platform to establish the CAT. The item
bank of high quality is the basis to ensure the scientific-
ity and maximize the advantages of CAT. In the current
study, the item discrimination (a) and difficulty (b) were
calibrated using IRT analysis. Our results suggested that
the item parameters were generally ideal, which ensured
the robustness of the CAT. As is well known, the sample
size for the validation of CAT is important. However, it
is difficult to determine the appropriate sample size by
repeated clinical tests. Therefore, the CAT simulation
with different sample sizes was performed based on the
true participants’ responses data of the paper-and-pencil
version of mCOPD-PRO in the phase of validation. It was
showed that the results of simulation tests were stable
and reliable, and the sample size of 60 cases was enough.
Therefore, the true participants’ responses data from 60
participants was used for analysis in this study.

At present, the researches on psychometric proper-
ties of CAT for PRO instruments are lacking. In our
study, the reliability and validity were evaluated by refer-
ring to relevant researches in the field of psychologi-
cal and educational measurements. The measurement
reliability (r) was calculated through the SEM obtained
from the CAT. As a result, the measurement reliability
(r) using random and MFI methods were both greater
than 0.9, which indicated a good reliability of the CAT.
As for criterion validity, the selection of standard instru-
ments is quite important. Both COPD assessment test
and mMRC were selected as our gold standards, which
were recommended by the Global Strategy for the Diag-
nosis, Management, and Prevention of Chronic Obstruc-
tive Pulmonary Disease [1, 30, 31]. The test results of the
CAT showed moderate correlation with the two standard
instruments using random method, and this indicated a
good criterion validity. By comparison, the test results
showed weak correlation with the two standard instru-
ments using MFI method. This may be due to the con-
centration of items in psychological domain, and the
results need to be further verified.

Although the item bank of the CAT and the paper-and-
pencil version of mCOPD-PRO was the same, the order
and number of items used were different. The initial item
of the paper-and-pencil version was the first item “Did
you cough?, while that of the CAT was random or the
same “Was your chest tightness aggravated by daily activ-
ities?“. A number of studies have assessed the effect of
CAT on the length and accuracy of PRO measurement,
robustly demonstrating that CAT can reduce the length
of measurement by more than 50% while keeping excel-
lent agreement between fixed-length measurement and
CAT [34]. A CAT simulation study showed that when the
stopping rule was matched to the reliability of published
World Health Organization Quality of Life (WHOQOL)
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Fig. 1 Number of items administered using random method in different simulation tests

assessment instrument, the item bank produced a mea-
surement that was as reliable as the paper-and-pencil ver-
sion of WHOQOL-BREF and WHOQOL-100 with 43%
and 75% fewer items, respectively [35]. Our study showed
that the average number of items tested for the CAT was
about 11 using random method and seven using MFI
method, respectively, which were almost consistent with
our simulation tests. More importantly, compared with
the paper-and-pencil version mCOPD-PRO, the average
number of items tested for the CAT reduced by 59.3%
and 74.1%, respectively, and the findings are similar to
the results of the CAT simulation study mentioned above
[35]. Accordingly, it is obvious that the respond burden of

the mCOPD-PRO was significantly reduced

. That is, the

CAT can improve the testing efficiency without reducing
the measurement accuracy. In addition, the test results
of the CAT showed strong correlation with the paper-
and-pencil version of mCOPD-PRO, which supported
the reliability of the CAT, and was in line with the pub-

lished literature [34]. What’s more, the stron

g correlation

of the test results between the two methods indicated the

robustness of our CAT model.

There were limitations to our study. First of all, the
CAT was developed and validated based on the Con-
certo platform, there may be limitation. Second, due to

the different scoring rules and dimensions

between the
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Fig. 2 Number of items administered using maximum Fisher information method in different simulation tests

CAT and the paper-and-pencil version of mCOPD-PRO,
this study did not directly compare the differences of test
results between the two versions. Third, given no con-
sensus regarding the psychometric properties of CAT
for PRO instruments, further studies are needed to verify
our discoveries. In addition, the tests based on different
item selection methods, ability estimation methods, or
stopping criteria remain to be explored. Furthermore, the
accuracy of parameter estimation would benefit from the
survey with larger sample sizes in the future.

Conclusions

In conclusion, the comprehensive disease-specific CAT
for PRO measurement of COPD is well developed, and
has good reliability, content validity, and criterion valid-
ity. Compared with the paper-and-pencil version of
mCOPD-PRO, the CAT can provide an efficient, accu-
rate, and user-friendly measurement for PRO of COPD.
Further studies remain to be explored in the future.
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Table 4 The correlation coefficient between theta of the CAT
and domain scores of the paper-and-pencil version of mCOPD-
PRO

mCOPD- Physiologi- Psycho- Sur-
PRO total  cal domain logical rounding
scores scores domain domain
scores scores
Random method ~ 0.919 0.838 0.715 0.623
MFI method 0.760 0.569 0.864 0.535

Notes Data are expressed as correlation coefficient; all P-values<0.001
Abbreviations CAT, Computerized Adaptive Testing; mCOPD-PRO, Modified

Patient-reported Outcome Scale for Chronic Obstructive Pulmonary Disease;
MFI, Maximum Fisher Information

Abbreviations
COPD Chronic Obstructive Pulmonary Disease
PRO Patient-reported Outcome

mCOPD-PRO  Modified Patient-reported Outcome Scale for Chronic
Obstructive Pulmonary Disease

CAT Computered Adaptive Testing

IRT [tem Response Theory

RMSEA Root-mean-square Error of Approximate

MFI Maximum Fisher Information

SEM Standard Error of Measurement

mMRC Modified Medical Research Council Dyspnea Scale

WHOQOL World Health Organization Quality of Life
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