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SUMMARY: 31 
Here, we present a protocol to develop the computerized adaptive testing system of the 32 
functional assessment of stroke (CAT-FAS). The CAT-FAS can simultaneously assess four functions 33 
(two motor functions [upper and lower extremities], postural control, and basic activities of daily 34 
living) with sufficient reliability and administrative efficiency. 35 
 36 
ABSTRACT:  37 
The computerized adaptive testing system of the functional assessment of stroke (CAT-FAS) can 38 
simultaneously assess four functions (motor functions of the upper and lower extremities, 39 
postural control, and basic activities of daily living) with sufficient reliability and administrative 40 
efficiency. CAT, a modern measurement method, aims to provide a reliable estimate of the 41 
examinee’s level of function rapidly. CAT administers only a few items whose item difficulties 42 
match an examinee’s level of function and, thus, the administered items of CAT can provide 43 
sufficient information to reliably estimate the examinee’s level of function in a short time. The 44 
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CAT-FAS was developed through four steps: (1) determining the item bank, (2) determining the 45 
stopping rules, (3) validating the CAT-FAS, and (4) establishing a platform of online 46 
administration. The results of this study indicate that the CAT-FAS has sufficient administrative 47 
efficiency (average number of items = 8.5) and reliability (group-level Rasch reliability: 0.88 - 0.93; 48 
individual-level Rasch reliability: ≥70% of patients had Rasch reliability score ≥0.90) to 49 
simultaneously assess four functions in patients with stroke. In addition, because the CAT-FAS is 50 
a computer-based test, the CAT-FAS has three additional advantages: the automatic calculation 51 
of scores, the immediate storage of data, and the easy exporting of data. These advantages of 52 
the CAT-FAS will be beneficial to data management for clinicians and researchers.  53 
 54 
INTRODUCTION:  55 
Dysfunctions of the upper and lower extremities (UE and LE), postural control, and basic activities 56 
of daily living (BADL) are major sequelae of stroke1-3. The assessment of these four functions in 57 
patients with stroke is fundamental for clinicians to evaluate patients’ levels of dysfunctions, set 58 
treatment goals and plans, and monitor the longitudinal trajectories of these functions. 59 
 60 
The Fugl-Meyer Assessment (FM),4 the Postural Assessment Scale for Stroke patients (PASS),5 61 
and the Barthel Index (BI)6 have good psychometric properties to assess the UE/LE motor 62 
functions, postural control, and BADL, respectively, in patients with stroke7-9. However, the total 63 
of 72 items from these three measures impedes the feasibility of assessing all three measures 64 
within a time-limited therapeutic session. A more efficient testing method is warranted. 65 
Computerized adaptive testing (CAT) is a modern measurement method. Compared with 66 
conventional measurement methods, CAT provides a more reliable estimate of the examinee’s 67 
level of function in much less time10-12. In conventional measurement methods, each examinee 68 
receives the same test form (or item sets), in which many items are too difficult or too easy for 69 
the examinee. These items provide limited information for estimating the examinee’s level of 70 
function and are time-intensive for examinees. In contrast, in CAT, each examinee gets a tailored 71 
item set, in which the difficulty level of the selected items meets the function level of the 72 
examinee. Because these items are tailored for that particular examinee, CAT can provide a more 73 
reliable estimate of the examinee’s level of function with fewer items and, thus, in much less 74 
time. The steps of CAT development are shown in Supplementary File 1: Appendix 1. 75 
 76 
Because CAT promises reliable and efficient assessments, the CAT-FAS was developed to improve 77 
the administrative efficiency of the three measures previously used (FM, PASS, and BI)13. This 78 
paper describes the development and administration of the CAT-FAS. This protocol provides 79 
information for researchers to develop their CATs and for prospective users of the CAT-FAS to 80 
administer it. We also address the strengths and weaknesses of the CAT-FAS. 81 
 82 
PROTOCOL:  83 
This study protocol was approved by a local institutional review board, and all patients gave 84 
informed consent. 85 
 86 
1. Development of the CAT-FAS 87 
 88 



  

 
 

1.1. Retrieve the secondary and encrypted data from the FAS study14 to conduct simulations 89 
(Supplementary File 1: Appendix 2). 90 
 91 
NOTE: In the study, a total of 301 patients were recruited from a rehabilitation ward of a medical 92 
center and assessed at 14 d after stroke onset. Among the 301 patients, 262 patients were 93 
repeatedly assessed at 30 d after stroke onset. The study recruited patients who had (1) a 94 
diagnosis of stroke, (2) first onset of stroke, (3) onset of stroke within 14 d before hospitalization, 95 
(4) the ability to follow commands, and (5) the ability to give informed consent personally or by 96 
proxy. Patients who had other major diseases were excluded. In each assessment session, 97 
patients were assessed with the FM, PASS, and BI by a well-trained occupational therapist 98 
(Supplementary File 1: Appendices 3-5).  99 
 100 
1.1.1. Establish the item bank of the CAT-FAS by adopting the item bank of the FAS 101 
(Supplementary File 1: Appendix 2A).  102 
 103 
NOTE: The item bank has sufficient items fit the Rasch partial credit model15,16 and covers a wide 104 
range of item difficulties. The item bank contains 58 items (Supplementary File 1: Appendix 3) 105 
selected from the FM-UE (26 items), FM-LE (11 items), PASS (12 items), and BI (nine items).  106 
 107 
1.1.2. Retrieve the item difficulties of all items in the item bank from the FAS study 108 
(Supplementary File 1: Appendix 2A - Item difficulty).  109 
 110 
NOTE: Each item in the item bank has a set of parameters to depict the difficulty of the item (i.e., 111 
item difficulties), which are estimated by the Rasch partial credit model. The CAT-FAS uses the 112 
item difficulties to (1) select items with difficulties tailored to the examinee’s level of function 113 
(step 1.3.3) and (2) estimate the examinee’s level of function (step 1.3.5).  114 
 115 
1.1.3. Retrieve each patient’s responses (e.g., 0, 1, or 2 points) to the items of the item bank of 116 
the FAS (Supplementary File 1: Appendix 2B). 117 
 118 
NOTE: In previous studies14, all items of the item bank of the FAS were administered to the 119 
patients. In this simulation study, these responses of the patients were retrieved and used as the 120 
simulated responses (patients were not administered by the CAT-FAS) to the items of the CAT-121 
FAS (step 1.3.4). 122 
 123 
1.1.4. Retrieve the ability distribution (i.e., the standard deviation [SD] of the scores) of the 124 
patients in the four functions (BADL, postural control, and UE/LE motor functions; 125 
Supplementary File 1: Appendix 2C).  126 
 127 
NOTE: The abilities of the patients in the four functions are the final scores of the assessment of 128 
the item bank (Supplementary File 1: Appendix 2C). The scores (and SD of the scores) of the four 129 
functions are estimated in a previous study14 by the Rasch partial credit model, based on the 130 
patients’ responses to each item (step 1.1.3). In this study, the SD of the scores is retrieved and 131 
used as prior information to calculate the reliability of the CAT-FAS (step 1.3.6).  132 



  

 
 

 133 
1.2. Determine the operational algorithms of the CAT-FAS (Supplementary File 1: Appendix 7). 134 
 135 
1.2.1. Adopt the maximum a posteriori (MAP) method for estimating each patient’s scores of the 136 
four functions with Newton-Raphson iteration17. 137 
 138 
1.2.2. Use the criterion of D-optimality for the item selection18. An item with the maximum 139 
determinant of the Fisher information matrix is selected from the item bank for administration.  140 
 141 
1.2.3. Adopt 10 candidate sets of stopping rules for exploring the properties of the CAT-FAS via 142 
simulation (Supplementary File 1: Appendix 8).  143 
 144 
NOTE: The first five candidate sets are “reaching limited reliability increase (LRI) criterion” (i.e., 145 
an LRI < 0.001, < 0.005, < 0.010, < 0.015, or < 0.020). The other five candidate sets are “reaching 146 
either LRI criterion or threshold of reliability” (i.e., a Rasch reliability ≥ 0.90, paired with the 147 
aforementioned five LRI criteria). The LRI and threshold of reliability are frequently adopted 148 
stopping rules in CATs13,17.  149 
 150 
1.3. Explore the measurement reliability and efficiency (number of items needed for 151 
administration) of the CAT-FAS via steps 1.3.1 to 1.3.11 of simulation (Figure 1).  152 
 153 
NOTE: Supplementary File 1: Appendix 9 shows the screenshot of the software. 154 
 155 
1.3.1. Use a specified set of stopping rules (i.e., from the first to the last candidate sets of 156 
stopping rules which are in step 1.2.3, successively) to explore the properties of the CAT-FAS 157 
(Figure 1A). 158 
 159 
1.3.2. Set the initial CAT-FAS scores of the four functions (BADL, postural control, UE motor 160 
function, and LE motor function) to 0 for specified patients (i.e., from the first to the last patient 161 
in the data, successively; Figure 1B,C). 162 
 163 
1.3.3. Adaptively select an item with the maximum determinant of the Fisher information matrix 164 
(i.e., the criterion of D-optimality) from the item bank for administration (Figure 1D).  165 
 166 
NOTE: The information matrix of each item is calculated based on a patient’s scores of the four 167 
functions and the item’s difficulty (from step 1.1.2). To ensure that the CAT-FAS administers at 168 
least one item in each function/domain, the first four items of the CAT-FAS are selected from the 169 
four functions. 170 
 171 
1.3.4. Obtain the patient’s response to the selected item from step 1.1.3 (Figure 1E).  172 
 173 
1.3.5. Simultaneously estimate the CAT-FAS scores (and standard errors [SEs] of the scores) of 174 
the four functions using the MAP method with an iterative Newton-Raphson process (Figure 175 
1F).19 During the iterative Newton-Raphson process, renew the scores and SEs of the four 176 



  

 
 

functions in each iteration until the criterion of convergence is met. Convergence occurs when 177 
the differences in scores between two consecutive iterations are <0.001. 178 
 179 
1.3.6. Count the number of items which are administered, save the latest renewed CAT-FAS 180 
scores (and SEs), and calculate the individual-level Rasch reliability of each function using the 181 
following formula:  182 

 183 
1 - ([SE2 of step 1.3.5] / [SD2 of the scores of step 1.1.4]). 184 
 185 
1.3.7. Calculate the LRI using the last renewed individual-level Rasch reliability (step 1.3.6) minus 186 
that of the previous estimation (Figure 1G). 187 
 188 
1.3.8. Check whether the specified set (e.g., the first candidate set) of stopping rules is met 189 
(Figure 1H). If not, repeat steps 1.3.3 - 1.3.8 until the specified set of stopping rules is met. If so, 190 
save the latest renewed CAT-FAS scores (and SEs) as the final CAT-FAS scores (and SEs). 191 
 192 
1.3.9. Repeat steps 1.3.2 to 1.3.8 until all patients’ administrations are completed (Figure 1I).  193 
 194 
1.3.10. Finish the simulation of the CAT-FAS with the specific set of stopping rules and save the 195 
results of the simulation (Figure 1J).  196 
 197 
NOTE: The results should include (1) the final CAT-FAS scores (and SEs) of the four functions, (2) 198 
the number of items needed to complete the CAT-FAS, (3) the Rasch reliability of each patient 199 
(i.e., individual-level Rasch reliability), and (4) the average Rasch reliability of all patients. 200 
 201 
1.3.11. Repeat steps 1.3.1 to 1.3.11 to explore the properties of the CAT-FAS with other 202 
candidate sets of stopping rules until all candidate sets of stopping rules are explored (Figure 1K). 203 
 204 
1.4. Select the final set of stopping rules for the CAT-FAS according to the average Rasch reliability 205 
of ≥0.90 in at least three functions and the average items of administration of ≤10.0. 206 
 207 
1.5. Develop an online administration platform for the CAT-FAS by writing a computer program 208 
to establish a website (Supplementary File 1: Appendix 10). 209 
 210 
2. Administration of the CAT-FAS 211 
 212 
2.1. Connect the examiner’s electronic device (e.g., personal computer, tablet, or smartphone) 213 
to the online administration platform of the CAT-FAS using an internet browser. 214 
 215 
2.2. Log in to the administration system (Supplementary File 1: Appendix 11). 216 
 217 
2.3. Click Data management to access data from previous examinees (Supplementary File 1: 218 
Appendix 12). 219 
 220 



  

 
 

2.4. Click New examinee to create an account for a new examinee by entering the examinee’s 221 
name and ID number. 222 
 223 
2.5. Select an examinee and click Start (Supplementary File 1: Appendix 13). 224 
 225 
2.6. Click New assessment to create a new assessment or click Results to review the results of 226 
the examinee’s previous assessments. 227 
 228 
2.7. Administer the items shown on the screen to the examinee (Supplementary File 1: Appendix 229 
14). 230 
 231 
2.8. Rate the examinee’s performance or responses by clicking the rating scale shown at the 232 
bottom of the screen (Supplementary File 1: Appendix 14).  233 
 234 
2.9. Explain the results of the CAT-FAS to the examinee, including the T-scores with a 95% interval, 235 
the percentile ranks of the T-scores, and the reliabilities of the four functions of the CAT-FAS. 236 
These results are calculated and shown automatically by the CAT-FAS (Supplementary File 1: 237 
Appendix 15). 238 
 239 
2.10. Click OK and return to the Data management page. 240 
 241 
REPRESENTATIVE RESULTS:  242 
The results of the simulation showed that the 10 candidate sets of stopping rules had sufficient 243 
average Rasch reliability (0.86 - 0.95) and varied administrative efficiency (the average number 244 
of items = 6.4 - 17.5). Considering the trade-off between reliability and administrative efficiency, 245 
the set of LRI < 0.010 was selected as the optimal set of stopping rules for the CAT-FAS because 246 
of its sufficient average Rasch reliability (0.88 - 0.93, see Table 1), individual-level Rasch reliability 247 
(≥70% of the patients had a Rasch reliability of ≥0.90), and administrative efficiency (the average 248 
number of items = 8.5, see Table 2). 249 
  250 
FIGURE AND TABLE LEGENDS:  251 
 252 
Figure 1: Process of exploring the performance of the CAT-FAS via simulation analysis. This 253 
figure shows the process of exploring the measurement reliability and efficiency (number of 254 
items needed for administration) of the CAT-FAS with 10 candidate sets of stopping rules. 255 
 256 
Table 1: Rasch reliability of the CAT-FAS. For the CAT-FAS, the average Rasch reliability of the 257 
four functions ranged from 0.88 to 0.93, and the individual-level Rasch reliability shows ≥70% of 258 
the participants with a Rasch reliability of ≥0.90. 259 
 260 
Table 2: Efficiency (number of items) of the CAT-FAS. The average number of items needed for 261 
administration is 8.5. Most participants (66.4%) were assessed using 5 - 10 items. 262 
 263 
DISCUSSION: 264 



  

 
 

The results presented here showed that the CAT-FAS administered about 10% of the items in the 265 
original tests (the average number of items used in the CAT-FAS: 8.5 items vs. the original tests: 266 
72 items). These findings indicate that the CAT-FAS has good administrative efficiency. The results 267 
were in line with previous studies, which reported that a CAT administered only about 10 items 268 
or less to assess social function, balance, or activities of daily living in patients with stroke10,11,20. 269 
The CAT-FAS, having good administrative efficiency, has great potential to reduce the time and 270 
burden for both patients and clinicians. 271 
 272 
The average Rasch reliability of the CAT-FAS was 0.88 - 0.93, and more than 70% of the patients 273 
had a Rasch reliability of ≥0.90. These results reveal a good Rasch reliability of the CAT-FAS in 274 
patients with stroke. The good Rasch reliability of the CAT-FAS can be ascribed to two factors: a 275 
sound item bank and the feature of multidimensionality. First, the item bank of the CAT-FAS 276 
contains 58 items that cover a wide range of functional level for each domain14. The sufficient 277 
item coverage of the item bank can provide sufficient information to reliably estimate the 278 
examinee’s level of function. Second, the CAT-FAS is a multidimensional CAT (i.e., four domains 279 
of the CAT-FAS), in which a patient’s item response on any domain can be used to simultaneously 280 
estimate the patient’s abilities (scores) of all four domains by considering the correlations among 281 
all domains. This feature of a multidimensional CAT has been proven to improve the Rasch 282 
reliability in previous studies on developing multidimensional CATs21,22. The CAT-FAS with good 283 
Rasch reliability can be used to precisely calibrate the patients’ levels of the four functions (UE/LE 284 
motor function, postural control, and BADL) with limited random measurement error. 285 
 286 
In addition, because the CAT-FAS is a computer-based test, the CAT-FAS has three additional 287 
advantages: an automatic calculation of scores, an immediate storage of data, and the easy 288 
exporting of data. The automatic calculation of scores saves examiners’ time and reduces 289 
mistakes in scoring. The immediate storage of data improves the efficiency of monitoring an 290 
examinee’s longitudinal changes in the four functions. The easy exporting of data enhances the 291 
efficiency of processing electronic medical records, sharing administration results 292 
between/within clinicians and patients, and analyzing data for research. These advantages of the 293 
CAT-FAS improve the overall efficiency of data management for clinicians and researchers. 294 
 295 
The results presented here revealed that the CAT-FAS, with different sets of stopping rules, 296 
showed different performances on administrative efficiency and reliability. In general, a trade-297 
off relationship was found between administrative efficiency and reliability. For example, the set 298 
of LRI < 0.001 had a higher reliability and lower administrative efficiency compared to the set of 299 
Rasch reliability ≥ 0.90 or LRI < 0.020. The set of LRI < 0.010 had both sufficient administrative 300 
efficiency and sufficient reliability, so it was selected as the final set of stopping rules for the CAT-301 
FAS. If prospective users need the CAT-FAS to have a higher administrative efficiency or reliability, 302 
they can select another set of stopping rules for administering the CAT-FAS. 303 
 304 
The first four items of the CAT-FAS were selected within each of the four domains. This design 305 
can prevent an unexpected situation that may occur in a multidimensional CAT. The unexpected 306 
situation is that a domain’s score of a multidimensional CAT might be estimated without 307 
administering any items from that domain. The unexpected situation occurs because a 308 



  

 
 

multidimensional CAT can use (1) the scores of the other domains and (2) the correlations among 309 
domains to estimate the scores of the domain without any items being administered15. In 310 
contrast, the CAT-FAS’s item selection rule of the first four items promises that at least one item 311 
from each domain is administered. Thus, the CAT-FAS can provide more representative 312 
information to estimate patients’ four functions.  313 
 314 
Three limitations of the CAT-FAS are noticed. First, the training time for administration may be 315 
long because prospective users have to become familiar with the 58 items in the item bank, as 316 
well as with the instructions and rating criteria. Second, the four domains of the CAT-FAS cannot 317 
be administered separately. Third, the results presented here were from a simulated study 318 
instead of actual administrations of the CAT-FAS in patients with stroke. Therefore, the results 319 
may be somewhat different from those of an actual administration. Field tests of the CAT-FAS 320 
are warranted in the future.  321 
 322 
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Average % of the patients with reliability ≥ 0.90

CAT-FAS

UE motor function 0.88 69.8

LE motor function 0.9 76.2

Postural control 0.93 88.6

BADL 0.9 78.9

Item bank (58 items)

UE motor function 0.9 69.4

LE motor function 0.92 77.4

Postural control 0.96 96

BADL 0.94 93.4
UE: upper extremity; LE: lower extremity; BADL: basic activities of daily living
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% of the patients using 

> 10 items

CAT-FAS 8.5 ~4-13 66.4 19.5

Average Range

% of the 

patients using 

5–10 items

Table 2 Click here to access/download;Table;Table 2.xlsx

http://www.editorialmanager.com/jove/download.aspx?id=899875&guid=02a9a6c8-dc5d-4fc5-8981-63b78a43a25f&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=899875&guid=02a9a6c8-dc5d-4fc5-8981-63b78a43a25f&scheme=1


Name of Material/ Equipment Company

Computer Any

MATLAB software The MathWorks Inc.

Java Development Kit Oracle

Table of Materials Click here to access/download;Table of
Materials;JoVE_Materials.xlsx

http://www.editorialmanager.com/jove/download.aspx?id=899882&guid=7d1d41ad-ceda-44bc-beda-5700bf2a82a5&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=899882&guid=7d1d41ad-ceda-44bc-beda-5700bf2a82a5&scheme=1


Catalog Number Comments/Description

Compatible with software listed below

http://www.mathworks.com/products/matlab/ Numerical computing software, which is used in the Protocol Section 1 (Step 1.3)

https://www.oracle.com/java/ Programming language, which is used in the Protocol Section 1 (Step 1.5)

http://www.mathworks.com/products/matlab/
https://www.oracle.com/java/


Compatible with software listed below

Numerical computing software, which is used in the Protocol Section 1 (Step 1.3)

Programming language, which is used in the Protocol Section 1 (Step 1.5)
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Item 1 (check one box): The Author elects to have the Materials be made available (as described at 
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ARTICLE AND VIDEO LICENSE AGREEMENT 

 

1. Defined Terms. As used in this Article and Video License 

Agreement, the following terms shall have the following 

meanings: “Agreement” means this Article and Video License 

Agreement; “Article” means the article specified on the last 

page of this Agreement, including any associated materials 

such as texts, figures, tables, artwork, abstracts, or summaries 

contained therein; “Author” means the author who is a 

signatory to this Agreement; “Collective Work” means a work, 

such as a periodical issue, anthology or encyclopedia, in which 

the Materials in their entirety in unmodified form, along with a 

number of other contributions, constituting separate and 

independent works in themselves, are assembled into a 

collective whole; “CRC License” means the Creative Commons 

Attribution-Non Commercial-No Derivs 3.0 Unported 

Agreement, the terms and conditions of which can be found 

at: http://creativecommons.org/licenses/by-nc- 

nd/3.0/legalcode; “Derivative Work” means a work based 

upon the Materials or upon the Materials and other pre- 

existing works, such as a translation, musical arrangement, 

dramatization, fictionalization, motion picture version, sound 

recording, art reproduction, abridgment, condensation, or any 

other form in which the Materials may be recast, transformed, 

or adapted; “Institution” means the institution, listed on the 

last page of this Agreement, by which the Author was 

employed at the time of the creation of the Materials; “JoVE” 

means MyJove Corporation, a Massachusetts corporation and 

the publisher of The Journal of Visualized Experiments; 

“Materials” means the Article and / or the Video; “Parties” 

means the Author and JoVE; “Video” means any video(s) made 

by the Author, alone or in conjunction with any other parties, 

or by JoVE or its affiliates or agents, individually or in 

collaboration with the Author or any other parties, 

incorporating all or any portion of the Article, and in which the 

Author may or may not appear. 

 
2. Background. The Author, who is the author of the Article, 

in order to ensure the dissemination and protection of the 

Article, desires to have the JoVE publish the Article and create 

and transmit videos based on the Article. In furtherance of 

such goals, the Parties desire to memorialize in this Agreement 

the respective rights of each Party in and to the Article and the 

Video. 

 
3. Grant of Rights in Article. In consideration of JoVE agreeing 

to publish the Article, the Author hereby grants to JoVE, 

subject to Sections 4 and 7 below, the exclusive, royalty-free, 

perpetual (for the full term of copyright in the Article, 

including any extensions thereto) license (a) to publish, 

reproduce, distribute, display and store the Article in all forms, 

formats and media whether now known or hereafter 

developed (including without limitation in print, digital and 

electronic form) throughout the world, (b) to translate the 

Article into other languages, create adaptations, summaries or 

extracts of the Article or other Derivative Works (including, 

without limitation, the Video) or Collective Works based on all 

or any portion of the Article and exercise all of the rights set 

forth in (a) above in such translations, adaptations, 

summaries, extracts, Derivative Works or Collective Works and 

(c) to license others to do any or all of the above. The 

foregoing rights may be exercised in all media and formats, 

whether now known or hereafter devised, and include the 

right to make such modifications as are technically necessary 

to exercise the rights in other media and formats. If the “Open 

Access” box has been checked in Item 1 above, JoVE and the 

Author hereby grant to the public all such rights in the Article 

as provided in, but subject to all limitations and requirements 

set forth in, the CRC License. 

Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Author_License_Agreement_Final.pdf

http://www.jove.com/author
http://creativecommons.org/licenses/by-nc-
http://www.editorialmanager.com/jove/download.aspx?id=899876&guid=609a76bc-f6d2-47bc-ba57-000a378366bc&scheme=1
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4. Retention of Rights in Article. Notwithstanding the 

exclusive license granted to JoVE in Section 3 above, the 

Author shall, with respect to the Article, retain the non- 

exclusive right to use all or part of the Article for the non- 

commercial purpose of giving lectures, presentations or 

teaching classes, and to post a copy of the Article on the 

Institution’s website or the Author’s personal website, in each 

case provided that a link to the Article on the JoVE website is 

provided and notice of JoVE’s copyright in the Article is 

included. All non-copyright intellectual property rights in and 

to the Article, such as patent rights, shall remain with the 

Author. 

 
5. Grant of Rights in Video – Standard Access. This Section 5 

applies if the “Standard Access” box has been checked in Item 

1 above or if no box has been checked in Item 1 above. In 

consideration of JoVE agreeing to produce, display or 

otherwise assist with the Video, the Author hereby 

acknowledges and agrees that, Subject to Section 7 below, 

JoVE is and shall be the sole and exclusive owner of all rights of 

any nature, including, without limitation, all copyrights, in and 

to the Video. To the extent that, by law, the Author is 

deemed, now or at any time in the future, to have any rights 

of any nature in or to the Video, the Author hereby disclaims 

all such rights and transfers all such rights to JoVE. 

 
6. Grant of Rights in Video – Open Access. This Section 6 

applies only if the “Open Access” box has been checked in 

Item 1 above. In consideration of JoVE agreeing to produce, 

display or otherwise assist with the Video, the Author hereby 

grants to JoVE, subject to Section 7 below, the exclusive, 

royalty-free, perpetual (for the full term of copyright in the 

Article, including any extensions thereto) license (a) to publish, 

reproduce, distribute, display and store the Video in all forms, 

formats and media whether now known or hereafter 

developed (including without limitation in print, digital and 

electronic form) throughout the world, (b) to translate the 

Video into other languages, create adaptations, summaries or 

extracts of the Video or other Derivative Works or Collective 

Works based on all or any portion of the Video and exercise all 

of the rights set forth in (a) above in such translations, 

adaptations, summaries, extracts, Derivative Works or 

Collective Works and (c) to license others to do any or all of 

the above. The foregoing rights may be exercised in all media 

and formats, whether now known or hereafter devised, and 

include the right to make such modifications as are technically 

necessary to exercise the rights in other media and formats. 

For any Video to which this Section 6 is applicable, JoVE and 

the Author hereby grant to the public all such rights in the 

Video as provided in, but subject to all limitations and 

requirements set forth in, the CRC License. 

 
7. Government Employees. If the Author is a United States 

government employee and the Article was prepared in the 

course of his or her duties as a United States government 

employee, as indicated in Item 2 above, and any of the 

licenses or grants granted by the Author hereunder exceed the 

scope of the 17 U.S.C. 403, then the rights granted hereunder 

shall be limited to the maximum rights permitted under such 

statute. In such case, all provisions contained herein that are 

not in conflict with such statute shall remain in full force and 

effect, and all provisions contained herein that do so conflict 

shall be deemed to be amended so as to provide to JoVE the 

maximum rights permissible within such statute. 

 
8. Likeness, Privacy, Personality. The Author hereby grants 

JoVE the right to use the Author’s name, voice, likeness, 

picture, photograph, image, biography and performance in any 

way, commercial or otherwise, in connection with the 

Materials and the sale, promotion and distribution thereof. 

The Author hereby waives any and all rights he or she may 

have, relating to his or her appearance in the Video or 

otherwise relating to the Materials, under all applicable 

privacy, likeness, personality or similar laws. 

 
9. Author Warranties. The Author represents and warrants 

that the Article is original, that it has not been published, that 

the copyright interest is owned by the Author (or, if more than 

one author is listed at the beginning of this Agreement, by 

such authors collectively) and has not been assigned, licensed, 

or otherwise transferred to any other party. The Author 

represents and warrants that the author(s) listed at the top of 

this Agreement are the only authors of the Materials. If more 

than one author is listed at the top of this Agreement and if 

any such author has not entered into a separate Article and 

Video License Agreement with JoVE relating to the Materials, 

the Author represents and warrants that the Author has been 

authorized by each of the other such authors to execute this 

Agreement on his or her behalf and to bind him or her with 

respect to the terms of this Agreement as if each of them had 

been a party hereto as an Author. The Author warrants that 

the use, reproduction, distribution, public or private 

performance or display, and/or modification of all or any 

portion of the Materials does not and will not violate, infringe 

and/or misappropriate the patent, trademark, intellectual 

property or other rights of any third party. The Author 

represents and warrants that it has and will continue to 

comply with all government, institutional and other 

regulations, including, without limitation all institutional, 

laboratory, hospital, ethical, human and animal treatment, 

privacy, and all other rules, regulations, laws, procedures or 

guidelines, applicable to the Materials, and that all research 

involving human and animal subjects has been approved by 

the Author's relevant institutional review board. 

 
10. JoVE Discretion. If the Author requests the assistance of 

JoVE in producing the Video in the Author’s facility, the Author 

shall ensure that the presence of JoVE employees, agents or 

independent contractors is in accordance with the relevant 

regulations of the Author's institution. If more than one 

author is listed at the beginning of this Agreement, JoVE may, 

in its sole discretion, elect not take any action with respect to 

the Article until such time as it has received complete, 

executed Article and Video License Agreements from each 

such author. JoVE reserves the right, in its absolute and sole 

discretion and without giving any reason therefore, to accept 

or decline any work submitted to JoVE. JoVE and its 

employees, agents and independent contractors shall have 
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full, unfettered access to the facilities of the Author or of the 

Author’s institution as necessary to make the Video, whether 

actually published or not. JoVE has sole discretion as to the 

method of making and publishing the Materials, including, 

without limitation, to all decisions regarding editing, lighting, 

filming, timing of publication, if any, length, quality, content 

and the like. 

 
11. Indemnification. The Author agrees to indemnify JoVE 

and/or its successors and assigns from and against any and all 

claims, costs, and expenses, including attorney’s fees, arising 

out of any breach of any warranty or other representations 

contained herein. The Author further agrees to indemnify and 

hold harmless JoVE from and against any and all claims, costs, 

and expenses, including attorney’s fees, resulting from the 

breach by the Author of any representation or warranty 

contained herein or from allegations or instances of violation 

of intellectual property rights, damage to the Author’s or the 

Author’s institution’s facilities, fraud, libel, defamation, 

research, equipment, experiments, property damage, personal 

injury, violations of institutional, laboratory, hospital, ethical, 

human and animal treatment, privacy or other rules, 

regulations, laws, procedures or guidelines, liabilities and 

other losses or damages related in any way to the submission 

of work to JoVE, making of videos by JoVE, or publication in 

JoVE or elsewhere by JoVE. The Author shall be responsible 

for, and shall hold JoVE harmless from, damages caused by 

lack of sterilization, lack of cleanliness or by contamination 

due to the making of a video by JoVE its employees, agents or 

independent contractors. All sterilization, cleanliness or 

decontamination procedures shall be solely the responsibility 

of the Author and shall be undertaken at the Author’s 

expense. All indemnifications provided herein shall include 

JoVE’s attorney’s fees and costs related to said losses or 

damages. Such indemnification and holding harmless shall 

include such losses or damages incurred by, or in connection 

with, acts or omissions of JoVE, its employees, agents or 

independent contractors. 

 
12. Fees. To cover the cost incurred for publication, JoVE 

must receive payment before production and publication the 

Materials. Payment is due in 21 days of invoice. Should the 

Materials not be published due to an editorial or production 

decision, these funds will be returned to the Author. 

Withdrawal by the Author of any submitted Materials after 

final peer review approval will result in a US$1,200 fee to 

cover pre-production expenses incurred by JoVE. If payment is 

not received by the completion of filming, production and 

publication of the Materials will be suspended until payment is 

received. 

 
13. Transfer, Governing Law. This Agreement may be 

assigned by JoVE and shall inure to the benefits of any of 

JoVE’s successors and assignees. This Agreement shall be 

governed and construed by the internal laws of the 

Commonwealth of Massachusetts without giving effect to any 

conflict of law provision thereunder. This Agreement may be 

executed in counterparts, each of which shall be deemed an 

original, but all of which together shall be deemed to me one 

and the same agreement. A signed copy of this Agreement 

delivered by facsimile, e-mail or other means of electronic 

transmission shall be deemed to have the same legal effect as 

delivery of an original signed copy of this Agreement. 
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• Protocol: 

1) We target 1 page of filmable content in the protocol. This article lacks 

filmable content as we cannot film section 1. Can steps to perform FAS be 

shown to demonstrate how the item bank is built? This can be added as a 

subsection under section 1. 

Response: We have added the illustration of the steps of the FAS study to the 

Supplementary File 1: Appendix 2 as follows: “ 

Appendix 2. Data retrieval of the CAT-FAS study 

 

”. (Supplementary File 1: Appendix 2) 

 

2) Several specific comments have been made on your protocol steps in the 

attached word doc. 

Response: We have revised the manuscript according to the specific 

comments in the word doc. Please find the tracked changes and our 

responses to the specific comments in the revised manuscript. 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;JoVE_Response letter_Final.docx

http://www.editorialmanager.com/jove/download.aspx?id=899881&guid=5567c563-bd21-4bed-aa03-6087436ea2db&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=899881&guid=5567c563-bd21-4bed-aa03-6087436ea2db&scheme=1
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• Protocol Highlight: Please highlight ~1-2.5 pages text (which includes 

headings and spaces) in yellow, to identify which steps should be visualized 

to tell the most cohesive story of your protocol steps. 

1) I have highlighted steps that can be filmed. We ideally need >1-1.5 

pages of filmable content in the protocol. Please see the first comment 

on section 1. 

Response: We have highlighted the steps of the Protocol section 1 that 

can be filmed as follows: “ 

1 Development of the CAT-FAS 

1.1 Retrieve the secondary and encrypted data from the FAS study14 to 

conduct simulations (Supplementary File 1: Appendix 2). 

1.1.1 Establish the item bank of the CAT-FAS by adopting the item bank 

of the FAS (Supplementary File 1: Appendix 2.A). 

1.1.2 Retrieve the item difficulties of all items in the item bank from the 

FAS study (Supplementary File 1: Appendix 2.A. Item difficulty). 

1.1.3 Retrieve each patient’s responses (e.g., 0, 1, or 2 points) to the items 

of the item bank of the FAS (Supplementary File 1: Appendix 2.B). 

1.1.4 Retrieve the ability distribution (i.e., SD of the scores) of the patients 

in the 4 functions (BADL, postural control, UE/LE motor functions; 

Supplementary File 1: Appendix 2.C). 

 

1.2 Determine the operational algorithms of the CAT-FAS 

(Supplementary File 1: Appendix 4). 

1.2.1 Adopt the maximum a posteriori (MAP) method for estimating each 

patient’s scores of the 4 functions with Newton-Raphson iteration.17 

1.2.2 Use the criterion of D-optimality for item selection.18 An item with the 

maximum determinant of the Fisher information matrix is selected from 

the item bank for administration. 

1.2.3 Adopt 10 candidate sets of stopping rules for exploring properties of 

the CAT-FAS via simulation (Supplementary File 1: Appendix 5). 

 

1.3 Explore the measurement reliability and efficiency (number of items 

needed for administration) of the CAT-FAS via steps 1.3.1 to 1.3.11 of 

simulation (Figure 1). 

1.3.1 Use a specified set of stopping rules (i.e., from the first to the last 

candidate sets of stopping rules which are in step 1.2.3, successively) to 

explore the properties of the CAT-FAS (Figure 1.A). 
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1.3.2 Set initial CAT-FAS scores of the 4 functions (BADL, postural 

control, UE motor function, and LE motor function) to 0 for specified 

patients (i.e., from the first to the last patient in the data, successively; 

Figure 1.B and C). 

1.3.3 Adaptively select an item with the maximum determinant of the 

Fisher information matrix (i.e., the criterion of D-optimality) from the item 

bank for administration (Figure 1.D). The information matrix of each item 

is calculated based on a patient’s scores of the 4 functions and the item 

difficulty (from step 1.1.2. To ensure that the CAT-FAS administers at 

least one item in each function/domain, the first 4 items of the CAT-FAS 

are selected from the 4 functions. 

1.3.4 Obtain the patient’s response to the selected item from step 1.1.3 

(Figure 1.E).  

1.3.5 Simultaneously estimate the CAT-FAS scores [and standard errors 

(SEs) of the scores] of the 4 functions using the MAP method with an 

iterative Newton-Raphson process (Figure 1.F).19 During the iterative 

Newton-Raphson process, renew the scores and SEs of the 4 functions 

in each iteration until the criterion of convergence is met. Convergence 

occurs when the differences of scores between two consecutive iterations 

< 0.001. 

1.3.6 Count the number of items which are administered, save the latest 

renewed CAT-FAS scores (and SEs), and calculate the individual-level 

Rasch reliability of each function using the following formula: 1 - ([SE2 of 

step 1.3.5] / [SD2 of the scores of step 1.1.4]) (Figure 1.G). 

1.3.7 Calculate LRI using the last renewed individual-level Rasch 

reliability (1.3.6) minus that of the previous estimation (Figure 1.G). 

1.3.8 Check whether the specified set (e.g., the first candidate set) of 

stopping rules is met (Figure 1.H). If not, repeat steps 1.3.3 to 1.3.8 until 

the specified set of stopping rules is met. If so, save the latest renewed 

CAT-FAS scores (and SEs) as the final CAT-FAS scores (and SEs). 

1.3.9 Repeat steps 1.3.2 to 1.3.8 until all patients’ administrations are 

completed (Figure 1.I). 

1.3.10 Finish the simulation of the CAT-FAS with the specific set of 

stopping rules and save the results of the simulation (Figure 1.J). 

1.3.11 Repeat steps 1.3.1 to 1.3.11 to explore the properties of the CAT-

FAS with other candidate sets of stopping rules until all candidate sets of 

stopping rules are explored (Figure 1.K). 

 



4 
 

1.4 Select the final set of stopping rules for the CAT-FAS according to the 

average Rasch reliability ≥ 0.90 in at least 3 functions and the average 

items of administration ≤ 10.0. 

 

1.5 Develop an online administration platform of the CAT-FAS by writing 

a computer program to establish a website (Supplementary File 1: 

Appendix 7). 

” (Lines 90–209, Pages 3–5, Protocol section 1) 

2) The highlighted steps should form a cohesive narrative, that is, there 

must be a logical flow from one highlighted step to the next. 

Response: Thank you for your reminder. We have highlighted the steps 

to form a cohesive narrative. 

3) Notes cannot be filmed and should be excluded from highlighting. 

Response: We did not highlight the text in the notes. 

4) Please bear in mind that software steps without a graphical user 

interface/calculations/ command line scripting (e.g. section 1) cannot be 

filmed. 

Response: We have added 4 figures to the Supplementary File 1 to 

illustrate each step of the section 1 of the Protocol as follows: “ 

1.1 Retrieve the secondary and encrypted data from the FAS study14 to 

conduct simulations (Supplementary File 1: Appendix 2). 
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Appendix 2. Data retrieval of the CAT-FAS study 

 

 

1.1.1 Establish the item bank of the CAT-FAS by adopting the item bank 

of the FAS (Supplementary File 1: Appendix 2.A).  

1.1.2 Retrieve the item difficulties of all items in the item bank from the 

FAS study (Supplementary File 1: Appendix 2.A. Item difficulty).  

1.1.3 Retrieve each patient’s responses (e.g., 0, 1, or 2 points) to the items 

of the item bank of the FAS (Supplementary File 1: Appendix 2.B). 

1.1.4 Retrieve the ability distribution (i.e., SD of the scores) of the patients 

in the 4 functions (BADL, postural control, UE/LE motor functions; 

Supplementary File 1: Appendix 2.C).  

1.2 Determine the operational algorithms of the CAT-FAS (Supplementary 

File 1: Appendix 4). 
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Appendix 4. Determination of the operational algorithms of the CAT-

FAS 

 

1.2.3 Adopt 10 candidate sets of stopping rules for exploring properties of 

the CAT-FAS via simulation (Supplementary File 1: Appendix 5).  

Appendix 5. 10 candidate sets of stopping rules. 

1.5 Develop an online administration platform of the CAT-FAS by writing 

a computer program to establish a website (Supplementary File 1: 

Appendix 7). 
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Appendix 7. Screenshot of the development of the online administration 

platform of the CAT-FAS 

 

” (Lines 92–209, Pages 3–5, Protocol section 1) 

 

• Figures: Fig 1 needs to be referenced somewhere in your manuscript text. 

Response: We have added the reference to Figure 1 in Step 1.3 as follows: 

“1.3 Explore the measurement reliability and efficiency (number of items 

needed for administration) of the CAT-FAS via steps 1.3.1 to 1.3.11 of 

simulation (Figure 1).” (Lines 154–155, Page 4, Protocol section 1) 

 

• Figure/Table Legends: Please expand the legends to adequately describe 

the figures/tables. Each figure or table must have an accompanying legend 

including a short title, followed by a short description of each panel and/or a 

general description. 

Response: We have added the general description of each figure and table as 

follows: “Figure 1: Process of exploring performance of the CAT-FAS via 

simulation analysis. The process of exploring the measurement reliability and 

efficiency (number of items needed for administration) of the CAT-FAS with 

10 candidate sets of stopping rules.” (Lines 258–260, Page 6, Figure and 

table legends), 

“Table 1: Rasch reliability of the CAT-FAS. For the CAT-FAS, the average 

Rasch reliability of the 4 functions ranges from 0.88 to 0.93, and individual-

level Rasch reliability shows ≥ 70% of participants with Rasch reliability ≥ 

0.90.” (Lines 262–264, Page 7, Figure and table legends), and 
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“Table 2: Efficiency (number of items) of the CAT-FAS. The average number 

of items needed for administration is 8.5. Most participants (66.4%) were 

assessed using 5–10 items.” (Lines 266–267, Page 7, Figure and table 

legends) 

 

• Table of Materials: Please revise the table of the essential supplies, 

reagents, and equipment. The table should include the name, company, and 

catalog number of all relevant materials/software in separate columns in an 

xls/xlsx file. Please include items such as software used. 

Response: We have added the information on the software that was used in 

this study to the table of the essential supplies as follows: “ 

Name of 

Material/ 

Equipme

nt 

Company Catalog Number Comments/Desc

ription 

Compute

r 

Any  Compatible with 

software listed 

below 

MATLAB 

software 

The 

MathWork

s Inc. 

http://www.mathworks.com/pro

ducts/matlab/ 

Numerical 

computing 

software, which is 

used in the 

Protocol Section 

1 (Step 1.3) 

Java 

Develop

ment Kit 

Oracle https://www.oracle.com/java/ Programming 

language, which 

is used in the 

Protocol Section 

1 (Step 1.5) 

” (Table of the essential supplies) 

 

http://www.mathworks.com/products/matlab/
http://www.mathworks.com/products/matlab/
https://www.oracle.com/java/


Table 1: Rasch reliability of the CAT-FAS 

 Average % of the patients with 

reliability ≥ 0.90 

CAT-FAS   

UE motor function 0.88 69.8 

LE motor function 0.90 76.2 

Postural control 0.93 88.6 

BADL 0.90 78.9 

Item bank (58 items)   

UE motor function 0.90 69.4 

LE motor function 0.92 77.4 

Postural control 0.96 96.0 

BADL 0.94 93.4 

UE: upper extremity; LE: lower extremity; BADL: basic activities of daily living. 

  

Tables Click here to access/download;Supplemental File (Figures,
Permissions, etc.);JoVE_Table 1&2.docx

http://www.editorialmanager.com/jove/download.aspx?id=899877&guid=60116f6e-81c7-482f-81d3-b340f0c0dfc9&scheme=1
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Table 2: Efficiency (number of items) of the CAT-FAS 

 Average Range % of the 

patients using 

5–10 items 

% of the 

patients using  

> 10 items 

CAT-FAS 8.5 4~13 66.4 19.5 

 



Appendix 1. Steps of development of computerized adaptive testing 

 In general, a computerized adaptive testing (CAT) is developed through 5 stages: 

(1) Development of an item pool, (2) Field testing of the item pool, (3) Establishment 

of a calibrated item bank, (4) Simulation study to determine a set of stopping rules, 

and (5) Development of an administration platform of the CAT. 

(1) Development of an item pool. 

CAT developers have to establish a pool of items by designing new items or 

selecting items from existing tests/scales. The item pool should include items 

with varied difficulty for examinees. 

(2) Field testing of the item pool. 

CAT developers administer the item pool to target subjects with sufficient 

sample size, and the subjects’ level of function (or ability) should range from low 

to high. 

(3) Establishment of a calibrated item bank. 

CAT developers analyze the data of field testing using IRT software to obtain the 

fitness and calibrated item parameters of each item in the item pool. Thereafter, 

CAT developers remove the items with poor fitness from the item pool and 

retain or select partial items with varied item parameters to establish the 

calibrated item bank of the CAT. 

(4) Simulation study to determine a set of stopping rules 

CAT developers conduct a simulation study to explore the CAT’s performance 

(reliability and number of items administered) when the CAT adopts different 

sets of stopping rules. In general, the larger the number of items administered 

in a CAT, the higher the reliability. Therefore, CAT developers should determine a 

set of stopping rules with optimal balance between the reliability and the 

number of items administered. 

(5) Development of an administration platform of CAT 

CAT developers should develop a website/software/APP for administering the 

CAT to improve the accessibility for users. 
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Appendix 2. Data retrieval of the CAT-FAS study 

  



Appendix 3. Fugl-Meyer Assessment 

 



 

  



Appendix 4. Postural Assessment Scale for Stroke patients 

 

  



Appendix 5. Barthel Index 

 
  



Appendix 6. The 58 items of the CAT-FAS 

Item of the CAT-FAS 

FM-UE subset 

1. Shoulder retraction 

2. Shoulder elevation 

3. Shoulder abduction 

4. Shoulder external rotation 

5. Elbow flexion 

6. Forearm supination 

7. Shoulder adduction/internal rotation 

8. Elbow extension 

9. Forearm pronation 

10. Hand to lumbar spine 

11. Shoulder flexion 0° to 90° 

12. Elbow 90° pronation/supination 

13. Shoulder abduction 0° to 90° 

14. Shoulder flexion 90° to 180° 

15. Elbow 0° pronation/supination 

16. Elbow 90° wrist stability 

17. Elbow 90° wrist flexion/extension 

18. Elbow 0° wrist stability 

19. Elbow 0° wrist flexion/extension 

20. Circumduction 

21. Hand, mass extension 

22. Hook grasp 

23. Lateral prehension 

24. Palmar prehension 

25. Cylinder grip 

26. Spherical grip 

FM-LE subset 

27. Hip flexion, supine 

28. Knee flexion, supine 

29. Hip extension, supine 

30. Hip adduction, supine 

31. Knee extension, supine 

32. Ankle plantar flexion, supine 

33. Knee flexion, sitting 

34. Ankle dorsiflexion, sitting 



35. Knee flexion to 90°, standing 

36. Ankle dorsiflexion, standing 

37. Heel to opposite knee, time 

PASS subset 

38. Sitting without support 

39. Standing with support 

40. Standing without support 

41. Standing on unaffected leg 

42. Standing on paretic leg 

43. Supine to affected side lateral 

44. Supine to unaffected side lateral 

45. Supine to sitting up on the edge of the 

table 

46. Sitting on the edge of the table to supine 

47. Sitting to standing up 

48. Standing up to sitting down 

49. Standing, picking up a pencil from floor 

BI subset 

50. Bathing 

51. Grooming 

52. Dressing 

53. Bowels 

54. Bladder 

55. Toilet use 

56. Transfers 

57. Mobility 

58. Stairs 

 

  



Appendix 7. Determination of the operational algorithms of the CAT-FAS 

 
  



Appendix 8. 10 candidate sets of stopping rules 

10 candidate sets of stopping rules 

Reaching limited reliability increase (LRI) criterion 

1 LRI < 0.001 

2 LRI < 0.005 

3 LRI < 0.010 

4 LRI < 0.015 

5 LRI < 0.020 

Reaching either LRI criterion or threshold of reliability 

6 LRI < 0.001 or Rasch reliability ≥ 0.90 

7 LRI < 0.005 or Rasch reliability ≥ 0.90 

8 LRI < 0.010 or Rasch reliability ≥ 0.90 

9 LRI < 0.015 or Rasch reliability ≥ 0.90 

10 LRI < 0.020 or Rasch reliability ≥ 0.90 

  



Appendix 9. Screenshot of the software conducting simulation of the CAT-FAS 

 

 

  



Appendix 10. Screenshot of the development of the online administration platform 

of the CAT-FAS 

  



Appendix 11. Login page of the CAT-FAS 

 

 

  



Appendix 12. Home page of the CAT-FAS 

 
 

  



Appendix 13. Data management page of the CAT-FAS 

 

 

  



Appendix 14. Example of an item of the CAT-FAS 

 

 

  



Appendix 15. Results of the CAT-FAS administration 

 

 


