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Lay Abstract 

 

Weakness in the arm/hand is a common problem after a stroke and can affect one’s 

ability to carry out daily tasks. The function of the affected arm/hand should be measured 

to track improvements after treatment. The Chedoke Arm and Hand Activity Inventory 

(CAHAI) is a tool used to measure arm/hand function for persons with stroke. This thesis 

describes the development and testing of a Singapore version of the CAHAI. We 

conducted this research because when a tool is used outside of the country where it was 

developed, there is a need to test how well it works. This thesis also describes the testing 

of the CAHAI to find out if it behaves like a ruler. This research is important because 

when the CAHAI behaves like a ruler, we know that it measures arm/hand function in the 

same manner when it is used with different persons with stroke.  
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Abstract 

 

Background: The use of outcome measures to evaluate upper extremity function after 

stroke is highly recommended in clinical practice and research. The Chedoke Arm and 

Hand Activity Inventory (CAHAI) is a recommended measure as it has strong 

psychometric properties and clinical utility. However, the measure has not been validated 

in Asia and there are also gaps in the knowledge about the psychometric properties of the 

CAHAI.  

 

Aim & Objectives: This thesis is dedicated to the continued evaluation of the CAHAI 

with two main objectives: (1) to develop a Singapore version of the CAHAI, and (2) to 

re-evaluate the original CAHAI using modern test theories. 

 

Method: We conducted a study to cross-culturally adapt the CAHAI and evaluated the 

psychometric properties in a stroke sample in Singapore. Two studies were conducted to 

re-evaluate the original CAHAI using modern test theories. In the first study, item 

response theory and Rasch measurement theory were used to evaluate the psychometric 

properties of the measure. Following which, both measurement theories were used to 

revise the CAHAI in the second study.  

 

Results: Two test items were modified for the Singapore version of the CAHAI, and the 

measure had good inter-rater reliability (intra-class correlation coefficient = 0.95 – 0.97) 

and construct validity. The evaluation of the original CAHAI using modern test theories 

identified three main problems: (1) the scoring scale was not working as intended, (2) 

local dependency, and (3) the measure was not unidimensional. Revisions to the CAHAI 

included collapsing the 7-category scale to four categories, deleting two test items, and 

developing two new shortened versions.  

 

Conclusion: The Singapore version of the CAHAI is a valid and culturally relevant 

outcome measure that can be used to evaluate post-stroke upper extremity function. The 

original CAHAI was refined into a new 11- and 5-item versions with a 4-category scale 

which clinicians may find easier to use.  
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Preface 

 

This thesis is structured as a sandwich thesis. It consists of four manuscripts 

(Chapters 2 – 5) that are positioned between the introductory (Chapter 1) and concluding 

(Chapter 6) chapters of this thesis. Each manuscript is presented in the format according 

to submission requirements of the target peer-reviewed journal for publication. I, Xinyi 

Silvana Choo, am the first author for all of the included manuscripts.  

Chapters 2 and 3   

 These two chapters present the original study on the development of the 

Singapore version of the Chedoke Arm and Hand Activity Inventory. The study was 

conducted between September 2016 and June 2017. Two manuscripts are presented in 

Chapters 2 and 3, entitled “Cross-cultural adaptation and psychometric evaluation of the 

Singapore version of the Chedoke Arm and Hand Activity” and “Reliability and validity 

of the shortened Singapore versions of the Chedoke Arm and Hand Activity Inventory” 

respectively.  

I, Xinyi Silvana Choo, initiated and originated the research idea, developed the 

initial study design, obtained ethics approval, implemented the data collection, conducted 

the data analysis, and wrote the manuscripts. The co-authors on these papers include Dr. 

Jackie Bosh, Dr. Julie Richardson, Professor Paul Stratford, and Dr. Jocelyn Harris.  
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Dr. Jackie Bosh contributed to the data collection process (access to the original 

administration manual), the interpretation of findings, and provided critical review of 

earlier versions of the manuscripts and the final approval of the version to be published. 

Dr. Julie Richardson contributed to the refinement of the study design, the 

interpretation of findings, and provided critical review of earlier versions of the 

manuscripts and the final approval of the version to be published. 

Professor Paul Stratford contributed to the refinement of the study design, 

statistical analysis, the interpretation of findings, and provided critical review of earlier 

versions of the manuscripts and the final approval of the version to be published. 

Dr. Jocelyn Harris contributed to the refinement of the study design, the 

interpretation of findings, supervised the data collection process, and provided critical 

review of earlier versions of the manuscripts and the final approval of the version to be 

published. 

Chapters 4 and 5  

These two chapters present the re-evaluation of the Chedoke Arm and Hand 

Activity Inventory using data from a previous validation study of the measure. The 

secondary data analysis for this thesis was conducted between May 2017 and April 2018. 

Two manuscripts are presented in Chapters 4 and 5, entitled “Measurement theories in 

rehabilitation: Introduction to item response theory and Rasch measurement theory” and 
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“Revising the Chedoke Arm and Hand Activity Inventory using modern test theories” 

respectively. 

I, Xinyi Silvana Choo, defined the research questions, developed the initial 

statistical analysis plans, conducted the data analysis, and wrote the manuscripts. The co-

authors on these papers include Professor Paul Stratford, Dr. Ayse Kuspinar, Dr. Julie 

Richardson, Dr. Jocelyn Harris, and Dr. Jackie Bosch.  

Professor Paul Stratford contributed to the refinement of the research questions 

and study design, the statistical analyses, the interpretation of findings, and provided 

critical review of earlier versions of the manuscripts and the final approval of the version 

to be published. 

Dr. Ayse Kuspinar contributed to the refinement of the research questions and 

study design, the statistical analyses, the interpretation of findings, and provided critical 

review of earlier versions of the manuscripts and the final approval of the version to be 

published. 

Dr. Julie Richardson contributed to the refinement of the research questions, the 

interpretation of findings, the overall structure of the manuscripts, and provided critical 

review of earlier versions of the manuscripts and the final approval of the version to be 

published. 
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Dr. Jocelyn Harris contributed to the refinement of the research questions, and 

provided critical review of earlier versions of the manuscripts and the final approval of 

the version to be published. 

Dr. Jackie Bosch contributed to the refinement of the research questions, provided 

critical review of earlier versions of the manuscripts and its relevance to rehabilitation 

professionals, and also provided the final approval of the version of the manuscripts to be 

published. 
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Chapter One: Introduction 

The eye cannot say to the hand, “I have no need of thee.”  

Blessed be the hand. Thrice blessed be the hands that work!  

– Helen Keller, The World I Live In, 1908  

Background 

The upper extremity (UE) works as a synchronized unit to execute complex 

manipulative actions unique to humans (Carr & Shepherd, 2010). The control and 

movement of the proximal segments transport the hand, which enables the hand to 

position, orientate, and/or manipulate objects to achieve a specific goal, such as drinking 

coffee, driving, or waving hello (Lang & Beebe, 2007). Losing the ability to use one’s 

UE, a common consequence after a stroke, would, therefore, affect every aspect of daily 

living.  

Measuring UE function is essential to stroke rehabilitation as it provides credible 

justification for intervention, facilitates clinical decision-making about appropriate 

interventions, and demonstrates the effectiveness of intervention and rehabilitation 

services (Beaton, Bombardier, Katz, & Wright, 2001; Fawcett, 2007; McDonnell, Hillier, 

& Esterman, 2013). This thesis is devoted to the thorough examination of the Chedoke 

Arm and Hand Activity Inventory (CAHAI), an outcome measure of post-stroke UE 

function. The first part of this thesis (Chapters 2 and 3) evaluates the CAHAI in a clinical 

population beyond the country where it was initially developed. The second part 

(Chapters 4 and 5) examines the CAHAI’s psychometric properties using item response 

theory and Rasch measurement theory. 
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This introductory chapter will describe the effects of stroke on UE function and 

discuss the loss of UE function according to the International Classification of 

Functioning, Disability, and Health (World Health Organization, 2001). The loss of UE 

function from the perspectives of individuals with stroke will also be described. Next, 

recommended post-stroke UE outcome will be introduced. A framework will then be 

applied to justify how the CAHAI was selected among the recommended post-stroke UE 

outcome measures as the most appropriate post-stroke UE outcome measure. Thereafter, 

the overall thesis objectives, the structure of this thesis, and the manuscripts included will 

be discussed in detail.  

Upper Extremity Function after a Stroke 

Stroke is a cerebrovascular disease that can be defined as a non-traumatic abrupt 

development of neurological dysfunction caused by focal ischemia and/or collection of 

blood within the brain (Sacco et al., 2013). It occurs in approximately 297 per 100,000 

individuals in Canada and 160 per 100,000 individuals in Singapore (National Registry of 

Diseases Office, 2018; Public Health Agency of Canada, 2017). Stroke incidence 

increases with age as 70% of stroke occurs in adults above 65 years of age (Kelly-Hayes, 

2010). Stroke is a major health concern worldwide as it is the second and third most 

common cause of death and disability respectively (Feigin, Norrving, & Mensah, 2017). 

Although stroke mortality rates have declined, the number of individuals who survive a 

stroke and are living with the effects of a stroke have increased (Feigin et al., 2017). 

Among older adults aged 65 years and older, an estimated 5% of Canadians (about 

270,000) and 9.3% of Singaporeans (about 31,000) are living with the effects of a stroke 
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(Krueger et al., 2015; Teh et al., 2018). The economic burden of stroke is substantial; 

stroke care accounted for an average of 3% of total healthcare expenditure and an average 

of 0.27% of gross domestic product across eight countries (Evers et al., 2004). Both the 

economic and health burden of stroke is also expected to continue to escalate in the next 

decade as stroke prevalence is expected to rise with the increasing age of the population 

worldwide (Feigin et al., 2017).   

Common sequelae following a stroke include sensorimotor, cognitive, and speech 

impairments, such as weakness in the arm and leg, swallowing difficulties, memory 

deficits, and aphasia (Tatemichi et al., 1994; Vidović, Sinanović, Sabaskić, Haticić, & 

Brkić, 2011; Warlow et al., 2008). Post-stroke impairments lead to difficulties in 

performing basic self-care tasks, instrumental activities of daily living (e.g., food 

preparation and household chores), and social integration (Jørgensen et al., 1995; Lo et 

al., 2008; Sturm et al., 2002), and these difficulties may persist even five years after 

stroke (Gall, Dewey, Sturm, Macdonell, & Thrift, 2009; Patel et al., 2006).  

Post-stroke Upper Extremity Deficits 

UE deficits are one of the most common and persistent consequences of stroke 

(Connell, Lincoln, & Radford, 2008; Lai, Studenski, Duncan, & Perera, 2002; Lawrence 

et al., 2001; Wade & Hewer, 1987). The loss of UE function after a stroke can be 

described according to the International Classification of Functioning, Disability, and 

Health (ICF) (World Health Organization, 2001). The ICF broadly classifies human 

functioning into two main components: body functions and structures, and activity and 

participation. Negative changes to body functions and structures are regarded as 
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impairments, while difficulties with task execution and participation are viewed as 

activity limitations and participation restrictions respectively (World Health 

Organization, 2001) 

Motor impairments. Motor impairments are one of the most common UE 

deficits after a stroke (Lawrence et al., 2001; Wade & Hewer, 1987). Stroke affects signal 

transmissions from the motor cortex to the spinal cord and causes delayed, or even a lack 

of, initiation or termination of muscle contractions (Raghavan, 2015). This decreased 

(paresis) or loss (plegia) of volitional control over motor units typically occurs on one 

side of the body (hemiparesis or hemiplegia) (Gemperline, Allen, Walk, & Rymer, 1995; 

Sathian et al., 2011; Young & Mayer, 1982). Hemiparesis is the most common post-

stroke UE impairment, occurring in 70% to 80% of individuals with an acute stroke 

(Lawrence et al., 2001; Nakayama, Jørgensen, Raaschou, & Olsen, 1994). UE 

hemiparesis also persists beyond the acute phase of stroke; 3 out of 4 individuals with 

severe hemiparesis do not regain UE function three months after a stroke (Nakayama et 

al., 1994). Even at four years post-stroke, 50% of individuals with hemiparesis do not 

recover full functional use of their UE (Broeks, Lankhorst, Rumping, & Prevo, 1999). 

The loss of fractionated movement is another common post-stroke UE motor 

impairment, where individuals experience reduced or loss of voluntary ability to activate 

selective muscles and move independent segments of the UE (Lang, Bland, Bailey, 

Schaefer, & Birkenmeier, 2013; Lang & Schieber, 2004). For example, during voluntary 

elbow flexion, a person with stroke may inadvertently abduct their shoulder and pronate 

their forearm simultaneously. Difficulties with fractionated movements are similar to the 
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abnormal synergistic movements or “associated reactions” that are present in the affected 

UE after a stroke (Twitchell, 1951). 

Somatosensory impairments. Stroke can also affect the signal transmissions 

from the somatosensory cortex to the spinal cord and cause deficits in the perception of 

body senses, such as diminished touch perception, decreased proprioception, and loss of 

pain sensation (Connell et al., 2008; Roland, 1987). UE somatosensory impairments are 

present in up to 63% of individuals with an acute stroke, with decreased or loss of touch 

and proprioception as the most common impairments (Connell et al., 2008; Tyson, 

Hanley, Chillala, Selley, & Tallis, 2008). Similar to UE motor impairments, UE 

somatosensory impairments are also persistent. Approximately 33% of individuals 

continue to have impaired touch sensation even after two years post-stroke (Bowden, Lin, 

& McNulty, 2014).  

It is important to also consider the interaction between somatosensory and motor 

functions. This is because the ability to purposefully use the UE requires both efferent 

and afferent connections between the UE and the central nervous system to be intact 

(Twitchell, 1954). Post-stroke somatosensory impairments produce unreliable and erratic 

feedback from the UE to the cortex, disrupting the feed-forward motor control (Frey et 

al., 2011). Consequently, UE somatosensory impairments may result in motor 

impairments.  

Activity limitations. Complete synchronization of the shoulder, elbow, forearm, 

wrist, thumb, and fingers are needed for humans to interact and manipulate objects in 
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their environment with accuracy, precision, and efficiency (Carr & Shepherd, 2010; Lang 

& Beebe, 2007). UE motor and somatosensory impairments, which may occur in 

isolation or in combination, can therefore lead to activity limitations in all aspects of daily 

living (Lang et al., 2013). Individuals with stroke often experience difficulties carrying 

out basic and instrumental activities of daily living (BADL and IADL respectively), with 

25% to 74% of individuals with stroke requiring the assistance of, or are dependent on 

caregivers (Miller et al., 2010). These individuals may continue to require assistance in 

ADLs even up to 10 years after the stroke onset (Blomgren et al., 2018; Walsh, Galvin, 

Loughnane, Macey, & Horgan, 2015; Wolfe et al., 2011). 

Individuals with stroke may have difficulties performing activities with their 

affected UE. For example, an individual with post-stroke weakness in his hand and 

shoulder may be unable to hold a cup and have a drink; another individual with impaired 

proprioception may have difficulties adjusting her grip and may squeeze a paper cup too 

tightly and cause the contents to spill. Although post-stroke UE impairments typically 

occur in the affected/involved UE, impairments in the affected UE impacts the 

coordination of both UEs in daily activities (Waller & Whitall, 2008). Many daily 

activities require bilateral UE use, such as cutting a piece of steak, playing the violin, and 

lifting a barbell. The ability to use both UEs together is thus highly associated with 

independence in carrying out IADLs (Haaland et al., 2012).  

Several studies have demonstrated the relationship between UE impairments and 

activity limitations. Grip strength was significantly correlated to performance in BADLs, 

where greater paresis in the affected UE was associated with more difficulties performing 
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daily self-care tasks (Harris & Eng, 2007; Kim, 2016; Sunderland, Tinson, Bradley, & 

Hewer, 1989). Greater UE motor impairments were also associated with more difficulties 

with IADLs, such as household chores and meal preparation (Desrosiers et al., 2003; 

Poole, Sadek, & Haaland, 2011; Sveen, Bautz-Holter, Sødring, Wyller, & Laake, 1999). 

Similarly, UE sensory impairments correlated significantly with performance in daily 

tasks; impaired proprioception and touch sensation were associated with decreased 

independence in both BADLs and IADLs (Tyson et al., 2008). Unsurprisingly, the 

combination of UE motor and somatosensory impairments were also significantly related 

to activity limitations, with greater impairments associated with decreased independence 

in ADLs (Meyer, Karttunen, Thijs, Feys, & Verheyden, 2014).  

Impact of Post-Stroke Upper Extremity Deficits  

 The loss of UE function after a stroke can impact beyond the reduced ability to 

use the UE and activity limitations in daily living. The following are quotes from 

participants in three qualitative studies that investigated the experience of UE 

impairments from the perspectives of individuals with stroke:  

It is hideously slow and I have no idea where it is most of the time unless it’s in 

direct sight, I often think I’d be better off amputating it.  

Internet-based account, 34-year-old man, 6 years post-stroke, UK  

(Poltawski et al., 2016, p. 948)  
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I had not eaten out since the stroke. I didn’t know if I would make a fool of 

myself.  

Internet-based account, woman, 1 year post-stroke 

(Poltawski et al., 2016, p. 948) 

Frustration comes from that too. Things that you could do so automatically before 

require so much concentration now. Just one slip and then the whole thing, you 

know you just have to start all over. 

Participant, 45-year-old man, 2.2 years post-stroke  

(Doyle et al., 2014, p. 996) 

Having stuff hit the floor in the kitchen was incredibly depressing. I cannot tell 

how much my heart would sink each time something would hit the floor in the 

kitchen. It was more than just oh darn now I have got to clean this up.  

Participant, 56-year-old man, 1.5 years post-stroke  

(Doyle et al., 2014, p. 996) 

It would almost be easier if the arms came back. You could sit in a wheelchair, at 

least you could do something. When the leg comes back the only thing you learn 

to do is walk. But the number of things you can do with an arm…  

Participant in a focus group 

(Barker & Brauer, 2005, p. 1217) 
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It’s a big deal to be able to use your arm again. I think most of the doctors think 

it’s not. It’s a big deal to be able to use your arm again psychologically as well 

physically.  

Participant in a focus group 

(Barker & Brauer, 2005, p. 1217) 

These quotes reflect the realities of individuals living with post-stroke UE deficits, where 

their psychosocial well-being and quality of life are adversely affected. The loss of UE 

function and the concomitant loss of independence in ADLs can lead to depression (Rao, 

n.d.). Pooled data from a systematic review estimates depression to be present in 31% of 

individuals with stroke at any time up to five years post-stroke (Hackett & Pickles, 2014). 

Quality of life of individuals with stroke was also found to be consistently lower than 

matched-control healthy adults (Bays, 2001). Post-stroke UE deficits negatively impact 

on health-related quality of life, where more severe UE impairments and activity 

limitations are associated with poorer quality of life (Morris, van Wijck, Joice, & 

Donaghy, 2013; Nichols-Larsen, Clark, Zeringue, Greenspan, & Blanton, 2005; Wyller, 

Sveen, Sødring, Pettersen, & Bautz-Holter, 1997).  

Evaluating Post-stroke Upper Extremity Function 

For individuals living with post-stroke UE deficits, regaining UE function is an 

important rehabilitation goal. The first and important step in the stroke rehabilitation 

process is the evaluation of UE function. There are two main goals when evaluating post-

stroke UE function: the first is to establish the present status of UE function, and the 
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second goal is to measure the changes in UE function. Through the use of standardized 

and valid outcome measures, the severity of UE impairments and the extent of activity 

limitations can be quantified (Santisteban et al., 2016). Understanding the present status 

of the affected UE facilitates clinical decision-making about appropriate interventions to 

optimize recovery (Lang et al., 2013; McDonnell et al., 2013; Wolf, Kwakkel, Bayley, 

McDonnell, & Upper Extremity Stroke Algorithm Working Group, 2016). For example, 

constraint-induced movement therapy is more suitable for individuals with some 

voluntary motor control throughout their UE (Wolf et al., 2016). 

Understanding the present status of the affected UE can also provide prognostic 

information about recovery. The degree of UE impairments at the onset of stroke is a 

strong predictor of UE recovery (Coupar, Pollock, Rowe, Weir, & Langhorne, 2012). UE 

motor impairments can also predict ADL outcomes beyond three months after stroke, 

where individuals with a lesser degree of impairments are more likely to regain 

independence in ADLs (Veerbeek, Kwakkel, Wegen, Ket, & Heymans, 2011). Prognostic 

information is useful to clinicians to enhance care, such as planning discharge destination 

and providing patients with accurate information about possible outcomes (Feys et al., 

2000).  

Simpson & Eng (2013) described, “Optimizing or augmenting changes in 

recovery is core to the rehabilitation process following stroke” (p. 240). Evaluating the 

status of the affected UE over time measures the changes in UE function. Objective 

measurements of changes in UE function provide a credible and reliable basis for the 

continuation/termination of rehabilitation (College of Occupational Therapists, 2013; 
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Fawcett, 2007). Measuring changes in UE function is also imperative to demonstrate the 

effectiveness of interventions in clinical trials and rehabilitation programs/services 

(Beaton et al., 2001; Guyatt, Deyo, Charlson, Levine, & Mitchell, 1989).   

Post-stroke Upper Extremity Outcome Measures  

 Clinical practice guidelines for stroke rehabilitation recommend using 

standardized, valid, and reliable outcome measures to evaluate UE function (Hebert et al., 

2016; Intercollegiate Stroke Working Party, 2012; Miller et al., 2010). However, these 

guidelines often do not provide recommendations on which outcome measures to use for 

clinical practice. There are approximately 53 post-stroke UE outcomes measures 

available (Murphy, Resteghini, Feys, & Lamers, 2015; Santisteban et al., 2016), and 

selecting the appropriate measures for clinical practice may be challenging. The Fugl-

Meyer Assessment and the Action Research Arm Test are two UE outcome measures 

commonly used in clinical practice (van Wijck, Pandyan, Johnson, & Barnes, 2001). 

They are also UE measures recommended for outcomes measures in trials studying post-

stroke sensorimotor recovery (Kwakkel et al., 2017). However, it is essential to consider 

that the ‘popularity’ or frequency of use of an outcome measure may not be indicative of 

its quality. The psychometric properties and clinical utility of existing post-stroke UE 

outcome measures were recently evaluated in an overview of systematic reviews by 

Murphy et al (2015). Six outcome measures with high-quality evidence of its 

psychometric properties and clinical utility were recommended: ABILHAND, Action 

Research Arm Test, Box and Block Test, Fugl-Meyer Assessment of Upper Extremity, 

Chedoke Arm and Hand Activity Inventory, and Wolf Motor Function Test. This thesis 
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focuses on one of the six recommended post-stroke UE outcome measure, the Chedoke 

Arm and Hand Activity Inventory (CAHAI).  

Chedoke Arm and Hand Activity Inventory   

The CAHAI is a standardized outcome measure that uses daily tasks to evaluate 

the function of the affected UE after a stroke (Barreca, Stratford, Lambert, Masters, & 

Streiner, 2005). The CAHAI was selected as the focus of this thesis for two main reasons. 

First, the theoretical constructs of the CAHAI concur with the philosophies of 

occupational therapy. A philosophical base of occupational therapy is participation in 

meaningful activities in daily living is an important element of health (American 

Occupational Therapy Association, 2011). Similarly, one of the CAHAI’s theoretical 

construct is including domains of everyday living considered as important to individuals 

with stroke (Barreca et al., 2005). And thus, the CAHAI’s use of real-life daily tasks that are 

important to individuals with stroke resonated to me as an occupational therapist. Second, 

the CAHAI possesses several inherent qualities of a good post-stroke UE outcome 

measure. In the following sections, the qualities of the CAHAI as a good outcome 

measure will be described according to the instrument evaluation framework by Rudman 

& Hannah (1998). This framework describes the factors that clinicians should consider 

when selecting instruments that measure UE function, which are categorized into five 

categories: clinical utility, standardization, purpose, psychometric properties, and clients’ 

perspective (Figure 1). For each factor, desired qualities of a UE outcome measure will 

be described first, followed by a detailed explanation of how the CAHAI fulfils these 

qualities.  
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Category 1: Clinical utility. Although the quality of psychometric properties is 

crucial when selecting outcome measures, the instrument evaluation framework 

prioritizes clinical utility for efficiency (Rudman & Hannah, 1998). If a measure is 

clinically useful, clinicians can then embark on the time-consuming process of evaluating 

the psychometric properties of the outcome measure of interest. Five elements should be 

examined to determine if an outcome measure can be used in a clinical setting: 

specificity, clinical applicability, acceptability to clients, availability, and time demands 

(Rudman & Hannah, 1998).  

 Clinical applicability. Clinical applicability refers to the usefulness of information 

obtained from the outcome measure (Rudman & Hannah, 1998). The usefulness of 

information is indicated by the measures’ administration method, type of tasks, type of 

results (quantitative and/or qualitative), and interpretation of results (Rudman & Hannah, 

1998).  Specific to post-stroke UE outcome measures, the administration method and type 

of tasks are two key considerations. The administration method should not demand high 

levels of cognitive, speech and language abilities from the individual with stroke. This is 

because individuals with stroke often have a myriad of cognitive and speech impairments 

in addition to their UE impairments (Douiri, Rudd, & Wolfe, 2013; Vidović et al., 2011). 

Using daily tasks and objects to evaluate UE function is therefore advantageous as it is 

more intuitive and can be easily understood by individuals with post-stroke cognitive or 

language deficits (Barreca et al., 2004). It can also provide a more accurate evaluation of 

UE function as individuals with stroke have faster and more efficient UE movements 

when performing tasks with real-life objects compared to performing similar tasks in a 
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simulated condition (e.g., holding a telephone receiver versus an object of the same size, 

weight, and color) (Trombly & Wu, 1999; Wu, Trombly, Lin, & Tickle-Degnen, 1998). 

Both unilateral and bilateral tasks should also be included (Rudman & Hannah, 1998). 

Bilateral tasks provide valuable information as post-stroke impairments in the affected 

UE can affect the coordination of both UEs in bimanual activities (Waller & Whitall, 

2008). 

   Specificity. Specificity is the intended clinical population of the outcome measure 

(Rudman & Hannah, 1998). Only outcome measures developed and/or validated in stroke 

populations should be used to evaluate post-stroke UE function. This is because the 

psychometric properties of a measure are contextual in all ways and as such, one clinical 

population may not translate to a different clinical population (Streiner, Norman, & 

Cairney, 2015).  

 Acceptability to clients. The acceptability of an outcome measure to clients may 

affect their participation in the evaluation process (Rudman & Hannah, 1998). UE 

outcome measures that are easy to understand, such as a clear description of its purpose, 

not time-consuming, and use familiar objects are more acceptable to individuals with 

stroke (Murphy et al., 2015; Rudman & Hannah, 1998).  

 Availability. Post-stroke UE outcome measures that are readily available would be 

more likely to be used in clinical practice. Cost, availability of validated translations of 

the outcome measure, accessibility of required materials, and whether the measure is 

available in the public domain are some factors that may affect availability. Outcome 
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measures with minimal costs, have readily available materials (e.g., prefabricated 

instruments), and are available in a variety of languages supports its global use in clinical 

practice (Murphy et al., 2015; Rudman & Hannah, 1998). 

 Time demands. Time is an important factor that influences the clinical utility of 

the outcome measure. Clinicians prefer a short administration time due to the time 

constraints in clinical practice (Duncan & Murray, 2012). Thus, outcome measures with 

fewer test items or have shortened versions available are favoured. Other considerations 

include the time and cost required for training assessors on the measure, and the time 

needed to score and interpret the results (Rudman & Hannah, 1998).   

Clinical utility of the CAHAI. The CAHAI meets all the desired qualities for 

clinical utility described in the framework. First, the CAHAI is an outcome measure that 

was developed to measure post-stroke UE function and was validated in a stroke sample 

(specificity). Second, of the six recommended post-stroke UE outcome measures 

(Murphy et al., 2015), the CAHAI is the only outcome measure that uses daily tasks in all 

test items. Thus, the unique strength of the CAHAI is the ecological validity of the test 

items, where daily objects and tasks are used to evaluate the function of the affected UE 

(clinical applicability). The use of daily objects and tasks is also beneficial to individuals 

with stroke for the reasons described earlier (acceptability to clients). Third, the CAHAI 

requires minimal cost as the administration manual and training videos are available in 

the public domain at no charge (www.cahai.ca), and the materials required are 

inexpensive (availability). Lastly, there are also shorter versions of the CAHAI which 
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require less administration time and scoring any of the versions is the simple addition of 

individual item scores (time demands).  

Category 2: Standardization. Standardized measures are published assessment 

tools with detailed descriptions of the procedures for administering, scoring, and 

interpreting results (Finch, Brooks, Stratford, & Mayo, 2002). Standardized measures 

also have scientific evidence of its psychometric properties, such as reliability and 

validity (Finch et al., 2002). These measures are preferred over non-standardized 

measures as they enable consistency in the evaluation of UE function after stroke. The 

CAHAI is a standardized outcome measure with the detailed administration and scoring 

procedures. The CAHAI’s psychometric properties were also evaluated in three studies 

(discussed in the later section).  

Category 3: Purpose. The purposes of evaluation can be broadly categorized into 

three categories: (1) to describe status at one moment in time, (2) to predict concurrent or 

prospective outcomes, and (3) to measure change over time (Kirshner & Guyatt, 1985; 

Rudman & Hannah, 1998). Post-stroke UE outcome measures can be categorized based 

on their purpose as discriminative, predictive, and evaluative respectively (Kirshner & 

Guyatt, 1985). A measure may serve more than one purpose and it is essential to clarify 

the purpose(s) of the measure so that its psychometric properties can be evaluated 

accordingly (Rudman & Hannah, 1998). It also allows clinicians to determine whether 

the outcome measure addresses the needs of the clinical setting (e.g., evaluates changes in 

UE function to demonstrate program effectiveness).  
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The purposes of the CAHAI as a descriptive and evaluative outcome measure are 

suited to my clinical setting, a tertiary hospital in Singapore. Outcome measures are used 

to evaluate the UE status of individuals with stroke to assist clinicians in making 

decisions about appropriate interventions. Outcome measures are also routinely used to 

demonstrate the effectiveness of the hospital’s inpatient rehabilitation services.   

Category 4: Psychometric properties. As mentioned previously, an outcome 

measure should have published evidence that supports its psychometric properties. There 

are two fundamental psychometric properties required for all outcome measures: 

reliability, and validity (Guyatt et al., 1989). Reliability is the extent to which 

measurements on an outcome measure obtained under different circumstances (e.g., 

different assessors or different occasions, between which there should be no change in the 

measured parameter) produce similar results (Streiner et al., 2015). Validity refers to the 

extent an instrument measures what it is intended to measure (Portney & Watkins, 2009). 

An additional psychometric property is required for evaluative measures – sensitivity to 

change, or responsiveness (Guyatt et al., 1989; Kirshner & Guyatt, 1985). The types of 

reliability, validity, and responsiveness and their definitions are summarized in the 

COSMIN (COnsensus-based Standards for the selection of health status Measurement 

INstruments) definitions of measurement properties, as shown in Table 1 (Mokkink et al., 

2010). Clinicians need to critically examine the statistical results and quality of the 

studies that evaluated the psychometric properties of the outcome measure (Rudman & 

Hannah, 1998). Post-stroke UE outcome measures that demonstrate good reliability, 

validity, and responsiveness should be prioritized, as clinicians can have confidence that 
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measurements are accurate, consistent, and measures UE function (Portney & Watkins, 

2009; Rudman & Hannah, 1998).  

The CAHAI is one of the six recommended outcome measures to evaluate post-

stroke UE function as it has high-quality evidence of its psychometric properties (Murphy 

et al., 2015). There are three published studies that evaluated the psychometric properties 

of the CAHAI: internal consistency, inter-rater reliability, test-retest reliability, construct 

validity with the Chedoke-McMaster Stroke Assessment (arm and hand components) and 

the Action Research Arm Test, and longitudinal validity (Barreca et al., 2004, 2005; 

Barreca, Stratford, Masters, Lambert, Griffiths, et al., 2006). Table 2 provides a summary 

of the results from these three validation studies.  

Category 5: Clients’ perspective. Although performance-based outcome 

measures evaluate UE impairments and activity limitations, they do not provide 

information about UE function from the perspectives of individuals with stroke in their 

customary settings (e.g., home environment) (Ashford, Slade, Malaprade, & Turner-

Stokes, 2008). Individuals who scored highly on performance-based UE impairment 

measures (i.e., minimal or no UE impairments) reported difficulties with UE movements 

in daily activities on self-report outcome measures (J. C. Stewart & Cramer, 2013). It is 

therefore vital for clinicians to use performance-based measures in conjunction with self-

report UE outcome measures. However, a challenge to using self-report measures for 

individuals with stroke are cognitive and speech impairments that may confound the 

evaluation process (J. C. Stewart & Cramer, 2013). 
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Although the CAHAI is not a self-report measure, it meets the standards of the 

other four categories of the instrument evaluation framework (Rudman & Hannah, 1998). 

Furthermore, as most of the rehabilitation services within my hospital are inpatient care, 

self-report measures may not be suitable as individuals with stroke do not have 

experiences with using their affected UE in their customary settings.   

Improving the Chedoke Arm and Hand Activity Inventory  

The presence of evidence about the psychometric properties of an outcome 

measure should not mark the end of the evaluation of the measure. Continued evaluation 

of an outcome measure beyond its initial phase of development and validation is 

valuable. The evaluation of an outcome measure beyond the culture, setting, or country 

where it was initially developed enables the diffusion of the measure. Psychometric 

properties of existing outcome measures can also be further assessed using more rigorous 

study designs and sophisticated statistical analysis. There may be significant advances in 

technology since the initial development and validation of an outcome measure. Complex 

statistical analysis previously not feasible can now be conducted for dated outcome 

measures using advanced computers and software. By generating in-depth knowledge of 

outcome measures, revisions or refinements to existing outcome measures can be 

facilitated, and in turn, improve the efficiency and quality of measurement.  

The continued evaluation of the CAHAI was approached two ways in this thesis. 

First, the evaluation was taken beyond the country where the CAHAI was developed 

(Canada) and was translated, cross-culturally adapted and validated for the stroke 

population in Singapore. Second, the CAHAI was evaluated using a different 
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measurement theory than the one initially employed in the previous studies, and its 

psychometric properties were re-evaluated using item response theory and Rasch 

measurement theory.  

Conceptualization of the Research 

 The CAHAI was an outcome measure that my colleagues and I identified as a 

suitable outcome measure to evaluate post-stroke UE function in our clinical setting. 

However, the major barrier to using it was the lack of cross-cultural adaptation and 

validation of the measure for the stroke population in Singapore. Thus, the development 

of the Singapore version of the CAHAI was a research project that I first embarked on 

when I was enrolled in the master’s program. I later transferred to the doctoral program 

and my research plan was to conduct a second project to continue the psychometric 

evaluation of the Singapore version. However, this research plan changed after analyzing 

the data from the initial study.  

During data analysis, I noticed a pattern in the scores on all test items; the scores 

of 1 and 7 (the minimum and maximum scores respectively) were most frequently 

obtained, whereas the scores between 2 and 5 had low scoring frequencies. Professor 

Stratford, who was part of the validation study of the CAHAI (Barreca, Stratford, 

Masters, Lambert, & Griffiths, 2006), also observed a similar pattern in the study’s data. 

The observation of this pattern sparked my interest to examine the scoring scale and 

individual test items. This led to changes in my research plan to evaluate the original 

CAHAI using item response theory and Rasch measurement theory. As it would be the 

first of such evaluation of the measure, the original CAHAI, rather than the Singapore 
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version, was chosen. This was to avoid the uncertainty of whether the study findings were 

due to inherent issues within the measure or the cross-cultural adaptation process should 

the Singapore version be evaluated.   

Thesis Objectives and Structure 

Thesis Objective  

There are two overall objectives of this thesis: (1) to develop a Singapore version 

of the CAHAI, and (2) to re-evaluate the psychometric properties and clinical utility of 

the original CAHAI using item response theory and Rasch measurement theory.  

Thesis Structure and Overall Context  

Objective 1. The Singapore version of the CAHAI was developed through a 

research project conducted between September 2016 and June 2017. Data were collected 

prospectively at a tertiary hospital in Singapore for the validation of the measure. Two 

original research articles were published in peer-reviewed journals and are presented in 

Chapters 2 and 3 of this thesis.  

Objective 2. The re-evaluation of the CAHAI was completed using data from a 

previous validation study of the CAHAI (Barreca, Stratford, Masters, Lambert, & 

Griffiths, 2006). The study compared the longitudinal validity of the full 13-item and 

short 9-item versions of the CAHAI (CAHAI-13 and CAHAI-9 respectively) against the 

Action Research Arm Test. It also compared the cross-sectional and longitudinal validity 

of the CAHAI-13 with the CAHAI-9. A total of 105 participants with post-stroke UE 

impairments were recruited and assessed on the CAHAI and the Action Research Arm 



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

23 

 

Test at two time points (baseline and discharge/completion of rehabilitation program). 

Data from the study, which was provided as a de-identified computer file, was used for 

analysis in this thesis. Results of all analyses conducted using this dataset are presented in 

Chapters 4 and 5 of this thesis. These two chapters are prepared for submission to peer-

reviewed journals.    

Beyond Borders: Translation and Cross-cultural Adaptation of the CAHAI 

The first thesis objective was to develop a Singapore version of the CAHAI. This 

was achieved through the translation and cross-adaptation of the original CAHAI. Cross-

cultural adaptation of an outcome measure is a process that examines both language 

(translation) and cultural relevance of an outcome measure in a target setting (Beaton, 

Bombardier, Guillemin, & Ferraz, 2000). This process is required when the target setting 

differs considerably from the original population in terms of culture, language, and 

country (Geisinger, 1994). There are two key advantages to cross-culturally adapt an 

existing outcome measure instead of developing a new measure. Cross-cultural 

adaptation of an outcome measure requires relatively lesser cost and shorter time 

compared to developing and validating a new measure (Hambleton & Patsula, 1998). It 

also facilitates the use of the same outcome measure across different cultures and 

countries. Using the same outcome measure enables nation-wide and international 

research studies (Guillemin, 1995) to compare the effectiveness of stroke interventions 

across regions and countries.  

 The process of translation and cross-cultural adaptation of an outcome measure 

involves three stages: translation, adaptation, and validation (Epstein, Santo, & 
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Guillemin, 2015). There are several published guidelines detailing the necessary steps 

and processes required to translate and adapt outcome measures (e.g. Beaton et al., 2000; 

Guillemin, 1995; Hambleton & Patsula, 1998; Schuster, Hahn, & Ettlin, 2010; Wild et 

al., 2005). Using such guidelines better ensures equivalence between the original and 

adapted measure (Guillemin, 1995). For example, conceptual equivalence is achieved 

when the adapted tool measures the same theoretical constructs as the original tool 

(Flaherty et al., 1988; A. L. Stewart & Nápoles-Springer, 2000). Measurement 

equivalence is also essential, where the adapted tool has similar psychometric properties 

as the original tool (Herdman, Fox-Rushby, & Badia, 1998; A. L. Stewart & Nápoles-

Springer, 2000).  

The process for translation and adaption of the CAHAI for the stroke population 

in Singapore would be best conducted if based on processes specifically designed for 

performance-based measures. When translating and adapting self-report and 

performance-based measures, test items must be relevant to the target clinical population. 

However, for performance-based measures, there is an additional need to ensure those 

using the outcome measure understand its requirements (instructions, administration, 

scoring, and interpretation of results) (Schuster et al., 2010). There is only one guideline 

available for the translation and cross-cultural adaptation of performance-based outcome 

measures; it is the Translation and Cross-Cultural Adaptation of Objectively-Assessed 

Outcome measures (TCCA-OAO) procedure (Schuster et al., 2010). This procedure was 

used to guide the systematic translation and adaptation of the CAHAI for the stroke 
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population in Singapore. The TCCA-OAO procedure is comprised of eight steps, as 

follows (Schuster et al., 2010): 

1. Forward translation and region-specific adaptations by two reviewers  

2. Merging of forward translation and region-specific adaptations  

3. Preparation of translated and adapted outcome measure  

4. Backward translation  

5. Review of the translated and culturally-adapted outcome measure  

6. Further adaptation and proof-reading  

7. Pre-testing of the outcome measure  

8. Psychometric evaluation of the adapted measure  

The TCCA-OAO procedure was developed based on the guidelines for the 

translation and cross-cultural adaptation of self-report measures by Beaton et al. (2000). 

This guideline recommends six steps to translate and adapt self-report measures: (1) 

translation, (2) synthesis, (3) back translation, (4) expert committee review, (5) pre-

testing, and (6) submitting and appraising all written reports by the original developers of 

the measure  (Beaton et al., 2000). Thus, the steps in the TCCA-OAO procedure are 

similar to the guidelines for the translation and adaptation of self-report measures with 

one key difference. The TCCA-OAO procedure does not include a review by an expert 

committee as reviewers in Step 1 of the procedure are health care professionals (i.e., 

informed users) (Schuster et al., 2010). In contrast, naïve reviewers who unaware of the 

concepts evaluated in the measure and have no medical or clinical background are 
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recommended in the translation and adaptation of self-report measures, and thus, a review 

by an expert committee is required to assess for equivalence (Beaton et al., 2000).  

After an outcome measure is translated and culturally adapted, the psychometric 

properties need to be evaluated (Beaton et al., 2000). This is to provide evidence of 

psychometric properties of the adapted measure and to also evaluate the extent to which 

measurement equivalence with the original measure was achieved (Beaton et al., 2000; 

Herdman et al., 1998). The design of measurement studies to evaluate the psychometric 

properties of an adapted measure can be a challenge. Unlike intervention studies where 

randomized controlled trials are recognized as the ‘gold standard’ study design to 

evaluate effectiveness, there is no recognized ‘gold standard’ study design for 

measurement studies. Therefore, quality assessment tools (e.g., the COSMIN Risk of 

Bias Checklist (Mokkink et al., 2018)) can be used to guide the design of measurement 

studies as these tools describe the required standards for high-quality studies. By using a 

more rigorous study design, we can ensure better quality evidence of the adapted 

measure’s psychometric properties. 

Summary of the Relevant Manuscripts  

Chapter 2: Cross-cultural adaptation and psychometric evaluation of the 

Singapore version of the Chedoke Arm and Hand Activity. The CAHAI was 

developed for evaluation of post-stroke UE function, with all psychometric testing 

completed on a Canadian stroke population. The cultural differences between Canada and 

Singapore raise questions about the validity of the measure if used with the stroke 

population in Singapore. For example, one item in the CAHAI is to dial 911; however, in 
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Singapore, the emergency number for the police is 999 and 995 for fire and ambulance 

services. Thus, a Singapore version of the CAHAI is necessary. This manuscript 

describes the cross-cultural adaptation of the CAHAI for individuals with stroke in 

Singapore and reports the validation results of the full 13-item Singapore version in an 

acute and subacute stroke sample. This manuscript was published in Disability and 

Rehabilitation in 2018. 

Chapter 3: Reliability and validity of the shortened Singapore versions of the 

Chedoke Arm and Hand Activity Inventory.  

The second manuscript describes the validation of three shortened Singapore 

versions of the CAHAI with seven, eight, and nine items respectively. Items in the 

shortened Singapore versions corresponded to the items included in the original shortened 

versions of the CAHAI. Inter-rater reliability and construct validity of all three shortened 

Singapore versions were estimated by conducting further analyses of the data collected in 

the validation of the full 13-item version (Chapter 2).  Thus, there are overlaps in the 

method sections between the Chapters 2 and 3 of this thesis. This manuscript was 

published in the International Journal of Rehabilitation Research in December 2018.    

Beyond Singularity: Using Item Response Theory and Rasch Measurement Theory 

to Evaluate the CAHAI 

 The second thesis objective was to re-evaluate the psychometric properties of the 

CAHAI using different measurement theories than the one initially employed in its initial 

development and validation. Measurement theories serve as a framework for the 
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development, validation, and refinement of outcome measures (Hambleton & Jones, 

1993). Each theory describes the mathematical model(s) and assumptions about factors 

that influence the observed scores on a rating scale of an outcome measure (Hobart & 

Cano, 2009). A measurement theory is selected to guide the development and validation 

of outcome measures. In rehabilitation, classical test theory (CTT) is the prevalent 

measurement theory used (Hobart & Cano, 2009). CTT assumes that an observed score 

comprises of a true score and an error component related to the observed score (Lord & 

Novick, 1968). Though CTT is commonly used in rehabilitation, this theory has several 

weaknesses. The following section describes a major weakness of CTT.   

“Observations are Always Ordinal; Measurements, However, Must be Interval1” 

 All measurement scales can be classified into four levels (types): nominal, 

ordinal, interval, and ratio (Figure 2) (Stevens, 1946).  For each type of scale, there are 

specific rules to assign numbers to observations (Stevens, 1946). For example, numbers 

are used only as labels in nominal scales (Stevens, 1946), such as assigning the left UE as 

‘1’ and the right UE as ‘2’. In contrast, numbers are assigned according to a ranked order 

in ordinal scales  (Stevens, 1946), such as the CAHAI’s 7-category scoring scale. The 

numbers 1 to 7 were consecutively assigned to an ordered level of function in the affected 

UE (from total assistance to independence) (Chedoke Arm and Hand Activity Inventory, 

n.d.). For most outcome measures, including the CAHAI, it is common practice to sum 

scores on individual items to obtain a total score. However, item scores are discrete 

                                                 
1 Title of article by Wright, B. D., & Linacre, J. M, 1989, Archives of Physical Medicine and 

Rehabilitation, 70(12), 857–860. 



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

29 

 

(ordinal) in nature, whereas total scores are assumed to be continuous (interval) data 

(Rusch, Lowry, Mair, & Treiblmaier, 2017). CTT does not evaluate the interval scaling 

of the outcome measure (Streiner, 2010), and this means that it is undetermined whether 

the distances (intervals) between the categories in the 7-category scoring scale of the 

CAHAI are consistent (Wright & Linacre, 1989). Consequently, arithmetic calculations 

of the CAHAI scores, such as summing up item scores or subtraction of total scores, are 

questionable (Wright & Linacre, 1989).  

Using Modern Test Theories to Re-Evaluate the CAHAI  

Each measurement theory has strengths and weaknesses; outcome measures 

naturally inherit strengths and weaknesses associated with the theory employed during its 

initial development and validation. The methods used to develop and evaluate the 

psychometric properties of the CAHAI were consistent with CTT (Barreca et al., 2004; 

Barreca, Stratford, Masters, Lambert, Griffiths, et al., 2006; Barreca et al., 2005; Barreca, 

Stratford, Masters, Lambert, & Griffiths, 2006), and therefore, the CAHAI has several 

inherent weaknesses due to the limitations of CTT. The main limitations of CTT include 

sample dependency, equal standard error of measure assumption, and inability to evaluate 

the interval scaling of a measure (Streiner, 2010; Streiner et al., 2015; Weiss & Davison, 

1981). These limitations are described in further detail in Chapter 4 of this thesis.  

Item response theory and Rasch measurement theory (referred to as modern test 

theories in this thesis) were developed to address the limitations of CTT. These theories 

describe a system of mathematical models about the relationships between the latent trait 

of interest and the properties of the test items (Allen & Yen, 1979; de Ayala, 2009). 
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Advantages of modern test theories include the ability to determine the interval scaling of 

a measure, precise estimation of the standard error of measurement, and sample 

independence (de Ayala, 2009). Thus, by using modern test theories to re-evaluate the 

CAHAI, its inherent weaknesses can be addressed. This re-evaluation, using different 

measurement theories, provides additional evidence about its psychometric properties, 

and refinements to the CAHAI can be made accordingly to improve its accuracy, 

precision, and clinical utility. With any refinements to improve the CAHAI, the 

psychometric properties of the revised version(s) need to be evaluated. 

Summary of the Relevant Manuscripts  

Chapter 4: Measurement theories in health care: Introduction to item 

response theory and Rasch measurement theory. Although modern test theories 

provide numerous advantages over CTT, these theories are not as widely used in 

rehabilitation compared to CTT because they are complex and the available information 

on the theories is not accessible to health care professionals. The nature of modern test 

theories demand advanced levels of understanding of mathematical concepts and are 

therefore less accessible to individuals from a clinical background (Hobart & Cano, 

2009). Modern test theories were also developed and predominantly used in measurement 

in education and psychology fields, and therefore, information on these theories are often 

not presented in a manner intended for health care professionals (Hobart & Cano, 2009).  

My knowledge of item response theory and Rasch measurement theory was 

acquired through self-directed learning under the guidance of my committee member, 

Professor Stratford, and faculty member, Dr. Kuspinar respectively. It was an arduous, 
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and at times, exasperating learning journey as the available materials on these theories 

were not easy to understand from a clinical background without advanced mathematical 

knowledge. Materials were mostly written in a technical manner and often contain a lot of 

jargon, and the clinical implications of the results were not always explicitly explained. 

Thus, this manuscript reports the psychometric re-evaluation of the CAHAI using modern 

test theories in a manner that can be easily understood by health care professionals. It first 

provides an overview of these two theories in a non-technical style. The CAHAI is then 

used as an example instrument to demonstrate the step-by-step application of the theories. 

Lastly, the clinical implications of the results and the challenges of using modern test 

theories in health care are discussed in details.   

  Chapter 5: Revising the Chedoke Arm and Hand Activity Inventory using 

modern test theories. The evaluation of the original versions of the CAHAI using 

modern test theories (Chapter 4) identified several limitations to the measures. This 

manuscript describes the revisions to the CAHAI, using modern test theories, to address 

these limitations. Rasch measurement theory was first applied to evaluate the 

psychometric properties of an 11-item version of the CAHAI and to revise its 7-category 

scoring scale. Item response theory was then applied to the new 11-item CAHAI version 

with a 4-category scoring scale to develop a new shortened version. Finally, classical test 

theory was used to estimate the reliability and validity of the new shortened versions and 

compared to the CAHAI-7 advocated previously by (Barreca, Stratford, Masters, 

Lambert, Griffiths, et al., 2006).  
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Chapters 4 and 5 of this thesis are highly technical due to the nature of item 

response theory and Rasch measurement theory. However, the technique of the methods 

used to derive the results is not described in detail in both manuscripts. Instead, the 

findings are reported as they apply to clinical practice to ensure the information is 

accessible to clinicians at a conceptual level.  

Conclusion 

 The overall theme of this thesis is the continued evaluation of an outcome 

measure beyond its initial phase of development and validation, first to adapt the use for 

the Singapore stroke population and then to use newer measurement theories to better 

refine the measure. The detailed examination of the CAHAI will increase what is known 

about this measure and improve the accuracy, precision, and credibility of the 

measurements of UE function after a stroke. Ultimately, we must improve our ability to 

facilitate individuals with stroke to regain the functional abilities of their affected UE; 

improving the CAHAI is an important first step towards that goal.  
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Tables 

Table 1. COSMIN definition of measurement properties (Mokkink et al., 2010) 

Term  

Domain Measurement 

property 

Aspect of a 

measurement 

property  

Definition 

Reliability    The degree to which the 

measurement is free from 

measurement error 

Reliability 

(extended 

definition)  

  The extent to which scores for 

patients who have not changed are 

the same for repeated measurement 

under several conditions: e.g. using 

different sets of items from the same 

HR-PROs (internal consistency); 

over time (test‐retest); by different 

persons on the same occasion 

(interrater); or by the same persons 

(i.e. raters or responders) on 

different occasions (intra‐rater) 

 Internal 

consistency  

 The degree of the interrelatedness 

among the items 

 Reliability   The proportion of the total variance 

in the measurements which is due to 

‘true’ differences between patients 

 Measurement 

error  

 The systematic and random error 

of a patient’s score that is not 

attributed to true changes in the 

construct to be measured 

Validity    The degree to which a HR-PRO 

measures the construct(s) it purports 

to measure 

 Content 

validity  

 The degree to which the content of 

an HR-PRO instrument is an 

adequate reflection of the construct 

to be measured 
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Table 1 (continued).  

Term  

Domain Measurement 

property 

Aspect of a 

measurement 

property  

Definition 

Validity 

(continued) 

Content 

validity 

(continued) 

Face validity  The degree to which (the items of) 

an HR-PRO instrument indeed 

looks as though they are an adequate 

reflection of the construct to be 

measured 

 Construct 

validity 

 The degree to which the scores of an 

HR-PRO instrument are consistent 

with hypotheses (for instance with 

regard to internal relationships, 

relationships to scores of other 

instruments, or differences between 

relevant groups) based on the 

assumption that the HR-PRO 

instrument validly measures the 

construct to be measured 

   Structural 

validity  

The degree to which the scores of an 

HR-PRO instrument are an adequate 

reflection of the dimensionality of 

the construct to be measured 

  Hypotheses 

testing  

Idem construct validity 

  Cross-

cultural 

validity  

The degree to which the 

performance of the items on a 

translated or culturally adapted HR-

PRO instrument are an adequate 

reflection of the performance of the 

items of the original version of the 

HR-PRO instrument 
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Table 1 (continued).  

Term  

Domain Measurement 

property 

Aspect of a 

measurement 

property  

Definition 

Validity 

(continued) 

 Criterion 

validity  

The degree to which the scores of an 

HR-PRO instrument are an adequate 

reflection of a ‘‘gold standard’’  

Responsiveness   The ability of an HR-PRO 

instrument to detect change over 

time in the construct to be 

measured 

 Responsiveness  Idem responsiveness 

Interpretability   The degree to which one can assign 

qualitative meaning – that is, 

clinical or commonly understood 

connotations – to an instrument’s 

quantitative scores or change in 

scores. 

HR-PRO: Health-related patient-reported outcomes  
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Table 2. Summary of psychometric properties of all versions of the CAHAI   

 CAHAI-13 CAHAI-9 CAHAI-8 CAHAI-7 

Reliability      

Test-retest, ICC 0.98 

(0.96 – 

0.99)a 

0.97 (0.94)b  0.97 (0.95)b 0.96 (0.92)b 

Inter-rater, ICC 0.98 0.98 0.98 0.98 

Internal consistency, α 0.98 0.98 0.98 0.97 

Validity  
    

Cross-sectional*      

Convergent     

CMSA  

(Arm and hand)  

0.81  

(0.66 – 

0.90)a 

0.84 (0.73)b 0.84 (0.73)b 0.85 (0.75)b 

ARAT  0.93  

(0.87 – 

0.96)a 

0.94 (0.90)b 0.95 (0.91)b 0.95 (0.91)b 

Discriminant*     

CMSA (Pain) 0.47  

(0.18 – 

0.68)a  

   

Longitudinal,  

area under ROC curve 

0.95 (0.89)b 0.94 (0.87)b 0.93 (0.86)b 0.97 (0.94)b 

a 95% confidence interval; b lower one-sided 95% confidence limit  

* Correlation with comparative measure at baseline assessment   

CAHAI: Chedoke Arm and Hand Activity Inventory; ICC, intra-class correlation coefficient; CMSA, 

Chedoke-McMaster Stroke Assessment; ARAT, Action Research Arm Test; ROC, receiver operating 

characteristics  

Note: Psychometric properties were summarized from three studies (Barreca et al., 2004, 2005, 2006) 
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Figures 

 

Figure 1. The instrument evaluation framework for selecting outcome measures of hand 

function (Adapted from Rudman & Hannah, 1998) 
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Figure 2. Levels of measurement conceptualized as a ladder (Adapted from Weisburd & 

Britt, 2014).  
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Chapter Two: 

Cross-cultural adaptation and psychometric evaluation of the Singapore version of 

the Chedoke Arm and Hand Activity
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Preface 

 In this chapter, the translation and cross-cultural adaptation of the Chedoke Arm 

and Hand Activity Inventory for the stroke population in Singapore is described. It also 

details the evaluation of the psychometric properties of the full 13-item Singapore version 

of the measure. The psychometric evaluation was conducted at a tertiary hospital in 

Singapore between December 2016 and May 2017. This is the first study to undertake the 

translation and cross-cultural adaptation of the Chedoke Arm and Hand Activity 

Inventory for an Asian stroke population. The Singapore version of the measure is also 

the first post-stroke upper extremity outcome measure that is cross-culturally adapted and 

validated for the stroke population in Singapore.  

 This manuscript was published in Disability and Rehabilitation and the complete 

citation is as follows:  

Choo, S. X., Bosch, J., Richardson, J., Stratford, P., & Harris, J. E. (2018). Cross-

cultural adaptation and psychometric evaluation of the Singapore version of the 

Chedoke Arm and Hand Activity. Disability and Rehabilitation, 1–8. 

https://doi.org/10.1080/09638288.2018.1472817 

The copyright holder of this published scholarly work is Taylor & Francis. The electronic 

version of the published work (Accepted Manuscript) is presented in this thesis chapter 

with the following acknowledgement: This is the authors accepted manuscript of an 

article published as the version of record in Disability and Rehabilitation © Taylor & 

Francis https://doi.org/10.1080/09638288.2018.1472817  
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Cross-cultural adaptation and psychometric evaluation of the Singapore version of 

the Chedoke Arm and Hand Activity 

 

Abstract  

Purpose: To develop a Singapore version of the Chedoke Arm and Hand 

Activity Inventory (CAHAI) and to estimate the construct validity and inter-

rater reliability.  

Materials and methods: The Translation and Cross-Cultural Adaptation of 

Objectively-Assessed Outcome measure procedure was used to 

systematically adapt the Chedoke Arm and Hand Activity Inventory. We 

recruited 56 adults admitted to an inpatient stroke facility to evaluate the 

psychometric properties of the Singapore version of the CAHAI. The 

Singapore version of the CAHAI, Fugl-Meyer Assessment of Upper 

Extremity (FMA-UE), and the Action Research Arm Test (ARAT) were 

administered to all participants. We used Spearman’s rank correlation 

coefficients to estimate convergent and discriminative validity, and 

reliability was estimated using the intra-class correlation coefficient and 

standard error of measurement.  

Results: Implementation of the Translation and Cross-Cultural Adaptation 

of Objectively-Assessed Outcome measure procedure resulted in the 

modification to two test items. The Singapore version of the CAHAI 

demonstrated convergent validity with the FMA-UE (rs = 0.87; 95% CI: 

0.76, 0.92) and ARAT (rs = 0.80; 95% CI: 0.63, 0.9). Discriminative 

validity between the Singapore version of the CAHAI and FMA-UE pain 

subscale was rs= 0.42 (95% CI: 0.22, 0.59). Reliability of the Singapore 

version of the CAHAI was 0.97 (95% CI: 0.94, 0.99) and standard error of 

measurement of 4.80 points (95% CI: 4.23, 5.55).  
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Conclusion: The Singapore version of the CAHAI demonstrated good 

validity and reliability, similar to the properties of the original CAHAI. 

Keywords: cross-cultural adaptation; upper limb; outcome measure; 

measurement; stroke; psychometric evaluation  
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Introduction 

Stroke is a major health concern worldwide and is a leading cause of disability in 

Singapore [1,2]. Upper extremity (UE) impairment is one of the most common deficits 

after a stroke; hemiparesis is present in more than 80% of individuals with stroke [3], 

with limited recovery where only 5% achieve full UE function [3–5]. Regaining UE 

function is an important rehabilitation goal for individuals with stroke [6] and an 

important first step in the rehabilitation process is the use of outcome measures. Outcome 

measures provide information on the extent of UE impairments and activity limitations 

[7] and enable therapists to evaluate change.  This information facilitates clinical 

decisions to select appropriate interventions according to the severity of UE deficits [6].  

There are several outcome measures available to assess post-stroke UE function 

[6,8]. A review of the literature evaluating psychometric properties and clinical utility of 

UE outcome measures identified a total of six outcome measures that demonstrated high 

levels of measurement quality and clinical utility [8]: one patient-reported measure 

(ABILHAND) and five performance-based measures (Fugl-Meyer Assessment of Upper 

Extremity, Action Research Arm Test, Box and Block Test, Chedoke Arm and Hand 

Activity Inventory, and Wolf Motor Function Test). The Fugl-Meyer Assessment of 

Upper Extremity and the Action Research Arm Test are also recommended outcome 

measures for intervention trials targeted at sensorimotor recovery after stroke [9].   

Among all the recommended UE outcome measures, the Chedoke Arm and Hand 

Activity Inventory (CAHAI), which uses 13 real-life daily tasks to evaluate the function 

of the affected UE after a stroke [10], is the only measure that uses daily activities in all 
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test items. Using daily tasks and objects to evaluate the UE ensures a more accurate 

evaluation as UE movements are influenced by the meaning of objects and tasks to the 

individual [11,12]. Persons with stroke have more efficient, faster, and smoother UE 

movements when performing meaningful tasks with real-life objects (e.g. picking up a 

telephone receiver and dialing a number) compared to performing similar tasks in a 

simulated condition (e.g. picking up a stick of the same size, weight, and color as the 

telephone receiver) [11,12]. 

With regards to psychometric properties, the CAHAI also demonstrated greater 

sensitivity to change than the ARAT [13], which was a recommended outcome measure 

[9]. The CAHAI has strong psychometric properties when used with adults with sub-

acute and chronic stroke: inter-rater reliability, intra-class correlation (ICC) = 0.98 [14]; 

test-retest reliability, ICC = 0.98 [14]; convergent cross-sectional validity, correlation 

with the Chedoke-McMaster Stroke Assessment (CMSA) arm and hand components and 

the ARAT of 0.81 and 0.93 respectively [14]; and discriminant cross-sectional validity, 

correlation with the CMSA pain scale of 0.47 [14]. In the same clinical population, the 

CAHAI has a longitudinal validity of an area under the receiver operating characteristics 

curve = 0.95, where the analysis was conducted to examine the CAHAI’s ability to 

distinguish different amounts of change between groups of participants with acute and 

chronic stroke [14]. The CAHAI also has a high internal consistency of coefficient alpha 

= 0.98 [10].   

Three shortened versions of the CAHAI containing seven, eight and nine items 

(CAHAI-7, CAHAI-8, CAHAI-9 respectively) were later developed and have 
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comparable psychometric properties to the original 13-item version [15]. The CAHAI has 

also been translated into five different languages (French, German, Hebrew, Italian and 

Portuguese) and is used clinically in Canada, Germany and Australia [16–18] but has not 

been validated in Asian stroke populations. The validity of the CAHAI in countries such 

as Singapore may be jeopardized due to cultural differences between Singapore and 

Canada (where the CAHAI was developed). The three major ethnic groups in Singapore 

are Chinese (74.3%), Malays (13.4%), and Indians (9.1%) [19], which differs from 

Canada. Hence, the daily tasks used in the CAHAI may not be culturally relevant to 

Singaporeans. For example, one item assesses the ability of the individual to use a knife 

or fork with their affected UE; in Singapore, a spoon and fork, chopsticks or bare hand 

are also used. Also, the CAHAI was developed in English; although English is an official 

language and the main language used in Singapore, approximately 17% of Singapore’s 

population is illiterate in English [20] and English is also not frequently used by older 

adults [21]. There are also three other official languages in Singapore: Mandarin, Malay, 

and Tamil. Thus, cross-cultural adaptation of the CAHAI, a process that examines both 

language (translation) and cultural adaptation (cultural relevance) of the measure for the 

new population [22], is necessary to support the use of the measure in Singapore. The use 

of a systematic and validated approach in the cross-cultural adaptation process is 

recommended to ensure equivalence between the original and adapted version of the 

CAHAI [22].  

The aim of our study was to develop a Singapore version of the CAHAI. The 

objectives were: (1) to cross-culturally adapt the CAHAI for the acute and subacute 
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stroke population in Singapore; and (2) to estimate the construct validity and inter-rater 

reliability of the Singapore version of the CAHAI.  

Materials and methods  

Our study followed the Translation and Cross-Cultural Adaption of Objectively-Assessed 

Outcome measures procedure [18]. This procedure consists of eight steps that 

systematically guide the translation and cultural adaptation process of an outcome 

measure (table 1). Ethics approval was obtained from the Singhealth Centralized 

Institutional Review Board (CIRB 2015/2915) and the Hamilton Integrated Research 

Ethics Board (HiREB 0758). The study protocol, participant information sheets, and all 

consent forms used in this study were approved by both ethics review boards.  

Measure  

The CAHAI consists of 13 items using real-life tasks to evaluate the functional ability of 

the affected UE post-stroke [10]. For each test item, standardized instructions (e.g. “Call 

911 using both of your hands”) are provided to patients and the assessor also 

demonstrates each task at least once (twice if needed). The patient then performs each 

task and the assessor evaluates the performance of the affected UE on a 7-point scale, 

from total assistance (score = 1) to independence (score = 7). Scoring is based on the 

extent the affected UE demonstrates stabilization and manipulation abilities. Scores on 

each task are summed to obtain a total score that can range from 13 to 91, with higher 

scores indicating better UE function. The CAHAI is available without charge at: 

www.cahai.ca.    
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Translation and cross-cultural adaptation  

The translation and cross-cultural adaptation of the CAHAI for the stroke population in 

Singapore followed Step 1 to Step 7 outlined below of the Translation and Cross-Cultural 

Adaption of Objectively-Assessed Outcome measures procedure [18].   

Step 1: Forward translation and region-specific adaptations  

The CAHAI administration manual (version 2) [23] was reviewed by two registered 

occupational therapists (OTs) from Singapore who were familiar with the CAHAI. Both 

reviewers are experienced in working with individuals with stroke (8 years and 10 years 

of clinical experience respectively) and also teach at the local occupational therapy 

education program. Each reviewer independently reviewed the manual and evaluated the 

cultural relevance of the tasks, equipment, material descriptions and scoring instructions 

to the local population and provided recommendations for necessary adaptations. 

Forward translation of the standard instructions (provided to patients) to Mandarin and 

Malay was completed by the reviewers.  

Step 2: Merging the forward translations and region-specific adaptations  

Recommendations from the first (R1) and second reviewer (R2) were synthesized to 

produce one common set of recommendations (R-12). This synthesis was achieved 

through group discussions between the two reviewers and the author of this paper [SC]. 

The synthesis process was documented by the author [SC], detailing how the consensus 

of recommendations was reached, issues addressed and how they were resolved. 
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Step 3: Preparation of the translated and adapted outcome measure 

The set of recommendations from Step 2 (R-12) formed the basis of the initial draft of the 

Singapore version of the CAHAI (CAHAI-SG). The CAHAI-SG administration manual 

was prepared by integrating the recommendations, and photographs in the original 

manual were also changed from a Caucasian male to an Asian male to enhance the 

cultural relevance of the manual.   

Step 4: Backward translation   

The standard instructions for patients in Mandarin and Malay were back-translated to 

English. Back-translation was completed independently by two local OTs who had no 

previous experience with the original CAHAI administration manual. The OTs had nine 

and seven years of clinical experience respectively.   

Step 5: Review of the translated and culturally-adapted outcome measure   

The initial draft of the CAHAI-SG administration manual and photographs of all 

equipment were sent to the original authors of the CAHAI for review. Documents from 

the synthesis process in Step 2 were also made available to the original authors to provide 

information on the rationale for each adaptation to the CAHAI.   

Step 6: Further adaptation and proof-reading  

One of the original authors of the CAHAI reviewed the initial draft of the CAHAI-SG 

and determined that no further modifications were required. A final review of the 

CAHAI-SG administration manual was conducted by one of the reviewers from Step 1 

(quality control step).  
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Step 7: Pre-testing of the outcome measure   

The CAHAI-SG was pre-tested by two registered OTs on four patients with unilateral UE 

deficits due to stroke at a tertiary hospital in Singapore. Participant eligibility criteria and 

clinical setting were identical to those in Step 8 (described below). This pre-testing was 

intended to identify any emerging discrepancies regarding scoring and interpretation of 

instructions from the administration manual.  

Psychometric evaluation of the CAHAI-SG (Step 8) 

The final step (Step 8) of the Translation and Cross-Cultural Adaption of Objectively-

Assessed Outcome measures procedure is the evaluation of the psychometric properties 

of the adapted measure on the intended population [18].  

Study design and participants  

We employed a cross-sectional study design. Study participants were recruited from the 

largest tertiary hospital in Singapore, where one of the two campuses of the National 

Neuroscience Institute is located. All consecutive patients admitted to the inpatient 

neurology and rehabilitation wards and referred to the Department of Occupational 

Therapy were screened for study eligibility. The inclusion criteria were: (1) > 21 years, 

(2) diagnosis of unilateral hemispheric stroke, (3) acute or sub-acute phase of stroke (< 

12 months), (4) ability to tolerate upright sitting in a chair for at least 30 minutes, and (5) 

able to follow simple two-step instructions. Patients with unstable medical conditions, 

pre-existing upper extremity impairments (prior to the stroke), or severe visual 

impairments (based on medical records) were excluded. Informed consent was obtained 
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for all participants.   

Measures  

Singapore version of the CAHAI (CAHAI-SG). The administration and scoring procedures 

of the CAHAI-SG follow the same procedures as the original CAHAI [23].  

Fugl-Meyer Assessment of Upper Extremity (FMA-UE). The FMA-UE consists of four 

subscales (motor function, sensation, passive range of motion and joint pain) that 

evaluate post-stroke UE impairments [24].  Items are scored on a 3-point scale and the 

maximum total score for FMA-UE is 126, where a higher score indicates lesser 

impairments. The maximum sub-total scores for the motor function, sensation, passive 

range of motion, and joint pain subscales are 66, 12, 24, and 24 respectively. The inter-

rater reliability of the FMA-UE ranged from ICC = 0.61 to 0.99 in acute and subacute 

stroke samples [25–27].  

Action Research Arm Test (ARAT). The ARAT is a 19-item test that measures the 

impairment and activity level (e.g. pinch, grasp, and reach) of the affected UE post-stroke 

[28]. Each item is scored on a 4-point scale and the range of score on the ARAT is 0 to 

57, with higher scores indicating better UE function. The inter-rater reliability of the 

ARAT in acute and subacute stroke sample was reported in two studies, with ICC = 0.92 

and 0.99 respectively [29,30].  

  



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

71 

 

Raters  

A total of eight registered OTs participated as raters in the evaluation of construct validity 

and inter-rater reliability of the CAHAI-SG. The mean years of clinical experience of the 

raters was 3.47 (standard deviation = 1.53). There were six female and two male raters. 

Most raters had minimal (administered < 5 assessments) or no prior experience 

administering the CAHAI (n = 4 and n = 3 respectively). Only one rater had experience 

(10-15 assessments) in administering the original CAHAI.  

All raters were trained to administer and score the CAHAI-SG, FMA-UE, and 

ARAT through two training workshops, which comprised of lectures and demonstrations. 

To further ensure standardization of data collection, administration and scoring 

procedures of the FMA-UE and the ARAT described by Sullivan et al. [26] and 

Yozbatiran et al. [31] respectively were used.   

Sample size calculations  

Construct validity. Sample size was calculated based on an expected correlation of > 0.8 

between the total scores of the CAHAI-SG and the total scores of the FMA-UE and 

ARAT, and a lower one-sided 95% confidence interval width of 0.10 [32]. The estimated 

sample size was 54; however, as there were eight raters, the target sample size for 

construct validity was 56 (rounded to the nearest multiple of eight).   

Inter-rater reliability. The number of participants required was calculated using an 

expected inter-rater reliability ICC of 0.90 with a lower one-sided 95% confidence 

interval width of 0.1. According to parameter estimation sample size calculation [33], 11 
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participants were required. However, as there were eight raters, the target sample size 

was 16 (rounded to the nearest multiple of eight). 

Procedures  

For each participant, a single rater administered the UE measures in a single session. The 

assessment session was conducted within two days after study recruitment, and the 

measures were administered in the following sequence: (1) FMA-UE, (2) CAHAI-SG, 

and (3) ARAT. A balanced incomplete block design was used to assign raters to 

participants [34]. There was a total of seven blocks, with eight participants in each block. 

Within each block, each rater conducted one assessment session and the order of the rater 

was based on convenience.  

CAHAI-SG administration was video recorded for all participants. Sixteen video 

recordings from the 56 assessments completed were randomly selected, using sealed 

envelopes, to estimate inter-rater reliability. Each video was independently scored by all 

eight raters. To avoid an order effect in the scoring of the CAHAI-SG, an 8x8 Latin 

square design was used to determine the sequence of reviewing the 16 videos for each 

rater. 

Statistical analysis  

All statistical analyses were performed using STATA Version 14 [35]. Descriptive 

statistics were used to summarize participant characteristics, the central tendency, range 

and distribution of the scores on each outcome measure. Floor and ceiling effects for each 

measure was examined and were considered present if more than 15% of participants 
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achieved the lowest or highest possible score [36]. 

Construct validity. Construct validation of a measure involves the process of formulating 

theories about the relationships between attributes of interests and testing whether the 

measure provides results consistent with the theories [37]. In our study, it was theorized 

that an outcome measure designed to assess UE function should correlate highly with 

other similar measures of UE function (convergent validity), and correlate less with 

measures of pain (discriminant validity). Thus, we expected the CAHAI-SG total scores 

to correlate more highly with FMA-UE scores (total and motor-subscale) and ARAT total 

scores than with the FMA-UE joint pain subscale scores. Visual inspection and the 

Shapiro-Wilk test were used to assess normality of the data. Spearman’s rank correlation 

coefficients (rs) with 95% confidence intervals (CI) were computed for CAHAI-SG total 

scores with FMA-UE and ARAT total scores, and CAHAI-SG total scores with the 

FMA-UE motor and joint pain subscale scores.  

To determine if the construct validity of the CAHAI-SG was similar to the 

CAHAI, their respective correlation coefficients with the ARAT were compared. Each 

correlation coefficient was converted to a z-score using Fisher’s r to z transformation and 

compared using the following formula [38]:  

𝑧𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 =  
𝑧1  −  𝑧2 

√
1

𝑛1 − 3 +
1

𝑛2 − 3

 

A zobserved score greater than 1.96 (two-tailed test of significance with alpha set at 0.05) 

was considered statistically significant. 
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Inter-rater reliability. A randomized analysis of variance (ANOVA) was computed that 

identified three sources of variances: participants, rater, and error. Using these sources of 

variance, relative reliability was estimated by the Type 2,1 ICC (ICC2, 1) [39]. The 

standard error of measurement (SEM), calculated by taking the square root of the mean-

square error, with the 95% CI was used to estimate the absolute reliability [40,41].  

To determine if the inter-rater reliability of the CAHAI-SG was similar to the 

CAHAI, their respective SEMs were compared using F-test. An F-score greater than 2.18 

(two-tailed test of significance with alpha set at 0.05) was considered statistically 

significant. 

Results  

Translation and cross-cultural adaptation  

Steps 1 – 3: Forward translation, region-specific adaptations, and preparations 

Adaptations to the original CAHAI included modifications to two test items, changes to 

descriptions of equipment, improving the clarity of the manual, and the refinement and 

translation of instructions. The language of the original administration manual was also 

changed from Standard Canadian English to Standard Singapore English. 

Adaptation of items. Two test items (‘open jar of coffee’ and ‘call 911’) were identified 

as not culturally relevant to the local population; the use of instant coffee in the form of 

sachets were more commonly used and the emergency numbers in Singapore are 995 (for 

fire and ambulance) and 999 (for police). These items were adapted to ‘open a jar of 
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peanut butter’ and ‘call 995’ respectively in the CAHAI-SG. The item ‘clean a pair of 

eyeglasses’ was also modified to ‘clean a pair of spectacles’ in the CAHAI-SG as both 

reviewers identified eyeglasses as a term not commonly used in Singapore.  

Changes to descriptions of equipment. The descriptions of seven pieces of equipment in 

the original manual were identified as not culturally relevant and changes to their 

descriptions were recommended. Two brand names described in the CAHAI (Dycem and 

Rubbermaid®) were changed in the CAHAI-SG (non-slip mat and Toyogo® respectively). 

Pitcher, wash cloth and wash basin were changed to more frequently used terms in 

Singapore (jug, face towel, and plastic basin respectively). Paper size dimensions were 

changed from 8.5” x 11” to the international standard A4 paper size [42]. The material of 

the poncho was changed from polar fleece to flannel, which is a material more readily 

available and suitable for the tropical climate in Singapore.  

Improving clarity of the manual. Two footnotes were added to enhance the clarity of the 

CAHAI-SG administration manual. In the general section of the original administration 

manual, there was a sentence ‘When attempting each task, always consider safety, 

especially for Stage 1 upper limb.’ The reviewers reported that it was unclear what ‘Stage 

1’ meant, and thus, a footnote ‘Stage 1 of Brunnstrom stages of motor recovery (flaccid 

paralysis)’ was added in the CAHAI-SG manual to clarify what ‘Stage 1’ referred to. A 

footnote detailing the website link to the instructions on making the poncho and the vest 

was added to the equipment section of the CAHAI-SG manual.  
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Refinement and translation of instructions. The standard instructions (in English) for 

patients of three CAHAI items were refined to enhance its clarity. Table 2 provides the 

detailed description and rationale for these changes. As English is the main language in 

Singapore, translation of the entire administration manual was not required. However, 

both reviewers recommended the standard instructions also be available in Mandarin and 

Malay as these languages are commonly spoken in Singapore [43]. Although Tamil is 

also an official language in Singapore, only 3.26% of the population speaks Tamil on a 

daily basis and 0.35% of Singaporeans are literate in only Tamil [43]. Thus, in 

consideration that the language is not commonly used, the instructions were not translated 

to Tamil. 

The standard instructions for patients in all 13 items in the CAHAI-SG were 

translated into Mandarin and Malay (Bahasa Melayu) languages. For example, in the test 

item ‘Call 995’ of the CAHAI-SG, instructions given to a patient are available in three 

languages as follows:  

 “Call 995 using both of your hands.” (English) 

 “用你的双手拨打 995。” (Mandarin)  

 “Telefon 995 menggunakan kedua-dua tangan anda.” (Malay)  

Step 4: Backward translation  

There were no major differences between the back-translations of the standard 

instructions from Mandarin and Malay and the instructions in English.  
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Steps 5 – 7: Review of the adapted measure, proof-reading, and pre-testing   

No modifications to the initial draft of the CAHAI-SG manual were required after the 

review by one of the original authors of the CAHAI. In the pre-testing, no major 

discrepancies were raised by the two OTs who administered the CAHAI-SG. No further 

changes to the manual were made and the final version of the CAHAI-SG administration 

manual is available at: http://cahai.ca/manual.html. 

Psychometric evaluation of the CAHAI-SG (Step 8)  

A total of 56 participants completed the assessment session and data analysis was 

conducted on 55 participants. One participant with chronic stroke (> 12 months) was 

erroneously recruited and therefore excluded from data analysis. Table 3 describes the 

participant characteristics and table 4 provides a summary of the scores on all three 

outcome measures. Participants’ mean age was 63 years (SD = 13 years) and the ethnicity 

of the sample was reflective of the ethnic composition of Singaporeans [19]. All 

participants had an ischaemic stroke (100%) and the mean days post-stroke was 11 days 

(SD = 14 days). Floor effects were found in three of the five subscales of the ARAT 

(grasp, grip, and pinch). Ceiling effects were present for all three measures, including 

each subscale of the FMA-UE and the ARAT. 

Construct validity 

The CAHAI-SG total scores correlated strongly with the FMA-UE total scores (rs = 0.87, 

95% CI: 0.76, 0.92) and the ARAT total scores (rs = 0.80, 95% CI: 0.63, 0.9). The 

CAHAI-SG total scores also correlated strongly with the FMA-UE motor subscale scores 
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(rs = 0.89, 95% CI: 0.78, 0.94). The correlation between the CAHAI-SG total scores and 

scores on the FMA-UE pain subscale was rs= 0.42 (95% CI: 0.22, 0.59). These results 

support both the convergent and discriminant validity of the CAHAI-SG.   

Comparing the correlation coefficients of the CAHAI-SG and CAHAI (r = 0.93, 

95% CI: 0.87, 0.96) [14] with the ARAT, the CAHAI-SG had a significantly lower 

correlation coefficient than the CAHAI (z = 2.582, p = 0.010).  

Inter-rater reliability  

The SEM was 4.80 points (95% CI: 4.23, 5.55) and the ICC2, 1 of the CAHAI-SG was 

0.97 (95% CI: 0.94, 0.99). Comparing the SEMs of the CAHAI-SG and the CAHAI 

(SEM = 2.8 CAHAI points, 95% CI: 2.3, 3.7) [14], the CAHAI-SG had significantly 

larger SEM than the CAHAI (F(15,38) = 2.938, p = 0.004).  

Discussion  

Cross-cultural adaptation of a measure is required when the use of the measure on the 

intended new population differs considerably from the original population in terms of 

culture, language, and country [44]. Our study followed the Translation and Cross-

Cultural Adaption of Objectively-Assessed Outcome measures procedure to culturally 

adapt the CAHAI and using a validated process ensured equivalence between the original 

and adapted versions of the measure [22]. The modifications in the CAHAI-SG and 

psychometric evaluation of the measure can be considered within four dimensions of 

equivalence: conceptual, semantic, operational, and measurement equivalence [45].   



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

79 

 

Conceptual equivalence focuses on the instrument measuring the same construct 

in each culture and items within the instrument represent the definition of the construct 

[45]. In the CAHAI-SG, the items ‘opening a jar of coffee’ and ‘calling 911’ in the 

CAHAI were modified to ‘opening a jar of peanut butter’ and ‘calling 995’ respectively; 

these modifications addressed the cultural relevance of the tasks to Singaporeans whilst 

maintaining the same functional demands on UE for successful task performance. Thus, 

conceptual equivalence was addressed with all 13 items in the CAHAI-SG evaluating the 

same UE functions as the original measure.  

Semantic equivalence relates to technical features of language (e.g. grammar, 

syntax, and complexity) and the transfer of meaning of each item across languages 

[45,46]. Language modifications in the CAHAI-SG ensured the measure is understood by 

both its users (healthcare professionals) and individuals with stroke in Singapore. The 

CAHAI-SG administration manual uses the Standard Singapore English, which differed 

from the CAHAI manual which was written in Standard Canadian English. This led to 

several modifications to the original manual, such as changes to spelling (e.g. from 

‘stabilize’ to ‘stabilise’) and nouns (e.g. from ‘eyeglasses’ to ‘spectacles’). The standard 

instructions provided to patients in the CAHAI-SG are also available in languages 

commonly spoken in Singapore (English, Mandarin, and Malay). Translation methods of 

the standard instructions for each item of the CAHAI-SG from English to Mandarin and 

Malay languages included forward and backward translation, which ensured consistency 

in the meanings of the instructions.  
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Operational equivalence refers to the method of assessment, where the data 

collection method is acceptable for the target culture and does not affect the results 

differently [45,47]. The CAHAI-SG is a performance-based measure where the method 

of assessment is the task performance of each test item. Each test item in the original 

measure was carefully evaluated during the cross-cultural adaptation process to ensure 

that the test items in the Singapore version reflect common daily tasks familiar to 

Singaporeans. Thus, task performance of all items in the CAHAI-SG is regarded as 

acceptable within the context of Singapore. Furthermore, during the pre-testing and 

psychometric evaluation of the CAHAI-SG, no participant expressed unfamiliarity with 

any test item.  

Measurement equivalence can be defined as the extent to which the adapted 

version of the measure has comparable psychometric properties as the original measure 

[45,46]. Overall, measurement equivalence of the CAHAI-SG was achieved as 

psychometric evaluation demonstrated comparable results to the CAHAI. In terms of 

construct validity, comparing the convergent validity of the measures, the CAHAI-SG 

correlated with FMA-UE total scores at  rs = 0.87 (95% CI: 0.76, 0.92), which was 

comparable to the correlation between the CAHAI and the CMSA arm and hand subscale 

(r = 0.81, 95% CI: 0.66, 0.90) [14]. Although different measures were used to estimate the 

convergent validity of the CAHAI-SG and the CAHAI, the similarities in the theoretical 

foundations of the FMA-UE and the CMSA supports the basis of comparison (both 

measures were developed using Brunnstrom stages of motor recovery [24,48]).  
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When comparing the correlation of the CAHAI and the CAHAI-SG with the 

ARAT, we found a significantly lower correlation on the CAHAI-SG (rs = 0.80, 95% CI: 

0.63, 0.9) compared to the CAHAI (r = 0.93, 95% CI: 0.87, 0.96) [14]. This significant 

lower correlation was unanticipated since all items in the CAHAI-SG maintained the 

same functional demands on the UE as the original measure. We attributed the lower 

correlation to different scoring procedures of the ARAT between studies. In the CAHAI 

study [14], the authors followed the original scoring procedures of the ARAT [49], thus, 

the speed of task completion on the CAHAI and the ARAT were evaluated similarly 

using subjective judgement (i.e. in a timely manner).  In our study, participants were 

scored on the ARAT using the scoring procedures described by Yozbatiran et al. [31], 

where cut-off times were defined on the 4-point scale. While the use of cut-off times 

improved the distinction between the scores on the ARAT, it introduced the objective 

evaluation of speed. Speed was not objectively evaluated in the CAHAI-SG and the 

difference in how speed was evaluated (i.e., subjectively in the CAHAI-SG versus 

objectively in the ARAT) may account for the lower correlation between the CAHAI-SG 

and the ARAT.  

Examining the discriminant validity, the CAHAI-SG correlated with the scores on 

the FMA-UE joint pain subscale at rs = 0.42 (95% CI: 0.22, 0.59), which was similar to 

the correlation between the CAHAI with the CMSA shoulder pain subscale (r = 0.47, 95% 

CI: 0.18, 0.68) [14].  

For reliability, the SEM of the CAHAI-SG was 4.80 points (95% CI: 4.23, 5.55), 

which was significantly higher than the CAHAI (SEM = 2.8 CAHAI points, 95% CI: 2.3, 
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3.7) [14]. The weaker absolute reliability of the CAHAI-SG may be due to differences in 

the training of raters. The raters in the study by Barreca et al. [14] were trained to 85% 

accuracy in the administration and scoring of the CAHAI; in contrast, our raters were not 

trained to a required level of accuracy of the CAHA-SG. This may have resulted in a 

greater error variance, and therefore contribute to the larger absolute reliability observed 

on the CAHAI-SG. However, the relative reliability of the CAHAI-SG was similar to the 

CAHAI, with ICC = 0.97 (95% CI: 0.94, 0.99) and ICC = 0.98 (95% CI: 0.87, 0.96) 

respectively.  

 Limitations 

Outcome measures were consistently administered in the same order for all participants 

which may result in an order effect [50]. Scores on the ARAT (administered last) may be 

lower due to fatigue, which may influence the correlation between the CAHAI-SG and 

ARAT scores. The second limitation is the competency of the raters in our study. 

Although training was provided on the administration and scoring of all measures, there 

was no formal evaluation of the raters’ competency. In contrast, the raters in the CAHAI 

validation study were trained to 85% accuracy in the administration and scoring of all 

measures [14]. However, despite the lack of formal competency evaluation in our study, 

the psychometric properties of the CAHAI-SG was comparable to the CAHAI. Another 

limitation is the use of video analysis to estimate inter-rater reliability. Although video 

recordings allowed the observation of exactly the same performance and was the most 

feasible method of data collection (i.e., minimal burden on participants) due to a large 

group of raters in our study, the observation and scoring of participants using video 
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recordings differs from clinical practice as the ratings by the raters were based on the 

handling procedures of one rater. The fourth limitation is the cross-sectional design of our 

study which restricted the types of validity and reliability evaluated. Future studies using 

a longitudinal design are therefore recommended to evaluate other psychometric 

properties of the CAHAI-SG (e.g. test-retest reliability, longitudinal validity, and 

responsiveness).  

Conclusion  

This is the first study to undertake a cross-cultural adaptation and validation the CAHAI 

for an Asian stroke population. The results of our study address the equivalence of the 

CAHAI-SG to the original version, as well as provide initial evidence in support of the 

measure’s validity and reliability for adults with acute and subacute stroke. Clinicians and 

researchers now have access to a usable and culturally relevant outcome measure to 

evaluate UE function in a multicultural stroke population in Singapore.  
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Implications for rehabilitation  

 The Singapore version of the Chedoke Arm and Hand Activity Inventory 

demonstrates evidence of construct validity and inter-rater reliability.  

 The Singapore version of the Chedoke Arm and Hand Activity Inventory can be 

used by clinicians and researchers to evaluate function in the affected upper 

extremity for persons with stroke in Singapore.  
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Tables 

  

Table 1. Eight-step procedure for Translation and Cross-Cultural Adaptation of 

Objectively-Assessed Outcome measures [18, p. 108]. 

Step Aim Required personnel  

1 To produce two independent forward 

translations and make necessary region-

specific adaptations of the test manual 

including task and material descriptions, 

and scoring instructions into the target 

language. 

The two informed translators are 

native speakers of the target 

language and profession. 

Translators are aware of the 

study objectives. 

2 To merge the two forward translations 

from step 1 to form only one translation. 

To check comprehensiveness by a 

therapist/person of the target profession for 

consistency and adequate vocabulary. 

The synthesis is done by another 

independent and informed 

person of the target profession 

or the project manager. 

3 To review layout, grammar, and 

typography. This can be very time 

consuming but it is important to provide an 

error-free, professional document for all 

following steps. 

This check is done by the project 

manager or another person not 

involved in the translation 

process but with expertise in the 

target profession. 

4 To backward translate the merged version 

by an informed person to assure detection 

of inconsistencies or conceptual errors, and 

discrepancies. 

The back translator should be 

bilingual or a native speaker of 

the source language and should 

have not seen the original 

before. 

5 To review all translations, including all 

photo or video material showing the 

necessary test-specific material (e.g. 

wooden cubes, cups, clothes or zippers). 

The review should verify a consistent 

translation and adaptation process. If the 

translation process fails, a second forward 

and backward translation is recommended. 

This review of all translations 

and created documents should 

be done by the original authors 

including the material that will 

be used. 
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Table 1 (continued).  

Step Aim Required personnel  

6 To adapt and re-check the merged forward 

translation based on the review comments 

and for grammatical, typographical or 

other errors, in particular, for consistency 

in the task and scoring descriptions, and 

client instructions (quality control step). 

The project manager or one of 

the forward translators could do 

this check. 

7 To pre-test the translated version with 2 to 

4 patients including the comprehensiveness 

of the test manual, and the task and scoring 

descriptions. Emerging discrepancies of 

scoring or interpretation of results shall be 

discussed. Based on severity of required 

adaptations go back to steps 5 or 6. 

Two professionals should test 

the pre-final version with 

patients. 

8 To evaluate the quality factors of the trans-

adapted OAO in patient studies. 

Depending on the OAO types of validity, 

reliability and responsiveness have to be 

determined. 

This is the most time and human 

resources consuming part 

involving: patients, health 

professional of different 

disciplines, a project manager, 

assistants, and a statistician. 
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Table 2. Refinement of standard instructions read to patients (in English).  

Item Original CAHAI CAHAI-SG Reason for change 

Do up five 

buttons 

Do up five buttons 

using both of your 

hands, starting at the 

top.  

 

Button up all five 

buttons using both of 

your hands, starting 

at the top.  

‘Do up’ was not a  

commonly used term 

in Singapore 

Dry back with 

towel  

Dry your entire back 

with the towel using 

both of your hands. 

 

Dry your back 

completely with the 

towel using both of 

your hands.  

 

The phrasing of 

sentence not easily 

understood by 

Singaporeans 

Put toothpaste 

on toothbrush 

Put the toothpaste on 

the toothbrush using 

both of your hands. 

 

Put some toothpaste 

on the toothbrush 

using both of your 

hands. 

 

To avoid potential 

misunderstanding of 

placing the entire 

tube of toothpaste on 

the toothbrush  
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Table 3. Participant characteristics (n = 55).  

Variables  Sample (%) 

Total n 55 

Gender  

Male 27 (49.1) 

Female  28 (50.9) 

Age, in years   

Mean (SD) 62.6 (13.2) 

Min, Max  23, 83 

Ethnicity  

Chinese 45 (81.8) 

Malay  6 (10.9) 

Indian 3 (5.5) 

Others  1 (1.8) 

Days since stroke  

Mean (SD)  11.1 (14.3) 

Min, Max 0, 94 

Type of stroke  

Ischemic  55 (100%) 

Affected upper limb  

Right 24 (43.6) 

Left  31 (56.4) 
SD, standard deviation; min, minimum; max, maximum   
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Table 4. Distribution of scores on the outcome measures (n = 55).  

Measure  Mean (SD) Min, max 

Median 

(25th, 75th 

percentile) 

Floor / ceiling 

effect (%) 

FMA-UE    
    

Motor 53.3 (18.2) 0, 66 62 (49, 65)  1.8 / 21.8 

Sensation  11.4 (1.3) 6, 12  12 (11, 12)  0 / 74.5 

PROM  23.8 (0.7) 20, 24 24 (24, 24) 0 / 85.5 

Pain 23.7 (0.9) 20, 24 24 (24, 24) 0 / 85.5 

Total  112.2 (19.0) 60, 126 122 (107, 125)  0 / 18.1 

CAHAI-SG       

Total  65.4 (28.1) 13, 91 78 (45, 87) 12.7 / 20 

ARAT       

Grasp  13.9 (6.9)  0, 18 18 (12, 18) 16.4 / 67.3 

Grip 8.8 (4.6) 0, 12 11 (7, 12) 18.1 / 49.1 

Pinch 13.0 (7.2) 0, 18 18 (8, 18) 20 / 56.4 

Gross motor 7.5 (2.8) 0, 9 9 (6, 9)  7.3 / 72.7 

Total  43.1 (20.8)  0, 57  55 (36, 57)  7.3 / 41.8 
SD, standard deviation; FMA-UE, Fugl-Meyer Assessment of Upper Extremity; PROM, passive range 

of motion; CAHAI-SG, Singapore version of the Chedoke Arm and Hand Activity Inventory; ARAT, 

Action Research Arm Test 
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Chapter Three: 

Reliability and validity of the shortened Singapore versions of the Chedoke Arm 

and Hand Activity Inventory 
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Preface 

 This chapter describes the evaluation of the psychometric properties of three 

shortened Singapore versions of the Chedoke Arm and Hand Activity Inventory. The 

inter-rater reliability and the construct validity of the all three shortened versions were 

estimated by conducting further analyses of the data from the validation of the full 13-

item version (Chapter 2). The validation of the shortened versions supports the use of the 

measure in clinical practice where time constraints are a barrier to the routine use of 

outcome measures. 

This manuscript was published in the International Journal of Rehabilitation 

Research and the copyright holder of this published scholarly work is Wolters Kluwer. 

The electronic version of the published work (Accepted Manuscript) is presented in this 

thesis chapter with the following acknowledgement:  

This is a non-final version of an article published in final form in:  

Choo, S. X., Bosch, J., Richardson, J., Stratford, P., & Harris, J. E. (2018). 

Reliability and validity of the shortened Singapore versions of the Chedoke Arm 

and Hand Activity Inventory. International Journal of Rehabilitation Research, 

41(4), 297. https://doi.org/10.1097/MRR.0000000000000318 
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Abstract 

Background: Upper limb deficits are common sequelae after a stroke and 

negatively impact daily living and quality of life. The use of outcome measures to 

evaluate upper limb function is essential to assess sensorimotor recovery and to 

determine the effectiveness of rehabilitation. 

Objective: To estimate the construct validity and inter-rater reliability of three 

shortened versions of the Singapore version of the Chedoke Arm and Hand 

Activity Inventory (CAHAI-SG) comprising 7, 8, and 9 test items. 

Methods: The sample consisted of 55 inpatients with acute/ subacute stroke to 

whom the CAHAI-SG, Fugl-Meyer Assessment of Upper Extremity (FMA-UE) 

and the Action Research Arm Test (ARAT) were administered. To estimate 

convergent and discriminative construct validity, Spearman’s rank correlation 

coefficient and 95% confidence intervals were computed for CAHAI-SG scores 

with FMA-UE and ARAT scores. Reliability was estimated using intra-class 

correlation coefficient (ICC) (relative reliability) and the standard error of 

measurement (SEM) (absolute reliability). 

Results: Convergent validity with the FMA-UE was 0.79, 0.80, and 0.81 for 7-, 8-, 

and 9-item versions of the CAHAI-SG respectively, and 0.81 with the ARAT for 

all shortened versions. Discriminative validity with the FMA-UE pain subscale 

was between 0.37 and 0.38. The absolute reliability was 3.09, 3.65, and 3.98, and 

relative reliability was 0.96, 0.95, and 0.96 for the 7-, 8-, and 9-item versions 

respectively.  

Conclusion: All shortened versions of the CAHAI-SG demonstrated similar 

psychometric properties to the full (13 item) version, meaning clinicians may use 

these shorter versions that require less time to administer and score. 

Keywords: upper limb; outcome measure; measurement; stroke; psychometric 

evaluation  
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Manuscript Text  

Reliability and validity of the shortened Singapore versions of the Chedoke Arm 

and Hand Activity Inventory 

 

Introduction 

Stroke is one of the leading causes of disability worldwide and is among the top three 

primary causes of disability among older adults in Singapore (Epidemiology & Disease 

Control Division, 2014; Feigin et al., 2017). Stroke prevalence in Singapore is estimated 

at 7.6% (Teh et al., 2018), with a disease burden of approximately 804 disability-adjusted 

life-years per 100,000 individuals (Venketasubramanian et al., 2017). One of the most 

common deficit following stroke is upper extremity (UE) impairments (Lawrence et al., 

2001). More than 80% of persons with stroke experience hemiparesis (Nakayama et al., 

1994), and among them, only 5% to 34% regain full functional use of the UE (Wade, 

1989; Nakayama et al., 1994; Kwakkel et al., 2002; Nijland et al., 2010b). UE 

impairments are associated with decreased potential to achieve independence in daily 

activities, restricted social participation, and reduced quality of life (Wolfe, 2000; 

Nichols-Larsen et al., 2005). Measurement of UE function is thus critical in rehabilitation 

to enable effective care – the evaluation process determines the extent of UE impairments 

and activity limitations, and clinical decisions can be made to provide appropriate 

interventions according to the severity of the UE deficits (Lang et al., 2013; Duruoz, 

2014).  
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There are currently several stroke-specific outcome measures available to assess 

UE function (Lang et al., 2013; Murphy et al., 2015). The Fugl-Meyer Assessment of 

Upper Extremity (FMA-UE) (Fugl-Meyer et al., 1975) and the Action Research Arm 

Test (ARAT) (Lyle, 1981) are widely used in clinical practice (van Wijck et al., 2001). 

The FMA-UE is often used to describe and evaluate post-stroke UE impairments and 

requires about 20 minutes to administer (Velstra et al., 2011; Murphy et al., 2015).  In 

contrast, the ARAT evaluates the manual ability (i.e., activity level) of the affected UE 

after stroke and the administration time is approximately 10 minutes (Velstra et al., 2011; 

Murphy et al., 2015). Both the FMA-UE and the ARAT are also recommended 

performance-based outcome measures for intervention trials targeted at sensorimotor 

recovery after stroke (Kwakkel et al., 2017). The Chedoke Arm and Hand Activity 

Inventory (CAHAI) is another measure among the recommended performance-based 

outcome measures that has demonstrated high levels of measurement quality and clinical 

utility (Murphy et al., 2015).  

The CAHAI consists of 13 test items that use real-life daily tasks to evaluate 

function in the affected UE after a stroke (Barreca et al., 2004). There are four versions of 

the measure: the original 13-item version and three shortened versions (7, 8, and 9 items) 

(Barreca et al., 2006). All four versions of the CAHAI have strong psychometric 

properties: test-retest reliability of intraclass-correlation coefficient (ICC) ranging from 

0.96 to 0.98 (Barreca et al., 2005, 2006); inter-rater reliability of ICC = 0.98 (Barreca et 

al., 2005); convergent cross-sectional validity of correlations ranging from 0.81 to 0.87 

with the Chedoke-McMaster Stroke Assessment (arm and hand components) and 0.93 to 
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0.95 with the ARAT(Barreca et al., 2005); and longitudinal validity with area under the 

receiver operating characteristics curve of 0.93 to 0.97 (Barreca et al., 2005).  

Aside from strong psychometric properties, the CAHAI also possesses several 

merits that support its use in clinical practice. Firstly, all items in the CAHAI use real-life 

daily tasks to evaluate UE function. The use of daily tasks and objects facilitates a more 

accurate evaluation of UE function as UE movements are influenced by the meaning 

objects and tasks have for the individual (Wu et al., 1998; Trombly and Wu, 1999). The 

CAHAI’s task-related evaluation approach is also beneficial for persons with post-stroke 

cognitive or communication deficits, where the use of familiar everyday tasks is more 

intuitive and demand less advanced cognitive or communication skills (Barreca et al., 

2004). Secondly, the administration manual of the CAHAI is available at no charge at its 

website (www.cahai.com) and the materials required are inexpensive daily objects. The 

low cost of the CAHAI is advantageous as the excessive cost of an outcome measure is a 

barrier to its use in clinical practice (Duncan and Murray, 2012). Thirdly, the availability 

of shortened versions of the CAHAI addresses clinicians’ time concerns to administer an 

outcome measure (Barreca et al., 2006). The full 13-item version takes approximately 25 

minutes to administer, while the shortened 7-item version requires half the time 

(approximately 12 minutes) (Barreca et al., 2006). Short administration time are 

beneficial as a lengthy time to complete an outcome measure is recognized as a barrier to 

its use in clinical practice (Duncan and Murray, 2012). 

Considering the high level of measurement quality and clinical utility, the CAHAI 

was recently cross-culturally adapted for the Asian stroke population (Choo et al., 2018). 
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The Singapore version of the CAHAI (CAHAI-SG) was developed using a systematic 

cross-cultural adaptation approach and the psychometric properties of the full (13-item) 

version demonstrated good inter-rater reliability and construct validity in an acute and 

subacute stroke sample (Choo et al., 2018). While the psychometric properties of the full 

version of the CAHAI-SG was comparable to the original CAHAI (Choo et al., 2018), 

the reliability and validity of its shortened versions are currently unknown. There is a 

need to examine the psychometric properties of the shortened versions as their brief 

administration time is a facilitator to support the routine use of the CAHAI-SG in clinical 

practice. The primary aim of this study was to estimate the construct validity and inter-

rater reliability of three shortened versions of the CAHAI-SG in an acute and subacute 

stroke sample in Singapore. The secondary aim was to determine if there was a difference 

in the validity and reliability between the Singapore and original shortened versions.  

Methods  

Ethics  

Ethics approval was obtained from the Singhealth Centralized Institutional Review Board 

(CIRB 2015/2915) and the Hamilton Integrated Research Ethics Board (HiREB 0758) 

prior to administration of any study procedures. Consent was obtained for all participants.  

Study design, participants, and raters  

Data collected from the validation study of the 13-item CAHAI-SG were used for 

analysis (Choo et al., 2018). In summary, 55 participants were recruited from the 
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inpatient neurology and rehabilitation wards at a tertiary hospital in Singapore. The 

inclusion criteria were: age > 21 years, diagnosis of unilateral hemispheric stroke, acute 

or subacute phase of stroke (< 12 months), able to sit upright in a chair for at least 30 

minutes, and able to follow simple two-step instructions. Individuals with unstable 

medical conditions, pre-existing UE impairments (prior to the stroke), or severe visual 

impairments were excluded.  

Each participant was assessed once on the CAHAI-SG, the FMA-UE, and the 

ARAT to estimate construct validity. The administration of the CAHAI-SG on all 

participants was video recorded and 16 video recordings were randomly selected to 

estimate inter-rater reliability. Eight registered occupational therapists participated as 

raters in the evaluation of the construct validity and inter-rater reliability of the CAHAI-

SG. Their mean years of clinical experience was 3.5 years (standard deviation, SD = 1.5 

years). All raters were trained to administer and score all outcome measures through two 

training workshops. 

Measures  

Singapore version of the Chedoke Arm and Hand Activity Inventory 

The CAHAI-SG uses real-life daily tasks to evaluate function of the affected UE after a 

stroke (Choo et al., 2018). Task performance on each item is rated on a 7-point scale, 

from total assistance (score = 1) to independence (score = 7). A total score is obtained by 

summing scores on each task, with higher scores indicating better UE function. Similar to 

the original CAHAI, there are three shortened versions of the CAHAI-SG with seven, 
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eight, and nine items (CAHAI-SG-7, CAHAI-SG-8, and CAHAI-SG-9 respectively). The 

items included in each version of the CAHAI-SG can be found in Appendix 1. The range 

of possible scores on the CAHAI-SG-7, CAHAI-SG-8, and CAHAI-SG-9 are 7 to 49, 8 

to 56, and 9 to 63 respectively. The full version of the CAHAI-SG demonstrated good 

inter-rater reliability (ICC = 0.97, 95% CI: 0.94, 0.99), convergent cross-section validity 

(FMA-UE, rs = 0.87, 95% CI: 0.76, 0.92; ARAT, rs = 0.80, 95% CI: 0.63, 0.90), and 

discriminative cross-sectional validity (FMA-UE pain subscale, rs = 0.42, 95% CI: 0.22, 

0.59) (Choo et al., 2018).  

Fugl-Meyer Assessment of Upper Extremity 

The FMA-UE is a measure of post-stroke UE impairment (Fugl-Meyer et al., 1975). It 

consists of four subscales (motor function, sensation, passive range of motion and joint 

pain) and items are scored on a 3-point scale. The maximum subtotal scores for the motor 

function, sensation, passive range of motion, and joint pain subscales are 66, 12, 24, and 

24 respectively. The range of total scores on the FMA-UE is 0 to 126, with higher scores 

indicating lesser impairments. The inter-rater reliability of the FMA-UE in acute and 

subacute stroke samples ranged from ICC = 0.61 to 0.99 (Sanford et al., 1993; Lin et al., 

2009; Sullivan et al., 2011).  

Action Research Arm Test 

The ARAT evaluates the impairments and activity limitations (e.g. pinch, grasp, and 

reach) of the affected UE post-stroke (Lyle, 1981). There are 19 test items and each item 

is scored on a 4-point scale. The validation study of the 13-item CAHAI-SG (Choo et al., 
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2018) followed the scoring procedures described by Yozbatiran et al. (2008), where time 

limits were defined for each score category (e.g., < 5s for a score of 3) instead of 

qualitative descriptors (e.g., takes abnormally long) in the original scoring. The range of 

scores on the ARAT is 0 to 57, with higher scores indicating better UE function. Its inter-

rater reliability in acute and subacute stroke samples were ICC = 0.92 and 0.99 

respectively (Hsueh et al., 2002; Nijland et al., 2010a).  

Procedure  

Participants’ scores on all outcome measures were used in this study. Total scores for 

each shortened versions of the CAHAI-SG were calculated by summing the first seven, 

eight and nine items. For the comparison measures, the FMA-UE total, motor sub-scale 

and pain sub-scale scores, and the total ARAT scores were used.  

Data analysis  

All statistical analysis was performed using STATA Version 14 (StataCorp, College 

Station, Texas, USA). Participant characteristics and scores on all outcome measures 

were summarized as medians with 1st and 3rd quartiles. The following analyses were 

computed for each shortened version of the CAHAI-SG. 

Construct validity 

Spearman’s rank correlation coefficients with 95% CIs were used to estimate construct 

validity. 95% CIs were used instead of p-values as the primary aim of the study addressed 

parameter estimation rather than hypothesis testing. For convergent cross-sectional 
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validity, we examined the extent to which the shortened versions of the CAHAI-SG were 

closely related to similar measures of UE function (Streiner and Norman, 2008). Thus, 

the correlation between CAHAI-SG total scores and FMA-UE (total and motor sub-scale) 

and ARAT (total) scores were computed. Discriminant cross-sectional validity was 

estimated with the correlation between CAHAI-SG total scores and FMA-UE joint pain 

subscale scores. We expected lower correlations between the shortened versions of the 

CAHAI-SG and the FMA-UE joint pain subscale as they assessed dissimilar outcomes 

(Streiner and Norman, 2008).  

To determine if the construct validity of the shortened versions of the CAHAI-SG 

were similar to the shortened versions of the CAHAI as reported by (Barreca et al., 

2006), their respective correlation coefficients with the ARAT were compared. 

Correlation coefficients with the ARAT of all shortened versions (both CAHAI-SG and 

CAHAI) were converted to a z-score using Fisher’s r to z transformation and head-to-

head comparisons (e.g., CAHAI-SG-7 versus CAHAI-7) were performed using the 

following formula (Cohen et al., 2002): 

𝑧𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 =  
𝑧1  −  𝑧2 

√
1

𝑛1 − 3 +
1

𝑛2 − 3

 

A zobserved score greater than 1.96 (two-tailed test of significance with alpha set at 0.05) 

was considered statistically significant.  
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Inter-rater reliability 

 Randomized analysis of variance (ANOVA) was computed with the CAHAI-SG score as 

the dependent variable, and the factors were participants (16 levels) and raters (8 levels). 

The sources of variances (participants, rater, and error) identified in the ANOVA analysis 

were then used to estimate relative reliability using Shrout and Fleiss Type 2,1 ICC 

(Shrout and Fleiss, 1979) with 95% CI. The SEM, which was calculated by taking the 

square root of the mean-square error, and its associated 95% CI was used to estimate 

absolute reliability (Stratford and Goldsmith, 1997; Stratford, 2004). 

To determine if the inter-rater reliability of the shortened versions of the CAHAI-

SG were similar to the shortened versions of the CAHAI, a head-to-head comparison of 

their respective SEMs were conducted using an F-test. A p-value of < 0.05 was used to 

indicate a significant difference between the absolute reliability of the CAHAI-SG and 

the CAHAI.  

Results  

Participant characteristics  

Participant characteristics are summarized in Table 1. The mean age was 63 years (SD = 

13 years) and 51% (n = 28) were female. All participants had an ischemic stroke and the 

median days post-stroke was 7 days (1st, 3rd quartile: 4, 14 days). The median total scores 

on the CAHAI-SG-7, CAHAI-SG-8, and CAHAI-SG-9 were 46, 53 and 60 respectively. 

Table 2 summarizes the scores on all three outcome measures.  
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Construct validity  

Estimation of construct validity 

The construct validity of the CAHAI-SG shortened versions are presented in Table 3. For 

convergent cross-sectional validity, the correlation between the CAHAI-SG-7, CAHAI-

SG-8, and CAHAI-SG-9 scores with the FMA-UE total scores and motor subscale scores 

were 0.79, 0.8, and 0.8 respectively, and the correlation with the ARAT was 0.81 for all 

three measures. In contrast, the discriminative cross-sectional validity of the CAHAI-SG-

7, CAHAI-SG-8, and CAHAI-SG-9 were 0.37, 0.38, and 0.37 respectively. The 

correlations between the CAHAI-SG shortened versions and the FMA-UE joint pain sub-

scale were low as anticipated since dissimilar outcomes were assessed. 

Comparison between CAHAI-SG and CAHAI 

The correlation coefficients for all shortened versions of the CAHAI-SG with the ARAT 

were smaller than those of the CAHAI (0.81 versus 0.95, 0.95, 0.94 for the 7-, 8-, 9-item 

versions respectively). The differences between the correlation coefficients of the 

Singapore and original shortened versions were statistically significant (CAHAI-SG-7: z 

= 3.25, p = 0.001, CAHAI-SG-8: z = 3.25, p = 0.001, CAHAI-SG-9: z =2.82, p = 0.005). 

Inter-rater reliability  

Estimation of inter-rater reliability 

Table 3 summarizes the inter-rater reliability of all three shortened versions of the 

CAHAI-SG. The absolute reliability of the CAHAI-SG-7, CAHAI-SG-8, and CAHAI-

SG-9 was SEM = 3.09, 3.65, and 3.98 CAHAI points respectively; their relative 
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reliability coefficients were ICC = 0.96, 0.95, and 0.96 respectively.  

Comparison between CAHAI-SG and CAHAI 

The SEMs of all shortened versions of the CAHAI-SG (3.09, 3.65, and 3.98 for the 7-, 8-, 

9-item versions respectively) were larger than those of the CAHAI (2.32, 2.26, and 2.57 

for the 7-, 8-, 9-item versions respectively). However, only the SEMs of the CAHAI-SG-

8 (F(15, 38) = 2.59, p = 0.009) and CAHAI-SG-9 (F(15, 38) = 2.40, p = 0.015) were 

significantly larger.  

Discussion  

This study examined the construct validity and inter-rater reliability of the three 

shortened versions of the CAHAI-SG in an acute and subacute stroke sample in 

Singapore. Overall, all three shortened versions demonstrated similar validity and 

reliability as the full version of the CAHAI-SG, and the study findings provide 

psychometric evidence to support their clinical use. The three shortened versions of the 

CAHAI-SG also had similar validity and relative reliability, while the CAHAI-SG-7 

demonstrated better absolute reliability (lowest SEM). The SEM, which is expressed in 

the same unit as the CAHAI-SG scores, quantifies the precision of scores on the CAHAI-

SG (Streiner and Norman, 2008). Thus, a lower SEM value is desired as it indicates a 

smaller error in the observed score of a measure.  

Comparing the psychometric properties of the shortened versions of the CAHAI-

SG with the shortened versions of the CAHAI, the CAHAI-SG versions demonstrated 

weaker construct validity and inter-rater reliability. However, this may be due to the 
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study procedures employed in the validation study of the CAHAI-SG by Choo et al. 

(2018). For cross-sectional convergent validity, the correlations between the CAHAI-SG 

versions and ARAT total scores were significantly lower than the CAHAI versions. 

These significant differences may be attributed to the different scoring procedures that 

the ARAT employed. The validation study of the shortened versions of the CAHAI by 

Barreca et al. (2006) followed the original scoring procedures of the ARAT (Carroll, 

1965), and thus, the speed of task completion were evaluated similarly using subjective 

judgment (i.e., in a timely manner) in both the CAHAI and the ARAT. In contrast, this 

study followed scoring procedures of the ARAT described by Yozbatiran et al. (2008), 

where cut-off times were defined on the 4-point scoring scale. Although cut-off times 

improved the distinction between the score categories on the ARAT scoring scale, it 

introduced the objective evaluation of speed. The difference in how speed was evaluated 

in all versions of the CAHAI-SG (subjectively) and the ARAT (objectively) may explain 

the lower correlation between the CAHAI-SG shortened versions and the ARAT, as 

compared to the CAHAI shortened versions.  

The relative reliability of the CAHAI-SG shortened versions (ICC = 0.95 to 0.96) 

were similar to the CAHAI shorted versions (ICC = 0.98). However, the SEMs of the 

CAHAI-SG-8 and CAHAI-SG-9 were significantly larger than the SEMs of the CAHAI-

8 and CAHAI-9. The weaker absolute reliability of the CAHAI-SG shortened versions 

may be due to the difference in the training of the raters. In the validation study of the 

shortened versions of the CAHAI (Barreca et al., 2006), the raters were trained to 85% 

accuracy in the administration and scoring of the CAHAI. In comparison, although raters 
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in this study were trained in the administration and scoring of the CAHAI-SG, the raters 

were not trained to criterion. This may have contributed to a greater error variance 

associated with raters in the Singapore version, and therefore, resulted in the weaker 

absolute reliability observed on the CAHAI-SG shortened versions. Thus, it is important 

to consider including a formal evaluation component in future training workshops on the 

administration and scoring of the CAHAI-SG in clinical practice.   

Study limitations  

To estimate inter-rater reliability, video analysis was used with the intention of 

minimizing participant burden due to a large number of raters in this study. However, the 

use of video recordings differs from clinical practice where scoring is based on the 

assessor’s hands-on administration of the CAHAI-SG. The observation of the exact same 

performance on the CAHAI-SG through video recordings may have produced a lower 

rater variance, and consequently increased the ICC values. Another study limitation is the 

consistent order in which the outcome measures were administered for all participants. 

This may have resulted in an order effect (Portney and Watkins, 2009), where scores on 

the ARAT (administered last) may be lower due to participants’ fatigue. This could 

possibly influence the correlation between the CAHAI-SG and ARAT scores. Lastly, as 

mentioned earlier, all raters in our study were trained to administer and score the outcome 

measures, but there was no formal evaluation of their competency as we did not train 

them to criterion. This may have lowered the absolute reliability of the CAHAI-SG 

shortened versions. 
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Conclusion  

This study provides evidence in support of the validity and reliability of the shortened 

versions of the CAHAI-SG for adults with acute and subacute stroke in Singapore. With 

comparable psychometric properties to the full version, the shortened versions of the 

CAHAI-SG may be suited for use in clinical programs or research studies where 

administration time of an outcome measure may be a concern. The choice between the 

three shortened versions is, however, less straightforward due to the marginal differences 

in their psychometric properties. It is also important to consider the items in each 

shortened version and select the version that includes test items which assess the targeted 

UE function of interest. 
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Appendix  

Appendix 1  

Items included in each Singapore versions of the Chedoke Arm and Hand Activity 

Inventory (CAHAI-SG) 

CAHAI-SG-7 

(1) Open jar of peanut butter 

(2) Call 995 

(3) Draw a line with a ruler 

(4) Pour a glass of water 

(5) Wring out face towel 

(6) Button five buttons 

(7) Dry back with towel 

CAHAI-SG-8 

(8) Put toothpaste on toothbrush 

CAHAI-SG-9 

(9) Cut medium-resistance putty  

CAHAI-SG (full version) 

(10) Zip up the zipper 

(11) Clean a pair of spectacles 

(12) Place box on table 

(13) Carry bag up the stairs 
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Tables   

Table 1. Participant characteristics (n = 55).  

Variables  Sample (%) 

Total n 55 

Sex  

Female  28 (50.9) 

Age, in years   

Mean (SD) 63(13.2) 

Min, Max  23, 83 

Race   

Chinese 45 (81.8) 

Malay  6 (10.9) 

Indian 3 (5.5) 

Others  1 (1.8) 

Days since stroke  

Median (1st, 3rd quartile)  7 (4, 14) 

Min, Max 0, 94 

Type of stroke  

Ischemic  55 (100%) 

Affected upper extremity  

Right 24 (43.6) 

SD, standard deviation; min, minimum; max, maximum   
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Table 2. Summary of scores on all outcome measures (n = 55).  

Measure  Mean (SD) 

Median 

(1st, 3rd quartile) 

Min, max 

CAHAI-SG     

7-item version 37.8 (15.6) 46 (27, 49) 7, 49  

8-item version 43.2 (17.8) 53 (32, 56) 8, 56  

9-item version 48.2 (20.1) 60 (35, 63) 9, 63 

    

FMA-UE       

Motor 53.3 (18.2) 62 (49, 65)  0, 66 

Sensation  11.4 (1.3) 12 (11, 12)  6, 12  

PROM  23.8 (0.7) 24 (24, 24) 20, 24 

Pain 23.7 (0.9) 24 (24, 24) 20, 24 

Total  112.2 (19.0) 122 (105, 125)  60, 126 

    

ARAT     

Total 43.1 (20.8) 55 (36, 57) 0, 57  

SD, standard deviation; FMA-UE, Fugl-Meyer Assessment of Upper Extremity; PROM, passive 

range of motion; CAHAI-SG, Singapore version of the Chedoke Arm and Hand Activity Inventory; 

ARAT, Action Research Arm Test 
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Table 3. Construct validity and inter-rater reliability of three shortened versions of the CAHAI-SG.  

 Construct validity Inter-rater Reliability 

 FMA-UE,  

rs (95% CI) 

FMA-UE motor 

subscale,  

rs (95% CI) 

ARAT,  

rs (95% CI)  

FMA-UE pain 

subscale,  

rs (95% CI) 

Relative  

reliability,  

ICC (95% CI) 

Absolute 

reliability,  

SEM (95% CI)  

CAHAI-SG-7 0.79  

(0.63, 0.89) 

0.79  

(0.63, 0.90) 

0.81  

(0.64, 0.91) 

0.37  

(0.10, 0.57) 

0.96  

(0.91, 0.98) 

3.09  

(2.73, 3.58) 

CAHAI-SG-8 0.80  

(0.63, 0.89) 

0.80  

(0.64, 0.90) 

0.81  

(0.64, 0.91) 

0.38  

(0.10, 0.58)  

0.95  

(0.90, 0.98) 

3.65  

(3.22, 4.22) 

CAHAI-SG-9 0.81  

(0.65, 0.90) 

0.81  

(0.65, 0.91)  

0.81  

(0.65, 0.91) 

0.37  

(0.09, 0.57)  

0.96  

(0.91, 0.98)  

3.98  

(3.51, 4.60)  

CAHAI-SG* 0.89  

(0.80, 0.94) 

0.89  

(0.78, 0.94) 

0.80  

(0.63, 0.90) 

0.41  

(0.20, 0.58) 

0.97  

(0.94, 0.99) 

4.80  

(4.23, 5.55) 

CAHAI-SG: Singapore version of the Chedoke Arm and Hand Activity Inventory; FMA-UE: Fugl-Meyer Assessment of Upper Extremity; ARAT: 

Action Research Arm Test; rs: Spearman’s rank correlation coefficient; CI: confidence interval; ICC: intra-class correlation coefficient; SEM: 

standard error of measurement.  

*Construct validity and inter-rater reliability of the full version of CAHAI-SG are presented for reference.   
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Chapter Four: 

Measurement theories in health care: Introduction to item response theory and 

Rasch measurement theory

 



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

124 

 

Preface 

In this chapter, the original versions of the Chedoke Arm and Hand Activity 

Inventory are evaluated using two measurement theories, item response theory and Rasch 

measurement theory. This manuscript describes a brief overview of both measurement 

theories and the Chedoke Arm and Hand Activity Inventory is used as an example 

instrument to demonstrate the application of the theories. Data from a previous validation 

study of the measure was used to conduct the analysis. This manuscript is intended to 

increase the awareness of item response theory and Rasch measurement theory among 

rehabilitation professionals and introduce both theories at a conceptual level. Hence, 

technical aspects of underlying complex mathematical concepts and computations are not 

described in detail, and results are reported as they apply to clinical practice.  

This manuscript was submitted to PLOS One on November 27, 2018.  
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Abstract 

The development and validation of outcome measures are traditionally guided by 

classical test theory. However, modern test theories, specifically item response 

theory and Rasch measurement theory, are alternative measurement theories that 

address the limitations of classical test theory. Modern test theories are 

increasingly applied in health research and thus, information on these theories are 

needed to be presented in a manner that can be easily understood by health care 

professionals. This paper provides an overview of item response theory and Rasch 

measurement theory and how each theory can be applied to evaluate outcome 

measures. The basic concepts, models, and assumptions of each theory are 

introduced. To demonstrate the typical application of the theories, we used data 

from a previous validation study of the Chedoke Arm and Hand Activity 

Inventory (CAHAI). The sample consisted of 105 participants with post-stroke 

upper extremity deficits who were assessed on the CAHAI at admission and at the 

completion of their rehabilitation program. The working example will enable 

health care professionals to better understand the use of modern test theories to 

evaluate outcome measures. 

Key words: outcome measures; rehabilitation; psychometrics 
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Measurement theories in healthcare: Introduction to item response theory and 

Rasch measurement theory 

Introduction  

Measurement is highly valued in health research as the quantification of clinical 

observations enables the demonstration of treatment/program effectiveness, justification 

for interventions, and facilitates clinical decision-making [1–3]. Measurement, the 

assignment of numbers to observations according to a set of rules to represent their 

quantity or magnitude [4,5], can be achieved through the use of outcome measures. To 

ensure outcome measures are accurate and credible, their construction, scoring, 

validation, and refinement follow rigorous methods that are traditionally guided by 

classical test theory. Classical test theory has been the prevalent measurement theory used 

to guide the development and evaluation of outcome measures [6]. However, the 

limitations of outcome measures developed using classical test theory are well established 

[7].   

Consider this typical clinical scenario. John and William recently had a stroke and 

are receiving rehabilitation at an inpatient rehabilitation facility. Their occupational 

therapist uses a standardized tool, the 7-item version of the Chedoke Arm and Hand 

Activity Inventory [8]  (CAHAI-7) to evaluate the functional abilities of their affected 

upper extremity. John and William each performed seven functional tasks (e.g., opening a 

jar of coffee and calling 911) and their performance on each task is scored on a 7-point 

ordinal scale, from total assistance (score = 1) to independence (score = 7). Scores on 

each task are summed and both John and William obtained a total score of 28 (Table 1). 
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Although they have the same total score, can their occupational therapist conclude that 

John and William have similar upper extremity function?  

One objection that might be raised is the demand of upper extremity function for 

successful task completion differs between tasks. For example, doing up five buttons 

requires greater hand dexterity than strength compared to pouring a glass of water, which 

demands greater strength than dexterity. Accordingly, John and Williams’ scores on each 

item suggest that William has better upper extremity function, demonstrating both 

strength and dexterity albeit needing minimal assistance in all tasks. In contrast, John 

appears to have only regained strength in his affected upper extremity, requiring maximal 

assistance in tasks that demand hand dexterity. How did this problem arise despite the 

CAHAI having established psychometric properties of reliability, validity, and internal 

consistency [9–11]?  

This hypothetical clinical scenario demonstrates one of the several limitations of 

classical test theory. Although item response theory (IRT) and Rasch measurement theory 

(RMT), were developed in the 1960s to address the limitations of classical test theory, 

both theories have only been increasingly applied in the recent decade [12,13]. Notably, 

the National Institutes of Health funded a 5-year multisite collaborative research (Patient-

Reported Outcome Measurement Information System) to standardize patient-reported 

outcomes guided by IRT [14,15]. With both IRT and RMT gaining momentum and 

prevalence in health research, accessible information for health care professionals on 

their underlying complex mathematical concepts and how these theories can be applied is 

necessary.  
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This article is intended to provide health care professionals with an overview of 

modern measurement theories (IRT and RMT) and demonstrate the evaluation of 

psychometric properties of outcome measures using these theories. First, we present an 

overview of classical test theory and highlight its limitations. Then, we describe both IRT 

and RMT and use an example instrument to illustrate how common analyses within each 

theory is conducted. Last, we compare the results from IRT and RMT analyses and 

discuss the strengths and challenges of using modern measurement theories. As the goal 

of this article is to introduce IRT and RMT at a conceptual level to health care 

professionals, technical details of the underlying complex mathematical concepts and 

computations are not described. Readers who are interested in the technical details of the 

theories may refer to the references mentioned in the article.   

What is measurement theory?  

Measurement is the assignment of numbers to observations or a characteristic of 

an object to represent their quantity or magnitude [4,5]. Measurement theory uses 

mathematical model(s) to describe the factors that influence scores obtained from a rating 

scale (e.g., an outcome measure) and also defines the underlying assumptions of its 

mathematical concepts [6]. Measurement theories provide a framework for the 

development, evaluation of quality and refinement of outcome measures to improve the 

accuracy, relevance, and meaningfulness of measurements [16].  

Classical test theory  

Classical test theory (CTT) has been the prevalent measurement theory in the 

development and evaluation of outcome measures in clinical research [6], and concepts 
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such as reliability and validity are familiar to health care professionals. CTT, also known 

as true score theory, states that an observed score (O) is composed of a true score (T) and 

the error associated with the observed score (E), or O = T + E [17]. The theory assumes 

an individual has a true score that would be obtained with an error-free measurement. 

However, as measurement tools are not perfect, observed scores for an individual may 

differ from their true ability as their scores include an error component [18]. Thus, when 

the development and refinement of outcome measures are guided by CTT, one main 

objective is to reduce measurement error [19]. CTT also focuses on test-level information 

only, meaning its mathematical models describe the association between total scores to 

true scores rather than scores on individual items to the true scores [16]. This implies that 

all test items in an outcome measure need to be administered or completed to obtain a 

valid and reliable score [20], and difficulties with score interpretation arise with missing 

information/data on a single test item.   

The summation of item scores to obtain a total score on an outcome measure, like 

the CAHAI, is common practice. However, for outcome measures developed using CTT, 

there are two major problems in doing so. First, the total scores are assumed to be 

continuous (interval) data even though scores on each item are discrete (ordinal) in nature 

[21]. Yet, interval scaling of an outcome measure is not evaluated in CTT [22].  Using the 

analogy of a ruler, a ruler’s measurement scale is interval, where the distance between 

each interval is equally spaced throughout the ruler. Thus, to measure the length of an 

object, we can simply add the intervals and accordingly, mathematical calculations of 

length are justifiable. For example, 7cm – 2cm = 5cm, or a length of 4cm is twice that of 
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2cm. In the CAHAI, consecutive numbers (1 to 7) were assigned to the qualitative 

descriptions of total assistance, maximal assistance, moderate assistance, minimal 

assistance, supervision, modified independence, and independence respectively [8]. This 

assignment of numbers to qualitative descriptors says nothing about the distances 

between the categories in the 7-point scale nor that all items in the CAHAI employ the 

scoring scale consistently [23]. Consequently, it is unknown whether the ‘distance’ 

between a score of 1 (total assistance) and 2 (maximal assistance) is the same as the 

‘distance’ between a score of 6 (modified independence) and 7 (independence). Likewise, 

we also do not know that a score of 4 (minimal assistance) is twice that of a score of 2 

(maximal assistance). The second problem with summing item scores is the assumption 

that all test items contribute equally to the total score [19]. However, the contributions of 

individual test items are not evaluated within CTT [19].  

Two other problems associated with CTT are sample dependency and the 

assumption of equal standard error of measurement [7,19]. Estimates of reliability and 

validity of an outcome measure only apply to the specific sample of participants on which 

the data was collected (i.e., sample dependent) [7]. Thus, a measure’s psychometric 

properties can be reasonably applied to individuals who share similar characteristics as 

the sample; otherwise, there is a need to re-establish its psychometric properties when 

individuals have different characteristics from the sample (e.g. different diagnosis, 

different severity of the condition) [7,19]. The assumption of equal standard error of 

measurement in CTT is that the error associated with the observed score is consistent 

along the scale [19]. Consequently, a single estimate of the standard error of 
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measurement is calculated for an outcome measure. However, if the observed scores 

follow a normal distribution, where there are more individuals in the middle than the 

upper and lower score ranges, the standard error of measurement should differ 

accordingly (i.e., the smallest error in the middle range and increases at the extreme 

scores) [19]. Thus, multiple estimates of the standard error of measurement may instead 

be more appropriate.   

Modern test theories – Item response theory and Rasch measurement theory  

The limitations of classical test theory led to the development of two 

measurement theories, item response theory (IRT) and Rasch measurement theory (RMT) 

(we refer to both theories as modern test theories in this article). Modern test theories are 

a system of mathematical models that describe how the latent trait of individuals and test 

item properties are predictors of observed scores/responses on test items [24,25]. The 

subsequent sections describe IRT and RMT. First, three key terms common to both IRT 

and RMT are defined. Following which, the mathematical models and assumptions in 

each theory are briefly explained. The underlying mathematical concepts within both 

theories are not the focus of this article, and thus, readers are recommended to refer to 

textbooks on IRT and RMT for more details [16,24,26].   

Definitions of key terms  

Latent trait. Latent trait (θ) refers to the underlying ability or characteristic of a 

person that is purported to be evaluated by the outcome measure [27]. They are not 

directly observable but rather, are ascertained based on a person’s presentation or task 
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performance [20]. For example, upper extremity function is the latent trait measured in 

the CAHAI that is observed through the performance of the affected upper extremity in 

daily tasks. 

Scale properties. The logit scale is analogous to the centimeter/inches units on a 

ruler, where log odds units are used to measure the latent trait levels [20,28]. It 

approximates an equal-interval scale and the scale typically ranges from – 3 logits to 3 

logits [20]. IRT and RMT transform ordinal scores to the logit scale, and therefore, data 

from outcome measures evaluated using these theories can provide evidence of the 

measures interval-level measurement characteristics [28].   

Item parameters. The relationship between the latent trait and the outcome 

measure is expressed as mathematical models in IRT and RMT [20].  In the mathematical 

models, item parameters are used to explain the relationship between individuals’ levels 

of the latent trait and how they would respond/score on each item in the outcome measure 

[20]. Two important parameters are the item difficulty and the item discrimination 

parameters. Item difficulty (b) represents the location of a test item on the logit scale 

where the probability of a response is 0.50 (e.g., 50% probability of responding ‘yes’ in a 

dichotomous ‘yes/no’ scale) or the probability of obtaining a score in two adjacent score 

categories is equal (e.g., the probability of scoring 2 or 3 on the CAHAI 7-point scale is 

equal at 50%) [24,29]. Test items with higher logit values can be interpreted as more 

‘difficult’ because individuals require higher levels of the trait to endorse the item or 

obtain a score [20]. Item discrimination (a) represents the degree to which a test item is 

able to discriminate among individuals with varying latent trait levels [29]. In a test item 
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that has a better discriminating ability (i.e., higher item discrimination value), individuals 

with different amounts of the latent trait will respond differently to the test item [20]. 

Item response theory  

Item response theory uses a system of mathematical models to explain the 

relationship between the test item, the latent trait, and the probability of individuals’ 

responses on the item [20,24]. IRT models can be broadly categorized based on the 

scoring/response options of the outcome measure – dichotomous (e.g., yes/no, and 

able/unable) or polytomous (i.e., > 2 response options). The following paragraphs 

provide a brief description of unidimensional (i.e., measuring a single latent trait) IRT 

models.  

Dichotomous models 

For outcome measures with dichotomous scoring/response options, there are three 

IRT models: one-, two-, and three-parameter logistic models [29]. The one-parameter 

logistic model is the simplest model, where item difficulty parameters are estimated for 

each test item in an outcome measure. The item discrimination parameter is held constant 

and does not vary across test items in the one-parameter logistic model [24]. Two-

parameter logistic models estimate both the item difficulty and item discrimination 

parameters for each test item. The item discrimination parameter is no longer held 

constant and is allowed to vary across test items in the two-parameter logistic model [24]. 

The three-parameter logistic model not only estimates both the item difficulty and item 

discrimination parameters for each test item, but also a third parameter, the pseudo-
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guessing parameter [24]. The pseudo-guessing parameter accounts for circumstances in 

which guessing is a factor in the performance on an outcome measure [29]. In health care, 

this pseudo-guessing parameter may be relevant in educational situations, such as 

guessing the right answer on a competency test. All three logistic models form a series of 

hierarchy models such that the simpler models are nested within the more complex 

models, meaning the three-parameter model can be mathematically simplified to the two-

parameter model, and the two-parameter model can be simplified to the one-parameter 

model [24]. 

Polytomous models 

Polytomous models can be categorized into two groups, based on whether the 

scoring/response options are nominal (e.g., categorical responses of ‘yes’, ‘no’, or 

‘maybe’) or ordinal (e.g., ordered response on a Likert scale). The nominal response 

model and the multiple-choice model can be applied to outcome measures with nominal 

polytomous response options [24]. For ordered polytomous response/scoring options, the 

polytomous models are extensions of the dichotomous models. The partial credit model 

[30] and the rating scale model [31] are extensions of the one-parameter logistic 

polytomous models. For two-parameter logistic polytomous models, there are the 

generalized partial credit model [32] and the graded response model [33]. Polytomous 

models examine the probability of obtaining a particular score category (or response to an 

option). However, the approach in how these score/response probabilities are regarded 

differ between polytomous models. For example, the generalized partial credit model can 

provide the probabilities of obtaining a particular score category on the CAHAI’s 7-point 
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scale for a test item [24]. In contrast, the graded response model provides the cumulative 

probabilities of obtaining various subsets of score categories [24], such as the probability 

of scoring 2 or higher in a test item. The detailed discussion of the differences between 

polytomous models is beyond the scope of this article. 

Assumptions in IRT  

There are two key assumptions in IRT, unidimensionality and local independence 

[29]. Unidimensionality means that all test items in an outcome measure evaluate a single 

latent trait [29]. However, this assumption may not always be fully met for outcome 

measures used in clinical research as the outcome (latent trait) may be comprised of 

several factors. For instance, cognitive outcome measures may include test items that 

evaluate different cognitive functions, such as attention, orientation, and memory. In such 

outcome measures, the unidimensionality assumption can be sufficiently met if it is 

demonstrated the test items measure a single dominant factor [29]. Local independence 

means that scores/responses on one test item are independent of the scores/responses to 

any other test items (assuming the individual’s level of the latent trait is held constant) 

[24,29]. This implies that individuals’ scores/responses should be determined only by 

their performance on each test item and not by how they scored/responded to other test 

items [24,34].  

Rasch measurement theory  

Rasch measurement theory, similar to IRT, uses mathematical models (the Rasch 

model [35] and its extensions) to describe the relationship between the test item, latent 
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trait, and the probability of individuals’ responses on the item [24]. The primary 

mathematical model in RMT is the Rasch model [35]. The Rasch model for outcome 

measures with a dichotomous scoring/response options is mathematically equivalent to 

the one-parameter logistic model in IRT with the exception of the estimation of the item 

discrimination parameter [24,35]. In the Rasch model, the item discrimination parameter 

is assumed to have a value of 1.0; in contrast, the item discrimination parameter in the 

one-parameter logistic IRT model is a constant value but need not have a value equal to 

1.0 [24]. There are two polytomous Rasch models, the partial credit model and the rating 

scale model [26], which are also found in IRT.   

Assumptions in RMT 

The key assumptions underlying RMT are identical to IRT: unidimensionality and 

local independence [26]. Within RMT, there is also a requirement (rather than an 

assumption) of invariance [34]. The Rasch model was developed based on the criterion of 

invariance [36], meaning that measurements from an instrument are independent of what 

is being measured [24]. For example, the CAHAI-7 should measure upper extremity 

function in individuals with stroke regardless of whether the individual is a male or 

female.  

 IRT and RMT – How are they different?   

The similarities in the mathematical models and underlying assumptions within 

IRT and RMT bring about confusion and debate between these two theories. There are 

two perspectives on these two measurement theories: in one, IRT and RMT share the 
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same paradigm and the Rasch models are regarded as special cases of IRT models; in the 

other, IRT and RMT are distinct and have different paradigms [36,37]. In this article, we 

take the position that IRT and RMT are different paradigms. The key differences between 

the theories stem from a philosophical perspective: in IRT (experimental paradigm), a 

model is selected to fit the observed data from an outcome measure; in RMT 

(measurement paradigm), the observed data is instead assessed if it fits the Rasch model 

[24,36]. Readers can refer to Andrich’s articles [36,37] for in-depth details about the 

philosophical differences between IRT and RMT.  

 In the following sections, we use the CAHAI as an example instrument to 

demonstrate how IRT and RMT are applied to evaluate the psychometric properties of an 

outcome measure.   

Methods  

Sample  

We used data from a previous validation study of the CAHAI (n = 105) [11]. 

Participants were recruited from four rehabilitation facilities in Hamilton, Ontario, 

Canada, and the inclusion criteria were first-ever stroke and a combined score on the 

Chedoke-McMaster Stroke Assessment [38] arm and hand subscales of either < 5 or 

between 7 and 11. These scores indicate that some participants had greater upper 

extremity impairment (flaccid paralysis or some movements within synergistic patterns), 

while others had full range of synergistic movements [38]. The median days post-stroke 

was 38 days (1st, 3rd quartile: 27, 80 days). Participants were assessed on the CAHAI by 

their treating therapist (either an occupational therapist or physical therapist) at two time 
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points: at baseline (admission/ initial visit) and at discharge (completion of their 

rehabilitation program). The time between baseline and discharge assessments ranged 

from 2 to 6 weeks (median = 30 days; 1st, 3rd quartiles: 21, 42 days) [11].  

Measure  

The CAHAI evaluates the function of the affected upper extremity after a stroke 

using real-life daily tasks [8]. There are four versions of the CAHAI (Table 2): the 

original 13-item (CAHAI-13), and three shortened versions with 9, 8, and 7 items 

(CAHAI-9, CAHAI-8, and CAHAI-7 respectively). Performance of the affected upper 

extremity on each test item is rated on a 7-point scale, from total assistance (score = 1) to 

independence (score = 7). A total score is obtained by summing scores on each item, with 

higher scores indicating better function in the affected upper extremity. The range of 

scores for the CAHAI-13, CAHAI-9, CAHAI-8, and CAHAI-7 are 13 to 91, 9 to 63, 8 to 

56, and 7 to 49 respectively.  

The psychometric properties of all four versions of the CAHAI have been 

evaluated using CTT methods when it was developed. The psychometric properties 

evaluated include: inter-rater reliability of intraclass-correlation coefficient (ICC) = 0.98 

[9]; test-retest reliability of ICC = 0.96 to 0.98 [9,10]; convergent cross-sectional validity 

of correlation = 0.81 to 0.87 with the Chedoke-McMaster Stroke Assessment (arm and 

hand components) and correlation = 0.93 to 0.95 with the Action Research Arm Test [9]; 

and longitudinal validity (ability to detect different amounts of change in upper extremity 

function between individuals with acute and chronic stroke) of an area under the receiver 

operating characteristics curve of 0.93 to 0.97 [9]. 
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Procedure  

Permission to use the data was obtained from the corresponding author of the 

previous validation study [11]. All data were provided in a de-identified format consistent 

with the original data collection method. For this study, all 105 participants were 

included, and participants’ CAHAI scores at either baseline or discharge were used. This 

was intended to optimize the frequency of scores for each score category in the 7-

category scale in the dataset.  

Data analysis  

Participant characteristics and total scores on each version of the CAHAI were 

summarized using descriptive statistics. For each item of the CAHAI, the frequency of 

scores in each score category was calculated as percentages.  

Item response theory  

In IRT analysis, a model is selected and the fit of this model with the observed scores 

is evaluated [39]. These were the steps taken in our analysis:  

1. Preliminary selection of potential IRT models  

2. Fitting and comparison of potential IRT models, and selection of the best fit 

model 

3. Estimation of item difficulty and discriminating parameters for the model of 

interest 

4. Evaluation of model assumptions   
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This analysis was first conducted for the full version of the CAHAI (13 items), and the 

same analysis was then repeated for each shortened version of the CAHAI (7, 8, and 9 

items). All IRT analyses were conducted using STATA version 14 [40]. 

Preliminary selection of potential IRT models. The first and most important 

consideration in the preliminary selection of IRT models is the outcome measure’s 

scoring/response options. As presented earlier, different IRT models exist for 

dichotomous and polytomous scoring/response options and there are IRT models that 

include the plausibility of guessing responses. The IRT models selected should be 

consistent with the outcome measure’s scoring/response options. Two other factors 

should also be considered in the preliminary selection of IRT models: one, whether the 

number of score/response categories are the same for all items in the instrument, and two, 

assumptions about the item discrimination parameter (either held constant or allowed to 

vary). In our analysis, all three factors were considered in the preliminary selection of 

IRT models.  

Fitting and comparison of potential IRT models. After the preliminary selection 

process, potential IRT models are compared to identify the model that best fit with the 

data. Presently, there is no consensus on how best to evaluate the fit of IRT models to the 

observed data [39]. However, there are several suggested methods including the 

comparison of nested models, checking the extent to which model assumptions are met, 

determining if expected model features of invariance were achieved, and evaluating the 

accuracy of model predictions [29]. In our analysis, we compared nested models and 

assessed the extent to which model assumptions (unidimensionality and local 
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independence) were met. The analyses conducted to assess model assumptions are 

described later.  

The comparison of nested models evaluates the relative model fit, where the goal 

is to select the simplest IRT model from a set of potential models that best fit with the 

observed data (i.e., adequately explains the observed data) [41]. When the models are 

nested, the likelihood ratio test, which approximately follows a chi-square distribution, 

can be used to compare models [41]. There are situations where IRT models are not 

nested and the use of the likelihood ratio test for comparison is not appropriate [42,43]. 

However, the comparison of non-nested IRT models is beyond the scope of this article. In 

our analysis, potential IRT models were fitted and compared using the likelihood ratio 

test to whether it was appropriate to reduce a more complex model (generalized partial 

credit model) to a simpler model (partial credit or rating scale model) [39,41]. A 

significant result (p < 0.05) indicated that the reduction to a simpler model decreased the 

model fit [41]. This meant that the complex model was preferred as it had a better fit with 

the observed data (i.e., could better explain the observed scores on the CAHAI items) 

[41].   

Estimating item difficulty and discriminating parameters. The characteristics of 

the best fit model determine the item parameters that need to be estimated. For example, 

for one-parameter logistic models, item difficulty parameters (b) are estimated for each 

item and a single item discriminating parameter (a) is estimated (since all items are 

assumed to have equal discriminating abilities); in comparison, for two-parameter logistic 

models, item difficulty and discriminating parameters are estimated for each item [24]. In 
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our analysis, after the best fit model was selected, both item difficulty and discriminating 

parameters were estimated according to the model’s characteristics. 

In addition, the item parameters of each CAHAI item were examined graphically 

using category characteristic curves and item information functions. Category 

characteristic curves plot the probability of obtaining a specific score category (y-axis) 

against the latent trait, θ (x-axis) [44]. Accordingly, each CAHAI item has 7 category 

characteristic curves. The points at which the curves of adjacent score categories intersect 

indicate the transition points from one score category to the next [44]. Item information 

functions plot the item information (y-axis) against the latent trait (x-axis) [44], 

displaying the contribution of each test item along the latent trait continuum [29]. Item 

information functions also illustrate the variation of an item’s precision along the latent 

trait continuum and are comparable to the reliability of measurement [39,45]. Items with 

greater discriminating ability contribute more information (indicated by a taller peak of 

the curve) and are associated with greater measurement precision and smaller error 

variance [39,45]. In our analysis, item information functions of each CAHAI item were 

plotted to assess the precision of each item and the test information function (the sum of 

item information functions [44]) was used to examine the precision of the CAHAI in its 

entirety.  

Evaluation of model assumptions. The two assumptions in IRT, unidimensionality 

and local independence, must be evaluated. In our analysis, confirmatory factor analysis 

(one-factor model) was used to assess these assumptions. The evidence for 

unidimensionality was a good fit with the one-factor model, based on four different 
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criteria: chi-square (x2) statistic, root mean square error of approximation (RMSEA), 

comparative fit index (CFI), and Tucker-Lewis index (TLI).46 In general, a nonsignificant 

x2, lower RMSEA values, and higher CFI and TLI values indicate a better fit.46,47 We 

used a nonsignificant x2, RMSEA < 0.06, and CFI and TLI > 0.95 as the criteria for a 

good fit with the one-factor model. 46,47 The assumption of local independence was 

assessed by examining the residual correlation matrix of the confirmatory factor analysis. 

Residual correlations > 0.20 was used as the criterion to indicate local dependency 

between pairs of items (i.e., violation of local independence assumption).48   

Rasch measurement theory  

All Rasch analyses were performed using the Rasch Unidimensional Measurement Model 

software, RUMM2030 [49]. Briefly, Rasch analysis examines the extent to which 

participants’ scores (observed scores) on each CAHAI item agrees with the predicted 

scores from the Rasch model [36]. The extent of the agreement between observed scores 

and the Rasch model should not be regarded as an absolute agreement [50]. Rather, this 

agreement is a relative one, which is determined through the interpretation of the results 

of a range of procedures [50]. In our analysis, five categories of analyses were performed: 

fit, targeting, dependency, reliability, and stability. This analysis was first conducted for 

the full version of the CAHAI (13 items), and the same analysis was then repeated for 

each shortened versions of the CAHAI (7, 8, and 9 items).  

Fit – Do the items work together? Individual test items should work together (i.e., 

fit) so that it is appropriate to sum scores on each item (ordinal scores) to obtain a total 
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score (continuous score) [51]. The extent to which the CAHAI items fit together provides 

evidence of its validity to measure upper extremity function in individuals with stroke 

[51]. We assessed the fit of the CAHAI items with the ordering of item scoring categories 

(ordering of thresholds [52]), two statistical tests (fit residual and x2 statistics), and one 

graphical indicator (item characteristics curve) [53].  

 The CAHAI score categories represent an ordered continuum of upper extremity 

function, where a higher score represents greater upper extremity function. This means 

that as an individual’s upper extremity function improves, their scores on each CAHAI 

item should progress sequentially. Evaluating the ordering of item scoring categories 

determines whether the CAHAI 7-category scale works as intended. Category probability 

curves of each CAHAI item were used to assess the ordering of the scoring categories. 

Category probability curves (also known as category characteristic curves) plot the 

probabilities of obtaining a specific score category in an item [54]. Accordingly, each 

CAHAI item has 7 category characteristic curves. The points at which the curves of 

adjacent score categories intersect indicate the thresholds (transition points) from one 

score category to the next.[44] If the CAHAI’s 7-category scale works as intended, the 

thresholds of adjacent score categories should be ordered (i.e., 1-2 < 2-3 < 3-4 < 4-5 < 5-

6 < 6-7). Disordered thresholds indicate the current 7-category scale is not working as 

intended. 

Two statistical tests were conducted to evaluate the fit of the CAHAI with the 

Rasch model. Firstly, residuals were used to summarize individual person- and item- fit 

statistics. Residuals are the deviations of observed scores on each CAHAI item from their 
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expected values using Rasch analysis [55]. Residuals between + 2.5 were considered an 

adequate fit with the Rasch model [56]. Secondly, x2 statistics were used to summarize 

item-trait (item-by-ability level) interaction for each CAHAI item, and a significant x2 

indicated the item does not fit the Rasch model [57]. Bonferroni adjustment was applied 

to adjust the level of significance to account for multiple hypothesis testing [58]. 

Graphical representations of CAHAI items’ fit with the Rasch model were 

presented as item characteristic curves. An item characteristic curve describes the 

relationship between the trait (upper extremity function) and the probability of obtaining 

a particular score category in an item, and items with a good fit will show plots lying on 

the curve [24,56]. The slope of an item characteristic curve provides information about 

the item’s discrimination abilities, where a steeper slope indicates better discrimination 

[59].  

Targeting – Does the range of upper extremity function measured by the CAHAI 

match the range of upper extremity function in the sample?  Scale-to-sample targeting 

refers to the match between the range of upper extremity function measured by the 

CAHAI and participants’ range of upper extremity function. Targeting was examined 

with the person-item threshold distribution, which plots the histograms of two relative 

distributions of person locations (i.e., participants’ upper extremity function) and item 

locations (i.e., item difficulty) [55]. A greater similarity between the distributions 

represents better targeting.  



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

147 

 

The location of CAHAI items (based on its difficulty level) and its associated 

standard error, as well as the spread of item locations, were also examined [53]. Item 

locations can be understood using the analogy of a ruler. When measuring with a ruler, 

objects have longer (or shorter) length; similarly, CAHAI items that are more difficult (or 

easier) requires greater (or lesser) upper extremity function to complete, which indicates 

an individual having greater (or lesser) upper extremity function. Test items should 

essentially be located at different points on this ruler (the CAHAI) such that it measures a 

continuum of upper extremity function, from less to more. The locations of items in each 

CAHAI version were estimated and the mean item locations were set at 0. This arbitrary 

constraint imposed on the mean item location was required to estimate the relative 

locations of the items [60].  

The mean item and person location scores were then compared. A mean person 

location of 0 indicated the CAHAI is a well-targeted (not too easy or difficult) measure 

[56]. A mean person location of > 0 indicated that participants had greater upper 

extremity function than the task difficulty of the CAHAI (i.e., the CAHAI was ‘too 

easy’). Conversely, a mean person location of < 0 indicated that participants had lesser 

upper extremity function than the tasks demanded, suggesting the CAHAI may be a 

‘difficult’ measure.  

Dependency – Do scores on one CAHAI item bias scores on the other items? As 

mentioned earlier, an underlying assumption of RMT is local independence where scores 

on each item should be independent of scores on the other items. High levels of 
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dependency can artificially inflate the CAHAI’s reliability [55]. The assumption of local 

independence was assessed by examining the residual correlations and the general rule of 

thumb of not exceeding + 0.3 was used as an acceptable degree of correlation [55].  

Reliability – To what extent are the CAHAI scores not associated with random 

error? The Person Separation Index was used as the reliability index, defined as the ratio 

of true-score variance to observed variance [59]. Higher values indicate that the CAHAI 

has greater reliability. 

Stability – Does each CAHAI item perform similarly across different groups of 

individuals? Using the earlier analogy of the CAHAI as a measurement ruler of upper 

extremity function, this ruler should perform similarly across various groups of 

individuals, such as different age groups and stroke chronicity. This property is also 

known as invariance [61]. The stability of the CAHAI was assessed across age, sex, and 

factors associated with the recovery of upper extremity function after stroke (stroke 

chronicity [62,63], baseline upper extremity impairment [64], and unilateral spatial 

neglect [65]). CAHAI items that displayed differential item functioning (DIF) indicated 

the item was unstable [24]. 

There are two types of DIF, uniform and non-uniform. In items displaying 

uniform DIF, there is a consistent systematic difference in scores between groups of 

individuals across the range of the attribute measured (i.e., the latent trait continuum) 

[56]. For example, males may consistently obtain a higher score than females in a test 

item. In contrast, items that display non-uniform DIF indicate that there are varying 
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differences between groups of individuals across the latent trait continuum [56]. For 

example, males may obtain a higher score than females when θ > 0.5 whereas females 

may obtain a higher score than males when θ < 0.5. Analysis of variance was conducted 

for each CAHAI item where scores across each level of the person factor (e.g. sex) were 

compared across different levels of the latent trait (also known as class intervals) [60]. A 

significant main effect for the person factor indicated the presence of uniform DIF while 

a significant interaction effect (person factor x class interval) indicated non-uniform DIF 

[56]. The level of significance was adjusted with Bonferroni correction to account for 

multiple hypothesis testing [58].   

Evaluation of assumptions. The assumption of local independence and the 

requirement of invariance were assessed using residual correlations and DIF respectively 

(as described earlier). The assumption of unidimensionality was assessed using principal 

component analysis of the residuals [66]. Residuals of the first factor were correlated 

with the items and then classified into two subsets of items (positively and negatively 

correlated items) [67]. These two subsets were subsequently used to generate person 

estimates, and the differences between the estimates for each person was assessed using 

the independent t-test [67]. If the percentage of persons with significant differences 

between the estimates exceeded 5% [68], the CAHAI measure was deemed as 

unidimensional.   
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Results  

Participant characteristics  

Participant characteristics and scores on each version of the CAHAI are 

summarized in Table 3. Participants’ median age was 72 years (1st, 3rd quartile: 62, 78) 

and 51% (n = 54) were males. The median days post-stroke was 38 days (1st, 3rd quartile: 

27, 80) and 82% (n = 78) had an ischaemic stroke. The median total scores on the 13-, 9-, 

8-, and 7-item versions of the CAHAI are 38, 29, 25, and 22 respectively. Fig 1 shows the 

frequency of scores in each score category for each CAHAI item.  

Item response theory  

Preliminary selection of potential IRT models  

All items in the CAHAI use the same 7-category (ordered) scoring scale and 

guessing of scores was not possible. No assumptions about the item discriminating 

parameters were made, meaning it could either be similar between items or allowed to 

vary across items. This assumption was based on our belief that each CAHAI item had a 

similar (or different) ability to discriminate between individuals with greater or lesser 

upper extremity function as each item demands a similar (or varying) extent of upper 

extremity function for successful task completion. For example, item 6 (do up five 

buttons) and item 11 (clean a pair of eyeglasses) require greater hand dexterity than grip 

strength for task completion; in comparison, item 4 (pour a glass of water) and item 12 

(place container on table) require greater grip and upper extremity strength than hand 

dexterity. Thus, our preliminary selection of IRT models included one-parameter (partial 



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

151 

 

credit model and rating scale model) and two-parameter (generalized partial credit model) 

logistic polytomous models. The graded response model was not considered as the partial 

credit and rating scale models were not nested within it (this paper focuses on the 

comparison of nested IRT models).   

Fitting and comparison of potential IRT models  

The generalized partial credit model was first fitted to the data and compared 

against the nested models (partial credit and rating scale models). Likelihood ratio test 

results showed that the generalized partial credit model fitted significantly better than the 

rating scale model for all versions of the CAHAI (CAHAI-13: x2(72) = 225.53, p < 0.001; 

CAHAI-9: x2(48) = 142.33, p < 0.001; CAHAI-8: x2(42) = 142.10, p < 0.001; CAHAI-7: 

x2(36) = 137.81, p < 0.001). 

The generalized partial credit model fitted significantly better than the partial 

credit model for only the CAHAI-13 (CAHAI-13: x2(12) = 51.49, p < 0.001). For all 

shortened versions of the CAHAI, the likelihood ratio tests between the generalized 

partial credit model and the partial credit model were non-significant. This meant that 

choosing the simpler (i.e., more parsimonious) model did not decrease the model fit with 

the observed data. Thus, the partial credit model was selected as the best fit model for the 

shortened versions of the CAHAI.  

Estimating item difficulty and discriminating parameters  
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With the generalized partial credit model selected as the best fit model for the 

CAHAI-13, item discriminating (a) and difficulty parameters (b1-6) were estimated for 

each test item. Table 4 summarizes the parameter estimates and their standard errors for 

the CAHAI-13. Item 13 (carry a bag up the stairs) had the lowest item discriminating 

ability (a = 0.84) while Item 4 (pour a glass of water had the highest item discriminating 

ability (a = 3.72).  Fig 2 shows an example of the graphical representation of the item 

parameters using category characteristic curves. The points at which curves of adjacent 

score categories intersect indicate the item difficult parameters [44]. For instance, the 

location where curves of score categories 1 and 2 intersect is 0.05 logits. This means that 

an individual with a level of upper extremity function of 0.05 logits has a 50/50 chance of 

obtaining a score of 1 or 2 on CAHAI Item 5 (wring out washcloth). 

Fig 3 shows the item information functions and test information function of the 

CAHAI-13. There were varying heights of the peaks in the item information functions, 

which were consistent with the items’ discriminating ability. Some item information 

functions were non-unimodal (e.g. Item 5, wring out washcloth). Non-unimodal item 

information functions were expected since each score category contributes to its own 

information and its maximum information may peak at different locations along the latent 

trait continuum [44]. The locations of the peaks for the CAHAI-13 were generally located 

between θ = + 1 logit. The test information function peaked at about θ = 0, with the width 

of the curve approximately between θ = – 2 logits to 2 logits.   

As the partial credit model was selected as the best fit model for the shortened 

versions of the CAHAI, 6 item difficulty parameters (b1-6) were estimated for each test 
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item and a single discriminating parameter (a) was estimated for each CAHAI shortened 

version. The item discriminating ability of the CAHAI-9, CAHAI-8, and CAHAI-7 were 

2.55 (0.26), 2.50 (0.27), and 2.76 (0.33) respectively. This indicates that the 

discriminating abilities of the three shortened versions were similar. The item information 

functions of the shortened versions of the CAHAI were similar to the CAHAI-13, 

displaying peaks (some non-unimodal) with varying heights and at different locations 

along the continuum. Details for the shortened versions of the CAHAI are described in 

the supplementary files (S1 – S3 Figs). 

Evaluation of model assumptions 

Results from the confirmatory factor analysis revealed that all versions of the CAHAI did 

not meet IRT assumption of unidimensionality. None of the fit indices of the CAHAI-13 

met the predefined fit criteria (CAHAI-13, x2(65) = 243.02 (p < 0.001), RMSEA = 0.16, 

CFI = 0.90, TLI = 0.88). For the shortened versions of the CAHAI, there were mixed fit 

with the one-factor model, which suggests they were also not unidimensional. All 

shortened versions had a significant x2 and RMSEA > 0.06 (CAHAI-9, x2(27) = 78.94, p 

< 0.0001, RMSEA = 0.14; CAHAI-8, x2(20) = 65.22, p < 0.0001, RMSEA = 0.15; 

CAHAI-7, x2(14) = 41.66, p = 0.0001, RMSEA = 0.14). However, they generally met the 

criteria of CFI and TLI > 0.95 (CAHAI-9, CFI = 0.96, TLI = 0.94; CAHAI-8, CFI = 0.96, 

TLI = 0.94; CAHAI-7, CFI = 0.97, TLI = 0.95). 

 For local independence, residual correlation from the confirmatory factor analysis 

ranged from -0.41 to 1.67. For each version of the CAHAI, there were pairs of items with 
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residual correlation > 0.20, indicating the violation of IRT assumption of local 

independence. In the CAHAI-13, nine pairs of items (item pairs 1-5, 2-6, 3-8, 4-7, 5-1, 5-

9, 5-11, 7-12, 7-13, and 12-13) had residual correlations between 0.21 to 1.67. The 

CAHAI-9, CAHAI-8, and CAHAI-7 had four (item pairs 1-5, 3-8, 4-7, and 5-9), three 

(item pairs 1-5, 3-8, and 4-7), and two (item pairs 1-5 and 4-7) pairs of items respectively 

that did not meet the predetermined criterion, with residuals ranging between 0.22 to 

0.32.  

Rasch measurement theory 

Fit – Do the items work together? 

 Ordering of item scoring categories (ordering of item thresholds). In the CAHAI-

13, all items had disordered thresholds. This was a similar finding in all the shortened 

versions of the CAHAI, with the exception of Item 6 (do up five buttons). For example, 

Fig 4 shows the category probability curves of Item 5 (wring out washcloth) and Item 6 

(do up five buttons) in the CAHAI-7. The intersections (thresholds) of adjacent curves in 

Item 5 were disordered (1-2 < 2-3 < 3-4 < 6-7 < 4-5 < 5-6), indicating that lesser upper 

extremity function is required to obtain the highest score of 7 than lower score categories 

of 4 to 6 (Fig 4A). In comparison, the category probability curve of Item 6 (Fig 4B) 

shows ordered thresholds (i.e., 1-2 < 2-3 < 3-4 < 4-5 < 5-6 < 6-7). Although Item 6 had 

ordered thresholds, the distances between the thresholds were very close (0.007 to 0.252 

logits), which suggests that clinicians still have some difficulty discriminating between 

the various score categories.   
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Fit-residual and x2 statistics. All items in each CAHAI version had fit-residuals 

between + 2.5.  The residual mean and standard deviations of the CAHAI-13, -9, -8, and -

7 were -0.14 (1.13), -0.10 (0.74), -0.19 (0.84), and -0.16 (0.78) respectively. For x2 

values, all items in the shortened versions of the CAHAI were non-significant, indicating 

a good fit with the Rasch model. However, for CAHAI-13, items 12 (place container on 

table) and 13 (carry bag up the stairs) had significant misfit with the Rasch model (x2(2) = 

26.0, p <0.0001 and x2(2) = 64.3, p <0.0001 respectively) (Table 5).  

 Item characteristic curves. The item characteristic curves supported the statistical 

results of the CAHAI items’ fit to the Rasch model. For example, Fig 5 shows the item 

characteristic curves for two CAHAI-13 items with the best (Item 7, dry back with a 

towel) and worst (Item 13, carry bag up the stairs) fit-statistic results. The plots (observed 

scores) in Fig 5A lie closely on the S-shaped curve (predicted scores), indicating a fit 

with the Rasch model. However, in Fig 5B, the plots lie distant from the curve which 

indicates a poor fit with the Rasch model. This is consistent with this item’s significant x2 

value (x2(2) = 64.3, p <0.0001). 

Targeting – Does the range of upper extremity function measured by the CAHAI match 

the range of UE function in the sample?   

Item locations. Table 5 shows the item locations and its associated error for 

CAHAI-13. The location of items ranged from -0.68 to -0.80 logits, with item 1 (open jar 

of coffee) and item 4 (pour a glass of water) as the easiest and most difficult test items 

respectively. The mean location was 0 logit with a standard deviation (SD) of 0.50.  
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Details for the shortened versions of the CAHAI are described in the supplementary files 

(S1-S3 Tables).  

Comparison between item and person locations. The mean person locations and 

standard deviations for the CAHAI-13, -9, -8, and -7 were -1.07 (2.13), -1.08 (2.53), -

1.03 (2.36), and -1.10 (2.48). As the mean person locations were < 0, this suggests that 

the CAHAI may be a ‘difficult’ measure as participants had lower function in their 

affected upper extremity than the average difficulty of the CAHAI items. 

Person-item threshold distribution. Fig 6 shows the person-item threshold 

distribution of the CAHAI-13. The spread of item locations between -3 logits and +2 

logits indicates the CAHAI-13 measures a reasonable continuum of upper extremity 

function. However, there was an uneven spread along the continuum, with most items 

clustering around the location of 0.5 logits. There was a mismatch between the 

distribution of item and person locations, particularly at the lower end of the continuum 

(locations between -5 logits and -3 logits). This suggests inadequate scale-to-sample 

targeting where the CAHAI is unable to measure function in individuals with minimal 

upper extremity function (e.g., flaccidity). There were similar findings in the shortened 

versions of the CAHAI. The person-item threshold distributions of the shortened versions 

of the CAHAI are available in the supplementary files (S1 – S3 Figs). 

Dependency – Do scores on one CAHAI item bias scores on the other items? 

In all versions of the CAHAI, there were pairs of items with residual correlation 

slightly exceeding +0.30, indicating a minor violation of the local independence 
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assumption. Dependency was present in three pairs of items in the CAHAI-13; item-pairs 

3-5, 9-12, and 12-13 had residual correlations of -0.32, -0.32, and 0.32 respectively. In 

both the CAHAI-9 and CAHAI-8, the same four pairs of items exceeded the 

predetermined criterion (item-pairs 2-7, 3-5, 8-1, and 8-6). The residual correlations of 

these item-pairs in the CAHAI-9 were -0.34 (item pair 2-7), -0.39 (item pair 3-5), -0.30 

(item pair 8-1) and -0.34 (item pair 8-6); in the CAHAI-8 were -0.4 (item pair 2-7), -0.39 

(item pair 3-5) -0.33 (item pair 8-1) and -0.34 (item pair 8-6). For the CAHAI-7, four 

pairs of items had residual correlation > 0.30 (item-pair 1-3, 3-5, 7-2, and 7-6).  

 Reliability – To what extent are the CAHAI scores not associated with random error? 

The Person-Separation Index for the CAHAI-13, -9, -8, and -7 were 0.94, 0.93, 

0.91, and 0.89 respectively. This suggests that all versions of the CAHAI demonstrated 

good reliability.  

Stability – Does each CAHAI item perform similarly across different groups of 

individuals? 

With the exception of CAHAI-7, all other CAHAI versions (CAHAI-8, CAHAI-

9, and CAHAI-13) displayed non-uniform DIF, indicating the measures are unstable 

across different groups of individuals. For the CAHAI-13, non-uniform DIF was present 

for stroke type (infarct or hemorrhagic) in item 8 (put toothpaste on toothbrush) and for 

upper extremity impairment (mild-moderate or severe impairment) in item 3 (draw a line 

with a ruler), item 8 (put toothpaste on toothbrush) and item 10 (zip up the zipper). 

Similarly, non-uniform DIF was present for stroke type in item 8 and for upper extremity 
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impairment in items 1 and 3 for the CAHAI-9. For the CAHAI-8, there was non-uniform 

DIF in item 7 (dry back with a towel) across different age groups (40 – 59 years, 60 – 69 

years, 70 – 79 years, and > 80 years). 

Evaluation of assumptions 

In summary, there was the violation of the assumption of local independence in 

all versions of the CAHAI and invariance was found in the CAHAI-8, CAHAI-9, and 

CAHAI-13. For the assumption of unidimensionality, the CAHAI-8, CAHAI-9, and 

CAHAI-13 did not meet the criteria of < 5% of persons with significant differences 

between the estimates (6.7%, 6.7%, and 20.0% respectively). Only the CAHAI-7 was 

found to be unidimensional (0.95%). 

Discussion 

The evaluation of outcome measures guided by modern test theories can provide 

evidence of whether the measure assumes interval-level measurement characteristics 

[28], and describe the relationship between individuals’ performance on each test item 

and the underlying latent trait assessed [29]. In our example instrument, results from both 

IRT and Rasch analyses indicate that the CAHAI does not have equal-interval scale 

properties and is not a unidimensional outcome measure. This means that the summation 

of scores on individual items is not appropriate and differences in the raw total scores 

need to be interpreted with caution since mathematical calculations are not justified. 

Although we took the position that IRT and RMT have different underlying paradigms, 

we identified two key similarities in our results. First, both analyses indicated that the 
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CAHAI’s 7-category scoring scale was not working as intended (described below). 

Second, there was an overall violation of the assumptions of unidimensionality and local 

independence in both analyses. The following sections discuss these findings and provide 

recommendations of how the identified issues with the CAHAI may be resolved. 

Similarities in findings between IRT and Rasch analyses  

The 7-category scoring scale of the CAHAI not working as intended  

The 7-category scale was intended to represent an ordered continuum of upper 

extremity function, where higher scores represent better upper extremity function. From 

Rasch analysis, there were disordered thresholds in all versions of the CAHAI. This 

indicates that the 7-category scoring scale was not working as intended as the transition 

between the score categories (from 1 to 7) did not correspond to a progressive level of 

upper extremity function measured. Although the order of scoring categories was not 

formally evaluated in IRT, estimates of the item difficulty parameter supported the Rasch 

analysis results. For example, recalling that item difficulty represents the location where 

the probability of obtaining a score in two adjacent score categories is equal [24,29], the 

item difficulty parameters of adjacent score categories of 1-2, 2-3, 3-4, 4-5, 5-6, 6-7 for 

Item 5 (wring out washcloth; Table 4) were 0.05, -0.37, 0.23, 1.10, 0.37, and 0.55 

respectively. This means that better upper extremity function is required to obtain a score 

of 4 or 5 (θ = 1.10 logits) than the higher score categories of 6 and 7 (θ = 0.37 and 0.55 

logits),  which was not how the 7-category scoring scale was intended. 
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 The CAHAI’s scoring scale was based on the same 7-category scoring scale used 

in the Functional Independence Measure [69,70]. Studies have found disordered 

thresholds in the Functional Independence Measure’s scale [71], and thus, it was not 

surprising that the CAHAI’s scoring scale was not working as intended. Disordered 

thresholds may be attributed to too many score categories and assessors may have 

difficulties discriminating between them [56,72]. Another possible reason for disordered 

thresholds are problems with the labeling of the score categories (e.g., may be confusing 

or vague) [56,72]. One method of resolving disordered thresholds is to collapse score 

categories [73]. The collapsing from seven to five or four categories in the scoring scale 

of the Functional Independence Measure resolved the disordered thresholds [74–76]. 

Thus, it is possible that similar collapsing of score categories in the CAHAI’s scale may 

resolve the disordered thresholds. A follow-up study employing Rasch analysis to revise 

the CAHAI is therefore needed to create a revised scale that works as intended.  

Violation of underlying assumptions  

Unidimensionality. Overall, the CAHAI did not present as a unidimensional 

outcome measure, meaning that it does not only measure upper extremity function. 

Examining the 13 test items, we postulated that two items, Item 12 (place container on 

table) and Item 13 (carry bag up the stairs), affected the dimensionality of the CAHAI. 

These two test items measure beyond upper extremity function as the ability to stand 

and/or climb a flight of stairs are needed for successful task completion. This notion is 

further supported by the International Classification of Functioning, Disability and Health 

(ICF)[77] categories linked to the CAHAI [78]. Two ICF categories related to body 
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positions (d4105, bending) and moving around (d4551, climbing) were linked to items 12 

and 13 of the CAHAI [77], which suggests that the CAHAI items do not measure a single 

latent trait of upper extremity function. Thus, it is important to consider the theoretical 

and conceptual constructs of the test items during the development and refinement of 

outcome measures guided by IRT or RMT. 

Although the shortened versions of the CAHAI do not contain items 12 and 13, 

they did not consistently demonstrate unidimensionality. This may be because the 

CAHAI measures different aspects of upper extremity function, such as strength, 

dexterity, reaching, and coordination. Outcome measures that are comprised of items that 

measure various aspects of a latent trait can better capture the complexity of the trait but 

at the expense of unidimensionality [79]. For example, health-related quality of life 

measures may include multi-components, such as physical and mental well-being, and 

social relationships. By evaluating specific domains, quality of life can be measured more 

holistically. However, this affects the dimensionality of the measure and it may have 

difficulties meeting IRT and RMT assumption of unidimensionality.   

Local independence Local dependency among item pairs was present in all 

versions of the CAHAI, possibly for two reasons. First, the assumptions of 

unidimensionality and local independence are related, and local dependency may be 

present in outcome measures that are not unidimensional [29]. Second, as the 

development of the CAHAI was guided by CTT, the test items selected had moderate 

correlations with each other to ensure internal consistency [8]. However, the inter-item 

correlations may cause local dependency when the CAHAI is evaluated using modern 



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

162 

 

test theories. The appropriateness of local dependency depends on the purpose of the 

outcome measure [80]. In outcome measures that contain sets of items where responses 

on later items are based on earlier items (e.g., presence/absence of pain and how it affects 

upper extremity function), local dependency may be expected. However, in the case of 

the CAHAI, local dependency suggests that there may be items that are redundant [80]. 

For example, local dependence was present between Item 3 (draw a line with ruler) and 

Item 5 (wring out washcloth) for all versions of the CAHAI, suggesting one of the items 

may be redundant.   

Revisions to the CAHAI is needed 

 The problems in the CAHAI’s scoring scale and the violation of underlying 

assumptions of both IRT and RMT indicate the needed to revise the measure. Revisions 

to the CAHAI can be guided by modern test theories. For example, RMT may be 

employed to guide the revision of the scoring scale to ensure it works as intended. IRT 

may also be employed to guide the selection of items in the revised CAHAI to better 

ensure unidimensionality.   

Reason for similarities in findings  

The similarities in the results from both IRT and Rasch analyses in the example 

instrument may be due to our IRT model choices in the IRT analysis. The scope of this 

article focused only on nested IRT models, and the generalized partial credit model and 

the partial credit models were the models that best fitted our data. As the partial credit 

model is mathematically an extension of the Rasch model [81], this may account for the 
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similarities in the findings. It is important that readers are aware of the possibility of 

fitting other IRT models, such as the graded response model, which may produce 

different findings. The fitting of the graded response model, a popular model choice for 

polytomous items, may produce different results due to the unique characteristics of the 

model. This model describes the probability of obtaining a particular score category or 

higher versus lower score categories (e.g., the probability of scoring > 4 versus scoring < 

4), and consequently, the item difficulty parameters (ordering of item thresholds in RMT) 

will be sequentially ordered [24]. Thus, if the graded response model was fitted in our 

IRT analysis, the disordered thresholds in the 7-category scoring scale in the CAHAI 

would not be present and scaling issues with the scoring scale would not be identified.  

Challenges with applying modern test theories  

Sample size requirements  

One of the biggest challenges in applying modern test theories in clinical research 

is the large sample sizes needed for stable estimations, compared to using CTT. In our 

example instrument, 105 participants may be considered small for IRT analysis (as a two-

parameter logistic polytomous model was fitted for the CAHAI-13) and reasonable for 

Rasch analysis [24]. Our data was not uniformly distributed across all seven score 

categories, with some items having less than 10 observations in a score category. This 

may have influenced the accuracy of estimations in both IRT and Rasch analyses. 

There are various sample size recommendations for IRT and RMT, however, they 

should not be regarded as rigid rules as there are several considerations when determining 
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sample sizes [24]. Factors to consider include the characteristics of the outcome measure 

(e.g., instrument length, number of scoring/response options), data characteristics (e.g., 

number of missing data), the distribution of the sample (e.g., frequency of responses in 

each score/response category), the estimation techniques and procedures (e.g., number of 

item parameters), and the ancillary techniques that will be used (e.g., factor analysis for 

the evaluation of unidimensionality) [24]. In general, the number of participants needed 

increases with the number of item parameters to be estimated, and thus, larger sample 

sizes are required when polytomous models are used (compared to dichotomous models) 

and IRT analysis require larger sample sizes in comparison to Rasch analysis. For 

dichotomous models, a minimum of 30 participants is recommended for the Rasch model 

[82], and approximately 100 and 250 to 500 participants are recommended for the one- 

and two-parameter logistic models respectively [24]. For polytomous models, a minimum 

sample size of 50 and at least 10 observations per category is recommended for 

polytomous Rasch models [82]. There are several recommendations for polytomous IRT 

models, such as using the 2:1 ratio of person to item parameters (e.g., 13 CAHAI items x 

6 transition location parameters x 2 = 156 participants) for the partial credit model and a 

sample size of 500 for two-parameter logistic polytomous models [24]. A uniform 

distribution of observations across the scoring/response categories in the sample is also 

desired [24]. Overall, the need for larger sample sizes can affect the cost, complexity, and 

feasibility of conducting measurement studies guided by modern test theories.  
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Practical considerations  

Statistical software. Both IRT and Rasch analyses often require statistical 

software designed for the purpose of such analyses, and it may be necessary for health 

care professionals to devote time to learn how to use a new statistical software. Examples 

of software packages available include RUMM2030 [49] and Winsteps [83] for Rasch 

analysis, and PARSCALE [84], Mplus [85], and BILOG [86] for IRT analysis. The 

capabilities of each software vary (e.g., model specifications available, estimation 

procedures, number of items, and number of participants) and thus, health care 

professionals need to be aware of the strengths and weaknesses of the software when 

purchasing and using it.   

  Accessibility of information. This article provides health care professionals with 

information about modern test theories in a non-technical manner; however, it is 

important to note that what we have presented only provides an overview of these 

theories. The abstruse nature of modern test theories demands the understanding of 

complex mathematical models and advanced knowledge of statistics. However, existing 

information about the theories is often not written in a manner that is easy for clinicians 

to understand [6]. Health care professionals may thus find it challenging to gain an in-

depth understanding of IRT and RMT and to apply these theories proficiently.     

Conclusion  

The goal of this article was to provide rehabilitation professionals with an 

accessible overview of measurement theories and how to apply IRT and RMT in the 
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evaluation of outcome measures. The choice between IRT and RMT is dependent on the 

researcher and it is imperative that researchers provide a clear rationale for their choice of 

measurement theory. Researchers need to articulate their philosophical stance on modern 

test theories and use terminologies consistent with their philosophical stance. Research 

articles intended for the rehabilitation professional audiences should also endeavor to 

provide detailed and non-technical explanations to help clinicians understand the 

findings. Regardless of the theory chosen, the overall goal of both IRT and RMT is to 

improve the quality of outcome measures to ensure accurate and valid measurements of 

outcomes in rehabilitation, and consequently, improve the quality of patient care.   
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Tables 

 

Table 1. Summary data of the hypothetical case scenario using the 7-item 

Chedoke Arm and Hand Activity Inventory.  

Item 
John William 

Score Score 

1. Open jar of coffee 6 4 

2. Call 911 2 4 

3. Draw a line with ruler  2 4 

4. Pour a glass of water  5 4 

5. Wring out washcloth 6 4 

6. Do up five buttons 2 4 

7. Dry back with towel 5 4 

Total score 
28 28 
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Table 2. Test items in each version of the Chedoke 

Arm and Hand Activity Inventory (CAHAI).  

CAHAI-7 

1. Open jar of coffee 

2. Call 911 

3. Draw a line with ruler  

4. Pour a glass of water  

5. Wring out washcloth 

6. Do up five buttons 

7. Dry back with towel 

CAHAI-8 

8. Put toothpaste on toothbrush 

CAHAI-9 

9. Cut medium-resistance putty   

CAHAI-13 

10. Zip up a zipper   

11. Clean a pair of eyeglasses    

12. Place container on table 

13. Carry bag up the stairs 
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Table 3. Participant characteristics (n = 105).  

Variables  Sample  

Total n 105 

Sex (%)   

Male 54 (51.4) 

Female  51 (48.6) 

Age, in years   

Median (1st, 3rd quartile) 72 (62, 78) 

Min, Max  44, 92 

Days since stroke  

Median (1st, 3rd quartile) 38 (27, 80) 

Min, Max 3, 342 

Type of stroke (%)  

Ischemic  78 (82.1) 

Hemorrhagic 17 (17.9) 

Unilateral spatial neglect (%)  

Absent 54 (51.9) 

Present, client able to compensate 28 (26.9) 

Present, client unable to compensate 22 (21.2) 

Affected upper limb (%)  

Right 46 (43.8) 

Left  57 (54.3) 

Bilateral 2 (1.9) 

Baseline upper limb impairment (%)  

Mild-moderate (CMSA score 7 – 11) 54 (51.4) 

Severe (CMSA score < 5) 51 (48.6) 

CAHAI scores   

CAHAI-13  

Median (1st, 3rd quartile) 38 (16, 65) 

Min, Max  13, 91 

CAHAI-9  

Median (1st, 3rd quartile) 29 (11, 48) 

Min, Max  9, 63 

CAHAI-8  

Median (1st, 3rd quartile) 25 (10, 43) 

Min, Max  8, 56 

CAHAI-7  

Median (1st, 3rd quartile)  22 (8, 37) 

Min, Max  7, 49  
SD, standard deviation; min, minimum; max, maximum; CMSA, 

Chedoke-McMaster Stroke Assessment (arm and hand component); 

CAHAI, Chedoke Arm and Hand Activity Inventory  
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Table 4. Item response theory analysis: Generalized partial credit model item 

parameter estimates and standard errors for the CAHAI-13 (n = 105).  

Item a b1 b2 b3 b4 b5 b6 

1. Open jar of coffee 2.70 

(0.59) 

-0.62 

(0.19) 

-0.12 

(0.20) 

0.30 

(0.21) 

0.41 

(0.21) 

0.67 

(0.21) 

0.38 

(0.21) 

2. Call 911 2.87 

(0.60) 

-0.30 

(0.18) 

0.16 

(0.18) 

0.53 

(0.19) 

0.87 

(0.25)  

0.53 

(0.25) 

0.52 

(0.20) 

3. Draw a line with ruler  1.99 

(0.42) 

-0.07 

(0.26) 

-0.14 

(0.28) 

0.26 

(0.26) 

0.38 

(0.25) 

1.17 

(0.34) 

-0.11 

(0.35) 

4. Pour a glass of water  3.72 

(0.88)  

0.60 

(0.20) 

0.19 

(0.19) 

0.81 

(0.17) 

0.78 

(0.18) 

0.81 

(0.18) 

1.62 

(0.25) 

5. Wring out washcloth 2.35 

(0.48) 

0.05 

(0.27) 

-0.37 

(0.27) 

0.23 

(0.20) 

1.10 

(0.29) 

0.37 

(0.28) 

0.55 

(0.22)  

6. Do up five buttons 2.95 

(0.67) 

0.28 

(0.19) 

0.40 

(0.20) 

0.50 

(0.21) 

0.58 

(0.21) 

0.87 

(0.22) 

0.57 

(0.21) 

7. Dry back with towel 2.93 

(0.65) 

0.27 

(0.18) 

0.38 

(0.18) 

0.77 

(0.19) 

1.07 

(0.27) 

1.01 

(0.34) 

0.31 

(0.32) 

8. Put toothpaste on 

toothbrush 

1.97 

(0.39) 

-0.73 

(0.21) 

0.26 

(0.24) 

0.04 

(0.24) 

1.28 

(0.31) 

0.78 

(0.34) 

0.31 

(0.31) 

9. Cut medium-

resistance putty   

2.43 

(0.50) 

-1.02 

(0.19) 

0.24 

(0.21) 

0.23 

(0.21) 

0.88 

(0.24) 

0.66 

(0.25) 

0.47 

(0.23) 

10. Zip up a zipper   1.81 

(0.35) 

-1.11 

(0.22)  

0.55 

(0.26) 

0.06 

(0.26) 

1.07 

(0.25) 

1.55 

(0.41) 

0.40 

(0.41) 

11. Clean a pair of 

eyeglasses    

2.15 

(0.42)  

-0.08 

(0.22) 

0.05 

(0.22) 

0.67 

(0.22) 

0.96 

(0.27) 

0.77 

(0.28) 

0.74 

(0.26)  
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Table 4 (Continued).  

Item a b1 b2 b3 b4 b5 b6 

12. Place container on 

table 

0.93 

(0.22) 

2.04 

(0.64) 

1.06 

(0.68) 

-0.15 

(0.70) 

1.50 

(0.69) 

0.46 

(0.71) 

0.31 

(0.58) 

13. Carry bag up the 

stairs 

0.84 

(0.19) 

3.02 

(0.95) 

0.59 

(0.92) 

-1.20 

(0.88) 

1.64 

(0.63) 

0.54 

(0.66) 

0.91 

(0.60)  

a, item discrimination parameter: a larger value indicates that a test item has greater ability to 

discriminate between individuals with lesser or more upper extremity function.29 

b1-6, item difficulty parameters (also known as threshold parameter): locations of thresholds where the 

probability of obtaining a score in two adjacent score categories is 0.5.24,29 For example, b1 represents 

the location where the probability of obtaining a score of 1 or 2 is 0.5.    
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Table 5. Rasch analysis: CAHAI-13 item locations, fit-residual and chi-square 

statistics ordered by item location. 

Item Location SE 
Fit 

residual 
df x2 P-value 

1. Open jar of coffee -0.684 0.098 0.042  2 2.32 .314 

9. Cut medium resistance 

putty 

-0.524 0.094 0.003  2 0.58 .750 

3. Draw a line with a ruler -0.514 0.096 0.615 2 0.97 .616 

8. Put toothpaste on 

toothbrush   

-0.354 0.095 0.111 2 0.13 .936 

5. Wring out washcloth -0.332 0.095 -0.647 2 3.78 .151 

2. Call 911 -0.202 0.090 -1.311 2 1.00 .608 

10. Zip up the zipper  -0.152 0.102 0.488  2 1.85 .397 

11. Clean a pair of 

eyeglasses 

0.073 0.094 -0.349 2 1.04 .596 

6. Do up five buttons 0.202 0.087 -0.861 2 1.14 .567 

7. Dry back with towel 0.362 0.088 -2.004 2 2.79 .248 

12. Place container on table 0.652 0.084 1.670 2 25.97 < .0001* 

13. Carry bag up the stairs 0.674 0.086 1.835 2 64.33 < .0001* 

4. Pour a glass of water 0.798 0.095 -1.364 2 3.01 .222 

SE: standard error; df: degrees of freedom  

* significant p-value (Bonferroni adjusted) of p < .00077  
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Figures  

 

 

Fig 1. Frequency of scores of the 7-category scoring scale for each item in the CAHAI.  
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Fig 2. Category characteristic curves of item 5 (wring out washcloth) in CAHAI-13. The 

individual curves plot the probability of obtaining a particular score category along the 

latent trait (θ) continuum. The transition locations (points at which adjacent curves 

intersect) indicate the item difficulty parameters.  
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Fig 3. Item information functions and test information function of the CAHAI-13. A 

taller peak indicates greater item discriminating ability and a non-unimodal peak suggests 

inconsistent performance of the item across the latent trait continuum. The test 

information function is the sum of all item information functions.  
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Fig 4. Example of two category probability curves in CAHAI-7. Each curve plots the 

probability of obtaining a score category on the 7-category scale. The points at which 

curves of adjacent score categories intersect (i.e., thresholds) indicate equal probability of 

obtaining a score in the two adjacent score categories.  (A) The category probability 

curve of item 5 (wring out washcloth) shows that the intersections (thresholds) of 

adjacent curves were disordered, with threshold parameters (locations of the 1-2, 2-3, 3-4, 

4-5, 5-6, and 6-7 thresholds) of -1.90, -0.91, 0.22, 1.08, 1.24, and 0.28 respectively. (B) 

The category probability curve of item 6 (do up five buttons) shows ordered thresholds, 

with the locations of the 1-2, 2-3, 3-4, 4-5, 5-6, and 6-7 thresholds at -0.51, -0.35, -0.09, -

0.18, 0.37, and 0.39 respectively.  
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Fig 5. Item characteristic curves of two test items in the CAHAI-13. (A) Item 

characteristic curve for item 7 (dry back with a towel) shows a good fit with the Rasch 

model where the plots (observed scores) lie closely on the curve (predicted scores using 

the Rasch model). (B) Item characteristic curve for item 13 (carry bag up the stairs) 

shows misfit with the Rasch model as the plots are distant from the curve.   
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Fig 6. Person-item threshold distribution of the CAHAI-13. This figure shows the relative 

distributions of item and person locations. The mismatch between the range of upper 

extremity function measured by the CAHAI and the participants’ range of upper 

extremity function suggests inadequate scale-to-sample targeting.  

  



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

186 

 

Supplementary File 1 

Results for CAHAI-9  

Table 1. Item response theory analysis: Partial credit model item parameter 

estimates and standard errors for the CAHAI-9 (n = 105). 

Item b1 b2 b3 b4 b5 b6 

Item discriminating parameter (a) = 2.55 (0.26) 

1. Open jar of coffee -0.57 

(0.18) 

-0.11 

(0.21) 

0.26 

(0.22) 

0.36 

(0.22) 

0.63 

(0.22) 

0.34 

(0.19) 

2. Call 911 -0.23 

(0.18) 

0.13 

(0.19) 

0.49 

(0.20) 

0.86 

(0.26) 

0.48 

(0.27) 

0.46 

(0.20) 

3. Draw a line with ruler  -0.18 

(0.19) 

-0.11 

(0.22) 

0.24 

(0.21) 

0.36 

(0.20) 

1.00 

(0.26) 

0.09 

(0.24) 

4. Pour a glass of water  0.78 

(0.23) 

-0.02 

(0.23) 

0.86 

(0.21) 

0.75 

(0.24) 

0.72 

(0.22) 

1.78 

(0.30) 

5. Wring out washcloth 0.03 

(0.22) 

-0.34 

(0.24) 

0.20 

(0.19) 

1.01 

(0.25) 

0.36 

(0.26) 

0.57 

(0.19) 

6. Do up five buttons 0.34 

(0.19) 

0.35 

(0.23) 

0.45 

(0.23) 

0.54 

(0.23) 

0.85 

(0.24) 

0.50 

(0.21) 

7. Dry back with towel 0.30 

(0.18) 

0.32 

(0.19) 

0.75 

(0.21) 

1.09 

(0.29) 

1.00 

(0.38) 

0.19 

(0.32) 

8. Put toothpaste on 

toothbrush 

-0.73 

(0.18) 

0.20 

(0.19) 

0.09 

(0.19) 

1.09 

(0.23) 

0.75 

(0.27) 

0.47 

(0.23)  

9. Cut medium-resistance 

putty   

-0.98 

(0.19)  

0.22 

(0.19) 

0.20 

(0.20) 

0.82 

(0.22) 

0.62 

(0.24) 

0.48 

(0.20) 

a, item discrimination parameter; b1-6, item difficulty parameters  
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Table 2. Rasch analysis: CAHAI-9 item locations, fit-residual and chi-square statistics 

ordered by item location. 

Item Location SE 
Fit 

residual 
df x2 

p-

value 

1. Open jar of coffee -0.643 0.106 0.444  2 3.81 .149 

9. Cut medium resistance 

putty 

-0.461 0.103 0.260  2 1.16 .560 

3. Draw a line with a ruler -0.424 0.105 0.613 2 0.26 .879 

8. Put toothpaste on 

toothbrush   

-0.251 0.104 1.084 2 0.24 .885 

5. Wring out washcloth -0.235 0.104 -0.046 2 2.84 .242 

2. Call 911 -0.083 0.099 -0.917 2 0.22 .894 

6. Do up five buttons 0.403 0.096 -0.591 2 0.31 .855 

7. Dry back with a towel 0.589 0.096 -0.761 2 2.76 .252 

4. Pour a glass of water 1.105 0.104 -0.941 2 1.92 .383 

SE: standard error; df: degrees of freedom  

Note: Significant p-value (Bonferroni adjusted) set at p < .0011  
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Figure 1.  Category characteristic curves of item 5 (wring out washcloth) in CAHAI-9. 

The individual curves indicate the probability of obtaining the score category.
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Fig 2. Item information functions of the CAHAI-9. A taller peak indicates more 

information provided by the item, and a non-unimodal peak suggests inconsistent 

performance of the item across the latent trait continuum.  
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Fig 3. Test information function of the CAHAI-9. The test information function is the 

sum of all item information functions.  
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Fig 4. Person-item threshold distribution of the CAHAI-9. This figure shows the relative 

distributions of item and person locations. The mismatch between the range of upper 

extremity function measured by the CAHAI and the participants’ range of upper 

extremity function suggests inadequate scale-to-sample targeting. 
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Supplementary File 2 

Results for CAHAI-8   

Table 1. Item response theory analysis: Partial credit model item parameter 

estimates and standard errors for the CAHAI-8 (n = 105). 

Item b1 b2 b3 b4 b5 b6 

Item discriminating parameter (a) = 2.50 (0.27) 

1. Open jar of coffee -0.55 

(0.18) 

-0.10 

(0.21) 

0.24 

(0.22) 

0.33 

(0.22) 

0.62 

(0.22) 

0.33 

(0.19) 

2. Call 911 -0.22 

(0.18) 

0.11 

(0.20) 

0.47 

(0.20) 

0.85 

(0.27) 

0.47 

(0.27) 

0.45 

(0.20) 

3. Draw a line with ruler  -0.16 

(0.19) 

-0.12 

(0.23) 

0.22 

(0.22) 

0.34 

(0.21) 

1.00 

(0.26) 

0.07 

(0.24) 

4. Pour a glass of water  0.79 

(0.23) 

-0.05 

(0.24) 

0.85 

(0.22) 

0.75 

(0.24) 

0.73 

(0.22) 

1.80 

(0.31) 

5. Wring out washcloth 0.06 

(0.22) 

-0.35 

(0.24) 

0.18 

(0.19) 

1.00 

(0.26) 

0.34 

(0.26) 

0.57 

(0.19) 

6. Do up five buttons 0.34 

(0.19) 

0.32 

(0.23) 

0.43 

(0.24) 

0.52 

(0.23) 

0.85 

(0.24) 

0.50 

(0.22) 

7. Dry back with towel 0.31 

(0.18) 

0.29 

(0.19) 

0.74 

(0.21) 

1.09 

(0.30) 

1.02 

(0.39) 

0.19 

(0.32) 

8. Put toothpaste on 

toothbrush 

-0.72 

(0.18) 

0.20 

(0.19) 

0.07 

(0.19) 

1.08 

(0.24) 

0.75 

(0.28) 

0.47 

(0.23)  

a, item discrimination parameter; b1-6, item difficulty parameters 
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Table 2. Rasch analysis: CAHAI-8 item locations, fit-residual and chi-square statistics 

ordered by item location. 

Item Location SE 
Fit 

residual 
df x2 

p-

value 

1. Open jar of coffee -0.689 0.105 0.195  2 2.01 .366 

3. Draw a line with a ruler -0.463 0.104 0.748   2 0.06 .971 

8. Put toothpaste on 

toothbrush 

-0.298 0.105 1.067 2 0.50 .787 

5. Wring out washcloth -0.290 0.103 0.082 2 2.77 .251 

2. Call 911 -0.139 0.099 -1.160 2 0.77 .680 

6. Do up five buttons   0.324 0.095 -0.562 2 0.15 .930 

7. Dry back with a towel 0.529 0.096 -0.840 2 0.67 .715 

4. Pour a glass of water 1.025 0.104 -1.061 2 2.66 .265 

SE: standard error; df: degrees of freedom  

Note: Significant p-value (Bonferroni adjusted) set at p < .0013  
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Fig 1. Category characteristic curves of item 5 (wring out washcloth) in CAHAI-8. The 

individual curves indicate the probability of obtaining the score category.
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Fig 2. Item information functions of the CAHAI-8. A taller peak indicates more 

information provided by the item, and a non-unimodal peak suggests inconsistent 

performance of the item across the latent trait continuum.  
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Fig 3. Test information function of the CAHAI-8. The test information function is the 

sum of all item information functions.  
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Fig 4. Person-item threshold distribution of the CAHAI-8. This figure shows the relative 

distributions of item and person locations. The mismatch between the range of upper 

extremity function measured by the CAHAI and the participants’ range of upper 

extremity function suggests inadequate scale-to-sample targeting. 
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Supplementary File 3 

Results for CAHAI-7   

 

Table 1. Item response theory analysis: Partial credit model item parameter 

estimates and standard errors for the CAHAI-7 (n = 105). 

Item b1 b2 b3 b4 b5 b6 

Item discriminating parameter (a) = 2.76 (0.33) 

1. Open jar of coffee -0.54 

(0.17) 

-0.08 

(0.19) 

0.25 

(0.20) 

0.34 

(0.20) 

0.59 

(0.20) 

0.36 

(0.18) 

2. Call 911 -0.21 

(0.16) 

0.13 

(0.18) 

0.46 

(0.19) 

0.80 

(0.24) 

0.46 

(0.25) 

0.48 

(0.19) 

3. Draw a line with ruler  -0.16 

(0.18) 

-0.09 

(0.21) 

0.23 

(0.20) 

0.34 

(0.19) 

0.95 

(0.24) 

0.12 

(0.22) 

4. Pour a glass of water  0.73 

(0.21) 

-0.01 

(0.22) 

0.81 

(0.20) 

0.73 

(0.22) 

0.73 

(0.20) 

1.79 

(0.30) 

5. Wring out washcloth 0.04 

(0.20) 

-0.30 

(0.22) 

0.19 

(0.17) 

0.95  

(0.24) 

0.35 

(0.24) 

0.58 

(0.18) 

6. Do up five buttons 0.32 

(0.18) 

0.33 

(0.21) 

0.43 

(0.22) 

0.51 

(0.21) 

0.81 

(0.22) 

0.52 

(0.20) 

7. Dry back with towel 0.29 

(0.16) 

0.30 

(0.18) 

0.71 

(0.19) 

1.02 

(0.27) 

0.97 

(0.35) 

0.26 

(0.30) 

a, item discrimination parameter; b1-6, item difficulty parameters 
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Table 2. Rasch analysis: CAHAI-7 item locations, fit-residual and chi-square statistics 

ordered by item location. 

Item Location SE 
Fit 

residual 
df x2 

p-

value 

1. Open jar of coffee -0.792 0.108 0.137  2 2.06 .358 

3. Draw a line with a ruler -0.505 0.105 1.105  2 0.86 .651 

5. Wring out washcloth -0.355 0.105 0.610 2 3.31 .191 

2. Call 911 -0.193 0.100 -0.730 2 1.56 .458 

6. Do up five buttons   0.297 0.096 -0.667 2 0.95 .623 

7. Dry back with a towel 0.504 0.098 -0.599 2 1.36 .506 

4. Pour a glass of water 1.044 0.106 -0.943  2 3.94 .140 

SE: standard error; df: degrees of freedom  

Note: Significant p-value (Bonferroni adjusted) set at p < 0.0014  
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Fig 1. Category characteristic curves of item 5 (wring out washcloth) in CAHAI-7. The 

individual curves indicate the probability of obtaining the score category. 
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Fig 2. Item information functions of the CAHAI-7. A taller peak indicates more 

information provided by the item, and a non-unimodal peak suggests inconsistent 

performance of the item across the latent trait continuum.  



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

202 

 

 

Fig 3. Test information function of the CAHAI-7. The test information function is the 

sum of all item information functions.  
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Fig 4. Person-item threshold distribution of the CAHAI-7. This figure shows the relative 

distributions of item and person locations. The mismatch between the range of upper 

extremity function measured by the CAHAI and the participants’ range of upper 

extremity function suggests inadequate scale-to-sample targeting. 
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Chapter Five: 

Revising the Chedoke Arm and Hand Activity Inventory using modern test theories



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

205 

 

Preface 

Following the findings in Chapter 4 of this thesis, the Chedoke Arm and Hand 

Activity Inventory was revised using item response theory and Rasch measurement 

theory. This chapter describes the revision process which used data from a previous 

validation study of the measure. The revised versions of the Chedoke Arm and Hand 

Activity Inventory had improved psychometric properties and clinical utility. Thus, this 

chapter demonstrates the importance of continued evaluation of outcome measures 

beyond its initial development and validation phase to improve the quality of existing 

measures. This is also the first study to demonstrate the novel use of both item response 

theory and Rasch measurement theory to revise an existing outcome measure.  

This manuscript was prepared according to the submission guidelines of the 

Journal of Clinical Epidemiology.  
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Revising the Chedoke Arm and Hand Activity Inventory using modern test theories 

Abstract  

Objective: Building on findings from previous evaluation studies of the Chedoke 

Arm and Hand Activity Inventory (CAHAI), this study aimed to use item 

response theory and Rasch analyses to revise the measure.  

Study design and setting: Secondary analysis was conducted using data from 105 

participants in a previous validation study. Rasch analysis was used to evaluate an 

11-item version and to revise the 7-category scoring scale. We then used item 

response theory to guide item selection for a new short version. The reliability and 

validity of the new shortened versions were compared to an original shortened 

version (CAHAI-7).       

Results: Collapsing the 7-category scale to four categories resolved the 

disordering and improved the psychometric properties of the 11-item CAHAI. 

Two new shortened versions containing five and seven items were developed. The 

test-retest reliability (ICC = 0.96), construct validity (r = 0.87 – 0.90), and 

longitudinal validity (area under receiver operating characteristic curve = 0.75) of 

the new 5-item version was not inferior to the CAHAI-7.    

Conclusion: This study demonstrated the novel use of both item response theory 

and Rasch analyses to revise outcome measures. The original CAHAI was refined 

into a new 11- and 5- item versions with a 4-category scoring scale.  

 

Keywords: stroke; upper limb; evaluation; measurement; item response theory; 

Rasch  
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1. Introduction  

Stroke is one of the leading causes of disability worldwide.1 In Canada, stroke 

prevalence is estimated at 1.15% and about 405,000 Canadians are living with the effects 

of stroke.2 A common effect of this condition is upper extremity (UE) deficits; 

approximately 70 – 80% of individuals experience UE hemiparesis in the acute phase of 

stroke.3,4 Post-stroke UE deficits also remain beyond the initial stroke onset. About 1 in 4 

individuals with severe hemiparesis regain full UE function 3 months post-stroke,3 and 

50% of individuals with UE hemiparesis do not have functional use of their UE 4 years 

post-stroke.5 Post-stroke UE impairments reduce one’s ability to perform routine self-care 

tasks and result in a loss of independence in daily living.6,7 Consequently, the emotional 

and psychological well-being and quality of life of individuals with stroke are affected.8,9 

Therefore, assessment of UE function is critical for evaluating the severity of UE deficits 

to facilitate clinical decisions about appropriate interventions and to determine the 

prognosis of UE recovery.10  

There is currently a range of outcome measures available to assess post-stroke UE 

function,11 such as the widely used Fugl-Meyer Assessment and the Action Research 

Arm Test (ARAT),12 and the Chedoke Arm and Hand Activity Inventory (CAHAI). The 

CAHAI is an outcome measure that uses real-life daily tasks to assess function in the 

affected UE after a stroke.13 It is a recommended outcome measure to assess post-stroke 

UE function as it demonstrates high levels of clinical utility and measurement quality.11 

The use of real-life daily tasks, low cost, and brief administration time are qualities the 

CAHAI possesses that supports its clinical utility. A task-related evaluation approach is 
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suitable for individuals with post-stroke cognitive or communication impairments as 

familiar daily tasks are intuitive and demand less advanced cognitive or communication 

skills.13 The low cost of the CAHAI administration is attributed to inexpensive materials 

required and the administration manual and training video are available online 

(www.cahai.com) at no charge. The CAHAI has a full 13 item version (CAHAI-13), and 

also three shortened versions with seven, eight, and nine items (CAHAI-7, CAHAI-8, and 

CAHAI-9 respectively). The shorter CAHAI versions are faster to administer (e.g., the 7-

item version requires about 12 minutes compared to the 13-item version that takes about 

25 minutes) and are beneficial to clinicians and researchers when limited time is an issue.  

In addition to clinical utility, a measure must have adequate psychometric 

properties. The psychometric properties of all CAHAI versions were evaluated using 

classical test theory.14,15 All versions of the CAHAI have good test-retest reliability 

(intraclass-correlation coefficient (ICC) 0.96 to 0.98),14,15 inter-rater reliability (ICC = 

0.98),14 and internal consistency of coefficient alpha = 0.97 to 0.98.13,15 All versions of 

the CAHAI also have high convergent validity with the Chedoke-McMaster Stroke 

Assessment (CMSA) arm and hand subscales (r = 0.81 to 0.87) and with the ARAT (r = 

0.93 to 0.95),14 and longitudinal validity with area under the receiver operating 

characteristics curve of 0.93 to 0.97.14 Newer measurement theories have expanded the 

considerations for whether an instrument is performing as expected. To address the 

considerations from newer measurement theories, the psychometric properties of all 

CAHAI versions were evaluated using item response theory and Rasch analyses.16  
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The Rasch analysis of the CAHAI identified several issues.16 First, 2 of the 13 

items did not fit the Rasch model (Item 12, place container on table; and Item 13, carry 

bag up the stairs). Second, there were disordered thresholds for almost all items, 

indicating the CAHAI’s scoring scale was not working as intended. Third, differential 

item functioning was present in the CAHAI-13, CAHAI-9, and CAHAI-8, which 

indicates the measures do not perform consistently when used across different groups of 

individuals (e.g., infarct versus hemorrhagic stroke types). Fourth, there was violation of 

the assumptions of unidimensionality and local independence, which was a similar 

finding in the item response theory analysis of the CAHAI. The study results indicated 

that the CAHAI does not assume interval-level measurement characteristics, and so, 

summing individual item scores to obtain a total score is inappropriate. Therefore, there is 

a need to revise the CAHAI, including its scoring scale, to improve its psychometric 

properties by ensuring unidimensionality and interval scaling.  

There is also a need to re-examine the current shortened versions of the CAHAI 

as the item reduction process used only a qualitative approach.15 Four experienced 

clinicians were asked to select nine items from the full 13-item version by ranking items 

according to three criteria related to content. Subsets of these nine items were also used to 

develop the 7- and 8-item versions. Methodological guidelines to shorten outcome 

measures recommend both qualitative content analysis and quantitative psychometric 

analysis.17  While the approach used preserved the content of the CAHAI,15 there is also a 

need to employ quantitative psychometric analysis in the reduction process.17 For 

example, using item response theory analysis allows precise evaluation of each test item 
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and provides objective statistical information that can be used to select items for the 

shortened versions.17  

This study builds on findings from the previous study that evaluated the CAHAI 

using item response theory (IRT) and Rasch analysis.16 The aim was to use IRT and 

Rasch analysis to revise the CAHAI. The objectives were as follows:  

(1) To evaluate the psychometric properties of an 11-item version of the CAHAI 

using Rasch analysis;  

(2) To revise the current 7-category scoring scale of the CAHAI using Rasch 

analysis;  

(3) (a) To develop a shortened version of the CAHAI using quantitative 

psychometric analysis (i.e., IRT) and (b) compare its test-retest reliability, 

cross-sectional validity, and longitudinal validity to one of the shortened 

versions advocated previously by Barreca et al.15  

Both IRT and Rasch analyses were used to address the limitations of the other’s analysis 

approach. When revising existing outcome measures, Rasch analysis can be applied to 

revise the measure’s scoring scale to ensure it is working as intended;18 however, there 

are no guidelines for the application of Rasch analysis in the item selection process when 

shortening outcome measures. In contrast, IRT analysis has been applied as quantitative 

approach to methodically shorten outcome measure.17 Thus, both IRT and Rasch analyses 

were used in complementary in this study.  
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2. Methods 

2.1 Study design and sample  

This is a secondary analysis of data from a previous validation study of the 

CAHAI.14,19 Briefly, the study recruited 105 adults with first-ever stroke and a combined 

score on the Chedoke-McMaster Stroke Assessment20 (CMSA) arm and hand subscales 

of either < 5 or between 7 and 11. These CMSA scores meant that participants had either 

severe (flaccid paralysis or some synergistic movements) or mild to moderate (full range 

of movements within synergistic patterns) UE impairments.20 All participants were 

assessed on the CAHAI, CMSA, and the Action Research Arm Test21 (ARAT) at baseline 

(admission/ initial visit to rehabilitation program) and at discharge. In addition, the 

CAHAI was administered to 39 of the 105 participants within 36 hours from baseline 

assessment in order to estimate inter-rater reliability.14     

 2.2 Measures 

2.2.1 Chedoke Arm and Hand Activity Inventory  

The CAHAI is comprised of test items that use daily tasks to assess the function 

of the affected UE after a stroke.13 The test items included in each version of the CAHAI 

are presented in Table 1. Task performance of the affected UE is scored on a 7-category 

scale, from total assistance (score = 1) to independence (score = 7). The range of total 

scores for the CAHAI-13, -9, -8, and -7 are 13 to 91, 9 to 63, 8 to 56, and 7 to 49 

respectively, with higher scores indicating better UE function. The psychometric 

properties of all CAHAI versions were described earlier.  
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2.2.2. Chedoke-McMaster Stroke Assessment  

 The CMSA was used as a comparative measure of UE function in the evaluation 

of construct validity of the CAHAI.14,15 It has two parts that measure post-stroke physical 

impairments and activity limitations.20 The physical impairment inventory of the CMSA 

includes six subscales (stage of recovery of the arm, hand, leg, and foot; shoulder pain; 

and postural control), and only the arm and hand subscales were used in the study.  Each 

subscale is scored on a 7-point scale that corresponds to Brunnstrom stages of motor 

recovery (1, flaccid paralysis; 2, presence of spasticity; 3, marked spasticity and 

synergistic movements may be elicited voluntarily; 4, spasticity reduces; 5, diminished 

spasticity with voluntary movements outside of synergistic patterns; 6, near normal 

movement patterns and coordination; and 7, normal movement). The minimum total 

score of the CMSA arm and hand subscales is 2 and the maximum score is 14. The inter-

rater reliability of the CMSA arm and hand subscales are ICC = 0.88 and 0.93 

respectively, and their concurrent validity with the Fugl-Meyer Assessment (upper 

extremity) is 0.95.20     

2.2.3 Action Research Arm Test  

 The ARAT was also a comparative measure of UE function used in the construct 

validation of the CAHAI.14,15 It measures impairment and activity levels of the affected 

UE after a stroke.20 The ARAT consists of 19 test items categorized into four subscales 

(grasp, grip, pinch, and gross movement), and each item is scored on a 4-point scale 

where higher scores indicate better UE function. The range of total scores is 0 to 57. The 
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psychometric properties of the ARAT in stroke samples include: inter-rater reliability of 

ICC ranging from 0.92 – 0.9921–23; test-retest reliability, ICC = 0.9922; and concurrent 

validity of correlation coefficient of 0.8624 with the Wolf-Motor Function Test and 0.8725 

with the Fugl-Meyer Assessment (upper extremity motor scale). 

2.3 Procedure  

Permission for data use was obtained from the corresponding author of the 

previous CAHAI validation study,19 and all data were provided in a de-identified format. 

In this study, we included all 105 participants and created two datasets. The first dataset 

(D1) consisted of participants’ demographic data and CAHAI scores at one measurement 

point, either baseline or discharge. This approach was used to optimize the frequency of 

scores in each score category of the CAHAI’s 7-point scale for item-level analysis. The 

second dataset (D2) was the full data from the original study, which contained 

demographic data and scores on all outcome measures at baseline and discharge.  

2.4 Statistical analysis  

2.4.1 Participant characteristics  

 Descriptive statistics were used to summarize participant characteristics. For each 

dataset, scores on each outcome measure were summarized as medians and 1st and 3rd 

quartiles. In the first dataset (D1), the frequencies of scores in each score category of the 

CAHAI were summarized as percentages.  
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2.4.2 Evaluation of the CAHAI using Rasch analysis  

All Rasch analyses were conducted using the Rasch Unidimensional 

Measurement Model software, RUMM2030,27 and only the first dataset (D1) was used.  

2.4.2.1 Rasch analysis of the 11-item version of the CAHAI. The first study objective was 

to evaluate the psychometric properties of an 11-item version of the CAHAI. We first 

deleted two items (item 12, place container on table; item 13, carry bag up the stairs) 

from the full 13-item CAHAI to create a new 11-item version. Our basis for deletion was 

the quantitative and qualitative evidence about the CAHAI-13. First, Rasch analysis of 

the CAHAI-13 identified these two items as not fitting with the Rasch model.16 Second, 

these two items do not appear to measure a single latent trait of UE function as they were 

linked to two categories of the International Classification of Functioning, Disability and 

Health28 related to body positions (d4105, bending) and moving around (d4551, 

climbing).29 Clinicians have also expressed that the ability to stand is a preceding 

criterion for the assessment of UE function in these two items (Choo et al., unpublished 

data, 2015).   

Five categories of analyses were conducted to evaluate the psychometric 

properties of the 11-item version of the CAHAI: fit, targeting, dependency, reliability, 

and stability. Fit with the Rasch model was assessed with the ordering of item scoring 

categories (ordering of item thresholds),30 two statistical tests (fit residual and x2 

statistics), and one graphical indicator (item characteristic curves).31 Ordering of item 

scoring categories were evaluated using the category probability curves of each CAHAI 
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item, where the order of the thresholds were examined. Thresholds are points at which 

the category probability curves of adjacent score categories intersect.32,33 At these 

intersections, the probability of obtaining a score in two adjacent score categories is equal 

(e.g. probability of scoring 1 or 2 on a CAHAI test item is equal at 0.5).32,33 A sequential 

order of the thresholds (i.e., 1-2 < 2-3 < 3-4 < 4-5 < 5-6 < 6-7) indicated the 7-category 

scoring scale was working as intended while disordered thresholds indicated the scoring 

scale was not working as intended. Fit residuals larger than + 2.5  or a significant x2 

indicated that the item did not fit the Rasch model.34,35 

Targeting refers to the match between the range of UE function evaluated in the 

CAHAI and participants’ range of UE function. To assess targeting, histograms of the 

relative distributions of item locations (i.e., item difficulty) and person locations (i.e., 

participants’ level of UE function) were graphically examined using the person-item 

threshold distribution.36 A greater similarity between the distributions indicated better 

targeting. Dependency is related to the underlying assumption of local independence in 

Rasch analysis, where scores on each item should be independent of scores on other 

items.37 Residual correlations exceeding + 0.3 indicated violation of local independence 

assumption.36 Reliability was determined using the Person Separation Index, which is the 

ratio of true-score variance to observed variance.38 Stability, or the invariance property of 

the CAHAI,39 was assessed across age, sex, and factors associated with the recovery of 

UE function after stroke (stroke chronicity,40,41 baseline UE impairment,42 and unilateral 

spatial neglect43). Items that displayed differential item functioning (DIF) indicated 

instability.32  
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2.4.2.2 Revision of the 7-category scoring scale. The second study objective was to revise 

the CAHAI’s 7-category scoring scale. Following the psychometric evaluation of the 11-

item version of the CAHAI using Rasch analysis, score categories were collapsed where 

disordered thresholds were found. Different scoring structures of the 11-item version 

were explored, where the original scale was collapsed into five, four, and three 

categories. For each new scoring structure, the 11-item CAHAI was re-evaluated using 

the five categories of Rasch analysis described earlier. The best scoring structure was 

determined as meeting all our predetermined criteria of fit with the Rasch model, 

targeting, local independence, reliability, and stability.  

2.4.3 Development of new shortened versions of the CAHAI using IRT  

 All analyses in the following sections were conducted using STATA version 14.44  

2.4.3.1 Fitting of IRT model to data. The next study objective was to develop a shortened 

version of the CAHAI using a statistical approach. The starting point of our IRT analysis 

was the 11-item version of the CAHAI with a revised 4-category scoring scale (following 

results from the Rasch analyses described above). In our preliminary selection of 

potential IRT models, we considered only nested unidimensional polytomous models. 

The generalized partial credit model45 was fitted to the first dataset (D1) and compared 

against two nested models, the partial credit model46 and rating scale model.47 Relative 

model fit was compared using the likelihood ratio test. A significant result (p < 0.05) 

indicated that the generalized partial credit model was preferred as the simpler model 

(partial credit or rating scale model) decreased the model fit.48,49 
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 2.4.3.2 Item properties. After identifying the best fit model, it was re-fitted to the same 

dataset (D1) and the item difficulty and discriminating parameters were estimated. Item 

properties were also graphically examined using the category characteristic curves, item 

characteristic curves, and item information functions (IIFs).  

2.4.3.3 Selection of items for the new shortened versions. The IIFs were used to guide the 

item reduction process to develop the new shortened CAHAI version. IIFs display the 

contribution of each item along the latent trait continuum by plotting the item’s 

information (y-axis) against the latent trait (x-axis).33,50 Items with greater discriminating 

ability contribute more information, as indicated by a taller peak of the curve, and have 

smaller error variance (i.e., greater measurement precision).49,51   

The goal of the item reduction process was to retain/select as few items as 

possible while maximizing item information and minimizing content overlap.52 Two 

approaches were used. In the first approach (‘backward elimination’), the IIFs of all 11 

items were plotted and items with similar plots were identified. When two or more IIFs 

were identified as similar, we examined their content (i.e., the specific aspects of UE 

function assessed) and only retained the item that had minimal content overlap with other 

items. In the second approach (‘forward selection’), starting with a blank plot, items with 

the highest information levels were selected and added to the plot. Thereafter, items that 

assessed UE function at lowest and highest θ values (i.e., lowest and highest item 

difficulty) were added next. Finally, IIFs of all added items were examined to identify 
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gaps along the latent trait continuum, and items with IIFs that covered the identified gaps 

were added.   

2.4.3.4 Preliminary validation of the new shortened versions. IRT analysis was 

conducted for each new shortened version of the CAHAI using the first dataset (D1). The 

steps taken in our analysis are described accordingly in sections 2.4.3.1 and 2.4.3.2. To 

assess the underlying IRT assumptions of unidimensionality and local independence, 

confirmatory factor analysis (one-factor model) was conducted for each new shortened 

version. Unidimensionality was indicated by the fit with the one-factor model and the 

following criteria were used: a non-significant x2  statistic, root mean square error of 

approximation (RMSEA) < 0.06, comparative fit index (CFI) > 0.95, and Tucker-Lewis 

index (TLI) > 0.95.53,54 Local independence assumption was assessed by examining the 

residual correlation matrix. Residual correlations > 0.20 indicated the presence of local 

dependency between pairs of items.55  

2.4.4 Comparison of the new CAHAI versions with the previous versions  

The final study objective was to compare the test-retest reliability, cross-sectional 

validity, and longitudinal validity of the new shortened CAHAI versions to one of the 

shortened versions advocated previously by Barreca et al.15 We hypothesized that the new 

shortened CAHAI versions were non-inferior to the CAHAI-7. The second dataset (D2) 

was used to estimate the reliability and validity of the new shortened CAHAI versions 

and to conduct comparative analyses with the CAHAI-7. As the psychometric properties 
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of the new CAHAI versions and the CAHAI-7 were derived from the same sample, 

sample dependency was accounted for in all comparative analyses between the measures. 

2.4.4.1 Test-retest reliability. For each new shortened CAHAI version, 3-way analysis of 

variance was first computed with three factors: participants, raters, and occasion. The 

sources of variances identified were then used to estimate relative reliability with ICCs.56 

Absolute reliability was estimated with the standard error of measurement (SEM), 

calculated by taking the square root of the mean-square error.57,58 The differences 

between the ICCs of the new shortened versions and the CAHAI-7 were calculated, and 

the 95% CIs of the differences were computed using bootstrapping with 1000 

replacements.59 Our predefined non-inferiority margin was 0.1.  

2.4.4.2 Cross-sectional validity. Convergent validity was estimated with the correlation 

between the scores on the new short CAHAI versions and the CMSA (arm and hand) and 

ARAT scores. The correlations between the new short CAHAI versions scores and 

CMSA shoulder pain subscale scores were used to estimate discriminant validity. We 

expected higher correlations between the new CAHAI versions and the CMSA (arm and 

hand subscales) and the ARAT, compared to the correlations with the CMSA pain 

subscale. This is because measures that assess similar outcomes (i.e., UE function) should 

correlate highly, while measures that assess dissimilar outcomes (i.e., UE function and 

pain) should have low correlations.60  All correlation coefficients of the new short 

CAHAI versions were compared with the respective correlation coefficients of the 
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CAHAI-7 using the method proposed by Meng et al.61 of comparing correlation 

coefficients from dependent sample.   

2.4.4.3 Longitudinal validity. Receiver operating characteristic (ROC) curves were 

computed for each new short CAHAI version to estimate longitudinal validity, which is 

the ability of an instrument to measure change.62 Pairwise comparison of the area under 

the ROC curves between the new CAHAI short versions and the CAHAI-7 were 

conducted using Hanley and McNeil’s method of comparing ROC curves from the same 

sample.63    

3. Results  

3.1 Participant characteristics  

 Participant characteristics are described in Table 2. The median age was 72 years 

(1st, 3rd quartile: 62, 78) and 51% (n = 54) were males. Most participants (82%, n = 78) 

had an ischemic stroke and the median time since stroke was 38 days (1st, 3rd quartile: 27, 

80). Table 3 summarizes the scores on the outcome measures for each dataset. For the 

first dataset (D1), the frequency of the score categories in each item of the CAHAI-13 are 

shown in Figure 1. Score categories 1 (total assistance) and 7 (complete independence) 

were most frequently used by therapists.  

3.2 Evaluation of the CAHAI using Rasch analysis 

3.2.1 Rasch analysis of the 11-item version of the CAHAI  

All 11 items had disordered thresholds, implying the 7-category scoring scale was 

not working as intended. For example, Figure 2A shows the category probability curves 
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of item 5 (wring out washcloth). The thresholds were disordered (1-2 < 2-3 < 3-4 < 6-7 < 

4-5 < 5-6) indicating lesser UE function is required to obtain the highest score of 7 than 

lower score categories of 4 to 6. The fit residuals of all items were between + 2.5 and no 

items had a significant x2 values, indicating that all items fitted with the Rasch model 

(Table 4). The item characteristic curves supported the statistical results and Figure 3A 

shows an example of an item characteristic curve for item 4, pour a glass of water. The 

plots (observed scores) lie close to the curve (predicted scores), again indicating fit with 

the Rasch model.  

 The mean person location was -1.096 logits (SD: 2.467) and Figure 4A shows the 

person-item threshold distribution. In general, the relative distributions of the item and 

person locations were similar between θ = + 2 logits, indicating adequate targeting of the 

11-item CAHAI. This means between θ = + 2 logits, the range of UE function measured 

by the CAHAI items matched participants’ range of UE function. However, there were no 

test items that evaluated individuals with minimal function in the affected UE (i.e., θ < – 

4 logits). 

Two pairs of items had residual correlations that slightly exceeded + 0.30 (item-

pairs 3-5, and 2-7 had residual correlation of -0.358 and -0.330 respectively), violating 

the assumption of local independence. For reliability, the Person-Separation Index of the 

11-item CAHAI was 0.94. In terms of stability, items 2, 3, 4, 8, and 9 exhibited non-

uniform DIF across baseline UE impairment levels (mild-moderate or severe 

impairment).    
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3.2.2 Revision of the 7-category scoring scale  

 As all items in the 11-item CAHAI had disordered thresholds, the 7-category 

scoring scale was revised by collapsing into five, four, and three categories. No 5-

category scoring scale resolved the disordered thresholds. Only one 4-category scoring 

scale resulted in ordered thresholds for all 11 items. In this 4-category scale, category 1, 

total assistance in the original scale was kept as the new category 1. The original score 

category 2, maximal assistance, and category 3, moderate assistance, were combined into 

the new category 2. Original categories 4-6 were combined, forming new category 3, and 

the original category 7, complete independence, was rescored into the new category 4.  

 Six 3-category scoring scales resulted in ordered threshold for all 11 items. In the 

best 3-category scale, the original category 1, total assistance was kept as the new 

category 1. The original categories 2-6, moderate assistance to modified independence 

were combined to form the new category 2, and the original category 7, complete 

independence, was rescored into the new category 3.  

Between the 4- and 3-category scoring scales, we selected the former scoring 

structure as it was the only scoring scale that met all our predetermined criteria of fit with 

the Rasch model, targeting, local independence, reliability, and stability. All items in the 

11-item CAHAI version with a 4-category scale had ordered score categories, indicating 

that the scoring scale was working as intended. For example, Figure 2B shows the 

category probability curves of item 5 (wring out washcloth) where the thresholds were 

ordered. All items also had a good fit with the Rasch model as no items had a significant 
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x2 value and the fit residuals were between + 2.5 (Table 4).  Figure 3B shows the item 

characteristic curve of item 4, pour a glass of water; there was a flattening of the slope 

with the revision from the 7- to 4-category scale. The collapsing of score categories to a 

4-category scoring scale resulted in changes to the targeting of the 11-item CAHAI. 

Figure 4B shows the person-item threshold distribution, where items are located between 

θ = +5 logits. In contrast, the locations of items ranged from θ = -4 logits to +2.5 logits 

when the 7-category scoring scale was used (Figure 4A). This indicates that with a 4-

category scoring scale, the test items measure a relatively wider range of UE function, 

although not consistently across the latent trait continuum. For example, there are no test 

items located between θ = -3 to -1 logits, indicating that there areas along the UE function 

continuum that is not measured by the CAHAI items. The location of items (i.e., item 

difficulty parameters) changed because the probabilities of obtaining scores in each score 

category that were used to compute the locations changed when the score categories were 

collapsed. There was good reliability with a Person-Separation Index of 0.95. DIF was 

not present in any items in the 11-item CAHAI with a revised 4-category scoring scale.  

3.3 Development of the new shortened versions of the CAHAI using IRT  

3.3.1 Fitting of IRT model and item properties  

 The likelihood ratio test between the generalized partial credit model and the 

rating scale model was significant (x2(30) = 126.62, p < 0.001), but was non-significant 

with the partial credit model. Thus, the partial credit model was identified as the best fit 

model and Table 5 shows the item discrimination and difficulty parameters. Figure 5 

shows the IIFs of all 11 items. Most IIFs were non-unimodal, indicating the item’s 
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maximum information peaked at different locations along the latent trait continuum. 

There were overlaps between IIFs, with some items having similar IIFs (i.e., width, 

height, or shape of peaks). For example, the IIFs of items 1 and 8 overlapped, and the 

IIFs of items 2 and 7 had similar width and peak heights.  

3.3.2 Selection of items for the new shortened versions  

Two new shortened CAHAI versions containing seven and five items were 

developed through the item reduction process. From the first approach (‘backward 

elimination’), we identified similar/overlapping IIFs between items 1 and 8, items 2 and 

7, and items 4, 5 and 9. Based on the specific UE functions assessed in these items,29 we 

removed items 2, 5, 8 and 9 due to content overlap with other items. Thus, a new 7-item 

CAHAI was developed, which contained item 1 (open jar of coffee), item 3 (draw a line 

with ruler), item 4 (pour a glass of water), item 6 (do up five buttons), item 7 (dry back 

with towel), item 10 (zip up the zipper), and item 11 (clean a pair of eyeglasses). 

Using the second approach (‘forward selection’), item 7 (dry back with towel) 

was selected first as it had the highest information level. Next, item 10 (zip up the zipper) 

and item 4 (pour a glass of water) with the lowest and highest item difficulty values 

respectively were then selected. Lastly, item 3 (draw a line with ruler) and item 11 (clean 

a pair of eyeglasses) were selected to address the gaps along the latent trait continuum. 

Accordingly, a new 5-item CAHAI was developed that contained these five items.  

3.3.3 Preliminary validation of the new shortened versions 
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For both new 7-item and 5-item CAHAIs, the likelihood ratio tests between the 

generalized partial credit model and the rating scale model were significant (x2(18) = 

110.04, p < 0.001, x2(12) = 76.12, p < 0.001 respectively), but were non-significant with 

the partial credit model. The partial credit model was thus the best fit model for both new 

versions of the CAHAI and Table 5 shows their item parameter estimates. The item 

discrimination parameter for the new 7-item and 5-item CAHAI are 3.71 logits and 3.67 

logits respectively. Figure 6 shows the item and test information functions (sum of all 

IIFs)50 for both new versions of the CAHAI. The peak heights of the test information 

functions of both the 7-item and 5-item CAHAI were similar.  

Confirmatory factor analysis indicated that the new 7-item CAHAI violated the 

unidimensional assumption as it did not meet all predefined fit criteria. The new 7-item 

CAHAI had a significant x2 (p = 0.03) and RMSEA of 0.09, but met the criteria for CFI 

and TLI > 0.95 (CFI = 0.99, TLI = 0.98). The new 7-item CAHAI met the local 

independence assumption as no residual correlations were > 0.20. In contrast, the new 5-

item CAHAI had a non-significant x2 statistics, RMSEA of 0.050, CFI = 0.99, TFL = 

0.99, and no residual correlations > 0.20. These indicated that the new 5-item CAHAI 

met both assumptions of unidimensionality and local independence.  

3.4 Comparison of the new CAHAI versions with the CAHAI-7 

The reliability and validity of the new 7-item and 5-item CAHAI were compared 

with the CAHAI-7 advocated previously by Barreca et al.15 with the revised 4-category 

scoring scale. The psychometric properties of these three versions of the CAHAI are 

summarized in Table 6.  
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3.4.1 Test-retest reliability  

 As the rater variance was zero, the 3-way analysis of variance was reduced to 2-

way with two factors (participants and occasion). The test-retest reliability of the new 7-

item and 5-item CAHAI were similar with ICC = 0.96, and their SEMs were 1.20 and 

0.83 CAHAI points respectively (Table 6). The differences between ICCs of the CAHAI-

7 and the new 7-item and 5-item versions were 0.004 (95% CI: -0.01, 0.02) and 0.004 

(95% CI: -0.02, 0.03) respectively. As both 95% CIs fall within our predefined inferiority 

margin of 0.1, the test-retest reliability of the new CAHAI versions were not inferior to 

the CAHAI-7.  

3.4.2 Cross-sectional validity  

 The convergent validity of the new 7-item CAHAI was 0.91 with the ARAT and 

0.88 with the CMSA arm and hand subscales, and its discriminant validity with the 

CMSA pain subscale was 0.57 (Table 6). Similarly, the convergent validity of the new 5-

item CAHAI with the ARAT and CMSA arm and hand subscales was 0.90 and 0.87 

respectively, and its discriminant validity was 0.57 with the CMSA pain subscale. The 

higher correlations with the ARAT and CMSA arm and hand subscales and lower 

correlations with the CMSA pain subscale support the construct validity of the new 

CAHAI versions.  

 There were no significant differences between correlations of the new CAHAI 

versions and the CAHAI-7 with the CMSA subscales (arm and hand, and pain). This 

implies that the construct validity of the new CAHAI versions with the CMSA were not 
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inferior to the CAHAI-7. However, the correlation of the CAHAI-7 with the ARAT was 

significantly higher than the correlations between the 7-item (p = 0.02, 1-sided) and 5-

item (p = 0.03, 1-sided) CAHAI with the ARAT.   

3.4.3 Longitudinal validity  

 The areas under the ROC curves are as follows: CAHAI-7, 0.81 (95% CI: 0.73, 

0.90); new 7-item CAHAI, 0.78 (95% CI: 68, 0.87); and new 5-item CAHAI, 0.75 (95% 

CI: 0.65, 0.85). The differences between the areas under the ROC curves of the CAHAI-7 

and both new CAHAI versions were not statistically significant. This indicates that the 

sensitivity to change of the new CAHAI versions were not inferior to the CAHAI-7.  

4. Discussion 

Building on findings from a previous study on the psychometric properties of the 

CAHAI using modern test theories (IRT and Rasch measurement theory), this study 

aimed to revise the CAHAI using these theories. The use of modern test theories allows a 

more detailed evaluation of the psychometric properties of an outcome measure, 

particularly at the item-level. This facilitates the identification of potential issues within 

the measure and appropriate revisions can be made to improve it. Three new versions of 

the measure were developed in this study: new full 11-item version, and two new 

shortened versions comprising of five and seven items. The scoring scale of the CAHAI 

was also revised from a 7-category to a 4-category scale. 

 Using Rasch analysis, the 11-item CAHAI with a 4-category scoring scale can be 

used as the revised full version of the CAHAI. Deleting two items in the CAHAI-13 that 
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did not fit the Rasch model improved the overall psychometric properties of the full 

version of the measure. With the two misfit items deleted, all items in the 11-item 

CAHAI demonstrated good fit to the Rasch model. There was a slight improvement in the 

targeting of the measure, where the items now evaluate a wider range of UE function, 

particularly at the previously identified gap between θ = -3 to -5 logits.  This means the 

11-item CAHAI is able to evaluate individuals with lesser UE function when compared to 

the CAHAI-13. Although local dependency was still present in the 11-item CAHAI, there 

was a reduction from 3 to 2 pairs of items with residual correlations exceeding the 

predefined criterion. Stability of the measure also improved, where non-uniform DIF is 

only present for baseline UE impairment levels in the 11-item CAHAI and no longer 

present for individuals with different stroke types. The reliability of the 11-item CAHAI 

was also identical to the CAHAI-13, with a Person-Separation Index of 0.94.  

 The revision of the scoring scale by collapsing the 7-category scale to a 4-

category scale further improved the psychometric properties of the 11-item CAHAI. In 

particular, the problems with disordered thresholds and items exhibiting non-uniform DIF 

were fully resolved. The revision of the scoring scale to a 4-category scale was similar to 

previous studies that revised the scoring scale of the Functional Independence 

Measure.64–66  The CAHAI’s original scoring scale was based on the same 7-category 

scoring scale of the Functional Independence Measure.67,68 Disordered thresholds were 

also identified in the 7-category scale of the Functional Independence Measure, and the 

collapsing from seven to five or four categories resolved the problem of disordered 

thresholds.64–66 
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 Following the Rasch analysis of the 11-item CAHAI, IRT analysis was applied in 

the item reduction process to develop new shortened CAHAI versions. The use of a 

quantitative psychometric analysis in this study was intended as a follow-up to the 

qualitative approach originally used to shorten the CAHAI. The application of qualitative 

and quantitative approaches as two separate steps to shorten a measure is not uncommon. 

In a review of the current methodology used to shorten outcome measures,17 58% of the 

cases combined both qualitative and quantitative approaches as two distinct steps to 

shorten an outcome measure.   

There were similar results in the items included in the shortened version of the 

CAHAI using a quantitative psychometric analysis and a qualitative content analysis. 

Most of the items in the new 5-item and 7-item CAHAI (three and five items 

respectively) were the same items included in the CAHAI-7. This suggests that the new 

shortened CAHAI versions retained the content of the measure as intended by the original 

expert panel. Furthermore, the new shortened CAHAI versions also maintained similar 

reliability and validity as the original shortened CAHAI version; the formal comparison 

of psychometric properties between the new shortened versions with the CAHAI-7 did 

not yield statistically significant differences (i.e., not inferior). In terms of clinical utility, 

the further reduction of administration time with the 5-item CAHAI is beneficial to 

clinicians, researchers, and individuals with stroke.   

4.1 Implication of study findings  

 Results of this study suggest that the original full 13-item version of the CAHAI 

can be replaced by the 11-item version with the 4-category scoring scale. When 
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administration time is of concern, the new 5-item CAHAI with the 4-category scale can 

be used instead. The new 5-item CAHAI is recommended as it has the strongest 

psychometric properties among all the shortened versions of the CAHAI when evaluated 

using both classical and modern test theories. With the revisions to the CAHAI, there is 

also a need to revise the administration manual and both clinicians and researchers need 

to familiarize themselves with the new scoring scale.  

4.2 Study limitations  

Our sample size (n = 105) was sufficient for both Rasch and IRT analysis; a 

minimum of 50 participants is recommended for polytomous models in Rasch analysis,69 

and 66 participants for IRT analysis using the 2:1 ratio of person to item parameters when 

fitting the partial credit model.32 However, the distribution of observations across the 

score categories in our sample was not uniform and there were less than 10 observations 

in score categories of some items. This may have affected the stability of our estimations 

and future studies is recommended to validate our study findings in a larger sample with a 

sufficient and uniform distribution of observations across each score category.32,69 The 

second limitation was the use of data derived from the same sample of the original 

validation study of the CAHAI in our study. Our study conducted the calibration and 

validation of the new CAHAI versions using the same sample and the study results may 

have limited generalizability. Thus, there is a need for further psychometric evaluation of 

the new CAHAI versions in a different sample of individuals with stroke to ensure the 

validity of our findings.  
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5. Conclusion  

  This study demonstrated the novel use of both IRT and Rasch analyses in the 

revision of outcome measures. We used Rasch analysis to help us revise the CAHAI’s 

scoring scale, and employed IRT analysis to guide the item reduction process to develop 

new shortened versions of the measure. The new versions of the CAHAI developed 

through these processes not only demonstrated interval scaling properties, they also had 

good reliability and cross-sectional and longitudinal validity. Our findings support the 

notion that the refinement of outcome measures beyond its initial development and 

validation phase is essential to improving the measurement quality of existing measures. 
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What is New?  

Key findings  

 The new 5-item and 11-item versions of the CAHAI have interval-level scaling 

characteristics.  

What this adds to what was known?  

 Previously identified issues with disordered score categories, and violation of 

unidimensionality, local independence and invariance assumptions of the CAHAI 

were resolved with the new 11-item version and a 4-category scoring scale.  

 The original short versions were developed using qualitative analysis and this 

study employed quantitative psychometric analysis to develop a new short 

CAHAI.    

What is the implication and what should change now?  

 Individual items scores in the CAHAI can be summed to create a total score  

 The revised full (11-item) and short (5-item) CAHAI with a 4-category scoring 

scale may be used.  
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Table 1. Test items in the original versions of the 

Chedoke Arm and Hand Activity Inventory (CAHAI).  

CAHAI-7 

1. Open jar of coffee 

2. Call 911 

3. Draw a line with ruler  

4. Pour a glass of water  

5. Wring out washcloth 

6. Do up five buttons 

7. Dry back with towel 

CAHAI-8 

8. Put toothpaste on toothbrush 

CAHAI-9 

9. Cut medium-resistance putty   

CAHAI-13 

10. Zip up a zipper   

11. Clean a pair of eyeglasses    

12. Place container on table 

13. Carry bag up the stairs 
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Table 2. Participant characteristics (n = 105).  

Characteristic  Sample (%) 

Total n 105 

Sex  

Male 54 (51.4) 

Female  51 (48.6) 

Age, in years   

Median (1st, 3rd quartile) 72 (62, 78) 

Min, Max  44, 92 

Days since stroke  

Median (1st, 3rd quartile) 38 (27, 80) 

Min, Max 3, 342 

Type of stroke  

Ischemic  78 (82.1) 

Hemorrhagic 17 (17.9) 

Unilateral spatial neglect  

Absent 54 (51.9) 

Present, client able to compensate 28 (26.9) 

Present, client unable to compensate 22 (21.2) 

Affected upper limb  

Right 46 (43.8) 

Left  57 (54.3) 

Bilateral 2 (1.9) 

Baseline upper limb impairment  

Mild-moderate (CMSA score 7 – 11) 54 (51.4) 

Severe (CMSA score < 5) 51 (48.6) 

SD, standard deviation; min, minimum; max, maximum; CMSA, 

Chedoke-McMaster Stroke Assessment (arm and hand component)  
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Table 3. Summary of scores on all outcome measures in both datasets.  

 Dataset 1 (D1)* 

 (n  = 105) 

 Dataset 2 (D2)  

  Baseline (n  = 105)  Discharge (n  = 100) 

Variables 

Median  

(1st, 3rd 

quartile) 

Min, Max  Median  

(1st, 3rd 

quartile) 

Min, Max  Median  

(1st, 3rd 

quartile) 

Min, Max 

CAHAI          

CAHAI-13 38 (16, 65) 13, 91  32 (14, 60) 13, 87  50 (16, 72) 13, 91 

CAHAI-9 29 (12, 46) 9, 63  23 (10, 41) 9, 62  33 (11, 54) 9, 63 

CAHAI-8 26 (10, 42) 8, 56   20 (9, 35) 8, 55  30 (9, 47) 8, 56 

CAHAI-7 22 (9, 37) 7, 49  17 (7, 31) 7, 48  26 (8, 41) 7,49 

         

CMSA          

Arm and hand  - -  7 (4, 9) 2, 11  8 (4, 10) 2, 12 

Shoulder pain - -  6 (5, 7) 2, 7  6 (5, 7) 2, 7 

         

ARAT         

Total  - -  18 (0, 43) 0, 57  23 (0, 52) 0, 57 
*Data was derived using participants’ CAHAI scores at one measurement point (either at baseline or discharge)  

CMSA, Chedoke-McMaster Stroke Assessment; CAHAI, Chedoke Arm and Hand Activity Inventory; ARAT, Action Research Arm Test 
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Table 4. Rasch analysis results of two versions of the 11-item CAHAI. 

 7-category scoring scale  4-category scoring scale 

Item Location SE 
Fit 

residual df x2 
P-

value 

 
Location SE 

Fit 

residual df x2 
P-

value 

1. Open jar of coffee -0.652 0.105 0.659 2 3.12 .210  -1.114 0.195 -0.737 2 0.99 .611 

2. Call 911 -0.101 0.097 -1.053 2 0.65 .721  -0.240 0.192 -0.146 2 0.56 .757 

3. Draw a line with a ruler -0.456 0.104 0.686 2 1.14 .566  -0.752 0.198 0.010 2 1.34 .512 

4. Pour a glass of water 1.060 0.102 -1.024 2 1.81 .404  2.198 0.213 -0.712 2 0.92 .633 

5. Wring out washcloth  -0.251 0.103 -0.317 2 4.22 .121  -0.347 0.199 0.527  2 6.10 .047 

6. Do up five buttons 0.378 0.094 -0.602 2 0.17 .921  0.602 0.196 -0.919 2 1.32 .516 

7. Dry back with towel 0.567 0.093 -1.014 2 1.50 .472  0.967 0.192 -0.736  2 1.32 .517 

8. Put toothpaste on 

toothbrush   

-0.270 0.102 -1.313 2 1.02 .600  -0.575 0.199 0.625 2 1.78 .410 

9. Cut medium resistance 

putty 

-0.460 0.101 0.129 2 0.51 .777  -0.914 0.197 -0.763 2 0.45 .798 

10. Zip up the zipper  -0.031 0.108 1.050 2 2.30 .317  -0.226 0.206 1.415 2 1.79 .410 

11. Clean a pair of eyeglasses 0.213 0.100 -0.160 2 0.81 .669  0.399 0.199 0.084 2 2.65 .266 

SE: standard error; df: degrees of freedom 
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Table 5. Item response theory analysis of three CAHAI version with 4-category scoring scale (n = 105). 

 11-item CAHAI  New 7-item CAHAI  New 5-item CAHAI 

Item b1 b2 b3  b1 b2 b3  b1 b2 b3 

1. Open jar of coffee -0.73 

(0.15) 

0.05 

(0.15) 

0.72 

(0.15) 

 -0.71 

(0.15) 

0.02 

(0.15) 

0.70 

(0.15) 

 - - - 

2. Call 911 -0.47 

(0.15) 

0.38 

(0.15) 

0.84 

(0.15) 

 - - -  - - - 

3. Draw a line with ruler  -0.47 

(0.15) 

0.06 

(0.15) 

0.72 

(0.15) 

 -0.46 

(0.15) 

0.03 

(0.15) 

0.70 

(0.15) 

 -0.45 

(0.15) 

0.04 

(0.15) 

0.70 

(0.15) 

4. Pour a glass of water  0.22 

(0.14) 

0.60 

(0.15) 

1.85 

(0.25) 

 0.19 

(0.14) 

0.58 

(0.15) 

1.88 

(0.26) 

 0.21 

(0.15) 

0.58 

(0.15) 

1.86 

(0.26) 

5. Wring out washcloth -0.40 

(0.14) 

0.10 

(0.15) 

0.92 

(0.15) 

 - - -  - - - 

6. Do up five buttons 0.01 

(0.15) 

0.37 

(0.15) 

0.95 

(0.16) 

 -0.02 

(0.15) 

0.34 

(0.15) 

0.93 

(0.16) 

 - - - 

7. Dry back with towel -0.02 

(0.14) 

0.75 

(0.16) 

0.94 

(0.17) 

 -0.04 

(0.14) 

0.72 

(0.16) 

0.92 

(0.17) 

 -0.02 

(0.14) 

0.73 

(0.16) 

0.90 

(0.17) 

8. Put toothpaste on 

toothbrush   

-0.81 

(0.15) 

0.20 

(0.14) 

1.02 

(0.16) 

 - - -  - - - 

9. Cut medium resistance 

putty 

-0.99 

(0.16) 

0.22 

( 0.14) 

0.91 

(0.15) 

 - - -  - - - 

10. Zip up the zipper -1.03 

(0.16) 

0.31 

(0.14) 

1.36 

(0.18) 

 -1.00 

(0.16) 

0.29 

(1.4) 

1.35 

(0.19) 

 -1.00 

(0.16) 

0.30 

(0.14) 

1.33 

(0.19) 

11. Clean a pair of eyeglasses -0.41 

(0.14) 

0.49 

(0.14) 

1.19 

(0.17) 

 -0.41 

(0.14) 

0.46 

(0.14) 

1.17 

(0.17) 

 -0.39 

(0.14) 

0.47 

(0.14) 

1.16 

(0.17) 

Item discriminating  (a) 3.60 (0.33)  3.71 (0.39)  3.67 (0.43) 

b, item difficulty parameters; values in brackets are standard errors.  
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Table 6. Psychometric properties of the new CAHAI versions (7-item and 5-item) and the CAHAI-7 with the revised 4-

category scoring scale (n = 105). 

 Construct validity  Test-retest reliability 

 ARAT CMSA    

 rs (95% CI) Arm and hand, 

rs (95% CI) 

Pain, 

rs (95% CI) 

 ICC (95% CI) SEM (95% CI) 

CAHAI-7* 0.92 (0.90, 0.95) 0.88 (0.84, 0.92) 0.59 (0.45, 0.72)  0.96 (0.92, 0.98) 1.28 (1.05, 1.66) 

New 7-item CAHAI 0.91 (0.88, 0.94)  0.88 (0.84, 0.92) 0.57 (0.43, 0.71)  0.96 (0.93, 0.98) 1.20 (0.98, 1.55) 

New 5-item CAHAI 0.90 (0.87, 0.93) 0.87 (0.82, 0.92) 0.57 (0.43, 0.71)  0.96 (0.93, 0.99) 0.83 (0.68, 1.08) 

ARAT: Action Research Arm Test; CMSA, Chedoke-McMaster Stroke Assessment; rs: Spearman’s rank correlation coefficient; ICC: intra-class 

correlation coefficient; SEM: standard error of measurement.  

*Original CAHAI-7 with revised 4-category scoring scale  
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Figures 

 

Figure 1. Frequency of score categories for each CAHAI item in the first dataset (D1).  

  



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

 

247 

 

 

 

 

Figure 2.  Category probability curves for item 5 (wring out washcloth) in the 11-item 

CAHAI. (A) In the version using a 7-category scale, the intersections of adjacent curves, 

or thresholds, were disordered. Threshold parameters were -1.724, -0.993, 0.126, 1.075, 

1.294, 0.224 for the 1-2, 2-3, 3-4, 4-5, 5-6, and 6-7 thresholds respectively. (B) The 

collapsing of score categories to a 4-category scale resulted in ordered thresholds.  

  

(A) 

(B) 
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Figure 3.  Item characteristic curves of item 4 (pour a glass of water) in the 11-item 

CAHAI with (A) the original 7-category scoring scale, and (B) the revised 4-category 

scoring. In both versions, the plots (observed scores) lie close to the curve (predicted 

scores), indicating fit with the Rasch model. However, the collapsing from 7 to 4 score 

categories resulted in a decrease in the gradient of the slope. 

  

(A) 

(B) 
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Figure 4. Person-item threshold distributions of the 11-item versions of the CAHAI with 

(A) the original 7-category scoring scale, and (B) the revised 4-category scale.  

(A) 

(B) 
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Figure 5. Item information functions of all test items in the 11-item CAHAI with a 4-

category scoring scale.  
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Figure 6. Item and test information functions of the new CAHAI versions. (A) 7-item 

version, and (B) 5-item version. 

(A) 

(B) 
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Chapter Six: Discussion  

This thesis was devoted to the continued evaluation of the Chedoke Arm and 

Hand Activity Inventory (CAHAI), an outcome measure of post-stroke upper extremity 

(UE) function (Barreca et al., 2004). There were two overall thesis objectives: (1) to 

develop a Singapore version of the CAHAI, and (2) to re-evaluate the psychometric 

properties and clinical utility of the CAHAI using item response theory and Rasch 

measurement theory. In the first part of this thesis, the evaluation of CAHAI was taken 

beyond the country where it was developed and was cross-culturally adapted and 

validated for the stroke population in Singapore. Two manuscripts presented in this thesis 

(Chapters 2 and 3) reported the translation, cross-cultural adaptation, and psychometric 

evaluation of the Singapore versions of the CAHAI. The second part of this thesis applied 

different measurement theories to evaluate the CAHAI and two manuscripts were 

presented (Chapters 4 and 5). Chapter 4 reports the psychometric evaluation of the 

original versions of the CAHAI using item response theory and Rasch measurement 

theory. In Chapter 5, these two measurement theories were then used to refine the 

original CAHAI, which led to the development of two new versions of the CAHAI. The 

following sections discuss the study findings of this thesis, the contributions of the body 

of work, the study limitations, and the recommendations for future directions.  

Part I: The Development of the Singapore Version of the CAHAI 

 The first thesis objective was to develop a Singapore version of the CAHAI and 

was achieved through three phases: translation, adaptation, and validation. The CAHAI 

was systematically translated and adapted by following a standardized and validated 
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eight-step procedure, known as the Translation and Cross-cultural Adaptation of 

Objectively-Assessed Outcome measures (TCCA-OAO) procedure (Schuster, Hahn, & 

Ettlin, 2010). The use of a guideline intended for the translation and cross-cultural 

adaptation of performance-based outcome measures ensured the equivalence between the 

Singapore and original versions of the CAHAI.  

Translation  

As Singapore and Canada shared a common language (English), translation of the 

entire CAHAI manual was not required. However, the Standard Singapore English differs 

from the Canadian English as the former follows the British English convention 

(Wierzbicka, 2003). For example, jug, rather than pitcher, is the term commonly used in 

Singapore to describe a container with a spout used to hold liquids. The CAHAI 

administration manual was thus translated from Canadian English to Standard Singapore 

English and descriptions to seven pieces of equipment were also changed to terms more 

commonly used in Singapore. Hence, while two cultures/countries may share a similar 

language, there may be sufficiently meaningful differences that require a thorough review 

of the outcome measure to ensure relevance to the target culture/country (Guillemin, 

1995). 

 The standard instructions in the CAHAI were also translated into Mandarin and 

Malay. The quality of translation is highly dependent on the methodology employed, and 

therefore, a rigorous multi-step process is required (Wild et al., 2005). The translation of 

the CAHAI followed the steps in the TCCA-OAO procedure (Schuster et al., 2010), 

which included both forward and back translation processes. Back translation is an 
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essential step as it serves as a method of validity checking for consistency in the 

translation (Beaton, Bombardier, Guillemin, & Ferraz, 2000; Guillemin, 1995). By 

comparing the back-translations with the original CAHAI instructions, the extent to 

which the translated instructions maintained the content and meaning of the original 

instructions (i.e., semantic equivalence) were verified. Back translators should be 

carefully selected; they must be fluent in both the source and target languages and do not 

have a priori knowledge of the concepts and intent of the outcome measure to minimize 

biases (Guillemin, 1995; Schuster et al., 2010). For performance-based measures, back 

translators who are members of the target profession (users of the measure) are preferred, 

as there is also a need to ensure professional vocabulary is maintained (Schuster et al., 

2010).  

Adaptation 

 Two test items in the CAHAI were adapted for the Singapore version; ‘open jar of 

coffee’ and ‘call 911’ were adapted to ‘open a jar of peanut butter’ and ‘call 995’ 

respectively.  These adaptations were based on the recommendations of the two reviewers 

to ensure cultural relevance of the test items to the stroke population in Singapore. The 

relevance of the test items is particularly important for individuals with stroke. As 

discussed in Chapter 1 of this thesis, familiar daily tasks and objects can be easily 

understood by individuals with stroke and also facilitate accurate evaluation of UE 

function (Barreca et al., 2004; Trombly & Wu, 1999; Wu, Trombly, Lin, & Tickle-

Degnen, 1998).  
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While adaptations to outcome measures ensure cultural relevance to the target 

population, there is also a need to ensure that the constructs measured are not changed in 

the adaptation process. The adapted measure should measure the same constructs as the 

original measure, also known as conceptual equivalence (Stewart & Nápoles-Springer, 

2000). For post-stroke UE measures, the specific UE functions evaluated in each test item 

should be similar between the adapted and original measure. Thus, an important step in 

the adaptation process is to define the constructs measured within the instrument. In the 

adaptation of the CAHAI, the demands of UE function for successful task performance 

were examined for test items that required modifications. The reviewers then 

recommended modifications to the objects that demanded similar UE function and were 

familiar to individuals with stroke in Singapore (e.g., a jar of peanut butter was selected 

to replace a jar of coffee).   

 A more systematic method to define the constructs evaluated within an outcome 

measure is to use the International Classification of Functioning, Disability, and Health 

(ICF) (World Health Organization, 2001) as a reference. Constructs within an outcome 

measure can be identified by linking the measure to the ICF (Cieza et al., 2005). Several 

post-stroke UE outcome measures, including the CAHAI, have been linked to the ICF 

(Choo, Ng, Fayed, & Harris, 2017; Velstra, Ballert, & Cieza, 2011). The ICF categories 

linked to these outcome measures define the specific UE functions evaluated in each test 

item. For instance, ‘open jar of coffee’ in the CAHAI was linked to five ICF categories: 

b7300 Power of isolated muscles and muscle groups; b7301 Power of muscles of one 

limb; d4300 Lifting; d4401Grasping; and d4452 Reaching (Choo et al., 2017). The ICF 
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categories linked to the measure can be used as a reference in the adaption process; 

reviewers can provide recommendations for modifications to test items that are consistent 

with the relevant ICF categories.    

Translation and cross-cultural adaptation procedure. It is imperative that the 

translation and cross-cultural adaptation of any type of outcome measure (performance-

based or self-reported) use methodological guidelines to guide the process. In a review 

that evaluated the quality of translated and cross-culturally adapted post-stroke outcome 

measures available in Brazil (Lima, Teixeira-Salmela, Simões, Guerra, & Lemos, 2016), 

only 1 out of the 11 identified measures followed the recommended processes in the 

methodological guidelines. The quality of the available post-stroke outcome measures in 

Brazil was affected due to several flaws stemming from the translation and adaptation 

process (Lima et al., 2016). This was a similar finding in other systematic reviews that 

evaluated the quality of cross-culturally adapted outcome measures in different clinical 

populations (Al Zoubi, Eilayyan, Mayo, & Bussières, 2017; Yao et al., 2016). There was 

poor quality in the translation and adaptation of the majority of outcome measures 

identified in both reviews. Thus, the use and adherence to methodological guidelines for 

the translation and cross-cultural adaptation of outcome measures ensures quality in the 

translation and adaptation process. It also better ensures equivalence between the original 

and adapted versions of the measure (Beaton et al., 2000).  

Validation  

The psychometric properties of all Singapore versions of the CAHAI were 

evaluated in an acute and subacute stroke sample in Singapore. All Singapore versions 
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demonstrated good inter-rater reliability and construct validity with the Fugl-Meyer 

Assessment of Upper Extremity and the Action Research Arm Test, which were also 

comparable with the original versions of the CAHAI. The evaluation of the psychometric 

properties of a translated and cross-culturally adapted measure is necessary because the 

reliability and validity of this modified instrument is unknown (Guillemin, 1995). 

Psychometric evaluation provides evidence for the measure’s intended application and 

target population (Beaton et al., 2000), and allows measurement equivalence with the 

original measure to be demonstrated (Herdman, Fox-Rushby, & Badia, 1998).  

The psychometric properties of the shortened Singapore versions of the CAHAI 

were also evaluated. This evaluation is necessary as it is erroneous to assume that the 

shortened versions, which comprise of subset of test items of the full 13-item version, 

have the same psychometric properties as the full version. Participants’ performance on 

each test item is different, and so, the error associated with the scores on subsets of test 

items in the shortened Singapore CAHAI versions will be different. Thus, it is necessary 

to evaluate the psychometric properties of shortened versions of a measure, and also 

evaluate the extent to which the properties are comparable to that of the full measure.  

The design of measurement studies is challenging as there is currently no 

recognized ‘gold standard’ study designs, and different study designs and statistical 

analysis are needed for different psychometric properties. The original COSMIN 

(Consensus-based standards for the selection of health status measurement instruments) 

checklist (Mokkink et al., 2010) was used as a reference when designing the study to 

evaluate the Singapore versions of the CAHAI. The COSMIN checklist describes the 
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standards for design requirements and preferred statistical methods for studies on the 

measurement properties of health-related patient-reported outcome measures (Mokkink et 

al., 2010). By following the standards described in the COSMIN checklist when 

designing the study to evaluate the Singapore versions of the CAHAI, good quality 

evidence of the measures’ psychometric properties can be better ensured. There are 

ongoing research projects to develop tools to guide the design and reporting of 

measurement studies (COSMIN initiative, n.d.). In the interim, quality assessment tools 

that are currently available, such as the COSMIN risk of bias checklist (Mokkink et al., 

2018) which replaced the original COSMIN checklist, can be used to guide the design 

and reporting of measurement studies.   

Part II: Re-evaluation of the CAHAI using Modern Test Theories 

 The second objective of this thesis was to re-evaluate the psychometric properties 

and the clinical utility of the CAHAI using modern test theories. The re-evaluation of the 

CAHAI using different measurement theories than the one employed in the initial 

development and validation phase contributed extensive knowledge about the measure. 

There are two key findings from the re-evaluation of the original versions of the CAHAI. 

First, the scaling issues in the CAHAI were identified, which included disordered score 

categories in the scoring scale and the lack of interval scaling in the measure. Second, the 

CAHAI is not a unidimensional measure. Revisions to the CAHAI guided by modern test 

theories were subsequently made, which resulted in the development of two new versions 

of the CAHAI: the 11-item and 5-item versions with a 4-category scoring scale.  
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Score Categories in the Scoring Scale  

 The CAHAI’s original 7-category scale was intended as an adjectival scale, a 

unipolar scale that measures post-stroke UE function on a continuum from less to more 

(Barreca et al., 2004; Streiner, Norman, & Cairney, 2015). However, disordered score 

categories were found, indicating that the original scoring scale did not measure UE 

function in a progressive manner as it was intended. This result was not surprising as 

similar problems with the 7-category scoring scale in the Functional Independence 

Measure, which the CAHAI’s scoring scale was based on, were found in three studies 

(Claesson & Svensson, 2001; Gosman-Hedström & Blomstrand, 2004; Nilsson, 

Sunnerhagen, & Grimby, 2005). There are several reasons why disordered score 

categories in the CAHAI’s scale may occur. One reason is the labelling of score 

categories may be confusing or vague to assessors (Cano, Barrett, Zajicek, & Hobart, 

2011; Pallant & Tennant, 2007). Another reason is the scale has too many categories and 

assessors have difficulties discriminating between them (Cano et al., 2011).  

 The disordering of score categories in the CAHAI’s scale was resolved when the 

seven categories were collapsed into four categories. The collapsing/combining of 

adjacent score categories is recommended to not only improve the scale of an outcome 

measure but also to improve the overall quality of the measure (Bond & Fox, 2013; 

Linacre, 1999). Improvements to the psychometric properties of the CAHAI was 

demonstrated with the revision from a 7- to a 4-category scoring scale of the 11-item 

version. Using the original 7-category scale, the 11-item version of the CAHAI violated 

the assumption of local independence and instability was present with some test items 
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displaying non-uniform differential item functioning. However, these issues were 

resolved when a 4-category scoring scale was used.  

 While the collapsing from seven to four score categories improved both the 

CAHAI’s scoring scale and its psychometric properties, it is important to consider the 

potential loss of information. For performance-based measures like the CAHAI, the 

scoring scale is used by assessors who are clinicians or researchers. The information from 

the scoring scale contributes differently to clinicians’ and researchers’ understanding of 

post-stroke UE function. As described in Chapter 1 of this thesis, using post-stroke UE 

outcome measures facilitates clinical decision-making, such as prescribing appropriate 

interventions to optimize recovery and discharge planning based on prognosis (Feys et 

al., 2000; Wolf, Kwakkel, Bayley, McDonnell, & Upper Extremity Stroke Algorithm 

Working Group, 2016). Clinicians may focus on the total scores on a measure, rather than 

individual item scores, to make such clinical decisions. Thus, the amount of information 

potentially lost with the collapsing of score categories in the CAHAI may not 

substantially alter the clinical decision making process with their clients. Furthermore, 

clinicians prefer measures that are simple and easy to score due to time constraints in 

clinical practice (Duncan & Murray, 2012), and thus, may favour lesser score categories. 

In contrast, post-stroke UE outcome measures are primarily used in research to 

demonstrate effectiveness of interventions and to predict outcomes of interests (Guyatt, 

Deyo, Charlson, Levine, & Mitchell, 1989; Veerbeek, Kwakkel, Wegen, Ket, & 

Heymans, 2011). Although researchers also focus on the total scores on a measure, they 

may also use scores on subsets of test items to evaluate the effectiveness of an 
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intervention or examine the extent to which individual test item predict outcomes. The 

potential loss of information with the collapsing of scores categories in the CAHAI may 

affect the conduct of such research studies. Hence, it is imperative to balance both 

clinicians’ and researchers’ needs when developing and/or refining the scoring scale of an 

outcome measure.  

 The optimal number of categories/steps in a scoring scale is complex. There is a 

loss of information with too few categories, whereas more categories can potentially add 

‘noise’ or error rather than capture more information (Streiner et al., 2015). It is well-

recognized that a scale with five to seven categories is recommended, where the level of 

information captured, the reliability of the measure, and the burden on respondents are 

optimized (Krosnick, Holbrook, & Visser, 2006; Miller, 1956; Preston & Colman, 2000). 

However, as Linacre (2000) questioned, “Statisticians can recommend the construction of 

a scale with many ordered categories. Experts can define them. But can respondents 

[assessors] discern them?” (p. 617 – 618).  To better ensure that both researchers and 

clinicians’ priorities are addressed, both personnel should be involved in the development 

and refining of the scoring scale of a measure. For example, in the pre-testing stage of an 

outcome measure, specific feedback from clinicians can be obtained about the number of 

categories/steps in a scoring scale. 

Interval Scaling 

The re-valuation of the original versions of the CAHAI using item response 

theory (IRT) and Rasch measurement theory allowed a formal evaluation of whether the 

CAHAI has interval scaling properties. Results from both Rasch and IRT analyses 
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showed that all original versions of the CAHAI do not conform to an interval scale. This 

finding has several implications. CAHAI scores are manipulated mathematically (e.g., 

summing individual item scores to obtain a total score) and statistically (e.g. computation 

of effect size) in clinical practice and research as if they were interval scores. However, 

results from arithmetic calculations and statistical analyses are not logically valid since 

the ‘distance’ between the score categories in the CAHAI’s 7-category scoring scale is 

not equal (Merbitz, Morris, & Grip, 1989). This consequently impacts the validity and 

quality of clinical decisions and statistical inferences based on these results, and the 

repeated misuse of the scoring scale in clinical practice and research encourages 

continued misinformation (Merbitz et al., 1989). 

Following the results from both Rasch and IRT analyses, both theories were then 

used to revise the original CAHAI and two new versions were developed. The new 11-

item and 5-item versions of the CAHAI with a 4-category scoring scale demonstrated 

interval scaling. Thus, both mathematical and statistical manipulations of CAHAI scores 

are now logically valid and justified (Merbitz et al., 1989; Wright & Linacre, 1989). For 

clinicians and researchers, this means that simple arithmetic calculations (e.g. summing 

individual item scores to obtain a total score) can be used for efficient tabulation of 

CAHAI scores. With empirical evidence of interval scaling, the quality and validity of 

clinical decisions and statistical inferences based on results from mathematical and 

statistical manipulation of CAHAI scores can also be indirectly improved.    

Interval scaling of the original CAHAI was previously not evaluated, as its initial 

development and validation were guided by classical test theory. Classical test theory is 
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the prevalent measurement theory used to guide the development and evaluation of 

outcome measures in rehabilitation due to its established history and weaker assumptions 

(i.e., assumptions are relatively easy to meet) (Hobart & Cano, 2009). As discussed in 

Chapters 1 and 4 of this thesis, one weakness of the classical test theory is the lack of the 

evaluation of interval scaling: “In CTT [classical test theory], we deal with this problem 

in a not-overly sophisticated manner – we cover our eyes and hope it will go away (which 

it never does)” (Streiner, 2010, p. 181). Consequently, this means that many outcome 

measures used in rehabilitation inherit this limitation of classical test theory and the lack 

of empirical evidence of interval scaling has several consequences, as described earlier. 

Therefore, it is necessary to continue to evaluate an outcome measure beyond its initial 

phase of development and validation. Using item response theory and Rasch 

measurement theory to re-evaluate outcome measures used in rehabilitation would not 

only provide evidence of interval scaling but also expand the knowledge on the 

psychometric properties of the measure.  

Unidimensionality 

Unidimensionality is an underlying assumption of both IRT and Rasch 

measurement theory (Bond & Fox, 2013; Hambleton, Swaminathan, & Rogers, 1991). 

The purpose of the CAHAI is to evaluate function in the affected UE after a stroke 

(Barreca et al., 2004), thus, it should measure a single trait/ability (i.e. UE function). 

However, results from both Rasch and IRT analyses found all original versions of the 

CAHAI not unidimensional. By revising the CAHAI using these two measurement 



Ph.D. Thesis – X.S. Choo McMaster University Rehabilitation Science 

265 

 

theories, both new 11-item and 5-item versions of the CAHAI demonstrated 

unidimensionality.  

  Both the assumptions of unidimensionality and local independence must be met 

in IRT and Rasch measurement theory (Bond & Fox, 2013; Hambleton et al., 1991), 

which also provides the evidence of interval scaling of an outcome measure. Although 

unidimensionality is one of the main assumptions of IRT and Rasch measurement theory, 

it is important to consider unidimensionality in relation to the construct of UE function. 

UE function can be regarded as a single attribute because it needs to work as a 

synchronized single unit (Carr & Shepherd, 2010). In this thesis, the CAHAI was 

presumed to be a unidimensional outcome measure. This is because the daily tasks that 

comprise the CAHAI evaluate the extent to which the UE works as a synchronized unit 

for successful task completion. However, as presented in Chapter 1, UE function can be 

categorized into motor and somatosensory subcomponents. Furthermore, UE function can 

also be considered as different levels of functioning according to the ICF (World Health 

Organization, 2001). Thus, one may argue that UE function should not be regarded as a 

unidimensional attribute. The stance on unidimensionality may influence the 

development and/or refinement of an outcome measure. When UE function is regarded as 

a unidimensional attribute, the outcome measure would assess UE function as a single 

unit, like the CAHAI. Otherwise, the outcome measure would have different subscales 

measuring different components of UE function. For example, the Fugl-Meyer 

Assessment for Upper Extremity has motor function, sensation, passive joint motion, and 

joint pain subscales (Fugl-Meyer, Jääskö, Leyman, Olsson, & Steglind, 1975). For post-
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stroke UE outcome measures comprised of subscales that separately evaluate components 

of UE function, judgment is required during the evaluation of the measure to determine if 

the measure is ‘unidimensional enough’ (Streiner et al., 2015). To meet the assumption of 

unidimensionality in IRT and Rasch measurement theory, separate evaluation of each 

subscale may be needed (i.e., assessing if each subscale measures a single subcomponent 

of UE function). An alternative consideration is to use multidimensional IRT models to 

evaluate such post-stroke UE outcome measure.   

Contributions of the Thesis 

Stroke Rehabilitation in Singapore and Canada  

This thesis undertook the first study to translate and cross-culturally adapt the 

CAHAI for an Asian stroke population. It is also, to the best of my knowledge, the first 

post-stroke UE outcome measure that was translated, adapted, and validated for the 

stroke population in Singapore. For clinicians and researchers in Singapore, they now 

have access to a valid and culturally relevant performance-based post-stroke UE outcome 

measure. The use of objective measurements from the CAHAI can facilitate several 

clinical-decision making processes. For instance, the scores provide an indication of the 

level of UE function, which may be used to determine the frequency of interventions. It 

may also be used to direct the focus of interventions to train specific UE movements that 

the individual has difficulties with. The improvements in scores can be used to indicate 

response to interventions and to also demonstrate the effectiveness of rehabilitation 

services. From a research standpoint, the development of the Singapore version of the 

CAHAI can facilitate collaborations for international studies as the CAHAI is also 
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clinically used in Canada, Australia, and Germany (Gustafsson, Turpin, & Dorman, 2010; 

Rowland, Turpin, Gustafsson, Henderson, & Read, 2011; Schuster et al., 2010). With 

translated and cross-culturally adapted versions of the CAHAI, the same outcome 

measure can be used across different countries. The findings from studies using the 

CAHAI within one country may help clinicians and researchers in another country. For 

international multi-centred randomized controlled trials, it also allows data to be pooled 

and analyzed, and results from each country can be compared. 

This thesis also undertook the first study to evaluate the CAHAI using IRT and 

Rasch measurement theory, which contributed to the body of knowledge about the 

psychometric properties of the CAHAI. This thesis also demonstrated the novel use of 

both IRT and Rasch measurement theory to revise the CAHAI. For clinicians and 

researchers in Canada, there are now two new versions of the CAHAI that demonstrate 

interval scaling. These two versions support the common practice of arithmetic 

calculations of raw scores. The raw scores can also be converted to logit scores, which 

provide a better estimate of the change in UE function in individuals with stroke (Streiner 

et al., 2015). There are also fewer test items in the revised full (11-item) and shortened 

(5-item) versions of the CAHAI, with fewer score categories in the revised scoring scale. 

These new versions are more time efficient than the original CAHAI versions, which 

improves its clinical utility and may enhance the routine use of the measure in clinical 

practice.   
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Knowledge Dissemination  

Chapters 2 and 3 of this thesis were published in peer-reviewed journals, and 

Chapters 4 and 5 are prepared for submission to peer-reviewed journals. The publication 

and submission of the chapters in this thesis in peer-reviewed journals was not only to 

disseminate the study findings. It was also intended as knowledge dissemination about 

topics related to measurement in rehabilitation for clinicians and researchers.  

Cross-cultural adaptation of outcome measures.  It is well-established that 

outcome measures must be translated, adapted, and validated for the target setting if the 

setting differs from the original population in terms of culture, language, and/or country 

(Beaton et al., 2000; Geisinger, 1994). Unfortunately, clinicians and researchers in 

Singapore continue to use outcome measures that are not validated for the local clinical 

population. There is also poor reporting of the translation and adaptation process of 

outcome measures by researchers in Singapore. The first part of this thesis reinforces the 

need for outcome measures used in clinical practice and research to be culturally relevant 

and validated for the intended target setting. It also serves as an exemplar of good quality 

reporting of research undertaken for the cross-cultural adaptation of performance-based 

outcome measures.  

Modern test theories. IRT and Rasch measurement theory are increasingly 

applied in rehabilitation. However, many rehabilitation professionals are still unfamiliar 

with modern test theories and how these theories can be applied. The second part of this 

thesis disseminates information about modern test theories and their application in a 

manner that is accessible to clinicians. The manuscripts serve as an entry point for 
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clinicians to be aware of modern test theories and to gain some understanding of the 

theories at the conceptual level. The second part of this thesis also highlights to 

researchers the importance of continued evaluation of existing outcome measures to 

improve the quality of measurement in rehabilitation. In addition, the publication on the 

novel use of both IRT and Rasch measurement theory to revise the CAHAI is intended to 

initiate a scholarly conversation on how these two theories can be used to complement 

each other. 

Limitations and Future Directions 

Part I: The Development of the Singapore Version of the CAHAI 

 The study employed a cross-sectional design and thus, the longitudinal validity of 

the Singapore version of the CAHAI is currently unknown. Longitudinal validity should 

be evaluated as one of the measure’s purpose is to evaluate the change in UE function 

over time. Future studies employing longitudinal study designs are recommended to 

evaluate the test-retest reliability, sensitivity to change, and responsiveness of the 

Singapore versions.  

A second limitation is the use of only classical test theory to guide the evaluation 

of the Singapore version of the CAHAI. As presented in Chapter 4 of this thesis, the 

evaluation of the original versions of the CAHAI using modern test theories identified 

several issues. Accordingly, similar problems with the Singapore version of the CAHAI 

are expected. Thus, future studies are needed to evaluate the psychometric properties of 

the Singapore versions using modern test theories. In doing so, three goals can be 

achieved. First, knowledge about the psychometric properties of the Singapore versions 
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can be increased. Second, by conducting similar analyses as the re-evaluation of the 

original CAHAI, the findings in the second part of this thesis can be validated. Lastly, the 

cross-cultural validity of the Singapore versions can be evaluated using a statistical 

approach, and the extent to which the CAHAI measures UE function across different 

cultures can be determined.  

Knowledge translation for clinicians. The uptake of evidence in clinical 

practice, including the routine use of outcome measures, is a complex process requiring 

considerations of factors at the individual (clinician), managerial, and organizational 

levels (Duncan & Murray, 2012; Petzold et al., 2012). The dissemination of knowledge 

about the Singapore versions of the CAHAI is not sufficient to effect a change in the 

measurement of post-stroke UE function in day-to-day practice. Knowledge translation 

strategies targeted at embedding and integrating the use of the CAHAI in clinical practice 

in Singapore need to be developed to support the routine use of the measure.  

An active multi-component knowledge translation intervention comprising of 

interactive educational sessions, printed materials, and educational outreach visits can be 

developed. These strategies were found to be effective in a systematic review that 

identified the effective interventions to change the practice behaviours of rehabilitation 

professionals (Menon, Korner-Bitensky, Kastner, McKibbon, & Straus, 2009). The 

interactive educational sessions can be one-day training workshops where clinicians learn 

about the Singapore version of the CAHAI and also receive training to administer and 

score the measure. The format of the workshop may include lectures, demonstrations, 

group discussions, and hands-on practice with the administration and scoring of the 
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measure. Printed materials that include relevant information (e.g., psychometric 

properties, quick scoring guide, and where to obtain the required equipment) can also be 

distributed during the interactive educational sessions. A follow-up education outreach 

visit to workshop participants can be conducted. During these visits, problems regarding 

the use of the measure can be discussed and any updates about the Singapore version of 

the CAHAI can also be given.  

Part II: Re-evaluation of the CAHAI using Modern Test Theories 

 Data from 105 participants in a previous validation study of the CAHAI was used 

in this part of the thesis (Barreca, Stratford, Masters, Lambert, & Griffiths, 2006). This 

sample size may not be sufficient for IRT analysis of the CAHAI as a two-parameter 

polytomous model was fitted. The frequencies of score categories used were not 

distributed uniformly across the CAHAI’s scoring scale, with some items having less 

than 10 observations in specific score categories. The sample size and the distribution of 

the frequency of score categories may have affected the stability of the estimations using 

modern test theories. The instability of the estimations may affect the quality of the 

evidence on the psychometric properties of the CAHAI. Furthermore, the calibration and 

validation of the new 11-item and 5-item versions of the CAHAI were conducted on the 

same sample. This limits the generalizability of the study findings. Future studies are 

recommended to validate the study findings using a larger sample size with a more 

uniform distribution of score categories and to conduct the calibration and validation 

using different samples.  
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 The re-evaluation of the CAHAI focused primarily on improving the 

psychometric properties and clinical utility of the measure. There is also a need to address 

the interpretation of the CAHAI scores to provide clinically meaningful information that 

can help to inform or direct patient care. In doing so, it can further promote the routine 

use of the measure in clinical practice. Thus, future studies that estimate of the minimal 

clinical important difference of the CAHAI scores and evaluate the extent to which 

CAHAI scores can predict outcomes (e.g., independence in basic and instrumental 

activities of daily living) are needed.  

Conclusion 

 The continued evaluation of an outcome measure beyond its initial phase of 

development and validation can help improve the quality of measurement in 

rehabilitation.  Measurement is a cornerstone in stroke rehabilitation, as well as in the 

field of rehabilitation science: 

 I often say that when you can measure what you are speaking about, 

and express it in numbers, you know something about it; but when 

you cannot measure it, when you cannot express it in numbers, your 

knowledge is of a meagre and unsatisfactory kind; it may be the 

beginning of knowledge, but you have scarcely, in your thoughts, 

advanced to the stage of science, whatever the matter may be 

(Thomson, 1889, p. 73)  
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This thesis adds to the body of knowledge about an existing outcome measure of post-

stroke UE function and contributes to the efforts to improve the quality of measurement 

in stroke rehabilitation. Continuous improvements to the quality of measurement are 

imperative to advance scientific knowledge in UE rehabilitation after stroke and to 

improve patient care and outcomes of individuals with stroke. 
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