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INTRODUCTION 

Physical activity has been defined as ‘any bodily movement produced by skeletal 

muscles that requires energy expenditure’1. It can be undertaken in many different 

ways, such as walking, cycling, sports and active forms of recreation, domestic 

tasks around the home, or as part of work2. The health benefits of participating in 

regular physical activity are well established and include a lower risk of 

cardiovascular disease, hypertension, diabetes, and breast and colon cancer. 

Additionally, it has positive effects on mental health, delays the onset of dementia, 

and can help maintain a healthy weight3-5. 

 

Physical activity behaviour and sedentary behaviour are considered a persons’ 

movement behaviour during waking hours. Physical activity and sedentary 

behaviour can be performed at different levels of energy expenditure, expressed in 

Metabolic Equivalent of Task (MET) units. MET units represent the ratio between the 

energy expenditure of a person performing a certain activity (work metabolic rate) 

and the energy cost of a person at rest (basal metabolic rate or 1.0 MET). One MET 

represents the individual use of 3.5 millilitres of oxygen per minute per kilogram 

body mass6. While physical activity is characterised by levels of energy expenditure 

of >1.5 MET, sedentary behaviour is characterised by an energy expenditure of ≤1.5 

MET while sitting, lying or in reclining posture7. Sedentary behaviour is also an 

important determinant of health, independent of physical activity8. It is associated 

with abnormal glucose metabolism, cardiometabolic morbidity, and increased 

overall mortality9. 

 

Since the industrial revolution, the development of new technologies such as cars, 

televisions, computers and the internet has enabled people to reduce the amount of 

physical activity and increase the amount of sedentary behaviour in their daily lives. 

Although such technologies may have many benefits, the human body needs 

frequent physical activity and should avoid excessive sedentary behaviour in order 

for many systems (e.g., cardiovascular, metabolic, skeletal, and muscle) to function 

optimally10. Physical inactivity has become a worldwide problem, as one in four 

adults, and three in four adolescents (aged 11–17 years), currently do not meet the 

global recommendations for physical activity and sedentary behaviour set by the 

World Health Organization (WHO)11. These guidelines recommend adults to 

undertake 150-300 minutes of moderate-intensity physical activity or 75-150 minutes 

of vigorous-intensity physical activity, or some equivalent combination of 

moderate-intensity and vigorous-intensity aerobic physical activity per week. 

Furthermore, they recommend performing regular muscle-strengthening activity 

and reducing sedentary behaviour12.  
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The impact of the physical inactivity pandemic is enormous. It is identified as the 

fourth leading risk factor for global mortality, after high blood pressure, tobacco 

use and high blood glucose. Physical inactivity levels are rising in many countries 

with major implications for the prevalence of noncommunicable diseases (e.g., 

cardiovascular disease, diabetes and cancer) and general health of the population 

worldwide3. Moreover, the economic burden of physical inactivity is huge, with an 

estimated global cost of 54 billion international dollars per year in direct 

healthcare2. 

Physical activity and sedentary behaviour during 
hospitalisation 

Yearly, more than 1.6 million patients are admitted to hospital for acute care in the 

Netherlands. Approximately 60% of these patients are admitted with acute 

conditions and 40% for elective hospital care. The average length of hospital stay is 

five to six days, and around 44% of all patients are 65 years or older13. 

 

Unfortunately, physical inactivity and sedentary behaviour are also prevalent in 

hospital settings14. Low amounts of physical activity are common during a hospital 

stay. On average, patients spend between 87% and 100% of their day lying in bed or 

sitting in a chair15,16. This inactive behaviour is found in all patient subpopulations, 

with geriatric inpatients spending on average 30 to 117 minutes standing or walking 

per day17-23, compared to 10 to 66 minutes for surgical inpatients24-26, 1 to 184 minutes 

for medical inpatients27-33, 10 to 86 minutes for post-stroke inpatients34-39, and 0 

minutes for patients admitted to the intensive care unit40,41. Moreover, bouts of 

standing and walking are usually short and prolonged periods of uninterrupted 

sedentary behaviour are common15,17,42. 

 

An increasing number of studies have shown that physical inactivity during 

hospitalisation is associated with a substantial loss of muscle mass43-45, 

complications such as pneumonia, pressure ulcers, urinary tract infection, 

orthostatic instability, deep venous thrombosis46-48, and functional decline49-52. Other 

negative outcomes associated with physical inactivity during hospitalisation are an 

increased length of hospital stay53,54, an increased risk of institutionalisation29,50,55,56, 

and mortality19,21,52,55,57. Previous research has shown that these negative health 

outcomes can be counteracted by improving patients’ physical activity behaviour 

during hospitalisation. Higher physical activity levels are associated with a reduction 

in functional decline, length of hospital stay, risk of institutionalisation, mortality and 

a 30-day readmission risk18,21,55,58-64. To improve outcomes and reduce healthcare 

costs, it is therefore essential that patients remain as active during hospitalisation as 

their abilities allow65. 

Internationally, awareness of physical inactivity amongst hospitalised patients is 

increasing66. In recent years, many initiatives have been launched aimed at 
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promoting physical activity and reducing sedentary behaviour in patients during 

hospitalisation. In 2017, the social media campaign “End-PJ-Paralysis” was launched 

in the United Kingdom. This global movement aims to get patients out of bed, 

dressed in their own clothes and when possible, moving about rather than lying in 

bed. The “End-PJ-Paralysis” campaign raises awareness amongst healthcare 

professionals worldwide and encourages them to consider how they could promote 

physical activity in hospitalised patients14,66,67. Furthermore, Johns Hopkins Hospital 

in Baltimore, U.S.A., has created the “Activity and Mobility Promotion” program 

through which they aim to support healthcare professionals and hospitals that want 

to change the culture of patient immobility. Other international programs that 

amongst others promote mobilization in acute-care hospitals are “Eat Walk 

Engage” in Australia and “Mobilization of Vulnerable Elders (MOVE)”  in Canada63,68. 

 

In the Netherlands, the topic is also gaining increasing attention. Over the last 

decade, nine Dutch hospitals have initiated innovative and multifaceted projects 

aimed at promoting physical activity and reducing sedentary behaviour. Examples 

of these projects are “Zorg dat u beweegt” in Maastricht University Medical Center 

(MUMC+), “Ban Bedcentricity” in Radboud university medical center, “Hospital in 

Motion” in University Medical Center Utrecht, and “Better by Moving” in Amsterdam 

University Medical Center. As these nine ‘pioneering’ hospitals were working towards 

the same goal, they collaborated and created the “Beweegziekenhuizen” 

movement. Instead of competing, they aim to inspire and strengthen each other by 

sharing their knowledge and experiences. Moreover, they collaborate in research, 

development and implementation of innovative interventions, and share their 

experiences with other Dutch hospitals. 

Factors influencing patients’ physical activity behaviour during 
hospitalisation 

The physical activity behaviour of hospitalised patients may be influenced by many 

different factors65,69-75. During hospital stay, patients are temporarily taken out of 

their own environment. At home, they have their own daily routines which may 

include going to work, performing household activities, and participating in sports- 

and social activities. Upon hospital admission, patients enter an unfamiliar 

environment in which they may miss their usual daily routines. They may feel unwell 

due to their illness or accompanying symptoms, and may be dependent on 

healthcare professionals to receive care. As such, a hospital admission can be 

associated with many uncertainties and insecurities. For many patients, their main 

focus is the reason for hospital admittance, and less attention is focussed on being 

physically active. 

 

The hospital environment is not primarily designed to promote physical activity. 

During a hospital stay, patients will predominantly remain in their room, a safe 
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space consisting of a bed, night stand, chair and closet. Most rooms offer limited 

space to walk around with a walking aid and/or an IV-pole, and the television is 

usually hanging right above the bed. Moreover, the ward and hospital setting are 

often described as boring and unattractive. The availability of places such as a 

common room, exercise room, coffee corner, art exhibition or garden tend to 

stimulate patients to get active. 

 

The hospital culture also has an inactivating effect on patients. Many care 

processes are concentrated around the hospital bed, with patients waiting for 

physician and nursing rounds, examinations or distribution of food and medication. 

As a result, patients adopt a passive role and remain in their room, waiting for 

healthcare professionals to inform them about what is going to happen. Moreover, 

many patients believe that rest is needed for recovery, and awareness of the 

positive effects of physical activity is often lacking.  

 

Healthcare professionals may have an important role in promoting physical activity, 

amongst others through providing information, promoting independence in self-

care and encouraging and assisting patients. However, although many healthcare 

professionals intend to mobilise patients, they are often limited by time and staffing. 

Furthermore, visitors may also have an important influence on patients’ physical 

activity behaviour. During visiting hours, patients usually remain in bed because 

otherwise there are not enough chairs available for visitors. Visitors may be hesitant 

to take patients for a walk, as they often do not know what patients are allowed to 

do. On the other hand, visitors could also actively participate in promoting physical 

activity by assisting patients in walking and exercising. 

 

As shown, many factors may influence patients’ physical activity behaviour, and 

these factors may differ between patient populations, settings and cultures65,69-74. 

Since interventions aimed at promoting physical activity and decreasing sedentary 

behaviour are more likely to be effective if they are designed to target underlying 

factors that influence behaviour, gaining a comprehensive understanding of the 

barriers and enablers that influence patients’ physical activity behaviour during 

hospitalisation is a first step towards identifying potentially modifiable factors and 

developing, evaluating and implementing targeted interventions72,76,77. 

Older adults admitted with an acute medical illness 

Older adults admitted to hospital with an acute medical illness are at increased risk 

of negative outcomes associated with physical inactivity. With increasing age, their 

adaptive capacity gradually decreases78. A high prevalence of multi-morbidity and 

age-related impairments make them vulnerable, especially during an acute hospital 

admission49. Functional decline is a common problem amongst older adults during 

hospitalisation, and is described as ‘the loss of ability to independently perform one 
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or more basic activities of daily living, namely transferring from bed to chair, 

walking, climbing stairs, dressing, bathing and using the toilet’79,80. Patients’ illness or 

comorbidities may have already elicited functional decline before hospital 

admission. During hospitalisation, functional decline is also associated with inactivity, 

even after correcting for illness severity or comorbidities17,52,55. Although some 

patients are able to recover to their pre-existing levels of physical functioning at 

discharge, 30% to 60% of older adults are discharged with a disability in one or 

more activities of daily living that they did not have before admission50,54,56,57,79. This 

percentage strongly varies due to differences in measurement methods, illness and 

risk factors81. One year following discharge, less than 50% of these patients have 

recovered to their pre-existing levels of physical functioning50,54. 

 

On average, older adults admitted to hospital with an acute medical illness spent 

between 30 and 117 minutes standing or walking per day, the remainder of the day 

is spent lying in bed or sitting in a chair17-23. If older adults at high risk for physical 

inactivity could be identified early after admission, they could be given targeted 

interventions aimed at improving physical activity and reducing sedentary 

behaviour. Creating an adequate risk stratification that enables the identification of 

older adults at high risk of physical inactivity can therewith contribute to improved 

patient outcomes.  

Measuring physical activity behaviour during hospitalisation 

In order to evaluate and promote patients’ physical activity behaviour in daily 

clinical practise, it is essential that physical activity is measured in a way that is 

accurate, clinically meaningful, and does not increase the workload of healthcare 

professionals15,82. In current clinical practice, mobility assessments typically measure 

patients’ highest level of functioning, the ability to perform activities of daily living, 

or level of assistance required. Outcomes are documented in the electronic health 

record roughly once per day, therewith providing only limited estimates of patients’ 

daily physical activity behaviour. Objective, quantitative assessments of patients’ 

physical activity behaviour would be of added value, but are rarely integrated in 

clinical practice yet15. Moreover, previous studies also show a substantial 

heterogeneity in methods and outcome parameters used to measure physical 

activity15,16. 

 

Commonly used methods to measure physical activity behaviour during 

hospitalisation are self-reported measures, behaviour mapping or wearable activity 

monitors15,83. Self-reported measures (e.g., surveys or diaries) are subjective and 

show low validity and reliability83-85. Behaviour mapping involves direct, structured 

observation and classification of patients’ physical activity behaviour by 

observers86,87. This is labour-intensive and may intrude upon patients’ privacy82,88. 

Furthermore, it may under-, or overestimate time spent in activities when 
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observations are performed during working-hours only, or when sampled at 

intervals (e.g., one minute in every ten minutes)29,82,88,89. Short bouts of walking, which 

are common in hospitalised patients, may therefore not be recorded. Wearable 

activity monitors (e.g., pedometers or accelerometers) allow for objective, 

continuous quantification and classification of patients’ physical activity behaviour 

over longer time periods15,42,82,90,91. Moreover, they require less effort and 

invasiveness than behaviour mapping. Accelerometers measure raw accelerations 

obtained from movements of a body or body segment. Physical activity behaviour 

is then estimated by applying an algorithm to the raw data92. The performance of 

accelerometers is determined by this algorithm, the sensor wear location, the 

number of sensors used, and the characteristics of the person wearing the 

accelerometer (e.g., age, walking speed, gait pattern) and chosen outcome 

parameters (classification of activities, step count or intensity)82,83. 

 

Most accelerometer algorithms are validated in healthy adults and lack sensitivity 

to classify slow or impaired gait93,94. In order to integrate the use of accelerometers 

into daily clinical practise, it is important that they are validated in hospitalised 

patients. Previous studies have shown that the validity of existing algorithms to 

classify time spent in dynamic activities and the classification of postural transitions 

in hospitalised patients varies and is often investigated in small study samples19,87-

89,95-99. A suitable algorithm for hospitalised patients that is able to discriminate 

between standing and dynamic activities, as well as to classify postural transitions, 

would be of added value to improve physical activity monitoring in hospitalised 

patients100. 

The potential of mHealth to monitor physical activity in clinical 
practise 

Although accelerometers offer objective, quantitative assessment of patients’ 

physical activity behaviour, they do not provide direct feedback to patients or 

healthcare professionals. To gain insight in patients’ physical activity behaviour, the 

data first has to be uploaded to a computer. This may not be an issue when data is 

gathered for research purposes. However, when using physical activity monitoring 

in clinical practice, real-time feedback is needed. This enables healthcare 

professionals to effectively advise patients on their physical activity behaviour. 

mHealth could provide a solution to this problem101. mHealth has been defined by 

the WHO as ‘medical and public health practice supported by mobile devices, such 

as smartphones, tablets or wireless patient-monitoring sensors’101,102. Connecting an 

accelerometer to a smartphone via Bluetooth enables continuous physical activity 

monitoring with the advantage of providing patients and healthcare professionals 

real-time feedback. To enhance the possibilities, additional functionalities such as 

educational material or exercise programs could also be added to such mHealth 

tools. Previous research has shown that smartphone applications combined with an 
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activity tracker are able to improve physical activity in other populations103,104. 

Additionally, mHealth tools can be used to increase patient awareness, stimulate 

self-management and support personalised healthcare103,105,106. As a result, they 

show great potential to offer hospitalised patients and their healthcare 

professionals’ essential strategies to improve their physical activity behaviour and 

support their recovery process. 

PERSONAL MOTIVATION  

During my work as a clinical physiotherapist I am confronted with the inactivating 

hospital environment on a daily basis. Having worked in three different hospitals 

and at many different wards, I experienced that this is not specific to a single 

setting. Promoting patients’ physical activity behaviour during hospitalisation is 

often attributed to the physiotherapist. However, patients’ physical activity and 

sedentary behaviour are influenced by many other factors during hospitalisation. 

To decrease the negative effects associated with inactivity, hospitals should aim to 

change from an inactivating to a (re)activating hospital culture.  

 

A few years ago, the Department of Physiotherapy of the MUMC+ aimed to improve 

the process of promoting physical activity and enhancing functional recovery in 

hospitalised patients. They wanted to increase patients’ awareness, provide 

personalized care, and stimulate self-management. To accomplish this, they wanted 

to enable objective physical activity monitoring, provide patients insight in their 

recovery, and offer a tailored exercise program. In 2016, this resulted in the 

development Hospital Fit, a smartphone app connected to an accelerometer. Due to 

the close collaboration between the hospital, the Faculty of Health, Medicine & Life 

Sciences of Maastricht University and Maastricht Instruments B.V., MUMC+ is an 

optimal setting to develop and investigate Hospital Fit, and to combine research 

and innovation with clinical practice. Therefore, this PhD research project was a 

logical next step following the initiation of Hospital Fit. The aims of this research 

project were to contribute to improving patients’ physical activity behaviour during 

hospitalisation, amongst others through assisting in the development, evaluation 

and implementation of Hospital Fit. The combination of working as a clinical 

physiotherapist and researcher provided a perfect opportunity to continuously 

gather new insights and knowledge by collecting, analysing, and interpreting data 

gathered in daily clinical practise. Working as an embedded scientists provided the 

opportunity to contribute to improved healthcare through translating research 

findings into clinical practise.  
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AIMS AND OUTLINE OF THIS THESIS 

The main aim of this thesis is to contribute to improving patients’ physical activity 

behaviour during hospitalisation. In Chapter 2 a scoping review was performed to 

identify patient- and healthcare professional reported barriers and enablers to 

physical activity during a hospital stay for acute care, and to categorise them using 

the Theoretical Domains Framework (TDF). In Chapter 3 a qualitative study was 

conducted to explore patient- and healthcare professional perceived barriers and 

enablers to physical activity in older adults admitted to a hospital with an acute 

medical illness, and to categorise them using the TDF. In Chapter 4 two prediction 

models were developed and internally validated that can be used to predict the 

probability of low physical activity levels during hospitalisation for older adults 

admitted to hospital with an acute medical illness. Chapter 5 investigated whether 

the introduction of Hospital Fit as part of the physiotherapy treatment had resulted 

in a change in physical activity levels of hospitalised patients following elective 

orthopaedic surgery. Chapter 6 describes the optimisation and validation of a 

physical activity classification algorithm which is able to discriminate between 

sedentary, standing, and dynamic activities, and to detect postural transitions 

among hospitalised patients under free-living conditions. Finally, Chapter 7 provides 

a general discussion of the most important findings of the included studies. In 

addition, implications for clinical practice and recommendations for future research 

are discussed. 
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ABSTRACT 

Background 

Low levels of physical activity are common during the hospital stay and have been 

associated with negative health outcomes. Understanding barriers and enablers to 

physical activity during a hospital stay can improve the development and 

implementation of tailored interventions aimed at improving physical activity. 

Previous studies have identified many barriers and enablers, but a comprehensive 

overview is lacking. This study aimed to identify and categorize all published 

patient- and healthcare professional-reported barriers and enablers to physical 

activity during a hospital stay for acute care, using the Theoretical Domains 

Framework (TDF). 

 

Methods 

We conducted a scoping review of Dutch and English articles using MEDLINE, 

CINAHL Plus, EMBASE, PsycINFO, and Cochrane Library (inception to September 

2020), which included quantitative, qualitative, and mixed-methods studies reporting 

barriers and enablers to physical activity during a hospital stay for acute care, as 

perceived by patients or healthcare professionals. Two reviewers systematically 

extracted, coded, and categorized all barriers and enablers into TDF domains. 

 

Results 

Fifty-six articles were included in this review (32 qualitative, 7 quantitative, and 17 

mixed-methods). In total, 264 barriers and 228 enablers were reported by patients, 

and 415 barriers and 409 enablers by healthcare professionals. Patient-reported 

barriers were most frequently assigned to the TDF domains Environmental Context 

& Resources (ECR, n = 148), Social Influences (n = 32), and Beliefs about 

Consequences (n = 25), while most enablers were assigned to ECR (n = 67), Social 

Influences (n = 54), and Goals (n = 32). Barriers reported by healthcare professionals 
were most frequently assigned to ECR (n = 210), Memory, Attention and Decision 

Process (n = 45), and Social/Professional Role & Identity (n = 31), while most 
healthcare professional-reported enablers were assigned to the TDF domains 

ECR (n = 143), Social Influences (n = 76), and Behavioural Regulation (n = 54). 
 

Conclusions 

Our scoping review presents a comprehensive overview of all barriers and enablers 

to physical activity during a hospital stay and highlights the prominent role of the 

TDF domains ECR and Social Influences in hospitalized patients’ physical activity 

behavior. This TDF-based overview provides a theoretical foundation to guide 

clinicians and researchers in future intervention development and implementation. 
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Contributions to the literature 

• Physical inactivity during the hospital stay is a frequent problem, but an 

overview of patient- and healthcare professional-reported barriers and 

enablers to physical activity was lacking. 

• The majority of barriers and enablers were categorized under the TDF-domains 

Environmental Context and Resources and Social Influences, highlighting the 

need for interventions that target the physical environment, hospital care 

processes, organizational characteristics, resources, patient-related factors, 

and social influences. 

• Our comprehensive theory-informed overview of all published barriers and 

enablers to physical activity during a hospital stay can assist clinicians and 

researchers in developing and implementing tailored interventions in local 

clinical practice. 
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BACKGROUND 

Hospitalized patients spend between 87 and 100% of their time lying in bed or 

sitting, irrespective of the reason for admission1. Low levels of physical activity have 

been associated with negative health outcomes like functional decline2,3, increased 

length of stay4, increased risk of institutionalization5,6, and mortality2,3,7,8. Previous 

research has shown that these negative health outcomes of inactivity can be 

counteracted by increasing physical activity levels9-13. Thus, interventions aimed at 

increasing the physical activity levels of hospitalized patients are of great 

importance14. 

 

Many different barriers and enablers influence patients’ physical activity 

behavior14-20. While barriers reduce or negatively affect a patient’s physical activity 

behavior15,18,21, enablers enhance or positively affect this behavior14,16,19,20. Brown et al. 

have investigated barriers to physical activity in older adults admitted to a medical 

ward15. They identified having symptoms (e.g., weakness, pain, fatigue), being 

concerned about falls, and a lack of staff to assist with out-of-bed physical activity 

as frequently reported barriers. So et al. also described not being provided with 

adequate walking aids and being attached to an intravenous line as barriers14. 

Moreover, they identified many enablers, such as being encouraged to exercise, 

preventing the negative effects of prolonged bed rest, and promoting functional 

recovery. 

 

Over the past two decades, the number of studies identifying barriers or enablers to 

physical activity during a hospital stay for acute care has grown significantly14-21. In 

these studies, barriers and enablers were identified in a wide variety of patient 

populations and clinical settings14-21. Furthermore, they were explored from the 

perspective of patients14,20, healthcare professionals (HCPs)16-18,21, or both15,19. To our 

knowledge, no comprehensive overview of barriers and enablers to physical activity 

during a hospital stay for acute care has been published. Such a comprehensive 

overview would provide clinicians and researchers with a better understanding of 

these barriers and enablers. This might improve the development of future 

interventions or implementation of existing interventions in different health care 

settings. 

 

To be able to use such an overview in future intervention development or 

translation, it is essential to adopt a theoretical framework that links barriers and 

enablers to intervention strategies. A theoretical framework can help to guide 

interventions targeting modifiable factors for physical activity during the hospital 

stay for acute care22,23. Moreover, using a theoretical framework to identify barriers 

and enablers to behavioral change has been demonstrated to be more successful in 

changing behavior than using a non-theory-driven approach24,25. 
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One such integrative theoretical framework is the Theoretical Domains Framework 

(TDF)25. The TDF facilitates a systematic and theoretically based approach to 

behavior change. The validated TDF contains 14 domains, comprising 84 theoretical 

constructs from 33 theories of behavior and behavior change. Barriers and enablers 

can be categorized in the following domains: Knowledge, Skills, Social/Professional 

Role and Identity (SPRI), Beliefs about Capabilities, Optimism, Beliefs about 

Consequences, Reinforcement ;  Intentions, Goals, Memory, Attention and Decision 

Processes (MADP), Environmental Context and Resources (ECR), Social Influences, 

Emotion, and Behavioural Regulation. The TDF has been extensively used as a guide 

to identify and categorize modifiable factors that influence behavior25. The 

objective of this review was to identify and categorize patient- and HCP-reported 

barriers and enablers to physical activity during a hospital stay for acute care, using 

the TDF. 

METHODS 

Study design 

A scoping review was performed to explore the nature and quantity of published 

literature on barriers and enablers to physical activity during a hospital stay for 

acute care, as perceived by hospitalized patients and their HCPs. We used the 

scoping review methodology suggested by Arksey and O’Malley26 and developed 

further by Levac, Colquhoun, and O’Brien27,28. The Joanna Briggs Institute (JBI) 

guidance document for the conduct of scoping reviews and the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses Extension for Scoping Review 

(PRISMA-ScR) were used to inform the methodology (Additional File 1)29,30. The TDF 

was used to categorize the barriers and enablers extracted from the included 

studies25, as described in further detail in “Collating, summarizing, and reporting the 

results”. No protocol was registered for this review. 

Search strategy and study selection 

A comprehensive search strategy was developed in collaboration with an 

experienced research librarian (FvE) of the University of Amsterdam (Additional File 

2). An electronic database search of MEDLINE (through Pubmed), CINAHL Plus, 

Cochrane, EMBASE, PsycINFO, and the Cochrane library was performed, from the 

inception of the electronic databases to September 23, 2020. 

 

All electronic database searches were combined and de-duplicated in Endnote 

version X9.1 (Clarivate Analytics, Philadelphia, Pennsylvania, USA)31. Two reviewers 

(SJGG and HCvDH) independently screened all titles and abstracts to determine 

eligibility, based on the following inclusion and exclusion criteria. Studies were 
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considered eligible if they reported barriers or enablers to physical activity during a 

hospital stay as perceived by patients or HCPs. Patients had to be hospitalized in an 

acute care setting and HCPs had to be involved in clinical care (e.g., physicians, 

nurses, nursing assistants, occupational therapists, and physiotherapists). Barriers 

were defined as any factor reducing or negatively affecting a patient’s engagement 

in physical activity. Enablers were defined as any factor enhancing or positively 

affecting a patient’s engagement in physical activity. Barriers and enablers had to 

be self-reported. Studies reporting factors associated or correlated to physical 

activity during were not included in this study32. Published full-text articles using 

quantitative, qualitative, or mixed-method study designs were considered, as was 

gray literature (i.e., academic papers, theses, and dissertations). Only studies written 

in English or Dutch were included. Studies reporting solely on children (<18 years), 

short-stay admissions (<24 h), the Intensive Care Unit, or psychiatric ward were 

excluded because of the differences in care and context (e.g., in terms of 

organization of care, length of hospital stay, patient characteristics, and care 

provided). Protocols and reviews were excluded as they lack empirical data. Case 

studies were also excluded as they often describe extreme cases that do not 

represent the general population of hospitalized patients. Lastly, conference 

abstracts were excluded. 

 

To ensure that at least 80% agreement was reached between the reviewers in 

determining eligibility based on study titles and abstracts, a pilot was performed 

using 5% of the references. The pilot resulted in minor revisions of the inclusion and 

exclusion criteria, to enhance the clarity of the criterion descriptors. Full-text articles 

were obtained when studies fulfilled the criteria or when additional information was 

needed to determine eligibility. Subsequently, full-text articles were independently 

screened by both reviewers to determine eligibility. To ensure that at least 80% 

agreement was reached between reviewers in determining eligibility based on full 

texts, a pilot was first performed using 10% of the references.  

 

To reduce the risk of missing relevant studies, reference lists of included studies and 

the reviewers’ own literature databases were screened for additional studies. Any 

disagreements during the study selection process were resolved by discussion, 

mediated by a senior researcher (AFL). The web application of Rayyan QCRI (Qatar 

Computing Research Institute, Hamad Bin Khalifa University) was used to facilitate 

the study selection process.33 A PRISMA-ScR flowchart was created to track the 

screening and inclusion process of this review30,33. 

Data extraction 

Both reviewers (SJGG and HCvDH) independently extracted data using a custom-

built data extraction form. Characteristics of included studies (author(s), year of 

publication, type of study, study aim, method, population, setting, and study 
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sample) were extracted according to the JBI Guidance document for the conduct of 

scoping reviews29. Barriers and enablers identified in the results sections of the 

included studies were extracted using an iterative data extraction process. Barriers 

and enablers reported by patients and HCPs were extracted separately. Different 

extraction methods were used for qualitative and quantitative studies34. From 

qualitative studies, all barriers and enablers reported by patients or HCPs were 

extracted. For quantitative studies, the approach described by Weatherson35 was 

used, meaning that barriers and enablers were extracted if ≥50% of participants 
agreed that the factor influenced patients’ physical activity behavior. For example, 

in a survey with dichotomous answering options (agree/disagree), the factor 

“discussing physical activity during physician rounds increases patients’ physical 

activity levels” was not extracted as an enabler if 42% of the HCPs agreed. Some 

questionnaire measures contained an intermediate category, such as 5-point Likert-

scale questions with answering options: 1=strongly agree, 2=somewhat agree, 
3=neither agree nor disagree, 4=somewhat disagree, and 5=strongly disagree. 
Barriers or enablers were only extracted if at least 50% of participants somewhat 

agreed or strongly agreed that they perceived it as a barrier or enabler [35]. For 

example, if 60% of the HCPs agreed (18% somewhat agreed and 42% strongly 

agreed) that “discussing physical activity during physician rounds increases 

patients’ physical activity levels” was an enabler, this factor was extracted as 

enabler35. If a quantitative study included open-ended questions, the responses 

were extracted as in qualitative studies. 

 

To ensure the reliability of the data extraction process, the reviewers first extracted 

data from five randomly selected articles14-16,19,36 and discussed their findings to 

resolve disagreements and improve the preliminary data extraction table. This 

process was then repeated with five other articles17,21,37-39. after which both 

researchers agreed on the data extraction and no further changes to the data 

extraction table were required. Finally, each reviewer independently extracted half 

of the remaining articles and then critically reviewed the extraction of the other half 

performed by the other reviewer. Disagreements were resolved by discussion and 

rereading source material, and two senior researchers were consulted in case of 

discrepancies (AFL and MvdS). 

Collating, summarizing, and reporting the results 

Both reviewers (SJGG and HCvDH) independently coded the extracted barriers and 

enablers and categorized them into the 14 TDF domains25,40,41. The theoretical 

definitions and component constructs of the domains as presented in Additional File 

3 were used to guide the coding process. Barriers and enablers were coded 

separately for patients and HCPs and were coded to more than one domain if the 

content suited multiple domains. To increase inter-coder reliability, the two 

reviewers (SJGG and HCvDH) met to discuss coding discrepancies and to iteratively 
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modify the coding structure after every ten articles. Discrepancies were solved by 

discussion and rereading the articles. If necessary, a senior researcher (MvdS) was 

consulted to discuss and resolve discrepancies. This process was repeated until a 

final TDF categorization had been obtained. Two senior researchers (AFL and MvdS) 

supervised the categorization process. The entire authorship team reviewed the 

final categorization. MAXQDA Analytics Plus 2020 (VERBI Software, 2018, Berlin, 

Germany) was used to facilitate data coding and the categorization process. The 

numbers of different barriers and enablers assigned per TDF domain as well as the 

number of articles reporting on barriers and enablers per TDF domain were 

presented separately for patients and HCPs. Finally, a descriptive summary of the 

reported barriers and enablers was composed for patients and HCPs. 

RESULTS 

The search retrieved 6716 studies, of which 2382 were excluded as duplicates. An 

additional three studies42-44 were retrieved by hand-searching the researchers’ own 

literature database (i.e., two studies which did not explicitly mention “barrier,” 

“enabler,” or “hospital” in the title and abstract, and one which was a Masters thesis). 

A total of 4334 studies were screened based on titles and abstracts. Of the 143 

articles that were assessed as full texts, 45 were identified for inclusion11,14-16,18-21,36-39,42-

74. An additional 11 studies were included after hand-searching the reference lists of 

included studies17,75-84, resulting in a total of 56 included studies11,14-21,36-39,42-84. The 

PRISMA-ScR flowchart (Figure 2.1) shows the screening and inclusion process.  

Description of included studies 

Additional File 4 presents an overview of the included studies. Of the 56 studies, 32 

used a qualitative study design14-20,38,42,44-46,49-54,57,61,67,68,70,72-76,78-80,83, seven a quantitative 

study design21,37,39,63,66,69,82, and 17 a mixed-methods study design11,36,43,47,48,55,56,58-

60,62,64,65,71,77,81,84. Nineteen studies reported barriers and enablers as perceived by 

patients14,20,36,37,39,48,51,61,63-65,67,70,73,78,79,81,83, 23 reported those perceived by HCPs16-

18,21,38,42,43,47,50,52-55,57,59,60,68,69,74-76,80,82, and 14 reported those perceived by patients and 

HCPs11,15,19,44-46,49,56,58,62,66,71,72,77,84. Sample sizes varied between n=6 and n=345 patients 
and between n=5 and n=261 HCPs. Two studies did not specify the sample size11,77, 

and one study only specified the number of included sites47. Further descriptions of 

the populations and settings included are provided in Additional File 4. The included 

studies were published between 2003 and 2020, and only seven studies were 

published before 201015,52,56,75,77,78,82. 
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Figure 2.1 PRISMA-ScR flowchart 

 

Identification of patient- and HCP-reported barriers and 
enablers to physical activity during a hospital stay for acute 
care 

The results of the data extraction process are presented in Additional File 5. After 

coding and discussing all extracted fragments containing barriers and enablers, 

SJGG and HCvDH reached a consensus on 1316 barriers and enablers. Two hundred 
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sixty-four (20.2%) patient-reported barriers and 415 (31.7%) HCP-reported barriers 

were coded. Two hundred twenty-eight (17.3%) patient-reported enablers and 409 

(31.2%) HCP-reported enablers were coded. 

Categorizing patient- and HCP-reported barriers using the TDF 

Patient- and HCP-reported barriers were assigned to 13 of the 14 TDF domains. An 

overview of the TDF coding of all barriers is provided in Additional File 6 and 

summarized in Figure 2.2. Patient-reported barriers were assigned most frequently 

to the TDF domains ECR (n=148, 56.1%), Social Influences (n=32, 12.1%), and Beliefs 

about Consequences (n=25, 9.5%). Of the other 11 domains, the largest numbers of 
barriers were assigned to the domains Emotion (n=16, 6.1%) and SPRI (n=10, 3.8%). 
HCP-reported barriers were assigned most frequently to the TDF domains ECR 

(n=210, 50.6%), MADP (n=45, 10.8%), and SPRI (n=31, 7.5%). Of the other 11 domains, 
the largest numbers of barriers were assigned to the domains Beliefs about 

Consequences (n=27, 6.5%) and Emotion (n=22, 5.3%). No patient- and HCP-reported 

barriers were assigned to the domain Optimism. 

 

The TDF domains to which barriers were most frequently assigned are highlighted 

below. The domain ECR had the majority of both patient- and HCP-reported 

barriers assigned to it and covered four main topics: (1) patient-related factors (e.g., 

medical factors, age, language barriers), (2) care processes and organizational 

characteristics (e.g., prescribed immobility, communication, hospital culture, bed-

centered care), (3) physical environment of the hospital (e.g., room, unit, hospital), 

and (4) resources (e.g., limited time, staffing, equipment) (Additional File 6). Patient-

reported barriers assigned to the domain Social Influences included interpersonal 

processes between patients, visitors, and HCPs that negatively influence physical 

activity, such as lack of encouragement and assistance and providing more care 

than necessary. Patient-reported barriers assigned to the domain Beliefs about 

Consequences included the belief that physical activity results in negative 

consequences (e.g., injuries, falling, or missing meals and care), the belief that rest is 

needed for recovery, and the belief that patients may be inconveniencing busy 

HCPs. Most of the HCP-reported barriers assigned to the domain MADP related to 

prioritization. A high workload and safety considerations resulted in physical activity 

receiving a lower priority than medical treatment or rest. HCP-reported barriers 

assigned to the domain SPRI included the passive and dependent attitude patients 

adopt during hospitalization (e.g., the idea that patients should remain in bed, 

personality, and character traits). In addition, HCPs mentioned the role they fulfill 

regarding physical activity (e.g., lack of role clarity in improving physical activity, 

attributing responsibility to others, and nurses lacking autonomy in deciding how 

and when to mobilize patients). 
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Categorizing patient- and HCP-reported enablers using the 
TDF 

Patient- and HCP-reported enablers were assigned to 11 and 13 of the 14 TDF 

domains, respectively. An overview of the TDF-coding of all enablers is provided in 

Additional File 7 and summarized in Figure 2.3. Patient-reported enablers were most 

frequently assigned to the TDF domains ECR (n=67, 30.2%), Social Influences (n=54, 
24.3%), and Goals (n=32, 14.4%). Of the remaining 11 domains, the largest numbers of 
enablers were assigned to the domains Knowledge (n=24, 10.5%) and Beliefs about 

Consequences (n=17, 7.7%). No patient-reported enablers were assigned to the 

domains Reinforcement, MADP, and Emotion. HCP-reported enablers were most 

frequently assigned to the TDF domains ECR (n=143, 35.0%), Social Influences (n=76, 
18.6%), and Behavioral Regulation (n=54, 13.2%). Of the remaining 11 domains, the 
largest numbers of enablers were assigned to the domains SPRI (n=45, 11%) and 
Knowledge (n=19, 4.7%). No HCP-reported enablers were assigned to the domain 

Optimism. 

 

In line with the categorization of the barriers, most patient- and HCP-reported 

enablers were assigned to the domain ECR and covered the same four main topics: 

(1) patient-related factors, (2) care processes and organizational characteristics, 

(3) physical environment of the hospital, and (4) resources (Additional File 7). 

Patient- and HCP-reported enablers assigned to the domain Social Influences 

included interpersonal processes between patients and visitors or HCPs that 

positively influence physical activity, such as being encouraged and assisted. 

Patients also described that other patients motivated them to perform more 

physical activity, while HCPs described how leadership and multidisciplinary 

collaboration enabled them to improve patients’ physical activity. Patient-reported 

enablers assigned to the domain Goals included the importance of having a goal 

(e.g., experiencing the positive effects of physical activity or preventing the negative 

effects of physical inactivity). This domain also included the importance of having 

autonomy and being involved in physical activity-related decision-making. HCP-

reported enablers assigned to the domain Behavioural Regulation included 

strategies aimed at regulating behavior, such as providing education, appointing 

mobility champions, making performance and expectations visible, creating a habit, 

and using mobility documentation tools, reminders, daily schedules, exercise 

programs, and mobility audits. 
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DISCUSSION 

The aim of this study was to identify and categorize patient- and HCP-reported 

barriers and enablers to physical activity during a hospital stay for acute care, using 

the TDF. Our systematic search identified 679 barriers and 637 enablers, reported in 

56 studies. The majority of barriers and enablers were assigned to the key domain 

Environmental Context and Resources (i.e., “patient-related factors,” “care 

processes and organizational characteristics,” “physical environment of the 

hospital,” and “resources”). Other key TDF domains to which the largest numbers of 

barriers were assigned were Social Influences, Beliefs about Consequences, 

Memory, Attention and Decision Process, and Social/Professional Role & Identity. 

Additionally, other key domains to which the largest numbers of enablers were 

assigned were Social Influences, Goals, and Behavioural Regulation. This is the first 

scoping review of patient- and HCP-reported barriers and enablers relating to 

physical activity during the hospital stay for acute care using a TDF analysis. This 

review presents a comprehensive overview of these barriers and enablers from a 

theoretical perspective, which can help clinicians and researchers identify and 

target modifiable factors within future intervention development. 

 

Our findings highlight the prominent role of the domain Environmental Context and 

Resources with respect to physical activity during the hospital stay for acute care. 

Upon hospital admission, patients are taken out of their own environment and enter 

a different, unfamiliar context, filled with many uncertainties. In addition to patients’ 

illness and associated medical factors, the hospital environment exerts an 

inactivating influence on patients, resulting in a loss of autonomy and freedom15,44, 

Our findings indicate that “care processes and organizational characteristics,” the 

“physical environment,” “patient-related factors,” and “resources” are the main 

topics of the domain Environmental Context and Resources that influence the 

physical activity behavior of hospitalized patients. Several studies have aimed to 

improve physical activity in hospitalized patients by targeting these main 

environmental factors11,12,71,85. “Care processes and organizational characteristics” 

was targeted by incorporating physical activity in usual care12,85,86, creating policy to 

promote mobility71, incorporating specific timeslots for physical activity in HCPs’ 

schedules71, improving communication12, and providing patients with graded exercise 

programs11 “Physical environment” was targeted by providing interesting walking 

destinations11, marked walking trails71, distance markers in the hallway71, ward maps 

and signs11, and by making mobilization goals visible12,86. “Patient-related factors” 

were targeted by optimizing pain control12, and “resources” by purchasing more 

walking aids71, supporting physical activity with technology86,87, and supplying 

activity diaries and exercise booklets11,85. 
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Our results also highlight the role of the domain Social Influences, identified as the 

second most prominent TDF domain. The absence of encouragement and 

assistance by others (i.e., nurses, physical therapists, physicians, visitors, volunteers, 

or other patients) was identified as an important barrier by patients, whereas their 

presence as an important enabler. This was substantiated by HCPs, who also added 

multidisciplinary teamwork, leadership support, the presence of physical therapists, 

and involving visitors as important enablers of physical activity. Several studies 

have aimed to improve physical activity by targeting the domain Social Influences, 

by providing systematic encouragement and assistance from HCPs11,71,85,86, involving 

volunteers or family members in basic mobility activities11,86, and encouraging 

independence in activities of daily living11. 

 

Moreover, the domains Beliefs about Consequences, Memory, Attention and 

Decision Process, and Social/Professional Role & Identity also contained many 

barriers. Several studies have targeted these domains to improve patients’ physical 

activity levels, such as providing education to counter the belief that physical 

activity will result in injuries86,88, using shift huddles to address prioritizing physical 

activity89, or mapping the therapy consultation process within a multidisciplinary 

team to create role clarity and avoid unnecessary treatments90. Likewise, the 

domains Goals and Behavioural Regulation contained many enablers. Examples of 

interventions that specifically focus on goal setting and behavioral regulation are 

the Johns Hopkins Highest Level of Mobility tool12, the WALK-FOR 900 steps per day 

behavioral target91, and Hospital Fit monitor87. All these interventions enable 

monitoring physical activity levels and setting physical activity goals in daily clinical 

care. 

 

Our findings indicated that there were several TDF domains (e.g., Skills, Optimism, 

Reinforcement) to which few or no barriers and enablers were assigned. The many 

factors assigned to the TDF domains Environmental Context and Resources and 

Social Influences, and the few factors assigned to the domains Skills, Optimism, and 

Reinforcement are in agreement with the results of similar research performed in 

other populations, such as physical activity at school35, work92, or in primary care93. 

Although this highlights the prominent role of the domains Environmental Context 

and Resources and Social Influences on physical activity behavior, it does not 

indicate whether the domains Skills, Optimism, and Reinforcement do not contain 

relevant barriers and enablers to physical activity, or whether they were under-

identified. 

 

Lastly, although many patient-reported barriers and enablers were also reported 

by HCPs, our results demonstrated that HCPs perceived a greater number of 

barriers and enablers than patients. This could be explained by the different 

perspectives of patients and HCPs on physical activity during the hospital stay. 
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Patients are hospitalized for a relatively short period, with their main focus being 

their illness and getting better. They experience how it feels to be a patient and how 

this influences their physical activity behavior. On the other hand, HCPs perceive 

barriers and enablers from a much broader perspective. Firstly, they report barriers 

and enablers from their own as well as their patients’ perspectives. Secondly, they 

provide care to many patients with different pathologies, ages, and backgrounds. 

Thirdly, they perceive barriers and enablers related to providing care, different care 

processes, and organizational characteristics. These differences in perspectives 

between patients and HCPs emphasize that both must be taken into account to gain 

a comprehensive understanding of the barriers and enablers to physical activity 

during a hospital stay. 

Strengths and limitations 

This is the first scoping review on patient- and HCP-reported barriers and enablers 

relating to physical activity during the hospital stay for acute care using a TDF 

analysis. A strength of this study is that it was designed and conducted according to 

the systematic scoping review methodology and that it followed the PRISMA-ScR 

statement recommendations26-30. Secondly, almost all aspects of data collection, 

data extraction, and data analysis were carried out independently by two 

researchers, with a third party available in case of disagreements. Thirdly, given the 

extensive, thorough search strategy in multiple databases, along with the inclusion 

of quantitative, qualitative as well as mixed-methods study designs, we were able to 

present a complete overview of all barriers and enablers reported in the current 

literature. Fourthly, an additional strength of this study is the use of the TDF as a 

theoretical framework to categorize barriers and enablers. The use of the TDF 

ensured that the reviewers assessed barriers and enablers from a broad 

perspective, thereby also exploring underexposed domains. 

 

We also recognize some limitations. While the use of the TDF facilitates reviewers in 

exploring barriers and enablers from a broad perspective, it does not provide an 

explanation as to how barriers and enablers are connected and influence one 

another. Another limitation of this study is that barriers and enablers are presented 

based on the number of articles in which they have been reported. As the frequency 

of reporting is primarily a function of the methods used to present the data, this 

alone should not be used as a proxy of importance. In other words, a barrier that 

has only been reported once may be just as relevant as one that has been reported 

many times. Furthermore, a secondary analysis of differences in perceived barriers 

and enablers among patient subgroups or among professions could not be 

performed due to the lack of detailed reporting in the included studies. Lastly, as 

this was a scoping review, no quality appraisal of included articles was performed30. 
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Clinical implications and recommendations for future research 

Our findings provide a comprehensive overview of barriers and enablers to physical 

activity during a hospital stay for acute care. The large number of barriers and 

enablers we found, distributed across many TDF domains, highlight the complexity 

of physical activity behavior during the hospital stay and the need for tailored 

interventions. A context-based assessment should be performed to determine which 

barriers and enablers can be targeted in a specific clinical setting. Our 

comprehensive overview will enable clinicians and researchers to perform this 

context-based assessment from a broad perspective and support them in 

establishing a behavioral diagnosis of what needs to change in a specific context in 

order to improve physical activity behavior during the hospital stay.  

 

Subsequently, clinicians and researchers will be able to link relevant barriers and 

enablers to specific intervention strategies and behavior change techniques 

(BCTs)25,41,94. An example of a framework that could be used to assist clinicians and 

researchers in selecting appropriate BCTs is the Behaviour Change Wheel (BCW)22. 

Our TDF-based overview provides the initial step in developing and implementing 

theory-informed behavior change interventions aimed at improving physical activity 

during the hospital stay41. 

 

Given the large number of factors influencing the physical activity behavior of 

hospitalized patients, we recommend that clinicians and researchers develop and 

implement interventions targeted at multiple barriers and enablers. Previous 

research suggests that developing and implementing such tailored multimodal 

interventions may be more effective than unimodal interventions95. Moreover, given 

a large number of barriers and enablers assigned to the Environmental Context and 

Resources and Social Influences context in our review, we suggest that clinicians 

and researchers should always consider incorporating intervention strategies 

targeting these TDF domains in their multimodal interventions.  

 

Future research should focus on exploring relationships between barriers and 

enablers both within and between TDF domains. Revealing these relationships may 

facilitate the assessment of barriers and enablers in specific clinical settings and 

may increase the effectivity of future tailored multimodal interventions. Future 

research is also needed to explore the differences in perspectives perceived by 

different patient subgroups (e.g., age, sex, pathologies). Similarly, more research is 

needed to investigate differences in perceived barriers and enablers among 

professions and how these differences relate to their role in improving physical 

activity during the hospital stay. Additionally, further research is needed to develop 

and validate a TDF-based questionnaire that could facilitate the context-based 

assessment of barriers and enablers across all TDF domains. Further research is 

needed to retrospectively identify which barriers and enablers to physical activity 
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during the a hospital stay have been targeted in previously described intervention 

studies94, so clinicians may be better able to implement these interventions in other 

contexts. Finally, there is a need for research assessing the effectiveness of tailored 

multimodal interventions that target context-based barriers and enablers to 

physical activity in hospitalized patients. 

CONCLUSIONS 

This article presents a comprehensive overview of 1316 patient- and HCP-reported 

barriers and enablers to physical activity during a hospital stay for acute care. A 

large number of barriers and enablers found highlight the complexity of physical 

activity behavior during the hospital stay. Our overview can assist clinicians and 

researchers in performing a context-based assessment to determine which barriers 

and enablers to target in future interventions. Given the large number of factors 

influencing the physical activity behavior of hospitalized patients, we recommend 

developing and implementing multimodal interventions. This scoping review also 

highlights the large role of environmental and social factors on physical activity 

behavior during the hospital stay and suggests that intervention strategies 

targeting these domains should be incorporated. Future research should focus on 

exploring the relationships between barriers and enablers both within and between 

different TDF domains. Revealing these relationships may facilitate the assessment 

of barriers and enablers in specific clinical settings and may increase the effectivity 

of future tailored multimodal interventions. Furthermore, future research is also 

needed to explore the differences in perspectives perceived among different 

patient subgroups or different professions. Lastly, a validated TDF-based 

questionnaire is needed to facilitate future context-based assessments of barriers 

and enablers, and further research should investigate the effectiveness of tailored 

multimodal interventions. 

SUPPLEMENTARY INFORMATION 

Additional File 1 to 7 can be found online: https://doi.org/10.1186/s13643-021-01843-x  
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ABSTRACT 

Background 

Older adults admitted with an acute medical illness spent little time active during 

hospitalisation and this has been associated with negative health outcomes. 

Understanding which barriers and enablers influence the physical activity behaviour 

of hospitalised older adults is a first step towards identifying potentially modifiable 

factors and developing, evaluating and implementing targeted interventions aimed 

at increasing their physical activity behaviour. Using a theoretical framework has 

been found to be more successful in changing behaviour than using a non-theory 

driven approach. This study aimed to explore barriers and enablers to physical 

activity behaviour in older adults admitted to a hospital with an acute medical 

illness, as perceived by patients and healthcare professionals, and to categorise 

them using the Theoretical Domains Framework (TDF). 

 

Methods 

A qualitative study was conducted at a combined university and regional hospital in 

the Netherlands between January 2019 and February 2020. Older adults (≥70 years) 

admitted with an acute medical illness, and healthcare professionals (nurses, 

physicians, physiotherapists) were recruited using purposive sampling. Semi-

structured interviews were audiotaped, transcribed and analysed using directed 

qualitative content analysis. Barriers and enablers to physical activity behaviour 

during hospitalisation were identified and coded using the TDF. 

 

Results 

Meaning saturation was determined after interviews with 12 patients and 

16 healthcare professionals. A large number of barriers and enablers were identified 

and each categorised to 11 of the 14 domains of the TDF. The ‘Environmental 

Context and Resources’ domain in particular yielded many examples, and revealed 

that the hospital environment exerts an inactivating influence on patients. 

 

Conclusions 

The large number of identified barriers and enablers highlights the complexity of 

influencing older adults’ physical activity behaviour during hospitalisation. This 

overview of barriers and enablers to physical activity behaviour in older adults 

admitted to a hospital with an acute medical illness represents an initial step 

towards developing, evaluating and implementing theory-informed behaviour 

change interventions to improve hospitalised older adults’ physical activity levels. It 

can assist clinicians and researchers in selecting modifiable factors that can be 

targeted in future interventions. 
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INTRODUCTION 

Older adults admitted to hospital with an acute medical illness spend little time 

active. They spend an average of 30 to 117 min a day standing or walking; the 

remainder of the day is spent lying in bed or sitting in a chair1–8. Regardless of illness 

severity or comorbidities, this inactive behaviour is strongly associated with 

functional decline, increased length of hospital stay, increased risk of 

institutionalisation, and mortality1,2,4,5,8–15. These older adults are already at high risk 

of negative outcomes due to a high prevalence of multi-morbidity and age-related 

impairments, such as a decreased physiological reserve capacity, malnutrition, 

cognitive impairment, incontinence, and sensory impairment16. Therefore, 

interventions aimed at improving the physical activity (PA) behaviour of older adults 

during hospitalisation are needed to improve patient outcomes17. 

 

Such interventions are more likely to be effective if they are designed to target 

underlying factors that influence behaviour18. Understanding which barriers and 

enablers influence the PA behaviour of hospitalised older adults is a first step 

towards identifying potentially modifiable factors and developing, evaluating and 

implementing targeted interventions18–20. 

 

Several studies have investigated barriers and enablers to PA behaviour during 

hospital stay for acute care in older adults, from the perspectives of patients17,21, 

healthcare professionals (HCPs)22–24 or both25–27. Brown et al. were the first to explore 

barriers to PA from the perspectives of patients and HCPs. They identified patient-

related barriers (e.g., symptoms), treatment-related barriers (e.g., bed rest orders), 

institutional barriers (e.g., availability of assistance) and attitudinal barriers (e.g., 

concerns about falling)27. Following studies identified additional barriers and 

enablers, such as HCPs prioritising other care processes over promoting PA22,24,25, 

patients being attached to IV-poles or other medical devices22,25, HCPs’ lack of 

training on how to safely mobilise hospitalised patients23, patients receiving 

encouragement from HCPs17, and patients wanting to prevent the negative effects 

associated with bed-rest17. 

 

The use of theories of behaviour or behaviour change has been found to be more 

successful in changing behaviour than using a non-theory driven approach28,29. As 

the Medical Research Council guidance on the development of complex 

interventions advocates the use of theory to identify barriers and enablers to 

behaviour change30, our study expanded on previous studies by adopting a 

theoretical framework to categorise barriers and enablers. As a large number of 

theories of behaviour and behaviour change have been developed, selecting an 

appropriate theory can be challenging. The Theoretical Domains Framework (TDF) 

is an overarching theoretical framework in which constructs of 33 theories of 
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behaviour and behaviour change are integrated and simplified into 14 domains31. It is 

developed to make theories more accessible and was chosen for this study due to 

its inclusive nature, incorporating cognitive, affective, social and environmental 

influences on behaviour29. It enables a systematic and theory driven approach to 

categorise barriers and enablers into the fourteen domains. Moreover, it can guide 

the development of interventions by linking potentially modifiable factors to 

intervention functions and behaviour change techniques (BCTs)29,31–34. The objective 

of our study was to explore and categorise patient- and HCP-perceived barriers and 

enablers to PA behaviour in older adults admitted to a hospital with an acute 

medical illness, using the TDF. 

METHODS 

Study design 

This qualitative study used semi-structured interviews to explore barriers and 

enablers to PA behaviour in older adults admitted to hospital with an acute medical 

illness. Directed qualitative content analysis was performed using the TDF, and 

overarching themes were identified within each domain. This study was conducted 

at the Department of Internal Medicine of Maastricht University Medical Centre 

(MUMC+) in Maastricht, the Netherlands, between January 2019 and February 2020. 

The consolidated criteria for reporting qualitative research (COREQ) were applied to 

report this study (Additional file 1)35. 

Setting and research group 

The MUMC+ is a 715-bed, combined university and regional hospital. The 

Department of Internal Medicine can accommodate 33 patients with a nurse to 

patient ratio of 1:6. Patients are admitted to single, double, or four-bed rooms. The 

ward has a communal ‘living room’ and an exercise room. Nursing assistants, 

nutritionists and physiotherapists help mobilise, feed, and monitor patients. On 

weekdays, the physiotherapist is present at the ward for 2.5 h.  

 

The research group consisted of one health scientist (JMS), four health scientists 

with a background as physiotherapists (HCvDH, PHRE, AFL, RAdB), and one 

geriatrician (FJHM). HCvDH and AFL were involved in a care programme to improve 

the PA behaviour of patients during hospital stay. HCvDH and FJHM worked at the 

ward and had been treating some of the patients. 
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Participant selection and recruitment 

Patients were sampled purposively by consulting HCPs, in order to include a variety 

of medical conditions, sex and age. Older adults admitted to the Department of 

Internal Medicine at MUMC+ were recruited by their attending physician and were 

asked to consent to being contacted by the researcher (HCvDH). Patients received 

verbal and written information about the study from the researcher within 48 h after 

admittance. Patients were contacted again 3 days later, and written informed 

consent was obtained before study initiation.  

 

Eligible patients were included if they were 70 years or older, had been admitted 

with an acute medical illness, were able to verbally communicate in Dutch (i.e., no 

language barrier or aphasia), had been living at home before hospitalisation, and 

had been able to walk independently on level surface with or without a walking aid 2 

weeks before admission, as reported using the Functional Ambulation Categories 

(FAC >3)36,37. Patients were excluded if the attending physician had reported in the 

electronic medical record that patients had contraindications to walking, were 

mentally incapacitated, were unable to be interviewed due to cognitive problems or 

severe agitation, or had a life expectancy of less than 3 months. In case of any 

doubt, patients were not considered eligible. Patients who had previously 

participated in this study were excluded as well. 

 

For every included patient, an HCP involved with this patient was also recruited. 

Nurses, physiotherapists and physicians (including resident physicians) who had 

been working at the hospital for more than 1 month were eligible. HCPs were 

sampled purposively by the researcher to include a variety of professions, work 

experience, sex and age. HCPs received verbal and written information about the 

study from the researcher. They were contacted again 3 days later and written 

informed consent was obtained before study initiation. Confidentiality of data 

processing and pseudonymisation of participants were guaranteed. 

Data collection 

Semi-structured, face-to-face individual interviews were conducted by two 

researchers (HCvDH, PHRE) experienced in qualitative research. Patients were 

interviewed on day 4–6 after admission, thus ensuring they had had sufficient time 

to experience barriers and enablers to PA behaviour during their hospitalisation. 

HCPs were interviewed within 7 days of the patient interview. A semi-structured 

interview approach was used with open questions. Separate interview guides were 

created for patients (Additional file 2) and HCPs (Additional file 3) based on existing 

literature on barriers and enablers to PA behaviour17,27,38,39. To provide maximum 

opportunity for the participants to answer in their own words and direction, the 

interview guides were not based on the domains of the TDF. The interview guides 
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were piloted by interviewing one patient and three HCPs. Pilot interviews were not 

included in the final sample. Interviews were conducted by two different 

interviewers to avoid bias by a single interviewer’s style and to enhance 

confirmability. Before the first interviews started, the interviewers discussed their 

own views on barriers and enablers to PA behaviour during hospitalisation, with the 

aim of increasing awareness of feelings and opinions. Interviews were conducted in 

a separate room at the ward to guarantee privacy. They were expected to last 

approximately 30 min and were audiotaped. When starting the interview, the 

interviewers introduced themselves and briefly explained the objectives of the 

interview. Notes were taken during the interview to capture observations and initial 

interpretations. Member checking was performed by providing a verbal summary of 

the interview to the participant. Interviews were transcribed full verbatim and 

reviewed by two researchers (HCvDH, PHRE) to verify content. Participants were 

offered the opportunity to read the transcript, to offer comments or additional 

thoughts.  

 

Demographic data was collected at the start of the interview. Patients were asked 

for their age, sex, ability to walk independently on the day of the interview (yes/no), 

type of walking aid used on the day of the interview, whether they had received one 

or more physiotherapy sessions during hospitalisation (yes/no) and the amount and 

type of PA they had performed in the 2 weeks prior to hospitalisation. HCPs were 

asked for their age, sex, profession, and how long they had been working at the 

MUMC+ Department of Internal Medicine. 

Theoretical domains framework 

The validated TDF comprises 84 theoretical constructs from 33 theories of 

behaviour and behaviour change, embedded in 14 domains: Knowledge; Skills; 

Social/Professional Role and Identity;  Beliefs about Capabilities; Optimism; Beliefs 

about Consequences; Reinforcement ; Intentions; Goals; Memory, Attention and 

Decision Processes; Environmental Context and Resources; Social Influences; 

Emotion;  and Behavioural Regulation29,40. The TDF has been applied across a wide 

range of healthcare settings and clinical behaviours29,31. It has been extensively used 

as a guide to identify and categorize barriers and enablers to PA in other 

populations and settings such as at school41, at work42, among older adults living 

with HIV43, in asylum seekers44, and in stroke survivors45. 

Data analysis 

Directed qualitative content analysis as described by Hsieh and Shannon was used 

as an approach to organise and analyse the data46. An a-priori coding template was 

developed based on the 14 domains of the TDF. Analysis started after two 

interviews had been completed. Two researchers (HCvDH and PHRE) independently 
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read and re-read each transcript and coded barriers and enablers using the TDF 

domains. The theoretical definitions and component constructs of the domains, as 

presented in Additional file 4, were used to guide the coding process. Barriers and 

enablers were coded separately, and were assigned to more than one domain if the 

content suited multiple domains. The researchers discussed coding discrepancies 

and iteratively modified the coding template after every two interviews. Any 

discrepancies resulted in reviewing the data and codes. If necessary, a senior 

researcher (AFL) was consulted to discuss and resolve disputes. An audit trail was 

created and new or changed codes were documented during every iteration, 

including a definition of each code and a description of the issues it captured. 

Emerging themes were explored in subsequent interviews and this process was 

repeated until a final coding template had been developed and meaning saturation 

was observed by the researchers. Meaning saturation was defined as the point 

where a full understanding was created of the issues, and when no further 

dimensions, nuances, or insights of issues were found47. This was assessed 

separately for patients and HCPs. Two additional interviews were conducted per 

group to ensure that no new information was discovered and saturation was 

achieved, after which inclusion of patients or HCPs ended. Confirmability of the 

outcomes was enhanced by creating an audit trail. NVivo (QSR International Pty Ltd. 

[2018] NVivo [Version 12]) software was used to facilitate data analysis.  

 

Finally, a descriptive summary of the reported barriers and enablers was composed 

for each TDF domain. Quotes from participants’ transcripts were included as 

illustrations. Dutch quotes and code labels were translated into English and checked 

by a professional translator/ editor for correct conveyance of their meaning48. 

RESULTS 

Participants 

Thirty potential participants were approached. Twenty-eight of them (12 patients, 6 

nurses, 5 physiotherapists, and 5 physicians) were included in the study. Two 

patients declined participation. Meaning saturation occurred after 10 patient and 14 

HCP interviews. Subsequent interviews did not provide additional information 

regarding the understanding of issues, resulting in a total of 12 patient and 16 HCP 

interviews. Characteristics of patients and HCPs are summarised in Tables 3.1 and 

3.2, respectively. The median (interquartile range [IQR]) age of the patients was 83 

(75-85) years and 7 patients (58.3%) were male. The duration of the patient 

interviews ranged from 27 to 57 min. The median (IQR) age of the HCPs was 27 

(24-33) years and 3 HCPs (18.8%) were male. The duration of the HCP interviews 

ranged from 33 to 61 min. 
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Table 3.1 Patient characteristics. 

Patient 

code 

Sex Age 

(years) 

Ability to walk 

independently on 

the day of the 

interview 

Walking 

aid 

Received 

PT during 

hospital 

stay 

PA performed 2 weeks prior to 

admission 

P0001 Male 84 Yes Walker Yes -Walking in and around the house 

(50-60 m.) 

P0002 Female 71 Yes Walker Yes -Fitness (1 hour per week) 

-Walking (<1 km) 

-Cycling to grocery store 

-Volunteer work at elderly home 

P0003 Male 83 Yes Walker Yes -Walking inside the house 

P0004 Male 82 Yes Walker No -Walking inside the elderly home 

-Dancing (behind the walker) 

-Performing activities of daily 

living 

P0005 Male 85 Yes None No -Nordic walking (5 km) 

-Volunteer work (walking, 

repairing bicycles)  

-Doing groceries 

P0006 Female 82 Yes Walker Yes -Walking (30 minutes per day) 

-Performing household activities 

P0007 Male 91 Yes Cane No -Walking (once per week, 1 km)  

-Doing groceries 

-Performing household activities 

P0008 Female 75 Yes Walker No -No physical activity performed, 

only lying in bed  

P0009 Female 75 Yes None Yes -Performing household activities 

P0010 Male 87 Yes None Yes -Walking (200-300m. per day) 

-Performing household activities 

P0011 Male 83 Yes None Yes -Walking to grocery store (350 m) 

-Performing household activities 

P0012 Female 73 No Walker Yes -Swimming (once per week)  

-Walking to grocery store (twice 

per week, <1 km.) 

-Following an exercise program on 

the television 

PT=Physiotherapy, PA=Physical activity 
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Table 3.2 Healthcare professional characteristics. 

Patient code Sex Age (years) Profession Work experience 

(months / years) 

H3001 Female 28 Physiotherapist 6 months 

H2002 Male 27 Physician 1 year 

H1003 Female 25 Nurse 8 years 

H2004 Female 24 Physician 4 months 

H2005 Female 24 Physician 3 years 

H1006 Female 25 Nurse 4 years 

H1007 Female 27 Nurse 3 years and 6 months 

H2008 Female 23 Physician 4 months 

H3009 Female 27 Physiotherapist 3 years and 11 months 

H2010 Female 33 Physician 8 years and 7 months 

H3011 Female 32 Physiotherapist 10 years 

H3012 Female 25 Physiotherapist 2 years and 6 months 

H1013 Male 48 Nurse 13 years and 11 months 

H1014 Female 54 Nurse 36 years 

H3015 Female 35 Physiotherapist 12 years and 6 months 

H1016 Male 24 Nurse 4 years 

 

Theoretical domains framework 

A complete overview and a visualisation of the TDF coding of all barriers and 

enablers are provided in Additional file 5 and Figure 3.1, respectively. No barriers 

were assigned to the domains of Optimism, Reinforcement, and Behavioural 

Regulation. No enablers were assigned to the domains of Reinforcement, Memory, 

Attention and Decision Process, and Emotion.  

1. Knowledge 

Patients and HCPs described that patients, visitors, and HCPs are not always aware 

that it is important for patients to stay active during hospitalisation, or what patients 

could do to stay active. HCPs suggested explaining expectations regarding PA to 

patients and visitors prior to admission. Patients and HCPs also perceived a lack of 

knowledge of patients’ functional capabilities as a barrier, while having this 

knowledge was perceived as an enabler. 

H1006: ‘Often you don’t know to what extent patients are able 

to stand. And that’s the reason why we didn’t *get* patients like 

this one out of bed.’  

Other barriers described were a lack of knowledge about walking aids and 

opportunities to be active despite being attached to medical devices (e.g., an IV-

pole). 
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Figure 3.1 Visualisation of the TDF coding of barriers and enablers to PA behaviour in hospitalised older 

adults. TDF=Theoretical Domains Framework, PA=physical activity, HCP=healthcare 

professional 
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2. Skills 

Being dependent on HCPs or visitors during PA was reported as a barrier by 

patients and HCPs, while being independent was reported as an enabler. Main 

reasons for being dependent were reduced physical capabilities, perceived risk of 

falls, and cognitive impairments. 

H2004: ‘He wasn’t even able to get out of bed and stand-up 

without assistance. And so I think feeling insecure about walking 

is holding him back, the fact that his fall risk would increase if 

he did it alone, so he’s actually dependent on someone else to 

become active.’ 

HCPs identified a lack of skills to assist patients during PA as a barrier, while having 

these skills was identified as an enabler. Nurses questioned whether all volunteers 

and visitors have these skills. 

3. Social/professional role and identity 

HCPs described that older adults may adopt a ‘sick role’ during hospitalisation and 

that these patients feel that they do not need to be active. They believe that they 

should remain in bed and often adopt a more dependent attitude than necessary. 

H1014: ‘In general, I think older people always assume they have 

to stay in bed because they are sick.’ 

Patients and HCPs also identified different professional roles within a 

multidisciplinary team as enablers (Table 3.3). The status of a physician was 

mentioned by many HCPs as an important influence on patients’ decision to 

become active. 

H1006: ‘When they hear it from their physician they jump out of 

bed, and when they hear it from us [nurses] it’s: “oh girl, why 

don’t you just go to the next patient” .’ 
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Table 3.3 Social/Professional roles of different professions identified as enablers. 

Profession Role Reported by 

P N PH PT 

Physician Status of a physician 

Providing patients with information on the importance of PA during 

hospitalisation 

 x 

x 

x 

x 

x 

 Referring patients to therapy services  x x x 

Nurse Providing patients with information on the importance of PA during 

hospitalisation 

 x x  

 Assessing functional capabilities  x x x 

 Providing encouragement and assistance during PA  x  x 

 Providing walking aids  x x  

 Training other nurses in safe patient handling and mobility  x   

Physiotherapist Providing patients with information on the importance of PA during 

hospitalisation 

x x x x 

 Assessing functional capabilities and risk of inactive behaviour   x x x 

 Assessing fall risk and fear of falling   x x 

 Providing encouragement and assistance during PA  x  x 

 Providing walking aids   x x 

 Instructing group exercise classes  x  x 

 Providing supervision in exercise rooms x   x 

 Stimulating prevention    x 

 Coaching patients, visitors and other HCPs x x x x 

 Educating other HCPs on the importance of PA during 

hospitalisation 

   x 

 Training other HCPs in safe patient handling and mobility  x  x 

P=patient; N=nurse; PH=physician; PT=physiotherapist; PA=physical activity; HCP=healthcare professional. 

 

Moreover, having a dedicated multidisciplinary team in which everyone perceives a 

responsibility to promote PA behaviour was seen as important. However, nurses, 

physicians and physiotherapists also described that not all HCPs perceive a 

responsibility to promote PA behaviour. They explained that this responsibility is 

often attributed to other disciplines, mostly physiotherapists. 

4. Beliefs about Capabilities 

Patients and HCPs described that patients who lack confidence in their own 

functional capabilities are less active than those who are confident about them. 

P0011: ‘Feeling insecure about falling... not being stable enough... 

That’s what I fear most... and then I think “I hope I don’t fall, I 

hope I don’t get too dizzy...”  These thoughts shouldn’t come into 

my mind, but they do.’ 

 

5. Optimism 

No barriers emerged within this domain. Both patients and HCPs described that 

patients who adopt a positive attitude are more likely to be active. 
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P0002: ‘I walk my usual round every day because it’s in my 

nature. But then I think, people who don’t do that ... get up, just 

walk one or two rounds. A little further each day. Yes, also to 

ensure that you get out of that vicious circle of “I’m not able to 

do it” . And don’t think about it too long, you must make sure 

that you get better, don’t dwell on it. But again, I’m a very 

positive person, fortunately. 

6. Beliefs about Consequences 

Many patients described that they were active because they believed that PA 

stimulated their recovery and physical fitness. 

P0005: ‘I love being active. I just wanted to be fit. And you can’t 

do that if you’re lying down.  

 

Two nurses described that they preferred patients to remain at the ward because 

otherwise they would not be able to reach them. 

7. Reinforcement 

No barriers or enablers emerged within this domain. 

8. Intention 

Nearly all participants discussed patients’ motivation. Many patients felt motivated 

to engage in PA to prevent the negative effects of inactivity or to experience the 

positive effects of PA. However, feeling sick, being delirious, not perceiving the need 

to be active, not wanting to leave the ward, and a lack encouragement from others 

were reported to decrease patients’ motivation. HCPs also discussed their own 

motivation to encourage and assist patients. Having a dedicated team, motivated to 

encourage and assist patients during PA was perceived as an enabler. 

H1007: ‘We really are a department where patients are 

mobilised in a chair after the morning care round. In the 

afternoon they are allowed to lie in bed for an hour, but after 

that they have to get out of bed again. We really are a 

department that gets everyone out of bed or motivates them 

to walk to the living room, instead of using a wheelchair.’ 

However, they also explained that their motivation was closely associated with their 

workload. 

H1014: ‘When we have little time it’s just faster to take someone 

to the living room in a wheelchair. Usually this is caused by lack 
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of time. However, many people would actually be able to walk 

there.’ 

9. Goals 

Patients and HCPs explained that patients need a reason to get out of bed, walk 

around or exercise. However, purposeful, meaningful activities are often lacking 

during a hospital stay. To prevent sedentary behaviour, they suggested using 

goalsetting and providing patients with targets to accomplish. 

P0005: ‘You are active because you have a goal, right. At home 

you go to the shop or do some cleaning or whatever. You don’t 

have that here of course; you don’t have a specific goal here.’ 

 

Wanting to prevent the negative effects associated with inactivity (e.g., functional 

decline, becoming dependent on others, pulmonary complications, pressure ulcers, 

pain and stiffness, deep vein thrombosis, and mortality) was described by patients 

and HCPs as a reason to either become active or to promote PA behaviour. Patients 

additionally described wanting to experience the positive effects of PA (e.g., 

recovery, regaining physical fitness, regaining self-confidence, going home), as well 

as preventing boredom, seeking distraction, wanting to smoke, and wanting privacy. 

10. Memory, attention and decision process 

Although no enablers emerged within this domain, the difficulty of prioritising PA 

during hospitalisation was often discussed as a barrier. Patients and HCPs reported 

that patients tend to prioritise care rounds, examinations, visitors and resting over 

PA. HCPs also explained that lack of time, insufficient staffing, or having high acuity 

patients at the ward often led to other tasks getting priority over promoting 

patients’ PA behaviour, even though they were aware of the importance of it. 

H1006: ‘I was the only [registered] nurse for these patients and I 

had an intern with me. Because I was busy with so many things, I 

didn’t get a chance to stimulate other patients [to be active]. Yes, 

and then you have to set priorities. What’s more important? 

Someone with a life-threatening situation like today...’ 

11. Environmental context & resources 

A visualisation of the TDF coding of all barriers and enablers into the domain of 

Environmental Context and Resources is provided in Figure 3.2.  
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Care processes and organisational characteristics  

HCPs described that many different care processes are concentrated around the 

hospital bed, such as physician rounds or medication rounds. This ‘bed-centred care’ 

is thought to have an inactivating effect on patients, while care processes aimed at 

maintaining or improving independence in activities of daily living (i.e., providing 

‘function focused care’) were described as activating. 

P0011: ‘They shouldn’t bring meals to the bed. Yes, of course it’s 

easier if I get it in bed, but eating should be done at a table. You 

can eat at a table, but it’s not required. They should say: “Your 

dinner is ready at the table or in the hallway, you should go and 

get it” .’  

 

HCPs described that many patients are not aware of their daily schedule and stay in 

their room because they are afraid to miss HCPs. Providing a structured daily 

schedule with care processes scheduled at predefined times was suggested to 

reduce unnecessary waiting and create more time for PA. Other barriers reported 

by patients and HCPs are using physical restraint and freedom-restricting 

measures, as well as being attached to IV-poles, drains, or urinary catheters. As a 

solution, HCPs proposed minimising their use, or facilitating PA despite these 

restrictions. Furthermore, care processes related to communication and 

collaboration between nurses, physiotherapists, and physicians were described by 

HCPs as either a barrier or an enabler. 
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Figure 3.2 Visualisation of the TDF coding of barriers and enablers to the domain of Environmental 

Context and Resources. TDF=Theoretical Domains Framework 

Patient‑related factors 

Medical factors and ageing were identified as barriers by many patients and HCPs. 

Illness and accompanying symptoms (i.e., fatigue, pain, dizziness, weakness, 

reduced exercise capacity, dyspnoea, poor balance, hypotension, nausea, oedema, 

diarrhoea) were reported many times, but deterioration of physical functioning 

prior to hospitalisation, comorbidities (e.g., cognitive problems, obesity, visual and 

hearing impairments) and medical conditions requiring bedrest were also 

mentioned. 

H1016: ‘Being ill is just the biggest barrier. Not feeling well and 

being in pain. I think pain is a very important factor. If the pain 

is bearable then patients are more likely to get out of bed.’ 
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By contrast, recovery and managing symptoms (i.e., optimising pain medication or 

blood pressure) were associated with being more active. 

Physical environment of the hospital  

The influence of the physical environment was mentioned many times, mostly by 

HCPs. Patient’ rooms were seen as inactivating as they offer insufficient space and 

lack suitable furniture, with a television set hanging right above the bed. HCPs 

suggested creating separate areas for sleeping and daytime activities, 

implementing measures to prevent spending too much time in bed, and providing 

every room with an exercise bike. 

H3015: ‘It’s very important to have a space where patients can 

eat or sit comfortably with their visitors. They should also be 

able to watch TV there, as currently patients have to lie in bed 

to watch TV.’ 

 

Patients described the corridors as boring, cluttered, busy, and lacking places to sit 

or get coffee. Some described the need for a living room at the ward to socialise, 

eat, play games, or engage in craft work, while others did not perceive this need. 

Having an exercise room at the ward was also perceived as an enabler, although 

some participants did not know it was available. To make the environment of the 

ward and hospital more activating, patients and HCPs suggested creating more 

exercise facilities, places to sit, a coffee corner and possibilities to walk outside. 

They also described a need for organised activities such as craft work, musical and 

theatre performances. Moreover, as some patients were afraid of getting lost in the 

hospital, clearer signage, graphic symbols and walking routes were suggested to 

improve wayfinding. 

Resources 

A high workload and lack of time to promote PA were mentioned by many HCPs. 

This was often aggravated by a limited availability of staff, especially during 

weekends and evenings. 

H1006: ‘So in the end you don’t have enough staff to take 

everyone [patients] for a walk…’.  

On the other hand, having sufficient time to promote PA was described as an 

enabler. Furthermore, the availability of equipment (e.g., walking aids, wheelchairs, 

drain bag holders, lifting devices, portable oxygen tanks, antiskid socks) and 

technology (e.g., virtual bike rides, gaming, virtual reality, interactive projections) 

were reported to be enablers. 
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12. Social influence 

Patients explained the importance of receiving encouragement and assistance from 

HCPs or visitors, because intrinsic motivation and other reasons to become active 

are often lacking during hospitalisation. Many described that they received less 

encouragement and assistance than they would have preferred. 

P0009: ‘Yes, you have to give people instructions. You don’t 

have to obey them, that’s up to you of course. But you need 

encouragement; subconsciously you know that it’s important, 

but you need to hear it from someone else and then it’s much 

more credible. Only then will it fully sink in.’ 

On the other hand, patients and HCPs also described that HCPs sometimes provided 

more assistance than necessary. Additionally, HCPs reported that they should 

stimulate visitors more often to take patients for a walk, instead of sitting around. 

13. Emotion 

No enablers emerged within this domain. Patients and HCPs reported that fear of 

falling or getting lost were barriers. They also described that patients may feel 

embarrassed to be seen walking around with a urinary catheter, drain or IV-pole. 

H3015: ‘Often patients are ashamed to walk with all these 

drains or a urinary catheter.’ 

14. Behavioural regulation 

No barriers emerged within this domain. Patients and HCPs frequently mentioned 

the importance of providing information and education. Patients, visitors and HCPs 

need to be informed regarding the importance of staying active during 

hospitalisation, as well as regarding patients’ functional capabilities and the options 

available to stay active. Suggested modes of delivery were: face-to-face, brochures, 

posters, e-mail, TV and internet. Other strategies suggested to regulate behaviour 

were using mobility champions, using patient communication boards, providing 

regular training sessions, and regularly discussing functional capabilities within the 

team. HCPs also mentioned the importance of receiving practical skills training in 

safe patient handling and mobility. Furthermore, many HCPs discussed using 

technology (e.g., wearables, digital patient portals, tablets) as a strategy to 

promote PA behaviour. Physiotherapists highlighted the advantage of wearable 

activity monitors to assess patients’ PA levels and to set goals. 

H1014: ‘They always say: “Older adults, they can’t [deal with 

technology]”. I don’t know about that. I think that you 

should try it. I rather think that they don’t know what it’s 

like or how it works. I think they may surprise us 
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DISCUSSION 

To our knowledge, this is the first qualitative study to explore barriers and enablers 

to PA behaviour in older adults admitted to hospital with an acute medical illness, 

and to categorise them using the TDF. Our results offer an overview of barriers and 

enablers assigned to 11 of the 14 TDF domains, with the domain of Environmental 

Context and Resources being particularly elaborately described. Our findings 

highlight the complexity of influencing older adults’ PA behaviour during 

hospitalisation. Barriers and enablers were often reported as opposites, with the 

absence of a factor perceived as a barrier and its presence as an enabler. Although 

patients and HCPs reported many similar factors, HCPs reported a larger number of 

barriers and enablers as they perceive them from a broader perspective. While 

patients are hospitalised for a relatively short period and focus on their own illness, 

HCPs experience the hospital environment for a much longer period and provide 

care to many different patients. They take into account their patients’ as well as 

their own perspectives, hence perceiving more factors relating to care processes 

and organisational characteristics. The differences between patients’ and HCPs’ 

perspectives emphasise that both should be taken into account to gain a complete 

understanding of factors that influence older adults’ PA behaviour during 

hospitalisation. This setting-specific overview of barriers and enablers represents an 

initial step in developing, evaluating, and implementing theory-informed behaviour 

change interventions aimed at improving hospitalised older adults’ PA behaviour. It 

can assist clinicians and researchers in selecting modifiable factors that can be 

targeted in future interventions. Given that barriers and enablers may differ 

between settings and cultures, our overview can assist other settings in performing 

a setting-specific assessment to determine what needs to change to improve older 

adults’ PA behaviour in a different context. The current study yielded many barriers 

and enablers that will also be applicable to other contexts.  

 

Within the domain of Environmental Context and Resources, our results confirm 

previous studies indicating that the hospital environment has an inactivating 

influence on patients27,49–51. Care is organised around the hospital bed, with patients 

waiting for physician and nursing rounds, therapy services, visitors, and distribution 

of food or medication. Since patients are insufficiently aware of their daily schedule, 

they adopt a passive role and stay in their rooms, afraid to miss HCPs. Moreover, 

the physical environment and lack of available resources do not encourage patients 

to become active. Our study identified a number of factors within the domain of 

Environmental Context and Resources that were not identified in previous 

studies17,21–27, such as unnecessary waiting for HCPs (and ways to reduce this), the 

use of a bed or wheelchair to take patients to examinations, creating separate 

areas for sleeping and daytime activities, the availability of technology (e.g., 

interactive projections, virtual bike rides), attractive places (e.g., coffee corner, 



CHAPTER THREE 

66 

exercise room, garden) and activities (e.g., exhibitions, games, crafts, 

performances). To create a hospital culture aimed at improving older adults’ PA 

behaviour, our findings suggest that clinicians and researchers should consider 

reorganising care processes and organisational processes, restructuring the 

physical hospital environment and creating sufficient resources.  

 

Our findings also suggest the importance of the domains of Knowledge and Skills. 

Awareness of the importance of PA, patients’ functional capabilities, and the 

available options to stay active are essential to encourage patients to become 

active during hospitalisation. Similarly, this awareness and having the skills to assist 

patients during PA are essential for HCPs, visitors and volunteers in order to 

encourage and assist patients. Doherty-King et al. supported this notion by 

describing how nurses considered their own abilities and experiences when deciding 

whether and how to mobilise patients24. Having knowledge and skills may positively 

influence other domains, such as Intention (e.g., motivation), Beliefs about 

Consequences (e.g., believing that PA is necessary for recovery), Social/ 

Professional Role and Identity (e.g., fewer patients adopting a ‘sick role’ and more 

HCPs perceiving responsibility to promote PA) and Beliefs about Capabilities (e.g., 

nurses’ confidence about assisting patients). To improve knowledge and skills, many 

of the patients and HCPs would have liked to receive more information, education 

or practical skills training. Suggested strategies to accomplish this were using 

mobility champions, providing regular training sessions, using patient 

communication boards to visualize functional capabilities, and providing information 

face-to-face, via brochures or on TV. However, even when knowledge and skills are 

optimal, patients’ PA behaviour may still be impaired by other factors, such as pain 

or HCPs’ lack of time. Furthermore, many other modifiable factors were identified in 

the remaining domains, demonstrating the complexity of changing older adults’ PA 

behaviour during hospitalisation.  

 

Given the large number of factors influencing the PA behaviour of hospitalised older 

adults, we recommend that clinicians and researchers develop, evaluate, and 

implement interventions targeted at multiple factors. Previous research suggests 

that such tailored multimodal interventions may be more effective than unimodal 

interventions52. In selecting which factors to target, clinicians and researchers should 

consider the impact and likelihood of changing patients’ PA behaviour and the ease 

of measurement when evaluating interventions. Selected factors can subsequently 

be linked to specific intervention functions and behaviour change techniques (i.e., 

active intervention components)29,32,40,53. An available framework that may be useful 

to assist clinicians and researchers in selecting appropriate intervention functions is 

the Behaviour Change Wheel (BCW). The BCW offers a structured approach for the 

development of behaviour change interventions. It is a synthesis of 19 frameworks 

of behaviour change that is designed to link determinants of behaviour (using the 
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TDF) to appropriate intervention functions and behaviour change techniques32. 

Additionally, the APEASE criteria (affordability, practicability, effectiveness and cost-

effectiveness, acceptability, side-effects/safety, equity) could be useful in making 

strategic judgements in choosing the most appropriate intervention32. 

Strengths and limitations 

A strength of this study is the use of the TDF as a theoretical framework to 

categorise and understand barriers and enablers to PA behaviour in hospitalised 

older adults29,40. Moreover, we have provided an in-depth description of factors that 

influence patients’ PA behaviour, by exploring barriers and enablers from a broad 

scope of perspectives of patients, nurses, physicians, and physiotherapists. For each 

patient, one of their HCPs was included as well, to explore different perspectives on 

the same situations. Lastly, almost all aspects of data collection and analysis were 

carried out by two researchers, with a third party available to solve disagreements.  

 

We also acknowledge some limitations. While the TDF allows barriers and enablers 

to be explored from a broad perspective, it does not provide insight into the ways 

they interact with each other. Moreover, although an overview of theoretical 

definitions and component constructs was used to guide the coding process, it was 

difficult to differentiate between some TDF domains (e.g., Knowledge and Beliefs 

about Consequences), as has also been reported by other studies41,54. Furthermore, 

a limited number of demographic variables were collected for patients and HCPs. 

Providing additional patient characteristics (e.g., medication use or length of 

hospital stay) could have improved the understanding of patients’ PA behaviour. 

Moreover, information regarding HCPs’ own PA behaviour would have been 

valuable as this may have influenced HCPs’ thoughts and actions related to 

patients’ PA behaviour. Lastly, the majority of included HCPs were female with a 

relatively young median (IQR) age of 27 (24-33) years, and most physicians were 

resident physicians. Although this is thought to be an accurate representation of the 

population of HCPs in the Department of Internal Medicine, barriers and enablers 

may be perceived differently by younger and older, more experienced HCPs. 

Recommendations for future research 

Further research is needed to develop and validate a TDF-based questionnaire that 

could facilitate a setting-specific assessment of barriers and enablers to PA 

behaviour in hospitalised older adults across all TDF domains. Moreover, few studies 

have investigated the efficacy or effectiveness of existing interventions aimed at 

improving the PA behaviour of older adults during hospitalisation55–58. Therefore, 

further studies are needed to develop, evaluate and implement theory-informed 

multimodal interventions that target setting-specific barriers and enablers to PA 

behaviour in hospitalised older adults. 



CHAPTER THREE 

68 

CONCLUSIONS 

This study has yielded an overview of barriers and enablers to PA behaviour in 

hospitalised older adults admitted to a hospital with an acute medical illness, and 

has categorised them using the TDF. The large number of barriers and enablers 

identified highlights the complexity of influencing older adults’ PA behaviour during 

hospitalisation. We therefore recommend that clinicians and researchers develop 

interventions targeted at multiple factors. Our overview represents an initial step 

towards developing, evaluating, and implementing theory-informed behaviour 

change interventions to improve hospitalised older adults’ PA behaviour. It can 

assist clinicians and researchers in selecting modifiable factors that can be targeted 

in future interventions. 
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ABSTRACT 

Background 

Inactive behaviour is common in older adults during hospitalisation and associated 

with poor health outcomes. If patients at high risk of spending little time 

standing/walking could be identified early after admission, they could be given 

interventions aimed at increasing their time spent standing/walking. This study aims 

to identify older adults at high risk of low physical activity (PA) levels during 

hospitalisation. 

 

Methods  

Prospective cohort study of 165 older adults (≥70 years) admitted to the 
department of Internal Medicine of Maastricht University Medical Centre for acute 

medical illness. Two prediction models were developed to predict the probability of 

low PA levels during hospitalisation. Time spent standing/walking per day was 

measured with an accelerometer until discharge (≤12 days). The average time 

standing/walking per day between inclusion and discharge was dichotomized into 

low/high PA levels by dividing the cohort at the median (50.0%) in model 1, and 

lowest tertile (33.3%) in model 2. Potential predictors - Short Physical Performance 

Battery (SPPB), Activity Measure for Post-Acute Care (AM-PAC), age, sex, walking 

aid use, and disabilities in activities of daily living - were selected based on literature 

and analysed using logistic regression analysis. Models were internally validated 

using bootstrapping. Model performance was quantified using measures of 

discrimination (area under the receiver operating characteristic curve (AUC)) and 

calibration (Hosmer and Lemeshow (H-L) goodness-of-fit test and calibration plots).  

 

Results 

Model 1 predicts a probability of spending ≤64.4 minutes standing/walking and 
holds the predictors SPPB, AM-PAC and sex. Model 2 predicts a probability of 

spending ≤47.2 minutes standing/walking and holds the predictors SPPB, AM-PAC, 

age and walking aid use. AUCs of models 1 and 2 were .80 (95% confidence interval 

(CI)=0.73-0.87) and 0.86 (95%CI=0.79-0.92), respectively, indicating good 

discriminative ability. Both models demonstrate near perfect calibration of the 

predicted probabilities and good overall performance, with model 2 performing 

slightly better.  

 

Conclusions 

The developed and internally validated prediction models may enable clinicians to 

identify older adults at high risk of low PA levels during hospitalisation. External 

validation and determining the clinical impact are needed before applying the 

models in clinical practise. 
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BACKGROUND 

Older adults admitted to hospital with an acute medical illness show high prevalence 

of multimorbidity and age-related impairments, such as malnutrition, cognitive 

impairment, incontinence, and sensory impairment1. Combined with their decreased 

physiological and functional reserve capacity, this can result in poor outcomes2-4. 

Moreover, older adults spent little time standing and walking during hospitalisation. 

On average, between 30 and 117 minutes is spent standing or walking per day, the 

remainder of the day is spent lying in bed or sitting in a chair5-12. 

 

Inactive behaviour during hospitalisation is strongly associated with functional 

decline2,12-14, increased length of hospital stay13, increased risk of 

institutionalization2,5,15, and mortality2,6,8,16. The association between physical inactivity 

and these negative outcomes is independent of illness severity or 

comorbidities2,6,9,14,17,18. If patients at high risk of spending little time standing and 

walking could be identified early after admission, they could be given targeted 

interventions aimed at increasing their time spend standing and walking, such as 

guidance from a physiotherapist. As offering such interventions may require 

substantial resources, we aimed to be able to identify patients that are the least 

active and that are likely to benefit most from increasing their PA behaviour. 

Identification of these patients can therewith contribute to improved patient 

outcomes as well as value-based healthcare.  

 

To our knowledge, a prognostic tool that predicts a patient’s probability of spending 

little time standing and walking during hospitalisation has not been developed yet. 

However, in recent years the number of studies investigating physical activity (PA) 

behaviour of older adults admitted to a hospital with an acute medical illness has 

grown and more insight has been gained in factors associated with inactive 

behaviour during hospitalisation7-10,14,19-22. Because of the association between 

inactive behaviour and functional decline we expect that functional assessment 

tools like the Short Physical Performance Battery (SPPB) and the Activity Measure 

for Post-Acute Care Inpatient Basic Mobility short form (AM-PAC) could help to 

accurately predict the probability of spending little time standing and walking 

during hospitalisation for older adults. Evensen et al. supported this by showing an 

association between SPPB-score and time spent standing and walking in older 

adults acutely admitted to a geriatric ward9. Moreover, age7,19, sex19, disabilities in 

activities of daily living (ADL) two weeks preceding admission7-10,14,19-21, and the use of 

a walking aid preceding hospitalisation7,20,22 are also reported to be associated with 

patients’ PA behaviour during hospitalisation. Therefore, these factors may also 

contribute to predictive accuracy. The aim of this study is to develop and validate a 

prediction model that can be used early after admission to identify older adults at 

high risk of spending little time standing and walking during hospitalisation. 
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METHODS 

Study design 

This single centre, prospective cohort study was conducted at the department of 

Internal Medicine of Maastricht University Medical Centre (MUMC+) in Maastricht, the 

Netherlands, between October 2018 and March 2020. The Transparent Reporting of 

a multivariable prediction model for Individual Prognosis or Diagnosis (TRIPOD) 

statement was used as reporting guideline (Additional file 1)23. 

Study population 

Older adults, admitted to the department of Internal Medicine of the MUMC+ for 

acute care were recruited on weekdays by their attending physician and were 

asked for consent to be contacted by a researcher. Patients received verbal and 

written information about the study from the researcher within 48 hours after 

admittance. The researcher contacted the patients again the next day, and written 

informed consent was obtained before study initiation. Confidentiality of data 

processing and anonymity of the participant were guaranteed. 

 

Eligible patients were included when: 70 years or older, admitted to the department 

of Internal Medicine with an acute medical illness, sufficient understanding of the 

Dutch language, living at home before hospitalisation, and able to walk 

independently two weeks before admission as reported on the Functional 

Ambulation Categories (FAC >3)24,25. Exclusion criteria were: presence of contra-

indications to walking or wearing an accelerometer on the upper leg, mentally 

incapacitated subjects, inability to follow instructions due to cognitive problems or 

severe agitation, (re)admittance to the intensive care unit, a life expectancy of less 

than three months and previous participation in this study.  

 

The following criteria were established through performing a brief screening with 

the attending physician prior to the informed consent procedure: age, admission for 

an acute medical illness, presence of contraindications to walking or wearing an 

accelerometer, mental incapacity, and life expectancy. Remaining criteria were 

checked by patient report. 

Procedure 

Physical activity monitoring 

PA monitoring started immediately after informed consent was obtained (t0). PA 

was monitored with the MOX activity monitor (MOX; Maastricht Instruments B.V., the 

Netherlands). The device contains a tri-axial accelerometer sensor (ADXL362; 



DEVELOPMENT AND INTERNAL VALIDATION OF A PREDICTION MODEL: A PROSPECTIVE COHORT STUDY 

77 

Analog Devices, Norwood, MA, USA) in a small waterproof housing (35 × 35 × 10 mm, 

11 g). Raw acceleration data (±8 g) were measured by three orthogonal sensor axes 

(X, Y and Z) at a 25 Hz sampling rate. PA was measured in time spent 

standing/walking as this was deemed a more appropriate sensor based outcome 

variable for hospitalised older adults than intensity levels or step counts26. The MOX 

activity monitor has been validated to differentiate lying/sitting from 

standing/walking in hospitalised patients27. A trained researcher fixated the 

accelerometer to the anterior thigh with a hypoallergenic plaster, 10 cm proximal of 

the patella. PA was continuously measured and each accelerometer was replaced 

with a fully charged one after seven days when needed. Nurses examined the skin 

for irritation every day. PA monitoring ended after twelve days or at the day of 

discharge, whichever came first. After removal of the accelerometer, raw 

accelerometer data was uploaded to a computer and participation in the study 

ended (t1).  

 

A complete measurement day was defined as a 24-hour interval starting and 

ending at midnight. If the accelerometer was temporarily removed (e.g., MRI), days 

with ≥20 hours of wear time were included in the analysis. MATLAB (version 9.5 
(R2018b) Natick, Massachusetts: The MathWorks Inc.: Natick, MA, USA; 2018) was 

used to calculate the number of minutes spent standing/walking per day. 

Subsequently, the average number of minutes spent standing/walking per day 

between t0 and t1 was calculated per patient.  

 

For prediction model development, the average number of minutes spent 

standing/walking per day between t0 and t1 was dichotomized into low and high PA 

levels. Clinical guidelines stipulating the amount of time patients should to be 

standing/walking during hospitalisation do not exist yet11,21,28-31. Guidelines for healthy 

elderly exist, but are not suitable for hospitalised elderly32-34. As it was not possible to 

determine the optimal cut-off value for the dichotomization of time spent 

standing/walking based on existing recommendations, a data-driven approach was 

used with norm-referenced cut-off values instead of criterion-referenced cut-off 

values. Norm-referenced cut-off values were based on the prevalence of low PA 

levels (32%-50%) in previous studies2,14,19,35. To enable the comparison of models with 

different cut-off values, two prediction models were developed with cut-off values 

capturing this range. For model 1, the average number of minutes spent 

standing/walking per day between t0 and t1 was dichotomized into low and high PA 

levels by dividing the cohort at the median, categorizing 50.0% of the patients as 

having low PA levels. For development of model 2, the cohort was divided at the 

lowest tertile, categorizing 33.3% of the patients as having low PA levels. The use of 

accelerometers allowed the assessment of low or high PA levels between t0 and t1 to 

remain blinded. 
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Potential predictors 

Potential predictors were preselected based on published studies reporting factors 

associated with inactive behaviour of older adults admitted to a hospital with an 

acute medical illness7-10,14,19,20. The following six predictors were preselected: SPPB, 

AM-PAC, age, sex, disabilities in ADL two weeks preceding admission, and walking 

aid use preceding hospitalisation.  

 

Functional mobility was assessed by the researcher immediately after PA 

monitoring had started, using the SPPB and AM-PAC. The SPPB is a performance 

based tool to measure physical performance by assessing balance, walking speed 

and lower extremity strength36,37. It provides a total score between 0 and 12 points, 

with 12 points reflecting the highest level of performance.36,38 The SPPB has good to 

excellent intra-rater and inter-rater reliability, and excellent criterion validity and 

responsiveness. It presents a good balance between mobility, measurement 

properties and applicability to an acute care geriatric unit36. 

 

The AM-PAC Inpatient Basic Mobility short form assesses the following daily 

activities: turning in bed, sitting down and standing up, moving from lying to sitting, 

moving from a bed to chair, walking and climbing stairs. Climbing stairs was left out 

of the analysis as not every patient needs to climb stairs at home. This provided a 

total score between 1 and 20 points, dichotomized into dependent (≤19 points=0) 
versus independent mobility (20 points=1) based on receiver operating 

characteristic (ROC) curve analysis. The AM-PAC is short and easy to use. It shows 

large inter-rater reliability and test-retest reliability39,40 and has been validated for 

the entire hospital population41. 

 

Disabilities in ADL two weeks preceding admission were reported on the Katz Index 

of Independence in Activities of Daily Living (Katz ADL) at t0. It rates the patient’s 

performance of six activities (bathing, dressing, toileting, transferring, continence, 

feeding) on a dichotomous scale (dependent/independent)42,43. The number of 

disabilities was dichotomized (0/≥1 disabilities) based on ROC curve analysis. 
Although few reliability and validity studies exist, the Katz ADL is used extensively to 

assess functional capabilities of older adults in clinical settings43,44, Furthermore, 

age, sex (0=male/1=female), and walking aid use preceding hospitalisation (none, 

walker, cane/crutch) were assessed by patient report at t0. 

Medical and demographic data 

At t1, the following data was extracted from the electronic health record: clinical 

diagnosis of the current hospitalisation based on the ICD-1145, number of 

comorbidities (Charlson Comorbidity Index), experienced falls in the last six months 

(0/≥1 falls), physiotherapy consulted during hospitalisation (yes/no), length of stay 
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in hospital (days) and discharge location (home, geriatric rehabilitation centre, 

nursing home, other). 

Sample size  

This study initially aimed to develop only one model, categorizing 50.0% of the 

patients as having low PA levels. Therefore, the sample size calculation was based 

on model 1. Post-hoc discussions regarding optimal cut-off values of low PA levels 

resulted in the development of a second model, enabling the comparison of 

different cut-off values. Six potential predictors were preselected. Because ‘walking 

aid use preceding hospitalisation’ has a categorical outcome containing three 

categories it had to be counted double, resulting in a sample size calculation based 

on seven potential predictors. It is recommended that at least 10 events should be 

collected per potential predictor46. An event is defined as the outcome status ‘low PA 

levels during hospitalisation’, with an estimated event rate of 50.0%. To develop a 

model with seven potential predictors, at least 70 events were required, resulting in 

a sample size of at least 140 patients (70/50*100). Based on the assumption of a 15% 

dropout rate, 165 patients were needed in this study.  

Data analysis 

Data quality and missing data 

Data were checked for completeness and inconsistencies. Any inconsistencies or 

incomplete data were corrected or completed. Missing values were imputed using 

stochastic regression imputation with fully conditional specification47,48. To 

determine whether imputation led to radically different results, a sensitivity analysis 

was performed by comparing the outcomes of the imputed data set with the use of 

complete cases only. 

Study population characteristics 

Characteristics of patients were compared between the low and high PA level 

groups. To compare proportions, the chi-square test was used. For continuous 

variables, the independent samples t-test or Mann-Whitney U test was used for 

normally and not-normally distributed data, respectively. A P-value <0.05 was used 

to indicate statistical significance. 

Model development 

The models were developed using ‘low PA levels during hospitalisation’ as the 

outcome variable. Multicollinearity of potential predictor variables was checked 

using collinearity diagnostics (Pearson correlation coefficients, variance inflation 

factor (VIF) and tolerance). Additionally, continuous variables were checked for 
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having a linear association with the log odds of the outcome. For model 1, all seven 

predictors were introduced in a multivariable logistic regression model. For model 2, 

only five predictors could be introduced as the sample size was based on model 1 

and the prevalence of low PA levels was lower in model 2. Therefore, univariable 

regression analysis was performed as additional step to select five potential 

predictors. To reduce the number of predictors in the multivariable logistic 

regression models, backward stepwise elimination based on the Wald test was used. 

A liberal P-value of 0.20 was used to prevent too early deletion of potentially 

relevant predictors49. 

Internal validation 

The models were internally validated using bootstrapping. B-bootstrap samples of 

the same size as the original sample (B=1000 was used) were drawn with 

replacement from the original data, reflecting the drawing of samples from the 

underlying population. A shrinkage factor was estimated to adjust the model 

coefficients in order to make future predictions less extreme. After shrinkage, the 

model intercepts were re-estimated to prevent systematic under- or overestimation 

of risks. 

Performance of the model 

Overall performance of both models was assessed using Nagelkerke's R2 and the 

Brier score. The ability of the models to discriminate between patients with low and 

high PA levels during hospitalisation was quantified as the area under the receiver 

operating characteristic curve (AUC). Additionally, sensitivity, specificity, positive 

predictive value (PPV), and negative predictive value (NPV) were calculated for a 

selection of probability cut-off values. To classify patients as being at high risk of 

low PA levels during hospitalisation, a probability threshold can be used. Patients 

are considered at high risk if their predicted probabilities are at or above this 

threshold. In order to have a low rate of patients misclassified as being at low risk 

(i.e. false-negative predictions), a probability threshold yielding a high NPV, but 

acceptable PPV, was chosen per model. 

 

The agreement between predicted probabilities and observed frequencies of the 

outcome (accuracy) was assessed by visually inspecting the calibration plot. 

Furthermore, a Hosmer and Lemeshow (H-L) goodness-of-fit statistic was 

computed, with non-significant H-L statistics indicating good model fit. All statistical 

analyses were performed using SPSS version 23.0.0.2 (SPSS, Chicago, III., USA) and R 

version 4.0.4 (www.r-project.org).  
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RESULTS 

Study population characteristics 

Between October 2018 and March 2020, 430 older adults admitted with an acute 

medical illness were screened for eligibility. In total, 215 patients were identified as 

eligible and 165 patients were included in this study. Of the included patients, 19 

(12%) dropped out and data of 146 patients was used in the analysis (Figure 4.1 

TRIPOD flow chart).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 4.1 TRIPOD flow chart. 
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Of these 146 patients, the mean age (± standard deviation (SD)) was 81.3 (6.8) years 

and 86 (58.9%) patients were male. The group of patients were median 

(± Interquartile Range (IQR)) 64.4 (34.8 – 100.1) minutes standing/walking per day 

and 33.3% of the patients were ≤47.2 minutes standing/walking per day. The 

characteristics of study participants are reported in Table 4.1. 

 
Table 4.1 Characteristics of study participants.  

  Model 1   Model 2   

Variable All patients  

(n=146) 

Low PA 

level (n=73) 

High PA  

level (n=73) 

P-

value* 

Low PA 

level (n=49) 

High PA  

Level (n=97) 

P-

value* 

Age, years (mean, SD) 81.3 (6.8) 82.4 (6.6) 80.2 (6.9) .896 82.0 (6.8) 81.0 (6.8) .363 

Sex (n, %)    .737   .169 

   Female  60 (41.1%) 29 (39.7%) 31 (42.5%)  24 (49.0%) 36 (37.1%)  

Average min. standing 

/walking per day 

(median, IQR) 

64.4 

(34.7–100.1) 

34.8 

(16.9–51.8) 

98.7 

(78.12–136.6) 

<.001 24.4 

(9.2–35.5) 

84.6 

(64.4–124.9) 

<.001 

SPPB (median, IQR) 4 (2–8) 3 (1–5) 7 (4–10) <.001 2 (0–3) 6 (4–10) <.001 

AM-PAC (n, %)    <.001   <.001 

   ≤19  57 (39.0%) 44 (60.3%) 13 (17.8%)  36 (73.5%) 21 (21.6%)  

    20  89 (61.0%) 29 (39.7%) 60 (82.2%)  13 (26.5%) 76 (78.4%)  

Katz ADL (n, %)    .045   <.001 

     0 disabilities  82 (56.2%) 35 (47.9%) 47 (64.4%)  17 (34.7%) 65 (67.0%)  

   ≥1 disabilities  64 (43.8%) 38 (52.1%) 26 (35.6%)  32 (65.3%) 32 (33.0%)  

Walking aid (n, %)    .038   .001 

   None 79 (54.1%) 32 (43.8%) 47 (64.4%)  16 (32.7%) 63 (64.9%)  

   Walker 49 (33.6%) 31 (42.5%) 18 (24.7%)  26 (53.1%) 23 (23.7%)  

   Crutch or cane 18 (12.3%) 10 (13.7%) 8 (11.0%)  7 (14.3%) 11 (11.3%)  

Clinical diagnosis  

(n, %) 

   .065   .120 

   Digestive 35 (24.0%) 15 (20.5%) 20 (27.4%)  9 (18.4%) 26 (26.8%)  

   Respiratory 27 (18.5%) 10 (13.7%) 17 (23.3%)  7 (14.3%) 20 (20.6%)  

   Infectious 23 (15.8%) 17 (23.3%) 6 (8.2%)  13 (26.5%) 10 (10.3%)  

   Neoplasms 16 (11.0%) 10 (13.7%) 6 (8.2%)  7 (14.3%) 9 (9.3%)  

   Genitourinary 14 (9.6%) 9 (12.3%) 5 (6.8%)  3 (6.1%) 11 (11.3%)  

   Circulatory 7 (4.8%) 2 (2.7%) 5 (6.8%)  1 (2.0%) 6 (6.2%)  

   Other 24 (16.4%) 10 (13.7%) 14 (19.2%)  9 (18.4%) 15 (15.5%)  

Comorbidities (CCI) 

(median, IQR) 

2 (1–4) 3 (1–4) 2 (1–3) .064 3 (1.5–5) 2 (1–3) .001 

Nr. of falls ≤6 months 
(median, IQR) 

0 (0-1) 0 (0–2) 0 (0–1) .386 0 (0–2) 0 (0–1) .086 

PT consulted (n, %)    <.001   <.001 

   Yes 89 (61.0%) 55 (75.3%) 34 (46.6%)  40 (81.6%) 49 (50.5%)  

   No 57 (39.0%) 18 (24.7%) 39 (53.4%)  9 (18.4%) 48 (49.5%)  

LOS, days  

(median, IQR) 

9 (6–13) 11 (7–15) 8 (6 – 11) .001 13 (8 – 17) 8 (6 – 11) <.001 
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Table 4.1 (continued) 

  Model 1   Model 2   

Variable All patients  

(n=146) 

Low PA level 

(n=73) 

High PA level 

(n=73) 

P-

value* 

Low PA level 

(n=49) 

High PA level 

(n=97) 

P-

value* 

Discharge location (n, %)    .001   <.001 

   Home 119 (81.5%) 50 (68.5%) 69 (94.5%)  29 (59.2%) 90 (92.8%)  

   Geriatric 

rehabilitation centre 

16 (11.0%) 13 (17.8%) 3 (4.1%)  12 (24.5%) 4 (4.1%)  

   Nursing home 6 (4.1%) 5 (6.8%) 1 (1.4%)  3 (6.1%) 3 (3.1%)  

   Other 5 (3.4%) 5 (6.8%) 0 (0.0%)  5 (10.2%) 0 (0.0%)  

Characteristics of study participants (older adults hospitalised with an acute medical illness) categorized by 

low or high PA levels, with cut-off values of 64.4 and 47.2 minutes standing/walking in model 1 and 2, 

respectively. PA=Physical Activity, SD=standard deviation, IQR=Interquartile Range, SPPB=Short Physical 

Performance Battery, AM-PAC=Activity Measure for Post-Acute Care Inpatient Basic Mobility short form, 

Katz ADL=Katz Index of Independence in Activities of Daily Living, CCI=Charlson Comorbidity Index, 

PT=physiotherapy, LOS=length of hospital stay.  

* P-value <0.05. To compare proportions, the chi-square test was used. For continuous variables, the 

independent sample t-test or Mann-Whitney U test were used for normally and not-normally distributed 

data, respectively. 

 

Model development and internal validation 

In the dependent variable ‘number of minutes spent standing/walking per day’, 

data was missing for 72 out of 949 measurement days (7.5%), spread over 

27 patients (18%). Main reasons for missing values were the accelerometer falling 

off, getting lost or malfunctioning. Data of all other variables was complete. After 

imputation, data of all 146 patients was complete for development of the prediction 

model. 

 

For development of model 1, all predictors were entered in the multivariable 

regression model (SPPB, AM-PAC, age, sex, disabilities in ADL, and walking aid use). 

For development of model 2, univariable regression analysis was first performed on 

all potential predictors, after which SPPB, AM-PAC, age, and walking aid use 

preceding hospitalisation were entered in the multivariable regression model. Table 

4.2 shows the original and internally validated models that can be used to compute 

the probability of low PA levels during hospitalisation. Internal validation yielded a 

shrinkage factor of 0.95 and 0.90 in model 1 and 2, respectively. The equations in 

Table 4.2 can be used to compute the individual probability of low PA levels during 

hospitalisation. 
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Table 4.2 Regression coefficients and odds ratios with 95% CI from the original and internally validated 

models. 

 Original Model Model after internal validation 

Variable Regression coefficient Odds Ratio (95% CI) P-value Regression coefficienta 

Model 1 - Cut-off value for low or high PA levels at 50.0% of the cohort (64.4 minutes standing/walking) 

Intercept 2.042 - .000 1.942 

SPPB  -.251 .778 (.677–.894) .000 -.239 

AM-PAC (independent) -.894 .409 (.159–1.054) .064 -.850 

Sex (female) -.519 .595 (.269–1.313) .199 -.493 

Model 2 - Cut-off value for low or high PA levels at 33.3% of the cohort (47.2 minutes standing/walking) 

Intercept 7.008 - .022 6.255 

SPPB  -.305 .737 (.608–.894) .002 -.275 

AM-PAC (independent) -1.124 .325 (.115–.921) .034 -1.012 

Age -.078 .925 (.861–.994) .034 -.070 

Walking aid 

   Crutch/Cane 

 

-.006 

 

.994 (.248–3.977) 

 

.993 

 

-.006 

   Walker 1.281 3.601 (1.317–9.843) .013 1.153 

To estimate the individual probability of low PA levels during hospitalisation:  

Model 1: P(Low PA) = 1 / (1 + e(-(1.942 - .239*SPPB - .850*AM-PAC - .493*Female))) * 100% 
Model 2: P(Low PA) = 1 / (1 + e(-(6.255 - .275*SPPB - 1.012*AM-PAC - .070*Age - .006*Crutch/Cane + 1.153*Walker))) * 100% 
CI=confidence interval, PA=Physical Activity, SPPB=Short Physical Performance Battery, AM-PAC=Activity 

Measure for Post-Acute Care Inpatient Basic Mobility short form.  
a Regression coefficients after adjustment for overfitting by shrinkage (shrinkage factor model 1 = 0.95 and 

model 2 = 0.90); the intercept was re-estimated. 

 

Performance of the models 

All model performance measures are shown in detail in Additional file 2. The AUCs 

of model 1 and 2 were 0.80 (95% confidence interval (CI)=0.73-0.87) and 0.86 

(95%CI=0.79-0.92), respectively, indicating good discriminatory ability. The optimism-

corrected AUCs were 0.79 and 0.84 for model 1 and 2, respectively. Figure 4.2 shows 

the ROC curves of both models. Both models show good calibration, as indicated by 

calibration plots showing good agreement between actual and predicted 

probabilities (Additional file 3). Additionally, both H-L goodness-of-fit tests were 

non-significant (P=0.755 and P=0.209). Overall, model 2 showed a slightly better 

performance. 
 

A selection of probability cut-off values and their corresponding sensitivity, 

specificity, PPV and NPV are reported in Additional file 4 and Additional file 5. 

Probability thresholds of 0.41 and 0.30 were chosen for model 1 and 2, respectively. 

The corresponding classification tables are shown in Figure 4.3.  

 

The sensitivity analyses showed similar results for the imputed and the original non-

imputed data sets and we conclude that imputation did not result in large 

differences. 
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Figure 4.2 Receiver operating characteristic curve of (A) model 1 (AUC .80 (95% confidence interval 

(CI)=0.73-0.87)), and (B) model 2 (AUC .86 (95%CI=0.79-0.92)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Classification tables showing the actual and predicted number of patients with low or high PA 

levels during hospitalisation and their corresponding sensitivity, specificity, PPV and NPV, using 

(A) model 1 (probability threshold .41) and (B) model 2 (probability threshold .30). PA=Physical 

Activity, TP=True Positive, FP=False Positive, FN=False Negative, TN=True Negative, 

PPV=Positive Predictive Value, NPV=Negative Predictive Value. 

 

DISCUSSION 

In this study we developed and internally validated two prediction models that can 

be used to predict the probability of low PA levels during hospitalisation for older 

adults admitted to a hospital with an acute medical illness. The first model predicts 

a patient’s probability of spending less than an average of 64.4 minutes 

standing/walking per day and holds three predictors: SPPB, AM-PAC and sex. The 
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second model predicts a patient’s probability of spending less than an average of 

47.2 minutes standing/walking per day and holds four predictors: SPPB, AM-PAC, 

age and walking aid use preceding hospitalisation. Both models showed good 

discriminative ability and accurate prediction of spending little time 

standing/walking during hospitalisation, with the second model performing slightly 

better. 

 

To our knowledge, this is the first study that aims to identify older adults at high risk 

of spending little time standing/walking during hospitalisation. One of the 

challenges in developing a suitable prediction model was the lack of criterion-

referenced cut-off values regarding the classification of low or high PA levels11,21,28-31. 

Although many studies have shown that PA contributes to the prevention of 

negative outcomes, the optimal-dose response relationship remains unknown. 

Baldwin et al. provided the first international consensus for recommendations on PA 

and sedentary behaviour for older adults hospitalised with an acute medical illness. 

They recommend that older adults should: be as physically active as their abilities 

and condition allow; minimise time spent sedentary for extended periods; and, move 

more and sit less throughout the day. Additionally, muscle strengthening and 

balance exercises are also advised29. Although this provides some guidance, 

criterion-referenced cut-off values regarding the classification of low and high PA 

levels are still lacking11,21,28-31. Therefore, the current prediction models were 

developed using a data-driven approach with norm-referenced cut-off values 

capturing the range of low PA levels identified in previous studies2,14,19,35. We do not 

know whether the resulting cut-off values of 64.4 or 47.2 minutes standing/walking 

are sufficient to prevent the negative effects of inactivity. This may also be 

influenced by many individual factors such as preadmission status, illness severity 

or daily caloric intake, necessitating more personalised recommendations. However, 

as the PA behaviour of older adults admitted for acute illness was heterogeneous in 

previous literature, we aimed to be able to identify patients that are the least active. 

As offering interventions (e.g., monitoring patients’ PA behaviour using wearables) 

may require substantial financial resources, the prediction models allow to identify 

patients that are likely to benefit most from such interventions. Although criterion-

referenced cut-off values are lacking, the chosen cut-off values are relevant and 

contribute to providing value-based healthcare. 

 

PA was measured in time spent in different activities (lying/sitting, standing/ 

walking), as this was deemed a more meaningful sensor based outcome variable 

for hospitalised older adults than intensity levels (activity counts) or step counts26. 

First, the intensity of PA as perceived by patients may deviate from the intensity 

measured by the accelerometer. When patients are feeling ill they may perceive 

walking at low walking speeds as a high intensity activity, while the accelerometer 

objectively classifies this as a low intensity activity. Second, recovery or 
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deterioration during the admission period may result in fluctuations in perceived 

intensity within patients. Third, many older adults admitted to hospital with an acute 

medical illness require a walking aid. Moreover, slow and impaired gaits are 

common50. Several studies have shown that these factors decrease the validity of 

activity trackers to measure step counts51-54. Lastly, movements of the arms or legs 

performed in bed or on a chair may result in an overestimation of step count. 

Therefore, time spent in different activities is deemed the most appropriate sensor-

based outcome measure26. 

 

The developed models show that functional assessments combined with easily 

acquired clinical parameters have potential to identify patients at high risk of low 

PA levels during hospitalisation. As we felt it important that patients at high risk 

would not miss out on an intervention, we opted for models with low rates of false-

negative predictions. In choosing a probability threshold for each model we 

therefore aimed for a high NPV and accepted a higher rate of false-positive 

predictions.  

 

Using model 1 with a probability threshold of 0.41 resulted in misclassification of 

8.9% of all patients as being at low risk of spending less than 64.4 minutes 

standing/walking (false-negative predictions). Moreover, 20.6% were misclassified 

as being at high risk (false-positive predictions) and would be given an intervention 

while actually having high PA levels. The predictive abilities of model 2 are slightly 

better, resulting in less misclassifications. Using model 2 with a probability threshold 

of 0.30 will result in a 4.8% false-negative prediction rate and a 15.1% false-positive 

prediction rate of spending less than 47.2 minutes standing/walking.  

 

However, a certain level of misclassifications seems inevitable when predicting the 

PA behaviour of hospitalised patients early after admission. Previous studies have 

shown that the PA behaviour of hospitalised patients is influenced by many different 

factors, such as complications or symptoms developing throughout the hospital 

stay, patient motivation, using medical devices that limit walking (e.g., IV-poles, 

urinary catheters, lack of portable oxygen), referral to physiotherapy, or a lack of 

availability of healthcare staff to provide assistance during walking55-61. As some of 

these factors are unknown yet early after admission, they cannot be included in the 

models as predictors and may therefore contribute to misclassifications. 

 

In retrospect, we consider the rate of misclassifications of both models acceptable 

for use in clinical practice. Although performance of model 2 was slightly better, the 

choice for either one of the models depends on whether roughly one hour or three 

quarters of an hour standing/walking are preferred as cut-off value for low PA 

levels during hospitalisation. Moreover, it also depends on the availability of 
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resources, as model 1 will classify more patients as being at high risk of low PA 

levels. 

STRENGTHS AND LIMITATIONS 

The present study has several strengths, including a prospective data collection, 

recruitment of consecutive patients, and inclusion of patients with mild cognitive 

impairments. Moreover, all predictors were selected from literature based on 

previous evidence7-10,14,19,20 while the methodology of this study followed the TRIPOD 

guideline for prediction modelling23. We corrected for missing data, performed a 

sensitivity analysis and an internal validation procedure of the developed models.  

 

We also recognise several limitations. First, with the current study design we cannot 

determine if patients changed their time spent standing/walking due to potential 

confounding factors that were unknown early after admission, such as receiving 

physiotherapy guidance or complications which may have developed during 

hospital stay. Second, we initially aimed to develop one prediction model. Due to 

post-hoc discussions regarding an optimal cut-off value we decided to develop a 

second model as well, enabling the comparison of different cut-off values. The 

power calculation was originally meant for model 1, allowing for seven potential 

predictors and an event rate of 50.0%. Because the event rate of model 2 was 

33.3%, only five potential predictors could be introduced in the analysis. To prevent 

overfitting of the model by introducing to many predictors, univariable analysis had 

to be performed as an additional step. Third, we dichotomized the categorical AM-

PAC and Katz ADL outcomes to improve the clinical applicability, which may have 

led to loss of information. Lastly, the algorithm of the MOX activity monitor is unable 

to differentiate time spent standing from time spent walking. This limited the 

development of a prediction model that can be used to identify older adults at high 

risk of spending little time walking during hospitalisation. 

CLINICAL IMPLICATIONS AND RECOMMENDATIONS 
FOR FUTURE RESEARCH 

The developed prediction models can be used in clinical practice by performing a 

simple screening early after admission, consisting of two functional assessments 

combined with self-reported information. The prediction models can be adapted 

into an easy-to-use calculator that can be used during screening. Using the 

prediction models to identify patients at high risk of low PA levels early after 

admission is an important first step in preventing the negative effects associated 

with spending little time standing/walking during hospitalisation. Patients at high 
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risk can subsequently be given interventions aimed at increasing their time spend 

standing/walking. However, as few studies have investigated the efficacy of 

interventions aimed at increasing the PA behaviour of older adults during 

hospitalisation, further research is advised, comparing different types of 

interventions and with detailed reporting of frequency, intensity and duration4,29-31. 

Moreover, the accelerometer algorithm used in the current study was not able to 

differentiate standing from walking. Therefore, we recommend future studies to 

develop a prediction model using an optimised accelerometer algorithm that allows 

to differentiate between standing and walking in hospitalised patients. Furthermore, 

the current study included seven potential predictors that were associated with low 

PA levels of older adults admitted to hospital with an acute medical illness. However, 

the PA behaviour of hospitalised older adults may be influenced by many other 

factors as well, such as ‘reason for hospitalisation’ or ‘history of falls’7,20-22,55-61. In 

order to improve the prediction of older adults at risk of low PA levels, we 

recommend that this study should be followed by a larger study that allows to 

include more potential predictor variables. Lastly, before implementing the 

prediction models into clinical practice, future research should also focus on 

assessing the next steps within prediction modelling: determining the external 

validity and clinical impact of the models. Because this has not been performed yet 

in the current study, our results should be interpreted with caution. In order to 

choose a cut-off value for low PA levels during hospitalisation based on empirical 

evidence, future research should also focus on developing guidelines regarding the 

recommended PA levels of older adults admitted to a hospital with an acute 

medical illness. 

CONCLUSIONS 

We developed and internally validated two prediction models that can be used to 

predict the probability of low PA levels during hospitalisation for older adults 

admitted to a hospital with an acute medical illness. Both models showed a good 

overall performance, with a good discriminative ability and accurate prediction of 

low PA levels. This study showed that both models hold promise as prediction tools 

that enable clinicians to accurately identify older adults at high risk of low PA levels 

during hospitalisation. 

SUPPLEMENTARY INFORMATION 

Additional file 1 to 4 can be found online: https://doi.org/10.1186/s12877-022-03146-9. 
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ABSTRACT 

Background 

Low physical activity (PA) levels are common in hospitalized patients. Digital health 

tools could be valuable in preventing the negative effects of inactivity. We therefore 

developed Hospital Fit; which is a smartphone application with an accelerometer, 

designed for hospitalized patients. It enables objective activity monitoring and 

provides patients with insights into their recovery progress and offers a tailored 

exercise program. The aim of this study was to investigate the potential of Hospital 

Fit to enhance PA levels and functional recovery following orthopedic surgery. 

 

Methods 

PA was measured with an accelerometer postoperatively until discharge. The 

control group received standard physiotherapy, while the intervention group used 

Hospital Fit in addition to physiotherapy. The time spent active and functional 

recovery (modified Iowa Level of Assistance Scale) on postoperative day one 

(POD1) were measured. 

 

Results 

Ninety-seven patients undergoing total knee or hip arthroplasty were recruited. 

Hospital Fit use, corrected for age, resulted in patients standing and walking on 

POD1 for an average increase of 28.43 min (95% confidence interval (CI): 5.55-51.32). 

The odds of achieving functional recovery on POD1, corrected for the American 

Society of Anesthesiologists classification, were 3.08 times higher (95% CI: 1.14–8.31) 

with Hospital Fit use. 
 

Conclusions 

A smartphone app combined with an accelerometer demonstrates the potential to 

enhance patients’ PA levels and functional recovery during hospitalization. 
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INTRODUCTION 

Elective joint replacement is an effective and successful intervention in patients 

suffering from end-stage osteoarthritis1–4. Due to the rising prevalence of 

osteoarthritis, the number of total knee arthroplasty (TKA) and total hip 

arthroplasty (THA) procedures performed annually is increasing steadily. The 

American Joint Replacement Registry (AJJR) shows that 139,582 primary TKA 

procedures and 93,122 primary THA procedures were undertaken in the United 

States of America in 20185. 

 

The perioperative care process around TKA and THA procedures has greatly 

improved in recent years due to advances in surgical techniques and the 

introduction of clinical care pathways6–8. Clinical care pathways are directed at 

preparing the patient for discharge as soon as possible after surgery, without 

compromising outcomes3,8,9. Postoperative mobilization on the day of surgery within 

a pathway-controlled fast-track program is associated with a reduced length of 

stay (LOS), enhanced functional recovery, reduced pain, and lower mortality 

rates8,10,11.  

 

Although the beneficial effects of physical activity (PA) during hospitalization are 

well documented, patients continue to spend between 92% and 96% of their time 

lying or sitting12–14. Therefore, strategies aimed at increasing the amount of time 

spent standing and walking are needed15. Postoperative physiotherapy is aimed at 

enhancing PA levels and functional recovery of activities of daily living which are 

essential in order to function independently at home9,16–18. However, physiotherapists 

lack objective insight into the amount of time patients are active. In order to advise 

patients effectively on their PA behavior, continuous PA monitoring with real-time 

feedback should be implemented in standard care.  

 

mHealth could provide a solution to this issue19. mHealth has been defined by the 

WHO as “medical and public health practice supported by mobile devices, such as 

smartphones, tablets or wireless patient-monitoring sensors” 19,20. mHealth has been 

developed for many different purposes. It has been applied for the management of 

blood pressure, management of glucose levels, fall detection, mental health, 

medication management and PA monitoring19,21. PA can be monitored by connecting 

external wearable devices such as accelerometers, gyroscopes or pedometers, to a 

smartphone or tablet via Bluetooth21,22. Wearable sensors can also be embedded in 

a smartphone or smartwatch21,23. These remote measurement technologies enable 

continuous PA monitoring and have the advantage of providing patients and 

healthcare providers real-time feedback. Prior studies have demonstrated that 

smartphone applications combined with an activity tracker are able to increase the 

amount of PA of the user24,25. Depending on the intended use, additional 
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functionalities such as educational material, exercise programs or capturing patient 

reported outcomes (PROMs), could also be added to mHealth tools to enhance the 

possibilities. 

 

mHealth tools support the prevention and treatment of low levels of PA as well as 

stimulate functional recovery. They have the potential to increase patient 

awareness, support personalized care, and stimulate self-management. 

Furthermore, they can motivate patients in the absence of healthcare providers and 

make them more active and effective managers of their recovery24,26,27. 

 

Within the orthopedic rehabilitation pathway, mHealth tools are being used to 

monitor PA in support of outpatient physiotherapy28–30. The use of mHealth to 

monitor PA has also been shown to be beneficial to other areas of research. 

mHealth tools have demonstrated their ability to stimulate the PA of patients with 

coronary heart disease (CHD)23,31, chronic obstructive pulmonary disease (COPD)26, 

type II diabetes26 and can motivate the elderly to undertake PAs when implemented 

in a care home19.  

 

So far, no mHealth tool is available that offers hospitalized patients and their 

physiotherapists essential strategies to enhance their PA levels and support their 

recovery process. Most accelerometry-based activity monitors are validated in 

healthy adults and lack the sensitivity to measure slow gait32,33. Due to the frequent 

use of walking aids as well as slow and impaired gait, the algorithm of most of the 

available activity monitors is not validated in terms of being used in hospitalized 

patients. Therefore, the Department of Physiotherapy of Maastricht University 

Medical Center (MUMC+) and Maastricht Instruments B.V. developed Hospital Fit 

(HFITAPP0, Maastricht Instruments B.V., the Netherlands). Hospital Fit is designed to 

be used in hospitalized patients and consists of a smartphone application 

connected to an accelerometer. The algorithm of the accelerometer has been 

validated to differentiate lying and sitting from standing and walking in hospitalized 

patients34–36. It provides patients and physiotherapists feedback on the number of 

minutes spent standing and walking per day. Additionally, it provides patients 

insight into their own recovery progress, and a tailored exercise program supported 

by videos. Hospital Fit has been implemented in the standard physiotherapy 

treatment of patients following TKA and THA in Maastricht University Medical 

Center since February 2019.  

 

The primary aim of this pilot study was to get a first impression of whether 

introducing Hospital Fit as part of standard physiotherapy treatments has led to a 

change in the amount of PA of hospitalized patients who had undergone elective 

TKA or THA. The secondary aim was to explore whether Hospital Fit has led to a 

change in the time until functional recovery is achieved in this population. 
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MATERIALS AND METHODS 

Study design 

This single center pilot study, with a non-randomized quasi-experimental design, 

was conducted at Maastricht University Medical Center in Maastricht, the 

Netherlands, between January 2017 and May 2019. 

Study population 

Patients scheduled for an elective TKA or THA at the orthopedic ward of Maastricht 

University Medical Center were invited to participate. Patients scheduled for surgery 

between January 2017 and December 2018 were recruited for the control group. 

During this period, Hospital Fit was being developed. Due to the limited number of 

accelerometers available, only one patient per week was recruited. In December 

2018, the development of Hospital Fit was completed. A one-month implementation 

phase followed in January 2019, during which no patients were enrolled. Patients 

scheduled for surgery between February 2019 and May 2019 were recruited for the 

intervention group. After the implementation phase, sufficient accelerometers had 

become available, enabling the recruitment of consecutive patients in the 

intervention group. No other changes were made in the clinical care pathway during 

the study period. 

 

Patients received verbal and written information about the study at preoperative 

physiotherapy screenings, scheduled six weeks before surgery. A research 

physiotherapist contacted the patients again on the day of their surgery, and 

written informed consent was obtained before study initiation. The confidential 

processing of data and anonymity were guaranteed. 

 

Patients were eligible if they met the following inclusion criteria: receiving 

physiotherapy after elective TKA or THA, able to walk independently two weeks 

prior to surgery as scored on the functional ambulation categories (FAC >3)37, they 

were expected to be discharged to their own home, aged 18 years and older, and 

had a sufficient understanding of the Dutch language. Exclusion criteria were: the 

presence of contraindications to walking or wearing an accelerometer on the upper 

leg, admission to the intensive care unit, impaired cognition (delirium/dementia) as 

reported by the attending doctor, a life expectancy of less than three months, and 

previous participation in this study. This study was performed in compliance with the 

Declaration of Helsinki and was approved by the Medical Ethics Committee of the 

University Hospital Maastricht and Maastricht University (METC azM/UM), 

registration number 2017-0175. 
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Procedure 

Patients were enrolled after signing informed consent. All patients followed a 

standardized clinical care pathway for TKA or THA. Preoperatively, paracetamol, 

gabapentin, naproxen and a gastric protector were administered. Surgery was 

performed under spinal or general anesthesia in combination with a local infiltration 

analgesia (ropivacaine, morphine-sulphate, adrenaline). In TKA procedures, a 

medial parapatellar approach was used with a posterior stabilized implant. In THA 

procedures, a posterior approach of the hip joint was used. Pain medication was 

continued until discharge—with the addition of oxycodone. Postoperative 

physiotherapy was administered to all participating patients, starting within four 

hours after surgery. The physiotherapy treatment was aimed at increasing PA levels 

and enhancing functional recovery. Patients received physiotherapy twice daily (30 

min per session) until functional recovery was achieved, as measured with the 

modified Iowa Level of Assistance Scale (mILAS)38. Patients in the control group 

received postoperative physiotherapy and had their PA levels monitored with an 

accelerometer without receiving feedback. Patients in the intervention group 

received the same physiotherapy treatment, but Hospital Fit was used in addition. 

Device description 

The PA levels were assessed with the MOX activity monitor (MOX; Maastricht 

Instruments B.V., the Netherlands (Figure 5.1)). The device contained a tri-axial 

accelerometer sensor (ADXL362; Analog Devices, Norwood, MA, USA) in a small 

waterproof housing (35 × 35 × 10 mm, 11 g). Raw acceleration data (±8 g) were 

measured in three orthogonal sensor axes (X, Y and Z) at a 25 Hz sampling rate. The 

accelerometer was factory calibrated against gravity for each axis. The raw 

acceleration data were converted to a PA classification using a previously described 

embedded algorithm34. After sensor noise reduction, the data were segmented in to 

one-second long windows using a fixed non-overlapping sliding window. Based on 

the amount of activity, each window was classified as dynamic or static. For the 

static windows, the sensor orientation was assessed. Based on a cut-off value of 0.8 

g the static windows were classified as standing or sedentary. Each minute the 

classified results were sent to the Hospital Fit smartphone application via a 

Bluetooth protocol. 
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Figure 5.1 The MOX activity monitor. 

 

Hospital Fit 

Hospital Fit consists of a smartphone-based app which is connected to the MOX 

Activity Monitor via Bluetooth. It contains a separate interface for patients and 

physiotherapists, enabling extensive options for physiotherapists. During the first 

treatment, the physiotherapist applied the accelerometer and installed the app on 

the patients’ smartphone. The physiotherapist subsequently initiated a connection 

between the accelerometer and the app by starting a new measurement in the 

physiotherapist interface. 

 

The PA overview provides patients and their physiotherapists real-time feedback on 

the number of minutes spent standing and walking per day. An overview was 

provided per day (Figure 5.2A), with the possibility to look back at the PA levels of 

previous days. Additionally, a weekly overview was provided to enable the 

monitoring of the progress in PA levels over time (Figure 5.2B). 
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Figure 5.2 Overview of the total number of minutes spent standing and walking per day (A) and per week 

(B). 

 

 

The recovery assessment gave patients the option of gaining insight into their own 

recovery progress. The extent of functional recovery can be evaluated by the 

physiotherapist during every treatment. The ability of patients to perform the 

activities of daily living was scored on the physiotherapist interface based on the 

mILAS (Figure 5.3A). The mILAS assesses the ability of patients to perform several 

activities of daily living (transfer from the supine position to sitting and vice versa, 

sit-to-stand, walking, and stair climbing) and rates the amount of assistance and 

type of walking aid needed. The degree of assistance needed to perform each task 

safely was scored (0–6 points score per item). The total scores range from 0 to 30, 

with zero reflecting independence for all items. Stair climbing was only assessed if 

the patient needed to climb stairs at home; otherwise this item was scored as zero38. 

Because accelerometers are not able to measure the amount of assistance or the 

type of walking aid needed during PA, scoring the extent of functional recovery had 

to be performed by the physiotherapist. If necessary, the extent of functional 

recovery could be adapted multiple times per day. 

 

The mILAS-score was transformed into a percentage score in the app, with 100% 

indicating complete independency. The percentage scores were provided per 

activity, showing which activities need improvement in order to reach functional 

recovery. The percentage scores are supported by a graph, showing progress in 

functional recovery over time (Figure 5.3B). More detailed information on the 

amount of assistance needed is provided per activity, supported by a graph 
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showing the progress over time per activity (Figure 5.3C). The physiotherapist 

interface enables the extent of functional recovery to be scored as well as providing 

an overview. The patient interface only provides an overview of the extent of 

functional recovery. 
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Figure 5.3 Recovery assessment with the option of scoring the extent of functional recovery based on 

the modified Iowa Level of Assistance Scale (A); an overview of the extent of functional 

recovery (B); the amount of assistance needed and progress over time per activity (C). 

 

 

Furthermore, the physiotherapist interface contains the option of creating a patient-

specific exercise program supported by videos. Hospital Fit contains a database of 

25 videos aimed at enhancing functional recovery, upper and lower leg strength, 

and physical fitness (Figure 5.4). The videos supporting functional recovery were 

designed especially for hospitalized patients and show patients how to transfer 

from the supine position to sitting and vice versa, sit-to-stand, walk, and climb stairs 

with different types of walking aids. The videos supported the physiotherapy 

treatment and were aimed at stimulating self-management. After each treatment, 

the physiotherapist selected appropriate videos, thereby creating a personalized 

exercise program. If preferred, a note containing personalized information on the 

number of repetitions or intensity of the exercise could be added as well. The 

physiotherapist could adapt the exercise program as often as necessary. The 

patient interface enabled the patient to view the videos as often as they preferred. 

During each treatment session, the physiotherapist and patient evaluated the 

amount of PA, extent of functional recovery and the exercise program. 
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Figure 5.4 Exercise videos. 

 

Outcome measures 

Physical activity 

The primary outcome measure was the time spent physically active (total number 

of minutes standing and walking) per day. The time spent standing and walking was 

considered the most important outcome since hospitalized patients spend large 

amounts of time lying and sitting. The MOX activity monitor has been validated to 

differentiate lying and sitting from standing and walking in hospitalized patients. It 

has a high validity to estimate the time spent on the activities and postures in a 

controlled laboratory setting and in free-living conditions35,36. . 

 

During the first treatment session, the accelerometer was attached to the upper leg 

with a hypoallergenic patch (ten centimeters proximal to the patella, on the non-

operated leg). The position of the accelerometer is visualized in Figure 5.5. 
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Figure 5.5 Lateral view (A) and frontal view (B) of the placement of the MOX activity monitor with the 

patient in a seated position. Arrows indicate the location of the hypoallergenic patch and 

sensor on the upper leg, which is 10 cm proximal to the patella. 

 

 

PA was monitored 24 h per day. Days with ≥20 h of wear time were considered valid 
measurement days and were included in the analysis. After the last treatment 

session, the accelerometer was removed and the raw tri-axial accelerometer data 

(Figure 5.6) were uploaded to a computer. 

 

 

 

 

 

Figure 5.6 Example of the raw tri-axial accelerometer data of one subject for one measurement day. One 

measurement day (24 h) is represented on the x-axis. G-forces per sensor axes (X, Y and Z) are 

represented on the y-axis. 

 

 

MATLAB (version 9.5 (R2018b) Natick, Massachusetts: The MathWorks Inc.: Natick, 

MA, USA; 2018) was used to calculate the total number of minutes spent standing 

and walking per day. A schematic overview of the data processing is shown in 

Figure 5.7. 
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Figure 5.7 Data processing—a schematic overview of the physical activity classification algorithm for the 

accelerometer worn on the upper leg location. 

 

Functional recovery 

The secondary outcome measure was the achievement of functional recovery on 

postoperative day one (POD1). Functional recovery was assessed by the 

physiotherapist during each treatment session using the mILAS and was reported in 

the electronic health record. In the intervention group, it was also reported in the 

app. The achievement of functional recovery on POD1 was defined as having 

reached a total mILAS-score of zero on or before POD1, using a dichotomized 

outcome (0 = mILAS=0 >POD1; 1 = mILAS=0 ≤POD1). The mILAS shows a high 
reliability, validity and responsiveness when used to measure functional recovery in 

the acute phase after TKA or THA38. 
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The independent variables measured were: Hospital Fit use (control versus the 

intervention group), age, sex, body mass index (BMI), type of surgery (TKA or THA), 

and comorbidities assessed by the American Society of Anesthesiologists (ASA) 

classification (ASA-class ≤2 versus ASA-class=3; a higher score indicates being less 

fit for surgery). The medical and demographic data measured were the type of 

walking aid used and LOS, with the day of surgery being defined as day one. All 

measurements were extracted from the electronic health record. 

Sample size calculation 

Based on a significance level of 0.05, a power of 0.80, an effect size of 0.20, and five 

determinants, a sample size of n=75 was needed. Due to a lack of representable 

data available to determine the effect size, it was determined based on Cohen’s rule 

of thumb, indicating a medium to large effect size39. Accounting for a 20% drop-out 

rate, we aimed to enroll n=94 patients in this study. The ratio between patients 

included in the control and intervention group was set at 2:1, respectively. The data 

analysis was performed according to the intention-to-treat principle. Missing values 

were not substituted and drop-outs were not replaced. 

Data analysis 

Descriptive statistics are presented as means, and standard deviations (SD) or 95% 

confidence intervals (CI) for continuous variables. The median and interquartile 

ranges (IQR) were used to present not normally distributed data. The frequencies 

and percentages were used to present categorical variables. A multiple linear 

regression analysis was performed to determine the association between the time 

spent physically active per day and Hospital Fit use, corrected for potential 

confounding factors (age, sex, BMI, ASA-class, and type of surgery). A univariate 

regression analysis was performed to determine the association between the time 

spent physically active per day and Hospital Fit use. Next, potential confounding 

variables were added (enter method) to explore the association between Hospital 

Fit use and the time spent physically active per day, corrected for confounding 

variables. Variables that resulted in a ≥10% change in the regression coefficient of 
the main determinant (Hospital Fit use) were eligible for inclusion in the model. The 

variable contributing the most was included in the multiple regression model first, 

followed by the next variable leading to the highest percentage (≥10%) of change in 
the main regression coefficient. This process was repeated until there were no more 

potential confounding factors, resulting in the final model40. A multiple logistic 

regression analysis was performed additionally, to determine the association 

between the achievement of functional recovery on POD1 and Hospital Fit use, 

corrected for potential confounding factors. The same procedure was performed as 

in the linear regression analysis and the same potential confounding variables were 

explored. Assumptions were checked for both regression analyses by residual plots 
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and statistics. For all statistical analyses, the level of significance was set at P<0.05. 

All statistical analyses were performed using SPSS (version 23.0.0.2; IBM Corporation 

Armonk, NY, USA). 

RESULTS 

In total, 97 patients were willing and able to participate. The baseline characteristics 

of both groups are listed in Table 5.1. Of these patients, nine (9.3%) were excluded 

because of missing data (no valid measurement day of ≥20 h of wear time due to a 
delayed postoperative fixation of the accelerometer (n=5) or discharge on POD1 

(n=1)), and accelerometer malfunctioning (n=3). 

 
Table 5.1  Characteristics of study participants. 

 Control Group (n=64) Intervention Group (n=33) 

Age, years (median, IQR) 66.60 (10.62) 65.10 (13.72) 

Sex (n, %)   

   Female 24 (38) 18 (55) 

   Male 40 (63) 15 (45) 

BMI, kg/m2 (median, IQR) 27.73 (4.72) 27.47 (4.70) 

Type of surgery (n, %):   

   Total knee arthroplasty  49 (77) 15 (45) 

   Total hip arthroplasty 15 (23) 18 (55) 

ASA-class (n, %):   

   ASA 1–2  53 (83) 26 (79) 

   ASA 3 11 (17) 7 (21) 

Walking aid (n, %):   

   Two crutches 53 (83) 31 (94) 

   One crutch 1 (2) - 

   Walking frame 5 (8) 1 (3) 

   Walker 5 (8) 1 (3) 

LOS, days (median, IQR) 3.00 (1) 3.00 (0) 

IQR=interquartile range, BMI=body mass index, ASA=American Society of Anesthesiologists, LOS=length of 

stay in hospital, with the day of surgery being defined as day one. 

 

 

This left 88 cases (90.7%) for analysis, 61 (69%) in the control group and 27 (31%) in 

the intervention group. In the control group, the median age (interquartile range 

(IQR)) was 67.19 (11.35) years and 46 patients (72%) had undergone TKA. The control 

group consisted of 23 women (38%) and 38 men (62%). Fifty patients had an ASA-

class of 1 to 2 (82%) and 11 patients (18%) had an ASA-class of 3. The median (IQR) 

LOS was 3.00 (1) days. In the intervention group, the median age (IQR) was 63.73 

(16.62) years and 14 patients (52%) had undergone TKA. The intervention group 

consisted of 16 women (59%) and 11 men (41%). Nineteen patients had an ASA-class 

of 1 to 2 (70%) and eight patients (30%) had an ASA-class of 3. The median (IQR) 

LOS was 3.00 (0) days. The missing values were negligible; data on the achievement 
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of functional recovery on POD1 (n=4) were missing. Differences in the baseline 

characteristics were accounted for in the regression analyses. 

 

A median (IQR) number of 1.00 (0) valid measurement days (≥20 h wear time) was 
collected. PA data for 84 patients (95%) was available on POD1 (n=61 control group, 

n=23 intervention group). On postoperative day two (POD2), the majority of patients 

were discharged (n=61, 69%), and data for only 23 patients (26%) were available 

(n=17 control group, n=6 intervention group). From postoperative day three until day 

seven, data of the valid measurement days were available for just one patient 

(intervention group). Due to the large reduction in valid measurement days from 

POD2 onwards, data of these days were not included in the analysis. 

 

The results of the univariate linear regression analysis are shown in Table 5.2. The 

results show that Hospital Fit use led to an increase of 32.10 (95% CI: 9.35–54.84) 

minutes standing and walking on POD1. Patients who did not use Hospital Fit stood 

and walked on average 70.89 (95% CI: 59.00–82.80) minutes on POD1 compared to 

102.99 (95% CI: 82.77–123.21) minutes in patients who used Hospital Fit. 

 
Table 5.2 Univariate linear regression analysis—the association between the time spent physically active 

on postoperative day one (POD1) and Hospital Fit use. 

 B Std. Error P-Value 95% Confidence Interval for B 

Lower Bound Upper Bound 

Constant 70.89 5.98 0.000 59.00 82.80 

Hospital Fit use 32.10 11.43 0.006 9.35 54.84 

POD1=postoperative day one. 

 

 

To correct for the influence of potential confounders (age, sex, BMI, ASA-class, and 

type of surgery), the association between Hospital Fit use and the time spent 

physically active per day was explored. The addition of age resulted in a 11.41% 

change in the regression coefficient of the main determinant (Hospital Fit use) and 

was therefore added to the model. The remaining variables were then added to the 

model corrected for age, but each resulted in a <10% change in the regression 

coefficient of the main determinant and were therefore not included. The results of 

the multiple linear regression analysis are shown in Table 5.3. The results show that, 

corrected for age, patients who used Hospital Fit stood and walked on average 

28.43 min (95% CI: 5.55–51.32) more on POD1 than patients who did not use Hospital 

Fit. The model shows that an increase in age led to a decrease in the number of 

minutes standing and walking on POD1. 
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Table 5.3 Multiple linear regression analysis—the association between the time spent physically active 

on POD1 and Hospital Fit use, corrected for age. 

 B Std. Error p-Value 95% Confidence Interval for B 

Lower Bound Upper Bound 

Constant 124.25 31.80 0.000 60.98 187.52 

Hospital Fit use  28.43 11.50 0.016 5.55 51.32 

Age  −0.81 0.48 0.092 −1.76 0.13 

POD1=postoperative day one. 

 

 

The results of the univariate logistic regression analysis (Table 5.4) show that the 

odds of achieving functional recovery on POD1 were 2.72 times higher (95% CI: 

1.05-7.049) for patients who used Hospital Fit than for patients who did not use 

Hospital Fit. 

 
Table 5.4 Univariate logistic regression analysis—the association between the achievement of functional 

recovery on POD1 and Hospital Fit use. 

 B Std. Error P -Value Odds Ratio 95% Confidence Interval for Odds Ratio 

Lower Bound Upper Bound 

Constant −0.31 0.26 0.243 0.735 - - 

Hospital Fit use 1.00 0.49 0.039 2.720 1.050 7.049 

POD1=postoperative day one. 

 

 

The influence of potential confounders on the association between the Hospital Fit 

use and time spent physically active per day was explored. Addition of ASA-class 

resulted in the largest change of 12.38% in the regression coefficient of the main 

determinant (Hospital Fit use) and was added to the model. The remaining variables 

were then added to the model corrected for ASA-class, but each resulted in a <10% 

change in the regression coefficient of the main determinant and were therefore 

not included. The results of the multiple logistic regression analysis (Table 5.5) show 

that, corrected for ASA-class, the odds of achieving functional recovery on POD1 

were 3.08 times higher (95% CI: 1.14–8.31) for patients who used Hospital Fit than for 

patients who did not use Hospital Fit. Including ASA-class in the model shows that a 

lower ASA-class increased the odds ratio for a functional recovery on POD1. 

 
Table 5.5 Multiple logistic regression analysis—the association between the achievement of functional 

recovery on POD1 and Hospital Fit use, corrected for ASA-class. 

 B Std. Error P-Value Odds Ratio 95% Confidence Interval for Odds Ratio 

Lower Bound Upper Bound 

Constant −0.91 0.58 0.112 0.401 - - 

Hospital Fit use 1.13 0.51 0.026 3.080 1.14 8.31 

ASA-class 0.71 0.59 0.228 2.03 0.64 6.39 

POD1=postoperative day one, ASA=American Society of Anesthesiologists. 
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DISCUSSION 

In this pilot study we aimed to gain a first impression of whether Hospital Fit has the 

potential to improve the amount of PA and time until functional recovery is 

achieved in hospitalized patients following orthopedic surgery. The results show an 

increase in the time spent standing and walking, as well as higher odds of functional 

recovery on POD1 from the introduction of Hospital Fit. Although the guidelines on 

the recommended amount of PA during hospitalization do not yet exist, an average 

improvement of 28 min (39%) standing and walking on POD1 can be considered a 

clinically relevant contribution to prevent the negative effects of inactivity. 

 

The relatively large confidence intervals indicate a large variation in PA levels 

during hospitalization. These large differences in the PA levels of hospitalized 

patients are seen in many other studies as well13,14,41,42. PA levels can be influenced by 

many different factors such as symptoms, the motivation of the patient, awareness 

of the importance of PA, the availability of healthcare staff to assist patients during 

walking, or the availability of adequate walking aids15,43,44. These factors are 

expected to result in large differences in PA levels between patients. 

 

Wearable technology is increasingly being used in TKA and THA research, with the 

assessment of PA, functional parameters, and gait analysis as primary modes of 

investigation. No standard outcome measure or testing methodology has been 

established in wearable-based PA monitoring following TKA or THA45. Technology, 

testing protocol and sensor-based outcome variables may vary and may affect the 

quality and reliability of the data being collected46-49. 

 

Limited research has been conducted on monitoring PA during the early recovery 

phase following TKA or THA45. Eight studies have been performed, with sensor-

based outcome variables varying considerably between studies28,50-56. Two studies 

investigated the amount of time spent active (standing and walking) as outcome 

variables in the monitoring of PA of hospitalized patients following TKA50,51. 

Schotanus et al.50 showed that patients within an enhanced recovery pathway spent 

9% of their waking hours standing and walking on POD1. On POD2, this increased 

towards 11%, with a planned discharge within three days post-operation. PA was 

measured with a triaxial accelerometer (GC Dataconcets LLC, Waveland, USA) 

attached to the non-operated thigh. No details were provided regarding the validity 

of the algorithm to differentiate lying and sitting from standing and walking in 

hospitalized patients. Due to the lack of insight into the number of waking hours, the 

results cannot be compared to our study. In agreement with our study, they 

concluded that accelerometry is an added value for the objective analysis of PA 

during the early recovery phase in patients after TKA50. Fenten et al.51 compared the 

amount of time spent active per day between patients receiving periarticular local 
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anesthetic infiltration (LIA), and patients receiving LIA of the posterior knee capsule 

in combination with a femoral nerve block (FNB) catheter. PA was monitored with an 

accelerometer, attached to the non-operated thigh. No details were provided 

regarding the accelerometer type or the validity of the algorithm to differentiate 

lying and sitting from standing and walking in hospitalized patients. PA was 

monitored between 8 am and 8 pm on the day of surgery and on POD1. The mean 

time spent active (SD) on POD1 was 20.5 (14.9) minutes in the FNB group versus 27.7 

(14.1) minutes in the LIA group51. Although the postoperative physiotherapy 

treatment and LOS were comparable, our study shows higher amounts of time 

spent active on POD1. Patients who did not use Hospital Fit spent 70.89 (95% CI: 

58.93–82.86) minutes active compared to 102.99 (95% CI: 82.77–123.21) minutes in 

patients who used Hospital Fit. These differences might be explained by the fact 

that, in our study, PA was monitored continuously for 24 h per day and patients 

scheduled for a prolonged stay in an outpatient rehab clinic were excluded. So far, 

no studies have investigated the amount of time spent active in hospitalized 

patients following THA. 

 

One of the main aims of Hospital Fit is to decrease the negative effects of 

sedentary behavior in hospitalized patients through stimulating the amount of time 

spent active. As hospitalized patients spend over 92% of their time lying or sitting12-14, 

the number of minutes spent standing and walking per day is deemed the most 

appropriate sensor-based outcome variable for Hospital Fit. Additionally, it is a 

practical outcome variable since it is easily interpreted by patients and 

physiotherapists. 

 

Three studies investigated intensity (activity counts) as an outcome variable in 

monitoring the PA of hospitalized patients following TKA52-54 and THA52,53. We believe 

however, that monitoring the time spent active is more meaningful than monitoring 

intensity levels (activity counts) in the early recovery phase after surgery. First, the 

intensity of PA as perceived by patients may deviate from the intensity measured 

by the accelerometer. During the first days after surgery, patients may perceive 

ambulation at low walking speeds as a high intensity activity, while the 

accelerometer objectively classifies this as a low intensity activity. Second, in the 

early recovery phase after surgery, the focus of physiotherapy lies on the recovery 

of activities which are essential to perform at home, such as walking and stair 

climbing. The focus does not lie on the intensity of the activities performed. 

 

Three studies investigated step counts as an outcome variable in the monitoring of 

PA of hospitalized patients following TKA28,55,56 and THA55. Using step counts to 

quantify PA has advantages since it is specific to ambulation and is easily 

interpreted by patients and physiotherapists57. However, during the early recovery 

phase after TKA and THA, all patients require a walking aid, and slow and impaired 
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gaits are common58. Several studies have shown that these factors decrease the 

validity of activity trackers to measure step counts59-62. Furthermore, movements of 

the arms or legs performed in bed or on a chair may result in an overestimation of 

the number of steps taken. We therefore consider the time spent active a more 

appropriate outcome variable for Hospital Fit than step counts. 

 

The present study investigated an mHealth tool which uses a multimodal approach, 

tailored specifically to the needs of hospitalized patients and their physiotherapists. 

Besides objective activity monitoring, Hospital Fit also provides patients insight into 

their recovery progress and offers physiotherapists the option of creating a patient-

specific exercise program supported by videos. Recently, an increasing number of 

other mHealth tools have been investigated within the orthopedic rehabilitation 

pathway28-30,63-69. These tools are predominantly prescribed in support of outpatient 

physiotherapy. Besides monitoring PA, they are being used to offer biofeedback in 

exercise programs, monitor the range of motion (ROM) of the knee joint, capture 

PROMs, provide educational material and enable telerehabilitation. 

 

Inertial measurement units (IMUs) contain accelerometers paired with gyroscopes 

and magnetometers, to provide a detailed analysis of limb movements and 

orientations within a spatial reference frame45. The use of IMUs enables patients to 

receive feedback on the performance of their exercise technique based on 

supervised machine learning. It also enables counting exercise repetitions as well as 

recording the ROM of the knee joint. These options can offer additional motivation 

and feedback to enhance adherence, and can positively impact the patient 

experience and clinical outcome. Although this technology seems promising, there is 

a need for such systems to demonstrate a real-world accuracy validation70,71. 

 

Furthermore, some mHealth tools describe using the internal proprietary algorithm 

of the patient’s smartphone to passively measure their step count28,29. This requires 

patients to carry their smartphones with them in order to not make an 

underestimation of the amount of PA performed. During hospitalization however, 

patients often wear hospital gowns or pajamas without pockets, or leave their 

smartphones on their nightstand. Therefore, monitoring PA through a smartphone is 

not recommended in hospitalized patients. Hospital Fit is equipped with an 

accelerometer attached to the upper leg, and the algorithm is able to differentiate 

lying and sitting from standing and walking in patients using walking aids, or with 

slow or impaired gait. This is an advantage over many smartphones and 

commercially available activity trackers and one of the reasons Hospital Fit was 

developed. 

 

This study was not without limitations. We acknowledge that with the current study 

design, the results may not only be attributable to the introduction of Hospital Fit. 
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The current design enabled us to effectively use the time in which Hospital Fit was 

developed to include patients in the control group, and give us a first impression of 

the potential of Hospital Fit. Unfortunately, due to technological challenges, the 

development of Hospital Fit took longer than anticipated. Although the clinical care 

pathway and physiotherapy treatment did not change during this period, awareness 

on the importance of PA during hospitalization might have increased among 

patients and healthcare professionals, which may have resulted in a bias in favor of 

the intervention group. This could have led to a slight overestimation of the results. 

 

Additionally, the individual functionalities of Hospital Fit were not investigated in this 

pilot study. Therefore, we cannot establish the relationship between each 

functionality and PA. Enabling this would have provided valuable information 

regarding the contribution of the different functionalities on the influence of 

Hospital Fit. 

 

Furthermore, when this study was designed in 2016, the median (range) 

postoperative LOS was 6 (4–10) days. The implementation of a new clinical care 

pathway in November 2016 has resulted in a reduction in the median (range) LOS to 

4 (3–12) days, leaving a relatively short period to introduce and use Hospital Fit8. In 

our study, the majority of patients were discharged on POD2 and data for only 

23 patients were available on POD2. Because the data of these remaining 

23 patients were not representative of the whole population and resulted in 

insufficient power to perform a regression analysis, only data on the amount of PA 

performed on POD1 were included in the analysis. 

 

The present study has a number of important implications for daily practice and 

future research. First, the results show that Hospital Fit has the potential to enhance 

the amount of PA and functional recovery in hospitalized patients, especially when 

the hospital stay permits the use of the application for a longer period. Second, 

since the literature on the amount of PA performed in hospitalized patients 

following TKA and THA is scarce, this study contributes to the knowledge of the PA 

behavior of this population. Third, continuous objective monitoring provides patients 

and their physiotherapists the advantage of being able to set goals regarding the 

amount of PA. However, reference values regarding the optimal amount of PA after 

surgery do not exist yet. Hospital Fit and the data it creates have tremendous 

potential, because continuous PA monitoring as part of standard care will enable 

creating population norms for PA. 

 

In order to determine the effectiveness of Hospital Fit, it is recommended that this 

pilot study should be followed by a larger, cluster randomized controlled trial in a 

population of hospitalized patients with a longer LOS. In order to determine the 
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effect of each functionality of Hospital Fit on PA, investigating the individual 

functionalities is recommended as well. 

CONCLUSIONS 

This pilot study aimed to gain a first impression of whether Hospital Fit has the 

potential to improve the amount of PA and shorten the time until functional 

recovery is achieved in hospitalized patients following orthopedic surgery. The 

results show an increase in patients’ time spent standing and walking, as well as 

higher odds of functional recovery on POD1 due to the introduction of Hospital Fit. 

This study shows that a smartphone app combined with an accelerometer 

demonstrates potential to enhance patients’ PA levels and recovery processes 

during hospitalization. 
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ABSTRACT 

Background 

Low amounts of physical activity (PA) and prolonged periods of sedentary activity 

are common in hospitalized patients. Objective PA monitoring is needed to prevent 

the negative effects of inactivity, but a suitable algorithm is lacking. The aim of this 

study is to optimize and validate a classification algorithm that discriminates 

between sedentary, standing, and dynamic activities, and records postural 

transitions in hospitalized patients under free-living conditions.  

 

Methods 

Optimization and validation in comparison to video analysis were performed in 

orthopedic and acutely hospitalized elderly patients with an accelerometer worn on 

the upper leg. Data segmentation window size (WS), amount of PA threshold (PA Th) 

and sensor orientation threshold (SO Th) were optimized in 25 patients, validation 

was performed in another 25. Sensitivity, specificity, accuracy, and (absolute) 

percentage error were used to assess the algorithm’s performance. 

 

Results 

Optimization resulted in the best performance with parameter settings: WS 4 s, PA 

Th 4.3 counts per second, SO Th 0.8 g. Validation showed that all activities were 

classified within acceptable limits (>80% sensitivity, specificity and accuracy, ±10% 

error), except for the classification of standing activity. 
 

Conclusions 

As patients need to increase their PA and interrupt sedentary behavior, the 

algorithm is suitable for classifying PA in hospitalized patients. 
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INTRODUCTION 

Low amounts of physical activity (PA) and prolonged periods of uninterrupted 

sedentary activity are common in hospitalized patients. Patients spend between 87 

and 100% of their day lying in bed or sitting in a chair1–5. Little time is spent being 

active, and bouts of standing and walking are usually short6,7. This sedentary 

behavior is found in all patient subpopulations. On average, surgical inpatients 

spend 10 to 71 min per day standing and walking1,8–10, compared to 66 to 117 min for 

geriatric inpatients7,11–13, 1 to 184 min for medical inpatients14–20, 10 to 86 min for post-

stroke inpatients21–26, and 0 min for patients admitted to the intensive care unit27,28. 

 

Low amounts of PA and prolonged periods of uninterrupted sedentary activity 

during hospitalization have been associated with functional decline29,30, a decline in 

physical performance30, increased insulin resistance30, increased length of stay31
, 

increased risk of institutionalization16, and mortality29,32–34. To reduce the risks of 

these negative effects, interventions aimed at increasing the amounts of PA and 

breaking up prolonged periods of sedentary activity are essential30,35–39. In order to 

support (i.e., perform and/or evaluate) such interventions, it is necessary to 

measure patients’ PA behavior in an objective and accurate way2,40,41
. 

 

Monitoring patients’ PA behavior during hospitalization is commonly performed 

using self-reported measures, behavior mapping, or wearable activity 

monitors1,2,40,42. Self-reported measures (e.g., surveys or diaries) are subjective and 

show low validity and reliability40,42,43. Behavior mapping involves direct, structured 

observation and classification of patients’ PA behavior by observers44,45. This is 

labor-intensive and may intrude upon patients’ privacy41,46. Moreover, it may under- 

or overestimate amounts of PA and periods of uninterrupted sedentary activity 

when observations are performed during daytime hours only, or when sampled at 

brief intervals (e.g., one minute in every ten minutes)16,41,46–48. As bouts of walking 

often last less than two minutes, they might not be recorded, resulting in an 

underestimation of the amount of PA. Wearable activity monitors, such as 

accelerometers, allow for objective, continuous quantification and classification of 

patients’ PA behavior over longer time periods, with minimal effort and 

invasiveness1,2,6,41,49,50. Despite all their advantages, accelerometers have not been 

widely integrated in clinical practice, due to issues relating to feasibility, reliability, 

and validity2,41,50. Accelerometers measure raw accelerations obtained from 

movements of a body or a body segment. PA behavior is then estimated by 

applying an algorithm to the raw data51
. Most algorithms are built with the same 

conceptual building blocks, viz., (1) a pre-processing phase to remove artifacts from 

the raw data, (2) data segmentation, (3) extraction of data features, and (4) a 

classifier that translates the raw data into interpretable outcome measures52–57
. 

 



CHAPTER SIX 

124 

The performance metrics of an algorithm to measure patients’ PA behavior are 

influenced by patient characteristics (e.g., age, walking speed, gait pattern, and the 

use of a walking aid), sensor wear location, number of sensors used, and outcome 

parameters (e.g., classifying activities, step count, and intensity)41,42. Time spent in 

dynamic activities (e.g., walking, stair climbing) and the classification of postural 

transitions from sedentary to upright position are the most relevant outcome 

parameters for hospitalized patients, as they need to increase their amount of PA 

and interrupt prolonged periods of sedentary activity1,35,45. Most accelerometer 

algorithms are validated in healthy adults and lack the sensitivity to classify slow or 

impaired gait58,59
. They are not able to accurately differentiate slow gait and 

shuffling from standing. However, slow and impaired gait, as well as the frequent 

use of walking aids, are common in hospitalized patients. As a result, using an 

algorithm that is validated in healthy adults in a population of hospitalized patients 

would require optimization and validation of the algorithm’s performance41. Previous 

studies have shown that the validity of existing algorithms to discriminate between 

sedentary, standing, and dynamic activities, and to classify postural transitions in 

hospitalized patients, varies and is usually investigated in small study 

samples12,35,45,46,48,55,60–62. A suitable algorithm for hospitalized patients that is able to 

discriminate between standing and dynamic activities, as well as to classify postural 

transitions, is currently lacking63. 

 

Recently, Hospital Fit (HFITAPP0, Maastricht Instruments B.V., Maastricht, The 

Netherlands), a smartphone application connected to an accelerometer, was 

developed to enable PA monitoring and to stimulate recovery in hospitalized 

patients1. The algorithm embedded in this accelerometer is able to differentiate time 

spent being sedentary (lying/sitting) from time spent being active 

(standing/dynamic) in hospitalized patients. The current study is built upon Hospital 

Fit by aiming to discriminate between standing and dynamic activities and by 

classifying postural transitions. Bijnens et al. have presented an adjustable PA 

classification algorithm that is validated to discriminate between sedentary, 

standing, and dynamic activities in healthy elderly persons49. Its easily adjustable 

parameters enable the performance of this algorithm to be optimized for different 

target populations and sensor wear locations. The algorithm had not yet been 

optimized or validated in hospitalized patients. Doing so and implementing the 

proposed algorithm in Hospital Fit would improve PA monitoring in hospitalized 

patients. The aim of this study was therefore to optimize and validate a PA 

classification algorithm which is able to discriminate between sedentary, standing, 

and dynamic activities, and to detect postural transitions among hospitalized 

patients. We assessed the concurrent validity of the algorithm to classify sedentary, 

standing, and dynamic activities and detect postural transitions in hospitalized 

patients, by checking it against video analysis. 
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MATERIALS AND METHODS 

Study design 

This single-center, prospective validation study was conducted at Maastricht 

University Medical Center (MUMC+) in Maastricht, The Netherlands, between 

November 2019 and March 2020. 

Study population 

Patients who received physical therapy and were (1) admitted for elective total knee 

arthroplasty (TKA) or total hip arthroplasty (THA) at the Department of Orthopedic 

Surgery and Traumatology, or (2) aged 70 years or older and acutely hospitalized 

at the Department of Internal and Geriatric Medicine at the MUMC+ were invited to 

participate. Patients were recruited during weekdays. Patients scheduled for elective 

TKA or THA received verbal and written information about the study from their 

physical therapist four to six weeks prior to surgery, during preoperative screening. 

A researcher contacted the patients during their hospitalization, and written 

informed consent was obtained before they entered the study. Acutely hospitalized 

elderly patients received verbal and written information about the study from their 

physical therapist during their first physical therapy session. Informing these 

patients prior to hospitalization was not possible because they were admitted 

acutely. A researcher contacted the patients the next day. If patients were 

interested in participating, an informed consent form was provided by the 

researcher and written informed consent was obtained before they entered the 

study. Informed consent was signed in the patient’s own room. Confidential 

processing of data and anonymity were guaranteed. 

 

Patients were eligible if they met the following inclusion criteria: receiving physical 

therapy, aged 18 years or older and admitted for TKA or THA at the Department of 

Orthopedic Surgery and Traumatology, or aged 70 years or older and acutely 

admitted at the Department of Internal and Geriatric Medicine, having been able to 

walk independently two weeks prior to admission as scored on the Functional 

Ambulation Categories (FAC >3)64, and having a sufficient understanding of the 

Dutch language. Exclusion criteria were: the presence of contraindications to 

walking or wearing an accelerometer on the upper leg, admission to the intensive 

care unit, impaired cognition (delirium / dementia) or being incapacitated as 

reported by the attending doctor, a life expectancy of less than three months, and 

previous participation in this study. 

 

This study was performed in compliance with the Declaration of Helsinki and was 

approved by the Medical Ethics Committee of the University Hospital Maastricht and 

Maastricht University (METC azM/UM), registration number 2019-1265. 
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Data collection 

Fifty patients were enrolled after signing the informed consent. The sample size of 

50 corresponds to that used in previous validation studies, which included 8 to 99 

participants35,42,46,62,65–70. Optimization of the adjustable algorithm described by 

Bijnens et al. was performed on data of 25 patients49. Validation of the optimized 

algorithm was then performed on data of the remaining 25 patients. After inclusion, 

patients were randomized 1:1 to the optimization or validation group, using a 

stratified block randomization. To ensure an equal distribution of orthopedic and 

elderly patients within the optimization and validation groups, patients were first 

stratified by department (‘Orthopedic Surgery and Traumatology’ or ‘Internal and 

Geriatric Medicine’) before they were randomized (Figure 6.1). The randomization 

and allocation of patients was carried out by an independent researcher. The 

randomization schedule was created using a computer-based random number 

generator. Medical and demographic data (age, sex, and use of a walking aid) were 

extracted from the electronic patient records. Missing data were not substituted and 

drop-outs were not replaced. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1 After stratification according to department, 50 patients were randomly assigned to the 

optimization or validation group. 

 

 

All patients received a referral to usual care physical therapy from their physician. 

As physical therapy sessions often comprise a significant part of the patients’ PA 

behavior during their hospital stay, a randomly selected physical therapy session 

was used to collect data under free-living conditions. This could range from the first 

to the last physical therapy session, which enabled the performance of the 

algorithm to be investigated in a variety of patients with different gait patterns. 

Physical therapy sessions were aimed at increasing PA and stimulating functional 

recovery of activities of daily living which are essential in order to function 

independently at home. Sedentary, standing, and dynamic activities (e.g., walking, 

stair climbing) as well as postural transitions from sedentary (sitting/lying) to 
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upright (standing/dynamic) positions were performed at least once during each 

physical therapy session. The exact content of physical therapy sessions depended 

on the diagnosis and needs of the individual patients. The order, pace, and duration 

of activities varied between individuals. If necessary, patients used a walking aid. 

This study did not interfere with the content of the physical therapy sessions. 

Video recordings 

Patients were recorded from the waist down using a handheld camera (HDC-HS60, 

Panasonic, Osaka, Japan). Recording the faces or other people within the hospital 

wards was avoided. The video recordings served as a reference for the 

classification of sedentary, standing, and dynamic activities, as well as for the 

detection of postural transitions. Video recording was used as the gold standard in 

activity monitoring, as it allows the most accurate activity classification, and offers 

the possibility to reanalyze data by single or multiple observers71–73. After the 

physical therapy session, the video recordings were uploaded to a computer. 

Acceleration data 

Acceleration data were acquired with a MOX Activity Logger (MOX; Maastricht 

Instruments, Maastricht, The Netherlands (Figure 6.2A)). The MOX contains a tri-axial 

accelerometer sensor (ADXL362; Analog Devices, Norwood, MA, USA). The small, 

lightweight, waterproof device (35 × 35 × 10 mm, 11 g) measures raw acceleration 

data (±8 g) for three orthogonal sensor axes (X, Y, and Z) at a 25 HZ sampling rate, 

and stores the data directly in its internal memory. Each axis is factory-calibrated 

against gravity. The MOX is capable of measuring and storing data continuously for 

up to seven days. Data analysis is performed offline. After uploading the raw 

acceleration data provided by the MOX to a computer, an algorithm can be applied 

to these raw data. The MOX has been successfully used as an activity logger for PA 

monitoring in colorectal cancer survivors, chronic organ failure patients, total knee 

and hip arthroplasty patients, and healthy elderly subjects1,40,49,74,75. 

 

The MOX uses a custom-made, double-sided, waterproof, hypoallergenic patch for 

body attachment. Prior to the physical therapy session, this patch was used to 

attach the MOX to the upper leg (ten centimeters proximal of the patella, Figure 

6.2B). The upper leg location was chosen as it allows for classification of body 

postures and movements (e.g., lying/sitting, standing, walking)76–78. For the 

orthopedic patients, the MOX was attached to the non-operated leg. For the acutely 

hospitalized elderly patients, the MOX was attached to the right leg. Both at the 

beginning and the end of the physical therapy session, the researcher tapped the 

MOX twice for the purpose of post-hoc synchronization between the video recording 

and the raw acceleration data. After the treatment session, the MOX was removed 

and the raw acceleration data were uploaded to a computer via a USB connection. 
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Figure 6.2 The MOX activity logger (A) and the wear location on the upper leg (B). 

 

Data analysis 

Video recordings 

All video recordings were continuously classified as (1) sedentary, (2) standing, or (3) 

dynamic activities using the Behavioral Observation Research Software (BORIS, 

v7.9.19)79. Postural transitions were recorded when a sedentary activity was followed 

by a standing or dynamic activity. Three trained observers (R.S., H.C.v.D.-H., J.M.N.E.) 

were given clear definitions to classify each activity or transition (Table 6.1). 

 

Each video recording was independently analyzed by two observers. In order to 

minimize bias, different combinations of observers were used. Observers were 

blinded to the classifications made by other observers and by the algorithm. Using 

video recordings as a gold standard requires high inter-observer reliability. This was 

assessed based on the total time per activity per patient, using the intraclass 

correlation coefficient (ICC, two-way random, absolute agreement). An ICC ≥0.9 was 
considered high80. 

 
Table 6.1 Definitions for activity classification of the video recordings. 

Activity Definition 

Sedentary Patient is in a seated or lying position (angle between upper leg and gravity vector  

<60 degrees) 

Standing Patient is in an upright position (angle between upper leg and gravity vector  

>60 degrees) for more than 2 s without activity of the lower extremities 

Dynamic Patient performs physical activity with the lower extremities for at least 2 s, such as 

walking, stair climbing, or cycling 

Postural Transitions Transition from a sedentary activity to a standing or dynamic activity 
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Algorithm optimization 

The adjustable classification algorithm previously described by Bijnens et al.49 was 

used as the starting point for the optimization process. This algorithm contains three 

parameters that can be easily adjusted for target population and sensor wear 

location: (1) data segmentation window size (WS), (2) amount of physical activity 

threshold (PA Th), and (3) sensor orientation threshold (SO Th). The algorithm was 

recently validated to discriminate between sedentary, standing, and dynamic 

activities in healthy elderly persons with an upper leg wear location. The parameter 

settings of this algorithm were referred to as MOXAL (WS: 2 s, PA Th: 7 counts per 

second (cps), SO Th: 0.8 g)49. 

 

To determine the performance of MOXAL in hospitalized patients with an upper leg 

wear location, we applied it to the raw acceleration data of our optimization group. 

MATLAB (R2018b; The MathWorks Inc., Natick, MA, USA) was used to convert the raw 

acceleration data into classifications of sedentary, standing, or dynamic activities 

for each data segmentation window. 

 

The classification accuracy of the algorithm was assessed by calculating sensitivity, 

specificity, and accuracy for each activity81. The acceleration data were manually 

synchronized with the data of the video recordings. Data of the video recordings 

were segmented into windows of similar length as the algorithm’s data 

segmentation window size, in order for it to be used as a reference. The main 

activity within each window was used as a comparator. For each individual, activity 

classifications derived from MOXAL were compared with classifications derived 

from the video recordings in a confusion matrix. Comparisons were made for each 

window within the entire measurement period. The confusion matrix showed how 

often activity classifications were detected correctly by the algorithm in comparison 

with the video classifications, and how often activities were classified differently. 

Confusion matrices were derived for sedentary, standing, and dynamic activities as 

described by Ruuska et al.81. Figure 6.3 provides an example of a confusion matrix 

for dynamic activity. To assess the performance accuracy for postural transitions, a 

synchronized time array was created for the annotated video data and algorithm 

classifications, in order to create a confusion matrix. In this time array, a sedentary 

window followed by a standing or dynamic window was given the value “one,” 

whereas adjacent windows of the same activity were given the value “zero.” 

Sensitivity, specificity, and accuracy were subsequently calculated per activity and 

for postural transitions (Equations (A1)–(A3))81. Additionally, the classification 

accuracy was calculated over all activities (total), based on the sum of the 

confusion matrices of the separate activities. 
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Figure 6.3 Binary confusion matrix for the classification of dynamic activities per patient. True positive 

(TP) = number of windows correctly classified by the algorithm as dynamic; false positive (FP) 

= number of windows incorrectly classified as dynamic; true negative (TN) = number of 

windows correctly classified as not dynamic, and false negative (FN) = number of windows 

incorrectly classified as not dynamic. 

 

 

To assess the classification error of the algorithm, percentage error (PE) and 

absolute percentage error (APE) were calculated per activity (Equations (A4) and 

(A5))49. PE and APE reflect the error between the video recordings and the 

algorithm, and were assessed based on the total time per activity as classified by 

the video recordings. To assess the error of postural transitions, the total numbers 

of postural transitions determined by the video classifications and the algorithm 

were compared. A negative PE value reflects an overestimation by the algorithm, 

while a positive PE value reflects an underestimation. APE does not differentiate 

between over- or underestimation, and thus provides an indication of the 

magnitude of the error. As PE and APE are relative measures, it is possible to 

compare them across studies51. Additionally, the errors over all activities (total) were 

calculated as the sum of the errors of the separate activities. 

 

All performance metrics of the classification accuracy and error were determined 

for each individual, and medians (Q1 to Q3) were calculated per group. The median 

and interquartile ranges were used to present non-normally distributed data. 

Sensitivity, specificity, and accuracy values of 80% or higher were considered 

acceptable71,82. PE ± 10% and APE lower than 10% were considered to be within 

acceptable limits83,84. 

 

During the optimization phase, the parameter settings of MOXAL (WS, PA Th, and SO 

Th) were adjusted to reduce the total activity APE. Out of a set of 4025 

combinations (WS ranging from 0.4 s to 10 s in steps of 0.4 s, PA Th ranging from 

2 cps to 6 cps in steps of 0.025 cps), the parameter settings resulting in the lowest 

total activity APE were referred to as MOXALOpt (WS: 0.8 s, PA Th: 3.85 cps, SO Th: 0.8 

g).  The performance metrics (sensitivity, specificity, accuracy, PE, and APE) of 

MOXALOpt were assessed in the same way as for MOXAL. As the optimization did not 
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sufficiently improve the performance of the algorithm, additional modifications had 

to be introduced. 

 

Since the amount of PA for dynamic activity was very low for the hospitalized 

patients, there was a relatively small difference in the amount of PA between 

standing and dynamic activities. This small difference made it challenging to find an 

appropriate PA Th. Therefore, additional modifications were introduced regarding 

the decision tree and the calculation of the amount of PA. The decision tree was 

modified to first discriminate between sedentary and upright windows based on the 

SO Th. Next, the upright windows were further classified as standing or dynamic 

activity based on the PA Th. Furthermore, in MOXAL and MOXALOpt, the amount of 

PA was calculated by combining the raw acceleration data of the three orthogonal 

sensor axes. In the modified algorithm, only the most sensitive axis was used, to 

avoid masking effects of other axes and improve the calculation of the amount of 

PA. Walking produces a distinct pattern in both anterior-posterior and vertical 

directions. In patients who walk slowly, especially those using walking aids, the 

anterior-posterior acceleration signal is more pronounced than the vertical 

acceleration signal55. Using the anterior-posterior axis was therefore expected to 

improve the calculation of the amount of PA in hospitalized patients and 

consequently improve the classification of standing and dynamic activities. 

 

After these modifications, the algorithm was optimized again by adjusting the 

parameter settings. Using the same 4025 combinations as before, the parameter 

settings resulting in the lowest total APE were referred to as HFITAL (WS: 4 s, PA Th: 

4.3 cps, SO Th: 0.8 g). Next, the performance metrics of HFITAL were assessed in the 

same way as for MOXAL. A schematic overview of the data processing of HFITAL is 

shown in Figure A6.1. 

Algorithm validation 

After the algorithm had been optimized, it was validated by assessing the 

performance of the optimized algorithm in a different group of patients within the 

same target population. Data of the validation group were used to assess the 

performance metrics of HFITAL as regards classifying sedentary, standing, and 

dynamic activities and detecting postural transitions in hospitalized patients in 

comparison to the video analysis. The performance metrics (sensitivity, specificity, 

and accuracy, PE, and APE) were calculated in the same way as described above for 

the algorithm optimization. In addition, a subgroup analysis was performed in which 

the performance metrics were assessed for acutely hospitalized elderly patients 

and orthopedic patients separately, providing more insight into the performance of 

the algorithm in the two groups. 
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RESULTS 

Participant characteristics 

Of the 50 participating patients, four (8.0%) were excluded due to problems with 

synchronization or technical complications. This resulted in 46 (92.0%) patients for 

analysis, with 22 (47.8%) in the optimization group and 24 (52.2%) in the validation 

group. The baseline characteristics of patients included in the optimization and 

validation groups are reported in Table 6.2. 

Inter-observer reliability 

The inter-observer reliability of the classification of activities based on the video 

recordings was high. The ICC values for the optimization group were 1.000, 0.994, 

and 0.995 for sedentary, standing, and dynamic activities, respectively. The ICC 

values for the validation group were 1.000 for sedentary and dynamic activities, and 

0.997 for standing activity. 

 
Table 6.2 Characteristics of study participants in the optimization and validation groups. 

 Optimization Group Validation Group 

Characteristic All Patients  

 

 

 

(n=22) 

Acutely 

Hospitalized 

Elderly 

Patients  

(n=11) 

Orthopedic 

Patients  

 

 

(n=11) 

All Patients  

 

 

 

(n=24) 

Acutely 

Hospitalized 

Elderly 

Patients  

(n=12) 

Orthopedic 

Patients 

 

 

(n=12) 

Sex, female (n, %) 7 (31.8%) 2 (18.2%) 5 (45.5%) 14 (58.3%) 7 (58.3%) 7 (58.3%) 

Age, years  

(median, Q1 to Q3) 

75.4  

(72.6 to 82.0) 

82.0  

(75.4 to 87.7) 

73.7  

(66.4 to 76.0) 

75.8  

(70.3 to 85.5) 

84.7  

(77.0 to 88.3) 

70.1  

(61.2 to 75.5) 

Walking Aid (n, %) 20 (90.9%) 11 (100.0%) 9 (81.8%) 21 (87.5%) 12 (100.0%) 9 (75.0%) 

 

Algorithm optimization 

The median (Q1 to Q3) duration of the measurement protocol for patients in the 

optimization group was 12.3 (8.3 to 15.0) minutes per patient. The median (Q1 to Q3) 

times spent performing sedentary and standing activities were 3.0 (0.7 to 7.4) and 

2.1 (1.5 to 3.9) minutes per patient, respectively. The majority of time was spent 

performing dynamic activity, with a median (Q1 to Q3) time of 4.9 (3.9 to 6.5) 

minutes per patient. 

 

Applying MOXAL to the acceleration data of the optimization group resulted in the 

performance metrics shown in Table 6.3 and Figure 6.4. All performance metrics are 

expressed as median percentages (Q1 to Q3). MOXAL resulted in a low sensitivity of 

79.0% (40.1% to 92.9%) and a high APE of 18.2% (3.4% to 55.4%) for the classification 

of dynamic activity, as well as a high PE of −33.1% (−114.8% to 1.1%) and an APE of 
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34.0% (6.1% to 114.8%) for the classification of standing activity. Total APE was 18.9% 

(4.2% to 51.0%). 

 

Applying MOXALOpt to the data of the optimization group resulted in a low sensitivity 

of 74.5% (42.3% to 88.0%) for the classification of dynamic activity and high PE 

values of 10.4% (6.1% to 17.4%), −42.9% (−106.8% to 1.4%), and −200.0% (−290% to 
−150%) for the classification of sedentary activities, standing activities, and postural 
transitions, respectively. None of the APE values fell within the acceptable limits. 

Total APE was 11.8% (8.7% to 56.0%). Since the performance metrics of MOXALOpt did 

not improve compared to MOXAL (in some cases they even deteriorated), additional 

modifications were introduced to the algorithm, resulting in the optimized algorithm 

HFITAL. 

 

Applying HFITAL to the acceleration data of the optimization group resulted in 

acceptable performance metrics, for both the classification of sedentary, dynamic, 

and total activities, and for the detection of postural transitions. Only the sensitivity 

of 67.3% (57.1% to 76.4%), the PE of 20.2% (−10.1% to 30.5%), and the APE of 25.1% 

(11.8% to 35.5%) for the classification of standing activity did not fall within the 

acceptable limits. Total APE was 7.6% (4.8% to 15.3%). 

 

A detailed overview of the parameter settings of the activity classification 

algorithms evaluated during the optimization process, and a schematic overview of 

the data processing of HFITAL, can be found in Table A6.1 and Figure A6.1. A 

graphical representation of the raw acceleration data, the video annotations, and 

the classification by MOXAL, MOXALOpt, HFITAL is given as an example in Figure 

A6.2. Detailed numeric results can be found in supplementary material Spreadsheet 

S1: S1_OptimizationResults.xlsx. 
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Table 6.3 Median values (Q1 to Q3) of the performance metrics (%, sensitivity, specificity, accuracy, PE, 

and APE) of the classification of activities by MOXAL, MOXALOpt, and HFITAL within the 

optimization group (n=22). 

Activity Algorithm Sensitivity (%) Specificity (%) Accuracy (%) PE (%) APE (%) 

Sedentary MOXAL 95.6 

(88.3 to 98.0) 

99.1 

(98.1 to 99.6) 

98.5 

(97.4 to 98.9) 

2.6 

(0.5 to 8.7) 

3.2 

(1.0 to 11.4) 

MOXALOpt 88.0 

(79.5 to 93.3) 

99.0 

(99.0 to 100.0) 

96.0 

(96.0 to 97.0) 

10.4 

(6.1 to 17.4) 

10.4 

(6.1 to 17.4) 

HFITAL 97.7 

(96.2 to 100.0) 

97.1 

(95.2 to 99.2) 

97.5 

(95.3 to 98.9) 

−2.1 
(−4.4 to 3.6) 

3.8 

(2.3 to 7.2) 

Standing  MOXAL 87.4 

(79.9 to 93.1) 

89.4 

(64.4 to 97.3) 

88.8 

(71.6 to 94.4) 

−33.1 

(−114.8 to 1.1) 
34.0 

(6.1 to 114.8) 

MOXALOpt 84.0 

(76.3 to 88.8) 

87.5 

(59.0 to 93.0) 

86.0 

(66.3 to 90.3) 

−42.9 

(−106.8 to 1.4) 

42.9 

(8.0 to 106.8) 

HFITAL 67.3 

(57.1 to 76.4) 

96.8 

(90.5 to 98.9) 

90.3 

(87.3 to 92.5) 

20.2 

(−10.1 to 30.5) 
25.1 

(11.8 to 35.5) 

Dynamic  MOXAL 79.0 

(40.1 to 92.9) 

96.1 

(90.2 to 97.5) 

84.1 

(72.3 to 94.6) 

8.8 

(−2.6 to 55.4) 
18.2 

(3.4 to 55.4) 

MOXALOpt 74.5 

(42.3 to 88.0) 

89.5 

(84.8 to 94.0) 

84.5 

(63.4 to 89.0) 

8.7 

(−9.0 to 50.7) 

17.5 

(8.7 to 56.0) 

HFITAL 93.6 

(85.9 to 96.2) 

92.2 

(84.4 to 94.9) 

90.9 

(86.5 to 94.2) 

−3.2 

(−8.2 to 4.7) 
6.9 

(3.1 to 16.8) 

Total MOXAL 83.2 

(71.0 to 93.8) 

91.6 

(85.5 to 96.9) 

88.8 

(80.7 to 95.8) 

0.1 

(−0.1 to 0.3) 
18.9 

(4.2 to 51.0) 

MOXALOpt 82.9 

(62.9 to 87.3) 

91.4 

(81.5 to 93.6) 

88.6 

(75.3 to 91.5) 

−0.1 

(−0.1 to 0.1) 
11.8 

(8.7 to 56.0) 

HFITAL 89.7 

(86.1 to 91.5) 

94.8 

(93.1 to 95.7) 

93.1 

(90.7 to 94.3) 

0.2 

(−0.1 to 0.4) 
7.6 

(4.8 to 15.3) 

Postural 

Transitions 

MOXAL 100.0 

(100.0 to 100.0) 

100.0 

(100.0 to 100.0) 

100.0 

(100.0 to 100) 

0.0 

(0.0 to 0.0) 

0.0 

(0.0 to 19.0) 

MOXALOpt 100.0 

(100.0 to 100.0) 

96.1 

(93.6 to 98.1) 

96.2 

(93.8 to 98.1) 

−200.0 

(−290.0 to −150.0) 

200.0 

(150.0 to 190.0) 

HFITAL 100.0 

(100.0 to 100.0) 

100.0 

(100.0 to 100.0) 

100.0 

(100.0 to 100.0) 

0.0 

(0.0 to 0.0) 

0.0 

(0.0 to 13.0) 

PE = percentage error. APE = absolute percentage error. MOXAL = adjustable classification algorithm 

validated in community-dwelling healthy elderly persons with an upper leg wear location, used as the 

starting point for the optimization process. MOXALOpt = classification algorithm after optimization of three 

adjustable parameter settings of MOXAL to reduce absolute percentage error for total activity. HFITAL = 

classification algorithm after additional modifications were introduced to MOXAL regarding the decision tree 

and the calculation of the amount of physical activity. 



 OPTIMIZATION AND VALIDATION OF A CLASSIFICATION ALGORITHM 

135 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Performance metrics (%, Sensitivity (A), specificity (B), accuracy (C), percentage error (D), and 

absolute percentage error (E)) of the classification of activities by MOXAL, MOXALOpt, and 

HFITAL within the optimization group. All individual values are shown. Acceptable limits are 

represented by dashed lines. MOXAL is represented in black, MOXALOpt in brown, and HFITAL in 

blue. (MOXAL = adjustable classification algorithm validated in community-dwelling healthy 

elderly persons with an upper leg wear location, used as the starting point for the optimization 

process. MOXALOpt = classification algorithm after optimization of three adjustable parameter 

settings of MOXAL to reduce the absolute percentage error for total activity. HFITAL = 

classification algorithm after additional modifications were introduced to MOXAL regarding 

the decision tree and the calculation of the amount of physical activity). 
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(C) 

(D) (E) 
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Algorithm validation 

The median (Q1 to Q3) duration of the measurement protocol for patients included 

in the validation group was 10.8 (7.4 to 18.4) minutes per patient. The median (Q1 to 

Q3) times spent performing sedentary and standing activities were 3.7 (1.8 to 6.3) 

and 1.9 (0.4 to 4.6) minutes per patient, respectively. The majority of time was spent 

performing dynamic activity, with a median (Q1 to Q3) time of 4.4 (3.8 to 7.5) 

minutes per patient. 

 

Validation of the optimized algorithm was performed by applying HFITAL to the 

acceleration data of the validation group. This resulted in the performance metrics 

shown in Table 6.4 and Figure 6.5. The classification of activities and the detection of 

postural transitions produced sensitivity, specificity, and accuracy values above 

89.2%, while APE and PE values were below 8.6%. Postural transitions were 

accurately detected by the algorithm, showing an identical number of transitions for 

76% of the patients. In one patient, HFITAL overestimated the number of transitions 

by two. In four patients, HFITAL overestimated the number of transitions by one. 

With a sensitivity of 65.0% (34.1% to 76.9%), a PE of 21.3% (−3.9% to 50.2%) and an 
APE of 29.2% (14.6% to 55.2%), the classification of standing activity did not meet the 

acceptable limits. 

 

Subgroup analysis of the data of the acutely hospitalized elderly patients resulted in 

sensitivity, specificity, and accuracy values above 88.6%, and APE and PE values 

below 8.2% for sedentary, dynamic, and total activities, as well as postural 

transitions. However, with a sensitivity of 34.7% (20.3% to 55.3%), a PE of 49.0% (13.6% 

to 58.6%), and an APE of 51.6% (29.2% to 61.2%), the classification of standing activity 

resulted in unacceptable performance metrics. 

 

Similarly, subgroup analysis of the data of orthopedic patients resulted in sensitivity, 

specificity, and accuracy values above 88.69%, with APE and PE values below 9.1% 

for the classification of sedentary, dynamic, and total activities, as well as postural 

transitions. The classification of standing showed a sensitivity of 71.8% (65.7% to 

81.8%) and a PE of 9.1% (−18.5% to 23.7%). However, the APE values of the 

classification of standing and dynamic activities were too high (18.2% [12.8% to 

30.4%] and 12.9% [4.9% to 22.1%], respectively) (Table 6.4, Figure 6.5). Detailed 

numeric results can be found in supplementary material Spreadsheet S2: 

S2_ValidationResults.xlsx. 
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Table 6.4 Median values (Q1 to Q3) of the performance metrics (%, sensitivity, specificity, accuracy, PE, 

and APE) of the classification of activities by HFITAL within all patients of the validation group 

(n=24) and the subgroups of acutely hospitalized elderly patients (n=12) and orthopedic 

patients (n=12). 

Activity Population Sensitivity (%) Specificity (%) Accuracy (%) PE (%) APE (%) 

Sedentary All Patients 98.7 

(98.0 to 100.0) 

98.2 

(96.6 to 98.9) 

98.5 

(97.4 to 99.1) 

−1.9 

(−4.9 to −0.7) 

1.9 

(0.7 to 4.8) 

Acutely 

Hospitalized 

Elderly Patients  

98.3 

(96.5 to 99.9) 

96.9 

(93.4 to 98.2) 

97.6 

(95.6 to 98.1) 

−2.1 
(−5.4 to −1.7) 

2.1 

(1.7 to 5.4) 

Orthopedic 

Patients  

99.3 

(98.2 to 100.0) 

98.9 

(98.3 to 99.3) 

98.9 

(98.8 to 99.3) 

−0.8 

(−3.6 to 0.2) 

0.8 

(0.5 to 3.6) 

Standing All Patients 65.0 

(34.1 to 76.9) 

96.9 

(92.7 to 98.5) 

89.8 

(85.8 to 93.7) 

21.3 

(−3.9 to 50.2) 

29.2 

(14.6 to 55.2) 

Acutely 

Hospitalized 

Elderly Patients  

34.7 

(20.3 to 55.3) 

98.3 

(96.9 to 99.7) 

91.7 

(86.4 to 95.4) 

49.0 

(13.6 to 58.6) 

51.6 

(29.2 to 61.2) 

Orthopedic 

Patients  

71.8 

(65.7 to 81.8) 

93.1 

(91.4 to 96.9) 

89.6 

(81.5 to 91.6) 

9.1 

(−18.5 to 23.7) 
18.2 

(12.8 to 30.4) 

Dynamic All Patients 94.3 

(87.5 to 96.5) 

89.2 

(82.6 to 91.9) 

90.5 

(85.9 to 93.8) 

−4.2 

(−12.5 to 3.1) 
8.6 

(4.0 to 18.2) 

Acutely 

Hospitalized 

Elderly Patients  

95.6 

(94.6 to 97.9) 

88.6 

(63.9 to 91.9) 

92.2 

(87.1 to 95.1) 

−5.1 
(−11.6 to −1.6) 

6.9 

(2.2 to 15.4) 

Orthopedic 

Patients  

91.9 

(75.0 to 93.7) 

89.2 

(86.8 to 94.1) 

90.1 

(82.3 to 92.3) 

−3.6 

(−13.6 to 13.7) 

12.9 

(4.9 to 22.1) 

Total All Patients 89.2 

(83.6 to 92.8) 

94.6 

(91.8 to 96.4) 

92.8 

(89.1 to 95.2) 

0.2 

(0.0 to 0.4) 

8.6 

(5.3 to 14.7) 

Acutely 

Hospitalized 

Elderly Patients  

91.8 

(83.6 to 94.1) 

95.9 

(91.8 to 97.1) 

94.5 

(89.1 to 96.1) 

0.2 

(0.0 to 0.3) 

8.2 

(4.5 to 13.7) 

Orthopedic 

Patients  

88.9 

(79.5 to 91.1) 

94.5 

(89.8 to 95.5) 

92.6 

(86.3 to 94.1) 

0.3 

(0.1 to 0.5) 

8.6 

(6.6 to 21.4) 

Postural  

Transitions 

All Patients 100.0 

(100.0 to 100.0) 

100.0 

(100.0 to 100.0) 

100.0 

(100.0 to 100.0) 

0.0 

(0.0 to 0.0) 

0.0 

(0.0 to 0.0) 

Acutely 

Hospitalized 

Elderly Patients  

100.0 

(100.0 to 100.0) 

100.0 

(100.0 to 100.0) 

100.0 

(100.0 to 100.0) 

0.0 

(0.0 to 0.0) 

0.0 

(0.0 to 0.0) 

Orthopedic 

Patients  

100.0 

(82.3 to 100.0) 

100.0 

(100.0 to 100.0) 

100.0 

(82.3 to 100.0) 

0.0 

(0.0 to 3.1) 

0.0 

(0.0 to 14.4) 

PE=percentage error. APE=absolute percentage error. MOXAL=adjustable classification algorithm validated 

in community-dwelling healthy elderly persons with an upper leg wear location, used as the starting point 

for the optimization process. MOXALOpt=classification algorithm after optimization of three adjustable 

parameter settings of MOXAL to reduce the absolute percentage error for total activity. 

HFITAL=classification algorithm after additional modifications were introduced to MOXAL regarding the 

decision tree and the calculation of the amount of physical activity. 



CHAPTER SIX 

138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5  Performance metrics (%, sensitivity (A), specificity (B), accuracy (C), percentage error (D), and 

absolute percentage error (E)) of the classification of activities by HFITAL within the validation 

group. All individual values are shown. Acceptable limits are represented by dashed lines. “All 

Patients” are represented in black, “Acutely Hospitalized Elderly Patients” in brown, and 

“Orthopedic Patients” in blue. (MOXAL=adjustable classification algorithm validated in 

community-dwelling healthy elderly persons with an upper leg wear location, used as the 

starting point for the optimization process. MOXALOpt=classification algorithm after 

optimization of three adjustable parameter settings of MOXAL to reduce the absolute 

percentage error for total activity. HFITAL=classification algorithm after additional 

modifications were introduced to MOXAL regarding the decision tree and the calculation of the 

amount of physical activity). 
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DISCUSSION 

The primary aim of this study was to present and validate an optimized PA 

classification algorithm (HFITAL) which is able to discriminate between sedentary, 

standing, and dynamic activities, and able to detect postural transitions among 

hospitalized patients in a free-living setting. The results show that with an 

accelerometer worn on the upper leg, the best classification performance for 

HFITAL was achieved with the following parameter settings: a data segmentation 

window size (WS) of 4 s, an amount of physical activity threshold (PA Th), of 4.3 cps, 

and a sensor orientation threshold (SO Th) of 0.8 g. Validation of HFITAL showed 

that the classification of sedentary and dynamic activities, as well as the detection 

of postural transitions, produced sensitivity, specificity, and accuracy values above 

89.0% and percentage error and absolute percentage error below 8.0%. 

Furthermore, the performance metrics of the classification of sedentary and 

dynamic activities, as well as the detection of postural transitions, fell within the 

acceptable limits for at least 75.0% of the patients, indicating the robustness of 

HFITAL. With a sensitivity of 65.0%, a PE of 21.3%, and an APE of 29.2%, only the 

classification of standing activities did not fall within acceptable limits. 

 

The finding that it was difficult for HFITAL to correctly classify standing activity in 

hospitalized patients may have resulted from patients’ slow or shuffling gait and the 

frequent use of walking aids. Standing as well as slow or shuffling gait are all 

characterized by small acceleration amplitudes. These comparable acceleration 

amplitudes lead to minimal differences between the amount of PA calculated for 

standing and dynamic activities, making it more difficult to select an appropriate PA 

Th to distinguish between these activities. The algorithm could thus have mistakenly 

classified standing activity as dynamic activity, resulting in a possible 

underestimation of the time classified as standing activity and an overestimation of 

the time classified as dynamic activity. The relatively low performance metrics for 

the classification of standing activity may also be explained by the relatively small 

amount of time spent in standing activity during the measurements, compared to 

the time spent in sedentary or dynamic activities. As sensitivity, specificity, and 

accuracy are influenced by the total measurement time per activity, a few 

misclassifications of standing activity could have resulted in a relatively larger 

effect on the performance metrics of standing compared to dynamic activity. 

Lastly, in order to assess the true performance of the algorithm, we refrained from 

excluding outliers from the analysis. All these factors may have contributed to the 

low median sensitivity, PE, and APE as well as the wide Q1 to Q3 for the classification 

of standing activity by HFITAL. 

 

The subgroup analysis showed lower performance metrics for the classification of 

standing activity by HFITAL in acutely hospitalized elderly patients compared to 
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orthopedic patients. Slow gait and the use of walking aids are common in both 

populations85–87, which was confirmed by our video recordings. However, our 

recordings also showed a higher prevalence of shuffling gait in the acutely 

hospitalized elderly patients, including more time spent in double support, reduced 

step length, and reduced lifting of the feet during the swing phase of walking. These 

characteristics may have resulted in lower acceleration amplitudes for walking in 

this population, making it more difficult to correctly classify standing activity. 

Investigating the degree to which shuffling or slow gait contributed to the limited 

performance in the classification of standing activity requires further research, 

using a standardized protocol and including walking speed as an outcome measure. 

 

For the optimization of the classification algorithm, we chose total activity APE as 

the performance metric used to select the best combination of adjustable 

parameters. This metric was selected to ensure that all three activity types would be 

correctly classified. Selecting a different performance metric could result in a 

different combination of parameter settings. This may improve the performance of 

the classification of standing activity but may possibly also negatively influence the 

performance of the classification of sedentary and dynamic activities. To the best 

of our knowledge, there is no consensus on which performance metrics should 

ideally be used. Further research is recommended to investigate which performance 

metrics are most suitable for the optimization of an adjustable PA classification 

algorithm. 

 

The classification of sedentary, standing, and dynamic activities and postural 

transitions in hospitalized patients may be further improved by the use of a 

different type of classifier. Such a different type of classifier may also enable the 

classification of a broader range of activity types. Recently, pattern recognition and 

machine learning algorithms have received a great deal of attention88,89. These 

types of classifiers could possibly overcome some of the limitations of the current 

algorithm. However, they also involve a higher computational load, making them 

less suitable for embedded software. Additionally, their interpretation is less intuitive 

than the current adjustable algorithm. Future research should explore the current 

state of algorithm development in order to achieve optimal PA classification in 

hospitalized patients. Another possibility to improve the classification of PA in 

hospitalized patients may be the use of multiple accelerometers. However, this is 

not practical in a clinical setting, requires more resources, and may adversely affect 

compliance42,60,90. 

 

As we included a range of different performance metrics, we have not only 

provided a complete overview of the performance of the algorithm, but also 

enabled comparisons with others studies. Nevertheless, comparing the results of the 

current study with those of other validation studies is challenging, due to differences 
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in the validation protocols, patient populations, accelerometer types, wear locations, 

and performance metrics used. Additionally, most studies have not transparently 

reported their classification algorithms, as these are often proprietary and not 

disclosed35,46,48. Out of seven studies, only Lipperts et al. and  Pedersen et al. have 

transparently described their classification algorithms12,35,46,48,55,61,62. 

 

Most previous studies investigating the validity of accelerometers in hospitalized 

patients were able to correctly classify sedentary (lying and/or sitting) 

activities12,46,48,55,61, and all studies were able to correctly detect postural 

transitions46,55,61. However, they all experienced difficulties in accurately classifying 

standing and/or walking activities, independent of their wear locations or study 

protocols12,35,46,48,55. Brown et al. and Pedersen et al. were both unable to differentiate 

standing from walking in their respective samples of 39 and 6 acute medical 

patients aged 65 years or older. Brown et al. validated their algorithm using a free-

living protocol with an accelerometer worn at the ankle, while Pedersen et al. used a 

standardized protocol with two accelerometers, one worn at the ankle and one on 

the upper leg. Neither used post-hoc video analysis as a reference, nor did they 

investigate the validity of the algorithm to detect postural transitions12,48. Valkenet et 

al. investigated the validity of three accelerometers, each with a different algorithm 

and wear location (i.e., hip, upper thigh, and lumbar waist). Although the 

classification of walking showed good sensitivity values (90 to 95%) for all three 

wear locations, the classification of standing, sitting and lying showed lower 

sensitivity values, ranging between 13 and 79%, 57 and 94%, and 0 and 79%, 

respectively. However, the validation was performed with only two inpatients using 

a standardized protocol, and the validity of the algorithms to detect postural 

transitions was not investigated35. Baldwin et al. investigated the validity of an 

accelerometer worn at the thigh in eight patients recovering from a critical illness. 

Although the validation was performed using a free-living protocol and the validity 

of the algorithm to detect postural transitions was investigated, direct observation 

by only one observer was used as a reference. The results showed an 

overestimation of the time spent standing and an underestimation of the time spent 

walking. With median (interquartile range) APE values of 21.9% (101.1%) for time 

spent standing and 18.7% (73.1%) for time spent walking, both values exceeded our 

acceptable limit of 10%46. Although the median (Q1 to Q3) APE of 29.2% (14.6% to 

55.2%) for standing activity found for HFITAL also exceeds this limit, walking was 

detected more accurately by HFITAL. Lastly, Lipperts et al. investigated the validity 

of an accelerometer worn at the lateral side of the unaffected leg, using a 

validation protocol approaching free-living conditions in 40 patients who underwent 

total joint arthroplasty 3–14 days prior to participation. Their results showed 

accuracy values above 92% for the classification of sitting, standing, level walking, 

stair climbing, and cycling activities and a mean error of duration of 2.9% for 

standing. As in our study, they found an underestimation of average standing 
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duration and an overestimation of average walking and sitting duration55. However, 

as the patients included in our study had undergone total joint arthroplasty 1–2 days 

prior to participation, they can be assumed to have walked at a lower walking 

speed and with a more impaired gait pattern, which made it more challenging for 

HFITAL to correctly classify standing and dynamic activities. Taking into account 

that the current study was performed under free-living conditions in a population in 

which impaired and slow gait were common, the performance metrics of HFITAL are 

at least similar to, or possibly even better than, those reported by other validation 

studies. 

 

A strength of our study is that the optimization and validation of the algorithm were 

performed in acutely hospitalized elderly patients and orthopedic patients following 

elective TKA or THA. These groups were deliberately chosen as they tend to walk 

very slowly, often with an impaired gait or walking aid, and therefore make 

accurate classification of standing and dynamic activities more challenging. The 

accelerometer is intended to be used in a wider variety of hospitalized patients, and 

we expect the performance metrics to be better when used in other patient 

populations. Second, our optimized algorithm and validation methodology were 

transparently described, enabling researchers and clinicians to compare the 

algorithm and results with other studies49,51,91. Third, video recordings were used as a 

gold standard, with a good inter-observer reliability for the classification of all 

activities (ICC≥0.9). Fourth, the performance metrics of HFITAL were comparable for 
the optimization and validation groups, indicating a consistent performance of 

HFITAL when used to classify the PA behavior of patients outside the optimization 

group. Lastly, the validation of the optimized algorithm was performed under free-

living conditions, providing a more accurate indication of the actual performance of 

the algorithm55,61. As physical therapy sessions often comprise a significant part of 

patients’ PA behavior during hospitalization, we chose to perform the validation 

during these sessions. This also ensured that sufficient time was spent performing 

standing and dynamic activities without consuming too much of the patients’ time, 

thereby avoiding practical and ethical difficulties. 

 

There are also some limitations to the current study that should be addressed. First, 

the physical therapists may have given patients instructions regarding their gait 

pattern or walking speed, thereby influencing natural conditions. Second, the 

duration of the validation protocol was influenced by the duration of the physical 

therapy session, resulting in shorter measurement periods than anticipated. 

However, a compromise had to be made between capturing sufficient time spent 

performing standing and dynamic activities and the duration of the free-living 

validation protocol. Third, walking speed was not assessed because the validation 

was performed under free-living conditions. This could, however, have enabled us to 
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investigate a possible relationship between walking speed and the ability of the 

algorithm to classify standing and dynamic activities within acceptable limits. 

 

Our study has some important implications for clinical practice. As hospitalized 

patients need to increase their amount of PA and break up prolonged periods of 

sedentary activity, the classification of dynamic activity and the detection of 

postural transitions are considered the most important outcome measures for PA 

monitoring1,35,45. The results show that although HFITAL is not able to classify 

standing activity accurately, it is able to validly classify sedentary and dynamic 

activities as well as postural transitions in hospitalized patients under free-living 

conditions. With performance metrics that are similar, or even better, than those of 

existing algorithms, HFITAL proves to be a good alternative. Moreover, HFITAL can 

be embedded in eHealth applications, such as Hospital Fit1. As the algorithm involves 

a relatively low computational load, it is suitable to be embedded in an 

accelerometer without reducing its battery life. Embedding HFITAL in Hospital Fit will 

improve continuous PA monitoring with real-time feedback as a part of standard 

care. This will provide patients and healthcare professionals with more accurate 

feedback, enabling optimal support for patients’ PA behavior and recovery. 

CONCLUSIONS 

The optimized PA classification algorithm (HFITAL) is able to validly classify 

sedentary and dynamic activities as well as to detect postural transitions under 

free-living conditions in hospitalized patients with an accelerometer worn on the 

upper leg. As hospitalized patients need to increase their amount of PA and 

interrupt prolonged periods of sedentary activity, HFITAL is a suitable algorithm to 

classify PA in these patients. In order to improve PA monitoring as a part of 

standard care and improve recovery in hospitalized patients, we propose to embed 

HFITAL in eHealth applications, such as Hospital Fit. 

SUPPLEMENTARY INFORMATION 

The following supplementary materials can be found online:  

https://www.mdpi.com/1424-8220/21/5/1652/s1.  

• Spreadsheet S1: S1_OptimizationResults.xlsx, contains the annotations and 

algorithm classifications for the optimization group.  

• Spreadsheet S2: S2_ValidationResults.xlsx, contains the annotations and 

algorithm classifications for the validation group. 
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APPENDICES 

Appendix A 
 

Equations A1.-A5 Equations for sensitivity, specificity, accuracy, percentage error (PE), and absolute  

  percentage error (APE). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B 

 
Table A6.1 Overview of the parameter settings of the activity classification algorithms evaluated during 

the optimization process. 

 MOXAL MOXALOpt HFITAL 

Sample Frequency (Hz) 25 25 25 

Moving Average Window Size (samples) 3 3 9 

Data Segmentation Window Size (samples) 50 20 100 

Amount of Physical Activity Cut-Off Frequency (Hz) 1 0.15 0.15 

Amount of Physical Activity Threshold 7 3.85 4.3 * 

Sensor Orientation Low Pass Cut-Off Frequency 1.25 0.15 0.15 

Sensor Orientation Threshold (g) 0.8 0.8 0.8 

* Only the anterior-posterior axis was used to calculate the amount of physical activity. MOXAL=adjustable 

classification algorithm validated in community-dwelling healthy elderly persons with an upper leg wear 

location, used as the starting point for the optimization process. MOXALOpt=classification algorithm after 

optimization of three adjustable parameter settings of MOXAL to reduce the absolute percentage error for 

total activity. HFITAL=classification algorithm after additional modifications introduced to MOXAL regarding 

the decision tree and the calculation of the amount of physical activity. 
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Figure A6.1 Schematic overview of the data processing of the physical activity classification algorithm 

(HFITAL) worn on the upper leg. 
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Appendix C 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure A6.2 A graphical representation of the raw acceleration data, the video annotations and the 

classification of HFITAL, MOXAL, and MOXALOpt. The values 1, 2, 3, correspond to sedentary, 

standing, and dynamic activity, respectively. MOXALOpt=classification algorithm after 

optimization of three adjustable parameter settings of MOXAL to reduce the absolute 

percentage error for total activity. HFITAL=classification algorithm after additional 

modifications were introduced to MOXAL regarding the decision tree and the calculation of the 

amount of physical activity. 
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GENERAL DISCUSSION 

The main aim of this thesis is to contribute to improving patients’ physical activity 

behaviour during hospitalisation. In this general discussion, the main findings and 

methodological considerations are discussed. Furthermore, implications for clinical 

practice and recommendations for future research are presented.  

Main findings 

The importance of promoting physical activity and preventing the negative effects 

associated with sedentary behaviour in hospitalised patients is gaining increasing 

attention worldwide1. Interventions to promote physical activity are needed, but are 

more likely to be effective if they are designed to target underlying barriers and 

enablers that influence this behaviour2,3. Therefore, understanding which barriers 

and enablers influence hospitalised patients’ physical activity behaviour is a first 

step towards identifying potentially modifiable factors and developing, evaluating 

and implementing targeted interventions2,4,5. To increase our understanding of 

factors that influence patients’ physical activity behaviour during hospitalisation, a 

scoping review was conducted in chapter 2. We identified all published patient- and 

healthcare professional-reported barriers and enablers to physical activity during 

hospital stay from a broad perspective across many settings and populations. 

Subsequently, the Theoretical Domains Framework (TDF) was used to categorise 

these factors. This resulted in an overview of 110 different barriers and 78 different 

enablers reported by patients, and 153 different barriers and 150 different enablers 

reported by healthcare professionals. This large number of factors, distributed 

across many TDF domains, demonstrates the complexity of changing patients’ 

physical activity behaviour during hospital stay. Moreover, the prominent role of the 

social and physical hospital environment on patients’ physical activity behaviour are 

also highlighted. The overview of barriers and enablers provides a foundation to 

guide clinicians and researchers in future development, evaluation and 

implementation of interventions aimed at promoting physical activity during 

hospitalisation.  

 

In chapters 3, 4 and 6 we focus specifically on older adults admitted to hospital with 

an acute medical illness, for they are at increased risk of negative outcomes 

associated with inactivity. With increasing age, their adaptive capacity gradually 

decreases6. The high prevalence of multi-morbidity and age-related impairments 

make them vulnerable, especially during an acute hospital admission7. A qualitative 

study was performed in chapter 3 to explore barriers and enablers to physical 

activity during a hospital stay in older adults admitted to the Maastricht University 

Medical Centre (MUMC+) with an acute medical illness. In this setting-specific 

analysis, barriers and enablers as perceived by older adults and their nurses, 
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physicians, and physiotherapists were identified and categorised using the TDF. This 

resulted in 70 different barriers and 97 different enablers reported by patients, as 

well as 115 different barriers and 197 different enablers reported by healthcare 

professionals. Although we expected to find less barriers and enablers than in 

chapter 2, the large number of barriers and enablers indicates that the complexity 

of changing patients’ physical activity behaviour during hospital stay remains, even 

when investigated in a single population and setting. This setting-specific overview 

provides a first step towards identifying potentially modifiable factors and 

developing, evaluating and implementing targeted, personalised interventions 

aimed at increasing older adults’ physical activity behaviour during hospitalisation. It 

can assist clinicians and researchers in selecting modifiable factors that can be 

targeted in future interventions.  

 

Although chapters 2 and 3 showed many corresponding barriers and enablers, a 

number of new factors were identified in chapter 3. One factor that we would like to 

highlight is the perceived positive influence of technology (e.g., wearables, digital 

patient portals, tablets, interactive biking systems, or virtual reality) on older adults’ 

physical activity behaviour. Although most of these technological innovations are 

not integrated in usual care yet, older adults and their healthcare professionals 

believe that they may improve patients’ physical activity behaviour. As the use of 

wearables and other technological innovations in healthcare has expanded over the 

last decade, we expect that this enabler will also be relevant in other patient 

populations and settings. 

 

Furthermore, healthcare professionals described the importance of performing an 

assessment of patients’ functional capabilities shortly after hospital admission, and 

of optimising roles and responsibilities regarding physical activity promotion within 

a multidisciplinary team. Moreover, both patients and healthcare professionals 

recommended creating separate areas for sleeping and daytime activities in order 

to promote spending time out of bed. Additionally, they suggested that organised 

activities should be offered throughout the whole day, including weekends. Although 

these newly identified factors could be specific to older adults admitted to the 

MUMC+ with a medical illness, we speculate that they also apply to other 

populations and settings and may have been underexplored in previous studies. 

 

Both studies also showed many corresponding barriers and enablers and highlight 

the complexity of changing patients’ physical activity behaviour during 

hospitalisation. They demonstrated that barriers and enablers appear at an 

individual as well as at a system level. At an individual level, patient’s physical 

activity behaviour may be influenced by the level of knowledge and skills, attitudes, 

beliefs, emotions, and intentions of patients, healthcare professionals and visitors. 

Social interaction between patients, healthcare professionals and visitors can also 
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affect patients’ physical activity behaviour. At a system level, organisational factors, 

care processes, the physical hospital environment and the availability of resources 

may also influence the behaviour of patients, healthcare professionals and visitors.  

 

The complexity of changing movement behaviour during hospitalisation has also 

been addressed by others1,8. Chastin et al. described that sedentary behaviour 

during hospitalisation is affected by culture, environment, people and operational 

processes, and called it a “wicked problem”. Wicked problems are simple on the 

surface but extremely complex in reality, and often resistant to resolution. They are 

characterised by the influence of multiple interacting factors that are deeply 

entangled. This makes them seemingly impossible to solve, as there is no definitive 

panacea for a wicked problem1. The solution to changing patients’ physical activity 

behaviour during hospitalisation seems simple, all patients have to do is get out of 

their beds and get moving. However, in daily clinical practise it turns out to be a 

complex issue that is influenced by many different factors interacting at individual 

and system levels.  

 

In chapter 4 we investigated whether we are able to identify older adults at high risk 

of spending little time standing and walking. If patients at high risk could be 

identified early after admission, they could be given targeted interventions aimed at 

increasing their physical activity behaviour. Predicting which patients are at high risk 

can therewith contribute to improved patient outcomes. Two prediction models 

were developed and internally validated. Both models show good discriminative 

ability and prediction capabilities for older adults at high risk of spending little time 

standing and walking during hospitalisation. The developed prediction models can 

be used in clinical practice by performing a simple screening early after admission, 

consisting of the Short Physical Performance Battery (SPPB) and Activity Measure 

for Post-Acute Care Inpatient Basic Mobility short form (AM-PAC), combined with 

information on patients’ age, sex and walking aid use. 

 

One of the challenges in this study was to determine cut-off values regarding low 

and high risk of spending little time active. To determine if patients are at high risk 

of spending little time active, it is important to know how much physical activity is 

needed to prevent the negative effects associated with inactivity. Unfortunately, 

decision aids, protocols or clinical guidelines on physical activity and sedentary 

behaviour during hospitalisation do not exist yet9-14. Given that hospitalised patients 

spend between 87% and 100% of their day lying in bed or sitting in a chair11,15-17, most 

patients are not able to meet the recommendations set out by the World Health 

Organisation (WHO)18. Baldwin et al. provided the first international consensus for 

recommendations on physical activity and sedentary behaviour for older adults 

while hospitalised with an acute medical illness. They recommend that older adults 

should be as physically active as their abilities and conditions allow, adding 
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movement into everyday activities and incrementally if required. Furthermore, long 

periods of uninterrupted sedentary behaviour during waking hours should be 

minimised. Additionally, muscle strengthening and balance exercises were also 

regarded as important12. However, the optimal-dose response relationship to 

prevent negative outcomes of inactivity remains unknown, and clear criterion-

referenced cut-off values regarding the classification of low and high physical 

activity levels are still lacking9-14.  

 

Since we could not use criterion-referenced cut-off values in our prediction models, 

we used a data-driven approach based on norm-referenced cut-off values. Because 

literature has shown large variations in time spent active in older adults admitted 

for acute medical illness9,19-25, we aimed to be able to identify patients that were the 

least active. We initially aimed to develop one prediction model in which 50.0% of 

the patients was categorised at high risk of spending little time standing and 

walking. This cut-off value resulted in a favourable sample size. However, it also 

meant that half of the patients would be considered eligible for interventions, which 

may require substantial financial resources. Therefore, we decided to develop a 

second model, to explore a cut-off value of 33.3% as well. This second model 

enables the identification of the one-third of all patients that are expected to be the 

least active. Although criterion-referenced cut-off values are lacking, the prediction 

models contribute to providing value-based healthcare through being able to 

identify patients that are likely to benefit most from interventions aimed at 

improving their physical activity behaviour. 

 

In chapter 5 we investigated the potential of Hospital Fit, an intervention aimed at 

improving physical activity behaviour and speed of functional recovery of 

hospitalised patients following elective orthopaedic surgery. Hospital Fit consist of a 

smartphone application connected to an accelerometer and enables objective 

activity monitoring. It provides patients feedback on their physical activity 

behaviour and extent of functional recovery, through enabling personalised 

goalsetting, and through providing a personalised exercise program. The results 

show an increase in time spent standing and walking, as well as higher odds of 

functional recovery on postoperative day one in patients using Hospital Fit. The 

study also led to suggestions for improvement of Hospital Fit, such as improving the 

accelerometer algorithm. In chapter 6 we built upon this by optimising and 

validating an accelerometer algorithm that can discriminate between sedentary, 

standing, and dynamic activities, and that can detect postural transitions among 

hospitalised patients under free-living conditions. Validation showed that all 

activities were classified within acceptable limits (>80% sensitivity, specificity and 

accuracy, ±10% error), except for the classification of standing activity. To improve 

physical activity monitoring in hospitalised patients, we propose to embed the 

algorithm in eHealth applications, such as Hospital Fit. 
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For the last two decades, accelerometers were predominantly used to monitor the 

physical activity behaviour of hospitalised patients for research purposes. The lack 

of accelerometers to provide real time feedback is one of the main factors that 

limits their use in clinical care. Many commercially available activity trackers or 

smartphones provide real time feedback on physical activity behaviour. However, 

most of them are not validated to measure the physical activity behaviour of 

patients using walking aids, or with slow or impaired gait.  

 

Chapters 5 and 6 demonstrate that we have a tool that enables accurate physical 

activity monitoring in hospitalised patients and that provides real time feedback to 

patients and their physiotherapists. Although this enables objective physical activity 

monitoring in daily clinical care, clinical guidelines that support clinicians in 

determining if a patient has been sufficiently active are still lacking9-14. Additionally, 

the amount of physical activity needed to prevent the negative effects of inactivity 

may be influenced by other factors such as preadmission status, illness severity or 

daily caloric intake, necessitating more personalised recommendations. As a result, 

recommendations given to patients regarding their physical activity behaviour 

remain influenced by subjectivity. 

Methodological considerations 

Theoretical domains framework 

As the Medical Research Council guidance on the development of complex 

interventions advocates the use of theory to identify barriers and enablers to 

behaviour change26, we have chosen to use the TDF as a theoretical framework in 

chapters 2 and 3. The TDF is an overarching theoretical framework in which 

constructs of 33 theories of behaviour and behaviour change are integrated and 

simplified into 14 domains27. Due to the large number of factors identified in both 

studies, the use of a framework was necessary to provide structure to the data and 

to unravel the complex mechanism of hospitalised patients’ physical activity 

behaviour. 

 

However, the use of the TDF also induced some challenges. Although an overview of 

theoretical definitions and component constructs was used to guide the coding 

process, we experienced difficulties in differentiating between some of the TDF 

domains, which was also reported by other studies28,29. This may have created a 

number of barriers and enablers that seem very similar but were categorised into 

different domains. As some of these factors could be targeted with the same 

interventions, we believe that the number of barriers and enablers could have been 

reduced if the TDF would not have been followed strictly, resulting in a more 

simplified overview of barriers and enablers. On the other hand, the advantage of 

using the TDF was that it enabled us to categorise barriers and enablers to an 
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encompassing, theory-based structure. It allowed the assessment of barriers and 

enablers from a broad perspective, thereby also exploring underexposed domains. 

Using a more simplified theoretical framework may have resulted in missing 

barriers and enablers in underexposed domains. 

One single intervention versus multiple interventions 

When selecting interventions aimed at promoting hospitalised patients’ physical 

activity behaviour, clinicians and researchers can opt to develop, evaluate, and 

implement one single intervention versus multiple interventions at the same time. 

The latter is also referred to as multi-component, multi-faceted or multi-

dimensional interventions in other studies30-32. Given the large number of factors 

influencing the physical activity behaviour of hospitalised patients, introducing 

multiple interventions may increase the impact. Previous research suggests that 

developing and implementing multiple interventions may be more effective than 

introducing a single intervention33. However, implementing multiple interventions 

makes investigating the effect of individual intervention components more 

challenging. Without taking the study design and potential confounding factors into 

consideration, the advantage of introducing a single intervention is that any effects 

can be ascertained to this intervention. In chapter 5, we therefore chose to 

investigate one single intervention. Due to differences in perspective, clinicians and 

researchers may make different choices. While clinicians may opt to introduce 

multiple interventions to increase the impact, researchers may prefer to investigate 

the effect of a single intervention.  

Type of study design 

In chapter 5 we used a non-randomised quasi-experimental study design to 

investigate whether introducing Hospital Fit as part of the standard physiotherapy 

treatment would result in a change in the amount of physical activity and functional 

recovery of patients undergoing elective orthopaedic surgery. This study design 

was chosen for practical reasons as it enabled us to effectively use the time in which 

Hospital Fit was developed to allocate included patients to the control group. This 

was followed by a one-month implementation phase during which no patients were 

enrolled. After this month, all subsequent patients were allocated to the intervention 

group. However, we acknowledge that with the chosen study design, the results may 

not only be attributable to the introduction of Hospital Fit. Although the clinical care 

pathway and physiotherapy treatment did not change during the study period, 

awareness on the importance of physical activity might have increased among 

patients and healthcare professionals, which may have resulted in a slight 

overestimation of the results. 
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Implications for clinical practice 

The mission statement of the MUMC+ is ‘to provide the best possible care and to 

create a healthier population in our region through connecting and integrating 

patient care, research and education’. Can we say that we provide the best possible 

care if patients spend more than 87% of the day lying in bed or sitting in a chair? 

Although the purpose of a hospital admission is to contribute to improved health or 

quality of life of patients, the inactivating hospital culture unintentionally contributes 

to negative health outcomes. Chastin et al. even stated that it is not acceptable that 

people are exposed to further health risks if they have to go to hospital1. Therefore 

hospitals need to change their inactivating culture into a (re)activating culture 

where promoting physical activity is high on the agenda of healthcare professionals. 

 

However, the Dutch healthcare system is facing enormous pressure as a result of 

rising healthcare demands, imminent shortage of healthcare professionals and 

increasing healthcare expenses34. Due to the aging population and increasing 

number of people with a chronic illness or multi-morbidity, the proportion of 

patients in need of more complex care is expected to further increase35. In order to 

reduce costs while providing the same – or improved - quality of care, the Dutch 

ministry of Health, Welfare and Sport has initiated the program ‘Right Care in the 

Right Place’ (Dutch translation: Juiste Zorg op de Juiste Plek). This program aims to 

1) prevent use of more expensive healthcare; 2) optimise the organisation of care 

around patients and relocate it closer to patients; 3) replace traditional care by 

smart technologies or eHealth where possible35. In order to change the inactivating 

hospital culture and improve the physical activity behaviour of hospitalised patients, 

we should aim to select the right patients and offer them the right interventions by 

the right healthcare professional. 

Selecting the right patients 

In order to provide the right care in the right place, we need to determine which 

patients benefit most from interventions aimed at increasing their physical activity 

behaviour during hospitalisation. A proportion of patients will enter the hospital in a 

relatively healthy condition and good physical shape. Although their physical 

activity behaviour is likely to decrease during hospitalisation, their relatively large 

reserve capacity will reduce the risk of experiencing negative effects of inactivity 

within a hospital stay with an average length of stay of 5.2 days36.  

 

A number of patients are at higher risk of experiencing the negative effects of 

inactivity, such as older adults with pre-existing frailty and patients undergoing 

major surgery. Many of these patients already have a decreased reserve capacity 

resulting from sedentary behaviour prior to admission, multi-morbidity, or age-

related impairments (e.g., malnutrition, cognitive impairment, incontinence, or 
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sensory impairment)7. These patients are likely to benefit most from targeted 

interventions aimed at increasing their physical activity behaviour.  

 

When patients are admitted for acute hospital care, we aim to identify patients at 

high risk of spending little time active as soon as possible after admission. 

Prognostic tools such as the prediction model that was developed in chapter 4 can 

be used to identify patients at high risk. To improve outcomes, they can 

subsequently be given targeted interventions aimed at increasing their physical 

activity behaviour.  

 

When patients are scheduled to receive major surgery, we should also use the 

period prior to hospital admission to intervene. These patients could be screened 

prior to admission. If necessary, they should be offered interventions aimed at 

optimising their physical activity behaviour, physical functioning and nutritional 

status prior to admission. This may include monitoring their physical activity levels 

or nutritional status through the use of eHealth (e.g., wearables). Through optimising 

patients’ physical activity behaviour before, during and after hospitalisation we can 

aim to reduce healthcare expenses while improving the quality of care. 

Providing the right interventions 

Improving the physical activity behaviour of hospitalised patients is a complex 

problem that is influenced by many different factors interacting at individual and 

system levels. Due to this complexity, a ‘one size fits all’ intervention does not exist1. 

Numerous different interventions could be offered to improve patients’ physical 

activity behaviour. An eminent factor when aiming to change physical activity 

behaviour is early involvement of all relevant stakeholders, including patients. It is 

important that stakeholders are involved in the selection process of interventions as 

their support will influence the implementation and adoption. As such, they will 

ultimately determine the success of selected interventions.  

 

The next step in selecting interventions is to gain insight in specific barriers and 

enablers that may influence the physical activity behaviour of hospitalised patients 

in a certain setting and population2,4,5. Although most patient populations show high 

levels of sedentary behaviour, different patient populations and settings may 

require different interventions. Through tailoring interventions to the needs of 

specific patient populations, we can provide personalised and participatory care. 

Therefore, performing a setting specific analysis of barriers and enablers is 

recommended. In selecting which factors to target and choosing corresponding 

interventions, the APEASE criteria (affordability, practicability, effectiveness and 

cost-effectiveness, acceptability, side-effects/safety, equity) could be useful in 

making strategic judgements and choices37.  

 



CHAPTER SEVEN 

164 

As the prominent role of the domains ‘Environmental Context and Resources’, 

‘Knowledge’ and ‘Skills’ and ‘Social Influences’ with respect to physical activity 

during hospitalisation is demonstrated in chapters 2 and 3, we suggest that 

clinicians and researchers should always consider incorporating these TDF domains 

in their interventions. Moreover, these domains predominantly contain factors that 

can be influenced directly. As described earlier, wicked problems are characterised 

by the influence of multiple interacting factors that influence each other. Factors 

that are deeply entangled and influenced by many other factors may be more 

difficult to influence than factors that can be directly influenced. In prioritising which 

factors to target, we propose to first focus on targeting factors that can be directly 

influenced. These may in turn exert a positive influence on more entangled factors. 

To provide some suggestions we have highlighted some key areas that may 

deserve special focus (Figure 7.1). 

Environmental context and resources  

Care processes and organisational characteristics 

Many care processes and organisational characteristics are concentrated around 

the hospital bed, with patients waiting for physician and nursing rounds, therapy 

services, visitors, and distribution of food or medication. Interventions should focus 

on reducing ‘bed-centred care’ and stimulate ‘function-focused care’. Examples of 

suggested strategies are providing patients insight in their daily schedule, creating 

policy to eat in communal dining rooms, evaluating pain medication at structured 

moments, or creating policy that patients walk to the physician instead of the 

physician visiting every patient. To realise this, it is important to create a dedicated 

multidisciplinary team in which all healthcare professionals have the same ambition. 

Roles and responsibilities regarding physical activity promotion should be discussed 

and agreed upon within a multidisciplinary team. Moreover, policies should be 

reinforced by ward managers. 
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Resources 

A prerequisite to enable physical activity is the availability of sufficient and 

adequate equipment (e.g., walking aids, lifting devices, exercise and fitness 

equipment, drain bag holders, or portable oxygen tanks). Without this equipment, 

patients are not able to get active. Therefore, interventions aimed at obtaining 

sufficient and adequate resources are essential. Furthermore, the availability of 

wearables to monitor patients’ physical activity behaviour and to use in goal-setting 

is also essential. Chapter 5 supports this by showing that the use of Hospital Fit has 

resulted in an average increase in time spent standing and walking of 28 minutes in 

patients after elective orthopaedic surgery on postoperative day one compared to 

patients that did not use Hospital Fit. Interventions aimed at implementing objective 

physical activity monitoring in usual care are highly suggested. 

The physical hospital environment 

As the hospital environment exerts an inactivating influence on patients, 

interventions should aim to restructure the physical environment of the room, ward 

and hospital setting. As this may require substantial planning and resources, such 

interventions will likely need to be incorporated in the long term hospital renovation 

plans.  

Knowledge  

Interventions aimed at improving awareness of the importance of physical activity 

during hospitalisation are an important prerequisite to encourage patients to get 

active during hospitalisation. When patients lack awareness, they are not going to 

get active. Similarly, when healthcare professionals or visitors lack awareness, they 

are not going to encourage or assist patients. If patients are admitted for elective 

hospital care, they should be informed prior to hospitalisation. During 

hospitalisation, all patients should be informed regarding the importance of 

remaining as active as possible during hospitalisation. Moreover, they should also 

be informed regarding their functional capabilities, the available options to stay 

active, and their daily schedule. Suggested strategies to incorporate in interventions 

are using patient communication boards to visualise functional capabilities, 

providing patients with a daily schedule, and providing information face-to-face, via 

brochures, websites or TV. 

Skills 

Chapter 4 shows that being dependent on others during physical activity is 

associated with lower levels of physical activity. In order to increase the physical 

activity behaviour of patients in need of assistance, interventions are needed that 

involve volunteers, students, nursing assistants or visitors in promoting physical 

activity on a structural basis. Moreover, interventions should also focus on 
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improving the skills of healthcare professionals and other persons assisting patients 

during physical activity. They should have the skills to assist patients and should feel 

confident in using walking aids and lifting devices. Suggested strategies to improve 

these skills are providing regular skills training sessions and using mobility 

champions. 

Promoting physical activity by the right healthcare professional 

Due to their expertise, promoting physical activity during hospitalisation is generally 

attributed to physiotherapists. However, chapters 2 and 3 show that changing the 

physical activity behaviour of hospitalised patients is a complex problem that is 

influenced by many different factors. Many of these factors are not influenced by 

physiotherapy. A large number of inactive patients have the ability to get out of bed 

and walk around without assistance, but are inactive for other reasons. However, 

being inactive does not equal that there is an indication for physiotherapy. To 

provide the right care by the right person, other healthcare professionals, (e.g., 

nurses, nursing assistants, physicians, hospital management), visitors and volunteers 

also play an important role in promoting physical activity. Promoting physical 

activity should be a multidisciplinary responsibility in which everyone’s roles and 

responsibilities are clear. It is important that roles and responsibilities are attributed 

to the person that can either provide the best care in a certain situation, or that can 

provide the same quality of care at a lower cost.  

Recommendations for future research 

Further development of Hospital Fit 

Based on this thesis, multiple recommendations for future research can be made. In 

our pilot study in chapter 5 we demonstrated that Hospital Fit has potential to 

improve physical activity behaviour and enhance recovery of hospitalised patients. 

Future research with a stronger study design in a population with a longer length of 

hospital stay is advised to determine the effectiveness of Hospital Fit. Moreover, the 

study also resulted in suggestions for improvement of Hospital Fit. One of these 

suggestions was to embed the accelerometer algorithm described in chapter 6 into 

Hospital Fit to enable differentiating standing from walking and to allow measuring 

postural transitions. Additionally, adding a goal setting function and reminder 

function were suggested, as well as providing more information regarding the 

importance of physical activity during hospitalisation. Through collaboration 

between MUMC+, Maastricht University and Maastricht Instruments B.V., a Top 

Consortia for Knowledge and Innovation's - Life Sciences & Health (TKI-LSH) public-

private partnership (PPP) allowance was granted to realise these suggestions. The 

effect of using the improved Hospital Fit during physiotherapy is currently studied in 

an assessor blinded randomised controlled trial (RCT) in 78 patients hospitalised at 

the department of Internal Medicine or the department of Pulmonology. 
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Furthermore, to enhance patients’ physical activity behaviour and functional 

recovery, the data generated by Hospital Fit should not only be available to 

patients and physiotherapists, but also to other healthcare professionals. Linking 

the data to the patients’ electronic medical record would enable this. More funding 

was raised through the Academic Alliance Fund to perform a multi-centre trial in 

which the data of Hospital Fit is linked to the electronic medical record. Between 

June 2022 and February 2023, a stepped-wedge cluster randomised trial will be 

performed to investigate the effectiveness of Hospital Fit in 180 patients 

hospitalised at the Medical Oncology or Cardiology wards of the Radboudumc and 

MUMC+. To create a better understanding of the intervention effect, a process 

evaluation will be performed additionally through using the RE-AIM (reach, 

effectiveness, adoption, implementation, maintenance) framework38. 

How much physical activity is needed to prevent negative outcomes? 

To investigate how much physical activity is needed to prevent the negative effects 

of inactivity, we would recommend to conduct a fundamental study in a 

homogeneous patient population to gain insight in the decline in muscle mass 

and/or muscle strength in relation to patients’ physical activity behaviour during a 

hospital stay.  

Interventions aimed at improving hospitalised older adults’ physical activity 

behaviour  

So far, evidence for the efficacy or effectiveness of interventions aimed at 

promoting physical activity in hospitalised older adults is found inconsistent due to a 

heterogeneous population, large variety in interventions, and lack of detailed 

reporting of intervention components39-44. Our overview of barriers and enablers to 

physical activity in hospitalised patients provides a first step towards identifying 

potentially modifiable factors and developing targeted interventions aimed at 

increasing older adults’ physical activity behaviour during hospitalisation. Further 

high quality trials are needed to investigate the effect of such interventions, with 

detailed reporting of frequency, intensity and duration39,44. To create a better 

understanding of the intervention effect, performing a process evaluation is advised 

as well. 

Patient-specific assessment of barriers and enablers to physical activity during 

hospitalisation 

Lastly, patients’ physical activity behaviour can be influenced by many different 

factors. In order to provide preventative, personalised and participatory care it 

would be of added value if healthcare professionals had a tool (e.g., questionnaire) 

that could be administered shortly after admission and that could easily provide 

them insight in specific factors that influence the physical activity behaviour of 
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individual patients. Subsequently, these patients can be offered personalised 

interventions. Future research is recommended to develop, validate and evaluate 

such a patient-specific assessment tool. 

GENERAL CONCLUSION 

This thesis has resulted in an improved understanding of all the factors that 

influence patients’ physical activity behaviour during hospitalisation. The TDF-based 

overview of barriers and enablers provides a theoretical foundation to guide 

clinicians and researchers in future intervention development and implementation. 

Moreover, a setting specific analysis of barriers and enablers to physical activity in 

older adults admitted to the MUMC+ with an acute medical illness has provided a 

first step towards developing, evaluating and implementing theory-informed 

behaviour change interventions to improve the physical activity behaviour of these 

patients. The developed and internally validated prediction models may enable 

clinicians to identify older adults that are likely to benefit most from such 

interventions. This thesis has also shown that a smartphone app combined with an 

accelerometer demonstrates potential to enhance patients’ physical activity 

behaviour and speed of recovery during hospitalisation. To further improve physical 

activity monitoring in hospitalised patients, a physical activity algorithm was created 

and validated that is able to classify sedentary and dynamic activities as well as to 

detect postural transitions under free-living conditions in hospitalised patients. 

Overall, we can conclude that this thesis has provided valuable contributions to 

improve patients’ physical activity behaviour during hospitalisation. 
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IMPACT PARAGRAPH 

Inactive behaviour is common in patients during hospital stay and is associated with 

negative outcomes for patients, healthcare professionals, and healthcare costs. The 

results of this thesis contribute to the prevention of these negative effects. We 

created an overview of barriers and enablers that influence physical activity 

behaviour of hospitalised patients as reported by patients and healthcare 

professionals in previous research. The Theoretical Domains Framework (TDF) was 

adopted to categorise barriers and enablers. The overview provides a theoretical 

foundation for the development, evaluation and implementation of future 

interventions aimed at promoting physical activity during hospitalisation. Because 

barriers and enablers may differ between settings and populations, we also 

performed a setting-specific analysis in older adults admitted to the department of 

Internal Medicine of Maastricht University Medical Centre (MUMC+) for acute 

medical illness. These older adults are at high risk for negative outcomes during 

their hospital stay. The setting-specific analysis provides a starting point to help 

clinicians and researchers to select modifiable factors and choose corresponding 

interventions for this specific population and setting. 

 

Because offering interventions to every patient may require substantial resources, 

we wanted to be able to select patients that are the least active and that are likely 

to benefit most from interventions aimed at improving their physical activity 

behaviour. The screening tool we developed can be used early after admission to 

identify older adults with an acute medical illness that are at high risk of spending 

little time standing and walking during their hospital stay. Those patients 

subsequently can be given interventions aimed at increasing their time standing and 

walking. As such, the screening tool can contribute to improved patient outcomes as 

well as value-based healthcare. Although the results look promising, determining the 

external validity and clinical impact are needed before applying the screening tool 

in clinical practice. 

 

This thesis also contributed to the development and evaluation of Hospital Fit, an 

innovative intervention consisting of a smartphone based app connected to a 

wearable activity monitor. Hospital Fit is one of the first medical devices that is able 

to validly measure physical activity behaviour of hospitalised patients while also 

providing real-time feedback to patients and healthcare professionals. Hospital Fit 

has the potential to enhance physical activity behaviour and functional recovery of 

hospitalised patients admitted for elective orthopaedic surgery. However, its effects 

might even be superior in patients with a relatively longer length of hospital stay. 

Because Hospital Fit enables generating physical activity data in usual care, it can 

be of great added value for future data driven care. Moreover, this thesis advanced 

physical activity monitoring of hospitalised patients through optimising and 
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validating an accelerometer algorithm. The optimised algorithm is able to 

distinguish between standing and walking (dynamic) behaviour and to detect 

postural transitions from lying/sitting to standing/walking activities under real life 

conditions.  

Generating knowledge, innovating healthcare and creating 
value 

The MUMC+ strives to provide the best possible care and improve health in the 

region by integrating patient care, research and education. The MUMC+ innovation 

circle is a model that depicts how clinicians and researchers can create a healthier 

population through generating knowledge, innovating healthcare and creating 

value. This thesis followed the principles of the MUMC+ innovation circle.  

Generating knowledge 

The knowledge generated in this thesis can be used both within the MUMC+ as well 

as in other hospitals. Within the MUMC+, the findings of this thesis were shared with 

many different healthcare professionals (e.g., physiotherapists, nurses, physicians, 

clinical nurse specialists, managers). In 2018, ‘Zorg dat u beweegt’ was created, an 

initiative of a group of enthusiastic physiotherapists who’s aim it was to create 

awareness of the importance of physical activity (behaviour) during hospitalisation 

among patients, visitors and other healthcare professionals. We developed, 

evaluated and implemented a number of interventions aimed at preventing the 

negative effects associated with inactivity. Because of increasing awareness and 

support throughout the hospital, the MUMC+ Healthcare Innovation Lab 

incorporated ‘Physical activity and Nutrition’ in their program in 2019, which enabled 

the development, evaluation and implementation of innovative interventions on a 

larger scale. The overview of barriers and enablers created in this thesis was used 

to assist with the selection of interventions. Moreover, knowledge generated in this 

thesis is used as input for the steering committee ‘Nutrition and Physical Activity’ 

(i.e., ‘Stuurgroep Herstelvoeding en Beweging) and the strategic program (i.e., ‘Onze 

Zorg van de Toekomst’). We aim that the process of developing, evaluating, and 

implementing physical activity promoting interventions will be embedded in the 

organisational structure of the MUMC+ in the near future.  

 

Knowledge dissemination of the results of this thesis was also realised through 

presentations at national and international conferences, in professional and 

scientific journals, and by giving an annual lecture on physical activity monitoring at 

the bachelor’s program Health Sciences of Maastricht University. Moreover, this 

thesis has provided opportunities for many students of the bachelor’s program 

Physiotherapy, and master’s programmes in Geriatric Physiotherapy, Human 
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Movement Sciences, and Health Policy, Innovation and Management, to conduct 

their thesis research projects.  

 

Lastly, knowledge was also shared with other hospitals through participation in the 

expert group ‘Beweegziekenhuizen’. This expert group is composed of nine 

pioneering Dutch hospitals that have each initiated and evaluated innovative 

and/or multifaceted projects aimed at promoting physical activity during 

hospitalisation. Since we all pursue the same goal, we aim to inspire and strengthen 

each other by sharing knowledge and experiences of our successes and failures. 

Moreover, we discuss knowledge gaps and where possible collaborate in research. 

These research collaborations have resulted in joint conference presentations, a 

shared publication with the AmsterdamUMC, Amsterdam and funding for a future 

study performed in collaboration with the Radboudumc, Nijmegen. We disseminate 

our knowledge and experiences through the ‘Royal Dutch Society for Physiotherapy 

(KNGF) Standpunt Beweegziekenhuizen’ and through organising a course that 

educates other hospitals on how to change their inactivating hospital culture.  

Innovating healthcare 

Our research findings have innovated healthcare through the development and 

evaluation of Hospital Fit, an optimised accelerometer algorithm, and a screening 

tool that can be used to identify older adults at high risk for low physical activity 

levels. These innovations have been developed and evaluated in close collaboration 

with the MUMC+, Maastricht University and its partners Maastricht Instruments B.V., 

IDEE and MEMIC. Through this partnership we have acquired funding to further 

improve and investigate Hospital Fit. These improvements consist of embedding the 

optimised algorithm in Hospital Fit, adding information regarding the importance of 

physical activity during hospitalisation, and adding a goal setting- and reminder 

function. Additionally, we have created a link that allows data created by Hospital 

Fit to be sent to the patient’s electronic health record, making it accessible to other 

healthcare professionals within the multidisciplinary care team as well. Moreover, 

funding raised through the Academic Alliance has enabled us to introduce and 

further investigate Hospital Fit in the Radboudumc in a multi-centre study. 

 

Furthermore, the results of this thesis have indirectly contributed to innovated 

healthcare through the development, evaluation and implementation of multiple 

innovative interventions within the MUMC+, such as patient communication boards 

that visualise functional capabilities (i.e., Beweegbord), an interactive biking system, 

a walking route, and ‘Exercise Boxes’ designed for patients that are unable to leave 

their room. 

 

The knowledge and innovations generated in this thesis is directly implementable in 

clinical care. It has created value for patients, healthcare professionals and 
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healthcare costs and contributes to ‘Providing the right care at the right place’ as 

well as providing ‘Predictive, preventative, personalised and participatory care (P4-

Medicine). Moreover, this thesis supports the mission of the MUMC+ as it contributes 

to providing the best possible care and improving health in the region by integrating 

patient care, research, and education.  
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SUMMARY 

Inactive behaviour is common during hospital stay. On average, patients spend 

between 87% and 100% of their day lying in bed or sitting in a chair. Moreover, bouts 

of standing and walking are usually short and prolonged periods of uninterrupted 

sedentary behaviour are common. This inactive behaviour is associated with 

negative health outcomes such as functional decline, complications, an increased 

length of hospital stay, an increased risk of institutionalisation, and mortality. 

Previous research has shown that these negative health outcomes can be 

counteracted by improving patients’ physical activity behaviour. To improve 

outcomes, it is therefore essential that hospitalised patients remain as active as 

their abilities allow.  

 

During hospital stay, patients are temporarily taken out of their own environment. 

They enter an unfamiliar environment in which they may miss their usual daily 

routines. The hospital environment is not primarily designed to promote physical 

activity. Many care processes are concentrated around the hospital bed, with 

patients remaining in their rooms, waiting for physician and nursing rounds, 

examinations or distribution of food and medication. Additionally, patients may feel 

unwell and may be dependent on healthcare professionals to receive care. As such, 

a hospital stay can be associated with many uncertainties and insecurities. For 

many patients, their main focus is getting better and getting home, and less 

attention is being paid on being physically active. To decrease negative effects 

associated with inactivity, hospitals should aim to change their culture from an 

inactivating to a (re)activating hospital. Moreover, interventions aimed at improving 

physical activity behaviour of hospitalised patients are needed. The main aim of this 

thesis is to contribute to improving patients’ physical activity behaviour during 

hospitalisation. 

 

In chapter 2, a scoping review was performed to create an overview of all published 

patient- and healthcare professional-reported barriers and enablers to physical 

activity during a hospital stay for acute care. The Theoretical Domains Framework 

(TDF) was used as a theoretical framework to categorise identified barriers and 

enablers. Fifty-six quantitative, qualitative, and mixed-methods studies were 

included in the review. In total, 264 barriers and 228 enablers were reported by 

patients, and 415 barriers and 409 enablers by healthcare professionals. The large 

number of identified barriers and enablers demonstrate the complexity of changing 

patients’ physical activity behaviour during hospital stay. Barriers and enablers were 

most frequently assigned to the TDF domains ‘Environmental Context and 

Resources’ and ‘Social Influences’. This highlights the need for interventions that 

target the physical environment, hospital care processes and organisational factors, 

patient-related factors, resources, and the social influence on patients, healthcare 
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professionals and visitors. The comprehensive overview of barriers and enablers 

provides a foundation to guide clinicians and researchers during future 

development, evaluation and implementation of interventions aimed at promoting 

physical activity during hospitalisation. 

 

Older adults admitted with an acute medical illness spend little time active during 

hospitalisation and this has been associated with negative health outcomes. In 

chapter 3, a qualitative study was conducted to explore patient- and healthcare 

professional-perceived barriers and enablers to physical activity behaviour in older 

adults admitted for acute medical illness to the Department of Internal Medicine of 

Maastricht University Medical Centre (MUMC+). Semi-structured interviews were 

conducted with 12 patients and 16 healthcare professionals (nurses, physicians, and 

physiotherapists). Interviews were analysed using directed qualitative content 

analysis and barriers and enablers were coded and categorised using the TDF. A 

large number of barriers and enablers were identified and spread over 11 of the 14 

TDF domains, again showing the complexity of influencing older adults’ physical 

activity behaviour during hospitalisation. The domain ‘Environmental Context and 

Resources’ in particular yielded many factors and revealed that the hospital 

environment exerts an inactivating influence on patients. The setting-specific 

overview created in this study represents an initial step towards developing, 

evaluating and implementing theory-informed behaviour change interventions to 

improve hospitalised older adults’ physical activity levels. It can assist clinicians and 

researchers in selecting modifiable factors that can be targeted in future 

interventions. 

 

Chapter 4 aimed to develop a screening tool to identify older adults at high risk of 

spending little time active during hospitalisation. In this prospective cohort study, 

two prediction models were developed and internally validated to predict the 

probability of spending little time standing and walking during hospitalisation. 

Physical activity was measured with an accelerometer in 165 patients until discharge 

(≤12 days). Potential predictors - Short Physical Performance Battery (SPPB), 

Activity Measure for Post-Acute Care (AM-PAC), age, sex, walking aid use, and 

disabilities in activities of daily living - were preselected based on published studies 

reporting factors associated with inactive behaviour of older adults admitted to a 

hospital with an acute medical illness. Model 1 predicts the probability of spending 

≤64.4 minutes standing and walking, and holds the predictors SPPB, AM-PAC and 

sex. Model 2 predicts the probability of spending ≤47.2 minutes standing and 
walking, and holds the predictors SPPB, AM-PAC, age and walking aid use. Both 

models demonstrate near perfect calibration of the predicted probabilities and 

good overall performance, with model 2 performing slightly better. The developed 

and internally validated prediction models may enable clinicians to identify older 
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adults at high risk of spending little time standing and walking during 

hospitalisation. 

 

Chapter 5 investigated the potential of Hospital Fit to enhance physical activity 

levels and functional recovery following orthopaedic surgery. Hospital Fit consists of 

a smartphone application connected to an accelerometer. It enables objective 

physical activity monitoring, provides patients with insight into their recovery 

progress, and offers a tailored exercise program. A pilot study was conducted in 97 

patients undergoing total knee or hip arthroplasty using a non-randomised quasi-

experimental design. Patients allocated to the control group received usual care 

physiotherapy while patients allocated to the intervention group additionally used 

Hospital Fit. Physical activity (time spent standing/walking per day) was measured 

with an accelerometer postoperatively until discharge. Functional recovery on 

postoperative day one (POD1) was measured using the modified Iowa Level of 

Assistance Scale (mILAS). Hospital Fit use, corrected for age, resulted in an average 

increase of 28.43 min (95% confidence interval (CI): 5.55–51.32) standing and walking 

on POD1. Moreover, the odds of achieving functional recovery on POD1, corrected 

for the American Society of Anesthesiologists classification, were 3.08 times higher 

(95% CI: 1.14–8.31) with Hospital Fit use. This pilot study shows that Hospital Fit 

demonstrates the potential to enhance patients’ physical activity levels and 

functional recovery during hospitalisation. 

 

In chapter 6, an accelerometer algorithm was optimised and validated that 

discriminates between sedentary, standing, and dynamic activities, and records 

postural transitions in hospitalised patients. Accelerometer data was collected under 

free-living conditions and compared to video analysis in orthopaedic and acutely 

hospitalised elderly patients. Data of 25 patients was used to optimise the 

algorithm, data of another 25 patients was used for the validation. Optimisation 

resulted in the best performance with parameter settings: WS 4 s, PA Th 4.3 counts 

per second, SO Th 0.8 g. Validation showed that the algorithm classified all activities 

within acceptable limits (>80% sensitivity, specificity and accuracy, ±10% error), 

except for standing activity. The optimised algorithm is considered suitable to 

classify physical activity in hospitalised patients.  

 

In the general discussion in chapter 7, the main findings and methodological 

considerations of this thesis are discussed. Furthermore, implications for clinical 

practice and recommendations for future research are presented.  

 

In conclusion, this thesis has resulted in an improved understanding of all the factors 

that influence patients’ physical activity behaviour during hospitalisation. It has 

provided valuable contributions to improve patients’ physical activity behaviour 

during hospitalisation. 
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SAMENVATTING 

Fysieke inactiviteit komt regelmatig voor tijdens een ziekenhuisopname. Patiënten 

brengen gemiddeld 87% tot 100% van de dag liggend in bed of zittend in een stoel 

door. Perioden van staan en lopen zijn meestal van korte duur en perioden van 

ononderbroken inactiviteit vaak lang. Dit sedentaire gedrag is geassocieerd met 

negatieve gezondheidsuitkomsten, zoals functionele achteruitgang, complicaties, 

een langere verblijfsduur in het ziekenhuis, een verhoogde kans op zowel opname in 

een instelling als mortaliteit. Eerder onderzoek heeft aangetoond dat deze 

negatieve gezondheidsuitkomsten kunnen worden tegengegaan door het 

stimuleren van fysieke activiteit. Om de gezondheidsuitkomsten te verbeteren, is het 

daarom belangrijk dat patiënten tijdens een ziekenhuisopname zo actief mogelijk 

blijven.  

 

Tijdens een ziekenhuisopname worden patiënten tijdelijk uit hun eigen omgeving 

gehaald. Ze komen in een vreemde omgeving terecht waarin ze hun gebruikelijke 

dagelijkse routines vaak niet kunnen voortzetten. De ziekenhuisomgeving is niet 

primair gericht op het stimuleren van fysieke activiteit. Veel zorgprocessen vinden 

plaats rondom het ziekenhuisbed. Patiënten blijven vaak aan bed gekluisterd, 

wachten op de artsenvisite, onderzoeken, eten en drinken of medicatie. Bovendien 

kunnen ze zich ziek voelen of afhankelijk zijn van zorgprofessionals om te kunnen 

bewegen. Een ziekenhuisverblijf kan daarom gepaard gaan met veel onzekerheden. 

Voor veel patiënten ligt de primaire focus op herstel en weer terug naar huis 

kunnen, en veel minder op fysiek actief blijven. Om de negatieve gevolgen van 

inactiviteit tegen te gaan, moeten ziekenhuisorganisaties ernaar streven te 

veranderen van een deactiverende naar een (re)activerende ziekenhuiscultuur. Er is 

behoefte aan interventies gericht op het stimuleren van fysieke activiteit van 

patiënten tijdens een ziekenhuisopname. De primaire doelstelling van dit 

proefschrift is om een bijdrage te leveren aan het stimuleren van fysieke activiteit 

van patiënten tijdens ziekenhuisopname. 

 

In hoofdstuk 2 is een scoping review uitgevoerd om een overzicht te creëren van 

alle belemmerende en stimulerende factoren ten aanzien van fysieke activiteit 

tijdens een ziekenhuisopname, zoals door patiënten en zorgprofessionals in de 

literatuur beschreven. Het Theoretical Domains Framework (TDF) is gebruikt als 

theoretisch raamwerk om alle belemmerende en stimulerende factoren te 

categoriseren. Zesenvijftig kwantitatieve, kwalitatieve en mixed-methods studies zijn 

in de review opgenomen. In totaal werden 264 belemmerende- en 228 stimulerende 

factoren gevonden die door patiënten beschreven waren, en 415 belemmerende- en 

409 stimulerende factoren door zorgprofessionals. Het grote aantal 

geïdentificeerde belemmerende en stimulerende factoren toont de complexiteit aan 

van het veranderen van het beweeggedrag van patiënten tijdens een 



 SAMENVATTING 

189 

ziekenhuisopname. Belemmerende en stimulerende factoren werden het vaakst 

toegewezen aan de TDF-domeinen ‘Omgevingsfactoren en Middelen’ en ‘Sociale 

invloeden’. Dit wijst op de noodzaak om interventies te richten op het veranderen 

van de fysieke omgeving van het ziekenhuis, zorgprocessen en organisatorische 

factoren in het ziekenhuis, de beschikbaarheid van middelen, patiënt-gerelateerde 

factoren, en de sociale invloed die uitgeoefend wordt op patiënten, 

zorgprofessionals en bezoekers. Het uitgebreide overzicht van belemmerende en 

stimulerende factoren biedt een basis om clinici en onderzoekers te begeleiden bij 

de toekomstige ontwikkeling, evaluatie en implementatie van interventies gericht op 

het stimuleren van fysieke activiteit tijdens een ziekenhuisopname. 

 

Ouderen die zijn opgenomen voor een acute medische aandoening brengen weinig 

tijd fysiek actief door tijdens de opname en dit is geassocieerd met negatieve 

gezondheidsuitkomsten. In hoofdstuk 3 is een kwalitatieve studie uitgevoerd waarin 

belemmerende- en stimulerende factoren onderzocht zijn ten aanzien van fysieke 

activiteit bij ouderen die met een acute medische aandoening waren opgenomen op 

de afdeling Interne- en Ouderengeneeskunde van het Maastricht Universitair 

Medisch Centrum (MUMC+). Semi-gestructureerde interviews werden afgenomen 

met 12 patiënten en 16 zorgprofessionals (verpleegkundigen, artsen en 

fysiotherapeuten). De interviews werden geanalyseerd met behulp van ‘directed 

qualitative content analysis’. Belemmerende en stimulerende factoren werden 

gecodeerd en gecategoriseerd met behulp van het TDF raamwerk. Er werd een 

groot aantal belemmerende factoren en stimulerende factoren geïdentificeerd en 

deze werden vervolgens gecategoriseerd over 11 van de 14 TDF domeinen. Het 

grote aantal factoren toont nogmaals de complexiteit aan van het veranderen van 

het beweeggedrag van acuut opgenomen ouderen tijdens een ziekenhuisopname. 

Met name het domein ‘Omgevingsfactoren en Middelen’ leverde veel factoren op en 

benadrukt de inactiverende invloed van de ziekenhuisomgeving op patiënten. Het 

setting-specifieke overzicht dat in deze studie is gecreëerd, is een eerste stap op 

weg naar het ontwikkelen, evalueren en implementeren van theorie-onderbouwde 

gedragsveranderingsinterventies gericht op het stimuleren van fysieke activiteit van 

acuut opgenomen ouderen tijdens een ziekenhuisopname. Het overzicht kan clinici 

en onderzoekers helpen in de selectie van modificeerbare factoren die in 

toekomstige interventies kunnen worden aangepakt. 

 

Hoofdstuk 4 had als doelstelling een screeningsinstrument te ontwikkelen waarmee 

acuut opgenomen ouderen geïdentificeerd kunnen worden die een hoog risico 

lopen om weinig tijd actief te zijn tijdens een ziekenhuisopname. In deze 

prospectieve cohortstudie werden twee predictiemodellen ontwikkeld en intern 

gevalideerd om de kans op het weinig fysiek actief zijn tijdens een ziekenhuis-

opname te voorspellen. Fysieke activiteit werd gemeten met een accelerometer bij 

165 patiënten van inclusie tot ontslag uit het ziekenhuis (≤12 dagen). Potentiële 
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predictoren - Short Physical Performance Battery (SPPB), Activity Measure for Post-

Acute Care (AM-PAC), leeftijd, geslacht, gebruik van loophulpmiddelen, en 

beperkingen in activiteiten van het dagelijks leven - werden voorgeselecteerd op 

basis van gepubliceerde studies waarin factoren gerapporteerd werden die 

geassocieerd zijn met inactiviteit bij acuut opgenomen ouderen. Model 1 voorspelt 

de kans op minder dan 64.4 minuten staan en lopen, en bevat de predictoren SPPB, 

AM-PAC en geslacht. Model 2 voorspelt de kans op minder dan 47,2 minuten staan 

en lopen, en bevat de predictoren SPPB, AM-PAC, leeftijd en gebruik van 

loophulpmiddelen. Beide modellen vertonen een bijna perfecte schatting van de 

voorspelde kansen en goede algemene prestaties van de modellen, waarbij model 

2 iets beter presteert. De ontwikkelde en intern gevalideerde predictiemodellen 

kunnen clinici in staat stellen om acuut opgenomen ouderen te identificeren die een 

hoog risico lopen om weinig tijd fysiek actief door te brengen tijdens een 

ziekenhuisopname. 

 

Hoofdstuk 5 onderzocht het potentieel van Hospital Fit om de mate van fysieke 

activiteit en functioneel herstel na orthopedische chirurgie te verbeteren. Hospital 

Fit bestaat uit een smartphone applicatie verbonden met een accelerometer. Het 

maakt objectieve monitoring van fysieke activiteit mogelijk, geeft patiënten inzicht 

in de voortgang van het herstel en biedt een op maat gemaakt oefenprogramma. 

Er werd een pilotstudie uitgevoerd bij 97 patiënten die een totale knie- of 

heupprothese operatie ondergingen, waarbij gebruik werd gemaakt van een niet-

gerandomiseerd quasi-experimenteel studie design. Patiënten in de controlegroep 

kregen de reguliere fysiotherapeutische behandeling, terwijl patiënten in de 

interventiegroep aanvullend gebruik maakten van Hospital Fit. Fysieke activiteit (tijd 

staan/lopen per dag) werd postoperatief gemeten met een accelerometer tot de 

dag van ontslag uit het ziekenhuis. Functioneel herstel op de eerste dag na de 

operatie (postoperatief dag 1: POD1) werd gemeten met behulp van de 

gemodificeerde Iowa Level of Assistance Scale (mILAS). Hospital Fit gebruik, 

gecorrigeerd voor leeftijd, resulteerde in een gemiddelde toename van 28,43 min 

(95% betrouwbaarheidsinterval (BI): 5,55-51,32) staan en lopen op POD1. Bovendien 

was de kans op het bereiken van functioneel herstel op POD1, gecorrigeerd voor de 

American Society of Anesthesiologists classificatie, 3,08 keer hoger (95% BI: 1,14-8,31) 

bij Hospital Fit gebruik. Deze pilotstudie toont aan dat Hospital Fit de potentie heeft 

om de mate van fysieke activiteit en functioneel herstel van patiënten tijdens 

ziekenhuisopname te verbeteren. 

 

In hoofdstuk 6 is een accelerometer algoritme geoptimaliseerd en gevalideerd dat 

onderscheid kan maken tussen sedentaire (liggen/zitten), staande en dynamische 

activiteiten (lopen), en dat transities van lig/zit naar staan/lopen kan registreren bij 

patiënten tijdens een ziekenhuisopname. Accelerometer data werd tijdens de 

ziekenhuisopname onder normale dagelijkse omstandigheden verzameld zonder 
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een activiteitenprotocol te volgen. Accelerometer data werden vergeleken met 

video analyse bij orthopedische patiënten en acuut opgenomen oudere patiënten. 

Gegevens van 25 patiënten werden gebruikt om het algoritme te optimaliseren, 

gegevens van nog eens 25 patiënten werden gebruikt voor de validatie. 

Optimalisatie resulteerde in de beste prestatie met parameterinstellingen: WS 4 s, 

PA Th 4,3 tellingen per seconde, SO Th 0,8 g. Validatie toonde aan dat het algoritme 

alle activiteiten binnen aanvaardbare grenzen classificeerde (>80% sensitiviteit, 

specificiteit en nauwkeurigheid, ±10% meetfout), behalve het classificeren van staan. 

Het geoptimaliseerde algoritme wordt geschikt geacht om fysieke activiteiten bij 

patiënten tijdens een ziekenhuisopname te kunnen classificeren.  

 

In de algemene discussie in hoofdstuk 7 worden de belangrijkste bevindingen en 

methodologische overwegingen van dit proefschrift besproken. Verder worden 

implicaties voor de klinische praktijk en aanbevelingen voor toekomstig onderzoek 

gepresenteerd.  

 

Concluderend kan worden gesteld dat dit proefschrift heeft geleid tot een beter 

inzicht in alle factoren die van invloed zijn op het beweeggedrag van patiënten 

tijdens een ziekenhuisopname. Het heeft een waardevolle bijdrage geleverd aan het 

verbeteren van het beweeggedrag van patiënten tijdens een ziekenhuis-opname. 
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Toen ik op deze baan wilde solliciteren vroeg mijn man of ik echt wilde promoveren. 

‘Weet je zeker dat dit is wat je wilt? Je hebt gezien wat promoveren inhoudt. Doe 

het nou niet. Je weet dat het zwaar gaat zijn en dat het niet altijd leuk is’. Uiteraard 

zijn er een aantal momenten geweest waarop ik aan dat moment terug heb 

gedacht en dacht ‘Waarom heb ik toen niet gewoon naar hem geluisterd?’. Het was 

inderdaad niet altijd leuk en het was zeker wel eens zwaar. Maar van de beslissing 

om te gaan promoveren heb ik nooit spijt gehad. Ik heb de afgelopen vijf jaar 

namelijk ontzettend veel bijgeleerd, heel veel nieuwe leuke mensen ontmoet en hele 

mooie kansen gekregen.  

TOELICHTING OP DE COVER 

Ik heb mijn promotietraject wel eens vergeleken met een reis door de bergen. Na 

mijn eerste publicatie had ik het gevoel dat ik nog vier bergen moest beklimmen. 

Elke berg op de cover representeert dan ook een van de vijf publicaties. Elke studie 

heeft me andere dingen geleerd en andere inzichten geboden. Ook had elke studie 

een ander beloop en zijn eigen uitdagingen. Uiteindelijk was het doel niet alleen om 

de top van de berg te klimmen en een artikel te publiceren, maar heeft de reis me 

ook doen groeien als onderzoeker en als persoon.  

 

‘It’s not the mountain we conquer, but ourselves’  

Sir Edmund Hillary 
 

De vijf bergen op de cover heb ik uitgekozen omdat het bergen zijn die Bart en ik op 

onze wereldreis zijn tegengekomen. Vanaf de achterzijde gezien is de eerste berg 

van links Mount Ngauruhoe (2291m.), een vulkaan in Tongariro N.P., Nieuw-Zeeland. 

Deze vulkaan staat beter bekend als Mount Doom uit Lord of the Rings. Door alle 

losse stenen klommen we steeds twee passen omhoog en gleden we er weer eentje 

omlaag. Ook dachten we rookwolken uit de vulkaan te zien komen en hoorden we 

gerommel. Later hoorden we dat het leger van Singapore verderop met een 

oefening bezig was. De zware klim was het uitzicht echter helemaal waard, zeker 

toen er ook nog een huwelijksaanzoek volgde.  

 

De tweede berg is Ama Dablam (6812m.) in Nepal. We waren al ruim een week 

onderweg op een trektocht naar Mount Everest Base Camp. Toen we Base Camp 

bereikten was het mistig en konden we de bergen om ons heen niet goed zien. We 

sliepen die nacht in een dorpje op 5164m. en stonden na een gebroken nacht om 3 

uur ’s ochtends op om samen met onze gids naar 5550m. te klimmen voor een mooi 

uitzicht op de top van Mount Everest. Toen het licht begon te worden en de mist weg 

was, zagen we pas goed waar we waren. We waren al zo hoog, maar de bergen om 
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ons heen torende nog steeds heel hoog boven ons uit. Een onbeschrijfelijk gevoel en 

een van de mooiste bergen die we bij het opkomen van de zon zagen was Ama 

Dablam.  

 

De derde berg is Sagarmatha, oftwel Mount Everest (8848m.). Voor ons was dit de 

eerste keer dat we op grote hoogte wandelden, een hele bijzondere ervaring in een 

supermooie omgeving. We hadden maar heel weinig spullen bij ons, maar kwamen 

wel met een rugzak vol herinneringen terug. Maar het was ook een tocht waarin we 

geleerd heb wat de gevaren van hoogteziekte en wandelen in de bergen kunnen 

zijn. Het belang van gezond blijven, eten en drinken en een plek om te slapen 

stonden tijdens die tocht veel meer centraal dan normaal. 

 

De vierde berg is Cradle Mountain (1545m.). Deze berg kwamen we tegen op de 

eerste dag van de Overland Track, een zeven daagse tocht door de Tasmaanse 

wildernis. Toen we vertrokken was het zonnig en 25 graden, toen we de volgende 

ochtend wakker werden lag er overal sneeuw. De overige dagen heeft het alleen 

maar geregend en liepen we soms tot onze kuiten door het water. Ondertussen 

waren er boven ons twee vogels aan het vechten om een slang. Heel fijn. 

 

Als laatste komt Torres del Paine in Patagonië, Chili, aan de beurt. Een ontzettend 

mooi en ruig gebied met gletsjers die verder strekken dan je kunt zien. We hebben 

hier zoveel mooie natuur gezien, maar ook nog meer respect gekregen voor de 

bergen en de natuur. De muizen die door de tent heen knaagden waren niet zo erg, 

maar het waren de felle windstoten die ons nachtenlang wakker hielden. Midden in 

de nacht hielden we regelmatig de tentstokken vast omdat we bang waren dat de 

tent het zou begeven. Toen na ongeveer een week wandelen er een dikke boom 

vlak naast onze tent was omgewaaid en we niet wisten of we veilig een bergpas 

over zouden kunnen komen zonder ingesneeuwd te raken hebben we het 

opgegeven. Omdat we het niet meer veilig vonden zijn we omgedraaid.  

 

De bergen op de cover zijn niet alleen symbolisch voor mijn promotietraject, maar 

ook voor de reis die patiënten meemaken tijdens een ziekenhuisopname. Voor de 

meeste patiënten is het vooruitzicht gelukkig mooi en is de opname een reis om 

weer beter te worden of naar huis te kunnen. Het ziektebeloop kan soms echter 

grillig zijn en leiden tot complicaties of (onverwachtse) tegenslagen. Elke patiënt 

bewandeld tijdens de opname zijn eigen pad waarin hij begeleid wordt door 

zorgprofessionals, medepatiënten of naasten. De wandelpaden op de cover 

representeren het beweeggedrag van patiënten tijdens een ziekenhuisopname. Zo 

kan er bijvoorbeeld verschil zitten tussen het beweeggedrag van patiënten met een 

geplande opname ten op zichtte van patiënten met een acute opname. Ook kan dit 

beïnvloed worden door hoe lang iemand al ziek was en hoeveel hij voor de 

ziekenhuisopname bewoog. 
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DANKWOORD 

Maar nu wordt het eindelijk tijd voor het echte dankwoord. Want ik had dit de 

afgelopen vijf jaar niet kunnen doen zonder de hulp van een heleboel mensen om 

mij heen. Vrienden, familie, collega’s en patiënten, jullie hebben allemaal op een 

andere manier bijgedragen aan dit proefschrift door me verder te helpen op 

onderzoeksgebied of door er op een andere manier voor me te zijn. Een aantal 

mensen wil ik in het bijzonder bedanken. 

 

Allereerst wil ik alle patiënten en zorgprofessionals bedanken die deel hebben 

genomen aan mijn onderzoek. Ondanks dat deelname aan de studies jullie niet 

altijd zelf iets opleverde waren jullie toch bereid om mee te doen om hiermee 

toekomstige patiënten mogelijk te kunnen helpen. Bedankt daarvoor en voor alle 

mooie gesprekken. 

 

Daarnaast wil ik uiteraard mijn promotieteam bedanken.  

Beste Ton, ik heb de afgelopen jaren ontzettend veel van je geleerd. We hebben 

heel veel leuke discussies gehad over ziekenhuisfysiotherapie en onderzoek doen. 

Vanaf het begin af aan heb je me vrijgelaten in mijn promotietraject en me het 

vertrouwen gegeven dat ik het kon. Ook op de momenten waarop ik daar zelf over 

twijfelde stond je voor me klaar en had je goede adviezen. Niet alleen op 

onderzoeksgebied, maar ook halverwege de zwarte piste; mijn bochten linksom 

gaan inmiddels een stuk beter. Je deur staat altijd voor ons open. Hoe druk je het 

zelf ook hebt, je maakt altijd even tijd voor ons promovendi. Bedankt voor de fijne 

begeleiding, maar uiteraard ook voor alle andere leuke momenten zoals 

fietstochtjes, teamuitjes, het WCPT in Genève en de ski-reis naar Serfaus.  

 

Beste Rob de Bie, ook jou wil ik bedanken voor de fijne begeleiding en voor alles 

wat ik van je heb geleerd. Ook jij stond altijd voor me klaar als ik vragen had of 

advies nodig had, al moet ik bekennen dat ik je advies over flitsers iets minder 

betrouwbaar vind. Het ging tijdens onze maandelijkse overlegmomenten vaak over 

bitterballen, scheurende asfaltplaten, en het feit dat het ergens op de wereld wel 

vier uur is. Jij en Ton vulden elkaar qua kennis en begeleiding op de juiste 

momenten goed aan. Jullie opbouwende kritiek heeft de studies beter gemaakt 

maar mij ook doen groeien als onderzoeker. Jullie hebben me nooit enige druk 

opgelegd en hadden er ook oog voor dat het met mij als persoon ook goed bleef 

gaan tijdens mijn promotietraject. Bedankt daarvoor, dat waardeer ik echt.  

 

Beste leden van de beoordelingscommissie en de corona, beste prof. dr. Karin 

Faber, prof. dr. Hans Savelberg, prof. dr. Jos Schols, dr. Karin Valkenet, prof. dr. 

Philip van der Wees, dr. Thomas Hoogeboom, prof. dr. Jan Hamers en dr. Ingeborg 
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Vriens. Bedankt dat jullie interesse in mijn proefschrift hebben getoond en de tijd 

hebben genomen om dit proefschrift te lezen, te beoordelen en/of te opponeren. 

 

George, Ton, Lex, Jona en Aniek. Dankzij jullie sta ik hier nu. Toen ik zeven maanden 

zwanger was en bij jullie op sollicitatiegesprek kwam kon ik alleen maar hopen dat 

jullie verder konden kijken dan die dikke buik. Ik ben jullie heel dankbaar dat jullie 

dat gedaan hebben en dat jullie me deze mooie kans gegeven hebben.   

 

Dr. Danielle, Dr. Aniek, Dr. Christel, Marissa, Anouk, en Loes (oftewel de Roze 

Veulens). Wat was het fijn en gezellig om meerdere promovendi te hebben op de 

afdeling. Het was super om samen te kunnen sparren over zowel onderzoeks-

gerelateerde als iets minder onderzoeks-gerelateerde onderwerpen. We hebben 

inmiddels zo’n vier of vijf werkplekken gehad en ontzettend veel gezellige koffie- en 

(high-)thee momentjes. Helaas werd dit in coronatijd minder, maar het is wel heel 

leuk dat dit nu op de nieuwe onderzoekskamer weer terugkomt. 

 

Meiden van ‘Zorg dat u beweegt’, het was super om met jullie de eerste 

beweegprojecten op te pakken en samen te sparren over wat we wilden gaan doen 

en hoe we het vervolgens gingen pilot-testen, evalueren en implementeren. Samen 

hebben we ook de patient journey en de infographic met de beweeginterventies 

vormgegeven. Ondanks dat we tegen allerlei uitdagingen aanliepen was het vooral 

ook erg gezellig. Het is dan ook jammer dat ZDUB door organisatorische redenen 

niet meer bij elkaar is! Lieke, we missen je nog steeds maar ik ben blij dat je het bij 

mijn oude collega’s in het Catharina Ziekenhuis ook goed naar je zin hebt! 

 

Mandy, bedankt voor al je hulp met includeren van patiënten, opplakken en afhalen 

van MOXen. En dat soms op de raarste locaties. Het was niet alleen gezellig om met 

je samen te werken, maar ook leuk om met je te kunnen sparren en om samen het 

bewegen op B5 te promoten. Daarnaast ook bedankt dat je Petra vanuit de 

geriatrie fysiotherapie opleiding mee hebt genomen naar het MUMC+!  

 

Petra, ook jij bedankt voor je enorm harde werk en alle uren die je meegeholpen 

hebt aan het afnemen van interviews, transcriberen en coderen van de data. Het 

was een ontzettende klus, maar je bleef altijd vrolijk en samen hebben we ons door 

alle data heen geworsteld.  

 

Rachel en Rik, het was heel handig om twee post-docs op de afdeling te hebben die 

al de nodige ervaring hadden met METC-aanvragen, accelerometers, en 

promoveren in het algemeen. Ik heb veel van jullie geleerd (o.a. dat ik Rik niet moet 

uitdagen met bergop fietsen), maar vond het vooral ook gezellig om samen te 

werken aan de validatiestudie, de Hospital Fit RCT en de Academisch Alliantie Fonds 

studie.  
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Rob Roomans, bedankt voor al je geduld en vertrouwen. Ook jouw deur staat altijd 

open voor een luisterend oor. Hoe kritisch we ook zijn, we kunnen het altijd met je 

bespreken (waarschijnlijk zolang het maar niet meer over verwerkers-

overeenkomsten en goedkeuringen van de medisch technische commissie meer 

gaat). Je hebt ons de afgelopen jaren altijd gesteund en gefaciliteerd rondom 

onderzoek doen, Hospital Fit en andere beweegprojecten en dat waardeer ik.  

 

Alle overige collega’s van de afdeling Fysiotherapie, bedankt voor alle leuke 

momenten in de afgelopen jaren en al jullie hulp bij de diverse onderzoeken en 

projecten. Ik ben vijf jaar geleden in een heel leuk team terecht gekomen. Ondanks 

dat ik na mijn zwangerschapsverlof en verhuizing naar Limburg op een nieuwe plek 

moest beginnen heb ik me bij jullie meteen op mijn plek gevoeld. Alle leuke feestjes 

en teamuitjes hebben daar natuurlijk wel aan bijgedragen! Want zoals Jacky 

Baggen altijd zegt: ‘Oontspanne moot ouch gebäöre’! Appie, bedankt voor al je 

social support! Als rechterhand van Ton voelde je altijd feilloos aan wanneer er wat 

morele steun nodig was. We zullen je binnenkort gaan missen! Frank, daanke veur 

alles jong! Ich ving ut sjiek das dich geprobieerd höbst um mich Mestreeeechs te 

lieëre! Victoire, Ilse en Wilke, bedankt dat jullie altijd voor iedereen klaarstaan! Ed, 

wat zal ik zeggen… iets met schildpadden, goudvissen en E(r)dingers… De rest van 

het Serfaus groepje, ik kan maar drie woorden zeggen: boeken, boeken, boeken.  

En zo zou ik jullie het liefst allemaal persoonlijk willen bedanken voor de leuke of 

speciale momenten die we samen hebben meegemaakt. Nogmaals bedankt voor 

alle hulp bij het informeren van patiënten, het opplakken of afhalen van MOXen, het 

invullen van enquêtes, het meewerken aan interviews, etc. Zonder jullie had ik dit 

echt niet gekund!  

 

Alle collega’s van het Zorg Innovatielab, bedankt dat ik sinds 2019 ook onderdeel 

van jullie enthousiaste en leuke team ben mogen zijn. Esther, bedankt dat je ons 

‘Zorg dat u beweegt’ clubje destijds gestimuleerd hebt om het beweegborden 

project en andere beweeginitiatieven op te pakken, waardoor we nu een structureel 

onderdeel van ZIEL zijn geworden. Ruud, bedankt dat je mijn sparringsmaatje was, 

voor al je lekkere taarten, en dat we het gerust geregeld oneens met elkaar konden 

zijn. Perry, Eric, en Desiré bedankt voor jullie hulp bij Hospital Fit! Roy, bedankt dat ik 

altijd aan de bel mag trekken! Evelyn en Nicole, jullie zijn een goed team en ik ben 

benieuwd waar jullie ZIEL in de toekomst heen gaan brengen. En natuurlijk aan het 

hele team… jullie optimisme en drive om de zorg te willen verbeteren is super, en ik 

vind het heel gaaf om te zien wat er daardoor vanuit ZIEL allemaal bereikt is, o.a. op 

het gebied van Digitale Zorg.  

 

Dr. Sven, dr. Niek, dr. Lotte, Petra, en Emily, zonder burn-out promoveren was ons 

motto. Daarnaast uiteraard ook om niet elkaars concurrentie te zijn maar juist 

samen te werken aan onderzoek naar het stimuleren van het beweeggedrag van 
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patiënten in Nederland. Een fijne bijkomstigheid was dat het onderling ook nog 

goed klikte en altijd erg gezellig was! Een van de leukste momenten was samen in 

Genève op het WCPT. Ondanks dat sommigen van ons een ander pad in zijn 

geslagen hoop ik dat we toch nog lang contact zullen houden! Petra en Lotte, mijn 
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terecht te kunnen en ik heb veel van je geleerd op het gebied van wearables en 
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Daarnaast zijn er nog een aantal partijen die ik speciaal wil bedanken.  

Allereerst alle co-auteurs van de diverse studies. Bedankt voor de prettige 

samenwerking en alle waardevolle input die jullie geleverd hebben. Vervolgens de 

vele stagiaires van de opleiding Fysiotherapie van Zuyd Hogeschool, van de 
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Lieve familie en vrienden, 
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Leonie en Bas, helaas wonen we niet meer bij elkaar om de hoek, maar onze 11 over 
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De antraciete tijgers van H.V. Optimo (en uiteraard Gerold), jullie zorgden er 
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uitgegroeid tot een grote, gezellige groep en ik hoop dat dit zo blijft!  
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Lieve papa en mama, bedankt voor jullie onvoorwaardelijke liefde en steun. 

Ondanks dat we ver uit elkaar wonen maken jullie toch elke maand de lange reis 

naar het zuiden om op Tijn en Yfke te passen (en stapels pannenkoeken te bakken). 

Papa, zonder jou zou ik nu niet gaan promoveren. Allereerst door alle uren die je me 

op de middelbare school hebt geholpen met wiskunde, scheikunde en natuurkunde. 

Daarnaast had ik het zonder het doorzettingsvermogen wat ik van jou en oma mee 

heb gekregen nooit gered! 
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