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Preface 

Rehabilitation medicine is the final care path to improve quality of life for those who 
sustain impairment, disability, or handicap after illness. Remarkable development and 
improvement of diagnostic as well as therapeutic skills in recent times have
contributed to increasing survival rates. Consequently it also increases demand for 
rehabilitation for survivors. For rehabilitation professionals, this text will provide 
current concepts, practical skills, and further research issues in various areas. The
contributors of this text not only describe current knowledge, but also stimulate 
readers to continue developing better rehabilitation skills. This text is not sufficient to 
cover every rehabilitation issue in one volume. However, we hope the readers will 
build up more knowledge upon this first edition. 

Dr. Chong-Tae Kim 
Department of Rehabilitation and Physical Medicine,

University of Pennsylvania, School of Medicine,  
USA
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Diabetic Foot Ulceration and Amputation 
Stephanie Burns1 and Yih-Kuen Jan2 

1Veterans Affairs Medical Center, Department of Physical Therapy,  
2University of Oklahoma Health Sciences Center, Department of Rehabilitation Sciences, 

Oklahoma City, Oklahoma,  
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1. Introduction 
The number of people with diabetes mellitus (DM) has been conservatively estimated to 
approximately double by 2030 to a worldwide prevalence of 4.4% at which time 366 million 
people will have diabetes (Wild et al., 2004). As the number of people with DM rises, so too 
will the burden of diabetic foot disease, particularly since the factors contributing to ulcer 
formation such as peripheral neuropathy and vascular disease are already present in 10% of 
people at the time of diagnosis (Boulton et al., 2005). The risk of an individual with DM 
developing a foot ulcer some time in his or her lifetime could be as high as 15% and foot 
ulcers are found in 12% to 25% of diabetics (Singh et al., 2005; Brem et al., 2006). Results 
from population and community based studies in the UK have shown a 1.3-4.8% prevalence 
rate of foot ulcers in persons with type 2 DM (Boulton et al., 2005). The annual incidence of 
foot ulceration is more than 2% among all persons with diabetes and 5% to 7.6% among 
diabetics with peripheral neuropathy (Abbott et al., 2002; Boulton et al., 2004).  

The prevalence of diabetes-related complications such as peripheral neuropathy and foot 
disease will continue to increase in countries such as the United States not only as the 
prevalence of the disease increases but as longevity of the population with DM improves. 
Among people with DM, lower extremity disease is the most common source of 
complications and hospitalization (Boyko et al.). Ghanassia et al (2008) reported a diabetic 
foot ulcer recurrence rate of 60.9% and an amputation rate of 43.8% in a study of 89 
hospitalized subjects (Ghanassia et al., 2008). Almost 50% of nontraumatic lower extremity 
amputations worldwide occur in people with DM (Global Lower Extremity Amputation 
Study, 2000). Amputations from complications related to DM place an individual at risk for 
additional amputation and have a 5 year mortality rate of 39% to 68% (Morris et al., 1998). 
People with diabetic foot ulcers have a lower health-related quality of life than the general 
population and diabetics without foot ulcers as well (Ribu et al., 2007).  

2. Pathophysiology of diabetic foot ulceration 
The pathogenesis of diabetic foot ulceration is multifactorial and the result of a complex 
interplay of a number of elements including peripheral neuropathy, structural deformities, 
elevated plantar pressures, limited joint mobility, vascular disease, and various extrinsic 
sources of trauma such as ill fitting shoe wear or foreign objects in shoes. The peripheral 
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neuropathy that occurs in DM is truly a “poly”neuropathy in that sensory, motor and 
autonomic fibers and function are all adversely affected. It is the sequelae of these neural 
dysfunctions in conjunction with extrinsic factors that produce the physiologic and 
structural changes that lead to ulceration. The most common causal pathway to diabetic foot 
ulceration involves the confluence of loss of sensation resulting in failure to detect repetitive 
pressure or trauma and abnormal foot structure or deformity producing sites of abnormally 
high pressure, usually over areas of bony prominence (Mueller et al., 1990; Brem et al., 2006; 
Chao and Cheing, 2009; O'Loughlin et al., 2010). Diabetic peripheral polyneuropathy is the 
central component as it can induce changes in foot structure and produce dryness of the 
skin which can lead to callus formation (van Schie, 2006; O'Loughlin et al., 2010). Callosities 
form on areas of elevated pressure on the plantar aspect of the foot in response to pressure 
amplified by restricted joint motion of the ankle and foot which is applied to dry, poorly 
lubricated skin resulting from autonomic dysfunction (Young et al., 1992). Loss of protective 
sensation permits continuation of repetitive pressure that goes undetected causing calluses 
to thicken into sources of tissue trauma then hemorrhage and ulcerate underneath (Murray 
et al., 1996). Veves et al. (1992) first demonstrated the relationship between high plantar 
pressures and diabetic foot ulceration in a prospective study in 1992. The relative risk of 
developing an ulcer in an area of high plantar pressure is 4.7 and that risk more than 
doubles to 11.0 at the site of a callus (Murray et al., 1996). 

2.1 Types of diabetic foot ulcers 

Diabetic foot ulcers are classified as one of 3 types based on their primary etiologies and 
clinical characteristics: neuropathic, neuroischemic, and ischemic. This classification is a 
reflection of the physiological systems adversely impacted by the chronic hyperglycemia of 
the disease. Hyperglycemia induces alterations in multiple metabolic pathways resulting in 
structural and functional changes in the microvasculature of local tissue and the peripheral 
nerves in cases of peripheral neuropathy (Chao and Cheing, 2009). Neuropathic ulcers 
appear in the absence of protective sensation as a result of peripheral sensory neuropathy 
but without evidence of macrovascular disease. The presence of co-morbidity, deep foot 
infection, and plantar or metatarsal head ulcer location have been shown to be related to 
minor and major amputation risk in diabetic patients without ischemia (Gershater et al., 
2009). They are typically found on the plantar surfaces of the feet and make up about 40% of 
all diabetic foot ulcers. 

Diabetic foot ulcers are considered vascular or ischemic in origin when they occur in the 
absence of palpable pedal pulses (posterior tibial and dorsalis pedis arteries) in conjunction 
with ankle brachial indices (ABIs) of less than 0.9. Infection is coincident with ischemia in 
50% of patients with this type of diabetic foot ulcer (Dinh et al.; Prompers et al., 2007). This 
type of ulcer comprises about 10% of all diabetic foot ulcerations. As their name implies, 
neuroischemic ulcers share features common to both ischemic and neuropathic ulcers in that 
they occur in the absence of protective sensation and palpable pedal pulses. They make up 
the final 40% of diabetic foot ulcers. Probability of major amputation in diabetic patients 
with ischemic/neuroischemic ulcers has been related to the extent of peripheral vascular 
disease, presence of co-morbidity, multiple ulcerations and tissue loss (Gershater et al., 
2009). Peripheral vascular disease is the most important factor related to outcome in these 
types of diabetic foot ulcers (Boulton et al., 2005; Gershater et al., 2009). 
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2.2 Diabetic polyneuropathy and ulceration 

Nearly 50% of all people with DM have diabetic polyneuropathy making it one of the most 
common long-term complications of the disease with chronic, symmetrical, sensorimotor 
polyneuropathy being the most typical type (Tesfaye et al., 2010). Persons with DM and 
signs of peripheral neuropathy have been shown to be 4 times as likely to have plantar 
ulcerations as those without neuropathy (Frykberg et al., 1998). Presence of peripheral 
neuropathy induces a number of pathologic changes in the diabetic foot that then interact to 
increase susceptibility to ulceration. Sensory neuropathy can affect perception of pain, 
pressure, touch, temperature, and proprioception. Loss of protective sensation prevents 
detection of levels of injurious trauma to tissue and stimuli that would ordinarily trigger a 
protective response such as ill fitting footwear or a foreign object in a shoe go unperceived, 
often until extensive destruction has occurred. Loss of sensation has been shown to be 
associated with diabetic foot ulceration in a number of studies (Boyko et al., 1999; Reiber et 
al., 1999). Results of a prospective multicenter study point to sensory neuropathy as the 
most frequent component in the causal sequence to diabetic foot ulceration (Reiber et al., 
1999). Proprioceptive loss leads to instability and changes in gait that can increase the 
potential for traumatic injury. 

As polyneuropathy progresses, motor fibers are affected resulting in weakness and atrophy 
of the distal leg and intrinsic foot muscles (Andreassen et al., 2006). Motor neuropathy can 
lead to foot deformities such as claw or hammertoes, prominent metatarsal heads, or hallux 
valgus. Prevalence of clawing or hammering toes in persons with DM has been reported to 
be 32 to 46% (Holewski et al., 1989; Smith et al., 1997). Hammer toe is an important predictor 
of plantar pressure (Mueller et al., 2003) and claw/hammer toe deformity is associated with 
elevated plantar pressures at the MTHs (Bus et al., 2005). Intrinsic foot muscle weakness has 
long been thought to be a proximate cause of deformity in the diabetic foot (Reiber et al., 
1999). The intrinsic muscles of the foot ordinarily function to balance the pull of the extrinsic 
flexors and extensors at the interphalangeal joints by flexing the MTP joints while extending 
the interphalangeal joints. Weakness of the intrinsic muscles leads to loss of this stabilizing 
function and ultimately hyperextension of the MTP joints and clawing of the toes. Fat pads 
underlying the metatarsal heads, embedded in the flexor tendons and originating from the 
plantar ligaments attached to the proximal phalanges, tend to migrate distally when the toes 
claw resulting in removal of the soft tissue cushion beneath the metatarsal heads. The 
prominent metatarsal heads are now exposed to abnormally high plantar pressures during 
walking as plantar tissue thickness has been shown to be related to peak plantar pressures 
(Abouaesha et al., 2001). Findings of two recent studies have raised questions about the 
causal relationship between muscle atrophy and deformity noting that intrinsic muscle 
atrophy was present before clinical peripheral neuropathy could be detected and finding no 
significant difference in degree of intrinsic foot muscle atrophy between matched subjects 
with and without claw toe deformity (Greenman et al., 2005; Bus et al., 2009). 

Concomitant damage to the sympathetic fibers in peripheral neuropathy results in 
sudomotor dysfunction that can trigger a cascade of untoward effects in the foot beginning 
with atrophy of the sweat glands and progressing through anhidrosis, drying of the skin, 
fissuring and callus formation (Vinik et al., 2003). Excessive drying has been associated with 
foot ulceration (Tentolouris et al., 2009). Foot temperature increases in parallel with a 
reduction in sweating and this may predispose to infection (Sun et al., 2008; O'Loughlin et 
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al., 2010). Tentolouris et al. (2009) found sudomotor dysfunction was associated with an 
almost 15 times greater risk of foot ulceration and similarly Sun et al. (2008) reported the 
risk of plantar ulceration occurrence was 13.4 times greater in a patient group with the most 
sudomotor dysfunction over a 4 year follow-up period. 

2.3 Biomechanical factors and ulceration 

Limited motion at the ankle or limited joint mobility has been associated with increased 
peak forefoot pressures and risk of ulceration and re-ulceration (Delbridge et al., 1988). The 
exact pathogenesis of limited joint mobility in DM is unclear but it is thought to be due to 
progressive stiffening of the collagen-containing tissues ultimately resulting in thickening of 
the skin with loss of joint motion (Zimny et al., 2004). Giacomozzi and colleagues 
demonstrated reduced ankle mobility in patients with DM with and without peripheral 
neuropathy suggesting another mechanism is responsible for alterations in foot-ankle 
biomechanics (Giacomozzi et al.). Abnormal thicknesses of plantar fascia and Achilles 
tendon have been measured (D'Ambrogi et al., 2005; Salsich et al., 2005). 

Alterations in biomechanical properties of the diabetic foot have been proven to cause 
increased plantar foot pressure, which may lead to the development of diabetic foot ulcers 
(Mueller et al., 2003). Diabetes is associated with the formation of glucose-mediated 
intermolecular cross-links (i.e. advanced glycation end-products, AGE). Accumulations of 
AGEs increase stiffness of the cartilages, muscles, tendons, ligaments, and skin (Brownlee et 
al., 1988). A stiffer plantar soft tissue reduces the shock-absorbing mechanism of the ankle-
foot complex and may make the diabetic foot more vulnerable to repetitive stress during 
walking (Landsman et al., 1995). 

The hallux has been identified as the most common site of diabetic foot ulceration, accounting 
for 20% to 30% of diabetic foot ulcers in a study of 360 patients and comprising 22% of the 
ulcers seen in another research group’s clinic (Armstrong et al., 1998; Nube et al., 2006). Several 
risk factors have been associated with ulceration of the hallux. Decreased dorsiflexion at the 
first metatarsophalangeal joint, neuropathy, increased length of the hallux, increased 
interphalangeal angle, increased body weight, decreased soft tissue thickness and pes planus 
are all associated with increased pressure at the hallux (Mueller et al., 2003). 

Another common deformity seen in diabetic feet is Charcot’s neuroarthropathy. Charcot’s 
foot is characterized by neuropathic fractures of the midfoot region resulting in collapse of 
the arch of the foot. Involvement of the tarsal joints can cause the plantar surface to become 
convex resulting in the classic “rocker-bottom” foot. This deformity leads to areas of 
elevated pressure on skin that is not adapted to tolerate pressure and ultimately leads to 
ulceration (Mueller et al., 1990). Abnormal perfusion of the bones of the midfoot 
precipitated by autonomic neuropathy may be an etiologic component (O'Loughlin et al., 
2010). Both Charcot deformity and hammer toes have been shown to be independent risk 
factors for diabetic foot ulcers (Boyko et al., 1999). 

2.4 Microvascular factors and ulceration 

Adequate vascular supply is essential for healing and ischemia often plays a role in 
ulceration of the diabetic foot. Wound healing requires an adequate supply of oxygen and 
nutrients be provided to cells involved in the repair process. Peripheral arterial disease 
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(PAD) is estimated to occur twice as frequently among persons with DM as those without 
(Dinh et al.). Lower extremity arterial insufficiency in persons with DM can have both 
macro- and microvascular components. Probability of healing in diabetic foot ulcers has 
been shown to be strongly related to severity of peripheral vascular disease (Apelqvist et al., 
2011). The reported prevalence of PAD in patients with diabetic foot ulcers ranges from 10% 
to 60% (Armstrong and Lavery, 1998; Oyibo et al., 2001; Moulik et al., 2003). A multi-center 
trial in Europe reported an overall PAD prevalence of 49% but this varied from 22 to 73% 
among various centers (Prompers et al., 2007). Peripheral arterial disease typically affects 
infrapopliteal vessels specifically the profunda femoris in people with DM (Dinh et al.).  

Tissue viability ultimately depends on adequate local blood supply to cells via the 
microcirculation. Alterations in microcirculation have been implicated in formation of 
diabetic foot ulcers for some time (Dinh and Veves). Dysfunction in the microcirculation of 
the diabetic foot is not occlusive in nature but secondary to structural and functional 
changes (Dinh et al.; Chao and Cheing, 2009). The chronic hyperglycemia brought on by DM 
leads to intracellular accumulation of glucose inducing alterations in multiple metabolic 
pathways in vascular and neural tissue. Hyperglycemia is a causative factor in impaired 
vascular permeability and tone as well as auto regulation of blood flow (Chao and Cheing, 
2009). Impaired vasodilatory response to plantar pressure causing tissue ischemia is the 
common final pathway, according to various theories, of the development of diabetic foot 
ulcers (Boulton et al., 2000). Diabetic patients (with or without peripheral neuropathy) suffer 
from various forms of microvascular dysfunction, including abnormal vasomotion (Benbow 
et al., 1995; Stansberry et al., 1996; Bernardi et al., 1997), impaired vasodilatory response to 
local heating (Malik et al., 1993; Stansberry et al., 1999), decreased blood flow under or after 
pressure loading (Fromy et al., 2002; Koitka et al., 2004), endothelial nitric oxide dysfunction 
(Veves et al., 1998), and attenuated response to sympathetic maneuvers (Aso et al., 1997). 

Thickening of basement membranes and reduction in capillary size are structural changes 
that are more prominent in the lower extremities (Dinh et al.). Functionally, vasoreactivity is 
impaired via reduction in both endothelium-dependent and non-endothelium dependent 
vasodilation. Both endothelium- and non-endothelium-dependent vasodilation are impaired 
in the presence of peripheral neuropathy while PAD primarily affects non-endothelium-
dependent vasodilation (Dinh et al.; Veves and King, 2001). Occlusive vascular lesions 
would be more amenable to surgical intervention while the functional ischemia resulting 
from dysfunctional vasoreactivity would be less responsive to bypass procedures (Veves et 
al., 1998). Therefore correction of macrocirculatory issues will not necessarily result in 
healing of a diabetic foot ulcer or prevention of one in the future (Arora et al., 2002). 

Microcirculation in persons with DM can also be adversely affected by the neuropathic 
impairment of the nerve-axon reflex. Stimulation of the C-nociceptive nerve fibers ordinarily 
leads to release of local vasodilators such as substance P, bradykinin and calcitonin gene-
related peptide (CGRP). These neuropeptides act to produce vasodilation via direct action 
on vascular smooth muscle or indirectly on mast cells through histamine release. This axon 
mediated response normally accounts for roughly 1/3 of the endothelium-dependent 
vasodilation in the foot and forearm (Hamdy et al., 2001). This neurogenic vasodilatory 
response is impaired in the presence of diabetic peripheral neuropathy and the number of 
sensory neurons for substance P and CGRP reduced (Levy et al.; Caselli et al., 2003).  
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2.5 Diabetic foot ulcers and lower extremity amputation 

DM increases the risk for lower extremity amputation (LEA) from 2% to 16% depending on 
study design and the population studied (Adler et al., 1999; Lavery et al., 2003; Resnick et 
al., 2004; Frykberg et al., 2006). Rates of LEA among persons with DM can be as much as 15 
to 40 times higher than their non-DM counterparts (Lavery et al., 1996; Resnick et al., 1999). 
Incidence rates of all LEAs are 4-7 times higher in men and women with DM than in people 
without DM (Frykberg et al., 2006). A Dutch study found the incidence rate of initial 
unilateral LEA was 8 times higher in persons with DM than in persons without DM 
(Johannesson et al., 2009). Lavery et al. found men with DM were 2.35 times more likely to 
have an LEA than women with DM (Lavery et al., 1999). In a Native American population 
with DM, risk of LEA was twice as high for men as women (Resnick et al., 2004). 
Amputation risk varies among ethnic groups being 1.72 to 2.17 times higher in African 
Americans than non-Hispanic whites and Hispanics (Lavery et al., 1996) and Native 
Americans, Hispanic Americans and African Americans having a 1.5 to 2.4 fold increased 
risk of DM-related LEAs than their age-matched Caucasian counterparts (Lavery et al., 1999; 
Resnick et al., 2004).  

The majority of LEAs due to DM were toe amputations followed by BKAs then AKAs and 
foot amputations with rates of 2.6, 1.6, and 0.8 per 1000 in 2002 (Centers for Disease Control 
and Prevention, 2005). Several studies in the US and western Europe in recent years have 
reported decreasing incidence of LEAs in DM populations particularly in response to 
implementation of improved diabetes foot care (Krishnan et al., 2008; Schofield et al., 2009). 
In the 5 year longitudinal study by Canavan et al. (2008), the incidence rate of LEA in 
persons with DM dropped from 310.5 per 100,000 persons to 75.9 per 100,000. A similar 
dramatic 62% reduction in incidence of major LEAs and a more modest 40.3% decline in 
total LEAs over 11 years were reported (Krishnan et al., 2008). However, a large 
retrospective study utilizing a nationwide sample in England found no significant decrease 
in incidence of DM-related LEAs from 2004 to 2008 (Vamos et al., 2010). The explanation for 
the differences in findings may lie in the differences in study design as retrospective studies 
have been reported to underestimate incidence by 4.2% to 90.6% and misclassify 4.5% to 
17.4% of amputations (Rayman et al., 2004). 

2.6 Risk factors for diabetes-related amputation 

Generally speaking, the same factors involved in ulceration of the diabetic foot can have at 
least contributory roles in LEAs. PAD, infection, chronic hyperglycemia, and history of 
previous diabetic foot ulcers or amputation are significant risk factors for amputation. 
Ischemia is a contributory if not the major factor determining the need for a LEA (Schofield 
et al., 2006). PAD is an independent risk factor for LEA in people with DM (Adler et al., 
1999; Moulik et al., 2003; Davis et al., 2006). Adequate blood supply is necessary for healing 
and resolution of infection as impaired blood interferes with tissue oxygenation and 
antibiotic delivery to affected regions. PAD is present in 8% of adults with DM at the time of 
diagnosis and there is a 3.5 fold risk among men with DM and a 8.6 fold risk among women 
of developing PAD (Melton et al., 1980; Kannel, 1985). In a study by Moulik et al. (2003), 
59% of patients who had LEAs over a 5 year follow-up period had PAD and 5 year 
amputation rates were higher and times to amputation were shorter in this group. While 
infection may not be an independent risk factor for LEA is often related to inadequate blood 
flow and interferes with healing (Reiber et al., 1999). 
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Chronic hyperglycemia and insulin use, which could be considered a marker for glycemic 
control, have been shown to be independent risk factors for LEA in persons with DM (Adler 
et al., 1999; Davis et al., 2006; Adler et al., 2010). Elevated HbA1c is associated with risk of 
LEA such that for every 1% increase in HbA1c there is an associated 26% to 36% increased 
risk of LEA (Adler et al., 2010). Positive associations have been observed between glycemia 
and micro- and macrovascular complications and clinical trials have demonstrated the value 
of improved glycemic control on microvascular complications (DCCT, 1993; UKPDS, 1998). 
Data on macrovascular complications and glycemic control is less clear with limited clinical 
trial data to unequivocally demonstrate that intensive glycemic control reduces risk of LEA 
(Zoungas et al., 2008; Patel et al., 2009; Adler et al., 2010).  

Increased risk of LEA associated with hyperglycemia is thought to be mediated by PAD and 
peripheral sensory neuropathy. Various biochemical changes resulting from hyperglycemia 
including glycation, protein kinase C activation, sorbitol and hexosamine pathway 
activation result in arterial disease, sensory neuropathy, autonomic dysfunction and 
ultimately deregulation of blood flow (Adler et al., 2010). History of diabetic foot ulcers and 
previous amputation are both independent predictors of LEAs (Adler et al., 1999; Resnick et 
al., 2004; Davis et al., 2006). Presence of a diabetic foot ulcer is the single biggest risk factor 
for nontraumatic amputation in persons with DM and increases the risk of amputation 6-
fold (Brem et al., 2006; Davis et al., 2006). A diabetic foot ulcer precedes 85% of major LEAs 
in individuals with DM (Larsson et al., 1997). The presence of a diabetic foot ulcer alone in a 
person with DM increases the risk of LEA 7 times relative to patients with Charcot 
arthropathy alone and diabetic foot ulcers together with Charcot arthropathy increases the 
risk of LEA 12 times versus Charcot arthropathy alone (Sohn et al., 2010). 

2.7 Morbidity and mortality following diabetes-related lower extremity amputation  

The causal factors leading to the initial amputation remain in place following LEA and 
continue to place these individuals at elevated risk for re-ulceration. Re-ulceration risk is 
higher in those with a previous amputation due to increased pressure on a smaller residual 
weight bearing area, abnormal pressure distribution on the remaining plantar surface and 
alterations in bony architecture. Thirty-four percent of amputees re-ulcerate in the first year 
and 70% after 5 years (Apelqvist et al., 1993). Further amputation is twice as likely in 
persons with DM than in those without with 22% undergoing another amputation a median 
of 7 months following initial amputation (Schofield et al., 2006). Re-amputation at a higher 
level on the residual limb is a function of disease progression, failure to heal, and risk factors 
that develop as a result of the initial amputation such as alteration in the pressure 
distribution on the residual weight bearing surface. Age and heel lesions have also been 
shown to be risk factors for re-amputation (Skoutas et al., 2009). Risk of re-amputation is 
highest within the first 6 months of initial amputation (Izumi et al., 2006; Skoutas et al., 
2009). A re-amputation rate of 21.5% within 18 months was reported by Skoutas et al (2009) 
and 1 year and 3 year rates of 26.7% and 48.3% by Izumi (2006). Forty percent of subjects 
with DM in a study by Tentolouris et al. had an ipsilateral or contralateral amputation 
within an average of about 16 months of the first DM-related LEA (Tentolouris et al., 2004). 

Mortality risk following LEA is higher for individuals with DM than those without DM. 
People with DM had a 55% increased risk of death after amputation compared to those 
without DM (Schofield et al., 2006). One of the first prospective studies on long-term 
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prognosis following LEA amputation reported 1, 3, and 5 year mortality rates of 15%, 38%, 
and 68%, respectively for both minor and major amputations combined (Larsson et al., 
1997). Almost 10 years later, researchers were still reporting people with DM who 
underwent LEA had a 55% greater risk of dying than those without DM (Schofield et al., 
2006). 

3. Management of diabetic foot ulceration  
The over-arching goal of healthcare professionals engaged in the management of persons 
with DM is to successfully intervene in the causal pathway leading to diabetic foot ulcers 
and ultimately amputation. Management of the diabetic foot can be viewed in 4 phases: 
prevention, accommodation or adaptation, healing and rehabilitation which unfortunately 
often circles around to become prevention again in an effort to prevent re-ulceration. The 
scope of this chapter limits discussion primarily to the healing phase of this process. 

Clinical trial data suggest better glycemic control mitigates the microvascular complications 
of the disease including peripheral neuropathy (DCCT, 1993; UKPDS, 1998). Preventing or 
delaying onset of peripheral neuropathy and its attendant sensory, motor, and autonomic 
sequelae is paramount to prevention of diabetic foot ulcers. Peripheral polyneuropathy and 
the tissue changes it induces: loss of protective sensation; inability to perceive trauma; 
structural changes leading to deformity and areas prone to excessive pressure; impaired 
sweat gland function producing dry, atrophic skin, all lead to a foot susceptible to injury. 

Once peripheral neuropathy is present, focus of care shifts to managing and successfully 
adapting to the attendant tissue changes. Patient education on foot care becomes even more 
critical including routine foot inspection, lubrication of dry skin, avoidance of soaking feet, 
and appropriate callus and nail management. Adaptive footwear must be provided at 
frequent intervals to accommodate structural changes and relieve pressure. 

3.1 Treatment of diabetic foot ulcers 

Healing of DFUs is related to how well the underlying etiologies of neuropathy and 
ischemia and their consequences are addressed. Traditionally, five elements are considered 
critical to adequate treatment of diabetic foot disease: off-loading or pressure relief, 
revascularization when appropriate, debridement, management of infection, and wound 
care. As the magnitude of diabetic foot disease has continued to grow along with our 
understanding of wound healing in general and the pathophysiology of DM in particular, 
wound care strategies have progressed as well and there are an ever growing number of 
advanced wound care products and therapies available. Some of the more widely available 
include preventive surgery, negative pressure wound therapy (NPWT), hyperbaric oxygen 
therapy (HBO), and advanced wound care products such as growth factors and living skin 
equivalents. 

3.2 Off-loading 

Diabetic foot ulcers on weight or pressure bearing areas in feet lacking protective sensation 
must be unloaded or relieved of pressure to facilitate healing. A recent review of off-loading 
techniques for the diabetic foot by Cavenagh and Bus (2011) notes total contact casting 
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(TCC) remains the gold standard for off-loading although removable walkers have also been 
shown to provide a similar degree of pressure relief. Peak pressure reduction in the forefoot 
is reported to be up to 87% with TCC but only 44% to 64% with cast shoes and forefoot 
offloading shoes (Cavanagh and Bus, 2011). Rocker bottom outsoles, custom insoles, 
metatarsal pads and arch supports may reduce forefoot peak pressure 16% to 52% compared 
to controls (Cavanagh and Bus, 2011).  

Effectiveness of an off-loading device must be gauged by both its ability to relieve pressure 
and patients’ adherence to the treatment. TCCs are considered to be effective in part because 
they essentially coerce patient adherence to treatment. Some of the unloading is achieved by 
restricting ankle motion and redistributing load to the device itself which may explain why 
devices that extend only to the ankle are less effective in off-loading the foot than those that 
reach above the ankle (Cavanagh and Bus, 2011). The majority of evidence for off-loading 
comes from studies examining uncomplicated neuropathic plantar ulcers. TCC has been 
shown to be more effective in time to healing than removable devices in some randomized 
clinical trials while a recent RCT showed similar healing rates between a TCC and an ankle 
high removable walker (Faglia et al., 2010). Off-loading has been used to treat neuroischemic 
or infected wounds but success rates are much lower than for purely neuropathic ulcers 
(Nabuurs-Franssen et al., 2005). TCCs are not in wider use because of potential adverse 
reactions which include diminished activity level, problems sleeping or driving a car and 
iatrogenic ulcers from poorly applied casts. 

Cavanagh and Bus (2011) summarized the recommendations of the International Working 
Group on the Diabetic Foot for use of off-loading in management of non-complicated foot 
ulcers in their review: 1) pressure relief should be part of every treatment plan; 2) TCC and 
non-removable walkers are preferred but clinicians should be aware of potential adverse 
effects; 3) forefoot off-loading shoes or cast shoes may be used when the above devices are 
contraindicated or not tolerated; and 4) conventional or standard footwear should not be 
used as other devices are more effective. 

3.3 Revascularization 

Peripheral vascular disease is common in persons with DM and is characterized by 
impairment at both macro- and microvascular levels. Re-establishing arterial supply is the 
key to healing ischemic and neuroischemic ulcers. Treatment of peripheral arterial disease 
involves management of risk factors, medical therapy, and endovascular or open surgery. 
Smoking cessation, weight loss, and adherence to a low fat diet are all areas in which 
eliciting patient cooperation is critical for successful management. Antiplatelet therapy, 
anticoagulation, and LDL lowering drugs may also play a role in treatment. However, many 
diabetic patients will need re-vascularization to achieve healing. Macrovascular disease is 
morphologically the same in diabetics and non-diabetics differing only in location with the 
anterior and posterior tibial and peroneal arteries of the calf being most affected in persons 
with DM. Surgical options are dependent on whether the vascular disease is supra-inguinal 
(aorto-iliac) or infra-inguinal (femoro-popliteal-crural) or both ((Ruef et al., 2004). 
Angioplasty, endoarterectomy, grafting, and by-pass are some available surgical 
interventions. Vascular surgery may be able to aid in revascularization of an area via 
restoring flow through larger vessels but will not completely restore the microvascular flow 
disrupted by structural changes in the basement membranes or functional impairment in 
microcirculation caused by the disease. 
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3.4 Debridement 

Debridement is necessary for removal of devitalized tissue in order to create a healthier 
wound bed. Removal of nonviable tissue permits better visualization of the wound base, 
removes a growth medium for bacteria and stimulates release of growth factors. Sharp 
debridement is the gold standard for diabetic foot ulcers and is the most efficient method for 
removing large amounts of tissue quickly. Other types of debridement include autolytic, 
enzymatic, and biologic. 

3.5 Management of infection 

All open wounds can potentially provide warm, moist environments attractive to 
microorganisms and thus run the risk of being colonized making infection difficult to 
diagnose microscopically. The diagnosis of infection is typically based on the presence of 
purulent drainage or at least 2 clinical signs of inflammation (warmth, erythema, induration, 
pain, and tenderness) but as these can be mimicked and obscured by the presence of 
neuropathy or ischemia; it has been proposed that friable tissue, wound undermining and 
foul odor be used to indicate infection (Pittet et al., 1999; Edmonds and Foster, 2004). 
Systemic signs of infection such as fever and leukocytosis are not typically seen with 
diabetic foot ulcers but when present, signal the infection is likely severe (Cavanagh et al., 
2005). 

As noted earlier, virtually all wounds are colonized so tissue specimens obtained via biopsy, 
curettage, or aspiration are preferable to wound swabs because results are more specific and 
sensitive (Lipsky et al., 2004). The most important pathogens implicated in DFU infections 
are aerobic gram-positive cocci especially Staph. Aureus but also β hemolytic streptococci 
and coagulase-negative staphylococci. Treatment of infection in bone underlying a diabetic 
foot ulcer presents a particular challenge. Osteomyelitis should be considered present if 
bone is visible in the wound or palpable with a probe. Bone scans and labeled white blood 
cell scans are more sensitive for detecting osteomyelitis than plain film x-rays but relatively 
non-specific and less accurate than MRI. A bone biopsy preferably obtained percutaneously 
or by surgical debridement is the gold standard test for osteomyelitis but carries the obvious 
risks associated with invasive testing. 

3.6 Wound care  

In one sense, care of a wound on a diabetic foot is no different from the care of any other 
wound in that the basic tenets of wound care apply. A healthy wound environment must 
be created by removing necrotic tissue, managing bacterial load and maintaining an 
appropriate moisture balance. Effective use of wound dressings provides a wound 
environment that encourages angiogenesis, prevents tissue dehydration, promotes cell 
migration and interaction of growth factors with target cells (Field, 1994). Wound care 
products are available in a dazzling array to address all aspects of wound bed 
management but there are unfortunately few RCTs available to support clinical 
effectiveness. However, it is important to note that local wound care is insufficient for 
healing of diabetic foot ulcers in most cases unless the underlying diabetic etiologic 
factors are addressed. 
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3.7 Preventive surgery 

Surgery may be necessary to correct biomechanical faults and/or distribute pressure in 
order to promote healing of a diabetic foot ulcer or prevent re-ulceration. Prophylactic 
surgery to correct deformities prior to ulceration has been advocated as a preventive 
strategy (Mueller et al., 2003). Ulcer healing can be accelerated and recurrence prevented in 
feet with toe deformities by utilization of extensor tenotomy (Margolis et al., 2005). Achilles 
tendon lengthening reduces pressure under the metatarsal heads and promotes ulcer 
healing but the concomitant gait alteration increases the risk of heel ulcers prompting these 
authors to recommend avoiding this procedure in individuals with complete sensory loss of 
the heel pad (Holstein et al., 2004). Metatarsal osteotomy and metatarsal head resection have 
been advocated by some but these procedures pose the risk of secondary ulceration or 
Charcot foot formation (Petrov et al., 1996; Fleischli et al., 1999). RCTs comparing surgical 
and non-surgical management of DFUs are scarce. Finally, any surgery is producing a 
wound that carries a risk of non-healing and infection. 

3.8 Negative pressure wound therapy 

Negative pressure wound therapy utilizes a vacuum pump to create a subatmospheric 
wound environment. A wound dressing, typically an open cell foam or saline moistened 
gauze is placed in the wound cavity to distribute the pressure. A tube connects the cavity to 
the vacuum pump and the area is sealed with an adhesive film. The portable vacuum pump 
exerts and maintains a negative pressure in the range of about 50 to 125 mmHg. The 
mechanical force exerted by the vacuum on the wound surface creates microstrain induced 
microdeformations of the wound tissue which in turn promotes cellular stretch and 
proliferation. Micromechanical forces resulting from the negative pressure encourage cell 
proliferation and migration, extracellular matrix deposition and gene expression. The 
subatmospheric pressure also prompts angiogenesis and reduction in local edema, excess 
interstitial fluid, increased lymphatic flow, and removal of waste by-products (Krasner 
Diane L; Rodeheaver, 2007). Authors of an RCT examining the effectiveness of NPWT in 
DFUs reported the incidence of secondary amputation was significantly lower when using 
NPWT (4.1%) compared to moist wound care (10.2%) (Blume et al., 2008). Increased 
granulation tissue formation and decreased healing times were seen in a RCT of 162 diabetic 
subjects with partial foot amputations (Armstrong et al., 2005). 

3.9 Hyperbaric oxygen therapy 

Recognizing that a fundamental problem in non-healing wounds was hypoxia; researchers 
sought ways to raise tissue oxygen levels. Hyperbaric oxygen therapy entails breathing 
100% oxygen pressurized typically between 2.0 and 2.5 absolute atmospheres or ATAs (1 
ATA = atmospheric pressure at sea level) with the goal of raising the oxygen partial 
pressure to about 1500 mmHg. Oxygen delivery to the wound is subsequently improved by 
the HBO-provided increase in blood oxygen concentration. In addition, HBO has been 
shown stimulate angiogenesis, enhance neutrophil killing ability, and stimulate fibroblast 
activity and collagen synthesis (Hunt and Pai, 1972; Knighton et al., 1986). A number of 
RCTs supporting the efficacy of HBO in the treatment of DFUs have been published but 
there are still questions about its therapeutic benefits (Tecilazich et al., 2011) and its non-
selective use among persons with diabetic foot ulcers (Londahl et al., 2011). 
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3.10 Advanced wound care products 

Wound healing is regulated at least in part by the action of growth factors at various points 
in the healing cascade. Growth factors are polypeptides transiently produced by cells that 
exert hormone-like effects on other cells by binding to surface receptors and activating 
cellular proliferation and differentiation. Some of the more important growth factors for 
healing include platelet-derived growth factor, transforming growth factor alpha and beta, 
fibroblast growth factor and epithelial growth factor. Many growth factors are decreased in 
chronic diabetic foot ulcers. An example of a topically applied growth factor is the 
genetically engineered, recombinant DNA platelet-derived growth factor, becaplermin. 
Becaplermin addresses the lack of platelet-derived growth factor-BB and stimulates 
chemotaxis and mitogenesis of neutrophils, fibroblasts and monocytes. On a cautionary 
note, the FDA issued a black box warning for this product citing increased risk of death 
from cancer in patients who used 3 or more tubes of the product. 

Living skin equivalents (LSE) comprise another class of advanced local wound care 
products that is rapidly expanding. These tissue-engineered skins offer notable advantages 
over skin grafting: because their use is non-invasive, anesthesia is not required, they can be 
applied in out-patient settings and potential donor site complications such as infection and 
scarring are avoided. Bioengineered tissue acts not only as a biological dressing but also 
facilitates healing by filling the wound with extracellular matrix and inducing the 
expression of growth factors and cytokines which in turn facilitate the healing cascade. LSEs 
are available for epidermal, dermal and composite (dermal and epidermal) wounds. 
Autologous grafts or autografts are comprised of cells harvested from the patient then 
cultured. Grafts from these master cell cultures can then be subcultured into sheets and 
obtained from an unrelated donor. Allergenic grafts are tissue engineered from neonatal 
fibroblasts and keratinocytes. 

4. Conclusion  
The complexity and multifaceted nature of diabetic foot ulceration requires a coordinated 
approach by a multidisciplinary team of healthcare providers yet even when optimal 
treatment is provided one study suggests only about 50% of diabetic foot ulcers will be 
healed after 12-20 weeks. Experts suggest the most cost-effective way to approach wound 
care in this population is through implementation of a standardized treatment regimen with 
assessment of wound healing rate every 4 weeks. Advanced wound care therapies should 
be reserved for those diabetic foot ulcers with healing rates < 50% after 4 weeks. All diabetic 
foot ulcers are initially managed with a standardized treatment regime and re-assessed 
every 4 weeks. Wounds healing at a rate of 50% or more continue with the standard regimen 
while those healing at a rate below 50% receive more aggressive treatment approaches. It 
should be emphasized that these advanced wound care therapies are in addition to the 
standard treatments of offloading, debridement, ischemia and infection management. 

Diabetic foot ulcers and LEAs present challenges to clinicians not only as serious but 
ultimately preventable sources of pain, suffering and death to individuals but as virtual 
black holes to health care resources. A clearer understanding of the nature of these 
complications and the threats they pose will enable healthcare providers to make informed 
decisions and implement best practices of care. 
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1. Introduction  
Stroke is defined a sudden neurological impairment resulting from interruption of the blood 
supply and brain tissue damage. The most common symptom of a stroke is sudden 
weakness and/or numbness of the face, arms or legs, most often on one side of the body. 
Other symptoms include: confusion, difficulty speaking or understanding speech; difficulty 
seeing with one or both eyes; difficulty walking, dizziness, loss of balance or coordination; 
severe headache with no known causes; fainting or unconsciousness. Generally stroke 
means compromise of arterial blood supply (arterial stroke). Venous stroke is very rare in 
adult but not uncommon in children.  

Strokes can be classified as either hemorrhagic or non-hemorrhagic (infarction). This 
classification helps to decide early therapeutic intervention. Hemorrhagic stroke is not 
indicated for t-PA (tissue plasminogen activator) protocol. Hemorrhagic stroke is most 
commonly related with hypertension or aneurysm in adults and with congenital vascular 
abnormality in children. Non-hemorrhagic stroke is more common than hemorrhagic stroke 
(8:2) in the United States and European countries1,2, however a more recent study shows 6:4 
ratio3. This ratio varies in different races and cultures4. 

The diagnostic procedures of stroke are identical in both adult and children. A meticulous 
history and neurological examination are the mainstays of diagnosis. Head CT 
(computerized tomography) is useful to differentiate hemorrhagic and non-hemorrhagic 
stroke in very acute phase. A brain MRI (magnetic resonance image) is requested if head CT 
is not diagnostic. Intracranial as well as extracranial vessels can be evaluated by a MRA 
(magnetic resonance arteriography). MRV (magnetic resonance venography) is indicated for 
venous stroke diagnosis.  

In very acute phase of stroke (within 3 hours), a thrombolytic agent (t-PA) is recommended 
as a standard treatment for non-hemorrhagic strokes in adult. It decreases mortality and 
improves functional outcome, in spite of hemorrhagic complications5.  

2. Right versus left hemisphere stroke 
Right hemisphere function is to control not only the movement of the left side of the body, 
but also analyze spatial orientation (distance, depth, position, size, and stereotaxis) and 
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classification helps to decide early therapeutic intervention. Hemorrhagic stroke is not 
indicated for t-PA (tissue plasminogen activator) protocol. Hemorrhagic stroke is most 
commonly related with hypertension or aneurysm in adults and with congenital vascular 
abnormality in children. Non-hemorrhagic stroke is more common than hemorrhagic stroke 
(8:2) in the United States and European countries1,2, however a more recent study shows 6:4 
ratio3. This ratio varies in different races and cultures4. 

The diagnostic procedures of stroke are identical in both adult and children. A meticulous 
history and neurological examination are the mainstays of diagnosis. Head CT 
(computerized tomography) is useful to differentiate hemorrhagic and non-hemorrhagic 
stroke in very acute phase. A brain MRI (magnetic resonance image) is requested if head CT 
is not diagnostic. Intracranial as well as extracranial vessels can be evaluated by a MRA 
(magnetic resonance arteriography). MRV (magnetic resonance venography) is indicated for 
venous stroke diagnosis.  

In very acute phase of stroke (within 3 hours), a thrombolytic agent (t-PA) is recommended 
as a standard treatment for non-hemorrhagic strokes in adult. It decreases mortality and 
improves functional outcome, in spite of hemorrhagic complications5.  

2. Right versus left hemisphere stroke 
Right hemisphere function is to control not only the movement of the left side of the body, 
but also analyze spatial orientation (distance, depth, position, size, and stereotaxis) and 
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perceptual abilities. Stroke patients with right hemisphere lesion often demonstrate lack of 
safety awareness and impulsive behaviors. With these complex impairments, they have 
difficulties in re-learning ADL (activities of daily living). For example, they are unable to 
read or copy letters, forget to clean their left side body, or ignore to wear assistive devices 
for activity. Even though they can maintain speech-language function better than patients 
with left hemisphere stroke patients, they may make errors in grammar.  

Major functions of the left hemisphere are to control the movements of the right side of the 
body and to maintain speech-language function. Patients with left hemispheric strokes 
sustain right hemiplegia and aphasia. They behave cautiously and need more time to 
complete the same task compared with right hemispheric stroke patients. Different types of 
aphasia can occur depending on the specific site of the lesion in the left hemisphere.  

It is controversial whether rehabilitation outcomes differ depending on which hemisphere 
the lesion is occurs6-8. Possible reasons for the controversy are different outcome scales, 
measurement domain, presence of hemi-neglect, and evaluation timing. For example, if the 
outcome compared is vocational rehabilitation, patients with right hemisphere lesion show 
better outcome9. The higher percentage of patients returning to work with a right 
hemispheric lesion largely can be explained by preserved speech-language function. 
However patients with right hemispheric lesions more frequently develop social defects 
than those with left hemispheric lesions10. In contrast, if regaining arm function is measured 
as a rehabilitation outcome, poorer outcome is reported in right hemispheric lesions11.  

Hemi-neglect develops more commonly in stroke patients who have right hemispheric 
lesion compared to the left. There is a wide range of incidence reported, because of different 
evaluation tools and evaluation timing12,13. Among patients with right hemispheric lesions, 
patients with hemi-neglect are more disabled and stay longer at rehabilitation facilities than 
those without hemi-neglect14. Again, one possible reason of controversy in outcomes of 
patients with stroke between right and left hemispheric lesions is that patients with a 
concurrent right hemispheric lesion with hemi-neglect has more disability than would be 
with a right hemispheric lesion alone15. Future studies excluding hemi-neglect patients may 
help clarify the difference in disability between right and left hemiplegia patients16.  

3. Hemorrhagic versus non-hemorrhagic stroke 
Stroke prognosis between hemorrhagic and non-hemorrhagic stroke, is another area of 
controversy17-19. It is largely attributed to the timing of outcome measurement and scopes of 
outcome. Not only matched comparison studies20,21, but also large population retrospective 
ones22-24 consistently showed better and faster functional recovery in hemorrhagic versus 
non-hemorrhagic stroke at short term outcomes. For long-term outcomes (one year post-
stroke), one study reported that there was no difference between hemorrhagic and non-
hemorrhagic stroke22, but another study observed better outcome in non-hemorrhagic 
stroke23. For further study, it is to be considered that 20-40% of initial ischemic infarction 
may develop hemorrhagic transformation within one week after initial stroke onset. 
Hemorrhagic transformation may blur the distinction between hemorrhagic and non-
hemorrhagic strokes and therefore, the classification based on initial imaging studies can be 
a source of significant bias.  
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In summary, hemorrhagic stroke has higher mortality rate than non-hemorrhagic in acute 
phase and often requires emergent surgical intervention for survival. However, hemorrhagic 
stroke survivors without significant surgical complications make better functional 
improvement in early phase of rehabilitation than those with non-hemorrhagic stroke.  

4. Impairments and disabilities sequelae to stroke 
Severity and types of impairments resulted from a stroke depend on stroke site and lesion size. 
Most common impairments are 1) motor dysfunction (paralysis of extremity, face, and 
oropharyngeal muscles), 2) sensory dysfunction (decreased sensation, perception disorder, 
abnormal sensation), 3) sphincter dysfunction (bowel and bladder incontinence), 4) cognitive 
dysfunction (anomia, aphasia, dementia), 5) emotional disturbance (depression, apathy).  

1. Paralysis of one side of body (hemiplegia): It develops in very early phase of stroke. If 
stroke lesion is in the right hemisphere, paralysis develops in the left face and the 
extremity. But stroke lesion located in the right brainstem, develops paralysis in the 
right face and left extremity. Most patients with stroke complain of flaccid extremity as 
an initial symptom. The flaccid extremity usually evolves to spastic extremity as part of 
its natural course. Details of motor function recovery will be described in the follow 
section (Motor function recovery).  
One side of bulbar muscle paralysis results in oropharyngeal dysfunction (dysphagia). 
Stroke patient with dysphagia needs non-oral feeding until safe swallowing recovered. 
Depending on the severity of dysphagia, stroke patient needs nasogastric or 
gastrostomy/jejunostomy tube feeding. VFSS (videofluorographic swallowing study), 
also called videofluorographic modified barium swallowing study, is a standard 
diagnostic test to evaluate swallowing function. Penetration is defined when a bolus 
moves aberrantly down to the vestibule above the true vocal fold. This may trigger a 
coughing or a choking reflex after swallowing the bolus. Aspiration occurs when a 
bolus passes farther down through the true vocal folds and enter into the trachea and 
lungs. Most of patients with dysphagia return to a regular diet in early post-stroke 
phase25, 26. Compared to other lesions, dysphagia develops more common and less 
favorable outcome in brainstem stroke, however 88% returned to regular oral intake 4 
months after stroke27. Tracheostomy increases the risk of aspiration because of the 
limitation of laryngeal elevation during swallowing. Selection of adequate texture of 
meals and meticulous monitoring of swallowing are critical to prevent aspiration.  

2. Sensory impairment: stroke patients have sensory impairment of peripheral and/or 
central sensation. Peripheral sensory impairments include hypesthesia/paresthesia, loss 
of proprioception and position, or loss of pain/temperature. Agraphesthesia and 
astreognosis is seen in central sensory impairment. Those impairments cause stroke 
patients to needs more assistance for learning motor and cognitive skills. Reception is 
the processing of registration of sensations or stimuli which are collected through 
sensory organs (nose, eye, ear, skin, tongue, joint, or internal organs). Received 
sensations or stimuli are conveyed to the corresponding primary sensory cortexes. For 
example, visual sensation reaches occipital cortex via optic pathways. Perception is the 
next process to interpret the received sensations or stimuli. Perception is higher cortical 
function than reception and many parts of brain are involved. Details of perception 
disorder will be discussed in the following perception disorder.  
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perceptual abilities. Stroke patients with right hemisphere lesion often demonstrate lack of 
safety awareness and impulsive behaviors. With these complex impairments, they have 
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sustain right hemiplegia and aphasia. They behave cautiously and need more time to 
complete the same task compared with right hemispheric stroke patients. Different types of 
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It is controversial whether rehabilitation outcomes differ depending on which hemisphere 
the lesion is occurs6-8. Possible reasons for the controversy are different outcome scales, 
measurement domain, presence of hemi-neglect, and evaluation timing. For example, if the 
outcome compared is vocational rehabilitation, patients with right hemisphere lesion show 
better outcome9. The higher percentage of patients returning to work with a right 
hemispheric lesion largely can be explained by preserved speech-language function. 
However patients with right hemispheric lesions more frequently develop social defects 
than those with left hemispheric lesions10. In contrast, if regaining arm function is measured 
as a rehabilitation outcome, poorer outcome is reported in right hemispheric lesions11.  

Hemi-neglect develops more commonly in stroke patients who have right hemispheric 
lesion compared to the left. There is a wide range of incidence reported, because of different 
evaluation tools and evaluation timing12,13. Among patients with right hemispheric lesions, 
patients with hemi-neglect are more disabled and stay longer at rehabilitation facilities than 
those without hemi-neglect14. Again, one possible reason of controversy in outcomes of 
patients with stroke between right and left hemispheric lesions is that patients with a 
concurrent right hemispheric lesion with hemi-neglect has more disability than would be 
with a right hemispheric lesion alone15. Future studies excluding hemi-neglect patients may 
help clarify the difference in disability between right and left hemiplegia patients16.  

3. Hemorrhagic versus non-hemorrhagic stroke 
Stroke prognosis between hemorrhagic and non-hemorrhagic stroke, is another area of 
controversy17-19. It is largely attributed to the timing of outcome measurement and scopes of 
outcome. Not only matched comparison studies20,21, but also large population retrospective 
ones22-24 consistently showed better and faster functional recovery in hemorrhagic versus 
non-hemorrhagic stroke at short term outcomes. For long-term outcomes (one year post-
stroke), one study reported that there was no difference between hemorrhagic and non-
hemorrhagic stroke22, but another study observed better outcome in non-hemorrhagic 
stroke23. For further study, it is to be considered that 20-40% of initial ischemic infarction 
may develop hemorrhagic transformation within one week after initial stroke onset. 
Hemorrhagic transformation may blur the distinction between hemorrhagic and non-
hemorrhagic strokes and therefore, the classification based on initial imaging studies can be 
a source of significant bias.  
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In summary, hemorrhagic stroke has higher mortality rate than non-hemorrhagic in acute 
phase and often requires emergent surgical intervention for survival. However, hemorrhagic 
stroke survivors without significant surgical complications make better functional 
improvement in early phase of rehabilitation than those with non-hemorrhagic stroke.  

4. Impairments and disabilities sequelae to stroke 
Severity and types of impairments resulted from a stroke depend on stroke site and lesion size. 
Most common impairments are 1) motor dysfunction (paralysis of extremity, face, and 
oropharyngeal muscles), 2) sensory dysfunction (decreased sensation, perception disorder, 
abnormal sensation), 3) sphincter dysfunction (bowel and bladder incontinence), 4) cognitive 
dysfunction (anomia, aphasia, dementia), 5) emotional disturbance (depression, apathy).  

1. Paralysis of one side of body (hemiplegia): It develops in very early phase of stroke. If 
stroke lesion is in the right hemisphere, paralysis develops in the left face and the 
extremity. But stroke lesion located in the right brainstem, develops paralysis in the 
right face and left extremity. Most patients with stroke complain of flaccid extremity as 
an initial symptom. The flaccid extremity usually evolves to spastic extremity as part of 
its natural course. Details of motor function recovery will be described in the follow 
section (Motor function recovery).  
One side of bulbar muscle paralysis results in oropharyngeal dysfunction (dysphagia). 
Stroke patient with dysphagia needs non-oral feeding until safe swallowing recovered. 
Depending on the severity of dysphagia, stroke patient needs nasogastric or 
gastrostomy/jejunostomy tube feeding. VFSS (videofluorographic swallowing study), 
also called videofluorographic modified barium swallowing study, is a standard 
diagnostic test to evaluate swallowing function. Penetration is defined when a bolus 
moves aberrantly down to the vestibule above the true vocal fold. This may trigger a 
coughing or a choking reflex after swallowing the bolus. Aspiration occurs when a 
bolus passes farther down through the true vocal folds and enter into the trachea and 
lungs. Most of patients with dysphagia return to a regular diet in early post-stroke 
phase25, 26. Compared to other lesions, dysphagia develops more common and less 
favorable outcome in brainstem stroke, however 88% returned to regular oral intake 4 
months after stroke27. Tracheostomy increases the risk of aspiration because of the 
limitation of laryngeal elevation during swallowing. Selection of adequate texture of 
meals and meticulous monitoring of swallowing are critical to prevent aspiration.  

2. Sensory impairment: stroke patients have sensory impairment of peripheral and/or 
central sensation. Peripheral sensory impairments include hypesthesia/paresthesia, loss 
of proprioception and position, or loss of pain/temperature. Agraphesthesia and 
astreognosis is seen in central sensory impairment. Those impairments cause stroke 
patients to needs more assistance for learning motor and cognitive skills. Reception is 
the processing of registration of sensations or stimuli which are collected through 
sensory organs (nose, eye, ear, skin, tongue, joint, or internal organs). Received 
sensations or stimuli are conveyed to the corresponding primary sensory cortexes. For 
example, visual sensation reaches occipital cortex via optic pathways. Perception is the 
next process to interpret the received sensations or stimuli. Perception is higher cortical 
function than reception and many parts of brain are involved. Details of perception 
disorder will be discussed in the following perception disorder.  



 
Rehabilitation Medicine 

 

24

3. Sphincter dysfunction: Double incontinence (both urinary and fecal incontinence) is 
more common than isolated urinary or fecal incontinence in stroke patients28. Even 
though this impairment resolved during early post-stroke period, persistent urinary 
incontinence was reported 10-20% at the time of discharge from rehabilitation28, 29. The 
most common type of bladder dysfunction is uninhibited type. It is usually resolved 
with timed voiding training. Sometimes anti-cholinergic agents (oxybutynin, 
tolterodine) are indicated to relax bladder. Most of sphincter dysfunction is restored as 
other functional recovery occurs. Nocturnal incontinence may persist in chronic phase. 
Unawareness of bladder is a strong negative prognostic factor for urinary incontinence, 
in addition to cognitive impairment and lower limb dysfunction. It may be a lifelong 
disability in those with significantly cognitive impaired.  

4. Cognitive dysfunction is the most powerful negative factor for outcome. This is most 
commonly and severely impaired in patients with left hemisphere lesion with aphasia. 
It is also very closely negatively correlated with returning to work. 38% of stroke 
patients were found to have cognitive impairment assessed by Mini-Mental State 
Examination at 3 month post-stroke and more common in elderly (>75 years), low 
socioeconomic status, and left hemisphere lesion30. It has strong correlations with long-
term outcome. 30-50% of stroke survivors were categorized in lower levels on most 
measures of neuropsychological testing and information processing is the most 
common and the worst deficit31. Cognitive impairment and dementia after a stroke can 
be reduced by adequate treatment of hypertension and acetylcholinesterase inhibitors 
(donepezil, galantamine, rivastigmine), prescribed to alzheimer’s disease, and may be 
beneficial for cognitive rehabilitation32, 33. A randomized placebo-controlled double 
blind study reports that greater improvement of language function in verbal fluency 
and repetition was found in patients receiving levedopa than placebo34. One open label 
case study shows rapid improvement in cognitive as well as physical function in three 
chronic stroke patients with perispinal etanercept35.  

5. Emotional disturbance: Right hemispheric stroke patients sustain behavioral changes, 
which in turn caused family conflicts with this altered behaviors36. A 5 year longitudinal 
study shows about 30% of stroke survivors sustained depression and 48% were not 
depressed at any time of evaluation31, 37. Also depression was not static, but resolved and 
newly developed at any time in the 5 year follow-up37. High risk factors of depression 
include stroke severity, unemployment, and cognitive impairment. A patient with 
depression prior to stroke has 9 times higher risk of post-stroke depression38.  
The frequency of post-stroke apathy is reported 20-25% and commonly conjunct  
with cognitive impairment and depression39. Dopaminergics or neurostimulants 
(methylphenidate, dexamphetamine) is reportedly beneficial to apathy40-43.  
Post-stroke depression is a strong negative factor for functional recovery, however there 
is no standard pharmacological treatment. A double-blind controlled study with 
fluoxetine and nefiracetam did not support therapeutic effectiveness for either agent44, 

45, however, a matched comparison study with milnacipran revealed effectiveness46. 
The controversy is in part ascribed to uncovered pharmacodynamics of anti-depressant 
in stroke. Systemic review of pharmacological management of post-stroke depression 
concludes there is insufficient evidence to support anti-depressant administration for 
prevention or to improve recovery, but the medications may improve mood in post-
stroke depression47.  
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5. Perception disorder 
Perception is the conscious mental process through the senses of existence and external 
sensory stimulus. Visual perception disorders are manifested as agnosia, alexia, apraxia, 
hemi-neglect, spatial disorientation. Hemispatial neglect is synonymous with hemiagnosia, 
hemi-neglect, unilateral neglect, unilateral inattention. Homonymous hemianopsia differs 
from visual hemi-neglect. While the former is resulted from the lesion of the visual track 
and the patient with this impairment uses compensate strategy (for example, head turning), 
the latter is spatial inattention to one side of body resulted from parietal cortex and one with 
this impairment does not compensate. Perception disorders impede not only functional 
recovery, but safety awareness. For example, perceptual disorder of position leads the 
patient stands with asymmetric weight bearing and affects gross motor function recovery. 
Patients with right hemisphere stroke predominantly sustain spatial perception disorders. 
Perceptual training with mirror therapy, prism adaption, eye patch, reportedly improves 
functional outcomes after stroke, but one large review article showed insufficient supportive 
data of perceptual intervention (visual field deficits, neglect/inattention, and apraxia were 
excluded in this study) 48, 49.  

Apraxia is the inability to carry out familiar, purposeful tasks without sensory or motor 
impairment, especially difficult is proper use of an object. Patients with speech apraxia 
demonstrate incomplete speech with repetition, omission, or distorted words. They are 
doing well with short simple conversations (How are you? Are you OK?...), but the 
impairment is exaggerated with long complex sentences. Patients with ideational apraxia 
have difficulties in coordination of sequential performance. For example, he/she knows 
how to hold a letter, to put it into an envelope, and to attach a stamp. But when he/she is 
requested to do these three steps sequentially, he/she cannot do this in the proper order. 
Clinically, it is manifested as difficulties in eating, dressing, and bathing. A patient with 
ideomotor apraxia is unable to respond properly to a request or command. He/she knows 
the name of an object, but not able to use properly. For example, when he/she is asked to 
brush hair with a comb, the patient demonstrates improper usage of the comb. 
Constructional apraxia is the inability to copy, draw, or construct simple figures. The patient 
with this impairment draws a face unproportionally. Dressing apraxia, difficulty in wearing 
cloths, is a misnomer (not true apraxia). This is resulted from the impairment of spatial 
perception, which makes it difficult to recognize and match the parts of the body and the 
cloth correctly. 

Pain perception disorder: Central post-stroke pain syndrome (CPSP) is one of devastating 
complications and formerly called thalamic pain syndrome. It is understood that damaged 
spinothalamic track may play a key role in pathogenesis, but not always. It may develop 
independently or jointly with complex regional pain syndrome (CRPS). Clinical findings are 
very similar to CRPS, however, CPSP is confined to hemiplegic face or limbs only. Both the 
presence of sensory disturbances and neurpathic pain differentiates CPSP from CRPS. It 
usually develops 1-3 months after stroke onset, but sometimes develops in a chronic phase. 
Plain radiographic study is recommended to rule out musculoskeletal lesion of the shoulder 
or hand. In order to rule out deep vein thrombosis, Doppler ultrasound study is useful. 
Triple phase bone scan is to be considered if CRPS suspected. Therapeutic options are 
similar to CRPS. Magnetic motor cortex stimulation50, vestibular stimulation51,52, or deep 
vein stimulations53 are being tried in some cases.  
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6. Motor function recovery 
Hemiplegia is the most paramount clinical feature, which is described as sided weakness of 
extremity, facial droop, and slurred speech. Motor function recovery follows stereotypic 
patterns. It initially develops flaccid hemiplegia during the acute phase. Depending on 
individual cases, however, flaccid hemiplegia evolves into spastic hemiplegia. It continues 
to evolve into spastic synergy. Typically, flexion synergy develops in hemiplegic upper 
extremity and extension synergy in the lower extremity. As the synergy fades, individual 
movement of joints emerges. The longer the length of time in flaccid hemiplegia, the poorer 
the prognosis of motor recovery. Motor recovery may stagnate at any phase and may skip 
phases. Another pattern is that proximal segment of extremity function recovers earlier than 
distal one. Many patients with stroke sustain typical stereotyped poor dexterity and 
hemiplegic gait because of residual distal extremity dysfunction. In order to facilitate motor 
recovery, comprehensive rehabilitation modalities, such as anti-spastic medications, 
orthotics, and therapeutic exercise are cooperated. Significant motor recovery usually occurs 
in the first three months after stroke. Further recovery may continue in the next three 
months but less extensive. 

Brunnstrom stage describes the evolution of hemiplegia54. Flaccid paralyzed extremity is seen 
at stage 1; Mild spasticity is appreciated in the flaccid paralyzed extremity at stage 2; The 
spasticity increases and some self-activated synergic movement of the paralyzed extremity 
begins at stage 3; Dominant stereotyped self-activated synergic movement of the paralyzed 
extremity is more prominent at stage 4; decreasing synergic movement pattern with emerging 
individual movement of the paralyzed extremity is the hall mark of the stage 5; normal 
movement pattern is seen at stage 6. Not all paralyzed extremity evolves from stage 1 to 6. 
Depending on stroke severity and recovery potential, the stages may progress quickly or may 
be skipped. Generally speaking, hemiplegia with short or absent stage 1 has better recovery; 
the longer the stage 1, the worse prognosis; the lower stage, the poorer outcome, 11, 55-58.  

In addition to Brunnstrom stage, motor function recovery tends to begin in the proximal 
segment and then to progress to the distal segments of the extremity. This tendency is 
common in both upper and lower extremity. Most of stroke patients are able to move their 
proximal segments of arms and legs at the time of discharge from inpatient rehabilitation. 
However, many stroke patients sustain significant paralysis of the distal segments of arm 
and leg. Because of this residual impairment, most stroke survivors have difficulties to be 
independent with ADLs and ambulation. Another common finding is that motor recovery 
of the lower extremity is better than that of the upper extremity. Why is motor recovery of 
the proximal segments and the lower extremity better than that of the distal segments and 
the lower extremity? It can be partially explained by topographic distribution in the brain 
(the cortex corresponding to hand is much larger than one to foot in the brain) and higher 
developmental hierarchy (hand function develops later than foot function). Compared to the 
proximal segments or foot function, more neurons and synapses are to be involved to 
maintain functions of the distal segments or hand.  

7. Rehabilitation 
The priorities at the acute care unit are both diagnostic as well as therapeutic interventions. 
Depending on medical conditions (hemorrhagic or non-hemorrhagic lesion, size and site of 

 
Stroke Rehabilitation 

 

27 

stroke, underlying health status,…), treatment options are determined. It is suggested that 
early rehabilitation intervention is necessary, even if diagnostic or therapeutic plan are not 
completed. At this phase, rehabilitation starts with less intensive approach. Passive range of 
motion, position changes, stimulation control, safe feeding, and joint contracture prevention 
are important to prevent impending complications. 

Functional improvement is not always parallel with neurological recovery in patients with 
stroke. Analysis of the Uniform Data System for Medical Rehabilitation (UDSMR) for stroke 
patients in US from 2000 to 2007 shows decreased a mean length of rehabilitation unit stay 
from 19.6 days to 16.5 days, decrease a mean FIM (functional independence measurement) 
at rehabilitation unit from 62.5 to 55.1 (means more functionally dependent patients were 
admitted to rehabilitation unit), decrease a mean FIM at discharge from rehabilitation unit 
from 86.4 to 79.8 (means less functionally independent patients were discharged from 
rehabilitation unit), but the FIM change during rehabilitation stay remained relatively 
stable59. These results reflect that patients with stroke in US admit and discharge earlier than 
before. Patients with stroke may benefit from early discharge, but by the other hand, early 
discharge from rehabilitation unit increased the mortality60.  

From an ADL (activities of daily living) standpoint, stair walking (downward more difficult 
than upward) is the hardest to be improved, and then tub/shower transfer, ambulation, and 
lower body dressing follow. In contrast, eating is the easiest to be improved, and then 
grooming, and sphincter control follow.  

Poor sitting balance, poor trunk control, urinary incontinence, severity of disability, and old 
age (>74 years) are poor predictors for independent walking61. Standing balance ability is 
more important than lower extremity strength to achieve better ambulation62.  

In cognitive rehabilitation, problem solving is the most severely impaired and the least 
potential for recovery after stroke. Learning and memory impairments are most common10. 
Comprehension and expression are less impaired and better improved than memory. 
Patients with right hemiplegia are more impaired and less likely to improve in cognitive 
functions than those with left hemiplegia.  

Cognitive and speech-language impairment prevents patients with stroke from participation 
in social activities. Patients with higher cognitive level recover much better than ones with 
lower level. A study of return to work reports 1) no significant racial differences in left 
hemisphere infarction, but whites were more likely to return to work in right hemisphere 
infarction, 2) no significant difference of returning to work between whites and non-whites 
with left hemisphere infarction, 3) whites with right hemisphere infarction are most likely to 
return to work, while non-whites with right hemisphere infarction are least likely, 4) 
patients employed premorbidly at professional or managerial position, younger age group, 
less severe disability, white race, right hemisphere lesion were more likely to return to work 
following a cerebral infarction9.  

8. Traditional and new therapeutic approaches to stroke rehabilitation 
Traditional physical therapy and occupation therapy are still largely mainstays of the 
rehabilitation. Many therapeutic techniques to facilitate movement of paralyzed side, based 
on motor developmental hierarchy, repetition of motor pattern, and task-oriented training. 
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6. Motor function recovery 
Hemiplegia is the most paramount clinical feature, which is described as sided weakness of 
extremity, facial droop, and slurred speech. Motor function recovery follows stereotypic 
patterns. It initially develops flaccid hemiplegia during the acute phase. Depending on 
individual cases, however, flaccid hemiplegia evolves into spastic hemiplegia. It continues 
to evolve into spastic synergy. Typically, flexion synergy develops in hemiplegic upper 
extremity and extension synergy in the lower extremity. As the synergy fades, individual 
movement of joints emerges. The longer the length of time in flaccid hemiplegia, the poorer 
the prognosis of motor recovery. Motor recovery may stagnate at any phase and may skip 
phases. Another pattern is that proximal segment of extremity function recovers earlier than 
distal one. Many patients with stroke sustain typical stereotyped poor dexterity and 
hemiplegic gait because of residual distal extremity dysfunction. In order to facilitate motor 
recovery, comprehensive rehabilitation modalities, such as anti-spastic medications, 
orthotics, and therapeutic exercise are cooperated. Significant motor recovery usually occurs 
in the first three months after stroke. Further recovery may continue in the next three 
months but less extensive. 

Brunnstrom stage describes the evolution of hemiplegia54. Flaccid paralyzed extremity is seen 
at stage 1; Mild spasticity is appreciated in the flaccid paralyzed extremity at stage 2; The 
spasticity increases and some self-activated synergic movement of the paralyzed extremity 
begins at stage 3; Dominant stereotyped self-activated synergic movement of the paralyzed 
extremity is more prominent at stage 4; decreasing synergic movement pattern with emerging 
individual movement of the paralyzed extremity is the hall mark of the stage 5; normal 
movement pattern is seen at stage 6. Not all paralyzed extremity evolves from stage 1 to 6. 
Depending on stroke severity and recovery potential, the stages may progress quickly or may 
be skipped. Generally speaking, hemiplegia with short or absent stage 1 has better recovery; 
the longer the stage 1, the worse prognosis; the lower stage, the poorer outcome, 11, 55-58.  

In addition to Brunnstrom stage, motor function recovery tends to begin in the proximal 
segment and then to progress to the distal segments of the extremity. This tendency is 
common in both upper and lower extremity. Most of stroke patients are able to move their 
proximal segments of arms and legs at the time of discharge from inpatient rehabilitation. 
However, many stroke patients sustain significant paralysis of the distal segments of arm 
and leg. Because of this residual impairment, most stroke survivors have difficulties to be 
independent with ADLs and ambulation. Another common finding is that motor recovery 
of the lower extremity is better than that of the upper extremity. Why is motor recovery of 
the proximal segments and the lower extremity better than that of the distal segments and 
the lower extremity? It can be partially explained by topographic distribution in the brain 
(the cortex corresponding to hand is much larger than one to foot in the brain) and higher 
developmental hierarchy (hand function develops later than foot function). Compared to the 
proximal segments or foot function, more neurons and synapses are to be involved to 
maintain functions of the distal segments or hand.  
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The priorities at the acute care unit are both diagnostic as well as therapeutic interventions. 
Depending on medical conditions (hemorrhagic or non-hemorrhagic lesion, size and site of 
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stroke, underlying health status,…), treatment options are determined. It is suggested that 
early rehabilitation intervention is necessary, even if diagnostic or therapeutic plan are not 
completed. At this phase, rehabilitation starts with less intensive approach. Passive range of 
motion, position changes, stimulation control, safe feeding, and joint contracture prevention 
are important to prevent impending complications. 

Functional improvement is not always parallel with neurological recovery in patients with 
stroke. Analysis of the Uniform Data System for Medical Rehabilitation (UDSMR) for stroke 
patients in US from 2000 to 2007 shows decreased a mean length of rehabilitation unit stay 
from 19.6 days to 16.5 days, decrease a mean FIM (functional independence measurement) 
at rehabilitation unit from 62.5 to 55.1 (means more functionally dependent patients were 
admitted to rehabilitation unit), decrease a mean FIM at discharge from rehabilitation unit 
from 86.4 to 79.8 (means less functionally independent patients were discharged from 
rehabilitation unit), but the FIM change during rehabilitation stay remained relatively 
stable59. These results reflect that patients with stroke in US admit and discharge earlier than 
before. Patients with stroke may benefit from early discharge, but by the other hand, early 
discharge from rehabilitation unit increased the mortality60.  

From an ADL (activities of daily living) standpoint, stair walking (downward more difficult 
than upward) is the hardest to be improved, and then tub/shower transfer, ambulation, and 
lower body dressing follow. In contrast, eating is the easiest to be improved, and then 
grooming, and sphincter control follow.  

Poor sitting balance, poor trunk control, urinary incontinence, severity of disability, and old 
age (>74 years) are poor predictors for independent walking61. Standing balance ability is 
more important than lower extremity strength to achieve better ambulation62.  

In cognitive rehabilitation, problem solving is the most severely impaired and the least 
potential for recovery after stroke. Learning and memory impairments are most common10. 
Comprehension and expression are less impaired and better improved than memory. 
Patients with right hemiplegia are more impaired and less likely to improve in cognitive 
functions than those with left hemiplegia.  

Cognitive and speech-language impairment prevents patients with stroke from participation 
in social activities. Patients with higher cognitive level recover much better than ones with 
lower level. A study of return to work reports 1) no significant racial differences in left 
hemisphere infarction, but whites were more likely to return to work in right hemisphere 
infarction, 2) no significant difference of returning to work between whites and non-whites 
with left hemisphere infarction, 3) whites with right hemisphere infarction are most likely to 
return to work, while non-whites with right hemisphere infarction are least likely, 4) 
patients employed premorbidly at professional or managerial position, younger age group, 
less severe disability, white race, right hemisphere lesion were more likely to return to work 
following a cerebral infarction9.  

8. Traditional and new therapeutic approaches to stroke rehabilitation 
Traditional physical therapy and occupation therapy are still largely mainstays of the 
rehabilitation. Many therapeutic techniques to facilitate movement of paralyzed side, based 
on motor developmental hierarchy, repetition of motor pattern, and task-oriented training. 
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Abnormal muscle tone leads to abnormal positioning and abnormal movement pattern, and 
vice versa. To break this vicious cycle, comprehensive rehabilitation should include muscle 
tone management, proper bracing and positioning, and stimulation control. Repetitive task 
training is a commonly used in current rehabilitation therapy, but a literature review 
reported it is not effective in upper extremity motor function63.  

Constraint-induced movement therapy (CIMT or CIT) was introduced with a hypothesis of 
forceful usage of paralytic arm facilitate neuroplasticity of the brain, which in turn leads to 
recovery of the arm motor function64. There are many supportive reports to its 
effectiveness65, 66, however, there is a lack of large randomized controlled study67. CIMT is 
indicated for subjects who have no significant spasticity and some strength of the paralyzed 
upper extremity. It is not effective in acute phase of stroke68.  

Development in neruoscience and computer technology provides novel ideas to overcome 
the limitation of traditional rehabilitation for stroke. Originally, robotic treatment was 
introduced to alleviate the labor-intensive aspects of physical therapy by preinstalled 
programs to perform a goal-directed movement autonoumously or semi-autonomously69. It 
induces movement of paralyzed limbs by activation of the motor cortex of the side of the 
lesion and the movement of the limb also activates the motor cortex in a positive feedback. 
Most of devices are designed to lead task-oriented movement by intensive repetitive 
patterns. Functional brain MRI studies of robotic treatments, demonstrated an increased 
activation of the sensorimotor cortex during grasping tasks greater than non-practiced 
tasks70. However, the effectiveness of robotic treatment is still in question71-73. It is likely 
effective for shoulder and elbow function recovery, but may lack effectiveness of hand 
function improvement. 

EEG/MEG-based motor imagery brain-computer interface utilizes neuronal activities of the 
motor cortex of lesion side while performing motor imagery74, 75. Currently combined brain-
computer interface with robotic feedback technique is being tried76. 

Virtual reality training, although needs further study, appears to be effective in 
improvement of motor function77, 78.  

9. Prognostic factors 
Generally, poor prognostic factors include prolonged flaccidity of paralyzed limb, right 
hemisphere lesion with hemi-neglect, cognitive impairment, old age (>74 years), anterior 
circulation, and large lesion size. Also spouse at home, hypothermia at acute phase, and 
absent co-morbidities are good predictors79, 80. 

10. Focus on pediatric stroke 
Pediatric stroke is classified into infant and childhood stroke. Infant (neonatal or perinatal) 
stroke is defined as occurring between 28 weeks gestation and 28 days of postnatal age. The 
incidence is estimated as one in every four thousand live birth per year in the United Sates81. 
Ischemic stroke is twice as common as hemorrhagic stroke. According to a retrospective 
review, the most common discharge diagnoses conjunction with neonatal stroke included 
infection, cardiac disorders, and blood disorders. Less than 5% was associated with birth 
asphyxia81.  
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Childhood stroke is defined as occurring between 30 days of postnatal age and 18 years old. 
The incidence is reported 2-3/100,000 per year in US81, 2.7/100,000 in Canada (ischemic 
stroke only)82, and 13/100,000 in France83. Its mortality rate is reported 7-28% and higher in 
males than females and in blacks than white, respectively. Stroke is less common in children 
than in adults, but is one of the top ten causes of death in children in the US. It results in one 
of the leading causes of disability in young generations. The pathophysiology of childhood 
stroke is same as adults, but underlying premorbidities or etiologies are different. Most of 
adult stroke patients have pre-existing medical conditions, such as hypertension, diabetes 
mellitus, hyperlipidemia, arteriosclerosis, heart disease, or obesity, but in contrast one third 
of child stroke patients do not have any evident pre-existing medical conditions. In 
childhood stroke, congenital heart disease is the most common known etiology (about 30%), 
and sickle cell disease is the leading cause of stroke in African American ethnic group. 
Arteriovenous malformation is the leading cause of hemorrhagic stroke in childhood. 
Various coagulation disorders-factor V Leiden and prothrombin mutation, protein C and S 
deficiency, anti-phospholipid antibody, and inherited coagulation abnormalities and arterial 
vasculitis are related to pediatric strokes. Venous stroke is not uncommon in children. 
Venous:arterial stroke ratio is 1:4-6 in non-hemorrhagic stroke84. Venous stroke develops, 
when cerebral venous drainage to the internal jugular veins is significantly obstructed by 
thrombosis in the cerebral venous sinus (sinus venous thrombosis). The obstructed venous 
drainage consequently impedes arterial supply to the brain. Progressive insufficient arterial 
supply to the brain eventually leads to ischemia. Because of this slow process, compared 
with arterial stroke, clinical symptoms and signs progress slowly in venous stroke. High 
risks of sinus venous thrombosis are head and neck infection (meningitis, mastoiditis), 
dehydration, coagulation disorder, and perinatal complications. The outcome of a venous 
stroke is excellent. 

The ratio of hemorrhagic to nonhemorrhagic stroke in childhood stroke is about 5:3 in the 
US85 . It is understood that the incidence of homorrhagic stroke is higher than adult, but it is 
similar to a recent stroke registry data3. Diagnostic interventions of pediatric stroke are 
similar to those of adult stroke. In addition, hematologic and metabolic work up for 
coagulopathy is important. It is not easy to recognize neonatal stroke because of limited 
clinical presentations. It is partially plausible to explain that patients with hemiplegic 
cerebral palsy might have unrecognized neonatal stroke. It is supported by the fact that 
patients with hemiplegic cerebral palsy showed elevated antiphospholipid and/or factor V 
Leiden mutation than normal control86-87. Patients with sickle cell disease has 200-400 times 
high risk and 50% of recurrence risk by three years.  

In order to prevent stroke recurrence, aspirin is recommended for high risk of stroke 
patients in both adult and children. Apirin used for stroke prophylaxis does not complicate 
Reye’s syndrome in children. Regular brain MRA is suggested to patient with hemorrhagic 
stroke secondary to aneurysm. 

Since human cerebral hemispheres are already specialized at an early stage of development, 
pediatric stroke patients also demonstrate adult pattern of side specificity for brain lesions88- 89. 
Therefore clinical features are side specific and similar to adult stroke. 

Outcomes vary among studies because of differences in population characteristics, stroke 
type, duration of follow-up, and outcomes measurement tools. Long-term outcome study 
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Abnormal muscle tone leads to abnormal positioning and abnormal movement pattern, and 
vice versa. To break this vicious cycle, comprehensive rehabilitation should include muscle 
tone management, proper bracing and positioning, and stimulation control. Repetitive task 
training is a commonly used in current rehabilitation therapy, but a literature review 
reported it is not effective in upper extremity motor function63.  

Constraint-induced movement therapy (CIMT or CIT) was introduced with a hypothesis of 
forceful usage of paralytic arm facilitate neuroplasticity of the brain, which in turn leads to 
recovery of the arm motor function64. There are many supportive reports to its 
effectiveness65, 66, however, there is a lack of large randomized controlled study67. CIMT is 
indicated for subjects who have no significant spasticity and some strength of the paralyzed 
upper extremity. It is not effective in acute phase of stroke68.  

Development in neruoscience and computer technology provides novel ideas to overcome 
the limitation of traditional rehabilitation for stroke. Originally, robotic treatment was 
introduced to alleviate the labor-intensive aspects of physical therapy by preinstalled 
programs to perform a goal-directed movement autonoumously or semi-autonomously69. It 
induces movement of paralyzed limbs by activation of the motor cortex of the side of the 
lesion and the movement of the limb also activates the motor cortex in a positive feedback. 
Most of devices are designed to lead task-oriented movement by intensive repetitive 
patterns. Functional brain MRI studies of robotic treatments, demonstrated an increased 
activation of the sensorimotor cortex during grasping tasks greater than non-practiced 
tasks70. However, the effectiveness of robotic treatment is still in question71-73. It is likely 
effective for shoulder and elbow function recovery, but may lack effectiveness of hand 
function improvement. 

EEG/MEG-based motor imagery brain-computer interface utilizes neuronal activities of the 
motor cortex of lesion side while performing motor imagery74, 75. Currently combined brain-
computer interface with robotic feedback technique is being tried76. 

Virtual reality training, although needs further study, appears to be effective in 
improvement of motor function77, 78.  

9. Prognostic factors 
Generally, poor prognostic factors include prolonged flaccidity of paralyzed limb, right 
hemisphere lesion with hemi-neglect, cognitive impairment, old age (>74 years), anterior 
circulation, and large lesion size. Also spouse at home, hypothermia at acute phase, and 
absent co-morbidities are good predictors79, 80. 

10. Focus on pediatric stroke 
Pediatric stroke is classified into infant and childhood stroke. Infant (neonatal or perinatal) 
stroke is defined as occurring between 28 weeks gestation and 28 days of postnatal age. The 
incidence is estimated as one in every four thousand live birth per year in the United Sates81. 
Ischemic stroke is twice as common as hemorrhagic stroke. According to a retrospective 
review, the most common discharge diagnoses conjunction with neonatal stroke included 
infection, cardiac disorders, and blood disorders. Less than 5% was associated with birth 
asphyxia81.  
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Childhood stroke is defined as occurring between 30 days of postnatal age and 18 years old. 
The incidence is reported 2-3/100,000 per year in US81, 2.7/100,000 in Canada (ischemic 
stroke only)82, and 13/100,000 in France83. Its mortality rate is reported 7-28% and higher in 
males than females and in blacks than white, respectively. Stroke is less common in children 
than in adults, but is one of the top ten causes of death in children in the US. It results in one 
of the leading causes of disability in young generations. The pathophysiology of childhood 
stroke is same as adults, but underlying premorbidities or etiologies are different. Most of 
adult stroke patients have pre-existing medical conditions, such as hypertension, diabetes 
mellitus, hyperlipidemia, arteriosclerosis, heart disease, or obesity, but in contrast one third 
of child stroke patients do not have any evident pre-existing medical conditions. In 
childhood stroke, congenital heart disease is the most common known etiology (about 30%), 
and sickle cell disease is the leading cause of stroke in African American ethnic group. 
Arteriovenous malformation is the leading cause of hemorrhagic stroke in childhood. 
Various coagulation disorders-factor V Leiden and prothrombin mutation, protein C and S 
deficiency, anti-phospholipid antibody, and inherited coagulation abnormalities and arterial 
vasculitis are related to pediatric strokes. Venous stroke is not uncommon in children. 
Venous:arterial stroke ratio is 1:4-6 in non-hemorrhagic stroke84. Venous stroke develops, 
when cerebral venous drainage to the internal jugular veins is significantly obstructed by 
thrombosis in the cerebral venous sinus (sinus venous thrombosis). The obstructed venous 
drainage consequently impedes arterial supply to the brain. Progressive insufficient arterial 
supply to the brain eventually leads to ischemia. Because of this slow process, compared 
with arterial stroke, clinical symptoms and signs progress slowly in venous stroke. High 
risks of sinus venous thrombosis are head and neck infection (meningitis, mastoiditis), 
dehydration, coagulation disorder, and perinatal complications. The outcome of a venous 
stroke is excellent. 

The ratio of hemorrhagic to nonhemorrhagic stroke in childhood stroke is about 5:3 in the 
US85 . It is understood that the incidence of homorrhagic stroke is higher than adult, but it is 
similar to a recent stroke registry data3. Diagnostic interventions of pediatric stroke are 
similar to those of adult stroke. In addition, hematologic and metabolic work up for 
coagulopathy is important. It is not easy to recognize neonatal stroke because of limited 
clinical presentations. It is partially plausible to explain that patients with hemiplegic 
cerebral palsy might have unrecognized neonatal stroke. It is supported by the fact that 
patients with hemiplegic cerebral palsy showed elevated antiphospholipid and/or factor V 
Leiden mutation than normal control86-87. Patients with sickle cell disease has 200-400 times 
high risk and 50% of recurrence risk by three years.  

In order to prevent stroke recurrence, aspirin is recommended for high risk of stroke 
patients in both adult and children. Apirin used for stroke prophylaxis does not complicate 
Reye’s syndrome in children. Regular brain MRA is suggested to patient with hemorrhagic 
stroke secondary to aneurysm. 

Since human cerebral hemispheres are already specialized at an early stage of development, 
pediatric stroke patients also demonstrate adult pattern of side specificity for brain lesions88- 89. 
Therefore clinical features are side specific and similar to adult stroke. 

Outcomes vary among studies because of differences in population characteristics, stroke 
type, duration of follow-up, and outcomes measurement tools. Long-term outcome study 
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showed complete recovery rate without residual impairment in 14% of patients with non-
hemorrhagic stroke90 and 25% in hemorrhagic stroke91, respectively. In adult strokes, 
hemorrhagic stroke has higher mortality (23%) than non-hemorrhagic stroke91.  

In the long-term, cognitive impairment is significant in childhood stroke, and IQ 
(Intellectual Quotation) ranges widely and is lower than average90, 92, 93. As imagined, VIQ 
(Verbal IQ) is higher than PIQ (Performance IQ) in children with right hemisphere lesion, 
and PIQ is higher than VIQ in left hemisphere lesion90, 93. In spite of cognitive impairment, 
most of children return to mainstream school with/without support57, 90. Regardless of 
residual impairments and disabilities, they feel healthy and happy as normal children 
would94.  

General survival rate of pediatric stroke is better than adults95, 96. 5 year survival rate is 85%, 
and residual neurological deficits of 75% (hemiparesis, epilepsy, learning disabilities, visual 
field deficits, mental retardation)97. Idiopathic stroke have better prognosis than stroke 
associated with cardiac disease98. It is controversial but generally age is also an important 
prognostic factor98. The functional outcome of childhood stroke is more favorable than that 
of adult one. However, it is reported that infant stroke has poorer outcome than childhood 
stroke. 

Poor outcome predictors are multiple cortical dysfunction, initial symptoms with altered 
level of consciousness with/without seizure, middle cerebral artery lesion, infant age onset, 
persistence of hemiparesis 1 month after stroke, and bilateral hemisphere lesions57,90, 93,99, 100.  

School re-entry is the final rehabilitation goal for children with stroke. A neuropsychological 
test including IQ indicates the details of the cognitive impairments. Based on the test results, 
school re-entry might be planned. Depending on medical conditions and the test results, 
home bound education, part time student, full time student, or classroom modification 
might be advised.  
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1. Introduction 
Stroke is the leading cause of functional disability. The most significant impairment 
developed in individuals with stroke is the loss of normal skeletal muscle tone on the 
affected side, which leads to the lack of normal, controlled movements and further limits the 
individual’s ability to carry out tasks of daily living. Session 1 of this chapter describes 
skeletal muscle changes after stroke and defines functional roles of muscle tone, elasticity, 
and stiffness. Session 2 discusses methods for measuring muscle tone, elasticity, and 
stiffness, including common clinical measure, laboratory measure, and a new novel 
myotonometer. Session 3 presents metric properties of the myotonometric measurements in 
previous studies. Session 4 provides an overview of myotonometric measurement relevant 
to stroke motor rehabilitation and future research directions, with special attention on the 
reliability, validity, and sensitivity to treatment-induced change of using the myotonometer 
to measure muscle properties of relaxed extensor digitorum, flexor carpi radialis, and flexor 
carpi ulnaris muscles in patients with stroke. Session 5 concludes the clinical value of 
myotonometric measurements in stroke rehabilitation.  

1.1 The definition and functional role of muscle tone, elasticity, and stiffness 

Muscle tone involves active tension and passive (resting) intrinsic viscoelastic tone (Ditroilo 
et al., 2011; Masi & Hannon, 2008; Simons & Mense, 1998). Human resting muscle tone was 
defined as the passive tonus or tension of skeletal muscle that derives from its intrinsic 
molecular viscoelastic properties (Masi & Hannon, 2008); that is, resting muscle tone is the 
viscoelastic stiffness without contractile activity (Simons & Mense, 1998). The functional 
roles of passive muscle tone are for maintaining balanced stability posture and for achieving 
energy-efficient costs for prolonged duration without fatigue (Masi & Hannon, 2008). 

Muscle elasticity is defined as the property of a muscle to return to its original form or shape 
after removing a deforming force, and muscle stiffness is a muscle’s resistance to 
deformation (Masi & Hannon, 2008; Panjabi, 1992; Simons & Mense, 1998). Factors that 
affect resting muscle tone, elasticity, and stiffness include neuromuscular disorders 
(Alhusaini et al., 2010; Hafer-Macko et al., 2008; Ratsep & Asser, 2011), massage (Huang et 
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1. Introduction 
Stroke is the leading cause of functional disability. The most significant impairment 
developed in individuals with stroke is the loss of normal skeletal muscle tone on the 
affected side, which leads to the lack of normal, controlled movements and further limits the 
individual’s ability to carry out tasks of daily living. Session 1 of this chapter describes 
skeletal muscle changes after stroke and defines functional roles of muscle tone, elasticity, 
and stiffness. Session 2 discusses methods for measuring muscle tone, elasticity, and 
stiffness, including common clinical measure, laboratory measure, and a new novel 
myotonometer. Session 3 presents metric properties of the myotonometric measurements in 
previous studies. Session 4 provides an overview of myotonometric measurement relevant 
to stroke motor rehabilitation and future research directions, with special attention on the 
reliability, validity, and sensitivity to treatment-induced change of using the myotonometer 
to measure muscle properties of relaxed extensor digitorum, flexor carpi radialis, and flexor 
carpi ulnaris muscles in patients with stroke. Session 5 concludes the clinical value of 
myotonometric measurements in stroke rehabilitation.  

1.1 The definition and functional role of muscle tone, elasticity, and stiffness 

Muscle tone involves active tension and passive (resting) intrinsic viscoelastic tone (Ditroilo 
et al., 2011; Masi & Hannon, 2008; Simons & Mense, 1998). Human resting muscle tone was 
defined as the passive tonus or tension of skeletal muscle that derives from its intrinsic 
molecular viscoelastic properties (Masi & Hannon, 2008); that is, resting muscle tone is the 
viscoelastic stiffness without contractile activity (Simons & Mense, 1998). The functional 
roles of passive muscle tone are for maintaining balanced stability posture and for achieving 
energy-efficient costs for prolonged duration without fatigue (Masi & Hannon, 2008). 

Muscle elasticity is defined as the property of a muscle to return to its original form or shape 
after removing a deforming force, and muscle stiffness is a muscle’s resistance to 
deformation (Masi & Hannon, 2008; Panjabi, 1992; Simons & Mense, 1998). Factors that 
affect resting muscle tone, elasticity, and stiffness include neuromuscular disorders 
(Alhusaini et al., 2010; Hafer-Macko et al., 2008; Ratsep & Asser, 2011), massage (Huang et 
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al., 2010), stretching maneuvers (Magnusson, 1998; Reisman et al., 2009), aerobic exercise 
(Hafer-Macko et al., 2008), the length of skeletal muscle (Ditroilo et al., 2011; Hoang et al., 
2007), and eccentric exercise (Hoang et al., 2007; Whitehead et al., 2001). Decreased muscle 
elasticity brings on easier fatigueability and limited movement speed (Gapeyeva & Vain, 
2008). Muscle performing the movement (agonist) stretches out the antagonist muscle. 
Antagonist muscles with higher stiffness require greater effort for stretching, which leads to 
worse economy of movement (Gapeyeva & Vain, 2008).  

1.2 Skeletal muscle changes after hemiparetic stroke 

Evidence has revealed that the mechanisms of abnormal muscle tone in stroke patients 
include physiologic as well as mechanical (viscoelastic) properties of muscle (Dietz et al., 
1981; Katz & Rymer, 1989; Pandyan et al., 1999; Rydahl & Brouwer, 2004). Significant 
changes in structural and mechanical properties of the paralyzed muscle occur after a stroke 
(Sjostrom et al., 1980; Svantesson et al., 2000). Muscular atrophy and muscle phenotype shift 
to fast-twitch fiber proportions in the hemiparetic leg muscle after a stroke and relate to 
muscle fatigue, poor fitness, poor physical performance, and neurologic gait deficit (Hafer-
Macko et al., 2008). Spasticity (hyperactivity of stretch reflexes) and hypertonia (i.e., 
increased stiffness and viscosity) are common impairments after stroke (de Vlugt et al., 2010; 
Katz & Rymer, 1989). Spasticity is attributed to increased muscle tone related to 
hyperreflexia according to Lance (1980) who defined spasticity as a velocity-dependent 
increase in tonic stretch reflexes (muscle tone) with exaggerated tendon jerks, resulting from 
reflex hyperexcitability (Lance, 1980). Hypertonia, i.e., increased resistance to passive 
stretch, was more associated with intrinsic changes of the muscles than increased reflex 
activity (O’Dwyer et al., 1996). Moreover, the muscle stiffness of the affected leg was much 
higher than that of the contralateral leg after a stroke, suggesting a difference in the passive 
mechanical properties of the muscles of the spastic limb compared with the normal limb 
(Svantesson et al., 2000). 

2. Methods for measuring muscle tone, elasticity, and stiffness 
In recent decades, new methods, such as botulinum toxin, have been increasingly used to 
treat spasticity due to stroke (Shaw et al., 2011). Thus, the need for a quantitative 
measurement of muscle tone in the clinical setting has been highlighted. The development 
of an adequate tool that is reliable, valid, and responsive to measure the progression of 
muscle properties and success of treatments becomes urgent (Haas & Crow, 1995). 

2.1 Common clinical measure of muscle tone 

The Ashworth Scale (AS) and the Modified Ashworth Scale (MAS) are the most common 
clinical measures of muscle tone, rating the resistance perceived to passive stretch of the 
muscle with a 5- or 6-point ordinal scale, respectively (Ashworth, 1964; Bohannon & Smith, 
1987; Pandyan et al., 1999). Although they are useful in the clinic, these two measures have 
been criticized for: 

 not standardizing stretch velocity in manual testing (de Vlugt et al., 2010), 
 not quantifying resistance in absolute units (Pandyan et al., 1999), 
 not providing an assessment of activated muscle tone (Sommerfeld et al., 2004), 
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 subjectively grading and clustering of scores (Katz & Rymer, 1989; Pandyan et al., 1999), 
 only being applicable for the extremities (Leonard et al., 2001),  
 lacking sensitivity for detecting smaller degrees of changes in spasticity (Lance, 1980), 
 poor discrimination between increased muscle tone and soft-tissue stiffness (de Vlugt et 

al., 2010; Sheean & McGuire, 2009), and 
 lacking correlation with functional changes after treatment (Ward, 2000). 

The reliability and validity of both scales have also been questioned (Aarrestad et al., 2004; 
Katz & Rymer, 1989; Leonard et al., 2003; Pandyan et al., 1999; Pomeroy et al., 2000). 

The AS has only been validated for measuring spasticity around the elbow after stroke (Lee 
et al., 1989). The MAS is reliable for measuring muscle tone in certain muscle groups, such 
as the elbow, wrist, and knee flexors, in stroke patients (Gregson et al., 2000). These critiques 
and limitations reaffirm the need for identifying suitable clinical tools that reliably and 
accurately assess the biomechanical properties of muscle, including tone, elasticity, and 
stiffness (Pandyan et al., 1999). 

2.2 Laboratory measure of mechanical properties of muscle 

The mechanical properties of muscle are generally assessed in laboratories with expensive 
and heavy equipment, such as isokinetic and ultrasound machines (Ditroilo et al., 2011). 
Ultrasonography is limited to superficial structures and does not assess specific muscle 
mechanical properties (Nordez et al., 2008). 

2.3 A new novel instrument for measuring muscle tone, elasticity, and stiffness 
simultaneously 

For clinical applications, mechanical properties, such as muscle elasticity and stiffness, may 
not be accurately estimated by the clinical scales. A novel hand-held myotonometer, the 
Myoton myometer (Müomeetria AS, Tallinn, Estonia) device, provides painless and 
noninvasive means to obtain quantitative and objective assessments of mechanical 
properties of muscles (Gapeyeva & Vain, 2008; Roja et al., 2006). The Myoton myometer was 
primarily developed for testing the superficial skeletal muscles (Gapeyeva & Vain, 2008). 
The principal differences between myotonometry and traditional measures of muscle tone 
are that the former measures the tone, elasticity, and stiffness simultaneously and 
quantitatively (Gapeyeva & Vain, 2008), is not affected by tester strength (Leonard et al., 
2003), and is more sensitive to detect small changes (Aarrestad et al., 2004; Leonard et al., 
2001). The myotonometer has the additional advantages of an appropriate size for being 
portable, relatively inexpensive and convenient to use, and relatively easy to administer 
over a wide range of postural or extremity musculature (Aarrestad et al., 2004; Ditroilo et al., 
2011; Gapeyeva & Vain, 2008; Gubler-Hanna et al., 2007; Ianieri et al., 2009). 

Muscle properties can be measured with the myotonometer without the muscle being 
moved, which might be helpful with patients who have limited range of motion or pain 
with movement (Leonard et al., 2003). Its application leads to a more objective assessment of 
numeric parameters of muscle tone, elasticity, and stiffness within minutes (Aarrestad et al., 
2004). Therefore, the myotonometer appears to be clinically applicable without 
compromising the precision related to more complex laboratory methods and ensures a 
better pathophysiologic vision of all three muscle properties. 
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 poor discrimination between increased muscle tone and soft-tissue stiffness (de Vlugt et 

al., 2010; Sheean & McGuire, 2009), and 
 lacking correlation with functional changes after treatment (Ward, 2000). 
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For clinical applications, mechanical properties, such as muscle elasticity and stiffness, may 
not be accurately estimated by the clinical scales. A novel hand-held myotonometer, the 
Myoton myometer (Müomeetria AS, Tallinn, Estonia) device, provides painless and 
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From discerning muscular properties using myotonometric measurements, clinicians would 
be able to have a better understanding of the pathologic processes of muscle functions in 
individuals with spastic muscle secondary to stroke, design a specific rehabilitation program 
for each patient, make appropriate clinical decision, plan a more targeted and customized 
treatment specifically for each patient with abnormal muscle properties, and assess the 
efficacy of specific therapeutic treatment (Pandyan et al., 1999; Wade, 1992). This chapter 
will illustrate the metric properties of myotonometric measurement based on previous 
studies and our recent research in stroke rehabilitation. 

3. Metric properties of the myotonometric measurements: Reliability and 
validity  
Metric properties of the myotonometric measurements, such as reliability, validity, and 
responsiveness are the prerequisites of a useful measurement. From literature review, 
previous studies focused on examining reliability and validity of myotonometric 
measurement. The results of previous reliability studies have indicated that myotonometry 
is highly reliable for measuring skeletal muscle viscoelastic parameters in healthy 
individuals (Bizzini & Mannion, 2003; Ditroilo et al., 2011; Gavronski et al., 2007; Leonard et 
al., 2004; Leonard et al., 2003; Viir et al., 2006), children with cerebral palsy (Aarrestad et al., 
2004; Lidstrom et al., 2009), and patients with Parkinson’s disease (Marusiak et al., 2010; 
Ratsep & Asser, 2011). There is no study investigating the reliability of the myotonometer in 
stroke patients, which may limit the interpretation of the change for myotonometric 
measurements. 

The construct validity of the myotonometer has been established in healthy individuals 
(Gubler-Hanna et al., 2007), patients with upper motor neuronal disorders (Leonard et al., 
2001), and stroke survivors (Rydahl & Brouwer, 2004). Studies have shown that muscle 
stiffness increased with increasing contractile force and muscle activation, indicating that 
muscle stiffness during contracted conditions provides an indirect measure of muscle strength 
(Aarrestad et al., 2004; Bizzini & Mannion, 2003; Gubler-Hanna et al., 2007; Leonard et al., 2001; 
Rydahl & Brouwer, 2004). Moreover, Katz and Rymer (1989) demonstrated that extending a 
limb against passive resistance may be more related to the viscoelastic properties of the soft 
tissues than to spasticity, indicating that biomechanical measures correlate most closely with 
motor function. These findings provide the theoretic basis for use of muscle strength and 
motor function measures to further validate myotonometric measures. 

4. Metric properties of the myotonometric measurements: Reliability, validity, 
and responsiveness of the Myoton-3 myometer in patients with stroke 
Previous metric studies of myotonometry have not yet reported the responsiveness. The 
responsiveness of the instrument is its ability to detect change over time, which is an 
important quality to detect small changes in muscle properties and assess the effectiveness 
of specific treatment. Additionally, previous reliability and validity studies applied the 
myotonometer on large muscles of the trunk and extremities. Wrist and finger control is the 
motor function most likely to be impaired after stroke. Proper function of the muscles 
involved in hand movements is crucial to manual exploration and manipulation of the 
environment.  
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Our recent study (Chuang et al., 2012) addressed the test-retest reliability, validity, and 
responsiveness of the Myoton-3 myometer used for assessing tone, elasticity, and stiffness of 
the affected forearm muscles under a relaxed state in stroke rehabilitation. The Myoton-3 
myometer represents a new technology to quantify mechanical properties of resting and 
contractiling muscles. To the best of our knowledge, this was the first report to show the 
metric soundness of the Myoton-3 myometer for assessing muscle tone, elasticity, and 
stiffness of the extensor digitorum, flexor carpi radialis, and flexor carpi ulnaris muscles in 
patients with stroke. Information reported in this study that is relevant to purposes of this 
book chapter is summarized below. 

4.1 Study sample 

We recruited 67 patients (40 men and 27 women) who were a mean age of 54.67 (SD, 10.90) 
years. The mean time since the stroke onset was 21.12 (SD, 13.63) months, and 31 patients had 
left hemiplegia. All participants had sustained a first-ever stroke, Brunnstrom stage III to V for 
the proximal and distal upper extremity (UE) (Brunnstrom, 1970), MAS ≤ 2 in any joint of the 
UE (Bohannon & Smith, 1987), no cognitive impairment (Mini-Mental State Examination score 
≥ 24) (Folstein et al., 1975), not participated in any experimental rehabilitation or drug studies, 
and not used anti-spasticity drugs for the UE musculature (e.g., botulinum toxin type A) 
during the study period. Institutional Review Board approval was obtained from the study 
sites, and written informed consent was obtained from each patient before inclusion. 

4.2 Instrument 

The functional state of the participants’ skeletal muscles was assessed by using 
myotonometric measurements with the Myoton-3 myometer, created at the University of 
Tartu in Estonia (Vain, 1995). 

The Myoton-3 myometer has a two-armed lever. On the long lever is the testing end and on 
the short lever is the core of the electromagnet. The essence of the method lies in giving the 
muscle a short mechanical impulse to evoke decaying oscillations of the muscle because of 
the elastic behavior of the muscle. The working principles of the Myoton-3 myometer were 
as follows: the testing end of the Myoton-3 was placed perpendicular to the skin surface 
above the muscle to be measured and a brief mechanical impulse was applied, shortly 
followed by a quick release to the muscle through an acceleration probe. The characteristics 
of the muscle deformation and also the damped oscillations of the muscle evoked after the 
quick release of the testing end were recorded by the acceleration transducer at the testing 
end of the device. At the moment the Myoton-3 myometer pickup has created the maximum 
compression of the tested muscle, the corresponding acceleration amax characterizes the 
resistance force of the muscle for the deformation depth Δ l (Figure 1).  

The parameters of the graph characterize the functional state of the muscle. Displacement (s) 
is the difference in the initial position of the tested muscle and its final position. The 
relationships between position, velocity, and acceleration form an important application of 
the definite derivative. The velocity is defined by the derivative of position at a given time; 
whereas the acceleration is defined by the derivative of velocity at a given time. The average 
velocity of the muscle is the total displacement during an extended period of time, divided 
by that period of time. Average acceleration is the total change in velocity over an extended 
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quick release of the testing end were recorded by the acceleration transducer at the testing 
end of the device. At the moment the Myoton-3 myometer pickup has created the maximum 
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resistance force of the muscle for the deformation depth Δ l (Figure 1).  
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period of time, divided by the duration of that period. In Figure 1, time moment 1 (t1) denotes 
the beginning of the mechanical impulse to the muscle. The maximum of the deformation 
speed is obtained at time moment 3 (t3) and from that moment the muscle deformation speed 
decreases and at time moment 4 (t4) the acceleration transducer of the device has reached the 
maximum depth of its trajectory inward the muscle. At time moment 5 (t5) the forces of muscle 
elasticity have given to the transducer its maximum speed upwards. At time moment 6 (t6) this 
speed has decreased to zero under the influence of gravity. The above-described process 
repeats itself until the oscillation has decayed completely. 

 
Fig. 1. An oscillation graph of the muscle shows the acceleration (a), velocity (v), and 
displacement (s) of the muscle produced in the process of damped natural oscillation 
measured by the Myoton-3 myometer. 

The parameters measured by the myotonometer are oscillation frequency, decrement, and 
stiffness. The acceleration value of the first period of oscillations characterizes the 
deformation of the muscle, and the value of the next oscillation period provides the basis for 
calculating the oscillation frequency (Hz). The oscillation frequency is usually 11 to 16 Hz in 
relaxation and 18 to 40 Hz in contraction, depending on the muscle (Gapeyeva & Vain, 
2008). The frequency of the damped oscillations characterizes the muscle tone, the 
mechanical tension in a relaxed muscle. The higher the value, the more tense is the muscle. 
The frequency of the damping was calculated as: 

Frequency (Hz) = 1 / T 

where T is the oscillation period in seconds (Figure 1). 
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The logarithmic decrement of the damping oscillations characterizes muscle elasticity, 
which is the ability of the muscle to restore its initial shape after contraction. Elasticity is 
inversely proportional to the decrement. If the decrement of trained muscles decreases, the 
muscle elasticity increases. The decrement values are usually 1.0 to 1.2, depending on the 
muscle. The logarithmic decrement of damping was calculated as: 

Decrement = ln (amax / a)       

where amax is the maximal amplitude of oscillation and a is the oscillation amplitude (Figure 1). 

Stiffness (N/m) reflects the resistance of the muscle to the force deforming the muscle (Roja 
et al., 2006). The usual range of stiffness values is 150 to 300 N/m for resting muscle and 
may exceed 1000 N/m for contracted muscles (Gapeyeva & Vain, 2008). Stiffness was 
calculated as a ratio between the force applied and the muscle deformation: 

Stiffness (N/m) = f / Δ l = m × amax / Δ l      

where f is the force applied, m is the mass of the testing end (kg), amax is the maximal 
acceleration of oscillation (meter/second2), and Δ l is the deformation depth of the muscle 
(meter) (Figure 1). 

4.3 Procedures 

Myotonometric testing of the affected extensor digitorum, the flexor carpi radialis, and the 
flexor carpi ulnaris in relaxed state was conducted before and after treatments. All 
participants received a 1.5-hour therapy session 5 times per week for 4 weeks. A senior 
occupational therapist administered the outcome measures at baseline and after the 4-week 
treatment. Before measurement, participants were informed about standard measurement 
procedure with their elbow flexion 30° to 45°, the palm downward for the affected extensor 
digitorum measurement and palm upward for measurements of the affected flexor carpi 
radialis and ulnaris muscles (Figure 2) (Gapeyeva & Vain, 2008). The investigator applied 
resistance to the tested muscles and requested participants to make an effort to resist. At the 
same time, the investigator established the location of the tested muscles by the visual-
palpatory test. Participants were instructed to lie supine and relax the muscles maximally. 
Three trials were recorded with a 1-second interval, and the average value was used for 
analysis. To investigate test-retest reliability, 58 of the 67 individuals were tested twice on 
the affected side with the same procedure, 30 minutes apart, at baseline. 
 

   
(A) (B) (C) 

Fig. 2. The standard measurement location of the measured muscles: (A) extensor 
digitorum, (B) flexor carpi radialis, and (C) flexor carpi ulnaris 
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4.4 Criterion measures 

The Myoton-3 measures, as well as criterion measures for hand strength, including grip 
strength, lateral pinch power, and palmar pinch power, the Action Research Arm Test 
(ARAT), and Brunnstrom stage were performed before and after treatments. 

4.5 Data analysis 

Statistical analyses were performed with SPSS version 16.0 software (SPSS Inc, Chicago, IL 
USA) and values of P< 0.05 were considered statistically significant. The analysis of variance 
(ANOVA) was used to compare the baseline and posttreatment characteristics of the 3 
affected muscles. The Bonferroni method was used for post hoc pairwise comparisons. 

Test-retest reliability of the Myoton-3 was determined by using the intraclass correlation 
coefficient (ICC) with 95% confidence intervals (CIs); an ICC value exceeding 0.80 indicated 
high reliability (Weir, 2005). 

Concurrent validity of the Myoton-3 was determined using the Pearson correlation (r) test to 
establish relationships with hand strength and the Spearman rho (ρ) test to calculate the 
degree of correlations with the ARAT and Brunnstrom stage, respectively. The strength of 
correlations was interpreted as low (0.00-0.25), fair (0.25-0.50), moderate to good (0.50-0.75), 
and good to excellent (>0.75) (Portney, 2009). 

The standardized response mean (SRM) was used as the index of the responsiveness of the 
Myoton-3 according to changes of the affected and unaffected limbs from pretreatment to 
postest. The SRM was estimated as the ratio of the mean change scores to the standard 
deviation of the change scores from patients whose myotonometric measures improved 
over time (i.e., the change score from pretreatment to posttreatment was negative in muscle 
properties), and the values were categorized as large (>0.8), moderate (0.5-0.8), and small 
(0.2-0.5) (Cohen, 1988).  

4.6 Results 

4.6.1 Comparison of the muscular properties of the extensor digitorum, flexor carpi 
radialis, and flexor carpi ulnaris at pretreatment and posttreatment 

Table 1 summarizes the mean (SD) of the myotonometric measurements for muscle tone, 
elasticity, and stiffness of the extensor digitorum, flexor carpi radialis, and flexor carpi 
ulnaris muscles at pretreatment and posttreatment.  

 Muscular 
properties 

Extensor 
digitorum 

Flexor carpi 
radialis 

Flexor carpi 
ulnaris 

Pretreatment 
Mean (SD) 

Tone (Hz) 17.60 (2.82) 14.78 (3.01) 13.45 (2.80) 
Elasticity 1.89 (0.27) 1.31 (0.31) 1.35 (0.33) 
Stiffness (N/m) 354.90 (62.16) 297.85 (65.47) 272.85 (57.72) 

Posttreatment
Mean (SD) 

Tone (Hz) 17.03 (2.64) 15.03 (3.19) 13.39 (2.40) 
Elasticity 1.84 (0.34) 1.31 (0.40) 1.40 (0.34) 
Stiffness (N/m) 341.24 (51.02) 309.26 (74.09) 268.94 (55.05) 

Table 1. Mean and standard deviation of the myotonometric measurements for muscular 
properties of the 3 affected forearm muscles  
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Results of the ANOVA showed a significant difference in muscle tone, elasticity, and 
stiffness among the 3 affected muscles before and after treatment (P < 0.0001). Post hoc 
analyses revealed that muscle tone and stiffness of the extensor digitorum were significantly 
higher than those of the flexor carpi radialis and flexor carpi ulnaris at both pretreatment 
and posttreatment (pretreatment tone and stiffness: P < 0.0001, posttreatment tone: P < 
0.0001, posttreatment stiffness: P = 0.008, P < 0.0001, resepctively). Muscle tone of the flexor 
carpi radialis was significantly higher than that of flexor carpi ulnaris at pretreatment and 
posttreatment (P = 0.025, 0.002, respectively). Muscle stiffness of the flexor carpi radialis was 
significantly higher than that of flexor carpi ulnaris at posttreatment (P = 0.001). Muscle 
elasticity of the extensor digitorum was significantly lower than the elasticity of flexor carpi 
radialis and flexor carpi ulnaris at both pretreatment and posttreatment (P< 0.0001, P< 
0.0001, respectively). In general, the extensor digitorum showed higher tone and stiffness 
with lower elasticity compared to the flexor carpi radialis and ulnaris muscles. 

4.6.2 Reliability of the Myoton-3 myometer in patients with stroke 

The test-retest reliability was performed on a subset of 58 participants who underwent two 
pretreatment measurements. The Myoton-3 myometer showed high to very high test-retest 
reliability for muscle properties in affected extensor digitorum, flexor carpi radialis, and 
flexor carpi ulnaris (ICC, 0.86-0.96). 

Our study indicated that the Myoton-3 is a highly reliable measurement tool with high test-
retest reliability under relaxed conditions in measurements of affected forearm muscles of 
stroke patients. These findings are similar to those reported of the myotonometer for 
different muscles and study populations. The reliability of the myotonometer was high in 
the biceps brachii, rectus femoris, biceps femoris, and gastrocnemius in healthy individuals 
(Bizzini & Mannion, 2003; Ditroilo et al., 2011; Leonard et al., 2003; Marusiak et al., 2010); the 
biceps brachii in patients with Parkinson’s disease (Marusiak et al., 2010); and in the brachii, 
gastrocnemius, and rectus femoris in children with cerebral palsy (Aarrestad et al., 2004; 
Lidstrom et al., 2009). In general, the Myoton-3 myometer is reliable for measurements in 
healthy individuals as well as for various patient populations. 

4.6.3 Validity of the Myoton-3 myometer in patients with stroke 

Significant correlations existed between the tone and stiffness of the 3 muscles and palmar 
pinch strength, between those of the flexor carpi radialis & ulnaris muscles and lateral 
pinch strength, and between those of the flexor carpi radialis and the ARAT at 
posttreatment. The posttreatment elasticity of the two flexor carpi muscles was 
significantly correlated with grip strength. The pretreatment elasticity of the flexor carpi 
ulnaris was significantly correlated with posttreatment grip strength, and the 
pretreatment muscle tone and stiffness of the flexor carpi radialis were significantly 
correlated with palmar pinch strength and ARAT. There was no significant correlations 
existed between the Brunnstrom stage and muscle properties of the 3 muscles at 
pretreatment. Posttreatment extensor digitorum tone and flexor carpi radialis stiffness 
were significantly correlated with the Brunnstrom stage. 

The results of the concurrent validity showed partly significant associations between 
forearm muscle properties and hand strength and UE motor function, especially at 
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Results of the ANOVA showed a significant difference in muscle tone, elasticity, and 
stiffness among the 3 affected muscles before and after treatment (P < 0.0001). Post hoc 
analyses revealed that muscle tone and stiffness of the extensor digitorum were significantly 
higher than those of the flexor carpi radialis and flexor carpi ulnaris at both pretreatment 
and posttreatment (pretreatment tone and stiffness: P < 0.0001, posttreatment tone: P < 
0.0001, posttreatment stiffness: P = 0.008, P < 0.0001, resepctively). Muscle tone of the flexor 
carpi radialis was significantly higher than that of flexor carpi ulnaris at pretreatment and 
posttreatment (P = 0.025, 0.002, respectively). Muscle stiffness of the flexor carpi radialis was 
significantly higher than that of flexor carpi ulnaris at posttreatment (P = 0.001). Muscle 
elasticity of the extensor digitorum was significantly lower than the elasticity of flexor carpi 
radialis and flexor carpi ulnaris at both pretreatment and posttreatment (P< 0.0001, P< 
0.0001, respectively). In general, the extensor digitorum showed higher tone and stiffness 
with lower elasticity compared to the flexor carpi radialis and ulnaris muscles. 

4.6.2 Reliability of the Myoton-3 myometer in patients with stroke 

The test-retest reliability was performed on a subset of 58 participants who underwent two 
pretreatment measurements. The Myoton-3 myometer showed high to very high test-retest 
reliability for muscle properties in affected extensor digitorum, flexor carpi radialis, and 
flexor carpi ulnaris (ICC, 0.86-0.96). 

Our study indicated that the Myoton-3 is a highly reliable measurement tool with high test-
retest reliability under relaxed conditions in measurements of affected forearm muscles of 
stroke patients. These findings are similar to those reported of the myotonometer for 
different muscles and study populations. The reliability of the myotonometer was high in 
the biceps brachii, rectus femoris, biceps femoris, and gastrocnemius in healthy individuals 
(Bizzini & Mannion, 2003; Ditroilo et al., 2011; Leonard et al., 2003; Marusiak et al., 2010); the 
biceps brachii in patients with Parkinson’s disease (Marusiak et al., 2010); and in the brachii, 
gastrocnemius, and rectus femoris in children with cerebral palsy (Aarrestad et al., 2004; 
Lidstrom et al., 2009). In general, the Myoton-3 myometer is reliable for measurements in 
healthy individuals as well as for various patient populations. 

4.6.3 Validity of the Myoton-3 myometer in patients with stroke 

Significant correlations existed between the tone and stiffness of the 3 muscles and palmar 
pinch strength, between those of the flexor carpi radialis & ulnaris muscles and lateral 
pinch strength, and between those of the flexor carpi radialis and the ARAT at 
posttreatment. The posttreatment elasticity of the two flexor carpi muscles was 
significantly correlated with grip strength. The pretreatment elasticity of the flexor carpi 
ulnaris was significantly correlated with posttreatment grip strength, and the 
pretreatment muscle tone and stiffness of the flexor carpi radialis were significantly 
correlated with palmar pinch strength and ARAT. There was no significant correlations 
existed between the Brunnstrom stage and muscle properties of the 3 muscles at 
pretreatment. Posttreatment extensor digitorum tone and flexor carpi radialis stiffness 
were significantly correlated with the Brunnstrom stage. 

The results of the concurrent validity showed partly significant associations between 
forearm muscle properties and hand strength and UE motor function, especially at 
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posttreatment, which indicates that they might measure similar constructs. Our present 
findings were compatible with those from a previous study reporting a correlation between 
muscle stiffness and muscle strength of the quadriceps (Bizzini & Mannion, 2003). In this 
study, the elasticity of the two wrist flexors tended to increase with greater grip strength at 
posttreatment. At posttreatment, the elasticity of the extensor digitorum and muscle tone 
and stiffness of the two wrist flexors tended to increase with greater lateral pinch strength. 
The muscle tone and stiffness of the extensor digitorum and the two wrist flexors appeared 
to increase with greater palmar pinch strength. The pretreatment and posttreatment muscle 
tone and stiffness of the flexor carpi radialis were correlated to palmar pinch strength and 
ARAT. 

4.6.4 Responsiveness of the Myoton-3 myometer in patients with stroke receiving 
rehabilitation 

The responsiveness of the extensor digitorum was higher than those of the flexor carpi 
radialis and ulnaris, with moderate to high for the affected extensor digitorum and small to 
moderate for the affected flexor carpi radialis and ulnaris. The responsiveness of the muscle 
tone and elasticity was moderate for the affected extensor digitorum and small for the 
affected flexor carpi radialis and ulnaris (tone: –0.57 vs –0.39 vs –0.35; elasticity: –0.75 vs –
0.44 vs –0.31). The responsiveness of the elasticity of the affected extensor digitorum was 
significantly higher than that of the affected flexor carpi ulnaris (difference in SRM, 0.44; 
95% CI, –0.78 to –0.11). The responsiveness of muscle stiffness was high for the affected 
extensor digitorum (–0.83) and moderate for the affected flexor carpi radialis (–0.71) and 
ulnaris (–0.77).  

The responsiveness of the Myoton-3 is an important outcome measure and may serve as the 
foundation for therapy guidance and evaluation. The responsiveness to change of 
myotonometric measurements can be calculated through numeric data, provide a basis for 
estimates of whether the changes of muscle parameters over time are in the desired 
direction, and thus permit rehabilitation therapies to be adjusted accordingly. Our SRM 
calculations showed the affected extensor digitorum appears to be more responsive than the 
affected flexor carpi radialis and ulnaris in muscle tone, elasticity, and stiffness, and 
especially elasticity (–0.75 vs –0.44 vs –0.31). This result may arise from an emphasis on 
activation of wrist and finger extensor muscles elicited by the rehabilitation program the 
patients received. Thus, the extensor digitorum was much facilitated after treatments, and 
the flexor carpi muscles were not as sensitive as the extensor digitorum. Given that the 
ability to sustain finger extension is necessary in most functional hand activities; active 
finger extension is an important prognostic determinant and an early valid indicator of 
favorable UE function after stroke (Fritz et al., 2005; Nijland et al., 2010). Stroke patients with 
early finger extension after onset had a 98% probability of regaining some dexterity and a 
60% probability of achieving full functional recovery of the hemiplegic arm at 6 months after 
stroke (Nijland et al., 2010). 

4.6.5 Future directions 

 Different treatment effects across treatment groups could adversely affect variability. 
Future studies with a larger sample size may analyze changes after specific treatment. 
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 Resting muscle tone during the relaxed condition does not fully quantify spasticity, 
which is characterized by a velocity-dependent and should be adequately performed 
under a dynamic state. Further studies may compare biomechanical properties of the 
resting muscles with the contracted muscle. 

 With a sufficient sample size, a comparison of change in the myotonometric measures 
between patients who improved and those who did not should be analyzed separately. 

 Further substantiation and generalization of these findings in larger and more diverse 
samples are warranted to determine clinical value of the Myoton-3. 

5. Conclusion 
The Myoton-3 myometer measures mechanical properties of the skeletal muscle, which may 
provide new insights into muscle functions to diagnose and treat muscle pathophysiology. 
In clinical practice and research settings, performance documented by the Myoton-3 
myometer might be a useful indicator of muscle changes. This overview showed that the 
Myoton-3 myometer could be applied as a reliable, valid, and responsive device for 
objectively quantifying muscle tone, elasticity, and stiffness of resting forearm muscles in 
patients with stroke. These findings support the use of myotonometric measurement in 
stroke rehabilitation and further clinical trials. 
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posttreatment, which indicates that they might measure similar constructs. Our present 
findings were compatible with those from a previous study reporting a correlation between 
muscle stiffness and muscle strength of the quadriceps (Bizzini & Mannion, 2003). In this 
study, the elasticity of the two wrist flexors tended to increase with greater grip strength at 
posttreatment. At posttreatment, the elasticity of the extensor digitorum and muscle tone 
and stiffness of the two wrist flexors tended to increase with greater lateral pinch strength. 
The muscle tone and stiffness of the extensor digitorum and the two wrist flexors appeared 
to increase with greater palmar pinch strength. The pretreatment and posttreatment muscle 
tone and stiffness of the flexor carpi radialis were correlated to palmar pinch strength and 
ARAT. 

4.6.4 Responsiveness of the Myoton-3 myometer in patients with stroke receiving 
rehabilitation 

The responsiveness of the extensor digitorum was higher than those of the flexor carpi 
radialis and ulnaris, with moderate to high for the affected extensor digitorum and small to 
moderate for the affected flexor carpi radialis and ulnaris. The responsiveness of the muscle 
tone and elasticity was moderate for the affected extensor digitorum and small for the 
affected flexor carpi radialis and ulnaris (tone: –0.57 vs –0.39 vs –0.35; elasticity: –0.75 vs –
0.44 vs –0.31). The responsiveness of the elasticity of the affected extensor digitorum was 
significantly higher than that of the affected flexor carpi ulnaris (difference in SRM, 0.44; 
95% CI, –0.78 to –0.11). The responsiveness of muscle stiffness was high for the affected 
extensor digitorum (–0.83) and moderate for the affected flexor carpi radialis (–0.71) and 
ulnaris (–0.77).  

The responsiveness of the Myoton-3 is an important outcome measure and may serve as the 
foundation for therapy guidance and evaluation. The responsiveness to change of 
myotonometric measurements can be calculated through numeric data, provide a basis for 
estimates of whether the changes of muscle parameters over time are in the desired 
direction, and thus permit rehabilitation therapies to be adjusted accordingly. Our SRM 
calculations showed the affected extensor digitorum appears to be more responsive than the 
affected flexor carpi radialis and ulnaris in muscle tone, elasticity, and stiffness, and 
especially elasticity (–0.75 vs –0.44 vs –0.31). This result may arise from an emphasis on 
activation of wrist and finger extensor muscles elicited by the rehabilitation program the 
patients received. Thus, the extensor digitorum was much facilitated after treatments, and 
the flexor carpi muscles were not as sensitive as the extensor digitorum. Given that the 
ability to sustain finger extension is necessary in most functional hand activities; active 
finger extension is an important prognostic determinant and an early valid indicator of 
favorable UE function after stroke (Fritz et al., 2005; Nijland et al., 2010). Stroke patients with 
early finger extension after onset had a 98% probability of regaining some dexterity and a 
60% probability of achieving full functional recovery of the hemiplegic arm at 6 months after 
stroke (Nijland et al., 2010). 

4.6.5 Future directions 

 Different treatment effects across treatment groups could adversely affect variability. 
Future studies with a larger sample size may analyze changes after specific treatment. 
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 Resting muscle tone during the relaxed condition does not fully quantify spasticity, 
which is characterized by a velocity-dependent and should be adequately performed 
under a dynamic state. Further studies may compare biomechanical properties of the 
resting muscles with the contracted muscle. 

 With a sufficient sample size, a comparison of change in the myotonometric measures 
between patients who improved and those who did not should be analyzed separately. 

 Further substantiation and generalization of these findings in larger and more diverse 
samples are warranted to determine clinical value of the Myoton-3. 

5. Conclusion 
The Myoton-3 myometer measures mechanical properties of the skeletal muscle, which may 
provide new insights into muscle functions to diagnose and treat muscle pathophysiology. 
In clinical practice and research settings, performance documented by the Myoton-3 
myometer might be a useful indicator of muscle changes. This overview showed that the 
Myoton-3 myometer could be applied as a reliable, valid, and responsive device for 
objectively quantifying muscle tone, elasticity, and stiffness of resting forearm muscles in 
patients with stroke. These findings support the use of myotonometric measurement in 
stroke rehabilitation and further clinical trials. 
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1. Introduction

An important component of physical therapy is to conduct assessment of a patient’s mobility
including muscle strength and joint range of motion (ROM).

The purposes of this study were to investigate the possibility of measuring dynamic muscle
strength using a new hand-held device and to assess its validity and reliability. If proven
valid and reliable, this device will provide a practical tool for physical therapists to perform
dynamic muscle assessment in a clinical setting.

The current standard clinical evaluation and diagnostic tool for muscle strength assessment
is the manual muscle testing (MMT) method, using a 5-point grading scale (Clarkson (2000);
Petty (2011)). Although it has been a clinically useful tool for over forty years, its accuracy
and reliability remains questionable (Cuthbert & Goodheart (2007); Frese et al. (1987)).

To overcome the limitations of the MMT, isometric hand-held dynamometers (HHD) have
been developed to aid therapists in clinics (Andrews (1991)). HHDs are generally small and
portable, and measure strength objectively in kilograms, pounds or newtons. The clinician
holds the HHD between his or her force-applying hand and the patient’s limb segment. The
clinician stabilises the limb segment while encouraging the patient to exert as much force
against the device as possible and the maximum force is recorded by the HHD. Such devices
have been proven to have good to excellent reliability in different populations (Andrews
(1991); Bohannon & Andrews (1987); Stark et al. (2011)). In a single test, however, they can
assess the strength of a patient at only one joint angle, rather than through the patient’s
entire ROM. Although this technique provides a crucial tool for clinical quantification of
joint strength at a fixed static position (isometric), it cannot measure properties from dynamic
muscle performance assessments.

Isokinetic dynamometers, such as the Cybex (USA) or the Biodex (USA), are considered
as the gold standard in simultaneous strength and angle measurements for the evaluation
of dynamic muscular performance (Kannus (1994); Baltzopoulos & Brodie (1989); Osternig
(1986); Lund et al. (2005); Drouin et al. (2004)). Strength profiles showing instantaneous
torque versus joint angle are generated and a number of properties such as dynamic
peak torque, peak torque angle, angle-specific torque, power, and energy used can be
determined. The dynamic strength profiles can also be used to detect weaknesses over small
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regions of a specific joint’s ROM. Other advantages of the isokinetic dynamometer over the
current isometric HHDs are that assessor’s strength is not an issue; the subject is stabilized
consistently during testing; and the joint angle and strength are measured simultaneously
during testing (Lund et al. (2005); Martin et al. (2006); Harlaar et al. (1996)). Disadvantages
of these devices are their size and cost, which make them impractical for routine clinical
examinations (Li et al. (2006);Mital et al. (1995)).

Recognising the needs for better clinical strength assessment tools, there have been a number
of attempts to incorporate angle measurement in the strength assessment (Li et al. (2006);
Roebroeck et al. (1998)). However, there have been no published results on the use of a single
hand-held device to perform dynamic strength measurements on human subjects. A new
device, referred to as the IRL-HHD (Fig. 1), is a single hand-held device that can measure force
and angle simultaneously while the joint moves through its ROM1. The ability to measure
force and angle simultaneously means that it can measure energy or power in a similar
manner to an isokinetic dynamometer. In order for the IRL-HHD to capture dynamic joint
strength, the assessor must provide sufficient force to resist the limb movement, but also allow
the limb to move at a constant and controllable pace. This is not a trivial task and the assessor
may not be able to concentrate on keeping the device in perfect alignment with the limb.
The algorithm used in the IRL-HHD can measure the required joint angle accurately without
having to maintain the alignment of the longitudinal axis of the device with respect to the
limb. In some cases, this feature allows the joint to reach its full ROM (see Fig. 2 for an example
of measuring concentric elbow flexion where the longitudinal axis of the IRL-HHD does not
have to be aligned with the forearm). The IRL-HHD and the assessment techniques have been
shown to be reliable and valid by measuring concentric flexion of a simulated mechanical arm,
which was used to eliminate the effects of human variability (Janssen & Le-Ngoc (2009)).

Fig. 1. IRL Hand-held dynamometer.

This article describes the validity and reliability trials of the device to measure concentric
elbow flexion and concentric knee extension on human subjects. Other possible uses of the
IRL-HHD in clinical and on-field assessments are also discussed.

1 Patent WO/2011/002315 - Inventor: Industrial Research Ltd (IRL)
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2. Validity and reliability of dynamic muscle strength assessment

This section describes the test protocol and the results of using the IRL-HHD to perform
concentric elbow flexion and concentric knee extension assessment on human subjects.

2.1 Instrumentation

Two dynamometers, the IRL-HHD and the isokinetic dynamometer (Biodex), were used to
measure maximal concentric strength for elbow flexion and knee extension. The Biodex
measurements were corrected for the effect of gravity caused by the Biodex lever arm. For the
IRL-HHD tests, a seat and an arm rest attached to a plinth were used to position and restrain
the participants in a similar manner to the tests carried out using the Biodex (see Fig. 2 and
Fig. 3).

2.2 Protocol

A registered physiotherapist conducted the tests using the IRL-HHD and another registered
physiotherapist performed the Biodex tests. Both therapists were blinded from the outcome
measures.

2.2.1 Participants

Fifteen able-bodied, healthy adults participated in this study, which was approved by the
University of Otago (New Zealand) Ethics Committee. All participants provided informed
written consent before testing.

2.2.2 Design

There were two test sessions for each participant using the IRL-HHD, and one test session
using the Biodex. Each test session comprised one sub-maximal contraction, and three
repeated maximal strength contractions to perform right elbow flexion and right knee
extension. Each measurement was followed by a one minute rest period. The order of sessions
was randomized for each participant, and within each session the order in which joints were
tested was randomized. The participants were given five minutes rest between each test
session to prevent fatigue.

The distances from the centre of the force pad to the rotational axis of elbow and knee were
recorded for each participant and used to convert measured forces into joint torques. Peak
torque, peak torque angle and total work were obtained from the torque versus joint angle
curves recorded by both dynamometers.

A three-stage procedure was followed to record strength versus joint angle data using the
IRL-HDD:

• Defining the zero position of the joint;

• Moving the joint to the start position, positioning the device to resist the limb motion and
commencing the measurement;

• Instructing the participant to exert maximal muscular contraction while providing a
resistance to control the movement of the joint, and stopping the measurement when the
participant reaches the end of joint movement.

For concentric elbow flexion, the participant was seated beside the end of the plinth, and the
right arm was strapped to an arm rest at 60° shoulder flexion and 30° shoulder abduction
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(Fig. 2). The zero position of the elbow was identified by placing the device lengthwise on a
reference line between the acromion and the lateral epicondyle of the humerus. The device
was placed with the force pad 2 cm proximal of the wrist while the arm was fully extended. It
is possible to have a negative start angle, which is a measure of elbow hyperextension.

(a) Start and end position of the IRL-HHD measurement

(b) Start and end position of the Biodex measurement

Fig. 2. Concentric elbow flexion measurements with the IRL-HHD and the Biodex.

For concentric knee extension, the participant was seated using the same arrangement as on
the Biodex (Fig. 3). The zero position was set against a horizontal surface. The device was
placed with the force pad 10 cm proximal of the medial malleolus and the leg was moved to
the starting position (110° knee flexion) before commencing the measurement.

The isokinetic mode of the Biodex was used for testing with a maximum speed of 60°/s. In
this mode, the start and end ROM had to be set before starting the test. For elbow flexion,
the zero elbow position was set so that the participant’s arm was supported at 60° shoulder
flexion and 30° shoulder abduction (Fig. 2). Unfortunately, the Biodex strap restricted some
participants from reaching end ROM, so it was not possible to provide a comparison of elbow

56 Rehabilitation Medicine Validity and Reliability of a Hand-Held Dynamometer for Dynamic Muscle Strength Assessment 5

ROM measurements between the IRL-HHD and the Biodex. For knee extension, the Biodex
chair and the fixture beneath the chair prevented participants from reaching full knee flexion.
In order to provide a meaningful comparison of the peak torque angle, the starting position
of the knee extension was set at the maximum possible knee flexion angle but not greater
than 110°. Because of this preset starting position, it was not meaningful to report knee ROM
measurements using the Biodex.

During testing, the physiotherapist manually recorded any unusual events, such as loss of
control, or excessive movement of the IRL-HHD. These tests were discarded from the data set,
which was justified on the basis that it would be standard clinical practice to ignore erroneous
tests at the time of testing.

The ability of the therapist to maintain the control of the dynamic measurement is discussed
in Section 4.1.

(a) Start and end position of the IRL-HHD measurement

(b) Start and end position of the Biodex measurement

Fig. 3. Concentric knee extension measurements with the IRL-HHD and the Biodex.
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Fig. 3. Concentric knee extension measurements with the IRL-HHD and the Biodex.
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2.3 Statistical analysis

2.3.1 Descriptive statistics

Descriptive statistics of muscle torques, joint angles and muscular work are presented in Nm,
degrees (°) and J respectively. Torque is calculated from the measured peak force times the
length from the centre of the force pad to the rotational axis of the elbow or knee. Work
is defined as output of mechanical energy, that is, externally applied force multiplied by
the distance through which it is applied. In the concentric measurements, work can be
found by calculating the area under the torque versus angular displacement curve. Mean
and standard deviations (SDs) are reported. All analyses were performed using the Matlab
software package (USA).

2.3.2 Intratester reliability

The degree of correlation between six repetitions of all the maximal strength tests using the
IRL-HHD is calculated with the intraclass correlation co-efficient (ICC1,1) defined by Schrout
and Fleiss (1979). The same test was performed on the three repetitions of the Biodex.
The most critical reliability assessment is the ICC1,1, which assumes that every individual
measurement is independent and the error of measurement is assumed to be normally
distributed. Other authors have used ICC2,1 for their reliability measurement, which tends
to give more optimistic values than ICC1,1. In this article all ICC1,1 results are almost equal to
the ICC2,1 values. According to Fleiss (1986), the reliability of an ICC over 0.75 is considered
to be excellent, and between 0.4-0.75 as fair to good.

2.3.3 Validity

The agreement between the two devices can be quantified using the Bland-Altman 95% limits
of agreement (LOA) method (Bland & Altman (1986)). The LOA method is based on the
mean and SD of the differences between the measurements by the two devices. For repeated
measurements, a one-way ANOVA is performed for each device separately. Outcomes of the
one-way ANOVA are then used to calculate the lower and upper LOA (mean ± 1.96 times
SD)(Bland & Altman (2007)).

3. Results

3.1 Descriptive Statistics

Five men and ten women participated in this research. The participants’ ages ranged from
23 to 45 years (mean±SD, 32.6±7.2y). Fig. 4 shows typical strength profile plots between the
IRL-HHD and the Biodex for one participant. Although the shape of torque versus angle
graphs were not the same for the IRL-HHD and the Biodex, both methods show consistency
in repeated measurements.

Fig. 5 shows the speed of all measurements obtained with the IRL-HHD. It shows that the
physiotherapist was able to control the speed of each measurement very well for the elbow
flexion. Only two participants generated speeds more than 100°/s while nine generated
speeds less than 80°/s. It was more difficult for the physiotherapist to control the speed for the
knee extension and five participants generated speed greater than 100°/s. The range of speeds
for those participants was also greater, suggesting that the physiotherapist was not in control
of all the tests. Since the speed is controlled entirely from the perception of the assessor, an
error of ±20°/s is considered to be reasonable in this study.
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(a) Elbow Flexion (b) Elbow Flexion

(c) Knee Extension (d) Knee Extension

Fig. 4. Strength profiles of one participant for concentric elbow flexion and knee extension
obtained from the IRL-HHD (a, c) and the Biodex (b, d).

Fig. 6 shows scatter graphs of the mean peak torque and mean work between the Biodex
(x-axis) and the IRL-HHD (y-axis) for elbow flexion, and Fig. 7 shows the corresponding data
for knee extension. The error bars show the individual SDs for the Biodex and the IRL-HHD.
It is interesting to note that the error bars for the Biodex are generally larger than those for
the IRL-HHD, indicating that variability of the tested participants is a significant factor in
strength measurements. For elbow flexion, fourteen out of fifteen participants generated peak
torques less than 50 Nm. For knee extension, the physiotherapist was unable to resist any
torque greater than 100 Nm, whereas five participants generated more than 100 Nm on the
Biodex.

3.2 Intratester reliability

Six repeated measurements with the IRL-HHD and three with the Biodex were used to
calculate the ICCs and their 95% confidence intervals. The results are shown in Table 1. The
ICC1,1 values of both devices indicates excellent intratester reliability in the peak torque and
work for both elbow flexion and knee extension. Repeatability of the peak torque angle of
both tests by both devices is rated fair to good. However the confidence intervals indicates
that only the knee peak torque angle obtained from the Biodex can be considered as fair to
good, while all other peak torque angle measurements are poor. To determine if the mean
of three measurements is a more reliable measure of the peak torque angle, the ICCs1,3 of
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(a) Elbow Flexion

(b) Knee Extension

Fig. 5. Average speeds obtained with the IRL-HHD.

the peak torque angles in the first session of the IRL-HHD tests were found to be 0.80 (0.50,
0.93) for elbow flexion and 0.75 (0.38, 0.91) for knee extension which are within the range of
excellent.

3.3 Validity

The overall mean differences and their SDs between the two devices, and all lower and upper
LOA values are shown in Table 2. The differences were calculated by subtracting the Biodex
values from the corresponding IRL-HHD values, hence a negative value indicates that the
IRL-HHD measurement is smaller than the Biodex measurement. The table also shows the
LOA for screened data as will be discussed in Section 4.3.
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(a) Mean peak torque (b) Mean work

Fig. 6. Scatter plots of (a) mean peak torque and (b) mean work for elbow flexion as
measured by Biodex and IRL-HHD. The solid lines are the equality lines.

(a) Mean peak torque (b) Mean work

Fig. 7. Scatter plots of (a) mean peak torque and (b) mean work for knee extension as
measured by Biodex and IRL-HHD. The solid lines are the equality lines.

4. Discussion

4.1 Descriptive statistics

The graphs of torque versus angle in Fig. 4 suggest that the standardized methods of
measurement using the IRL-HHD provided reliable concentric measurement. Speed variation
during a single test using the IRL-HHD may be a factor in producing different shapes of the
torque-angle curves between the IRL-HHD and the Biodex.
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Joint Movement Measurements IRL-HHD Biodex IRL-HHD Session 1
Elbow flexion PT 0.95(0.91 to 0.98) 0.96(0.90 to 0.98)

PT Angle 0.41(0.20 to 0.68) 0.56(0.25 to 0.81) 0.80(0.50 to 0.93)
Work 0.97(0.93 to 0.99) 0.95(0.88 to 0.98)

Knee extension PT 0.99(0.94 to 0.99) 0.97(0.93 to 0.99)
PT Angle 0.46(0.24 to 0.71) 0.67(0.41 to 0.86) 0.75(0.38 to 0.91)
Work 0.86(0.73 to 0.94) 0.98(0.96 to 0.99)

NOTE. 95% confidence intervals shown in parenthesis
Abbreviation: PT, peak torque.

Table 1. ICC1,1 for six repetitions with the IRL-HHD and three repetitions with the Biodex,
and ICC1,3 for the first session with the IRL-HHD.

Elbow flexion Knee extension
PT PT angle Work PT PT angle Work

Mean
difference
(SD)

1.0(6.4) 24(23) 1.0(12.8) -39.1(40.3) 2(14) -38.9(52.7)

95% LOA for
all data

-11.6, 13.5 -21, 69 -24.1, 26.0 -118.2, 40.0 -26, 30 -142.0, 64.5

95% LOA for
screened data

-7.0, 9.9 -15, 53 -12.4, 16.2 -23.1, 28.7 -16, 41 -13.1, 41.0

Table 2. Agreement between the IRL-HHD and the Biodex for assessing elbow flexion and
knee extension.

An angular speed measurement greater than 100°/s indicates that the physiotherapist is
overpowered by the participant and that the result is likely to be invalid. Fig. 5 shows that it
is possible for a trained assessor to control the concentric assessment speed to within ±20°/s
from a target speed of 60°/s, provided that the force generated by the subject is less than the
strength limit of the assessor.

Further examination shows that most of the variability in the Biodex arises from the first test
in a series of three repeats being sub-maximal. It is recommended for future study that the
warm-up phase should consist of more than one sub-maximal concentric movement.

For knee extension, the physiotherapist was unable to resist any torque greater than 100 Nm,
whereas five participants generated more than 100 Nm on the Biodex. From the elbow tests,
the assessor was overpowered by one participant, who generated 52 Nm peak torque, but was
able to perform tests satisfactorily at 43 Nm peak torque, suggesting that the strength limit of
this assessor is between 43 Nm and 52 Nm for elbow flexion (approximately 200 N to 250 N in
force). Several authors have specified minimum upper limits of assessor’s strength necessary
for performing isometric measurements using an HHD (Wikholm & Bohannon (1991)). A
conservative value is 12 kg of resistive force (Edwards & McDonnell (1974)) while others have
suggested a value of 30 kg force (Hyde et al. (1983)). van der Ploeg et al. (1984) stated that an
HHD range beyond 220 N is not useful due to stabilization and strength issues. The upper
limit of the assessor’s strength in this study is in agreement with the published results for
isometric measurements. The torque limit of this assessor is expected to be between 52 Nm
and 65 Nm for knee extension. Only four of the fifteen participants (27%) generated less than
52 Nm for knee extension, hence it may be concluded that the IRL-HHD and the test protocol
described in this article is not feasible for general use in measuring knee extension of healthy
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adults. Most participants generated peak elbow fexion torques less than 50 Nm, suggesting
that the IRL-HHD can be used to measure concentric strength of upper extremities or minor
muscle groups in general healthy population. It may also be possible to use the IRL-HHD
to assess children’s concentric strength and subjects with strength deficiency resulting from
conditions such as stroke or spinal cord injury.

4.2 Intratester reliability

Intratester reliabilities of peak torque and work are excellent in both elbow and knee
measurements with the IRL-HHD and with the Biodex, while the intratester reliabilities of
peak torque angle are poor for the IRL-HHD. The intratester reliabilities of the peak torque
angle using the Biodex are slightly better than those obtained with the IRL-HHD. The ICCs1,3
of the first sessions using the IRL-HHD indicates a significant improvement in the reliability
of measuring the peak torque angle. These values suggest that peak torque angle should be
measured by taking the mean of three repeated tests. The ICCs1,3 for peak torque angle are
within the range of excellent for both elbow flexion and knee extension.

4.3 Validity

The conventional method of assessing and grading muscle strength is the manual muscle
test. In this study, all of the participants would be rated with a score of 5 as they were all
healthy. Quantitative assessments of concentric strength are mostly associated with research
or specialized assessments of top athletes, and have not been used in clinical settings. As far
we are aware this is the first study using an HHD to perform concentric measurement, so it
is not possible to define clinical agreement values to assess the LOA calculated in this paper.
Instead, the LOA have been calculated to provide useful benchmarks for future research and
a subjective analysis of the LOA is provided.

For elbow flexion, the LOA for peak torque are -11.6 and 13.5 Nm and for work are -24.1 and
26.0 J. The LOA of the peak torque angle are -21 and 69° which is unacceptable as a valid
measurement of peak torque angle.

Eliminating participants who generate torque greater than 50 Nm, any tests with speed greater
than 100°/s, and the first run of all the Biodex results improves the LOA of all the parameters.
They are: -7.0 and 9.9Nm for peak torques, -15 and 53° for peak torque angle, and -12.4 and
16.2 J for work in elbow flexion.

Considering that the maximum peak torque is approximately 50 Nm, the LOA are
approximately ±20% of the range of measurement, therefore we suggest that the use of
IRL-HHD in muscle strength assessment provides the clinician with at least 5 additional scales
above the MRC score of 5, assuming that the Biodex measurements are the accepted peak
torques of the participants.

For knee extension, the LOA in all measurements show unacceptably large ranges. There is an
obvious trend between mean strength and difference between the two devices, showing that
the stronger the participant, the bigger the difference between the IRL-HHD and the Biodex
measurements in peak torque. The LOA calculation with the proposed reduced dataset as
discussed for elbow flexion are -23.1 and 28.7 Nm for peak torques, -16 and 41° for peak
torque angle, and -13.1 and 41.0 J for total work. This means that for the knee extension test,
the LOA of peak torque are approximately ±50% of the range of measurement, which is not a
significant improvement over the conventional method.
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Joint Movement Measurements IRL-HHD Biodex IRL-HHD Session 1
Elbow flexion PT 0.95(0.91 to 0.98) 0.96(0.90 to 0.98)

PT Angle 0.41(0.20 to 0.68) 0.56(0.25 to 0.81) 0.80(0.50 to 0.93)
Work 0.97(0.93 to 0.99) 0.95(0.88 to 0.98)

Knee extension PT 0.99(0.94 to 0.99) 0.97(0.93 to 0.99)
PT Angle 0.46(0.24 to 0.71) 0.67(0.41 to 0.86) 0.75(0.38 to 0.91)
Work 0.86(0.73 to 0.94) 0.98(0.96 to 0.99)

NOTE. 95% confidence intervals shown in parenthesis
Abbreviation: PT, peak torque.

Table 1. ICC1,1 for six repetitions with the IRL-HHD and three repetitions with the Biodex,
and ICC1,3 for the first session with the IRL-HHD.

Elbow flexion Knee extension
PT PT angle Work PT PT angle Work

Mean
difference
(SD)

1.0(6.4) 24(23) 1.0(12.8) -39.1(40.3) 2(14) -38.9(52.7)

95% LOA for
all data

-11.6, 13.5 -21, 69 -24.1, 26.0 -118.2, 40.0 -26, 30 -142.0, 64.5

95% LOA for
screened data

-7.0, 9.9 -15, 53 -12.4, 16.2 -23.1, 28.7 -16, 41 -13.1, 41.0

Table 2. Agreement between the IRL-HHD and the Biodex for assessing elbow flexion and
knee extension.

An angular speed measurement greater than 100°/s indicates that the physiotherapist is
overpowered by the participant and that the result is likely to be invalid. Fig. 5 shows that it
is possible for a trained assessor to control the concentric assessment speed to within ±20°/s
from a target speed of 60°/s, provided that the force generated by the subject is less than the
strength limit of the assessor.

Further examination shows that most of the variability in the Biodex arises from the first test
in a series of three repeats being sub-maximal. It is recommended for future study that the
warm-up phase should consist of more than one sub-maximal concentric movement.

For knee extension, the physiotherapist was unable to resist any torque greater than 100 Nm,
whereas five participants generated more than 100 Nm on the Biodex. From the elbow tests,
the assessor was overpowered by one participant, who generated 52 Nm peak torque, but was
able to perform tests satisfactorily at 43 Nm peak torque, suggesting that the strength limit of
this assessor is between 43 Nm and 52 Nm for elbow flexion (approximately 200 N to 250 N in
force). Several authors have specified minimum upper limits of assessor’s strength necessary
for performing isometric measurements using an HHD (Wikholm & Bohannon (1991)). A
conservative value is 12 kg of resistive force (Edwards & McDonnell (1974)) while others have
suggested a value of 30 kg force (Hyde et al. (1983)). van der Ploeg et al. (1984) stated that an
HHD range beyond 220 N is not useful due to stabilization and strength issues. The upper
limit of the assessor’s strength in this study is in agreement with the published results for
isometric measurements. The torque limit of this assessor is expected to be between 52 Nm
and 65 Nm for knee extension. Only four of the fifteen participants (27%) generated less than
52 Nm for knee extension, hence it may be concluded that the IRL-HHD and the test protocol
described in this article is not feasible for general use in measuring knee extension of healthy
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adults. Most participants generated peak elbow fexion torques less than 50 Nm, suggesting
that the IRL-HHD can be used to measure concentric strength of upper extremities or minor
muscle groups in general healthy population. It may also be possible to use the IRL-HHD
to assess children’s concentric strength and subjects with strength deficiency resulting from
conditions such as stroke or spinal cord injury.

4.2 Intratester reliability

Intratester reliabilities of peak torque and work are excellent in both elbow and knee
measurements with the IRL-HHD and with the Biodex, while the intratester reliabilities of
peak torque angle are poor for the IRL-HHD. The intratester reliabilities of the peak torque
angle using the Biodex are slightly better than those obtained with the IRL-HHD. The ICCs1,3
of the first sessions using the IRL-HHD indicates a significant improvement in the reliability
of measuring the peak torque angle. These values suggest that peak torque angle should be
measured by taking the mean of three repeated tests. The ICCs1,3 for peak torque angle are
within the range of excellent for both elbow flexion and knee extension.

4.3 Validity

The conventional method of assessing and grading muscle strength is the manual muscle
test. In this study, all of the participants would be rated with a score of 5 as they were all
healthy. Quantitative assessments of concentric strength are mostly associated with research
or specialized assessments of top athletes, and have not been used in clinical settings. As far
we are aware this is the first study using an HHD to perform concentric measurement, so it
is not possible to define clinical agreement values to assess the LOA calculated in this paper.
Instead, the LOA have been calculated to provide useful benchmarks for future research and
a subjective analysis of the LOA is provided.

For elbow flexion, the LOA for peak torque are -11.6 and 13.5 Nm and for work are -24.1 and
26.0 J. The LOA of the peak torque angle are -21 and 69° which is unacceptable as a valid
measurement of peak torque angle.

Eliminating participants who generate torque greater than 50 Nm, any tests with speed greater
than 100°/s, and the first run of all the Biodex results improves the LOA of all the parameters.
They are: -7.0 and 9.9Nm for peak torques, -15 and 53° for peak torque angle, and -12.4 and
16.2 J for work in elbow flexion.

Considering that the maximum peak torque is approximately 50 Nm, the LOA are
approximately ±20% of the range of measurement, therefore we suggest that the use of
IRL-HHD in muscle strength assessment provides the clinician with at least 5 additional scales
above the MRC score of 5, assuming that the Biodex measurements are the accepted peak
torques of the participants.

For knee extension, the LOA in all measurements show unacceptably large ranges. There is an
obvious trend between mean strength and difference between the two devices, showing that
the stronger the participant, the bigger the difference between the IRL-HHD and the Biodex
measurements in peak torque. The LOA calculation with the proposed reduced dataset as
discussed for elbow flexion are -23.1 and 28.7 Nm for peak torques, -16 and 41° for peak
torque angle, and -13.1 and 41.0 J for total work. This means that for the knee extension test,
the LOA of peak torque are approximately ±50% of the range of measurement, which is not a
significant improvement over the conventional method.
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Other factors that may affect the IRL-HHD assessments include: discomfort over the anterior
tibial region because of the hard padding of the IRL-HHD force plate; the participants might
be trying to control the speed; or they might think that the physiotherapist would not be able
to control a maximal effort were they to exert it.

5. Conclusions

The new IRL-HHD has excellent intratester reliability, when used by an experienced user
on healthy adults, for measuring peak torque and total work for elbow flexion and knee
extension. Therefore, the device and the associated test protocols described in this paper can
be used to measure these two physical attributes. The device is only reliable for determining
peak torque angle if the mean of at least three repeated measurements is taken.

The LOA between the IRL-HHD and the isokinetic dynamometer are only reasonable for
measuring elbow flexion peak torque and work. There were no agreements for peak torque
and work of knee extension and peak torque angles of both elbow flexion and knee extension.
Therefore, the IRL-HHD cannot be used on large muscle groups, such as the quadriceps, of
healthy adults. The LOA also imply that the strength of the assessor using the IRL-HHD
constrains the maximum forces that may be exerted by the subject, similar to the constraints
reported for other hand-held isometric dynamometers.

The results obtained with the IRL-HHD cannot be compared with those obtained with an
isokinetic dynamometer. However, since it has excellent intratester reliability, it can be used
to compare strengths of different subjects or of one subject at different times, if used by the
same assessor with the same test protocol.

6. Potential usage and future work

Recently, a study has been published on the reliability of shoulder assessment in patients
with shoulder pain using the IRL-HHD (Cadogan et al. (2011)). These results show a good to
excellent reliability of the IRL-HHD in practice.

The ability of measuring simultaneously the orientation of the device and the force imposed
on the force plate may lead to many other potential usages. Other applications in which the
IRL-HHD could be used include:

• In an isometric setting, the device can provide additional feedback on the tested angle. An
audible angle warning feature can help the therapist to keep the joint within a pre-defined
range, making the assessment more reliable (Sole et al. (2010), Hanna et al. (2010), Fulcher
et al. (2010)).

• In the above described study of shoulder assessment (Cadogan et al. (2011)), a
standardized shoulder lateral abduction active end range measurement was introduced.
Since the end range of the shoulder is dependent on the amount of force the clinician
exerts, it is impossible to compare measurements made by different assessors. However,
with the IRL-HHD, a pre-set force can be entered into the IRL-HHD and when the force
exerted on the force pad reaches the pre-set level, the IRL-HHD gives an audible warning
sound so that the clinician knows when to click a button on the IRL-HHD to record the
angle measurement. This should alleviate the assessors’ variable strength issue.

• For measuring joint stiffness. Stiffness is defined as the rate of change of force with respect
to the rate of change of displacement. Since the IRL-HHD can measure force and angle
simultaneously, it is ideal for measuring stiffness.
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• Measurement of children’s dynamic strengths, as children are generally weaker than
clinicians. Children are often too small to fit the isokinetic machines, and it would be
difficult to strap a young child to the Biodex machine. Children may not be as patient as
adults and so a rapid assessment using the IRL-HHD could offer some advantages.

• In people with disability, where transferring patients in and out of the isokinetic
dynamometer is difficult.

• In cases when it is impossible to restrain the patient to the machine e.g. in patients with
spasticity.

Future work should concentrate on developing and carrying out clinical trials for measuring
the dynamic strength of people with injury or disability, small muscle groups in adult
population or all muscle groups in children. For large muscle group assessments, additional
fixtures to provide mechanical advantages for the assessors may be a solution for low-cost
functional dynamic strength assessment tools.
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1. Introduction 
Almost all patients with stroke experience a certain degree of functional recovery within the 
first six months after stroke. Most recovery of motor and functional performance is seen in 
the first month after stroke (Gray et al., 1990; Duncan et al., 1992, 1994; Jorgensen et al., 1995; 
Horgan & Finn, 1997; Kong et al., 2011) but improvement may continue as long as 6–12 
months after stroke (Bonita & Beaglehole, 1988). Verheyden et al. (2008) observed most 
improvement for trunk, arm, leg and functional recovery from 1 week to 1 month after 
stroke and then to a lesser extent between 1 and 3 months after stroke. Only small, not 
statistically significant changes could be seen between 3 and 6 months after stroke, 
indicating that a "plateau phase" was already reached at 3 months after stroke. Further 
improvement after 6 months can be expected but is mostly limited (Mayo et al., 1999; 
Hendricks et al., 2002; Desrosiers et al., 2003; Kwakkel et al., 2004). Six months after stroke, 
only 60% of people with initial hemiparesis have achieved functional independence in 
simple activities of daily living such as toileting and walking short distances (Mayo et al., 
1999; Patel et al., 2000). However, improvements in activities of daily living may continue 
despite stable deficits at the level of impairment. This is suggestive of further behavioral 
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1. Introduction 
Almost all patients with stroke experience a certain degree of functional recovery within the 
first six months after stroke. Most recovery of motor and functional performance is seen in 
the first month after stroke (Gray et al., 1990; Duncan et al., 1992, 1994; Jorgensen et al., 1995; 
Horgan & Finn, 1997; Kong et al., 2011) but improvement may continue as long as 6–12 
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improvement after 6 months can be expected but is mostly limited (Mayo et al., 1999; 
Hendricks et al., 2002; Desrosiers et al., 2003; Kwakkel et al., 2004). Six months after stroke, 
only 60% of people with initial hemiparesis have achieved functional independence in 
simple activities of daily living such as toileting and walking short distances (Mayo et al., 
1999; Patel et al., 2000). However, improvements in activities of daily living may continue 
despite stable deficits at the level of impairment. This is suggestive of further behavioral 
adaptation or compensation. Rehabilitation is devoted to enlarge and precipitate this 
functional recovery in order to improve quality of life after stroke (Gresham et al., 1995). 
Therefore, rehabilitation programs adapted to objectives as allowed by the state of the 
neuromuscular system are important. 

Many daily activities, especially locomotion, require sufficient function of thigh muscles. A 
number of studies reported that lower extremity muscles are weaker in patients with stroke 
compared to healthy controls (Newham & Hsiao, 2001; Bohannon, 2007b; Sullivan et al., 
2007; Horstman et al., 2008). Furthermore, the inability to generate normal amounts of force 
has been suggested to be the major limitation of physical activity (Mercier & Bourbonnais, 
2004; Ada et al., 2006). More specific, intrinsic strength capacity as well as the ability to 
maximally activate the knee extensors correlate strongly with functional performance (daily 
activities) in patients with stroke (Bohannon, 1988, 1989; Corrigan & Bohannon, 2001; Kim & 
Eng, 2003; Bohannon, 2007b; Patterson et al., 2007; Horstman et al., 2008). In addition, a 
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recent study showed a significant association between paretic lower limb strength and 
balance both cross-sectionally in acute patients with stroke as well as longitudinally in post-
acute patients (van Nes et al., 2009). 

Besides a reduction in maximal muscle strength, the ability to generate torque as fast as 
possible, is also impaired after stroke (Horstman et al., 2010; Bohannon & Walsh, 1992; 
Gerrits et al., 2009). Rate of torque development is an important determinant of e.g. risk of 
falling and (again) for controlling balance (Shigematsu et al., 2006; Pijnappels et al., 2008). 
Recent work from our group has shown lower maximal rates of torque development during 
electrically stimulated (Horstman et al., 2010; Gerrits et al., 2009) as well as during voluntary 
(Horstman et al., 2010) contractions of the paretic and non-paretic knee-extensors. Decreased 
ability to rapidly develop knee extension torque contributes more to lower walking speed 
after stroke than does maximal strength (Pohl et al., 2002).  

In summary, there is clear evidence that difficulties in executing daily tasks in patients with 
stroke are related to both impaired strength and speed of paretic and/or non-paretic 
muscles. Nevertheless, most studies are performed at one point in time (Kim & Eng, 2003; 
Mercier & Bourbonnais, 2004; Ada et al., 2006; Bohannon, 2007b; Patterson et al., 2007; 
Horstman et al., 2008). It is not fully elucidated whether the improvements in functional 
performance at the activity level of patients with stroke during rehabilitation relate to 
changes in specific contractile function of the thigh muscles. Therefore, the present study 
reports on longitudinal changes in functional performance in a group of patients with stroke 
during the first year after stroke. Furthermore, it is determined whether these changes relate 
to alterations in strength and speed characteristics of the paretic and non-paretic thigh 
muscles and voluntary activation capacity of patients with stroke.  

2. Methods 
2.1 Subjects 

A total number of fourteen patients were included in the study. Patients (characteristics: see 
Table 1), all with first-ever stroke and a hemiparesis of the lower extremity, entered the 
study on average 3.5 months after stroke and 2 months after admission in the rehabilitation 
centre (t=0). Data on muscle function in relation to functional performance of these patients 
at t=0 are reported elsewhere (Horstman et al., 2008). They were invited for measurements 
again 3 (n=8), 6 (n=5) and 12 (n=3) months after the first measurement (follow-up (F)1, F2 
and F3 respectively). Because of drop-out of a number of subjects, data will be largely 
descriptive. Before participation, each subject was thoroughly informed about the 
procedures, completed a health questionnaire and signed an informed consent.  

The exclusion criteria were medical complications (such as unstable cardiovascular 
problems), severe cognitive and/or communicative problems preventing understanding 
verbal instructions or limiting performance of the requested tasks (e.g. aphasia, hemineglect) 
and contra-indications for electrical stimulation (unstable epilepsy, cancer, skin 
abnormalities and pacemaker). The project carried the approval of the institutional review 
board (Medical Ethical Committee) of the VU University Medical Centre, Amsterdam, The 
Netherlands. 
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Subject 
no. 

Gender Age 
(yrs) 

Weight 
(kg) 

Height 
(cm) 

Time 
after 
stroke 
(days) 

Time after 
admission 
(days) 

Side of 
lesion 
(Left/ 
Right) 

Ischaemic/ 
Hemorrhage 

Last 
measurement 

1 Male 65 70 172 189 29 R I F3 
2 Male 61 89 172 84 67 L H F3 
3 Male 61 80 182 52 76 L I F3 
4 Male 52 79 172 87 55 L H F2 
5 Male 55 81 177 167 145 R I F2 
6 Male 56 80 168 77 41 L I F1 
7 Female 26 63 170 110 52 R I F1 
8 Female 62 60 168 55 61 R I F1 
9 Female 61 40 150 123 76 L H t=0 
10 Male 57 69 180 170 70 R I t=0 
11 Female 64 74 170 117 90 L I t=0 
12 Male 45 80 190 79 35 R H t=0 
13 Male 67 100 190 157 114 R H t=0 
14 Male 58 83 178 56 29 R I t=0 

Table 1. Subject characteristics. 

2.2 Experimental set-up 

Body function and activity-participation level were assessed with different clinical tests 
(‘functional performance’ tests). In addition, muscle function characteristics of the knee-
extensors and -flexors were assessed in both limbs. The measurements were spread over 
four different days with at least one day of rest in between. 

2.3 Experimental procedures  

2.3.1 Functional performance tests 

The following tests were performed by the subjects under supervision of a physiotherapist 
(except for the Rivermead Mobility Index, which was carried out by one of the researchers):  

 Berg Balance Scale (BBS) assesses sitting and standing balance and exists of 14 test-items, 
scored on an ordinal 5-point scale (0-4). It gives an estimation of the chance that patients 
with stroke will fall (Berg et al., 1989, 1992, 1995).  

 Brunnstrom Fugl-Meyer (FM), lower extremity, is a test for evaluation of patellar, knee 
flexor and Achilles reflexes, flexor and extensor synergies, isolated movements of knee 
flexor and ankle dorsal flexor function and normal reflex activity of the quadriceps and 
triceps surae muscles in the paretic lower limb hemiplegic patients (Fugl-Meyer et al., 
1975). Maximal possible score is 34. 

 Rivermead Mobility Index (RMI) comprises a series of 14 questions and one direct 
observation, and covers a range of activities from turning over in bed to running. It is a 
measure of mobility disability which concentrates on body mobility (Collen et al., 1991).  

 Timed “get-up-and-go” test (TUG) requires patients to stand up from a chair, walk 3m, 
turn around, return, and sit down again. Time to fulfil this test is measured (Podsiadlo 
& Richardson, 1991). The shorter the time needed to do this test, the better; for all other 
tests applies the higher the score, the better. 
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 10 meter walk test (10m) is performed at comfortable (self selected) walking speed by 
patients who are able to walk independent with or without mobility aid and/or 
orthesis. Time to walk 10m is measured and averaged over three trials (Smith & Baer, 
1999). Then, the speed is calculated (10m divided by the average time to walk that 
10m).  

 Motricity Index (MI) evaluates the arbitrary movement activity and maximum isometric 
muscle force. Possible scores are 0-9-14-19-25-33 at each of the three parts of the test for 
lower extremities (Demeurisse et al., 1980; Collin & Wade, 1990; Cameron & Bohannon, 
2000). 

 Functional Ambulation Categories-score (FAC) evaluates the measure of independence of 
walking of the patient. Categories are scored on a six-point scale (0-5) (Holden et al., 
1984, 1986). 

2.3.2 Force measurements 

The procedures for the measurements as well as the calculation of variables are described in 
detail elsewhere (Horstman et al., 2008). Briefly, maximal voluntary and electrically evoked 
isometric torques of the knee extensors and maximal voluntary isometric torques of the knee 
flexors were measured while subjects were seated on a custom built Lower EXtremity 
System (LEXS) (Horstman et al., 2008). The lower leg was strapped tightly to a force 
transducer just above the ankle by means of a cuff at a knee flexion angle of 60 (0 = full 
extension). Electrical stimulation, used for the knee extensors only, was applied via two 
surface electrodes placed over the quadriceps muscles with a computer-controlled constant 
current stimulator (Digitimer DSH7, Digitimer Ltd., Welwyn Garden City, UK).  

2.3.3 Familiarization session 

During the familiarization session, measurements were performed with the non-paretic 
lower limb to check whether the instructions were understood by the subject. After a 
warming-up (existing of 5 submaximal contractions) subjects were trained to perform 
maximal isometric knee flexion (MVCf) and extension (MVCe) contractions and fast 
voluntary knee extensions. Subsequently, the subjects were familiarized with electrical 
stimulation. During the follow-up measurements, no familiarization session was 
performed.  

2.3.4 Muscle strength and speed 

Subjects were asked to maximally generate isometric knee extensions for 3-4 s to determine 
MVCe. Alternately, MVCfs were performed, as described in Horstman et al. (2008). 
Thereafter, subjects were asked to perform knee extensions as fast as possible (Horstman et 
al., 2008) with the command: 3, 2, 1 GO! They were encouraged to reach a peak force of at 
least 70% of their MVC and were not allowed to make a countermovement (flexion) or have 
pretension before the fast extension (de Ruiter et al., 2004). The same measurements as 
performed with the paretic lower limb (PL) were repeated with the non-paretic lower limb 
(NL), carried out on a separate day. Control subjects just performed one session, with the 
right leg only. 
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2.3.5 Triplet stimulation and voluntary activation 

A modified super-imposed stimulation technique was used in which electrically evoked 
triplets (pulse train of three rectangular 200 s pulses applied at 300 Hz) were used to 
establish the subjects’ capacity to voluntarily activate their muscles (Kooistra et al., 2005). 
Measurements started with PL in a knee angle of 60 knee flexion. First, stimulation current 
was increased until supramaximal stimulation was ensured. Next, subjects underwent 
measurements consisting of a triplet superimposed on the plateau of the force signal of the 
MVC. Subsequently, these measurements were performed with NL. 

2.4 Data analysis of muscle function 

MVC torque (Nm) was determined as the peak force from the force plateau multiplied by the 
external moment arm. MVCe and MVCf were assessed. Maximal rate of torque development 
was defined as the steepest slope of torque development during fast voluntary contractions 
(MRTDvol) (de Ruiter et al., 2004) and during a pulse train of 80 ms, 300 Hz (MRTDstim). 
MRTDvol was normalized to MVCe torque in order to correct for the number of parallel 
muscle fibers (‘muscle thickness’) to get a fair comparison of contractile speed of muscles 
between different subjects independent of absolute maximal torques. MRTDstim was 
therefore expressed as a percentage of 150 Hz torque (obtained at the same stimulation 
intensity as the 300 Hz pulse train). 

Voluntary activation is defined as the completeness of skeletal muscle activation during 
voluntary contractions and was calculated by means of a modified interpolated twitch 
technique (Kooistra et al., 2005). Voluntary activation (%) = [1 – (superimposed triplet/rest 
triplet)] * 100. Here the superimposed triplet is the force increment during a maximal 
contraction at the time of stimulation and the control triplet is that evoked in the relaxed 
muscle (Shield & Zhou, 2004). Supramaximal triplet torque of the relaxed muscle is used as a 
measure for the maximal (intrinsic) torque capacity of the knee extensors, independent of 
voluntary activation. 

Spearman rank correlations were calculated between changes (Δ, between t=0 and F2) in 
scores at the tests of functional performance and changes in the 6 muscle variables (MVCe, 
MVCf, MRTDvol, MRTDstim, triplet and voluntary activation). For the differences over 
time, shown in Table 2, a Friedman test was used.  

3. Results 
Not all subjects participated in follow-up sessions. The most important reason given was 
that travelling to the testing site was too time-consuming. Some experienced the 
measurements (especially the electrical stimulation and the duration of the experiments) as 
too uncomfortable. Other patients missed the follow-up measurements due to severe illness. 
One patient decided to spend the winter abroad. Moreover, data were not complete for 
some of the patients due to unreliability, e.g. concentration problems (one subject dozed off 
a few times during the measurements), no force plateau during the MVCs or subjects did 
not reach 90% of their MVC during the familiarization session. Therefore, the data will be 
mainly descriptive and hardly any statistical analyses were performed. 
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3.1 Functional performance 

Figure 1 shows the course of the scores of the subjects with stroke at two important (see 
below, Table 4) tests of functional performance, namely the BBS, a measure of ability-
activity level, and at the FM, an impairment (bodily functions) measure developed to assess 
physical recovery after stroke (Sanford et al., 1993). Because the outcome of most tests of 
functional performance seemed to plateau at F2 and because F3 values could only be 
obtained in three subjects, mean values of the five subjects assessed until F2 are presented in 
Table 2. Data in this table are expressed as median and 1st and 3rd quartile. Overall, the data 
of the functional performance tests show improvement (except for MI) during the follow-up 
period. 

 

  
Fig. 1. Course of all individual scores at the Berg Balance Scale (BBS) and Brunnstrom Fugl-
Meyer, lower extremity (FM) at 4 measuring times (t=0, F1, F2, F3). Note that t=0 is on 
average 3.5 months after stroke. 

 
Functional Recovery and Muscle Properties After Stroke: A Preliminary Longitudinal Study 

 

73 

 t=0 F1 F2 
BBS 43 (36-48) 50 (46-51)* 51 (49-52)* 
MI 42 (39-47) 61 (42-64)  61 (53-61) 
FAC 4 (3-4) 5 (4-5)* 5 (5-5)* 
RMI 8 (7-8) 13 (12-13)* 13 (12-13)* 
FM 13 (13-15) 17(14-19)^ 17 (16-10)* 
10m (m/s) 0.28 (0.23-0.39)) 0.36 (0.35-0.47)^ 0.35 (0.30-0.53)* 
TUG (s) 43.5 (34.7-49.0) 34.0 (34.0-41.0) 30.1(20.8-38.0)^  

* significant improvement (p<0.05) compared with t=0 
^ trend (p<0.1) compared with t=0 

Table 2. Median values and 1st and 3rd quartiles for the Berg Balance Scale (BBS), Motricity 
Index (MI), Functional Ambulation Categories-score (FAC), Rivermead Mobility Index 
(RMI), Brunnstrom Fugl-Meyer (FM), 10 meter walk test (10m) and Timed ‘’get-up-and-go’’ 
test (TUG) at the 3 measurement points 3.5 months after stroke (t=0) and during follow-up 
(F)1 and F2 for the five subjects who participated at these three measurement points (n= 5). 

3.2 Muscle variables 

Data were not complete for reasons explained earlier. Furthermore, it is a general experience 
that subjects, knowing that a superimposed stimulation will be performed, anticipate upon 
stimulation and perform less when compared with MVC without stimulation. To minimize 
this effect, which influences the activation results, only data were used when MVCs with 
superimposed stimulation were more than 90% of their highest attempt. Therefore, variables 
of muscle functions in Table 3 show missing values. The zero values are values from 
subjects who did perform the measurements but were not able to generate force with their 
paretic lower limb. 

There was a substantial variation between subjects with respect to the outcome of the 
muscle variables at the start of the study (t=0) as well as with respect to the changes in these 
variables over time (Table 3). 

3.3 Correlations between changes in functional performance and muscle function 

Table 4 shows the potential relevant correlations (n=4 or 5) with |ρ|>0.7 between changes 
(Δ, i.e., MVCe at F2 minus MVCe at t=0) in scores at tests of functional performance and 
changes in muscle variables. Figure 2 shows the five significant correlations namely the 
correlations between ΔMVCf of PL and Δ10m (ρ=0.99, p=0.002, n=5), between ΔMRTDstim 
of PL and ΔFM (ρ=0.99, p=0.01, n=4), between Δtriplet of PL and ΔFM (ρ=0.90, p=0.04, n=5), 
between Δtriplet of PL and ΔRMI (ρ=0.92, p=0.03, n=5), and between ΔMVCf of NL and 
ΔBBS (ρ=0.92, p=0.03, n=5).  

4. Discussion 
A considerable improvement was found in de scores at the tests of functional performance, 
especially up to F2. In general also the muscle variables improved over time. Changes in 
muscle variables of the 5 subjects that were measured at t=0, F1 and F2 were shown to 
correlate with improvements in tests of functional performance during the first 9 months 
after stroke. 
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  PL NL 

 Subject t=0 F1 F2 t=0 F1 F2 

MVCe (Nm) 1 0 0 0 149 125 145 
 2 35 30 63 101 109 130 
 3 171 149 186 250 245 255 
 4 82 105 132 145 174 156 
 5 64 107 137 162 171 246 
MVCf (Nm) 1 0 0 0 35 13 53 
 2 1 0 8 39 60 68 
 3 50 51 73 90 92 88 
 4 0 0 0 68 60 62 
 5 0 0 0 54 71 101 
MRTDvol (% ms-1) 1 0.00 0.00 0.00 4.16 5.93 5.83 
 2 2.03  - 2.59 5.74  - 4.70 
 3 7.08 10.53 8.62 9.29 6.44 3.51 
 4 3.30 2.87 3.82 4.69 3.77 3.51 
 5 5.19 6.27 7.11 9.34 7.92 8.30 
MRTDstim (% ms-1) 1 10.31 15.51 14.24 12.77 13.24 14.24 
 2 5.46  - 11.35 13.78 16.40 16.88 
 3 16.77 19.03 21.22 26.28 37.97 30.00 
 4 14.13 9.07 - 14.39 13.14 - 
 5 9.07 12.07 19.68 8.67 11.44 19.43 
Triplet torque (Nm) 1 41 42 48 84 84 94 
 2 29  - 44 50 52 42 
 3 110 101 112 113 112 109 
 4 82 104 96 110 115 100 
 5 75 90 103 110 115 100 
VA (%)  1  -  -  - 70 55 69 
 2 16  - 57 75 - 85 
 3 73 75 79 88 93 91 
 4 64 55 55 68 85 73 
 5 42 59 75 75 81 80 

Table 3. Data on muscle variables for 5 subjects who were measured during the first 
measurement (t=0) and 3 and 6 months thereafter (F1, F2 respectively) for the non-paretic 
(NL) and paretic lower limb (PL). Maximal voluntary extension (MVCe) and flexion (MVCf) 
torque, maximal rate of torque development during voluntary (MRTDvol) and electrically 
evoked contractions (MRTDstim), triplet torque and voluntary activation (VA). 
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BBS FM RMI 10m 

(m/s) 
FAC TUG 

(s) 
MI 

PL 

MVCe - 0.843^ 0.861^ - - - 0.832^ 

MVCf - - - 0.985* - - - 

MRTDvol - 0.750 - - - - - 

MRTDstim 0.736 0.990* 0.860 - - - 0.815 

Triplet 0.827^ 0.897* 0.923* - - - - 

VA 0.710 - - - - - - 

NL 

MVCe 0.745 N.A. 0.833^ - - - - 

MVCf 0.922* N.A. - - - - - 

MRTDvol - N.A. - - - -0.881 - 

MRTDstim - N.A. 0.719 - - - 0.732 

Triplet - N.A. - - - - - 

VA - N.A. 0.742 - - - - 

* significant (p<0.05) correlation, ^ trend (p<0.1) 

Table 4. Correlation coefficients between changes (between t=0 and F2) in scores at tests of 
functional performance and changes in muscle variables for the non-paretic (NL) and 
paretic lower limb (PL) of 5 subjects. Berg Balance Scale (BBS), Motricity Index (MI), 
Functional Ambulation Categories-score (FAC), Rivermead Mobility Index (RMI) and 
Brunnstrom Fugl-Meyer (FM), Timed ‘’get-up-and-go’’ test (TUG) and 10 meter walk test 
(10m). Maximal voluntary extension (MVCe) and flexion (MVCf) torque, maximal rate of 
torque development during voluntary (MRTDvol) and electrically evoked contractions 
(MRTDstim), triplet torque and voluntary activation (VA).  

4.1 Functional performance 

From the 5 subjects we followed until F2, subject 1 scored the lowest values of all subjects 
(n=14) that took part in the study at t=0 at all variables of the paretic lower limb (Table 3), 
whereas subject 3 scored the best. The actual improvement in the Timed ‘’get-up-and-go’’ 
test (TUG) between t=0 and F2 may be even greater than presented in Table 2. Subject 1 was 
not able to perform the TUG at t=0, but during F1 that subject was able to do the TUG in 81 
s. Nevertheless, the score of this subject could not be used, since the improvement could not 
be calculated due to the missing value at t=0. This same subject 1 scored 9 on the Motricity 
Index (MI) at t=0 but 0 at F1 and F2. Moreover, subject 3 achieved the maximal score of 100 
at MI for all three measurement points and only one subject improved between F1 and F2 at 
this test. This may explain why we found no significant improvement over time for MI in 
the five subjects who came for these 2 follow-ups. 
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at MI for all three measurement points and only one subject improved between F1 and F2 at 
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An improvement of 7%, from 45 to 52% of maximum attainable recovery (n=8) at the Fugl-
Meyer Lower Extremity test (FM) was found from ~3.5 months (t=0) to half a year (F1) after 
stroke (n=8) (Figure 2). For FAC a significant increase from 68 to 88% was found and for MI 47 
to 53% (not significant) (Table 2). Kwakkel et al. (2004) similarly observed an improvement 
from about 62% to 65% at the FM (n=101), 51 to 59% at the FAC and 58 to 59% at the MI 
during the first half year after stroke. Both the present results and those of Kwakkel et al. 
(2004) show that most improvement took place within the first 3 months until half year after 
stroke, as was also found by others (Wade & Hewer, 1987; Jorgeson et al., 1995).  

4.2 Muscle variables 

As would be expected after hemiparetic stroke, PL scored consistently lower than NL on the 
muscle variables (voluntary extension and flexion torque, triplet torque, voluntary activation 
and maximal rate of voluntary torque development). Variable results in changes in muscle 
characteristics were found per subject between t=0 and F2 (Table 3). Also in literature there are 
different results. Carin-Levy et al. (2006) reported, in line with our results, no significant 
change over time in the strength and muscle mass of both paretic and non-paretic (arm and) 
leg muscle during the first 6 months after stroke. However, Newham and Hsiao (2001) did 
observe increased strength throughout the first half year after stroke, while activation failure 
remained constant. Andrews et al. (2003) showed an increase in both PL and NL knee extensor 
strength from admission (~2 wk post stroke) to discharge (~4 wk post stroke). So, there are no 
consistent data indicating that muscle variables improve after stroke. 

The main limitation of our study is the small sample size at F2 and F3. Although all new 
patients with stroke in the rehabilitation centre were examined by physicians, a large 
number were ineligible for our study, because they had severe cognitive and/or 
communicative problems, medical complications, no hemiparesis of the lower extremity or, 
conversely, were too heavily paralyzed and had a previous stroke. A considerable number 
of patients were not willing to participate (or in case of follow-ups to continue), mainly due 
to their changed life after stroke and/or the intensity of the protocol. Around half of the 
eligible patients completed the entire protocol (4 measurement days) at t=0. The scores of 
stroke severity of our patients (FAC median and quartiles 4 (2.25-4)) confirmed that we 
managed to recruit a very wide a range of patients with stroke at t=0, but this contributed to 
the difficulty in statistics, besides the great drop-out of patients during the follow-ups. 
However, studies with smaller samples sizes than ours have detected significant changes in 
muscle strength over time in NL (Harris et al., 2001) and PL compared to control (Newham 
& Hsiao, 2001). Thus, it is likely that, if changes in the thigh muscles of our patients had 
occurred, these must have been small. 

4.3 Correlation between muscle variables and functional performance 

The severity of post stroke paresis is related to a person’s ability to perform functional tasks; 
Others found correlations between lower limb isometric knee extension strength and 
functional performance, like gait distance (Bohannon, 1989) and speed (Bohannon, 1989; 
Bohannon & Walsh, 1991, 1992; Horstman et al., 2008), sit-to-stand (Bohannon, 2007a; 
Horstman et al., 2008), transfers (Bohannon, 1988), stair climbing (Bohannon & Walsh, 1991) 
and balance (Horstman et al., 2008). The new aspect in this study is that we wanted to 
investigate whether changes in functional performance during the first 9 months after stroke 
related to changes in muscle characteristics. 
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Fig. 2. Correlations between ΔMRTDstim of PL and ΔFM (ρ=0.99, p=0.01, n=4), between 
Δtriplet of PL and ΔFM (ρ=0.90, p=0.04, n=5), between Δtriplet of PL and ΔRMI (ρ=0.92, 
p=0.03, n=5), between ΔMVCf of NL and ΔBBS (ρ=0.92, p=0.03, n=5) and between ΔMVCf of 
PL and Δ10m (ρ=0.99, p=0.002, n=5). 

Δ: delta, changes between t=0  
and F2; MRTDstim, electrically 
evoked maximal rate of torque 
development; MVCf, Maximal 
Voluntary Contraction torque of 
the knee flexors; PL, paretic lower 
limb; NL, non-paretic lower limb; 
FM, Fugl-Meyer assessment;  
BBS, Berg Balance Scale; RMI, 
Rivermead Mobility Index;  
10 m, 10 m walk test. 
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Most relations were found within subjects between changes in muscle variables of PL and 
changes in scores at the BBS, a sitting and standing balance measure and the FM, an 
impairment measure developed to assess physical recovery after stroke (Sanford et al., 
1993). Moreover, changes in flexor strength are positively related with changes in the 10m 
walking speed, which means the more increase in hamstring strength, the bigger the 
increase in walking speed. In our cross-sectional study (Horstman et al., 2008) strong 
significant correlations were found between muscle variables of both PL and NL and 
various tests of functional performance. However, in the present study if we look within 
subjects, we hardly see any correlations between changes in muscle variables of NL and 
changes in scores at the functional performance tests over time. This indicates that 
longitudinal data are essential to gain the required information regarding which (muscle) 
variables should be trained to induce improvements in functional performance, because 
cross-sectional data are not exclusive enough.  

A question that remains to be answered is what may have caused the improvements in 
functional recovery? It is suggested that functional gains experienced by patients with 
stroke are primarily attributable to spontaneous recovery (changes over time that occur 
naturally) of functional performance of which eighty percent occurs within six months after 
the onset of stroke (Lind, 1982). Others state that there is some recovery between 1 and 6 
months in almost all acute patients with stroke (Wade & Hewer, 1987) and that at 6 months 
60% of people with initial hemiparesis have achieved functional independence in daily 
activities such as toileting and walking short distances (Mayo et al., 1999; Patel et al., 2000.) 
To facilitate neuroplasticity and cortical reorganization, it would be interesting to also 
investigate sensory stimulation in future studies with patients with stroke (Nudo et al., 1996; 
Johansson, 2000) since sensory impairments of all modalities are common after stroke 
(Carey, 1995). Moreover, sensory deficits are associated with the degree of weakness and the 
degree of stroke severity related to mobility, independence in activities of daily living, and 
recovery (De Haart et al., 2004; Lin, 2005). Addressing sensory deficits that accompany 
muscle weakness may improve impaired processing of afferent signals which in turn may 
contribute to improved muscle activation, gait patterns, and responses to perturbation 
during gait and stance (El-Abd & Ibrahim, 1994). 

Secondary changes as a result of stroke could be expected in skeletal muscle, e.g. changes in 
myofiber type (De Deyne et al., 2004) or number and size of motor units. The latter is 
already reported in the second week after stroke onset (Jorgensen & Jacobsen, 2001). For 
instance, a change in muscle fiber composition, characterized by selective type II fiber 
atrophy and predominance of (slow twitch, oxidative) type I fibers has been shown in 
paretic muscles (Edstrom, 1970; Scelsi et al., 1984; Dietz et al., 1986; Dattola et al., 1993; 
Hachisuka et al., 1997), which would lead to concomitant changes in contractile speed of the 
muscle fibers towards those of slow muscles. We can imagine that such a change in fiber 
type composition can be combated, for instance by training, during the first year after 
stroke, so that muscle speed characteristics can be restored. Bohannon concludes in his 
review (Bohannon, 2007b) that resistance training programs are effective at increasing 
strength in patients who have experienced a stroke but there is no clear evidence for the 
effect of strength training on functional activities after stroke (Morris et al., 2004). Main 
results of Saunders’ review (Saunders et al., 2004) include only 4 strength training trials 
(Inaba et al., 1973; Kim et al., 2001; Ouellette et al., 2004; Winstein et al., 2004) and lack non-
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exercise attention controls, long-term training and follow up. Strength measures were 
reported to improve after resistance training, albeit without clear benefits for functional 
performance (e.g. gait speed) (Saunders et al., 2004). Therefore, in addition, the strength 
training may be combined with task-specific functional training (Sullivan et al., 2006; 
Hubbard et al., 2009), because it has “the potential to drive brain reorganization toward 
more optimal functional performance” (Shepherd, 2001). When muscles are weak, isometric 
contractions can be used in the early stages of rehabilitation as a means of improving the 
muscle’s ability to contract. However, once muscle strength reaches a certain threshold, 
exercises should be biomechanically similar to daily life actions in order to be trained to 
transfer increased force-generating ability into improved performance (Shepherd, 2001). 

5. Conclusion 
The (small) alterations in the muscle variables correlated well with the improvements in 
scores on tests of functional performance. Although the correlations do not necessarily 
imply causality, we think (intrinsic) muscle speed and strength are important variables 
which can potentially be prolific targets to improve during rehabilitation. It is therefore 
recommended to investigate the effects of strength training of the thigh muscles during at 
least the first 6 months after stroke. From such an intervention study on functional recovery 
it can be elucidated whether increasing strength and speed really improves functional 
performance. 
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changes in scores at the functional performance tests over time. This indicates that 
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variables should be trained to induce improvements in functional performance, because 
cross-sectional data are not exclusive enough.  
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stroke are primarily attributable to spontaneous recovery (changes over time that occur 
naturally) of functional performance of which eighty percent occurs within six months after 
the onset of stroke (Lind, 1982). Others state that there is some recovery between 1 and 6 
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60% of people with initial hemiparesis have achieved functional independence in daily 
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myofiber type (De Deyne et al., 2004) or number and size of motor units. The latter is 
already reported in the second week after stroke onset (Jorgensen & Jacobsen, 2001). For 
instance, a change in muscle fiber composition, characterized by selective type II fiber 
atrophy and predominance of (slow twitch, oxidative) type I fibers has been shown in 
paretic muscles (Edstrom, 1970; Scelsi et al., 1984; Dietz et al., 1986; Dattola et al., 1993; 
Hachisuka et al., 1997), which would lead to concomitant changes in contractile speed of the 
muscle fibers towards those of slow muscles. We can imagine that such a change in fiber 
type composition can be combated, for instance by training, during the first year after 
stroke, so that muscle speed characteristics can be restored. Bohannon concludes in his 
review (Bohannon, 2007b) that resistance training programs are effective at increasing 
strength in patients who have experienced a stroke but there is no clear evidence for the 
effect of strength training on functional activities after stroke (Morris et al., 2004). Main 
results of Saunders’ review (Saunders et al., 2004) include only 4 strength training trials 
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exercise attention controls, long-term training and follow up. Strength measures were 
reported to improve after resistance training, albeit without clear benefits for functional 
performance (e.g. gait speed) (Saunders et al., 2004). Therefore, in addition, the strength 
training may be combined with task-specific functional training (Sullivan et al., 2006; 
Hubbard et al., 2009), because it has “the potential to drive brain reorganization toward 
more optimal functional performance” (Shepherd, 2001). When muscles are weak, isometric 
contractions can be used in the early stages of rehabilitation as a means of improving the 
muscle’s ability to contract. However, once muscle strength reaches a certain threshold, 
exercises should be biomechanically similar to daily life actions in order to be trained to 
transfer increased force-generating ability into improved performance (Shepherd, 2001). 

5. Conclusion 
The (small) alterations in the muscle variables correlated well with the improvements in 
scores on tests of functional performance. Although the correlations do not necessarily 
imply causality, we think (intrinsic) muscle speed and strength are important variables 
which can potentially be prolific targets to improve during rehabilitation. It is therefore 
recommended to investigate the effects of strength training of the thigh muscles during at 
least the first 6 months after stroke. From such an intervention study on functional recovery 
it can be elucidated whether increasing strength and speed really improves functional 
performance. 
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1. Introduction 
As the older population grows dramatically around the world, it is important that health 
care providers be able to maintain people with an extended life expectancy in an active stage 
for as long as possible. Being independent in gross mobility functioning is an indicator of 
healthy and successful aging (Guralnik and Kaplan, 1989). An effective tool that is easy to 
use for identifying those at early stage of physical function decline is imperative for 
achieving this goal.  

As people age, a majority of elderly individuals develop physical disability. Such 
development follows a hierarchical order, starting from mobility, then spreading into 
instrumental activities of daily living (IADL), and finally ending in basic activities of daily 
living (BADL) (Pinsky et al., 1987; Barberger-Gateau et al., 1995; Barberger-Gateau et al., 
2000). As disability in mobility occurs at an earlier stage of the disablement process, it may 
be an effective indicator by which to identify older adults in an early stage of physical 
function decline. Identifying such older adults is imperative in order to provide timely 
health promotion or early intervention programs. 

In the literature, mobility disability has been defined as at least one item requiring help, or 
being unable to perform independently using two items (climbing stairs and walking on a 
level surface) (Guralnik et al., 1994; Guralnik et al., 1995; Ostir et al., 1998) or three items 
(heavy housework, climbing stairs, and walking on a level surface) (Jette and Branch, 1981; 
Guralnik et al., 1994; Barberger-Gateau et al., 1995; Guralnik et al., 1995; Merrill et al., 1997; 
Barberger-Gateau et al., 2000; Ble et al., 2005; Yogev-Seligmann et al., 2008) in Rosow’s scale 
(Rosow and Breslau, 1966). Using either two or three items, the disadvantage of a dichotomous 
mobility disability status is the inability to identify those with an intermediate status (those are 
becoming disabled, but are not yet disabled and thus require timely intervention).  
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The use of a summed number of tasks labeled as difficult has been proposed as a way to 
categorize the severity of BADL disability (Hing and Bloom, 1991; Manton et al., 1993). The 
item-wised hierarchical structure of mobility disability has been investigated only by Wang 
and colleagues using two items (Wang et al., 2005) in a cross-sectional study. They reported 
that these hierarchies could identify participants with different physical health and 
performance levels. Thus the item-wise hierarchy of mobility disability is able to monitor 
the status of mobility disability and to identify those at the stage of decline.  

By using item-wise definitions of mobility hierarchy, previous studies in Taiwan have 
reported that individuals with more advanced mobility disability are associated with more 
concurrent dependence in IADL and BADL (Chen et al., 2010; Yeh et al., 2010). We therefore 
predicted a longitudinal relationship between hierarchical status of mobility disability and 
IADL disability. However, a literature review reveals that the item-wise hierarchical status 
of mobility disability for identifying individuals at higher risk of further IADL decline, 
which often follows the development of mobility disability (Pinsky et al., 1987; Barberger-
Gateau et al., 1995; Barberger-Gateau et al., 2000), has not been substantiated. Furthermore, 
the median age of onset and the required time for 50% of people at different levels of 
mobility disability to develop IADL disability have not been reported. The required length 
of time to develop future IADL disability after the onset of each hierarchical mobility 
disability status is worthwhile to ascertain so that health care providers will be able to 
estimate how much time they have for early interventions. 

Besides the current mobility disability status that might predict future disablement, other 
risk factors have been reported in the literature, including age, sex, spouse status (Reynolds 
and Silverstein, 2003), educational level, current working status, cigarette smoking, alcohol 
consumption, exercise habits (Miller et al., 2000; Sarkisian et al., 2000), number of co-
morbidities (Reynolds and Silverstein, 2003), self-rated health (Cornette, 2005), depressive 
symptoms (Sarkisian et al., 2000; Kazama et al., 2010), and cognition (Reynolds and 
Silverstein, 2003; Cornette, 2005; Yochim et al., 2008). These will be used, in this study, as 
covariates to ascertain the significance of mobility disability status in predicting future IADL 
disablement. 

Thus, this study aimed to investigate the predictive validity of a four-level item-wise 
hierarchical mobility disability status for future IADL disability, using longitudinal data 
from a national representative sample. The specific purposes were (1) to ascertain the 
longitudinal relationship between hierarchies of mobility disability and IADL using the 
hazard ratio of the hierarchical mobility disability status in developing IADL disability 
across four and eight years of follow up. In order to ascertain the significant contribution of 
the hierarchical mobility status to IADL disability, we adjusted the potential risk factors that 
have been reported in the literature; and (2) to report the median age onset and the survival 
time for 50% of individuals to development of IADL disability (median survival time) in 
each hierarchical mobility disability stage. 

2. Methods 
Data were obtained from the 1999, 2003, and 2007 “Survey of Health and Living Status of 
the Elderly in Taiwan,” a population-based longitudinal study with a nationally 
representative random sample. The sampling was conducted with a three-stage equal 
probability method. In the first stage, samples were stratified into administrative units; in 
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the second stage, blocks in the selected administrative units were defined as clusters; and in 
the third stage, two respondents were selected systematically from the register in each 
block. An elderly cohort of 4,049 individuals aged 60 or older was first interviewed in 1989 
and re-interviewed every three to four years until 2007 (response rate = 88.9 - 91.8%). An 
additional cohort of 2642 individuals aged 50 to 66 was recruited in 1996 and re-interviewed 
every four years until 2007 (response rate = 81.2 - 92.1%). Full details of the survey have 
been published elsewhere (Hsu, 2005; Chen et al., 2010). 

A total of 4,440 respondents were interviewed in the survey year 1999. For the purposes of 
our study, we first excluded those who were younger than 60 years old or who did not live 
in the community, leaving a sample size of 3,465. Another 4 and 47 respondents respectively 
had incomplete baseline data in mobility and other variables, such as education attainment, 
work status, spouse status, health lifestyle, disease status, self-rated health, BADL, and 
IADL, and were also excluded, further reducing the sample size to 3,414. In order to 
determine the risk of developing future IADL disability of each mobility disability group, 
we further excluded 977 individuals who already had IADL disability at baseline, leaving 
2,437. Furthermore, we excluded 25 individuals due to loss of contact for follow-up and 285 
individuals due to death before contributing any follow-up data on IADL in the years of 
2003 and 2007. As a result, 2,127 community-dwelling older adults who had complete 
baseline data, were free of IADL disability at baseline, and contributed follow-up data at 
least once remained for further survival analysis of median age onset and the median 
survival time of IADL disability for each hierarchical status of mobility disability. 

For Cox regression, we used the extended-model approach for covariate adjustment: Model 
1 = without adjustment; Model 2 = variables in Model 1 + demographics (age, sex, 
education, work, and spouse status); Model 3 = variables in Models 1 & 2 + health behaviors 
(smoking, alcohol, and exercise); Model 4 = variables in Models 1 & 2 & 3 + health status 
(number of co-morbidities, self-rated health, the Center for Epidemiologic Studies 
Depression (CESD), and Short Portable Mental Status Questionnaire (SPMSQ)). Data on 
2,127 (at eight-year follow-up) and 2,073 (at four-year follow-up, with an additional 54 
samples excluded due to loss of contact for follow-up in 2003) individuals were entered into 
Model 1. The amount of data entered into Model 4, however, decreased dramatically 
because participants younger than 65 were not interviewed for their cognitive function in 
the survey. In total, data on cognitive function (SPMSQ) were missing for 574 (eight-year 
follow-up) and 557 (four-year follow-up) individuals, and data on the CESD scale were 
missing for 8 individuals. As a result, we excluded the data from 582 (eight-year follow-up) 
and 565 (four-year follow-up) individuals when running Model Four in Cox regression.  

2.1 Measurements 

2.1.1 Four-level hierarchy of mobility disability 

This study extracted from the survey questionnaire three variables assessing gross mobility: 
heavy housework, climbing up 2 to 3 floors, and walking 200 to 300 m. Those reporting no 
difficulty in performing all three items were in the “mobility able” group, whereas those 
reporting difficulty performing only one item were categorized as “1 item disabled”. Those 
reporting difficulty in any two of the three items or in all three items were treated as “2 
items disabled” and “3 items disabled”, respectively.  
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individuals due to death before contributing any follow-up data on IADL in the years of 
2003 and 2007. As a result, 2,127 community-dwelling older adults who had complete 
baseline data, were free of IADL disability at baseline, and contributed follow-up data at 
least once remained for further survival analysis of median age onset and the median 
survival time of IADL disability for each hierarchical status of mobility disability. 

For Cox regression, we used the extended-model approach for covariate adjustment: Model 
1 = without adjustment; Model 2 = variables in Model 1 + demographics (age, sex, 
education, work, and spouse status); Model 3 = variables in Models 1 & 2 + health behaviors 
(smoking, alcohol, and exercise); Model 4 = variables in Models 1 & 2 & 3 + health status 
(number of co-morbidities, self-rated health, the Center for Epidemiologic Studies 
Depression (CESD), and Short Portable Mental Status Questionnaire (SPMSQ)). Data on 
2,127 (at eight-year follow-up) and 2,073 (at four-year follow-up, with an additional 54 
samples excluded due to loss of contact for follow-up in 2003) individuals were entered into 
Model 1. The amount of data entered into Model 4, however, decreased dramatically 
because participants younger than 65 were not interviewed for their cognitive function in 
the survey. In total, data on cognitive function (SPMSQ) were missing for 574 (eight-year 
follow-up) and 557 (four-year follow-up) individuals, and data on the CESD scale were 
missing for 8 individuals. As a result, we excluded the data from 582 (eight-year follow-up) 
and 565 (four-year follow-up) individuals when running Model Four in Cox regression.  

2.1 Measurements 

2.1.1 Four-level hierarchy of mobility disability 

This study extracted from the survey questionnaire three variables assessing gross mobility: 
heavy housework, climbing up 2 to 3 floors, and walking 200 to 300 m. Those reporting no 
difficulty in performing all three items were in the “mobility able” group, whereas those 
reporting difficulty performing only one item were categorized as “1 item disabled”. Those 
reporting difficulty in any two of the three items or in all three items were treated as “2 
items disabled” and “3 items disabled”, respectively.  
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2.1.2 IADL disability status 

There were five items in the instrumental activities of daily living (IADL) domain 
(shopping, finance, transportation, light housework, and telephone). Older adults were 
classified as having IADL disability if they reported any degree of difficulty or inability to 
perform on at least one item.  

2.1.3 Covariates in Cox regressions 

Covariates were included in the Cox regression models according to their values in 1999. 
Age was categorical data, whereas sex, current working status, smoking habit, and alcohol 
ingestion were dichotomous data. Education was recorded as illiteracy or no formal 
education, elementary school, primary or senior high school, and college or beyond. Spouse 
status was recorded as either living with spouse (married or living together) or living 
without spouse (never married, divorced, separated, or widowed).  

The exercise habit was divided into inactive (less than three times a week) and active (at 
least three times a week). Self-rated health was divided into healthier and worsening. The 
number of co-morbidities was counted from the list of hypertension, diabetes, cardiac 
disease, stroke, cancer, and arthritis. Cognitive function was measured with the modified 
Taiwan version of SPMSQ using nine items (range 0-9), correct answers were coded 1, 
whereas errors were coded 0, thus, higher SPMSQ score means better cognition 
performance, individuals were categorized as having normal (6 and above) or abnormal (5 
and below) cognitive function (Yen et al., 2010). Symptoms of depression were assessed with 
the CESD, on which each of the 10 items is scored from 0 to 3. Individuals were categorized 
as not having (9 and below) or having (10 and above) depressive symptoms.  

2.2 Statistical analysis 

The group means difference among the four hierarchical mobility disability groups was 
determined by analysis of variance (ANOVA) for the continuous variables and chi-square 
test for discrete variables. Median age difference among the four groups were investigated 
by Brown-Mood test. The group comparison on the depression score among the four groups 
was determined by using the ANOVA on the log transformed CESD score. Cox proportional 
hazard regression analysis was used to determine if the hierarchical mobility disability stage 
was a significant predictor of future IADL disability four years later (in 2003) and eight 
years later (in 2007) and to report its hazard ratio.  

The median age onset of IADL disability of each hierarchical mobility disability group 
across eight years of follow up was determined by survival analysis. The survival time for 
50% of participants in each hierarchical status of mobility disability to develop IADL 
disability (the median survival time) was determined for the whole group and separately for 
men and women. 

3. Results 
The demographic and health related information of our participants in the hierarchical 
mobility disability groups are summarized in Table 1. All variables showed significant 
differences among the four hierarchical mobility disability groups and were used as covariates 
in the following Cox regression analysis. The “mobility able” group was younger; had larger 
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percentages of men; had higher educational levels, larger percentages currently working, and 
spouses; smoked, drank alcohol, and exercised; and had a lower number of co-morbidities, a 
better perceived health status, better cognition, and lower depression symptom scores. 

 Mobility 
Able 

(n=1531) 

1 Item 
Disabled 
(n=359) 

2 Items 
Disabled 
(n=168) 

3 Items 
Disabled 

(n=69) 
Age (yrs) ¥, a 70 (64, 73) 73 (67, 77) 72 (67.5, 75) 71 (68, 75) 
Sex (n, %) a, e     
 Men 997 (65.1%) 173 (49.2%) 58 (34.5%) 29 (42.0%) 
 Women 534 (34.9%) 186 (51.8%) 110 (65.5%) 40 (58.0%) 
Educational level (n, %) a     

Illiterate 332 (21.7%) 116 (32.3%) 68 (40.5%) 31 (44.9%) 
Elementary school 761 (49.6%) 163 (45.4%) 82 (48.8%) 31 (44.9%) 
Junior or senior high school 324 (21.2%) 61 (17.0%) 15 (8.9%) 6 (8.7%) 
Above college 114 (7.5%) 19 (5.3%) 3 (1.8%) 1 (1.5%) 

Work status (missing data, n=7) (n, %)b, c     
No 1153 (75.3%) 320 (89.1%) 156 (92.9%) 61 (88.4%) 
Yes 378 (24.7%) 39 (10.9%) 12 (7.1%) 8 (11.6%) 

Spouse status (missing data, n=1) (n, %)b, c     
No 410 (26.8%) 135 (37.6%) 61 (36.3%) 27 (39.1%) 
Yes 1121 (73.2%) 224 (62.4%) 107 (63.7%) 42 (60.9%) 

Cigarette smoking (n, %) b, c     
No 1073 (70.1%) 289 (80.5%) 139 (82.7%) 56 (81.2%) 
Yes 458 (29.9%) 70 (19.5%) 29 (17.3%) 13 (18.8%) 

Alcohol consumption (n, %) a     
No 1049 (68.5%) 290 (80.8%) 141 (83.9%) 61 (88.4%) 
Yes 482 (31.5%) 69 (19.2%) 27 (16.1%) 8 (11.6%) 

Exercise (n, %)*, c     
No 539 (35.2%) 136 (37.9%) 75 (44.6%) 36 (52.2%) 
Yes 992 (64.8%) 223 (62.1%) 93 (55.4%) 33 (47.8%) 

Number of co-morbidities f 
(hypertension, DM, cardiac disease, 
stroke, cancer, arthritis) 

0.7 ± 0.9 1.1 ± 1.0 1.3 ± 1.1  1.5 ± 1.2 

Self Perceived Health Status (n, %)a, d     
 Worse 227 (14.8%) 128 (35.6%) 79 (47.0%) 41 (59.4%) 
 Healthier 1304 (85.2%) 231 (64.4%) 89 (53.0%) 28 (40.6%) 
Cognition_SPMSQ f 8.6 ± 0.8 

(n=1081) 
8.3 ± 1.1 
(n=280) 

8.1 ± 1.3 
(n=139) 

8.0 ± 1.3 
(n=53) 

Depression_CESD-10 a 3.4 ± 4.3 
(n=1504) 

5.9 ± 5.7 
(n=341) 

7.5 ± 6.1 
(n=166) 

8.6 ± 7.0 
(n=64) 

¥: median (q1,q3), a significant differences were found between “mobility able group and all other  
(1 item, 2 items, and 3 items) disabled” groups; b significant differences were found between “mobility 
able and 2 items disabled”; c significant differences were found between “mobility able and 3 items 
disabled” group; d significant differences was found between “1 item disabled and 3 items disabled 
groups”; e significant differences was found between “1 item disabled and 2 items disabled groups”;  
f no statistical significance between item 2 and item 3. 

Table 1. Demographic and health-related information at baseline (year of 1999) (n=2127). 
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2.1.2 IADL disability status 

There were five items in the instrumental activities of daily living (IADL) domain 
(shopping, finance, transportation, light housework, and telephone). Older adults were 
classified as having IADL disability if they reported any degree of difficulty or inability to 
perform on at least one item.  

2.1.3 Covariates in Cox regressions 

Covariates were included in the Cox regression models according to their values in 1999. 
Age was categorical data, whereas sex, current working status, smoking habit, and alcohol 
ingestion were dichotomous data. Education was recorded as illiteracy or no formal 
education, elementary school, primary or senior high school, and college or beyond. Spouse 
status was recorded as either living with spouse (married or living together) or living 
without spouse (never married, divorced, separated, or widowed).  

The exercise habit was divided into inactive (less than three times a week) and active (at 
least three times a week). Self-rated health was divided into healthier and worsening. The 
number of co-morbidities was counted from the list of hypertension, diabetes, cardiac 
disease, stroke, cancer, and arthritis. Cognitive function was measured with the modified 
Taiwan version of SPMSQ using nine items (range 0-9), correct answers were coded 1, 
whereas errors were coded 0, thus, higher SPMSQ score means better cognition 
performance, individuals were categorized as having normal (6 and above) or abnormal (5 
and below) cognitive function (Yen et al., 2010). Symptoms of depression were assessed with 
the CESD, on which each of the 10 items is scored from 0 to 3. Individuals were categorized 
as not having (9 and below) or having (10 and above) depressive symptoms.  

2.2 Statistical analysis 

The group means difference among the four hierarchical mobility disability groups was 
determined by analysis of variance (ANOVA) for the continuous variables and chi-square 
test for discrete variables. Median age difference among the four groups were investigated 
by Brown-Mood test. The group comparison on the depression score among the four groups 
was determined by using the ANOVA on the log transformed CESD score. Cox proportional 
hazard regression analysis was used to determine if the hierarchical mobility disability stage 
was a significant predictor of future IADL disability four years later (in 2003) and eight 
years later (in 2007) and to report its hazard ratio.  

The median age onset of IADL disability of each hierarchical mobility disability group 
across eight years of follow up was determined by survival analysis. The survival time for 
50% of participants in each hierarchical status of mobility disability to develop IADL 
disability (the median survival time) was determined for the whole group and separately for 
men and women. 

3. Results 
The demographic and health related information of our participants in the hierarchical 
mobility disability groups are summarized in Table 1. All variables showed significant 
differences among the four hierarchical mobility disability groups and were used as covariates 
in the following Cox regression analysis. The “mobility able” group was younger; had larger 
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percentages of men; had higher educational levels, larger percentages currently working, and 
spouses; smoked, drank alcohol, and exercised; and had a lower number of co-morbidities, a 
better perceived health status, better cognition, and lower depression symptom scores. 
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1 Item 
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3 Items 
Disabled 

(n=69) 
Age (yrs) ¥, a 70 (64, 73) 73 (67, 77) 72 (67.5, 75) 71 (68, 75) 
Sex (n, %) a, e     
 Men 997 (65.1%) 173 (49.2%) 58 (34.5%) 29 (42.0%) 
 Women 534 (34.9%) 186 (51.8%) 110 (65.5%) 40 (58.0%) 
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Elementary school 761 (49.6%) 163 (45.4%) 82 (48.8%) 31 (44.9%) 
Junior or senior high school 324 (21.2%) 61 (17.0%) 15 (8.9%) 6 (8.7%) 
Above college 114 (7.5%) 19 (5.3%) 3 (1.8%) 1 (1.5%) 

Work status (missing data, n=7) (n, %)b, c     
No 1153 (75.3%) 320 (89.1%) 156 (92.9%) 61 (88.4%) 
Yes 378 (24.7%) 39 (10.9%) 12 (7.1%) 8 (11.6%) 

Spouse status (missing data, n=1) (n, %)b, c     
No 410 (26.8%) 135 (37.6%) 61 (36.3%) 27 (39.1%) 
Yes 1121 (73.2%) 224 (62.4%) 107 (63.7%) 42 (60.9%) 

Cigarette smoking (n, %) b, c     
No 1073 (70.1%) 289 (80.5%) 139 (82.7%) 56 (81.2%) 
Yes 458 (29.9%) 70 (19.5%) 29 (17.3%) 13 (18.8%) 

Alcohol consumption (n, %) a     
No 1049 (68.5%) 290 (80.8%) 141 (83.9%) 61 (88.4%) 
Yes 482 (31.5%) 69 (19.2%) 27 (16.1%) 8 (11.6%) 

Exercise (n, %)*, c     
No 539 (35.2%) 136 (37.9%) 75 (44.6%) 36 (52.2%) 
Yes 992 (64.8%) 223 (62.1%) 93 (55.4%) 33 (47.8%) 

Number of co-morbidities f 
(hypertension, DM, cardiac disease, 
stroke, cancer, arthritis) 

0.7 ± 0.9 1.1 ± 1.0 1.3 ± 1.1  1.5 ± 1.2 

Self Perceived Health Status (n, %)a, d     
 Worse 227 (14.8%) 128 (35.6%) 79 (47.0%) 41 (59.4%) 
 Healthier 1304 (85.2%) 231 (64.4%) 89 (53.0%) 28 (40.6%) 
Cognition_SPMSQ f 8.6 ± 0.8 

(n=1081) 
8.3 ± 1.1 
(n=280) 

8.1 ± 1.3 
(n=139) 

8.0 ± 1.3 
(n=53) 

Depression_CESD-10 a 3.4 ± 4.3 
(n=1504) 

5.9 ± 5.7 
(n=341) 

7.5 ± 6.1 
(n=166) 

8.6 ± 7.0 
(n=64) 

¥: median (q1,q3), a significant differences were found between “mobility able group and all other  
(1 item, 2 items, and 3 items) disabled” groups; b significant differences were found between “mobility 
able and 2 items disabled”; c significant differences were found between “mobility able and 3 items 
disabled” group; d significant differences was found between “1 item disabled and 3 items disabled 
groups”; e significant differences was found between “1 item disabled and 2 items disabled groups”;  
f no statistical significance between item 2 and item 3. 

Table 1. Demographic and health-related information at baseline (year of 1999) (n=2127). 
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Tables 2 and 3 show the results of the Cox regression models, with significant effects of the 
hierarchy of mobility on developing IADL disability. As shown in Table 2, the unadjusted 
hazard ratios for developing IADL disability after four years, with “mobility able” as the 
reference group, were as follows: 2.15 for “1 item disabled”, 3.09 for “2 items disabled”, and 
3.63 for “3 items disabled”. After adjustment for potential risk factors, the hierarchical 
structure of hazard ratios of the four-level mobility status remained the same, though 
diminished in value (1.55, 1.85, and 2.19), yet they were still the strongest among the 
significant risk factors.  

 Model 1 Model 2 Model 3 Model 4 
Mobility Able 1 1 1 1 
1 Item Disabled 2.15 (1.75-2.68)*** 1.59(1.27-2.00)*** 1.57 (1.25-1.98)** 1.55 (1.21-1.99)** 
2 Items Disabled 3.09 (2.40-3.98)*** 2.17 (1.67-2.83)***2.14 (1.64-2.79)***1.85 (1.37-2.50)*** 
3 Items Disabled 3.63 (2.59-5.10)*** 2.61 (1.85-3.69)***2.48 (1.74-3.52)*** 2.19 (1.46-3.28)** 
Age     

60-65 years  1 1 1 
65-70 years   1.58 (1.09-2.29)* 1.60 (1.10-2.33)* 0.89 (0.12-6.61) 
70-75 years  2.14 (1.55-2.96)***2.19 (1.58-3.03)*** 1.13 (0.15-8.29) 
Over 75 years  3.24 (2.33-4.49)***3.30 (2.37-4.59)*** 1.80 (0.25-13.20) 

Sex     
Men vs. Women  0.80 (0.65-0.98)* 0.79 (0.63-1.00)* 0.80 (0.62-1.03) 

Educational level     
Illiterate  1 1 1 
Elementary school  0.71 (0.58-0.88)** 0.72 (0.59-0.90)** 0.78 (0.62-0.99)* 
Junior or senior 
school 

 0.63 (0.46-0.85)** 0.65 (0.48-0.88)** 0.72 (0.52-0.99)* 

College and above  0.77 (0.43-1.07) 0.73 (0.46-1.17) 0.80 (0.49-1.31) 
Work status     

Yes vs. No  0.69 (0.50-0.95) * 0.68 (0.50-0.94)* 0.76 (0.53-1.09) 
Spouse status     

Yes vs. No  0.97 (0.79-1.18) 0.96 (0.79-1.17) 1.03 (0.83-1.28) 
Cigarette smoking     

Yes vs. No   1.23 (0.96-1.57) 1.30 (1.00-1.69) 
Alcohol consumption     

Yes vs. No   0.77 (0.60-1.00)* 0.75 (0.57-0.99)* 
Exercise     

Yes vs. No   0.89 (0.73-1.08) 0.96 (0.78-1.18) 
No. of co-morbidities    1.12 (1.02-1.24)* 
Self rated health     

Good vs. Poor    1.03 (0.82-1.29) 
SPMSQ    1.39 (0.90-2.17) 
CESD-10    1.31 (1.03-1.67)* 

*** <0.0001, ** <0.01, *<0.05 

Table 2. Hazard ratio of each hierarchical mobility disability group to develop IADL 
disability across 4 years follow-up (years of 1999-2003) (n=2073). 
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In the final model, significant risk factors for developing IADL disability were mobility 
disability stage, educational level, alcohol consumption, number of co-morbidities, and 
depression symptom score. It should be noted that age, sex, and working status were 
significant risk factors in Models 2 & 3, but became insignificant in the final Model 4, with 
more covariates relating to health status. 

Similar to those from the four-year follow-up data, the hazard ratios for developing IADL 
disability after eight years were also hierarchical, but they had smaller values: 1.96, 2.64, and 
2.88 for the groups of “1 item disabled”, “2 items disabled”, and “3 items disabled”, 
respectively (Table 3). The final model in the eight-year follow-up, when compared to the 
four-year follow-up data, had more covariates: sex, educational level, cigarette smoking, 
number of co-morbidities, and cognition. 

The median age at onset for “mobility able”, “1 item disabled”, 2 items disabled”, and “3 
items disabled” group was 82, 80, 77, and 76 years of age, respectively. The median survival 
time is reported for each hierarchical stage of mobility disability and as follows: greater than 
8 years for “mobility able”, 6 years for “1 item disabled”, 6 years for “2 items disabled”, and 
2 years for “3 items disabled” (Table 4). Inspection of the data in the four mobility disability 
groups revealed that it took longer period for men than for women to develop IADL 
disability.  

Mobility disability at baseline N Median survival time (years)  
Men   

Mobility Able 997  (6, ) 
1 Item Disabled 173 6 (2, ) 
2 Items Disabled 58 6 (2, ) 
3 Items Disabled 29 2 (2, 7) 

Women   
Mobility Able 534 7 (4, ) 
1 Item Disabled 186 6 (2, ) 
2 Items Disabled 110 2 (2, 6) 
3 Items Disabled 40 2 (2, ) 

All   
Mobility Able 1531 8 (6, ) 
1 Item Disabled 359 6 (2, ) 
2 Items Disabled 168 4 (2, ) 
3 Items Disabled 69 2 (2, ) 

: not defined 

Table 3. The median survival time for each hierarchical status of mobility disability (8 years 
of follow up, 1999-2007) (n=2127). 

4. Discussion 
The purposes of this study were to ascertain the longitudinal relationship of developing the 
mobility disability and IADL disability and to report the hazard ratio, the median age onset, 
and the median survival time to the onset of IADL disability in each hierarchical stage of 



 
Rehabilitation Medicine 

 

90

Tables 2 and 3 show the results of the Cox regression models, with significant effects of the 
hierarchy of mobility on developing IADL disability. As shown in Table 2, the unadjusted 
hazard ratios for developing IADL disability after four years, with “mobility able” as the 
reference group, were as follows: 2.15 for “1 item disabled”, 3.09 for “2 items disabled”, and 
3.63 for “3 items disabled”. After adjustment for potential risk factors, the hierarchical 
structure of hazard ratios of the four-level mobility status remained the same, though 
diminished in value (1.55, 1.85, and 2.19), yet they were still the strongest among the 
significant risk factors.  

 Model 1 Model 2 Model 3 Model 4 
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1 Item Disabled 2.15 (1.75-2.68)*** 1.59(1.27-2.00)*** 1.57 (1.25-1.98)** 1.55 (1.21-1.99)** 
2 Items Disabled 3.09 (2.40-3.98)*** 2.17 (1.67-2.83)***2.14 (1.64-2.79)***1.85 (1.37-2.50)*** 
3 Items Disabled 3.63 (2.59-5.10)*** 2.61 (1.85-3.69)***2.48 (1.74-3.52)*** 2.19 (1.46-3.28)** 
Age     
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65-70 years   1.58 (1.09-2.29)* 1.60 (1.10-2.33)* 0.89 (0.12-6.61) 
70-75 years  2.14 (1.55-2.96)***2.19 (1.58-3.03)*** 1.13 (0.15-8.29) 
Over 75 years  3.24 (2.33-4.49)***3.30 (2.37-4.59)*** 1.80 (0.25-13.20) 

Sex     
Men vs. Women  0.80 (0.65-0.98)* 0.79 (0.63-1.00)* 0.80 (0.62-1.03) 

Educational level     
Illiterate  1 1 1 
Elementary school  0.71 (0.58-0.88)** 0.72 (0.59-0.90)** 0.78 (0.62-0.99)* 
Junior or senior 
school 

 0.63 (0.46-0.85)** 0.65 (0.48-0.88)** 0.72 (0.52-0.99)* 

College and above  0.77 (0.43-1.07) 0.73 (0.46-1.17) 0.80 (0.49-1.31) 
Work status     

Yes vs. No  0.69 (0.50-0.95) * 0.68 (0.50-0.94)* 0.76 (0.53-1.09) 
Spouse status     

Yes vs. No  0.97 (0.79-1.18) 0.96 (0.79-1.17) 1.03 (0.83-1.28) 
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Good vs. Poor    1.03 (0.82-1.29) 
SPMSQ    1.39 (0.90-2.17) 
CESD-10    1.31 (1.03-1.67)* 

*** <0.0001, ** <0.01, *<0.05 

Table 2. Hazard ratio of each hierarchical mobility disability group to develop IADL 
disability across 4 years follow-up (years of 1999-2003) (n=2073). 

The Hierarchical Status of Mobility Disability  
Predicts Future IADL Disability: A Longitudinal Study on Ageing in Taiwan 

 

91 

In the final model, significant risk factors for developing IADL disability were mobility 
disability stage, educational level, alcohol consumption, number of co-morbidities, and 
depression symptom score. It should be noted that age, sex, and working status were 
significant risk factors in Models 2 & 3, but became insignificant in the final Model 4, with 
more covariates relating to health status. 

Similar to those from the four-year follow-up data, the hazard ratios for developing IADL 
disability after eight years were also hierarchical, but they had smaller values: 1.96, 2.64, and 
2.88 for the groups of “1 item disabled”, “2 items disabled”, and “3 items disabled”, 
respectively (Table 3). The final model in the eight-year follow-up, when compared to the 
four-year follow-up data, had more covariates: sex, educational level, cigarette smoking, 
number of co-morbidities, and cognition. 

The median age at onset for “mobility able”, “1 item disabled”, 2 items disabled”, and “3 
items disabled” group was 82, 80, 77, and 76 years of age, respectively. The median survival 
time is reported for each hierarchical stage of mobility disability and as follows: greater than 
8 years for “mobility able”, 6 years for “1 item disabled”, 6 years for “2 items disabled”, and 
2 years for “3 items disabled” (Table 4). Inspection of the data in the four mobility disability 
groups revealed that it took longer period for men than for women to develop IADL 
disability.  

Mobility disability at baseline N Median survival time (years)  
Men   

Mobility Able 997  (6, ) 
1 Item Disabled 173 6 (2, ) 
2 Items Disabled 58 6 (2, ) 
3 Items Disabled 29 2 (2, 7) 
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Mobility Able 534 7 (4, ) 
1 Item Disabled 186 6 (2, ) 
2 Items Disabled 110 2 (2, 6) 
3 Items Disabled 40 2 (2, ) 

All   
Mobility Able 1531 8 (6, ) 
1 Item Disabled 359 6 (2, ) 
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Table 3. The median survival time for each hierarchical status of mobility disability (8 years 
of follow up, 1999-2007) (n=2127). 

4. Discussion 
The purposes of this study were to ascertain the longitudinal relationship of developing the 
mobility disability and IADL disability and to report the hazard ratio, the median age onset, 
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mobility disability for use in the development of early intervention programs. In this study, 
we defined a four-level hierarchy of disability severity in the mobility domain by the 
summed number of items labeled as difficult among three items: heavy housework, 
climbing stairs, and walking on a level surface. Our results indicate that the hierarchy of 
mobility disability used in this study can significantly identify people with different 
demographics, health behaviors, and health status. Furthermore, this hierarchical mobility 
status also has a hierarchical structure in terms of the hazard ratio, the median age onset, 
and the median survival time to development of IADL disability. 

Assessing a hierarchy of mobility disability based on the numbers of items disabled can 
discriminate between older adults with different levels of physical performance (Wang et 
al., 2005). The results of this study further substantiate the predictive validity of this 
hierarchy of mobility disability for future IADL disability at four years and eight years later. 
Individuals with more severe levels of mobility disability were at greater risk of developing 
IADL disability, even after adjusting for other risk factors of demographics, health 
behaviors, and health status. From the magnitude of hazard ratio in the final Cox model, it 
could be seen that the level of mobility disability appeared to be the strongest predictor of 
future IADL disability. To the best of our knowledge, this is the first study to examine the 
predictive validity of the item-wise hierarchy of mobility disability for future IADL 
disability based on longitudinal follow up on a nationally representative sample of the 
Taiwanese community-dwelling elderly. 

Consistent with previous studies, demographics such as age, sex, and working status were 
significant risk factors in the initial Cox models (Jette & Branch, 1981; Pinsky et al., 1987; 
Guralnik & Kaplan, 1989), but they became insignificant in the final model due to the 
addition of covariates related to health status. Health status, namely number of co-
morbidities, cognition, and depression symptom score, were significant risk factors in the 
final model. However, from the perspective of health promotion, demographics such as age 
and gender are non-modifiable and hence are not the focus of discussion in this study. 
Education and the health behaviors that were found to be significant risk factors of IADL 
disability in the current study, such as health status, alcohol consumption, and cigarette 
smoking, are in agreement with the literature (Jette & Branch, 1981; Pinsky et al., 1987; 
Guralnik & Kaplan, 1989) and are valuable in guiding health promotion policy or programs 
for people at younger ages. For example, policy for extending the years for obligatory 
education could help people get higher education, and that might in turn lead to better 
socioeconomic status and policy for health education for the publics could facilitate better 
health behaviors. Heightened socioeconomic status and better health behaviors could lessen 
the numbers of comorbidities people will develop during the process of ageing and decrease 
the negative impact that comorbidities might have on cognitive function and emotional 
health.  

Surprisingly, habitual exercise was not significant in either the four or eight-year follow-up, 
and we propose two possibilities for this insignificance. First, our dichotomous cutting point 
was based on frequency of exercise per week, which did not consider exercise intensity and 
may fail to reflect the health benefits of exercises. Second, general exercise may be 
insufficient for people who already have some mobility disability, and specific training for 
specific impairments may be necessary, such as intervention for joint range of motion and 
lower leg eccentric contraction to improve the ability to climb stairs. Previous research has 
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suggested that heavy housework requires more muscle power, whole-body strength, 
balance and coordination, while climbing stairs and walking on a level surface require 
standing balance and lower extremity strength and velocity (Bean et al., 2008; Chen et al., 
2010). Early intervention for mobility performance and stability needs to take into 
consideration these task-specific impairments. 

The results of this study confirm the time window that health care providers have in order 
to reverse mobility disability and to prevent IADL disability. Our findings suggest that 
people with two or more items disabled in mobility develop IADL disability in 2-4 years, 
whereas people with one or less items disabled in mobility develop IADL disability in 6 
years or longer. The survival analyses further suggested that men and women have different 
disablement patterns. In general, the interval for 50% of participants to develop IADL 
disability (median survival time) was shorter for women than that for men. Therefore, in 
health promotion or early intervention, the different time windows for men and women 
should be taken into consideration. 

In this Taiwan Longitudinal Study on Ageing (TLSA) dataset, individuals were followed up 
every four year. The data of the year of 1999, 2003, and 2007 were used in the current study 
that included two follow-ups at 4 years and 8 years later. The 3rd quartile was not reported 
from the statistics output of the survival analysis, it is probably because the maximal follow 
up duration was 8-year and by that time not yet 75% of the individuals developed that 
certain hierarchical disability level. This study was also limited by the long interval of follow 
up (every four years). However, a shorter follow-up period consumes more resources. The 
need for a balance between the large cost and the additional information that could be 
gathered by a shorter follow-up period needs to be carefully considered. In addition, the 
population in our study was free of IADL disability at baseline, with 977 individuals 
excluded due to initial IADL disability. Our results should not be generalized to people who 
have both mobility and IADL disability. Furthermore, mobility disability is a changing 
condition, but our prediction of future IADL disability was based only on baseline mobility 
status.  

5. Conclusion 
The hierarchical status of mobility disability is the strongest predictor of IADL disability 
even after adjustments for the significant risk factors of demographics, health behaviors, and 
health status. Very different results of IADL disability development were found between the 
groups with two or more items disabled and those with one or less items disabled in 
mobility, which provides support for the value of hierarchical stages of mobility 
categorization, as opposed to the previous dichotomous definition, with any one item 
disabled.  

People who have more disabled mobility items but are free of IADL disability initially are at 
higher risk of developing IADL disability than those with one or less item disabled, and the 
time to development is only 2-4 years. We suggest that health care providers focus on 
people who have two or more items disabled in mobility and that they intervene within the 
time window of 2-4 years in order to reverse mobility disability or to prevent IADL 
disability, both of which are situated in the earlier stages of the disablement process. 
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and gender are non-modifiable and hence are not the focus of discussion in this study. 
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Guralnik & Kaplan, 1989) and are valuable in guiding health promotion policy or programs 
for people at younger ages. For example, policy for extending the years for obligatory 
education could help people get higher education, and that might in turn lead to better 
socioeconomic status and policy for health education for the publics could facilitate better 
health behaviors. Heightened socioeconomic status and better health behaviors could lessen 
the numbers of comorbidities people will develop during the process of ageing and decrease 
the negative impact that comorbidities might have on cognitive function and emotional 
health.  

Surprisingly, habitual exercise was not significant in either the four or eight-year follow-up, 
and we propose two possibilities for this insignificance. First, our dichotomous cutting point 
was based on frequency of exercise per week, which did not consider exercise intensity and 
may fail to reflect the health benefits of exercises. Second, general exercise may be 
insufficient for people who already have some mobility disability, and specific training for 
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suggested that heavy housework requires more muscle power, whole-body strength, 
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2010). Early intervention for mobility performance and stability needs to take into 
consideration these task-specific impairments. 
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to reverse mobility disability and to prevent IADL disability. Our findings suggest that 
people with two or more items disabled in mobility develop IADL disability in 2-4 years, 
whereas people with one or less items disabled in mobility develop IADL disability in 6 
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disablement patterns. In general, the interval for 50% of participants to develop IADL 
disability (median survival time) was shorter for women than that for men. Therefore, in 
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that included two follow-ups at 4 years and 8 years later. The 3rd quartile was not reported 
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up duration was 8-year and by that time not yet 75% of the individuals developed that 
certain hierarchical disability level. This study was also limited by the long interval of follow 
up (every four years). However, a shorter follow-up period consumes more resources. The 
need for a balance between the large cost and the additional information that could be 
gathered by a shorter follow-up period needs to be carefully considered. In addition, the 
population in our study was free of IADL disability at baseline, with 977 individuals 
excluded due to initial IADL disability. Our results should not be generalized to people who 
have both mobility and IADL disability. Furthermore, mobility disability is a changing 
condition, but our prediction of future IADL disability was based only on baseline mobility 
status.  
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categorization, as opposed to the previous dichotomous definition, with any one item 
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higher risk of developing IADL disability than those with one or less item disabled, and the 
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