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Abstract

Stair negotiation is an important determinant of community ambulation 
and functional independence. Compared to level ground walking, the ability 
to manage stairs requires greater joint range of motion, muscle strength and 
cardiovascular fitness which can pose challenges for older adults secondary to 
age-related decline in physical capacity. For older adults who have experienced 
a stroke, the superimposition of the resultant physical impairments can further 
compromise mobility and may limit the capacity for community ambulation risking 
social isolation. This paper summarizes the research describing the lower limb 
joint mobility, the muscle moment requirements, and the oxygen demands of stair 
negotiation relative to level walking to characterize the physical ‘costs’ of mobility 
essential for community ambulation. Specifically, alterations in movement 
patterns due to age-related changes in physical capacity are discussed in the 
context of better understanding the impact of stroke-related impairments on the 
ability to compensate in order to negotiate stairs. This information is relevant to 
physical rehabilitation specialists to assist in determining individuals’ capacity for 
community ambulation and to provide guidance in developing targeted strategies 
to enhance mobility in people aging with stroke.
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Abbreviations
ROM: Range Of Motion; COM: Centre Of Mass; SOS: Step-Over-

Step; SBS: Step-By-Step

Introduction 
Stroke is the leading cause of adult neurological disability, 

disproportionately affecting the aging population. In 2005, it was 
estimated that 16 million people worldwide suffered from a first-ever 
stroke, and 62 million live with the effects of stroke [1]. In terms of 
disability, this translates into an annual loss of 43.7 million disability-
adjusted life-years reflecting the extraordinary disease burden [1]. 
Nearly all survivors of mild stroke, and 85% of survivors of moderate 
to severe stroke return to living in the community [2], although a 
much smaller percentage are functionally independent [3].

The extent of physical deficits including muscle weakness, 
spasticity, sensory loss, and gait or balance impairments generally 
relates to the location and the severity of the stroke [4–6]. The 
impact is often significant in terms of mobility restriction, loss of 
independence, social isolation, and reduced community participation 
[3,7–11] and may be exacerbated by comorbidities and aging. 

Seventy-five percent of individuals discharged post-stroke 
prioritize being active in the community; however, one third of 
community ambulators pre-stroke were unable to walk unsupervised 
in their communities when discharged following stroke [12]. 
Mobility limitations, lower levels of physical activity post-stroke, and 
an inability to negotiate stairs can restrict independence outside the 
home [7,9]. Indeed many stroke survivors (60-70%) are able to walk 
by the time of discharge from hospital [12-14], though this is tempered 
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by accounts that only 7-22% can walk independently outside of their 
homes [15]. Among long term stroke survivors (4 years post-stroke), 
71% report incomplete recovery and 49% require assistance with daily 
activities [16]. While 76% are able to walk independently indoors, a 
much lower percentage (63%) can do so outdoors [16]. It stands to 
reason that the primary focus of rehabilitation is the restoration of 
independent ambulation; walking being the principle goal [17,18].

Arguably, independent living requires physical mobility beyond 
walking. Stair negotiation is an important determinant of discharge 
destination and independence, surpassing walking speed as the 
single best predictor of community ambulation [2,19]. Despite this, 
little is known about the physical demands of stair negotiation in 
rehabilitation populations such as stroke and studies involving 
healthy adults are few. In contrast, the movement patterns, strength 
requirements and energy demands of walking have been studied 
extensively in stroke [20–25]. A similar depth of understanding of the 
physical ‘cost’ of stair negotiation and the cost relative to walking is 
essential to gauge mobility function, establish physical rehabilitation 
goals, re-train safe stair ambulation and appreciate the merit of 
alternate movement strategies adopted by those with mobility 
limitation in order to manage stairs.

This review examines the physical demands associated with 
mobility, particularly stair negotiation in healthy older adults and in 
older adults with hemiparesis due to stroke. The specific objectives 
are: a) to describe the lower limb joint mobility, the active force 
output required from the major lower limb muscle groups and 
the energy demands of stair negotiation, b) to discuss age-related 
alterations in movement patterns as a means of compensating for 
changes in physical capacity, and c) to explore the impact of chronic 
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stroke on the biomechanical and energy demands of stair negotiation. 
Information pertaining to level walking is presented to provide 
contextual reference serving to highlight the elevated demands of 
stair negotiation.

Methods
The authors searched the literature (PubMed and Google 

Scholar) for studies involving human subjects using the following 
key words: stair ascent, stair climbing, stair descent, and stair 
negotiation as well as outcome descriptors including kinematics, 
kinetics, metabolic demand, aerobic demand and oxygen uptake. 
Journal articles published from 1990 to 2014 that provided primary 
data (observational and experimental) or reviews of research studies 
relevant to the objectives were reviewed. In addition, we drew on 
findings from our laboratory to supplement available information.

Physical demands of stair negotiation
Stair negotiation requires both concentric and eccentric muscle 

activation to lift (or lower) the body vertically and translate it 
horizontally. Stair ascent primarily involves positive (concentric) 
work as the stance limb accepts body weight, then pulls the body 
up to provide full support on the next step, and finally maintains 
progression while the swing limb clears the intermediate step to 

make contact with the next step (forward continuance). During 
stair descent, the stance limb accepts body weight and controls the 
lowering of the body’s centre of mass (eccentric muscle work) as the 
swing limb is pulled forward to contact the lower step. A combination 
of adequate joint mobility, strength and aerobic capacity to meet the 
energy demand is required to accomplish the tasks of ascent and 
descent which involve physical requirements that typically exceed 
those associated with level walking. 

Joint mobility 
Compared to natural speed walking, stair negotiation requires 

greater sagittal plane range of motion (ROM) at all lower limb joints 
[26–29], see Table 1. The magnitude of the differences depends on the 
particular joint in question and the direction of movement (i.e. ascent 
or descent). The ankle ROM is greatest during descent, whereas 
mobility at the knee and hip, primarily in flexion, is greatest during 
ascent. At the hip joint, the ROM is about 40% greater than that 
observed during level walking or stair descent [27,30]. The greater 
hip flexion ensures step clearance and avoidance of tripping. At the 
knee, the angular displacement is comparable for ascent and descent 
reflecting an increase in ROM of more than 50% (or ~30o) over level 
walking in order to scale the rise of the step.

Subject characteristics
Range of Motion

Sagittal plane 
(degrees)

Peak Moment
(Nm/kg)

Ankle Knee Hip PF KE HE

Level Walking

Reiner et al [27] n=10 young men, ages 24-34 years; cadence:108 steps/min* 26 52 41 1.57 0.50 0.80

Winter[36] n=19 young men & women, cadence:102 steps/min 33 64 30 1.62 0.61 0.60

Kerrigan et al [29]
n=31 young men & women, ages 18-36 years; speed/cadence: 1.37m/sec/119 steps/min 29 58 46 0.77 0.41 0.46

n=31 older men & women, ages 65-84 years; speed/cadence: 1.19m/sec/119 steps/min 23 55 40 0.75 0.27 0.38

Nadeau et al [30] n=11 men & women, ages 41-70 years (n=9<64 years); speed/cadence: 1.16m/sec/105 
steps/min 29 68 46 1.39 0.46 0.68

Stair Ascent

Reiner et al [27] See above. Cadence: 86 steps/min* 32 95 70 1.26 1.14 0.54

Nadeau et al [30] See above. Cadence: 94 steps/min 39 103 65 1.17 1.00 0.50

Protopapadaki et al [32] n=33 men & women, ages 18-39 years; mean=28 years; cadence: 83 steps/min* 42 94 65 1.45 0.51 0.76

Novak & Brouwer [33]
n=23 young men & women, ages 20-30 years; Cadence: 102 steps/min - - - 1.31 1.02 0.56

n=32 older men & women ages 55-83 years; Cadence: 95 steps/min - - - 1.19 0.99 0.55

Reeves et al [34] n=13 older men & women, mean age: 75 years; cadence: 92 steps/min 32 78 56 1.23 0.90 -

Reeves et al [60]
n=17 young men & women, mean age: 25 years; cadence:98 steps/min 33 83 - 1.48 1.19 -

n=15 older men & women, mean age:75 years; cadence: 92 steps/min 32 81 - 1.24 0.89 -

Stair Descent

Reiner et al [27] See above. Cadence: 100 steps/min* 40 74 24 1.12 1.35 0.60

Protopapadaki et al [32] See above. Cadence: 91 steps/min* 61 91 40 1.38 0.46 0.52

Novak & Brouwer [33]
See above. Cadence: 111 steps/min (young) - - - 1.07 1.11 0.23

See above. Cadence 104 steps/min (older) - - - 1.02 1.19 0.23

Reeves et al [34] See above. Cadence: 94 steps/min 56 77 - 1.07 0.80 -

Reeves et al [64]
n=17 young men & women, mean age: 25 years; cadence: not reported 54 79 - 1.32 0.91 -

n=15 older men & women, mean age:75 years; cadence: not reported 56 78 - 1.03 0.83 -

Table 1: Average joint angular displacement and internal extensor moments associated with natural speed level walking, and self- paced stair ascent and descent in 
healthy young adults and older adults (shaded). PF = Plantarflexors; KE = Knee Extensors; HE = Hip Extensors
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The sagittal motion at the ankle joint is important for step 
clearance and foot placement during ascent requiring about 5o-10o 
greater range than achieved during level walking [27,30]. The 
ROM observed during descent is markedly higher; however, this is 
attributed to greater dorsiflexion in late stance as the body’s centre of 
mass (COM) shifts forward as weight is transferred to the lead limb 
resulting in substantial passive ankle dorsiflexion of the trail limb.

It follows that because greater joint mobility is required to ascend 
and descend stairs, restrictions in joint ROM can adversely affect stair 
negotiation despite having negligible or considerably lesser impact on 
walking. Recognizing the different physical requirements of specific 
mobility tasks and an individual’s capacity to meet them is important 
in determining how one might function in their home or community 
where stairs may be unavoidable.  

Muscle output 
To negotiate stairs, muscles must be able to generate the forces 

required to produce the necessary joint movement and to control 
the excursion of the COM relative to the base of support in order 
to translate the body vertically and horizontally. Figure 1 illustrates 
the sagittal lower limb internal joint moment profiles associated with 
walking, stair ascent and descent for visual comparison. Similar to 
walking, the plantar flexors generate an extensor moment during 
the stance phase of stair negotiation to maintain upright support. 
Output reaches a peak during late stance (Figure 1a) to propel the 
limb into the swing phase [27,31,32]. During ascent and descent, the 
plantar flexors have the added roles of stabilizing the support limb 
while weight is accepted and raising the COM (or controlling its 
lowering in descent) [27,31,33]. Though the magnitudes of the peak 
plantar flexor moments during stair negotiation are comparable to 
those reported for walking (Table 1), the overall work accomplished 
through concentric activity during ascent is greater as reflected by 
the larger area under the moment curve (Figure 1a). Effectively this 
elevates the total muscle effort associated with the task thus elevating 
the physical challenge.

The knee extensors are important contributors to the work of 
stair negotiation with peak moment magnitudes approximately 
double those reported for walking [26,27,33,34]. In conjunction 
with the plantar flexors, the knee extensors contribute substantially 
to the total support moment during weight acceptance and initial 

forward continuance in ascent and controlled lowering of the COM 
during descent [35], see Figure 1b. In descent, the extensors work 
eccentrically to decelerate the forward and downward movement of 
the COM and to prevent collapse [31,33], a crucial role in ensuring 
stability and safety. Unlike level walking, the ability to manage 
stairs is critically dependent upon the activity and strength of the 
knee extensors as these muscles produce considerable joint angular 
displacement which is turn translates the COM.

During walking, the hip extensors mainly contribute to 
translating the body’s COM forward in the direction of progression. 
During stair negotiation, in ascent more so than descent, the early 
hip extensor moment of the lead limb contributes to upright support 
during weight acceptance and early transition to single limb support 
initiating the pull up phase [26,27,31,32]. Throughout the remainder 
of stance, the hip muscles aid primarily in stabilizing the mass of 
the trunk and upper body over the base of support [33,36], though 
their contribution can be quite variable from stride-to-stride within 
an individual as well as across individuals [31,33]. The generally 
lower hip extensor moment magnitudes relative to level walking 
reflect the difference in function, that is, stability rather than forward 
progression (Figure 1c).

Frontal plane moments generated at the hip have different 
functions in stair climbing and walking although their magnitudes 
are comparable [30]. In level walking, the abductor moment reflects 
eccentric activity as the hip is an adducted position, whereas the 
concentric activity in stair ascent serves to abduct the hip and raise the 
pelvis on the swing limb side to facilitate step clearance [30,33]. This 
action is important to accomplishing the task safely and underscores 
the significance of maintaining adequate hip abductor strength. In 
both level ground and stair walking, these muscles provide medio-
lateral stabilization during stance to control pelvic obliquity thereby 
limiting motion extraneous to the plane of progression. 

Energy demands 
The overall higher muscle output required for stair negotiation 

compared to level walking is necessarily linked to elevated energy 
demands. From a mechanical standpoint, the ability to exploit 
the energy of motion is greater during walking due largely to 
intersegmental and interlimb energy transfers, which assist propulsion 
and compensate active muscle force production to enhance efficiency 

Figure 1: Net joint moment profiles for the ankle (a), knee (b) and hip (c) during the stance phase of level walking (top), stair negotiation (bottom; ascent: solid line, 
descent: dashed line) in healthy young adults. Internal extensor moments are positive [unpublished data].
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[24,37,38]. The mechanical energy expenditure associated with the 
work performed by the ankle and knee muscles during stair ascent and 
descent are reportedly 1.5 to ten times higher than values documented 
for walking [39]. Not surprisingly, the metabolic energy demands are 
also much higher for stair negotiation, particularly during ascent in 
association with the production of positive work [40,41]. 

In healthy individuals, the metabolic or aerobic cost of natural 
speed stair climbing (~70-95 steps/min) can exceed three times that 
of natural speed walking [40–42]. Stair descent is about 50% less 
aerobically demanding (~17 ml/kg/min) [41] attributable to the 
predominantly negative work performed with gravity’s assistance, 
but nonetheless, it far exceeds the oxygen consumption associated 
with natural speed level walking (~11-12 ml/kg/min) [43,44].

Young adults are usually able to readily accommodate the energy 
demands associated with stair climbing; however, the same may not 
be true for older adults. Age-related decline in maximum aerobic 

capacity in men and women is in the order of 8-10% per decade 
commencing in the third decade [45,46]. As such, the higher physical 
demands of stair negotiation may pose significant challenges in later 
years. Indeed many older adults describe stair negotiation as one of 
the most difficult tasks attributed to aging [47]. 

Age-related changes in physical function and the impact 
on stair negotiation

Musculoskeletal changes: Characteristics of the aging 
musculoskeletal system have been well documented [48–54]. Age-
related declines in strength are directly impacted by, and correlated 
with, loss of skeletal muscle mass. Such loss is detectable as early as 
the third decade and declines at a rate of 12-14% per decade beyond 
50 years of age; explained in part by the loss of motor units [48,55]. 
Post-mortem morphological studies estimate an average reduction of 
about 25% in lower motoneuron cell counts in the lumbosacral cord 
of previously healthy adults between the second and tenth decade 
[56]. Losses of this nature are strongly linked to decreases in physical 

Figure 2: Mean net joint moment profiles generated during stair ascent and descent at the ankle (top), knee (middle) and hip (bottom) for young (n=23; mean age 
of 23 years) and older adults (n=32; mean age of 67 years) and the less-affected and affected limbs of older adults with stroke (n=13; mean age of 65 years) [see 
33 and 101]. Mean cadence for stair ascent (steps/min): 102 (young), 95 (older), and 69 (stroke); descent (steps/min): 110 (young), 104 (older), and 63 (stroke); 
No aids or handrails were used. Internal extensor moments are positive.
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ability including mobility function, with the greatest limitations 
associated with the most physically challenging tasks [57].

Other age-related musculoskeletal changes include increased 
joint stiffness secondary to losses in distensibility and elasticity of 
ligaments and muscles as well as degradation of articular cartilage 
[52]. These alterations can result in restrictions of joint mobility due 
to elevated passive resistance, and when paired with declines in active 
muscle force production, can limit joint range of motion. If excessive, 
and the physical task demands warrant near maximal joint range, 
then movement patterns will be modified to compensate which could 
impact efficiency and safety. Degradation of joint health (e.g. arthritic 
changes) and associated pain may further limit joint mobility [58,59], 
the impact of which tends to be most pronounced at the knee due to 
high loads during stair negotiation [28,30,31,60].

The progression of age-related changes in the musculoskeletal 
system corresponds to greater effort required to perform a given 
physical task as compared to younger counterparts. In relative terms, 
older adults operate closer to their maximum capacity. Most activities 
of daily living, including walking, require low to moderate physical 
effort for which the strength requirements fall well within individuals’ 
force generating capacity [21,61–63]; however, increasing the physical 
demands of the task by increasing speed or changing the nature of the 
activity can expose capacity limitations. For example, it is estimated 
that healthy adults (mean age: 46 years) use from 23% to 53% of 
their maximum lower limb flexor/extensor muscle strength capacity 
during level walking at slow speeds of ~0.75 m/s [62]. Increasing to 
natural speed walking (~1.25 m/s), elevates these estimates to 43% - 
63%. Depending on musculoskeletal health, such speed may not be 
attainable or sustainable for any length of time. With respect to the 
higher demand of stair ascent, older adults reportedly utilize up to 
90% and 75% of their maximum strength at the ankle and knee joints, 
respectively [60]. The corresponding values for stair descent are 75% 
and 42% [64], also well above the demands of walking. These values 
are an average of 22% (ascent) and 12% (descent) higher than those 
observed in young adults [60,64]. The higher relative ‘cost’ of mobility 
in older adults is mainly attributed to the reduction in maximum 
muscle output or strength. An early adaptation is a downward 
shift (slowing) in natural speed or natural cadence to lower the 
physical demands (see Table 1). Additionally, older adults naturally 
redistribute the extensor requirements among lower limb joints to 
keep the demands within an optimal and safe range [33,60,64].

Reducing walking cadence or speed is associated with lower 
muscle moments and is a well-established early adaptation to age-
related declines in strength [65]. The same strategy applies to stair 
negotiation [33, 60]. Further, individuals vary the relative magnitudes 
of the ankle, knee and hip moment outputs whilst maintaining the 
profile of the total support moment (net extensor moment that 
keeps the body upright during stair ascent and descent) [33]. This 
phenomenon is described in level walking [66] and provides a means 
of transferring or substituting the workload from one joint to another.

Older adults negotiating stairs generate lower sagittal peak joint 
moments, particularly for the plantar flexors and knee extensors 
which produce most of the work of stair ascent (Figure 2, left panel). 
During stair descent, lower plantar flexor moments are paired with 
higher hip extensor moments in early stance thought to enhance 

stability during weight-acceptance without affecting the overall 
extensor support (Figure 2, right panel). The higher knee extensor 
output as the body’s COM is lowered in descent promotes stability 
by increasing the total support moment alleviating concerns of falling 
[33].  Prolonging the task duration secondary to reduced cadence; 
however, impacts the metabolic energy demands. 

Changes in energy requirements: Individuals young and 
old adopt natural speeds of locomotion that are optimally energy 
efficient and beyond which, in either direction, energy requirements 
increase i.e. the well-established U-shaped relationship between 
speed and energy cost [67]. In healthy older adults the curve is shifted 
upwards reflecting a 15-25% higher energy cost compared to young 
adults at any given speed [68–71]. The cause includes greater gait 
instability, elevated mechanical work associated with alterations in 
joint kinematics and kinetics, and agonist-antagonist co-activation 
to increase joint stability. While there remains considerable debate 
about the relative contributions of these factors to the higher cost 
[68,69,72,73], the net result of increased energy demands is clear.

The mechanical energy expended during stair negotiation without 
any transfer to adjoining limb segments is 1.5 to 10 times higher than 
reported for level walking during which pendular motion enhances 
energy interchange and transfer thus promoting greater mechanical 
efficiency [39]. Older adults are less able to compensate the work done 
by active muscles through inter-segmental energy transfer than their 
younger counterparts resulting in a loss in efficiency, particularly 
during stair descent [39]. The greater instability during stair walking 
and particularly with descent [74] may be counteracted by increasing 
active stiffness via flexor and extensor co-activation. Co-activation is 
higher in older adults than young adults during walking [69] and it is 
reasonable to speculate that it might be exaggerated in response to the 
greater instability associated with stair walking. It follows that greater 
muscle output would then be required to generate the needed net 
joint moment for mobility thus elevating the energy demand [75,76].

In terms of metabolic energy expenditure, there is a paucity 
of information comparing the energy cost of stair negotiation in 
young and older adults. Teh and Aziz [41] reported average oxygen 
consumption of 33.5 ml/kg/min and 17.0 ml/kg/min for adults 
ascending (mean age: 44 years) and descending (mean age: 37 years) 
180 steps at a cadence of 95 and 106 steps/minute, respectively. 
Extrapolating the oxygen consumed after 45 seconds of ascent or 
descent from the oxygen uptake vs time curve for a typical subject, the 
corresponding values would be 20.5 ml/kg/min and 12.5 ml/kg/min, 
respectively. In contrast, elderly adults (mean age: 79 years) walking 
up and down a total of 18 steps (9 up and 9 down) at a cadence of 24 
steps/min (~ 45 seconds of activity) consumed a mean of 17 ml/kg/
min of oxygen at about one quarter the speed [72]. Though an indirect 
comparison, the near equivalence in the rate of O2 consumption 
suggests that the capacity for stair negotiation in older adults may be 
severely compromised. Given the   age-related decline in maximum 
aerobic capacity of 8-10% per decade after 25 years [45,46], limitations 
in aerobic capacity may underlie the reduced stair cadence.

The effects of age-related decline in physical function impact 
mobility and manifests most prominently when performing tasks 
that are more physically demanding. If physical impairments are 
superimposed on aging, it follows that the impact on mobility would 
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likely be exaggerated and the ability to compensate may be limited.

Stair negotiation in people with stroke: Over 75% of strokes 
occur in people over the age of 65 years [77]. Associated mobility 
restrictions and sensorimotor impairments would therefore be 
superimposed on natural age-related declines in physical function. The 
majority of community-dwelling stroke survivors report restrictions 
in physical capacity and mobility that impact their reintegration 
into the community [10]. Over half (57%) of home-dwelling stroke 
survivors of one year require some assistance with managing stairs 
and 4% require full assistance [78]. A prospective study of 205 adults 
assessed one and three years post-stroke found that 21% showed 
mobility deterioration (Rivermead Mobility Index) over time [79]. 
Due to the high demands of stair negotiation, the rate of decline 
in the ability to manage stairs safely may be particularly steep thus 
impacting community ambulation. Recent studies are beginning to 
explore this aspect of mobility in individuals with stroke, which will 
improve our understanding of their unique physical demands. 

Impact of physical limitations
Following hemispheric stroke, increased joint stiffness [80–82] 

and muscle weakness affecting distal muscles to a greater extent 
than proximal muscles, particularly on the contralateral side 
[83–85], contribute to limited joint mobility and often manifest in 
asymmetrical gait patterns. Natural walking speed is slower [21,86], 
stance times tend to be shorter on the paretic side [23,25,87–90], 
angular joint motion [20,24] and flexor/extensor moments are 
both of smaller magnitude than observed in similarly aged healthy 
adults [20,21,91]. Compensatory activity of the hip flexors to pull 
the limb forward and upward in late stance/early swing secondary 
to restricted ankle mobility and low propulsive plantar flexor power 
is associated with a greater mechanical cost of walking [92]. The 
slower gait speed also limits the transformation between potential 
and kinetic energies and is associated with an almost doubling of 
mechanical work compared to healthy adults [93]. The significantly 
higher metabolic energy requirements observed in stroke mirror the 
elevated mechanical energy [94,95].

Milot et al [62] examined muscle output in hyphenated level 
walking, reporting that peak plantar flexor and hip flexor and extensor 
moments generated in walking relative to their maximum strength 
was 19.5%, 55.2% and 40.8% higher, respectively, than detected for 
healthy adults walking at a similar cadence of about 85 steps/min. 
When the healthy group walked at ~120 steps/min, the corresponding 
relative strength costs more closely approximated those associated 
with the slower (self-selected) cadence observed in stroke. This finding 
suggests that the slower hyphenated gait maintains the level of effort 
in a range better suited to their strength capacity. Evidently though, 
this comes at a higher mechanical and metabolic energy cost (see 
above), which may prove limit performance of the more challenging 
task of stair negotiation, especially in the presence of cardiovascular 
compromise.

A recent study examining the kinematics and kinetics of stair 
ascent and descent in stroke noted that the sagittal plane joint angular 
displacement profiles were qualitatively similar to healthy control 
subjects though the moment profiles reflected lower peak values and 
compensatory patterns [35]. As illustrated in Figure 2 (left panel), the 
extensor moments are lower on the affected side compared to both 

the less affected side and healthy older adults (controls) during stair 
ascent [35]. The reduction relative to controls is partly explained by 
the slower cadence; a consequence of paresis and reduced power 
output. The similarity in moment magnitudes between the less-
affected side in stroke and controls is therefore notable, and reflects 
an augmentation of extensor support primarily during periods of 
transition as weight is transferred from one limb to the other. This 
serves to compensate instability and weakness associated with the 
affected limb, but also accentuates inter-limb asymmetry (Figure 2). 
The pattern was similar for stair descent (Figure 2, right panel). 

In early stance during descent, people with stroke rely on the knee 
extensors to maintain upright support and stability compensating 
for lower plantar flexor and hip extensor output. Unlike controls, 
individuals with stroke use the hip musculature to a greater extent to 
control the position of the upper body over the base of support during 
weight acceptance and controlled lowering of the COM. The low 
magnitude flexor moments help control the trunk to limit translation 
of the COM thus enhancing stability.

These findings are useful in understanding stroke-related 
differences in task performance; however, they are less helpful in 
appreciating the actual demands of performing the task. Expressing 
the peak moment magnitudes relative to maximum strength reveals 
that people with stroke use a significantly greater percentage of 
maximum strength; from 15% to 50% higher utilization than age- 
and sex-matched healthy older adults when ascending stairs [35]. 
Similarly, during descent, the percentage of maximum strength used 
is 20% to nearly 40% higher than observed in controls despite the 
slower cadence. The elevated strength cost of stair negotiation in 
stroke bodes poorly for maintaining mobility independence with 
continued aging. Additionally, it raises concern about the metabolic 
energy cost to support the high muscle activation and prolonged 
output associated with accomplishing the task at a slower speed.

Approximately 75% of people with stroke have cardiovascular 
disease [96], a condition associated with low aerobic capacity [97,98]. 
During walking, people with hemiparesis use 66%-76% of their 
maximum aerobic capacity compared to healthy adults who use only 
27% [5,99]. It is reasonable to infer that the higher physical demands 
of stair negotiation may pose considerable metabolic challenge 
in stroke. In individuals unable to meet the demands, alternative 
strategies to complete the task of stair negotiation may be adopted. 

Strategies to manage the demands of stair negotiation in 
stroke 

The abnormally high strength and aerobic demands of stair 
negotiation in stroke is likely a factor underlying its rating as the most 
difficult activity to perform following stroke rehabilitation, often 
leading to avoidance of stairs [100]. Alternatively, the asymmetric 
nature of stroke-related physical deficits may lead to the adoption of 
alternate stepping strategies [74].

The reciprocal nature of the normal step-over-step (SOS) pattern 
of stair ascent and descent imposes similar demands on muscle output 
and joint mobility of each lower limb as demonstrated in healthy adults 
[33]. In stroke, interlimb asymmetry reflects the redistribution of 
workload across muscle groups as a compensatory strategy for paresis 
(see Figure 2); however the external work to be accomplished is not 
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side-dependent. Consequently, when impairment severity limits the 
capacity to adequately compensate, reciprocal stair negotiation may 
not be possible. Adoption of a step-by-step (SBS) pattern (placement 
of both feet on each step before progressing) yields asymmetrical 
demands in that the physical requirements are greatest for the lead 
limb in ascent and the trail limb in descent [101]; which may be better 
suited to some individuals with hyphenated.

In stroke, adoption of the SBS pattern enables the majority of 
mechanical work to be accomplished by the stronger muscles on the 
less affected side, an adaptation to unilateral paresis and limitations 
in joint range of motion [74]. The reduction in cadence by nearly 50% 
since each foot makes contact with each step is associated with an 
overall decrease in the magnitude of lower limb extensor moments 
required (Figure 3), thus preserving muscle strength. Data from our 
laboratory [102] reveal that the peak knee and hip extensor moments 
generated by the SBS trail limb in stroke (paretic side) are 28% to 
66% lower than those associated with the SOS pattern or with the 
SBS lead limb during ascent (see Figure 3). The trail limb plantar 

flexors generate higher moments than the lead limb in order to 
generate upward propulsion to facilitate step clearance, though the 
peak magnitude is almost 35% lower than that required using a SOS 
pattern. A similar pattern was observed during descent enabling 
individuals with stroke to off-load the paretic limb in favour of 
having the less-affected limb perform the majority of the work. On 
the basis of strength requirements, there are considerable savings to 
be garnered by adopting a SBS pattern enabling some stroke survivors 
to manage stairs who otherwise could not. The impact of stepping 
pattern on the energy demands however, may be less advantageous 
associated with each foot having to contact each step.  

In healthy adults, the SBS pattern of ascent and descent increased 
the metabolic energy costs by 8% to 19% over the SOS [103]. The 
longer task duration secondary to reduced cadence associated 
with the SBS strategy contributed to the elevated cost. Our own 
data indicated that the rate of oxygen consumption was about 35% 
higher when people with hemispheric stroke climbed stairs using an 
SBS pattern compared to SOS, whereas a 27% increase was shown 
in healthy adults. These findings indicate that while modifying the 
stepping pattern can adequately compensate for strength deficits, 
the associated elevated aerobic demand may warrant consideration 
for those with cardiovascular risk. This information is important 
for rehabilitation specialists as it underscores the need to consider 
multiple physical factors when assessing mobility. Modifying the way 
in which mobility tasks are performed can compensate for weakness 
or physical limitations in one physical system, but may increase 
the challenge in another. As such, interventions directed toward 
optimizing function across multiple physical domains may be most 
effective at enhancing mobility and preserving independence in 
community settings. 

Conclusion
There is ample evidence that stair negotiation, compared to level 

walking, is more physically demanding in terms of joint mobility, 
muscle strength and metabolic energy requirements; all physical 
performance measures that decline with increasing age. When physical 
limitations attributed to diseases such as stroke are superimposed 
on age-related losses in physical function, the ability to engage in 
higher demand tasks like stair ambulation can be restricted. This 
paper describes the physical challenges associated with stair ascent 
and descent and the compensation strategies adopted by healthy 
older adults and those aging with stroke as a means of modulating the 
physical requirements of the task such that they fall within the limits 
of their ability. What is evident is that modulations in movement 
patterns secondary to weakness can reduce strength requirements, 
but increase energy costs. For physical rehabilitation specialists 
such knowledge is important and contributes to the determination 
of appropriate intervention strategies. Research to further our 
understanding of how multiple physiological systems interact and 
may be impacted by changes in one contributing factor  is essential to 
advance our knowledge of how best to optimize mobility in healthy 
older adults and in those aging with stroke.

Acknowledgments 
This study was supported by the Heart and Stroke Foundation of 

Ontario (Grant NA 7369).

Figure 3: Mean net joint moment profiles in older adults with hemi paretic 
stroke (n=13; mean age of 65 years) ascending stairs using two different 
strategies: a step-over-step (SOS; thick solid and dashed lines; mean 
cadence: 69 steps/min) and step-by-step (SBS; thin solid and dashed lines; 
mean cadence: 32 steps/min). No aids or handrails were used. Internal 
extensor moments are positive [see ref 102].
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