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ABSTRACT

Stair-climbing while doing a concurrent task like talking or holding an object is a
common activity of daily living which poses high risk for falls. While biomechanical
analyses of overground walking during dual-tasking have been studied extensively, little
is known on the biomechanics of stair-climbing while dual-tasking. We sought to
determine the impact of performing a concurrent cognitive or motor task during stair-
climbing. We hypothesized that a concurrent cognitive task will have a greater impact
on stair climbing performance compared to a concurrent motor task and that this impact
will be greater on a higher-level step. Ten healthy young adults performed 10 trials of
stair-climbing each under four conditions: stair ascending only, stair ascending and
performing subtraction of serial sevens from a three-digit number, stair ascending and
carrying an empty opaque box and stair ascending, performing subtraction of serial
sevens from a random three-digit number and carrying an empty opaque box.
Kinematics (lower extremity joint angles and minimum toe clearance) and kinetics
(ground reaction forces and joint moments and powers) data were collected. We found
that a concurrent cognitive task impacted kinetics but not kinematics of stair-climbing.
The effect of dual-tasking during stair ascent also seemed to vary based on the different
phases of stair ascent stance and seem to have greater impact as one climbs higher.
Overall, the results of the current study suggest that the association between the
executive functioning and motor task (like gait) becomes stronger as the level of
complexity of the motor task increases.



1. Introduction

Stair ascent is a common functional and challenging task for several populations.
For instance, older adults are at a greater risk for a stairs-related fall due to
biomechanical, perception-action or environmental constraints (Startzell et al., 2000)
and exhibit altered stair-gait characteristics (Novak and Brouwer, 2011; Reeves et al.,
2009; Lee and Chou, 2007; Stacoff et al., 2005; Larsen et al., 2009). Previous
researchers have also documented stairs-related difficulties for patients with stroke
(Novak and Brouwer, 2012), total hip arthoplasty (Lamontagne et al., 2011), and knee
osteoarthritis (Asay et al., 2009). The risk of falls during stair-climbing further increases
while performing concurrent tasks like talking and/or carrying an object (Startzell et al.,
2000; Ojha et al., 2009; Muhaidat et al., 2011).

There is significant work examining the gait during overground walking using
dual-tasking paradigms (Abernethy, 1988; Ebersbach et al., 1995; Sparrow et al., 2002;
Beauchet et al., 2005a, b; Siu et al., 2008). During overground walking, an additional
cognitive task caused reduction in speed, cadence, and stride length while stride and
double support time increased (Al-Yahya et al., 2011; Nadkarni et al., 2010). Cognitive
tasks interfering internally (such as counting backwards) have a greater impact on
changes in gait than those interfering externally such as reaction time tasks (Al-Yahya
et al., 2011). This might be because internal interfering tasks require the use of working
memory, which places an additional load on an individual while walking. ‘Working
memory’ denotes a system used for storing and manipulating information related to
complex cognitive tasks on a temporary basis (Baddeley, 1992). Researchers have also
implicated that supraspinal control of gait is associated with decline in working memory
in persons with balance impairments (Siu et al., 2008), mild cognitive impairment
(Montero-Odasso et al., 2009), multiple sclerosis (Hamilton et al., 2009), in community-
dwelling older females (Priest et al., 2008). A majority of these experimental paradigms
had participants performing level walking or obstacle clearance but stair-climbing has
received scant attention. This is surprising given that stair-climbing is a common activity
of daily living.

Biomechanics of stair-climbing (under single-task condition) is quite pervasively
studied in healthy young adults. Commonly used parameters include lower-extremity
joint angles (McFadyen and Winter, 1988; Protopapadaki et al., 2007), moments and
powers (McFadyen and Winter, 1988; Costigan et al., 2002; Spanjaard et al., 2008;
Vallabhajosula et al., 2012a, b), ground reaction forces (Stacoff et al., 2005), and foot
clearance (Hamel et al., 2005). During the stance phase of stair ascent, the hip and the
knee joints undergo extension while the ankle joint undergoes plantar flexion
(McFadyen and Winter, 1988). Also, the vertical ground reaction force profile is
characterized by two peaks with the second peak greater than the first (McFadyen and
Winter, 1988). Joint moments and powers differ between lower-level and higher-level
steps in both sagittal and frontal planes (Vallabhajosula et al., 2012a, b). Also, Ojha et
al. (2009) highlighted that older adults required more attentional resources compared to



younger adults during stair-climbing while dual-tasking. However, there is lack of
research on thorough biomechanical analyses of stair-climbing among healthy young
adults under dual-tasking conditions and is warranted given how frequently one climbs
stairs performing a concurrent task. Such information has ecological validity as it allows
us to understand the factors that could increase the risk of falls during stair-climbing
while performing concurrent tasks.

It is speculated that gait is primarily regulated using the cortical inputs to the
brain-stem, spinal and cerebellar regions. An additional cognitive task that involves
working memory used by prefrontal cortex regions might have different implications than
adding an additional motor task that might involve the motor cortex regions.
Furthermore, both the concurrent cognitive and motor tasks present different
environmental challenges to the person as the secondary motor task like carrying an
object might involve reduced/altered visual input and increased use of peripheral
resources. Paul et al. (2009) showed that persons with diabetes mellitus walked with a
smaller step length and greater double-support time while performing a concurrent
motor task compared to performing a concurrent cognitive task, and there was no effect
on walking speed, cadence or step time. Using different tasks, O’Shea et al. (2002)
showed that there was no difference between the effects of secondary cognitive or
motor tasks during gait among persons with Parkinson's disease. While this is useful,
stair-climbing is considered a more strenuous motor task compared to gait and the
effects of concurrent cognitive and motor tasks during stair-climbing has the potential to
highlight the role of supraspinal control of locomotion.

The purpose of the current study was to determine the impact of performing a
concurrent cognitive or motor task while stair-climbing. We hypothesized that a
concurrent cognitive task will have a greater impact on stair-climbing performance
compared to a concurrent motor task. We also hypothesized that this impact will be
greater at the higher-level step compared to the lower-level step.

2. Methods

Ten participants (four females, age: 23.972.8 years, height: 1.7670.06 m, mass:
71.378.61 kg), signed an informed consent form approved by the local institutional
review board. Inclusion criteria: age between 19 and 35 years, and no history of injuries
that could impair gait. Exclusion criteria: presence of any known disorders that may
affect gait pattern or ability to ambulate stairs without using handrails.

Kinematic data were collected at 60 Hz using eight cameras (Motion Analysis
System, Santa Rosa, CA). Kinetic data were collected at 600 Hz using two force
platforms (AMTI, Watertown, MA) embedded in the lower-level and the higher-level
steps, of a four-step instrumented staircase (Fig. 1; see Vallabhajosula et al., 2012a, b
for dimensions).



Fig. 1. Picture of experimental set-up. Participants started each trial in all the four experimental
conditions: ascending the stairs without counting and carrying a box (C1), ascending the stairs while
counting backwards and not carrying a box (C2), ascending the stairs while carrying a box and not
counting (C3), ascending the stairs while counting backwards and carrying a box (C4); the participants
always started from a standing position in front of the staircase; participants took first step with their
dominant leg; dependent variables were collected for both the lower-level and higher-level steps.

Retro-reflective markers based on the modified Helen Hayes marker set (Davis
et al., 1991) were placed on participants wearing tight-fitting suits. Additionally, one
marker was placed on the edge of each step. Ten trials were collected in each of the
four conditions: (C1) stair ascending only — control, (C2) stair ascending and performing
subtraction of serial sevens from a three-digit number — cognitive, (C3) stair ascending
and carrying an empty opaque box (12.25 “ x12.25” x6” ; 0.28 kg) — motor and (C4)
stair ascending, performing subtraction of serial sevens from a random three-digit
number and carrying an empty opaque box (12.25” x12.25” x 6” ; 0.28 kg) — combined.
Counting backwards by sevens is a commonly used working memory task of sufficient
difficulty. The order of the conditions was randomized.

Before data collection began, all participants were tested to be right leg
dominant. Dominance was determined by noting which leg the participant preferred to
kick a soccer ball. During all the conditions, participants stood with their toes aligned 15
cm in front of the lower-level step and looking straight ahead. Upon receiving a visual
cue from the experimenter, participants began stair ascent starting with their right leg
(onto the lower-level step). For C2 and C4, participants began counting prior to
receiving the visual cue. For C3 and C4, participants held the box to their chest. No
further instructions were provided. The participants ascended the stairs in a step-over-
step manner. They stopped walking and counting once they reached the end of the



stairs. The participants practiced till they were confident of performing the task under
each condition.

Using a custom-made Matlab (Mathworks Inc., Natick, MA) script, the following
dependent variables were calculated for the stance phase of the lower-level and higher-
level steps (two consecutive ipsilateral steps; Fig. 1): average speed, two peak vertical
forces, loading rate (of the first peak vertical force), minimum force during mid-stance,
peak braking and propulsion forces, peak joint angles, range of motion, peak joint
moments and powers. The stance phase was defined as the time period between right
foot heel-strike to right foot toe-off. Further, minimum toe clearance (MTC) in the
anterior and vertical directions was calculated for right foot at both the steps. MTC was
defined as the shortest distance between the toe and the edge of the step before the
toe crossed the vertical plane of the step. For each condition, an average of 10 trials
was used for data analysis.

A 2 (Steps) 4 (Conditions) repeated measures ANOVA was performed for all the
variables using the SPSS software (IBM, Armonk, NY). When significant main effects
were found, Bonferroni pairwise comparisons were used to determine the significant
differences among the conditions. An a-value of 0.05 was used.

3. Results

Joint angles and ground reaction forces based dependent measures are
presented in Table 1. Joint moments, powers, MTC and speed based dependent
measures are presented in Table 2. Variables that showed significant step main effects
are presented in Table 3. Variables that showed significant condition main effects are
presented in Fig. 2. Variables that showed significant interaction are presented in Fig. 3.
Outcome measures were normalized by subjects' mass. Figs. 4—7 show the profiles of
the joint angles, ground reaction forces, joint moments and joint powers respectively
across all conditions and steps.

3.1. Joint angles
3.1.1. Ankle

Significant step main effects showed that the participants produced 11% greater
peak plantar flexion (P= 0.016), 21% greater peak dorsiflexion (P=0.003), 15% greater
range of motion (P<0.001) during the higher-level step (Table 3). There were no
significant condition main effects. Significant interaction for range of motion (P=0.020)
suggested that the value was similar at both the steps during conditions that had a
concurrent cognitive loading task (C2 and C4; Fig. 3A).

3.1.2. Knee

Significant step main effects showed that the participants produced 7% greater peak
knee flexion (P<0.001), 8% greater range of motion (P<0.001) ascending the higher-
level step (Table 3). There were no significant condition main effects and interaction.



3.1.3. Hip

Significant step main effects showed that the participants produced 8% lesser
peak flexion angle (P<0.001) at the higher-level step (Table 3). There were no
significant condition main effects and interaction.

3.2. Ground reaction forces

Significant step main effects indicated that participants produced 31% greater loading
rate (P<0.001), 28% lesser peak braking force (P<0.001), 86% greater peak propulsion
force (P<0.001) at the higher-level step (Table 3). Significant condition main effects
were produced for the first peak vertical force (P=0.043; Fig. 2A), loading rate (P=0.004,
Fig. 2E), vertical force during mid-stance (P=0.034; Fig. 2C), second peak vertical force
(P=0.007; Fig. 2B), peak propulsion force (P=0.003; Fig. 2D). Post hoc comparisons
showed that participants produced 8% lesser second peak vertical force during C4
compared to C1 condition (P= 0.023; Fig. 2B). Also, compared to C1 condition,
participants produced 28% lesser loading rate during C2 (P=0.024) and C4 (P=0.017)
conditions (Fig. 2E). Participants also produced 26% lesser loading rate during C4
condition compared to C3 condition (P= 0.044). There was no significant interaction.

3.3. Joint moments and powers
3.3.1. Ankle

Significant step main effects showed that the participants produced 57% greater peak
dorsiflexor moment (P=0.027), 12% greater peak plantar flexor moment (P=0.001) at
the higher-level step (Table 3). Significant condition main effects were produced for
peak plantar flexor moment (P<0.001; Fig. 2F) and peak power absorption (P=0.017;
Fig. 2G). Post hoc tests for peak plantar flexor moment showed that the participants
produced 8% lesser moment during C2 and C4 conditions (both P= 0.002) compared to
the C1 condition. Similarly, participants produced 7% lesser moment during C2
(P=0.002) and C4 (P=0.001) conditions compared to the C3 condition (Fig. 2F).
Participants also produced 47% greater peak power absorption during C3 compared to
C2 condition (P= 0.009; Fig. 2G). Further, significant interaction showed that
participants absorbed lesser peak power at the higher-level step compared to the lower-
level step during the C4 condition where as greater power was absorbed at the higher-
level step during rest of the conditions (P= 0.006; Fig. 3B).

3.3.2. Knee

Significant step main effects showed that the participants produced 12% lesser peak
flexor moment (P=0.003) at the higher-level step (Table 3). Significant condition main
effects were produced for peak power generation (P=0.037; Fig. 2H). However, post
hoc tests did not reveal differences between any two conditions for any of the variables.
There was no significant interaction.



Table 1 Mean (SE) of Joint angles and Ground reaction forces-related dependent measures.

Lower-level step Higher-level step
Dlomain Dependent measura €1 c2 c3 4 C1 2 c3 C4

Joint angles  Peak ankle plantar 13.70 1586 1426 1560 1610 1683 1659 1616

fexion (7 (155) (125) (145} (132} (Ls4) (137) (142) (156
Peak ankle 1152 1082 1237 1147 1471 1351 1453 1343
dorsiflexion (7} (L3s) (121} (129} (123} {104) (128) (108) (111)
Ankle range of 2522 2675 2663 2706 3051 3034 3112 2949
motion () (Les) (155) (137) (177} (1.32) (153 (140) (L63)

Peal: knee flexion {"_‘_- 3317 3257 3333 3314 3733 53647 5705 56.50
(182 (163) (187} (1s59) (L40) (1200 (147) (119)
Peak knee extension 887  6.33 895 6.62 532 659 595 730
] (zog) (155) (180} (119} (La4) (118 (129) (098)
Peak knee range of 4430 4624 4437 4652 4901 4989 4810 4930
motion {7) (L25) (130) (122} (1ss8] (1s4)  (124) (129) (13Z)
Peak hip flexion () 5404 3411 5435 5290 4913 4978 49321  49.63
(Loz) (109) (oss) (116) (127 (124)  (113) (143)
Peak hip extension 044 043 0.35 107 460 409 511 426
) (132 (160 (121} (154} (127) (144) (111) (1a2)

Hip range of motion 53.60 3453 54980 5397 53.73 5387 5432 5388

) (o2 (116) (css)  (119)  {126) (113) (1.08) (1.09)
Ground First peak vertical 1.08 1.0 1.09 1.05 109 1.04 109 1.04
reaction force (N/kg) o3y (o.ea) (o2} (oed)  focz) (o01)  (0.03)  (ouoL)

force .
Second peak vertical 1.23 113 123 112 123 115 121 113

foree (N/kg) (cog) (o4 (oed) (owe3)  (ood) (004) (0.03)  (D03)
Peak vertical foree 01 078 0F2 075 070 073 067 075
mid-stance (N/kg)  (0.06) (004} (o) (o02)  {o.0z)  {0.02)  (o.02)  (002)
Loadingrate (N/kgs) 513 344 488 354 641 481 630 473
(o24)  (oa2s)  (o32)  (o26) (022) (048] (037)  (Da8)
Peak propulsion 006 005 006 005 011 010 010 010
foree (N/kg) ooy {oeo) (oot} (oeo)  {oe)  (oo1)  (oo1)  (Do1)
Peak braking force 013 012 013 013 ole 0l 010 009

(v /kg) ooy  (o.n) (oot} ood)  jocn)  (o01)  (0.01)  (ooL)

C1 - ascending the stairs without counting and carrying a box, C2 — ascending the stairs while counting
backwards and not carrying a box, C3 — ascending the stairs while carrying a box and not counting, C4 —
ascending the stairs while counting backwards and carrying a box.



Table 2 Mean (SE) of Joint moments, powers and Minimum toe clearance-related dependent
measures.

Lower-level st Higher-level stej
Dependent P P
Domain measure c1 c2 c3 c4 1 c2 c2 c4
Joint Peak ankle 0.04 004 C.o4 004 0.07 0.06 Q.06 .06
moments dorsiflexion {oor)  foor) oor) (o) ooz} (o1} fowZ) oz

and powers  moment (Nmkg)
Peak anlde 165 152 18+ 152 185 171 183 170
plantarflaion  {007) (0.07) (o0  (00s) (008} (0.9 (008) (00T
moment Il\ml':g
Pealk lmee 041 046 043 046 050 050 050 050
extensor moment {0.04) (003) (oed)  (oo3)  (pos)  (ood)  (oos)  (ood)
(Wmyleg)
Peakkmse flexor 107 l02 107 099 092 091l 093 0S8
moment (Nm/kg) (008) {007 (o09)  (oce) (oos) (o8 (o0 (oo
Peak hip extensor 0356 033 038 035 0327 025 027 023
moment (Nm/kg) {0.06) {004  (00s) (o) (oos) (eos)  (oos)  fo.os)
Peakhipfleror 072 065 071 066 072 066 071 067
moment (Nm/kg) (004) (0.04) food)  (oos)  (wos)  (oo?) {owod)  (ood)
Peakanldepower 037 028 036 031 059 034 054 037
absorbed (Wlg) (006 (0.02) {oos)  (ood) (o1l (oos  (oo9)  (oos)
Peakanldepower 378 343 383 323 384 382 377 338
produced (Wikg)  [C46)  (038)  (oa0)  (031) (046 (042) (o4 (039)
Peaklmsepower 170 145 175 152 171 157 173 152
produced (Wikg) (020)  (0a1)  (ols)  (01g)  (oae)  (oas3) o1 (oa3)
Peakhippower 110 088 113 090 120 087 119 095

1

produced (Wiks)  (0.07)  (0.07) (0.0

(oes)  foad)  (oar)  {oad)  (o.s)
Peakhippower 032 026 032 02 036 020 025 022
gbsorbed (Wkg) (012) {013 Jo11)  (ocs)  (oos)  (oos) {007 {o.os)

Minimum Anterior (T} 2232 2138 2398 2168 25319 2336 2487 2509

toe clearance [csg)  (osg)  (r1s)  (wen)  (oee) (114) [osz)  (1a0)

Vertical {pm) 1060 1030 1100 996 870 830 845 851
(es2) (oa3)  (osd)  (oa4s) (025} (o33 {oas) (o3z)

Speed Average speed 636.91 52374 640353 50022 61774 30547 60933 48383

1

{mmys) (3387) (#313) (33.47) (3545 (3271) (2247) (2683) (3620

C1 - ascending the stairs without counting and carrying a box, C2 — ascending the stairs while counting
backwards and not carrying a box, C3 — ascending the stairs while carrying a box and not counting, C4 —
ascending the stairs while counting backwards and carrying a box.



D'omain

Joint angles

Ground reacton force

Joint moments and

POWELS

Mindimum toe

clearance

Dependent measure

Peak ankle plantar flexion (%)
Peak ankle dorsiflexion (°)
Ankle range of motion (7)

Enee flexion (%)

Enee range of motion (7
Hip flexion (%}

Hip extension (%)

Loading rate (N/kg s)
Peak propulsion force (N/kg)

Peak braking force (N/kg)

Peak ankle dorsiflexion moment
(Nm/kg)

Peak ankle plantar flexor moment
(Nm/kg)

Peak kmee flexor moment (Nm/kg)

Peak hip extensor moment {(Nm/kg)

Anterior (mm)

Vertical {mm)

Lower-level

step

14.85 (1.09)
1157 (1.05)
2642 (133)
53.05 (1.71)
4536 (1.14)
53.85 (1.00)

0.40 (1.29)

425 (0.19)
0.05 (0.00)

0.13 (0.01)

0.04 (0.01)

1.58 (0.06)

1.03 (0.07)

0.35 (0.04)

2234 (0.70)

10.47 (0.37)

Table 3 Mean (SE) of dependent measures that showed significant step main effect (P <0.05).

Higher-lavel  P-

step

16.45 (1.21)
14.05 (1.09)
30.49 (1.23)
56.84 (1.29)
49.05 (1.23)
49.44 (1.18)

4.52(1.25)

5.56 (0.28)
0.10(0.01)

0.09 (0.01)

0.06 (0.01)

1.77 (0.08)

0.91 (0.07)

0.26 (0.05)

25.28 (0.95)

8.49 (030)

value

0.016

C.003

<0.001

<0.001

<0.001

<0.001

0.00L

<0.001

<0.001

<0.001

0.030

0.001

0.003

0.010

0,009

<0.001
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Fig. 2. (A-Il) Mean (SE) of dependent measures that showed significant condition main effect (P00.05);
C1 - ascending the stairs without counting and carrying a box, C2 —ascending the stairs while counting
backwards and not carrying a box, C3 — ascending the stairs while carrying a box and not counting, C4 —
ascending the stairs while counting backwards and carrying a box.

3.3.3. Hip

Significant step main effects showed that the participants produced 28% lesser peak
extensor moment (P=0.010) at the higher-level step (Table 3). Significant condition main
effects were produced for peak power generation (P=0.001). Post hoc tests revealed
that peak positive power was 19% lesser during C2 condition compared to C1 condition
(P=0.040; Fig. 21). There was no significant interaction.

3.4. Minimum toe clearance

Significant step main effects were observed for MTC anteriorly (P%0.009) and
vertically (P00.001). Post hoc tests showed that from the lower-level step to the higher-
level step, the MTC increased by 13% anteriorly and decreased by 19% vertically
(Table 3). There were no significant condition main effects. There was a significant
interaction for the MTC in the anterior direction (P%0.003). The anterior MTC was
smaller during both the cognitive conditions (C2 and C4) at the lower-level step
compared to the value during C1 and C3 conditions. However, at the higher-level step,
the anterior MTC was similar across all the conditions (Fig. 3C).

When controlled for speed, the dependent measures showed a similar pattern of
change. However across all the conditions, the peak ankle dorsiflexion and knee flexion
angles became greater when controlled for speed while ascending the lower-level step,



indicating that speed played a crucial role in altering the ascent strategy while dual-
tasking. With speed as a covariate, differences between conditions remained for peak
ankle power absorption and dorsiflexor moment suggesting that other variables were
primarily influenced by speed. Participants exhibited similar greater ankle power
absorption at both the steps during motor and control conditions compared with the two
cognitive conditions. In both the cognitive conditions, less ankle power was absorbed at
the higher-level step compared to lower-level step. Also, reduced peak ankle dorsiflexor
moment was observed at the higher-level step compared with the lower-level step.
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Fig. 3. (A—C) Mean (SE) of dependent measures that showed significant interaction (P00.05); C1 —
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ascending the stairs while counting backwards and carrying a box.
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Fig. 4. Ensemble averaged profiles of sagittal plane angles of lower-extremity joints during stair ascent for
the four conditions (C1 — ascending the stairs without counting and carrying a box, C2 — ascending the
stairs while counting backwards and not carrying a box, C3 — ascending the stairs while carrying a box
and not counting, C4 — ascending the stairs while counting backwards and carrying a box) and both the
lower-level and higher-level steps. These profiles represent an average of all the subjects. Positive and

increasing ordinate values represent for ankle: dorsiflexion and for hip and knee: flexion. Solid line
represents lower-level step and dotted line represents higher-level step. Black line represents C1, red line
represents C2, Blue line represents C3 and Orange line represents C4. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Ensemble averaged profiles of ground reaction force during stair ascent normalized to body mass
for the four conditions (C1 — ascending the stairs without counting and carrying a box, C2 — ascending the
stairs while counting backwards and not carrying a box, C3 — ascending the stairs while carrying a box
and not counting, C4 — ascending the stairs while counting backwards and carrying a box) and both the
lower-level and higher-level steps. These profiles represent an average of all the subjects. Solid line
represents lower-level step and dotted line represents higher-level step. Black line represents C1, red line
represents C2, Blue line represents C3 and Orange line represents C4 . (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Ensemble averaged profiles of sagittal plane moments of lower-extremity joints during stair ascent
normalized to body mass for the four conditions (C1 —ascending the stairs without counting and carrying a
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level step. Black line represents C1, red line represents C2, Blue line represents C3 and Orange line
represents C4 . (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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the subjects. Solid line represents lower- level step and dotted line represents higher-level step. Black line
represents C1, red line represents C2, Blue line represents C3 and Orange line represents C4 . (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)



4. Discussion

The present study focused on determining the impact of a concurrent cognitive or
motor task on stair-climbing in healthy young adults using comprehensive
biomechanical assessment. We hypothesized that impact will be greater when a
concurrent cognitive task is performed compared to a concurrent motor task and that
the impact will be greater at higher-level steps. Our first hypothesis was true in terms of
kinetics parameters (joint moments and power and ground reaction forces) but not
kinematics parameters (joint angles and MTC). The second hypothesis was true for
most of the parameters.

Condition main effect results indicated that performing a concurrent cognitive
task has a greater influence than a concurrent motor task on stair-climbing. The stance
phase of stair ascent can be divided into three functional phases: weight-acceptance,
pull-up and forward continuance (McFadyen and Winter, 1988). The influence of a
concurrent cognitive task was seen immediately after foot-strike during weight-
acceptance phase with ankle dorsiflexion (braking), and knee and hip extension. Lesser
values of the corresponding joint powers were seen primarily during the cognitive and
combined conditions. Moreover, the peak ankle plantar flexor moment occurs during
push-off of the forward continuance phase indicating that during the cognitive and
combined conditions, participants produced a lesser moment to lift their foot. During the
weight-acceptance and forward continuance phases, greater forces were generated in
the control and motor conditions. However, during the pull-up phase, greater forces
were generated in the cognitive and combined conditions. Hence, it seems that a
concurrent cognitive task alters gait mechanics when the contralateral leg is clearing the
intermediate step in its swing phase. Despite these differences, participants seemed to
compensate by perhaps slowing down to produce similar joint angles across the
conditions. In fact, participants ascended the stairs slowly in the cognitive and combined
conditions and at the higher-level step during all the conditions (Table 2).

During the weight-acceptance phase greater peak hip flexion angle, braking
force, peak hip extensor moment and decreased peak knee flexion angle, loading rate,
and peak dorsiflexor moment at the lower-level step indicate that the participants
adopted a safer and slower strategy. This strategy could have been clearing stair-step
through greater hip flexion, slower shock absorption through lesser loading rate and
greater weight-bearing through greater peak hip extensor moment. Adopting such a
strategy may be due to uncertainty associated with ascending stairs while performing an
additional task, resulting in a more tentative approach to the lower-level step (three of
the four conditions involved dual-tasking). This tentative approach at the lower step
might have led to a more optimized stepping strategy at the higher-level step as the
participants increased their anterior MTC and decreased their vertical MTC at the
higher-level step. During the pull-up phase, greater ankle and knee ranges of motion at
the higher-level step compared with lower-level step indicate that participants exerted
more effort to create joint extension. Finally, during the forward continuance phase,



where ankle generates the maximum energy, greater ankle plantar flexion, peak
propulsion force, and peak plantar-flexor moment suggest that participants exerted
more effort to ascend from the higher-level step. Combined, these results suggest that
as one ascends higher, greater effort is needed to clear the next step and this effort
increases while dual-tasking.

Step—Condition interaction results for MTC indicated that participants produced
lesser values in the anterior direction during cognitive and combined conditions at only
the lower-level step. This could happen because of the uncertainty involving the lower-
level step while performing a concurrent cognitive task. But once the lower-level step is
cleared, the MTC values at the next ipsilateral step became similar due to familiarity
with the task requirements to clear a step. Similarly, while ascending the lower-level
step, the power absorption at the ankle was similar during braking phase in all the
conditions. But while ascending the higher-level step, participants increased the power
absorbed at the ankle only in the control and motor conditions. During the control and
motor conditions, once the participants completed the lower-level step, due to the
familiarity of the task, they were probably able to absorb greater power at the higher-
level step. However, in the cognitive and combined conditions, due to the additional
cognitive demand, the participants may not have been able to alter their peak ankle
power absorption. Overall, the control and motor conditions were similar to each other,
but differed from the cognitive and combined conditions.

The mechanics at both the lower-level and higher-level steps could be different
due to the starting position prior to stepping onto each step as climbing stairs from a
walk compared to from a stand alters the mechanics of stair ascension (Vallabhajosula
et al., 2012a, b). Particularly for the lower-level step during single task we found that
participants generated greater peak ankle plantar flexor moment, and lesser peak knee
flexor moment. In the current study, introducing a secondary task seemed to create
similar effects particularly at the ankle and knee joints but not at the hip joint.

The cognitive tasks such as counting backwards are said to challenge one's
executive functioning and working memory, thereby activating areas of the frontal lobe
like the dorsolateral prefrontal cortex (Al-Yahya et al., 2011; Nadkarni et al., 2010).
Previous research has established that gait is not automatic and requires attentional
resources from higher-brain centers. Over-ground walking studies using the dual-
tasking paradigm have shown that healthy young adults reduce their gait speed while
performing a concurrent cognitive task (Springer et al., 2006) and the speed further
decreases for healthy older adults (van lersel et al., 2007; Verghese et al., 2007). In the
current study, a similar reduction in speed was observed for stair-climbing while dual-
tasking. Climbing stairs is more challenging than walking over-ground and could require
a greater demand of attentional resources. During stair-climbing, each stair step may be
perceived as a new obstacle to clear and hence may require allocation of more
cognitive resources. According to the capacity-sharing theory, when two tasks that
demand attention are simultaneously performed, the performance on either or both



tasks could worsen due to the availability of limited attentional resources (Tombu and
Jolicoeur, 2003; Yogev-Seligmann et al., 2008). Results from the current study showed
that the participants changed their gait mechanics more during the concurrent cognitive
task compared to the concurrent motor task suggesting that the additional motor task
probably did not demand as many resources as compared to the corresponding
cognitive task. The cross-talk theory suggests that two tasks belonging to the same
domain will share the same resources and hence cause lesser interference in the
performance of either of the tasks (Schmidt and Timothy, 1999). This could explain the
results of the current study that carrying a box while ascending stairs (primary motor
task) had lesser effect. It is possible that a harder concurrent motor task like carrying a
glass of water using a tray while climbing stairs can demand more attentional resources.
This has to be examined in the future.

Previous researchers have observed that the association of gait to executive
functioning becomes stronger with increasing difficulty of the motor task like stepping
over an obstacle while walking faster (Ble et al., 2005; Yogev-Seligmann et al., 2008).
The results of the current study confirm this observation using stair ascension task.
Investigating the role of attention could be important for studying the risk of falls in older
adults and patient populations during stair-climbing using dual-tasking approach.

5. Conclusion

Dual-tasking while stair-climbing had a significant impact on kinetics of motion
and the impact was greater while performing a concurrent cognitive task. The effect of
dual-tasking during stair ascent also seemed to vary based on the stair ascent stance
phases and seem to have greater impact as one goes higher. Overall, results suggest
that the association between the executive functioning and motor task (like gait)
becomes stronger as the level of complexity of the motor task increases.
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