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Abstract
Background Dual-task (DT) walking is of great interest in clinical evaluation to evaluate frailty or cognitive declines in older 
adults. Frail older adults are known to adopt different walking strategy to overcome fatigue. However, no studies evaluated the 
effect of muscular or mental fatigue on dual-task walking strategy and the difference between frail and non-frail older adults.
Aims Evaluate the effect of mental and muscular fatigue on spatio-temporal parameters in dual-task walking in young, non-
frail and frail older adults.
Methods 59 participants divided into 20 young (Y) (24.9 ± 3 years old), 20 non-frail (NF) (75.8 ± 4.9 years old) and 19 frail 
older adults (F) (81 ± 4.7 years old) performed single-task (ST) walking, single-task cognitive (serial subtraction of 3), and 
dual-task (subtraction + walking) for 1 min at their fast pace. Gait speed, step length, step length variability, stance and swing 
phase time, single and double support time, cadence, gait speed variability were recorded in single- and dual-task walking. 
The dual-task effect (DTE) was calculated as ((DT − ST)/ST) × 100). Generalized linear mixed models (GLMM) were used 
to compare the effects of mental and muscular fatigue on gait and cognitive variables between the groups.
Results The DTE walking parameters were worse in F compared to NF or Y but no significant effect of fatigue were high-
lighted except for swing time and single support time DTEs.
Conclusions The results were mitigated but a clear difference in dual-task spatio-temporal parameters was found between 
F and NF which brings hope into the capacity of DT to better reveal frailty.

Keywords Frailty · Biomechanics · Dual-task walking · Fatigue

Introduction

A growing body of evidence links gait to cognitive function 
[1] and suggests that even in healthy young subjects, gait 
is not automatic, but consumes some amount of attentional 
resources [2]. Dual tasking paradigms have been used to 

study this dependence as it relies upon executive function 
and the ability to divide attention [3]. When both gait and a 
secondary task are performed simultaneously and reached 
the capacity of attentional resources, the performance of at 
least one of the tasks will deteriorate. Knowing that aging 
is associated with decreasing mobility and reduced cogni-
tive processing efficiency [4, 5], dual-tasking was found 
to be more challenging in older adults with greater altera-
tion on spatio-temporal parameters as slower gait speed 
or wider step width with aging and with dual-tasking [6]. 
These changes in cognitive or motor performance whilst 
dual-tasking were found to be able to predict fall risk [7, 
8], cognitive status [9] or also frailty status [10]. Frailty is 
now recognized as a geriatric syndrome which is a result of 
cumulative declines across multiple physiological systems 
[11]. Frail older adults are more vulnerable to physiological 
and psychological stressors, particularly fatigue.
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Muscular fatigue has been defined as the fall in maxi-
mum force-generating capacity of the muscle, and the failure 
of the muscle to maintain the required force [12]. It also 
affects the precision in motor control due to the deterio-
rated proprioception (e.g., decreased joint position sense, 
force-matching ability, etc.), movement coordination and 
reaction time [13, 14]. Consequently, in a fatigue condition, 
both young and healthy older adults used adaptive strategies 
to walk with a more cautious pattern by lowering walking 
speed, reducing step length and/or increasing step width [15, 
16]. Thus, inducing a muscular fatigue before a dual-task-
ing evaluation may probably increase the cognitive-motor 
interference and the influence on spatio-temporal walking 
parameters. Only few studies examined the effect of mus-
cular fatigue on dual task walking and even more with the 
level of frailty. Granacher et al. [17] found that the young 
adults achieved better cognitive performance post-fatigue 
at the cost of impaired balance control. However, Kao et al. 
[18] showed that muscular fatigue did not impact cognitive 
but motor performance in younger adults. If the results are 
contradictory and may be confirmed by future studies, no 
studies focused on comparing the difference of the effect of 
muscular fatigue between young, healthy older adults and 
frail older adults. Frail older adults have less muscle mass 
and strength than the non-frails [19] and have also lower 
levels of motor processing and slower gait speed [20]. Thus, 
it could be hypothesized that frail older adults may be more 
challenged in DT and even more affected by a muscular 
fatigue during DT than healthy older adults [21]. That would 
mean that DT could help to better reveal frailty.

While muscular fatigue can directly reduce motor per-
formance in DT due to impairment in force and muscle 
activation, demanding mental activities can also impact the 
performance in DT. Indeed, sustaining attention or a mental 
effort for a prolonged period puts older adults in a fatigued 
mental state [22, 23] that slows cognitive processes which is 
often quantified by slowed reaction times [24] alters cortical 
brain areas and decreases neurotransmitter levels [25, 26]. 
Such modifications affects cognitive functions known to be 
involved in gait dual-tasking, resulting in an interference 
with gait [27]. These interferences resulted in an increase in 
the coefficient of variation of stride outcomes and other gait 
parameters [16]. Moreover, Behrens et al. [28] found that 
the mental fatigue impacted gait parameters in DT (coef-
ficient of variation, stride length and stance time) in old but 
not in young group which highlight that the effect of mental 
fatigue on DT is greater with age. However, there is a lack 
of studies on the effect of mental fatigue in DT especially in 
frail older adults. The unanswered question is whether frail 
older adults had similar adaptation in DT to overcome a 
mental or muscular fatigue compared to healthy older adults 
or a younger group and if the effect of a muscular or mental 

fatigue would be greater in a frail older adults compared to 
their healthy counterparts.

The purpose of this study was, thus, to investigate how 
muscular and mental fatigue affects dual task walking per-
formance comparing young, healthy older adults, and frail 
older adults. For the walking performance, specifically, we 
explored the effects of mental and muscular fatigue on dual 
task walking on participant’s step length (cm), step length 
variability (%), stance time and swing time (s), single sup-
port time and double support time (s), gait speed (m/s), gait 
speed variability (%) and cadence (steps/min). These spe-
cific variables were chosen for their strong correlation to 
the level of physical and functional health status [11, 29]. 
We hypothesized that the three groups would show reduced 
gait speed, increased gait speed variability and would have 
worse cognitive performance after reaching both muscular 
and mental fatigue. We also expected the impact of muscular 
and mental fatigue to be greater with age and particularly 
in the frail group.

Materials and methods

Participants

Fifty-nine participants were recruited and were divided into 
three groups. The young group (Y) was composed of 20 
participants under 35 years old. The older group was com-
posed of 20 participants aged between 65 and 90 years old 
without any signs of frailty (NF). The frail older group was 
composed of 19 older adults between 65 and 90 years old 
corresponding to the frailty Fried’s definition which is to 
have at least 3 criterions from the five phenotypic compo-
nents (F). The five components were: (1) unintentional loss 
of ≥ 5% of body weight in the past year, (2) self-report of 
feeling “tired all the time” (3) Mean speed to complete a 
10 m walk < 1 m/s, (4) Low physical activity and (5) clearly 
abnormal strength on physical examination [11].

Inclusion criteria were an ability to walk independently 
for, at least, 50 m and have corrected-to-normal hearing 
and vision. Participants were excluded if they had a his-
tory of neurological disorders, cognitive dysfunction 
screened with a MOCA score under 23, any orthopedic 
conditions affecting gait, an acute hospital stay within 
the last 3 months, or a lower extremity amputation. Their 
level of physical activity were also assessed through the 
International Physical Activity Questionnaire (IPAQ) [30] 
and their initial fatigue was controlled with the Multidi-
mensional Fatigue Inventory (MFI) at the beginning of 
each protocol (mental and muscular) (MFI_1 and MFI_2 
for the first and second visit, respectively) (Fig. 1). The 
order of the fatigue protocols was randomized with an 
interval of one week between the two fatigue protocols 
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(Fig. 1). Participants were evaluated through a randomized 
1 min of single-task walking (STmot), 1 min of single-
task counting backwards by three (STcog) and 1 min of 
both counting and walking (DT) before and right after the 
fatigue protocol. The one-week interval and the randomi-
zation were chosen to reduce a possible learning effect of 
dual-task walking and to ensure a total recovery from the 
first fatigue protocol. The order chosen in pre-evaluation 
was the same in post and for the 2nd fatigue protocol one 
week later. Approval of the study was obtained (n° 2021-
A00016-35) and all participants signed the informed con-
sent form.

Dual‑task protocol

The dual-task protocol was the same before and after each 
fatigue protocol. It consists of evaluating the cognitive and 
motor performance alone (STcog and STmotor, respectively) 
and a combination of walking and the secondary cognitive 
task (DT), each during 1 min. The cognitive task was a serial 
subtraction of 3 from a random number between 150 and 300 
[3, 31]. This task was found to be more pertinent and chal-
lenging than a verbal fluency or a motor task [32–34]. The 
cognitive task was performed in a seated position (STcog). 
For the DT, participants were instructed to walk continu-
ously without assistance for 1 min along a 10 m walkway 
(turning at the end each time) at their fastest speed. The fast-
est speed was chosen rather than a self-selected one as it was 
proven that the dual-task interference would be greater with 
increasing the difficulty of the gait task [35, 36]. The 2 first 
and 2 last steps, considered as acceleration and deceleration 
phases, were not included in the calculation. No instruc-
tions were given regarding which task to prioritize during 
the DT (walking or counting backward) as to not influence 
the behavior of the participant. At the end of each condi-
tion (STcog, STmot, DT), the participant was asked to rate 
the perceived fatigue the task has given to him/her, named 

RPF) with a visual analog scale (VAS) from 0 (no fatigue) 
to 10 (maximal fatigue). The order of the conditions was 
randomized and was kept the same before and after the two 
fatigue protocols.

Mental fatigue protocol

Several mental fatigue protocols have been commonly used 
in the literature but many are above 60 min which is quite 
difficult to set up in geriatrics [24, 28]. Recently, a study 
used a Psychomotor vigilence task (PVT) as mental fatigue 
during 20 min. This task consists of pushing a button when 
a light turns on the screen. They showed that this task during 
at least 20 min was sufficient to ensure a mental fatigue [37]. 
Thus, the mental fatigue of the current study was inspired 
by the PVT. Participants were asked to visually fixate on a 
computer screen placed at eye level in front of them while 
two types of exercises rotated every 5 min during 25 min 
(exercise 1, 3 and 5 were the same). One of the two exercises 
was calculation and the participant needed to answer as fast 
as possible if the first equation was equal, smaller, or greater 
than the number on the right. The other exercise consisted 
of clicking to the button “enter” as fast as possible when a 
circle appears except if the color of the circle was green. 
Time between each circle varied between 2 and 5 s. The 
order of the exercises was randomly chosen. Performance 
over the protocol was registered through correct answers, 
errors, and reaction time for each exercise along the 25 min 
fatigue protocol. Immediately after the fatigue protocol, par-
ticipants were asked to report their level of perceived fatigue 
on a scale of 1–10 (RPF), with higher numbers indicating 
greater feelings of fatigue.

Muscular fatigue protocol

After a warm-up of 5 min on an ergocycle (Xrcise Cycle 
Med,  Cardiowise®, Germany), participants were asked 
to perform an isometric maximal voluntary contraction 

Fig. 1  The experimental design 
protocol for young (Y), non-
frail (NF) and frail (F) older 
adults. STmot, STcog and DT 
were randomized as well as 
mental or muscular protocol
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(MVC) of the knee extensor of the dominant leg on the Bio-
dex dynamometer (Biodex Medical Systems Inc., X2151, 
Shirley, NY, USA). Immediately after the MVC, participants 
performed 30 sit-to stand (STS) weighted at 20% of the par-
ticipant body weight that was proven to induce fatigue [38]. 
They repeated MVC and STS three times to reach a sufficient 
muscular fatigue. At the end of each STS, the RPF was also 
rated as for the mental fatigue. It is important to note that 
three frail participants were not able to sit and stand with 
the 20% charge, so they did the protocol only weighted at 
10% of BW.

Data analysis

Spatio-temporal gait parameters were obtained with the 
Optogait system (Optogait, Microgate, Bolzano, Italy) [39]. 
For this study, a 10-m instrumented walkway was used, con-
sisting of 10 transmission bars and 10 reception bars, with 
a separation of 120 cm. Each bar (100 cm × 8 cm) contains 
96 lights emitters 3 mm from the ground. Optical sensors 
operate at a frequency of 1000 Hz, with accuracy of 1 cm, 
to detect spatiotemporal parameters. Finally, the dual-task 
effect (DTE), which represents a ratio of performance 
between ST and DT, was calculated for the 10 gait param-
eters and for the cognitive score (DTEcog) as proposed by 
Plummer et al. [35]:

For gait speed (DTEmotor), step length, stance and swing 
phase time, single support and cadence, negative values indi-
cate that performance deteriorated under DT conditions (i.e., 
dual-task cost), and positive values represent an improve-
ment in the DT condition relative to ST performance (i.e., 
dual-task benefit). However, for step length variability, dou-
ble support, step time variability and speed variability, this is 
the opposite. The higher the positive value is (or the absolute 
value for the negative DTE), the higher the performance is 
deteriorated.

Statistical analysis

Data were tested from normality using Shapiro–Wilk test 
and from equality of variance with Levene’s test. Men-
tal fatigue was verified through the evaluation of cor-
rect answers, errors and reaction time expressed in % of 
changes between each exercise (1vs3, 1vs5 and 2vs4) with 
the use of a 2 (TIME: 1vs3, 1vs5) *3(GROUP: Y, NF, 
F) nonparametric ANOVA (Kruskal–Wallis). Muscular 
fatigue was verified by applying a 3 (GROUP: Y, NF, F) 
*2 (TIME: 1vs2, 1vs3) ANOVA on the difference in MVC 
between each series of STS. The effect of muscular and 

DTE =
(DT − ST)

ST
× 100.

mental fatigue on spatiotemporal DTE parameters and 
DTEcog were analyzed using linear mixed models (LMM). 
For all DTE, normality was not assessed so a gamma 
regression was applied. The DTEs were translated to their 
minimal values to have all the DTE positives to be able 
to use the gamma regression. A random intercept effect 
structured by participants was included to control for the 
non-independence of the data and inter-subject variability. 
The LMM for the analysis of each variable included the 
level of frailty in the variable GROUP (non-frail (NF) vs. 
pre-frail (PF) vs. frail (F) participants), FATIGUE (mus-
cular vs mental) and TIME (PRE vs POST fatigue). Also, 
a Fisher’s LSD correction for multiple comparison was 
applied and a Tukey’s HSD test was used for post-hoc 
analysis. LMMs were chosen as they can attain higher sta-
tistical power than ANOVA and can reduce type I-error 
because of the consideration of the sampling variability 
of both participants and experimental conditions [40, 41]. 
Statistical analysis was performed using SPSS (IBM Corp. 
(2015) IBM SPSS Statistics for Windows (V23) Armonk, 
NY).

Results

Questionnaire

The investigated score in MOCA indicated that the partici-
pants in each group were cognitively healthy even if the 
MOCA score was smaller in F compared to NF (Table 1) 
(p = 0.008). Findings regarding the IPAQ score sug-
gested that Y were significantly more physically active 
than F (p = 0.03) as well as NF compared to F (p = 0.03) 
(Table 1). Also, F were more fatigued than NF or Y with 
a lower MFI score (Table 1). The MFI_1 score is not sig-
nificantly different from the MFI_2 (p = 0.414, d = 0.108) 
which means that participants were at the same level of 
perceived fatigue before the two evaluations.

Mental fatigue

A slightly decrease in MVC of 1% was noticed after the 
mental fatigue and it was significantly different between 
groups (F(2.46) = 3.8, p = 0.03) with a higher decrease in 
MVC of 6% in Y group (Table 2). Concerning the per-
ceived fatigue after the protocol, each groups had a RPF 
below 5 out of 10 (4.5 ± 1.9) with no significant differ-
ence between groups (p = 0.081). On average in the three 
groups, an increase in performance over the exercises 
was found with an increase in correct answers over the 
fatigue protocol (from 4.1% in 1 vs 3 to 19.6% in 1 vs 
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5, H(1) = 5.673, p = 0.017), a decrease (not significant) in 
the number of errors (from 15.8% between the 3rd and 1st 
exercise to 14.1% between the 5th and 1st) and a decrease 
in reaction time (from 4% in 3 vs 1 to 13.9% in 5 vs 1).

Muscular fatigue

A significant 6% decrease in MVC (p < 0.001) occurred after 
the last series of MVC with a significant increase of 34.5% 
in RPF averaged over groups (H(1) = 41.595, p < 0.001). The 
decrease in MVC and increase in MVC was less showed in 
F group (Table 2).

Cognitive‑motor interference (DTEcog 
and DTEmotor)

The order of the protocols (muscular or mental fatigue) 
and the order of STcog, STmot and DT inside each protocol 
did not significantly impact the DTE parameters (p > 0.05). 
For cognitive performance (DTEcog), a significant effect 
of FATIGUE was found (F(1.70) = 4.398, p = 0.04). Spe-
cifically, DTEcog was higher during the muscular fatigue 
protocol than the mental fatigue. For speed (DTEmo-
tor), the analysis showed a significant effect of GROUP 
(F(2.223) = 14.982, p < 0.001) and Time (F(1.223) = 4.231, 
p = 0.041). More specifically, DTE was lower in PRE fatigue 
than in POST (p = 0.042).

Table 1  Participant’s characteristic (mean (SD))

The cognitive level score (MOCA), initial perceived fatigue in the first and second evaluation session (MFI_1 and MFI_2, respectively), the level 
of physical activity (IPAQ) are specified for young (Y), in frail (F) and non-frail (NF) participants.
ANOVA was made with the variable Group (Y, NF, F) as a fixed factor
a Not normally distributed, a Kruskal Wallis test was performed

N = (59) Y (n = 20) NF (n = 20) F (n = 19) ANOVA

Age (years) 60.2 (26) 24.9 (3) 75.8 (4.9) 81 (4.7)
Height (cm) 167.4 (10) 172.7 (9) 166.4 (11.3) 162.9 (7)
Weight (kg) 69.8 (11.7) 68.6 (10.1) 70.8 (13) 70 (12.4)
MOCA (/30)a 26.4 (1.8) 27.2 (1.6) 26.3 (2) 25.6 (1.5) H (2) = 7.9, p = 0.019
MFI_1 (/100) 75 (11.9) 81.6 (10.5) 78.2 (10.9) 65.5 (7.6) F (2.56) = 12.3, p < 0.01
MFI_2 (/100) 73.5 (15) 80.2 (14.9) 74.1 (14.4) 66.2 (13.3) F (2.56) = 4.44, p = 0.016
Score  IPAQa 1366.2 (1218.2) 1797.3 (1746.9) 1432.4 (832.1) 842.7 (573.7) H (2) = 6.878, p = 0.032

Table 2  Mean (SD) of the 
mental and muscular fatigue 
protocol and their parameters 
[maximal voluntary contraction 
(MVC), rate of perceived 
fatigue (RPF), correct answers, 
errors, reaction time expressed 
in % of change between the 
1st and 3rd exercise (1 vs 3) or 
between the 1st and last exercise 
(1 vs 5)] in frail (F), non-frail 
(NF) and young (Y) adults

Mental fatigue N = 59 Y (n = 20) NF (n = 20) F (n = 19)

Pre protocol MVC (N) 103.5 (39.8) 146.3 (31.2) 87.9 (17.5) 72.8 (20.8)
1 vs 3 Correct answers (%) 4.2 (47) 3.1 (27.7) − 3.8 (27.7) 13.9 (73.7)

Errors (%) − 14.3 (78) 7.6 (90.2) − 23 (67.2) − 32 (70.6)
Reaction time (%) 2.6 (39.3) − 2 (17.2) 20.2 (51.3) − 11 (36.4)

1 vs 5 Correct answers (%) 23 (46.8) 16.3 (22.3) 28.2 (39.3) 24.6 (69.4)
Errors (%) − 25.8 (69.6) − 20.3 (78.6) − 31.3 (67.6) − 26.4 (63.4)
Reaction time (%) 1.9 (59.5) − 6.4 (16.3) − 8 (22.3) 21.2 (100)

Post protocol RPF 4.5 (1.9) 5.3 (1.9) 4.2( 2) 4 (1.6)
MVC (%) − 0.9 (10.8) − 6.4 (8.6) 1.9 (12) 2.3 (9.9)
MVC (N) 102.9 (39) 139.9 (35.6) 90.7 (20.3) 70.7 (15.5)

Muscular fatigue
 Pre protocol MVC (N) 111.9 (43) 153.7 (37.8) 100.7 (27.5) 77.9 (18.1)

RPF 6.4 (1.4) 5.2 (1.6) 6.8 (1.5) 7.3 (0.9)
 1 vs 2 MVC (%) − 1.4 (9.1) − 3 (10.5) − 1 (10.4) − 0.00 (5.2)

RPF (%) 17.2 (15.4) 24.7 (17.3) 13.5 (16.4) 13.1 (8.7)
 1 vs 3 MVC (%) − 6.5 (15.9) − 6.2 (7.4) − 10.9 (24.5) − 1.5 (7.6)

RPF (%) 34.6 (32.2) 55.5 (28.4) 24.2 (38.2) 23.5 (14.8)
 Post protocol RPF (/10) 5 (1.7) 5.6 (2.1) 4.5 (1.6) 4.8 (1.2)

MVC (N) 102.1 (39.4) 140.9 (36) 90.8 (21.2) 71.9 (16.2)
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Gait analysis

Single support (%), double support (%) stride length, stride 
length variability and step time variability were not included 
in the LMM as they were highly correlated to single sup-
port (s), double support (s), step length and cadence, respec-
tively (R > 0.8, p < 0.05). All the DTE (mean and SD) for 
the three groups (F, NF, Y) are shown in Table 3. For step 
length (DTEstep_length), a significant effect of GROUP 
(F(2.223) = 6.114, p = 0.003) with a significant higher DTE 
in F compared to Y (p = 0.004) as well as in NF compared 
to Y (p = 0.003) was found. Concerning step length vari-
ability (DTEstep_length_var), only a significant effect of 
GROUP (F(2.223) = 5.013, p = 0.007) was found. Specifi-
cally, only F had higher significant DTE than Y (p = 0.003). 
For stance time (DTEstance_time), the LMM showed 
only a significant effect of GROUP (F(2.223) = 30.002, 
p < 0.001). Specifically, F had higher DTE than T (p < 0.001) 
as well as NF compared to Y (p < 0.001) (Fig. 2). In swing 
time (DTEswing_time), a significant effect of GROUP 
(F(2.223) = 3.799, p = 0.024), TIME (F(1.223) = 4.932, 
p = 0.027), FATIGUE (F(1.223) = 6.353, p = 0.012) and 
the interaction GROUP × FATIGUE (F (2.223) = 5.619, 
p = 0.004) were highlighted. Concerning single support time 
(DTEsingle_support_time), a significant effect of GROUP 

(F(2.223) = 4.526, p = 0.012), TIME (F(1.223) = 6.62, 
p = 0.011) and FATIGUE (F(1.223) = 13.498, p < 0.001) 
were found as well as the interaction GROUP × FATIGUE 
(F(2.223) = 5.619, p = 0.004). For double support time 
(DTEdouble_support_time), only the effect of GROUP 
was significant (F(2.222) = 3.466, p = 0.033). Specifically, 
F had significant higher DTE than Y (p = 0.032) as well 
as NF compared to Y (p = 0.02). Concerning speed vari-
ability (DTEspeed_var), the only significant effect was for 

Table 3  Mean (SD) of the DTE in each spatio-temporal parameters before and after the mental and muscular fatigue

The DTE are shown for the three groups [young (Y), non-frail (NF) and frail (F) older adults]

Muscular fatigue Y NF F

Pre Post Pre Post Pre Post

DTEstep_length − 3.1 (3.5) − 2.9 (3.6) − 8.6 (4.5) − 9 (5.2) − 7.3 (11.2) − 7.7 (10.3)
DTEstep_length_var 0.46 (61.5) 7.8 (56.5) 31.2 (90.2) 33.4 (121) 47.6 (85.9) 47.6 (60.3)
DTEstance_time 2.2 (7.3) 2.6 (7.5) 16.7 (9.8) 15.8 (6.8) 23.9 (19.9) 18.6 (15.8)
DTEswing_time 2.8* (3.9) 3.6* (3.9) 11.6* (8.7) 9.4* (4.7) 11.1* (20) 10.2* (19.3)
DTEsingle_support_time 2.8* (4) 3.6 (4) 11.3* (8.2) 9.4 (4.7) 12* (18.9) 8.4 (14.8)
DTEdouble_support_time 22.1 (26.5) 26.6 (30.5) 38.6 (22.4) 40 (21.2) 38.2 (34.3) 38.3 (37.3)
DTEmotor − 6.3 (6.7) − 7.2 (7.1) − 19.5 (8) − 18.8 (6.8) − 21.1 (12) − 19.7 (12.1)
DTEspeed_var 0.42 (62.8) 25.6 (117.7) 115.6 (261.3) 33.3 (91.5) 89.1 (102.3) 117.9 (129)
DTEcadence − 3.1 (4.7) − 4.5 (5.3) − 11.4 (6.2) − 10.9 (4.5) − 13.3 (10.4) − 12.3 (8.8)
DTEcog − 4.2 (135) 29.8 (131.2) 169.8 (550) 174 (376.5) − 3 (65.5) 130 (417.4)
Mental fatigue
 DTEstep_length − 3.3 (3.2) − 2.8 (2.6) − 10.3 (5.3) − 7.8 (4.8) − 7.5 (8.3) − 7.6 (9.3)
 DTEstep_length_var − 12.8 (30) 5.8 (91.9) 28.7 (81.7) 28 (97.3) 74.7 (98.3) 66.6 (94.4)
 DTEstance_time 2 (7.9) 2.7 (8.6) 20 (13) 15 (5.7) 26 (25.3) 20.6 (25.7)
 DTEswing_time 5.5 (4.4) 4.7 (5.8) 12.5 (11.7) 8.7 (4.9) 22.7 (29.4) 13.6 (30.8)
 DTEsingle_support_time 5.6 (4.4) 4.6 (5.6) 12.7 (11.1) 8.7 (4.8) 24.1 (33) 17.5 (31.8)
 DTEdouble_support_time 20.4 (23.9) 35.3 (33) 45.6 (23.8) 36.3 (16.6) 45.2 (33.3) 44.9 (37.3)
 DTEmotor − 8.7 (5.1) − 7.9 (6.1) − 21.8 (8) − 17.2 (6.7) − 24.7 (11.8) − 23.3 (9.5)
 DTEspeed_var − 17.4 (29.2) − 12.6 (58.6) 65.4 (142.1) 70.7 (150.3) 108.9 (128) 106.8 (96.2)
 DTEcadence − 5.4 (4.2) − 4.7 (4.9) − 12.8 (7.4) − 10.1 (4.6) − 16.6 (11) − 14.7 (10.5)
 DTEcog − 10.3 (32.8) − 12.9 (98.8) − 23.4 (176.9) − 17.6 (97.5) − 31 (90.5) − 33.9 (65.2)

Fig. 2  Mean (SD) DTEstance_time in frail (F) older adults, non-frail 
(NF) older adults and young participants (Y) before (PRE) and after 
(POST) fatigue (mental + muscular fatigue)
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GROUP (F(2.223) = 11.306, p < 0.001). Concerning cadence 
(DTEcadence), the analysis showed a significant effect of 
GROUP (F(2.223) = 11.069, p < 0.001) and FATIGUE 
(F(1.223) = 5.310, p = 0.022). Specifically, F had lower DTE 
than Y (p < 0.001) as well as NF compared to Y (p = 0.005). 
Also, DTE was higher during the muscular fatigue protocol 
than the mental fatigue one when grouping F, NF and Y all 
together (p = 0.022).

Discussion

The aim of the present study was to determine the effect of a 
mental and muscular fatigue on spatiotemporal gait param-
eters in dual task walking in young, non-frail and frail older 
adults. We hypothesized that the three groups would show 
worse DTE in spatio-temporal parameters especially DTE-
motor and would have worse cognitive performance (DTE-
cog) after the muscular and mental fatigue. We expected the 
impact of muscular and mental fatigue on DTE to be greater 
with age and particularly in the frail group. The results of the 
present study confirm partly this hypothesis, showing that 
the DTE in walking parameters were worse in F compared to 
NF or Y groups but that they were not different after fatigue 
except for swing time and single support time DTE.

First, one of the most important questions before study-
ing the effect of mental fatigue on physical performance 
is whether fatigue was successfully induced. Concerning 
mental fatigue, a low self-reported state of fatigue with the 
RPF in each group was reported as well as a little decrease 
in MVC suggesting that the protocol did not induce mental 
fatigue in the groups. Other studies also reported that the 
mental fatigue protocol did not seem to exert an effect on 
either the subjective (RPF) or objective indexes of perfor-
mance [24, 42]. However, as the mental fatigue has subjec-
tive, behavioral and physiological manifestations, the cri-
terion for whether the mental fatigue was well induced is 
highly debatable [24]. A similar fatigue protocol (a 20 min 
PVT) induced in young and old participants found that rat-
ings of perceived fatigue (RPF) were significantly higher 
(p < 0.001) after the mental fatigue than ratings at baseline 
[37]. Unfortunately, the RPF baseline was not measured here 
which prevents comparison with Morris et al., but it is inter-
esting to see that the 6% decrease in young’s MVC is similar 
to the one of Morris et al. (7% decrease in young too) [37]. 
Concerning muscular fatigue, the participants were well 
fatigued as the RPFs were significantly higher (p < 0.001) 
after the fatigue than ratings at baseline in each group, 
and the MVC significantly decreased through the series of 
STS especially in Y and NF. However, in the F group, their 
decrease in MVC were of 1.5% only with a 23.5% increase 
in RPF which is significantly less than F or NF (p < 0.05). 
This does not necessarily reflect that F were less fatigued 

than NF or Y but with aging, the perception of fatigue is 
affected and an acclimation period is needed to accurately 
use the RPF [43]. Also, it is well known that, with aging, 
the ratio slow twitch/fast twitch fibers increased [44], and, as 
the slow-twitch fibers exhibit good endurance characteristic, 
muscular endurance is maintained with increased age and 
may even improve [45].

When focusing on the principal question, which was the 
effect of the mental and muscular fatigue on the different 
spatio-temporal DTE during walking, the fatigue did not 
strongly alter the dual-task walking parameters not cogni-
tive performance (DTEcog). In other words, the effect TIME 
(pre vs post) was not significant except for DTEswing_time 
and DTEsingle_support_time where the DTEs were lower 
after the fatigue. As the DTEs were positive, before and after 
fatigue, it means that the participants walked with greater 
swing time and single support time in DT compared to ST. 
The decrease in DTE after fatigue means that the differ-
ence between DT and ST is reduced. Consequently, both 
mental and muscular fatigue reduced the difference between 
ST and DT. Also, swing time and single support time are 
known to decrease with age which may give the older adults 
a sense of better walking stability [46]. As the DTE val-
ues were positive, it means that, during dual tasking, the 
need to decrease these parameters for a more cautious gait 
are inhibited. Moreover, as the DTE value decreased after 
fatigue, the fatigue protocol reduced this effect of inhibition 
in dual-tasking as their dual-task walking parameters are 
closer to their single-task one. These findings are shared 
with previous studies that found an improvement in walking 
after fatigue and even more in older adults [17, 47]. Indeed, 
an increase in stride length and a decrease in stride duration 
with fatigue caused an increase in gait speed which was even 
greater in older adults [17, 47]. Walking faster with longer 
strides length was hypothesized to be a strategy of the older 
adults to overcome the short walking distance (10 m) and 
the feeling of physical discomfort (due to the muscle fatigue) 
[47]. Also, no significant effect of FATIGUE × TIME was 
revealed which means that no significant difference in the 
effect of fatigue on dual task walking strategy between men-
tal or muscular fatigue was highlighted.

Concerning the comparison between the groups, F had 
their walking parameters more impacted during dual task-
ing than NF or Y groups. This has been showed through 
the significant GROUP effect for all spatio-temporal param-
eters. This is in line with previous studies that highlighted an 
age-related effect on DTE spatio-temporal parameters [10, 
48]. This age-related decrements in DT can be associated to 
age-related brain modifications that could be structural (E.G 
loss of the frontal gray matter) [49] or functional (e.g. loss 
of central neurons). Moreover, with aging, some cognitive 
functions that are involved in dual-tasking declined such as 
processing speed [50], working memory [51] or executive 
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functions [52]. The CRUNCH (Compensation Utilization Of 
Neural Circuits Hypothesis) model [53] explained that, for 
reasonable difficulty levels, older adults are able to compen-
sate their cognitive declines but, for high demanding tasks, 
older adults cannot compensate anymore because of their 
low level of cognitive resources leading to a decline in per-
formance. Surprisingly, the interaction GROUP × TIME or 
GROUP × TIME × FATIGUE was not significant. In other 
words, the behavior in DT and the effect of DT on walk-
ing performance after fatigue is not significantly different 
between Y, NF, or F groups. Only a few studies focused on 
the effect of mental or muscular fatigue on dual-task walking 
parameters but Behrens et al. [28] also found no significant 
TIME (pre, post) × GROUP (young, old) × FATIGUE (men-
tal, control) interaction between 16 young and 16 old adults. 
For muscle fatigue, Granacher et al. [17] highlighted that 
muscle fatigue did not alter the DTE parameters in young 
and old adults but when looking to the single or dual-task 
walking parameters alone, they found that fatigue resulted 
in significant decreases in single-task gait velocity and stride 
length in young adults, and in significant increases in dual-
task gait velocity and stride length in older adults [17]. The 
high variability in DTE could partially explained why the 
results are not significant. Also, the lack of studies in this 
field did not allow much more comparison. Maybe, older 
adults may have learned how to compensate for age-related 
and/or fatigue-induced muscle and cognitive deficits leading 
to similar dual-task effect (DTE) after fatigue.

Some limitations of this study should be mentioned. First, 
the age difference between NF (75.8 ± 4.9 years old) and F 
(81 ± 4.7 years old) group could have influenced the results. 
Indeed, it has previously been shown that spatio-temporal 
DTE were influenced by age and that, between the 7th dec-
ade (70–75 years old) and the 9th (> 80 years old), the DTE 
are different [10], fatigue and fatigability also differed [54] 
as well as neuromuscular structure and function (i.e. loss of 
muscle change, change in muscle fibers’ type, loss of motor 
units (MUs)…) [55]. Consequently, comparison between NF 
and F should be made carefully as the results could not only 
be due to the level of frailty but also to their age-related 
difference. Also, recent studies have shown that DT perfor-
mance can depend on training and assimilation [56]. It is, 
thus, important to mention that a learning effect of cognitive 
and motor tasks could have influenced the results. While 
the randomization of ST and DT tasks and the order of the 
fatigue protocols and the setting up of a learning session 
(counting backwards by three while being seated during 
2 mn) before each session were designed to limit and reduce 
this learning effect, this effect should be considered.

Conclusion

The results of this study demonstrated that the spatio-tem-
poral DTE parameters were more altered in F compared to 
NF or Y groups but that they were not significantly different 
after fatigue except for swing time and single support time. 
This study introduces the possible use of dual-task walk-
ing for a better screening of frailty, but more investigations 
should be made in the efficiency of inducing a fatigue before 
a dual-task clinical program to better distinguish frailty.
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