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Abstract: Dual-task activities are essential within everyday life, requiring visual–spatial memory 
(VSM) and mobility skills. Navigational memory is an important component of VSM needed to 
carry out everyday activities, but this is often not included in traditional tests such as the Corsi block 
tapping test (CBT). The Walking Corsi Test (WalCT) allows both VSM and navigational memory to 
be tested together, as well as allowing measures of gait to be collected, thus providing a more com-
plete understanding of dual-task function. The aim of this study was to investigate the effect of an 
increasingly complex cognitive task on gait in a healthy adult population, using the WalCT and 
body-worn inertial measurement unit (IMU) sensors. Participants completed both the CBT and 
WalCT, where they were asked to replicate increasingly complex sequences until they were no 
longer able to carry this out correctly. IMU sensors were worn on the shins throughout the WalCT 
to assess changes in gait as task complexity increased. Results showed that there were significant 
differences in several gait parameters between completing a relatively simple cognitive task and 
completing a complex task. The type of memory used also appeared to have an impact on some gait 
variables. This indicates that even within a healthy population, gait is affected by cognitive task 
complexity, which may limit function in everyday dual-task activities. 
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1. Introduction 
People require visual spatial memory skills to recall and process an object’s identity 

and spatial location as they move [1]. These skills are essential to perform activities of 
daily living (ADLs) and thus live independently [2,3]. Visual spatial memory (VSM) skills 
could be conceptualised into short-term (VSSM) and working memory components 
(VSWM)[4]. The short term allows for short retention and the immediate recall of an ob-
ject’s identity and spatial location, whereas the working component allows the use of the 
retained information for the execution of cognitive tasks, such as problem solving [4–6]. 
VSWM comprises three elements [7]: (1) the central executive, which controls and regu-
lates cognitive processes such as troubleshooting and planning, (2) a phonological loop, 
which stores verbal or acoustic information, and (3) a visual–spatial sketchpad, which 
stores visual or spatial information [8]. These three elements allow people to understand 
where they are within an environment, and where objects are in relation to themselves 
[9]. Although there is evidence that VSWM declines with age [9–11], which may impact 
an individual’s ability to live independently, there is little known about how an individ-
ual’s movements are impacted as VSWM complexity increases. 

The Corsi block tapping test (CBT) is often considered the gold-standard method of 
assessing VSSM and VSWM [4]. During the CBT, a pattern of nine blocks is placed in front 
of the participant, and they are asked to replicate a series of sequences initially tapped out 
on the blocks by a tester. Two variations are often used to assess VSSM and VSWM: (1) 
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the forward Corsi (testing VSSM), which requires the sequence to be replicated in the same 
order it was presented; (2), the backward Corsi (testing VSWM), which requires the se-
quence to be replicated in the reverse of the order it was presented in [11]. In both varia-
tions, the number of blocks increases by one for each sequence, increasing the complexity 
of the test. This increase allows for the participant’s limit to be established as they will 
reach a point where they can no longer replicate the sequence correctly., There are many 
difficulties, however, when assessing VSSM and VSWM, due to the variation in the defi-
nition and theory used to explain how each component functions [12]. A limitation of the 
CBT is that it primarily assesses memory components in the area in front of one’s body 
where objects can be physically touched also known as the frontal peri-personal space 
[13]. It does not allow visual spatial memory skills to be assessed when navigation is re-
quired [9]. The consideration of the effect of navigation is important when investigating 
ADLs as individuals are often required to navigate through the home during these activ-
ities. For example, there is a need to navigate to the kitchen to prepare food. 

To assess visual spatial memory skills during activities requiring navigation, the 
Walking Corsi Test (WalCT) was developed [9,14,15]. The WalCT follows a similar proto-
col to that of the CBT but in a vista space setting where a wider space can be viewed from 
a single location [16]. Instead of replicating the sequence by tapping blocks as in the CBT, 
the sequence is demonstrated and replicated using a pattern of squares placed on the floor 
and walking between them. Previous research has suggested that the WalCT has also been 
able to detect deficits in navigational memory, even when no deficits in other aspects of 
VSM are present [9,11,17,18]. When used together, the CBT and WalCT allow visuo–spa-
tial memory to be assessed and compared within both a peri-personal and vista space 
setting [9,11,14,15,18–22]. This provides a more comprehensive understanding of visual 
spatial memory function to be determined compared to that using the CBT in isolation. 

Previous research has investigated how visual spatial memory affects individual 
movement patterns. It is well-documented that gait patterns are negatively affected by the 
addition of a cognitive task being performed at the same time especially in older adults 
[8,23–29]. Stride length and gait speed were found to be reduced in these dual-task activ-
ities (movement + cognitive element) versus a single-task activity (movement only), while 
stride time and gait variability were observed to increase [25–27,29]. A potential explana-
tion for these differences may be that postural control is heavily influenced by visual in-
put. Visual input uses the same information processing pathway as one of the VSWM 
elements required for navigation—the visuo-spatial sketchpad [8]. This may result in 
there being insufficient cognitive resources available to cope with the increased cognitive 
load of having two concurrent tasks operating within the same pathway [24]. There has 
been little consistency, however, in the cognitive activity utilised. For example, Grabiner 
and Troy [30] used the Stroop task, to assess both the central executive and visuo-spatial 
sketchpad elements of VSWM but provided no indication of which affected performance. 
Although there were no reported differences in step width with the addition of a cognitive 
task, more errors occurred in the Stroop task during the dual-task condition compared to 
the control. In contrast, Qu [8] used three separate tests, to investigate each separate ele-
ment of VSWM (random number generation using the central executive; Brooks spatial 
memory using the visuo-spatial sketchpad; and counting Backward using the phonologi-
cal loop). This test showed that gait measures such as step time and step width variability 
increased during the dual task compared to those during the control condition, which was 
linked to a need to control postural stability by reducing anterior velocity [8]. It should 
also be noted that both studies used a treadmill instead of overground walking, which is 
also known to affect gait patterns [31]. These studies therefore may not demonstrate the 
true interaction between visual spatial memory and gait in a real-world environment. 

To investigate the effect of cognitive task complexity on gait patterns, a more appro-
priate approach would be to use a dual-task test which incorporates overground walking 
and participants with ‘healthy’ gait, such as the WalCT. Although the WalCT is a visual 
spatial memory test which utilises overground walking, it has not been utilised to 
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investigate how visual spatial memory skills impact gait patterns. This is possible since 
the complexity of the task changes with the length of the sequence. As the sequences in-
crease, the test is perceived to become more difficult as the cognitive resources required 
to maintain both walking and navigation tasks increase [32]. Although the perceived dif-
ficulty will differ between individuals based on their underlying cognitive function and 
ability, the WalCT allows the task to gradually increase in cognitive complexity to observe 
the level of failure for each individual and how this affects gait movement patterns. Ini-
tially, the WalCT can be considered to have a low cognitive load, as the sequences to be 
replicated are very short. As the length of the presented sequences increases, so does the 
cognitive load. The purpose of this study, therefore, is to investigate the effect of cognitive 
task complexity on gait patterns using a test which incorporates overground walking 
(WalCT) within a healthy population. It is hypothesised that as the cognitive load in-
creases, gait movement patterns will alter as attention shifts towards completing the cog-
nitive task. 

2. Materials and Methods 
2.1. Study Design 

This study followed a cross-sectional, within-groups design. Data was collected in 
one of the biomechanics laboratories at Nottingham Trent University between June 2021 
and May 2022. Power analysis using G-Power software showed that 36 participants were 
required to gather 80% power with α = 0.05. To account for attrition, we aimed to recruit 
~40 participants for this study. 

2.2. Participants 
A total of 43 healthy adults, 20 males (age: 30.4 ± 9.2 years; height: 1.80 ± 0.7 m; weight: 

82.3 ± 11.9 kg) and 23 females (age: 30.0 ± 8.8 years; height: 1.67 ± 0.7 m; weight: 64.8 ± 9.2 
kg), participated in this study. All participants were recruited via convenience sampling 
and had self-reported good health status, defined as the absence of any injury, illness, or 
lower limb pathologies which would affect their participation in the study. The testing 
procedures were explained to each participant prior to participation in accordance with 
Nottingham Trent University’s ethical guidelines and informed consent was obtained. 

2.3. Data Collection 
Participants were required to complete both the Corsi block tapping test and walking 

Corsi test (Figure 1). 

  
(a) (b) 

Figure 1. (a) The experimental setup and configuration of the CBT; (b) the experimental setup and 
configuration of the WalCT. 
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Prior to completing the WalCT, each participant completed a CBT conducted by an 
experienced practitioner (NC). The participant and practitioner sat at a table opposite each 
other with a CBT board consisting of nine blocks (4.5 × 9 × 4.5 cm) fixed on a baseboard 
(30 × 25 cm) arranged in a standardised scattered array (Figure 1a) placed between them 
[9,14]. Each test was initiated by the practitioner who demonstrated a pre-defined se-
quence of blocks (Appendix A) by tapping each block with one finger at a rate of one block 
per 2 seconds The participant was then asked to repeat the sequence, using one finger to 
tap each block in turn, firstly in the sequence demonstrated (forward condition) and sec-
ondly in reverse (backward condition). Two familiarisation sequences were conducted at 
the beginning of both the forward and backward conditions to ensure participants under-
stood. To increase the cognitive complexity of the CBT, the number of blocks in the se-
quence gradually increased. Each participant was given a maximum of three sequences at 
each given length, with participants progressing to the next sequence length if two se-
quences of the same length were successfully replicated. If the participant was unable to 
replicate two sequences of the same length, the CBT condition was ended. For each con-
dition, the success of each attempted sequence and block span (the maximum length of 
the sequence at which the participant was able to replicate two successfully) were rec-
orded. 

The WalCT was conducted by the same experienced practitioner (NC), and testing 
was completed in a secluded environment to prevent participants using any external land-
marks to aid the completion of the cognitive task. The participant began each test sat in a 
chair with both feet flat on the floor and knees flexed at approximately 90°, The WalCT 
board, consisting of a nine large squares (45 × 45 cm) fixed on a large mat (4.5 × 3.75 m; 
scale, 1:15 to the CBT) and arranged in the same standardised CBT scatter array, was lo-
cated in front of them (Figure 1b). Each test was initiated by the practitioner who demon-
strated a pre-defined sequence by walking between squares and pausing on each included 
square for 2 seconds before returning to the initial location (stood in front of the partici-
pant’s chair) and exiting the mat. The participant was then asked to repeat the sequence, 
by walking between the squares and pausing for approximately 1–2 seconds on the square 
which they thought was next in the sequence. Once participants felt they had replicated 
the sequence, they were asked to return to their original seated position. Participants were 
allowed to walk anywhere on the mats (including crossing over squares) but were in-
structed to face the direction they were travelling in and to not jump between the squares. 
Similarly to the CBT, participants completed sequence recollection in both the forward 
and backward conditions (Figure 2) and were provided with two familiarisation se-
quences at the start of each condition to ensure they understood. The cognitive complexity 
of the test was also increased using the same method of gradually increasing the number 
of blocks in the sequence, with the WalCT condition ending if participants could not rep-
licate two sequences out of three successfully at each length. For each condition, the suc-
cess of each attempted sequence and block span (the maximum length of the sequence at 
which the participant was able to replicate two successfully) were recorded. In addition, 
kinematic gait data were captured during the WalCT (between the practitioner leaving 
the mat and the participant returning to a seated position) using two Kinesis IMU sensors 
(Kinesis Health Technologies, Dublin, Ireland) attached anteriorly to the centre of the par-
ticipants’ tibias using a Velcro strap. 
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Figure 2. Examples of the forward and backward conditions for one sequence in the WalCT. Pink 
lines (left) are the sequence performed by the experimenter; yellow lines (right) represent the se-
quence performed by the participant. 

2.4. Data Processing 
Nine spatial and temporal parameters relating to gait were computed using the Ki-

nesis software [33] for the first three successful sequences in each condition and the last 
failed trial to investigate the effect of cognitive task complexity on gait (e.g., if a participant 
reached a block span of 6, the trials for analysis were the first two successful trials at level 
1, the first successful trial at level 2, and the last unsuccessful trial at level 7). This approach 
allowed the differences in gait to be compared between conditions with a low cognitive 
load initially (the initial successful trials) to initially identify whether or not there were 
significant differences in natural gait parameters independent of the task itself. The sub-
sequent comparison between conditions with a low cognitive load (initial successful trials) 
and high cognitive load (last failed level) allowed the effect of cognitive load on healthy 
gait to be determined. Nine parameters were determined for each test within the Kinesis 
software (QTUGTM results interpretation and guidance, version 4.1): 
• Average double support (%)—proportion of the gait cycle spent on both feet; 
• Average single support (%)—proportion of the gait cycle spent on either foot; 
• Average stance time (s)—average time between heel strike and toe-off on each foot; 
• Average step time (s)—average time between heel strike on one foot, and heel strike 

on the opposite foot; 
• Average stride time (s)—average time between successive heel strikes on the same foot; 
• Average stride velocity (cm/s)—average walking speed; 
• Average swing time (s)—average time between toe-off and heel strike of the same foot; 
• Cadence (steps/min)—average number of steps taken per minute; 
• Time to stand (s)—time taken from initiating movement to first heel strike or toe-off 

on either foot. 

2.5. Statistical Analysis 
Statistical analysis was performed using the SPSS computer package (IBM, USA) us-

ing an alpha threshold value of 0.05 to determine statistical significance. A preliminary 
ANCOVA analysis was conducted to explore the effect of the individual test level at which 
participants were no longer able to replicate two sequences of the same length correctly 
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(failure level) on the gait parameters, and the effect of gender on block span and gait pa-
rameters. No significant effects were observed between the failure level and the gait pa-
rameters; however, gender was found to be significantly related to step time during the 
forward condition. Repeated measures ANCOVA analysis was then used to compare CBT 
and WalCT results, in both the forward and backward conditions. Separate repeated 
measures ANCOVA, with Greenhouse–Geisser correction where a lack of sphericity oc-
curred, were used to explore differences in the selected gait parameters between the initial 
three successful trials (S1, S2 and S3) and the final failed trial (fail) in both the forward and 
backward conditions. Significant interactions within each ANCOVA were identified us-
ing Bonferroni post hoc comparisons, and effect sizes were calculated using Cohen’s d, 
where 0.2 = small effect, 0.5 = medium effect and 0.8 = large effect. 

3. Results 
3.1. Block Span 

Repeat measures ANCOVA analysis (Table 1) showed significant differences be-
tween the different trials (F(3,112) = 5.45, η2 = 0.117, p < 0.01). Bonferroni post hoc pairwise 
comparisons showed that there were significant differences between the forward CBT and 
forward WalCT (p < 0.001, d = 2), forward CBT and backward WalCT (p < 0.001, d = 2), 
forward WalCT and backward CBT (p < 0.001, d = 1) and between the backward CBT and 
backward WalCT (p < 0.001, d = 1). There were no significant differences between the for-
ward CBT and backward CBT or between the forward WalCT and backward WalCT. Gen-
der was also shown to have no significant interaction. These results indicate that the 
WalCT is more difficult for the participants than the CBT task. 

Table 1. Block span ANOVA results, including Bonferroni post hoc pairwise comparisons. * p < 0.05. 

Trial Condition 
(M; SD) 

(Median; IQR) ANCOVA Pairwise Comparison  

Forward CBT  Forward WalCT Backward CBT Backward WalCT 

6;1 
(6;1) 

4;1 
(4;1) 

5;1 
(5;2) 

4;1 
(4;1) 

F = 5.45; 
p < 0.01; 
η2 = 0.117 

ForwCBT > ForwWalCT * 
ForwCBT > BackWalCT *  
BackCBT > ForwWalCT * 
BackCBT > BackWalCT * 

3.2. Gait Parameters 
Repeat measures ANCOVA analyses were used to identify significant differences be-

tween trials with a low cognitive load (the first three successful trials; “S1”, “S2”, “and 
S3”) and a trial with a high cognitive load (the final unsuccessful trial; “fail”) of both the 
forward WalCT (Table 2) and backward WalCT (Table 3). There were significant differ-
ences in all variables within the forward condition except step time (Figure 3), and in all 
variables in the backward condition except single support, stance time and swing time 
(Figure 4). 
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Figure 3. Summary of the gait parameters measured during the forward WalCT task, showing the 
differences between the first three successful trials and last failed trial. * p < 0.05, ** p < 0.01, and *** 
p < 0.001. 

 

Figure 4. Summary of the gait parameters measured during the backward WalCT task, showing the 
differences between the first three successful trials and last failed trial. * p < 0.05, ** p < 0.01, and *** 
p < 0.001. 

3.2.1. Forward Condition 
There were significant differences between the high cognitive load trial and all three 

trials with a low cognitive load in double support ((F(3,118) = 8.50, η2 = 0.168, p < 0.001); 
fail vs. S1, p < 0.001, d = 0.7; fail vs. S2, p = 0.047, d = 0.5; fail vs. S3, p = 0.002, d = 0.6), and 
stride velocity ((F(3,117) = 13.38, η2= 0.242, p < 0.001]; fail vs. S1, p = 0.006, d = 0.6 ; fail vs. 
S2, p < 0.001, d = 1.0; fail vs. S3, p < 0.001, d = 0.7), and time to stand ((F(2,72) = 14.53, η2 = 
0.257, p < 0.001); fail vs. S1, p = 0.003, d = 0.9; fail vs. S2, p < 0.001, d = 1.0; fail vs. S3, p = 
0.001, d = 0.9). 

There were significant differences between the high cognitive load trial and one of 
the low cognitive load trials (S3), and between two of the low cognitive load trials (S1 
verse S3) in step time (F(3,106) = 6.52, η2 = 0.134, p < 0.001); fail vs. S3, p = 0.012, d = 0.6; S1 
vs. S3, p = 0.001, d = 0.7), swing time ((F(2,100) = 6.57, η2 = 0.135, p = 0.002); fail vs. S3, p = 
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0.013, d = 0.5; S1 vs. S3, p < 0.001, d = 0.7) and stance time ((F(2,100) = 6.57, η2 = 0.135, p = 
0.002); fail vs. S3, p = 0.013, d = 0.5; S1 vs. S3, p = 0.001, d = 0.7). 

Cadence showed significant differences ((F(3,121) = 31.96, η2 = 0.432, p < 0.001_) be-
tween multiple trials: S1 vs. S2 (p = 0.009, d = 0.5), S1 vs. S3 (p < 0.001, d = 1.1), S2 vs. S3 (p 
= 0.001, d = 0.6), S2 vs. fail (p < 0.001, d = 0.8) and S3 vs. fail (p < 0.001, d = 1.3). Stride time 
also showed significant differences (F(3,118) = 15.51, η2= 0.270, p < 0.001) across multiple 
trials: S1 vs. S2 (p = 0.013, d = 0.4), S1 vs. S3 (p < 0.001, d = 0.9), S2 vs. S3 (p = 0.002, d = 0.5) 
and S3 vs. fail (p < 0.001, d = 0.7). 

Single support showed no significant differences between any trials within the for-
ward condition. When considering gender as a covariate, step time was the only variable 
to show some significant interaction (F(3,113) = 6.27, η2 = 0.133, p < 0.001), with men 
demonstrating a significant difference between S1 and S2 (p < 0.05 d = 1.0), S1 and S3 (p < 
0.01, d = 1.2), and S1 and fail (p < 0.05, d = 0.9) whereas women only showed a difference 
between fail and S3 (p < 0.01, d = 0.5). 

3.2.2. Backward Condition 
There were significant differences between the high cognitive load trial and all three 

low cognitive load trials (fail vs. S1, S2 and S3) in double support ((F(3,103) = 22.04, η2 = 
0.361, p < 0.001); fail vs. S1, p < 0.001, d = 1.3; fail vs. S2, p < 0.001, d = 1.4; fail vs. S3, p < 
0.001, d = 1.0), stride time ((F(2,86) = 17.80, η2 = 0.313, p < 0.001); fail vs. S1, p < 0.001, d = 
1.1; fail vs. S2, p = 0.001, d = 0.8; fail vs. S3, p < 0.001, d = 0.9) and time to stand ((F(1,47) = 
18.54, η2 = 0.322, p < 0.001); fail vs. S1, p = 0.001, d = 0.9; fail vs. S2, p < 0.001, d = 0.9, fail vs. 
S3, p < 0.001, d = 0.9). 

Cadence showed significant differences (F(2,71) = 34.78, η2 = 0.471, p < 0.001) between 
multiple trials: S1 vs. S2 (p = 0.014, d = 0.4), S1 vs. fail (p < 0.001, d = 1.6), S2 vs. fail (p < 
0.001, d = 1.3), and S3 vs. fail (p < 0.001, d = 1.4). Stride velocity also showed significant 
differences [F(3,104) = 33.82, η2 = 0.464, p < 0.001] between multiple trials: S1 vs. S2 (p < 
0.001, d = 1.3), S1 vs. S3 (p = 0.011, d = 1.3), S2 vs. S3 (p < 0.001, d = 0.8), S2 vs. fail (p < 0.001, 
d = 1.8) and S3 vs. fail (p < 0.001, d = 1.0). 

Step time showed significant differences (F(3,102) = 6.28, η2 = 0.139, p < 0.001] between 
the high-cognitive-load trial , the first low-cognitive-load trial (S1: p = 0.013, d = 0.7) and 
third low-cognitive-load trial (S3: p = 0.007, d = 0.7). There were no significant differences 
between trials during the backward task in single support, stance time or swing time. 
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Table 2. Forward condition WalCT gait variable ANOVA results, including Bonferroni post hoc pairwise comparisons. * p < 0.05. 

Gait Variable 
Trial Level (M; SD) 

ANCOVA Pairwise Comparison (p-
Value) d Successful 1 (S1) Successful 2 (S2) Successful 3 (S3) Unsuccessful  

(fail) 
Forward Trials 

Average Double Support (%) 0.24; 0.07 0.26; 0.05 0.25; 0.06 0.29; 0.07 
F = 8.50 

p < 0.001 * 
η2 = .168 

S1-fail * (0.001) 0.7 
S2-fail * (0.047) 0.5 
S3-fail * (0.002) 0.6 

Average Single Support (%) 0.39; 0.04 0.40; 0.05 0.40; 0.05 0.39; 0.57 
F = 1.96 
p > 0.05 
η2 = 0.045 

- 

Average Stance Time (s) 0.57; 0.09 0.54; 0.06 0.52; 0.06 0.55; 0.06 
F = 6.57 

p = 0.002 * 
η2 = 0.135 

S1-S3 * (0.001) 0.7 
S3-fail * (0.013) 0.5 

Average Step Time (s) 0.72; 0.12 0.66; 0.09 0.65; 0.08 0.70; 0.09 
F = 6.52 

p < 0.001 * 
η2 = 0.134 

S1-S3 * (0.001) 0.7 
S3-fail * (0.012) 0.6 

Average Stride Time (s) 1.57; 0.19 1.49; 0.17 1.39; 0.21 1.53; 0.18 
F = 15.51 

p < 0.001 * 
η2 = 0.270 

S1-S2 * (0.013) 0.4 
S1-S3 * (<0.001) 0.9 
S2-S3 * (0.002) 0.5 

S3-fail * (<0.001) 0.7 

Average Stride Velocity (cm/s) 99.80; 10.09 103.20; 9.01 101.32; 12.57 93.41; 9.82 
F = 13.38 

p < 0.001 * 
η2 = 0.242 

S1-fail * (0.006) 0.6 
S2-fail * (<0.001) 1.0 
S3-fail * (<0.001) 0.7 

Average Swing Time (s) 0.57; 0.09 0.54; 0.06 0.52; 0.06 0.55; 0.06 
F = 6.57 

p < 0.002 * 
η2 = 0.135 

S1-S3 * (0.001) 0.7 
S3-fail* (0.013) 0.5 

Cadence (steps/min) 78.96; 9.45 84.01; 9.48 90.40; 11.25 75.24; 12.48 
F = 31.96 

p < 0.001 * 
η2 = 0.432 

S1-S2 * (0.009) 0.5 
S1-S3 * (<0.001) 1.1 
S2-S3 * (0.001) 0.6 

S2-fail * (<0.001) 0.8 
S3-fail * (<0.001) 1.3 
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Time Taken to Stand (s) 1.74; 0.77 1.67; 0.62 1.70; 0.77 2.73; 1.45 
F = 14.53 

p < 0.001 * 
η2 = 0.257 

S1-fail * (0.003) 0.9 
S2-fail * (<0.001) 1.0 
S3-fail * (0.001) 0.9 

Table 3. Backward condition WalCT gait variable ANOVA results, including Bonferroni post hoc pairwise comparisons. * p < 0.05. 

Gait Variable 
Trial Level (M; SD) 

ANCOVA Pairwise Comparison (p-
Value) d Successful 1 (S1) Successful 2 (S2) Successful 3 (S3) 

Unsuccessful  
(fail) 

Backward Trials 

Average Double Support (%) 0.22; 0.08 0.23; 0.05 0.24; 0.08 0.31; 0.06 
F = 22.04 

p < 0.001 * 
η2 =.361 

S1-fail * (<0.001) 1.3 
S2-fail * (<0.001) 1.4 
S3-fail * (<0.001) 1.0 

Average Single Support (%) 0.41; 0.05 0.40; 0.05 0.41; 0.06 0.39; 0.04 
F = 1.98 
p > 0.05  
η2 =.048 

- 

Average Stance Time (s) 0.54; 0.08 0.55; 0.07 0.53; 0.07 0.56; 0.06 
F = 6.57 
p > 0.05 
η2 = 0.135 

- 

Average Step Time (s) 0.65; 0.09 0.67; 0.09 0.65; 0.08 0.71; 0.09 
F = 6.28 

p < 0.001 * 
η2 = 0.139 

S1-fail * (0.013) 0.7 
S3-fail * (0.007) 0.7 

Average Stride Time (s) 1.37; 0.19 1.42; 0.18 1.37; 0.24 1.57; 0.18 
F = 17.80 

p < 0.001 * 
η2 = 0.313 

S1-fail * (<0.001) 1.1 
S2-fail * (0.001) 0.8 

S3-fail * (<0.001) 0.9 

Average Stride Velocity (cm/s) 93.82; 13.34 108.99; 10.20 100.43; 11.00 89.57; 11.51 
F = 33.82 

p < 0.001 * 
η2 = 0.464 

S1-S2 * (<0.001) 1.3 
S1-S3 * (0.011) 1.3 
S2 -S3 (<0.001) 0.8 

S2- fail * (<0.001)1.8 
S3-fail * (<0.001) 1.0 

Average Swing Time (s) 0.54; 0.08 0.55; 0.07 0.53; 0.07 0.56; 0.06 
F = 1.90 
p > 0.05 
η2 = 0.047 

- 
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Cadence (steps/min) 93.34; 11.35 88.92; 10.09 91.85; 13.34 73.47; 13.77 
F = 34.78 

p < 0.001 * 
η2 = 0.471 

S1-S2 * (0.014) 0.4 
S1-fail * (<0.001) 1.6 
S2-fail * (<0.001) 1.3 
S3-fail * (<0.001) 1.4 

Time Taken to Stand (s) 1.42; 0.48 1.33; 0.54 1.34; 0.58 2.85; 2.27 
F = 18.54 

p < 0.001 * 
η2 = 0.322 

S1-fail * (0.001) 0.9 
S2-fail * (<0.001) 0.9 
S3-fail * (<0.001) 0.9 
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4. Discussion 
This study aimed to investigate how increasing the cognitive load within the WalCT 

influences gait within a healthy adult population. In line with the hypothesis, there were 
significant differences in several gait parameters when comparing trials with low and 
high cognitive loads in both the forward and backward WalCT conditions. The specific 
failure level reached by each participant did not have any influence on the results, sug-
gesting that gait is not influenced by an individual’s proficiency but by the increasing 
perceived difficulty of the task itself. There was more variation in the gait variables within 
the forward condition, with significant difference present between at least two trials in all 
gait parameters - apart from the single support time which showed no significant differ-
ences between any trials. In contrast, the backward condition showed no significant dif-
ferences in single support, swing time or stance time. There were also fewer differences 
between the trials with a low cognitive load in the remaining variables. The effect sizes 
between the failed trial and initial successful trials were also larger in the backward trials, 
with most demonstrating a large effect size (d > 0.8). This suggests that working naviga-
tional memory may have a larger impact on gait variables than short term navigational 
memory does. In line with previous studies [9,14], significant differences in block span 
between the CBT and WalCT in both the forward and backward conditions were ob-
served, with participants performing better in the CBT compared to the WalCT. This adds 
to the theory that even if the two tasks have some common components, each test 
measures different aspects of memory [9], with the WalCT generally presenting a larger 
span than CBT does [14,15]. This may be linked to differences in the underlying processes 
related to peri- and extra-personal space [15], and individual navigational deficits which 
appear in the WalCT but are either not present or less prevalent in the CBT [17]. 

No significant interaction between the specific fail level and the gait parameters in 
either the forward or backward WalCT condition were observed. This suggests that the 
components of VSWM required for gait and navigation are linked regardless of an indi-
vidual’s memory capability. Those with a longer block span, and therefore those consid-
ered to have greater memory capability still showed significant differences in gait param-
eters. This adds to the existing theory that gait and cognitive processes are closely inter-
twined [34]. Many existing studies focusing on the relationship between VSWM and gait, 
rarely include measures outside of gait speed [34]. The utilisation of IMU sensors allowing 
a more detailed analysis of differences in gait parameters to be determined throughout a 
complex task may help to explain this connection. Changes in gait are often minimal and 
may not be detected by even a well-trained eye, instead requiring the use of a computer-
ised tool [34]. To date, marker-based motion capture systems have been used to assess gait 
changes during dual-task walking performance [8]; however, these systems are complex 
and time-consuming to use. The addition of inertial measurement unit (IMU) sensors, 
which typically comprise different microsensors such as an accelerometer and gyroscope, 
attached to the shin have been shown to detect these minimal changes without the phys-
ical constraints and high costs typically associated with laboratory-based equipment such 
as video-based motion capture and force plates [33,35]. There is potential for the WalCT 
to be conducted outside of a laboratory-based setting, and therefore IMU sensors have the 
potential to provide valuable data where other systems may not be suitable; however, this 
would need to be investigated in future work. 

Average double support and time to stand were significantly different during both 
the forward and backward WalCT tasks. In both instances, they were significantly longer 
in the failed task compared to all three successful trials. Interestingly, there was no signif-
icant difference between any of the successful trials. The increase in double support time 
suggests that as the cognitive task becomes more difficult there is a need to shift cognitive 
resources from a primary task (walking) to the secondary task (route recollection), and 
therefore locomotion is temporarily stopped. The increase in time taken to stand may also 
imply that participants were attempting to recall as much of the shown route as possible 
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before adding in the additional task of controlling locomotion. Ellmers et al. [23] suggest 
that this may be due to a shift in attention from external information related to locomotion 
and the environment to internal information relating to movement control. This is espe-
cially prevalent in older adults who tend to “stop walking when talking”, with these in-
dividuals showing a greater inclination to consciously control their movements while sim-
ultaneously showing a poorer retention of visuo-spatial information. The fact that a 
younger cohort also displayed this tendency to increase their double support time sug-
gests that it is a useful strategy to aid in the completion of a difficult cognitive task, re-
gardless of age-related factors. It would be interesting, however, to compare the results of 
the younger group used in this study to those of an older cohort to investigate whether or 
not this strategy occurs sooner in older adults. 

When comparing gait parameters, it can be difficult to differentiate natural variation 
in gait from those variations caused by the task. In this study (Tables 2 and 3), there were 
significant differences in most parameters between at least two trials. The key differences, 
however, were mostly between the trial with a high cognitive load and trials with a low 
cognitive load. Previous studies have suggested that as a cognitive task within a dual-task 
activity is perceived as more complex, the attention shifts away from walking, as it is con-
sidered an autonomous activity [24]. In a younger population, such as the one used in this 
study, this shift is perhaps not as difficult to cope with; however, cognitive ability is 
known to decline with age [36]. Goal-oriented locomotion, such as that required to com-
plete most ADLs, requires cognitively demanding processes [37]. Alongside the cognitive 
decline adults may experience as they age [36], age-related cognitive impairments could 
influence individuals’ motor skills [38,39]. A study by Oliveira et al. [40] indicated that 
older adults show reduced motor performance during a complex cognitive task compared 
to that of young adults. Ageing is also linked to a decline in walking ability, and an in-
crease in issues such as a fear of falling may mean that more attention is needed to control 
gait in everyday life causing a worsening of their locomotion [41], regardless of the pres-
ence of an additional cognitive task. The population used within this study aimed to un-
derstand some of these differences in gait as cognitive complexity increased without the 
possible influence of age-related decline in either physical or cognitive ability; this should 
be a focus of future work. 

During ADL assessments, the physical and cognitive elements of an activity are often 
tested separately [2], with the dual-task nature of the activities in question being largely 
ignored. To carry out activities such as cooking for example, an individual needs to be 
able to complete a series of complex activities including controlling their body position, 
manoeuvring around a kitchen, and keeping track of the sequence of events needed to 
create a meal. This study highlights that, even in a younger cohort, movements slow down 
as cognitive load increases. In older adults, this increase in cognitive load has been linked 
to reduced performance during dual-task activities [40] and an increased fall risk in indi-
viduals with cognitive impairment [42]. Deficits in executive functioning, which include 
VSWM, have also been linked to the early stages of Alzheimer’s disease [43]. Future stud-
ies should focus on understanding how the WalCT combined with wearable sensors to 
assess gait can be used with an older cohort, to highlight how potential age-related issues 
may influence performance. 

There are a few notable limitations within this study. Firstly, the WalCT is still a lab-
based study and therefore may not relate fully to an individual’s living situation. Addi-
tional environmental cues which exist in a standard living environment may assist per-
formance; however, this has yet to be studied. Secondly, the population used within this 
study comprised healthy adults who typically would not be expected to display any issues 
with gait or the types of memory being tested. To fully understand this connection, a 
wider range of participants should be used; e.g., one including older adults, or those with 
physical/cognitive impairments. 
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5. Conclusions 
In conclusion, this study has shown that there are significant differences in several 

gait variables when the cognitive aspect of a dual-task activity becomes too complex. 
There also appears to be differences in the type of memory being used to complete a given 
task—whether the short-term or working memory component was utilised led to differ-
ences in some gait variables. Overall, movements were slowed when cognitive load in-
creased, even within a young and healthy population. It is possible that these changes in 
movement will be greater in an older adult population, which may have further conse-
quences for activities of daily living, and subsequently the ability to live independently. 
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Appendix A 

 
Figure A1. CBT/WalCT sequence list. 

References 
1. McAfoose, J.; Baune, B.T. Exploring Visual–Spatial Working Memory: A Critical Review of Concepts and Models. Neuropsychol. 

Rev. 2009, 19, 130–142. https://doi.org/10.1007/s11065-008-9063-0. 
2. Camp, N.; Lewis, M.; Hunter, K.; Johnston, J.; Zecca, M.; Di Nuovo, A.; Magistro, D. Technology Used to Recognize Activities 

of Daily Living in Community-Dwelling Older Adults. Int. J. Environ. Res. Public. Health 2021, 18, 163. 
https://doi.org/10.3390/ijerph18010163. 



Brain Sci. 2023, 13, 1019 16 of 17 
 

3. Camp, N.; Johnston, J.; Lewis, M.G.C.; Zecca, M.; Nuovo, A.D.; Hunter, K.; Magistro, D. Perceptions of In-Home Monitoring 
Technology for Activities of Daily Living: Semistructured Interview Study with Community-Dwelling Older Adults. JMIR Ag-
ing 2022, 5, e33714. https://doi.org/10.2196/33714. 

4. Wang, L.; Carr, M. Working Memory and Strategy Use Contribute to Gender Differences in Spatial Ability. Educ. Psychol. 2014, 
49, 261–282. https://doi.org/10.1080/00461520.2014.960568. 

5. Cowan, N. Working Memory Underpins Cognitive Development, Learning, and Education. Educ. Psychol. Rev. 2014, 26, 197–
223. https://doi.org/10.1007/s10648-013-9246-y. 

6. Li, S.-C. Aging Mind: Facets and Levels of Analysis. In International Encyclopedia of the Social and Behavioral Sciences; Elsevier 
Science: Amsterdam, The Netherlands, 2001; pp. 310–317. 

7. Baddeley, A. Working Memory. Science 1992, 255, 556–559. https://doi.org/10.1126/science.1736359. 
8. Qu, X. Age-Related Cognitive Task Effects on Gait Characteristics: Do Different Working Memory Components Make a Differ-

ence? J. NeuroEng. Rehabil. 2014, 11, 149. https://doi.org/10.1186/1743-0003-11-149. 
9. Piccardi, L.; Bianchini, F.; Argento, O.; De Nigris, A.; Maialetti, A.; Palermo, L.; Guariglia, C. The Walking Corsi Test (WalCT): 

Standardization of the Topographical Memory Test in an Italian Population. Neurol. Sci. 2013, 34, 971–978. 
10. Borella, E.; Carretti, B.; De Beni, R. Working Memory and Inhibition across the Adult Life-Span. Acta Psychol. 2008, 128, 33–44. 

https://doi.org/10.1016/j.actpsy.2007.09.008. 
11. Carbone, E.; Meneghetti, C.; Mammarella, I.C.; Borella, E. Using the Walking Corsi Test to Explain Age-Related Differences 

between Young and Older Adults’ Rotation Performance. Neuropsychol. Rehabil. 2021, 31, 1028–1047. 
https://doi.org/10.1080/09602011.2020.1760110. 

12. Voyer, D.; Voyer, S.D.; Saint-Aubin, J. Sex Differences in Visual-Spatial Working Memory: A Meta-Analysis. Psychon. Bull. Rev. 
2017, 24, 307–334. https://doi.org/10.3758/s13423-016-1085-7. 

13. Matsuda, Y.; Sugimoto, M.; Inami, M.; Kitazaki, M. Peripersonal Space in the Front, Rear, Left and Right Directions for Audio-
Tactile Multisensory Integration. Sci. Rep. 2021, 11, 11303. https://doi.org/10.1038/s41598-021-90784-5. 

14. Piccardi, L.; Iaria, G.; Ricci, M.; Bianchini, F.; Zompanti, L.; Guariglia, C. Walking in the Corsi Test: Which Type of Memory Do 
You Need? Neurosci. Lett. 2008, 432, 127–131. 

15. Piccardi, L.; Palermo, L.; Leonzi, M.; Risetti, M.; Zompanti, L.; D’Amico, S.; Guariglia, C. The Walking Corsi Test (WalCT): A 
Normative Study of Topographical Working Memory in a Sample of 4- to 11-Year-Olds. Clin. Neuropsychol. 2014, 28, 84–96. 

16. Montello, D.R. Scale and Multiple Psychologies of Space. In Spatial Information Theory a Theoretical Basis for GIS; Lecture Notes 
in Computer Science; Frank, A.U., Campari, I., Eds.; Springer: Berlin/Heidelberg, Germany, 1993; pp. 312–321. 
https://doi.org/10.1007/3-540-57207-4_21. 

17. Bianchini, F.; Di Vita, A.; Palermo, L.; Piccardi, L.; Blundo, C.; Guariglia, C. A Selective Egocentric Topographical Working 
Memory Deficit in the Early Stages of Alzheimer’s Disease: A Preliminary Study. Am. J. Alzheimers Dis. Dement. 2014, 29, 749–
754. https://doi.org/10.1177/1533317514536597. 

18. Boccia, M.; Vecchione, F.; Di Vita, A.; D’Amico, S.; Guariglia, C.; Piccardi, L. Effect of Cognitive Style on Topographical Learning 
Across Life Span: Insights from Normal Development. Child Dev. 2019, 90, 462–470. https://doi.org/10.1111/cdev.13184. 

19. Palmiero, M.; Nori, R.; Rogolino, C.; D’Amico, S.; Piccardi, L. Situated Navigational Working Memory: The Role of Positive 
Mood. Cogn. Process. 2015, 16, 327–330. https://doi.org/10.1007/s10339-015-0670-4. 

20. Palmiero, M.; Piccardi, L. The Role of Emotional Landmarks on Topographical Memory. Front. Psychol. 2017, 8, 763. 
21. Verde, P.; Piccardi, L.; Bianchini, F.; Guariglia, C.; Carrozzo, P.; Morgagni, F.; Boccia, M.; Di Fiore, G.; Tomao, E. Gender 

Differences in Navigational Memory: Pilots vs. Nonpilots. Aerosp. Med. Hum. Perform. 2015, 86, 103–111. 
https://doi.org/10.3357/AMHP.4024.2015. 

22. Piccardi, L.; D’Antuono, G.; Marin, D.; Boccia, M.; Ciurli, P.; Incoccia, C.; Antonucci, G.; Verde, P.; Guariglia, C. New Evidence 
for Gender Differences in Performing the Corsi Test but Not the Digit Span: Data from 208 Individuals. Psychol. Stud. 2019, 64, 
411–419. 

23. Ellmers, T.J.; Cocks, A.J.; Doumas, M.; Williams, A.M.; Young, W.R. Gazing into Thin Air: The Dual-Task Costs of Movement 
Planning and Execution during Adaptive Gait. PLoS ONE 2016, 11, e0166063. https://doi.org/10.1371/journal.pone.0166063. 

24. Stöckel, T.; Mau-Moeller, A. Cognitive Control Processes Associated with Successful Gait Performance in Dual-Task Walking 
in Healthy Young Adults. Psychol. Res. 2020, 84, 1766–1776. https://doi.org/10.1007/s00426-019-01184-4. 

25. Beurskens, R.; Steinberg, F.; Antoniewicz, F.; Wolff, W.; Granacher, U. Neural Correlates of Dual-Task Walking: Effects of Cog-
nitive versus Motor Interference in Young Adults. Neural Plast. 2016, 2016, e8032180. https://doi.org/10.1155/2016/8032180. 

26. Kelly, V.E.; Janke, A.A.; Shumway-Cook, A. Effects of Instructed Focus and Task Difficulty on Concurrent Walking and Cogni-
tive Task Performance in Healthy Young Adults. Exp. Brain Res. 2010, 207, 65–73. https://doi.org/10.1007/s00221-010-2429-6. 

27. Amboni, M.; Barone, P.; Hausdorff, J.M. Cognitive Contributions to Gait and Falls: Evidence and Implications. Mov. Disord. 
2013, 28, 1520–1533. https://doi.org/10.1002/mds.25674. 

28. Morris, R.; Lord, S.; Bunce, J.; Burn, D.; Rochester, L. Gait and Cognition: Mapping the Global and Discrete Relationships in 
Ageing and Neurodegenerative Disease. Neurosci. Biobehav. Rev. 2016, 64, 326–345. https://doi.org/10.1016/j.neubio-
rev.2016.02.012. 

29. Yogev-Seligmann, G.; Hausdorff, J.M.; Giladi, N. The Role of Executive Function and Attention in Gait. Mov. Disord. 2008, 23, 
329–342. https://doi.org/10.1002/mds.21720. 



Brain Sci. 2023, 13, 1019 17 of 17 
 

30. Grabiner, M.D.; Troy, K.L. Attention Demanding Tasks during Treadmill Walking Reduce Step Width Variability in Young 
Adults. J. NeuroEng. Rehabil. 2005, 2, 25. https://doi.org/10.1186/1743-0003-2-25. 

31. Shi, L.; Duan, F.; Yang, Y.; Sun, Z. The Effect of Treadmill Walking on Gait and Upper Trunk through Linear and Nonlinear 
Analysis Methods. Sensors 2019, 19, 2204. https://doi.org/10.3390/s19092204. 

32. Beckmann, J.F.; Birney, D.P.; Goode, N. Beyond Psychometrics: The Difference between Difficult Problem Solving and Complex 
Problem Solving. Front. Psychol. 2017, 8, 1739–1739. 

33. Smith, E.; Walsh, L.; Doyle, J.; Greene, B.; Blake, C. The Reliability of the Quantitative Timed up and Go Test (QTUG) Measured 
over Five Consecutive Days under Single and Dual-Task Conditions in Community Dwelling Older Adults. Gait Posture 2016, 
43, 239–244. https://doi.org/10.1016/j.gaitpost.2015.10.004. 

34. Savica, R.; Wennberg, A.M.V.; Hagen, C.; Edwards, K.; Roberts, R.O.; Hollman, J.H.; Knopman, D.S.; Boeve, B.F.; Machulda, 
M.M.; Petersen, R.C.; et al. Comparison of Gait Parameters for Predicting Cognitive Decline: The Mayo Clinic Study of Aging. 
J. Alzheimers Dis. 2017, 55, 559–567. https://doi.org/10.3233/JAD-160697. 

35. Arlotti, J.S.; Carroll, W.O.; Afifi, Y.; Talegaonkar, P.; Albuquerque, L.; Burch, R.; Ball, J.E.; Chander, H.; Petway, A. Benefits of 
IMU-Based Wearables in Sports Medicine: Narrative Review. Int. J. Kinesiol. Sports Sci. 2022, 10, 36–43. 
https://doi.org/10.7575/aiac.ijkss.v.10n.1p.36. 

36. Murman, D.L. The Impact of Age on Cognition. Semin. Hear. 2015, 36, 111–121. https://doi.org/10.1055/s-0035-1555115. 
37. Schott, N.; El-Rajab, I.; Klotzbier, T. Cognitive-Motor Interference during Fine and Gross Motor Tasks in Children with Devel-

opmental Coordination Disorder (DCD). Res. Dev. Disabil. 2016, 57, 136–148. https://doi.org/10.1016/j.ridd.2016.07.003. 
38. Klotzbier, T.J.; Schott, N. Cognitive-Motor Interference during Walking in Older Adults with Probable Mild Cognitive Impair-

ment. Front. Aging Neurosci. 2017, 9, 350. 
39. Zhang, C.; Sun, W.; Song, Q.; Gu, H.; Mao, D. Performance of Older Adults under Dual Task during Stair Descent. J. Exerc. Sci. 

Fit. 2018, 16, 99–105. https://doi.org/10.1016/j.jesf.2018.09.001. 
40. Oliveira, A.S.; Reiche, M.S.; Vinescu, C.I.; Thisted, S.A.H.; Hedberg, C.; Castro, M.N.; Jørgensen, M.G. The Cognitive Complexity 

of Concurrent Cognitive-Motor Tasks Reveals Age-Related Deficits in Motor Performance. Sci. Rep. 2018, 8, 6094. 
https://doi.org/10.1038/s41598-018-24346-7. 

41. Bueno, G.A.S.; Gervásio, F.M.; Ribeiro, D.M.; Martins, A.C.; Lemos, T.V.; de Menezes, R.L. Fear of Falling Contributing to Cau-
tious Gait Pattern in Women Exposed to a Fictional Disturbing Factor: A Non-Randomized Clinical Trial. Front. Neurol. 2019, 
10, 283. 

42. Racey, M.; Markle-Reid, M.; Fitzpatrick-Lewis, D.; Ali, M.U.; Gagne, H.; Hunter, S.; Ploeg, J.; Sztramko, R.; Harrison, L.; Lewis, 
R.; et al. Fall Prevention in Community-Dwelling Adults with Mild to Moderate Cognitive Impairment: A Systematic Review 
and Meta-Analysis. BMC Geriatr. 2021, 21, 689. https://doi.org/10.1186/s12877-021-02641-9. 

43. Persad, C.C.; Jones, J.L.; Ashton-Miller, J.A.; Alexander, N.B.; Giordani, B. Executive Function and Gait in Older Adults with 
Cognitive Impairment. J. Gerontol. Ser. A 2008, 63, 1350–1355. https://doi.org/10.1093/gerona/63.12.1350. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


