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Abstract 
Background Dual-task paradigms are used to investigate gait and cognitive declines in older 
adults (OA). Optic-flow is a vir- tual reality environment where the scene flows past the subject 
while walking on a treadmill, mimicking real-life locomotion.  
Aims To investigate cost of environment (no optic-flow v. optic-flow) while completing single- 
and dual-task walking and dual-task costs (DTC; single- v. dual-task) in optic-flow and no 
optic-flow environments. 
Methods Twenty OA and seven younger adults (YA) walked on a self-paced treadmill in 3-
min segments per task and both environments. Five task conditions included: no task, 
semantic fluency (category), phonemic fluency (letters), word reading, and serial-subtraction. 
Results OAs had a benefit of optic-flow compared to no optic-flow for step width (p = 0.015) 
and step length (p = 0.045) during letters compared to the YA. During letters, OA 
experienced improvement in step width DTC; whereas YA had a decrement in step width 
DTC from no optic-flow to optic-flow (p = 0.038). During serial-subtraction, OA had less step 
width DTC when compared to YA in both environments (p = 0.02). 
Discussion During letters, step width and step length improved in OA while walking in optic-
flow. Also, step width DTC differed between the two groups. Sensory information from optic-
flow appears to benefit OA. Letters relies more on verbal ability and word knowledge, which 
are preserved in aging. However, YA use a complex speech style during dual tasking, 
searching for complex words and an increased speed of speech. 
Conclusions OA can benefit from optic-flow by improving spatial gait parameters, specifically, 
step width, during dual-task walking. 
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Introduction 

In 2014, 28.7% of older adults aged 65 years and older reported a fall, totaling 29 million reported 
falls resulting in 7 million fall injuries [1]. Declines in cognitive functioning associated 

 
 

with aging have been linked to falls and fall risk [2]. Along with cognitive deficits, some older 
adults have sensory and visual deficits compared to young adults [3], further contributing to fall 
risk. Using dual task protocols, where subjects are asked to walk and perform a concurrent 
cognitive task, performance of both domains can be measured. Compared to young adults, 
older adults’ gait is more affected by dual task paradigms [4, 5], potentially due to a deficit in 
attention allocation, gait requiring additional attentional resources, and/or a decline in cognitive 
functioning. Additionally, older adults demonstrate greater dual task costs (DTC) than young 
adults [6]. DTC, sometimes referred to as dual task interference, is the relative change in 
performance (usually a cost) associated with the addition of a secondary task. As adults 
progress through life, DTC increases for both cognitive and gait domains [7]. DTC can 
distinguish between healthy older adults and those with impaired cognitive function [8]. 

Because many dual task studies have been conducted in a laboratory on a treadmill, the lack 
of ecologically valid sensory inputs may impact DTC. Few dual task protocols have used optic 
flow (OF), which is a type of virtual reality. OF is the appearance of objects moving past the 
subject as they walk, providing important information about the speed and direction of motion 
[9]. This happens naturally during overground walking or is artificially created in an OF 
environment while stationary, i.e., on a treadmill. Enhancing ecological validity to apply results 
outside the laboratory setting is one reason OF environments have been used. Participants have 
subjectively rated walking with OF to be more like walking overground compared to walking on 
a treadmill without OF [10]. Other studies have used OF as a rehabilitation tool, which has 
been shown decrease falls and fear of falling post training [11, 12]. To our knowledge, it is not 
known if the presence of OF will have an effect on gait performance while dual tasking. 

The cost of environment (COE), a measure created for this study, quantifies the change in 
performance of dual tasking between different environments [i.e., OF or no optic flow (NOF)]. 
Similar to DTC, COE quantifies the benefit or cost of the OF environment. Walking and/or 
cognitive domain performance can be measured depending on the research question. COE is 
important to measure in dual task studies incorporating OF to investigate whether the use of OF 
is helpful to dual task performance. Older adults are thought to have sensory deficits not 
present in young adults, due to age-related physical and cognitive changes [3]. These deficits 
could be ameliorated with the addition of an OF environment, thus enhancing performance of 
walking with or without dual task. 

The first aim of this study was to compare COE differences in spatial gait performance 
between healthy young and healthy older adults during single and dual task conditions. It was 
hypothesized that older adults would have a greater benefit from the OF environment while 
young adults’ performance would not change due to OF. The second aim of the study was to 
compare the DTC for four dual tasks presented (category and letter fluency, word reading, and 
serial subtraction) between the healthy young and healthy older adults in each of the 
environments, OF and NOF. It was hypothesized that the older adults would have greater 
DTC while walking in both environments when compared to the young adults for all cognitive 



 

 

tasks. 
 
 

Methods 

Demographics 
 

Twenty healthy, older adults aged 71.05 ± 4.90 years (range 65–80 years; 14 females) and 
seven healthy, young adults aged 22.85 ± 1.46 years (range 21–25 years; 4 females) took 
part in this study (Table 1). Older adult subjects were recruited through senior wellness 
centers in the community and were included if they were older than 65 years, living 
independently in the community, and able to walk for at least 60 m without an assistive 
device. Young adults were included if they were between the ages of 19 and 35 years and 
were recruited through word-of-mouth. Exclusion criteria for all subjects included: native 
speaker of any language other than English, diagnosis of any cardiac, pulmonary, 
neurological, musculoskeletal, or neuromuscular diseases. Additional exclusion criteria 
included taking any medications for depression that made them dizzy, interfered with 
cognition, or made them otherwise unable to participate in this study. All subjects had normal 
or corrected vision and hearing. All procedures were approved by the University Institutional 
Review Board and subjects were consented prior to study participation. 
 

 
 
Protocol 



 

 

 
The protocol consisted of three visits. During the first visit, all subjects completed a medical 
background questionnaire, a hearing test using an audiometer, and the Snellen eye exam. 
Older adults completed the following additional screening tests during the first visit: a hand 
grip strength test using a dynamometer with each hand three times; cognitive assessments; 
and balance assessments (Table 1). The cognitive assessments for the older adults included 
the following: the vocabulary, digit symbol, and forward and backward digit span of the 
Wechsler adult intelligence scale-revised [13]; the Schaie-Thurstone Adult Mental Abilities 
Test Form Older Adults which included object and figure rotation and letter and word series 
[14]; the Montreal Cognitive Assessment version 7.1 original version [15]; and Trail Making 
Test: Parts A and B [16]. Balance was assessed by the Timed Up and Go test [17] and the 
Fullerton advanced balance scale [18]. 

After screening, subjects completed four single cognitive tasks during visit 1 (single task 
condition): category and letter fluencies; word reading; and serial subtraction by 3’s while 
seated. Details of these tasks are provided below. During the first visit, all the single tasks 
except for serial subtractions were presented using E-Prime 2.0 software (Psychology 
Software Tools, Pittsburgh, PA) on a 12-inch laptop. The serial subtraction task was given 
verbally by the test administrator. Tasks were presented randomly. 

During visits 2 and 3 (dual task conditions), subjects were provided a form-fitting suit (i.e., 
wrestling singlet) that allowed the researchers to place retro-reflective markers in a modified 
Helen Hayes configuration. Subjects were asked to walk on a self-paced treadmill (Bertec 
Corp., Columbus, OH). The self-paced treadmill automatically adjusted to the subject’s speed 
via real-time feedback [19]. A 5-min adaptation period to the treadmill was provided before 
starting any experimental trials. Subjects were considered adapted if they showed no 
problems (e.g., stutter-stepping, unintentional stopping or slowing) while walking on the 
treadmill. Using a self-paced treadmill allowed subjects to make adjustments in gait speed 
while dual tasking instead of being constrained to one speed as with traditional treadmills. 
Once adapted, subjects were asked to perform the same cognitive tasks as in visit 1. In 
addition, a walking-only, baseline trial was randomized within the dual task conditions. The 
environment was manipulated by using NOF or an OF environment. OF was present as an 
endless hallway scene that was flowing past the subject on the screen; during NOF subjects 
encountered a static hallway image (Fig. 1). In OF, the speed of the flow was the same as the 
speed of the treadmill. Environments were randomized between visit 2 and 3. 

For all gait trials, gait data were collected using an eight- camera motion analysis system 
(100 Hz; Vicon, Oxford, United Kingdom). Only older adults were required to wear a safety 
harness to prevent falls (Solo-Step, Inc., North Sioux City, SD, USA). Baseline and all four 
dual task conditions were presented in a randomized order and no instructions regarding 
prioritization of either walking or cognitive performance were given. Cognitive tasks were 
administered on a 180° immersive virtual reality screen via D-flow software (Motek Medical, 
Amsterdam) (Fig. 1). For all trials, subjects wore headphones equipped with a microphone to 
record their responses. Each walking trial was performed for 3 min. A minimum 2-min rest 
was provided between trials to prevent fatigue. 

 
Cognitive task descriptions 

 
Category fluency task 



 

 

 
During the category fluency task, subjects were given a category and instructed to name as 
many words as possible that belong to said category. They had 1 min for each category and 
performed this for three different categories, for a total of 3 min, in each visit. Categories were 
selected [20, 21] and grouped so that each grouping contained an easy, medium, and hard 
category as determined by the researchers. They were instructed not to repeat words, use 
synonyms, and/or proper nouns. Category groupings were randomized between visits. See 
Appendix A for a list of categories used. 

 
Letter fluency task 

 
During the letter fluency task, subjects were given a letter and instructed to name as many 
words as possible that start with that letter. They had one minute for each letter and 
performed this for three different letters, for a total of 3 min, in each visit. Letters were 
grouped by difficulty so that each grouping contained two letters that were considered easy 
and one letter that was considered moderate [22, 23]. They were instructed not to repeat 
words, use synonyms, and/or proper nouns. Letter groupings were randomized between 
visits. See Appendix A for list of letters used. 

 
Word reading 

 
For the reading task, a word was presented on the screen and subjects were instructed to 
read the word as fast and accurately as they could. There were 30 different words in each 
session for the total 3 min. The words were chosen so that each of the word groupings used 
contained the same number of words that had the same frequency, length, and difficulty. 
Words were gathered from the North American Adult Reading Test [24] and The English 
Lexicon Project [25]. Word groupings were randomized between visits. A list of all words in 
each grouping can be found in Appen- dix A. 



 

 

Fig. 1 Experimental setup: a equipment and 180° 
virtual reality screen; b subject performing the serial subtraction task with optic flow 
 

Serial subtraction 
 

Subjects were given a three-digit number and told to subtract by three from this number 
continuously for one minute. At the end of the minute, subjects were immediately given a 
new three-digit number. They did this a total of three times, one minute each, for a total of 3 
min. Starting numbers were chosen so that each number had a different starting subtraction 
pattern. In the single-task session, the test administrator verbally gave the subject the 3-digit 
number to subtract from, three times, for a total of 3 min during their first visit. During their 
second and third visits, the numbers were displayed on the virtual reality screen. See 
Appendix A for all numbers used. 

 
Data Processing and Analysis 

 
Walking trials during dual tasks were trimmed to ensure only time spent performing the dual 
task was analyzed. Baseline walking trials were trimmed to ensure data lengths were similar 
to dual task waking trials. Right and left step length and step width were quantified through 
custom MATLAB script (MathWorks, Inc., Natick, MA). Step length was calculated as the 
anterior-posterior distance from the heel strike of the right foot to the subsequent heel strike of 
the left foot and vice versa. Step width was calculated as the medial–lateral distance between 
the heel strike of the right foot to the subsequent heel strike of the left foot and vice versa. All 
consecutive right and left steps for step length and step width were used (N = 200). Data were 
checked for spikes or outliers greater than three standard deviations and replaced with a 
cubic spline algorithm. The mean and standard deviation of all step lengths and step widths 
were calculated for each trial (Table 2). 



 

 

 

 
 
 

Cost of environment and dual task cost equations 
 

The COE was calculated using Eq. 1. This was done for both step length and step width for 
each of the conditions between the two environments (baseline, categories, letters, reading, 
and serial subtraction). 

COE = ((Optic Flow − No Optic Flow)∕No Optic Flow)× 100. 
The DTC was calculated using Eq. 2 for both step length and step width for each of the four 

cognitive tasks. 
DTC = ((Dual Task − Single Task)∕Single Task)× 100. 
Equations were chosen so that a positive COE or DTC value would indicate a benefit and 

a negative COE or DTC value would indicate a cost. For variables in which a higher score 
was deemed as a poor outcome (i.e. step width), a negative was inserted at the beginning of 
the equation. This is done so that the benefits/costs for each variable could be compared. 

 
Statistical analysis 

 
Data were checked for normality. Independent t-tests were used to compare the COE 
between healthy young and older adults for each cognitive task and the baseline condition. 
Cohen’s d effect sizes were calculated for the t-tests. An effect size was considered small for 
values between 0.2 ≤ d < 0.5, medium for 0.5 ≤ d < 0.8, and large for d ≥ 0.8. A 2 × 2 
repeated measures ANOVA (group × environment) was used to compare the differences 
between the healthy young and older adults’ DTC for each cognitive task between the OF and 
NOF environments. Effect size (partial η2) were calculated. A partial η2 effect size was 
considered small for values between 0.01 ≤ η2 < 0.06, medium for 0.06 ≤ η2 < 0.14, and large 



 

 

for η2 ≥ 0.14. Data were analyzed with IBM SPSS Statistics for Windows (Version 23.0). 
Statistical significance was set at α = 0.05. 

 
Results 

The COE was significantly beneficial (a positive COE value) in older adults for step width (p = 
0.015; d = 1.28) and step length (p = 0.045; d = 0.83) when performing the letter fluency task 
as compared to healthy, young adults, not assuming equal variance between groups (Fig. 2). 
No other significant findings were found for COE. See supplemental figures for plots of each 
subject’s data. 

A significant interaction between environment and group was found for DTC of step width 
while performing the letter fluency task (p = 0.038; η2 = 0.17) (Fig. 3). The older adults 
demonstrated improvement (less cost), whereas the young adults demonstrated increased 
cost, from NOF to OF while performing the letter fluency task. Although the interaction was 
significant, the main effect of optic flow (p = 0.53) and group (p = 0.40) was not. Young adults 
had a greater DTC for step width as compared to older adults when performing serial 
subtractions in both environments (p = 0.02; η2 = 0.22). No main effect of environment was 
found for the cost of step width during serial subtraction. Additionally, no significant effect of 
environment nor group was found for step width DTC during categories or reading. There was 
no significant effect of environment nor group for step length DTC for any of the cognitive 
tasks. 

 
 

 



 

 

 

 
 
 

 
 



 

 

 
 

Discussion 

Cost of Environment 
 

The primary aim of this study was to investigate the COE for step length and step width 
between healthy older and young adults during single and dual tasking. Older adults have 
multisensory deficits and, therefore, it was hypothesized that older adults would have a 
greater benefit from the OF environment, while young adults’ performance would not change 
due to OF. The results partially support this hypothesis, step width and step length improved 
(became narrower and longer, respectively) in older adults while walking in OF, but only for 
the letter fluency task. A wider step width has been associated with cerebellar disorders [26], 
falls [27], and fear of falling [28]. Furthermore, longer strides, which are related to longer step 
lengths, are protective against a meaningful cognitive decline associated with walking speed, 
an indicator of gait health [29]. 

Information received from the environment via the visual- sensory system provides 
information and feedback regarding movements in space, and from this, necessary corrections 
to gait patterns can be made. Older adults may benefit from the additional sensory information 
OF provides due to their age- related visual and cognitive deficits. When walking over- 
ground, OF is generated naturally as we move through the environment and contributes to 



 

 

self-motion [30], obstacle avoidance [31], and navigation [32]. Thus, in the absence of optic 
flow, one would be missing this information, causing more cognitive resource allocation to 
determine where they were in space. The older adults in our study appear to have used this 
information while performing the letter fluency task to improve their step width and length 
while walking. 

The fact that these parameters were improved for the older adults in the OF environment 
only for the letter fluency task may allude to the nature of the cognitive task performed while 
walking. The letter fluency task has been associated with the frontal lobes of the brain [33], 
which in turn, is associated with executive function. Many cognitive processes, including 
allocating attentional resources, inhibition of relative information (providing the words that start 
with the correct letter and inhibiting those that do not), encoding and retrieval, problem 
solving, decision making, and other goal-directed activities are vital activities included under 
the umbrella of executive function [3]. Additionally, executive function is important in novel 
tasks for which habitual processes are not already available [3]. Success in the letter fluency 
task is thought to be well maintained in older adults as it relies more heavily on verbal ability 
and word knowledge, both of which are preserved in aging [34]. Although accessing 
information may be slower in older adults, their knowledge is believed to remain unchanged 
and seems to exceed that of young adults [35]. 

 
Dual task cost 

 
The second aim of this study was to investigate the DTC of step length and step width 
between the healthy older and young adults during each of the dual tasks while walking in 
NOF and OF. It was hypothesized that the older adults would have a greater cost (larger 
negative values) in both environments when compared to the young adults. Findings from 
this study do not support this hypothesis. Younger adults, as compared to older adults, 
experienced a greater cost of step width (i.e., a wider step width) while performing the letter 
fluency task in OF and when performing the serial subtraction task in both NOF and OF. 
Opposite of what was found in young adults, older adults experienced a benefit in step width 
while performing the letter fluency task in both environments. 

Verbal ability and word knowledge are crucial to the successful completion of the letter 
fluency task. According to Vaportzis et al., complexity and difficulty of dual tasks causes 
different mental operations in young and older adults [36]. Cost of speech production indicates 
young adults try to use a more complex speech style during dual tasking, increasing word 
frequency and sentence length [37]. Searching for more complex words and the increased 
speed of speech could be a potential reason for the increasing step width cost that occurred 
during the letter fluency task in young adults. 

Furthermore, young adults had a greater DTC for step width when performing serial 
subtractions in both environments. Fedorenko et al. reported that an arithmetic- processing 
task was more difficult than spatial integration processes because of shared working memory 
resources with language processing or because of attention-switching costs [38]. Although 
more impairment was reported with the tasks requiring working memory or attention 
switching in older adults [35], extended mental arithmetic practice in older adults in 
comparison with their young counterparts can reduce the deficits of divided attention and 
attention switching. With today’s technologies, young adults do not have to perform simple 
mental math frequently, as most older adults have done their whole lives. More practice is 



 

 

reported to be effective in reducing attention demands during dual task [39]. 
Why did the reading and category tasks show no significant differences between the 

groups? Task difficulty can affect dual task performance, yet task difficulty is challenging to 
define. In general, a difficult task is one that is new, unpracticed, and involves multiple 
processes, rapidly changing sensory input, and an inconsistent or illogical mapping between 
stimuli and the appropriate responses between them [40]. Regarding the reading task, this is 
not new to either older adults or young adults as they have been reading for most of their 
lives. In fact, practice makes tasks easier by themselves and easier to combine with other 
tasks [40], as is the case in our study with walking and word reading. Category fluency is also 
not particularly novel. People often group items into categories, whether it be what items to 
get at the grocery store (i.e., isle by isle, diary, fruits & vegetables) or where things belong 
(i.e., locations of things in the kitchen, bathroom, etc.). Thus, the commonality of categorizing 
everyday things is a plausible reason as to why this condition did not show any differences. 
Further, each of the cognitive tasks measures a different type of cognitive ability. With verbal 
fluency, this type of task is vulnerable to age-related declines in processing speed due to 
making it a timed task with a limit. If given unlimited time, this would not be the case, 
because verbal fluency also represents vocabulary, which is crystallized intelligence, and may 
increase with age. Less challenging tasks, due to the nature of the task itself or due to 
common frequency in daily life, could be plausible reasons why age-related differences did 
not emerge. 

 Limitations of this study include the small young adult sample. Due to the small sample 
size, this work could be considered a pilot study. However, all significant findings had a large 
effect size demonstrating that these findings were fully powered. For variables such as COE 
while walking only, a total of 28 subjects per group for differences in step width, or 32 
subjects per group for differences in step length, would be needed for power at 0.80 with α < 
0.05. On the other hand, to have that power for step width COE during categories, 584 
subjects per group would be needed. Further, cognitive data results were not reported. These 
data were available for the older adult subjects; however, due to technical difficulties, young 
adult cognitive data were not recorded. Perhaps the comparison of cognitive data between the 
two groups could have added to the explanation of differences between groups. Additionally, 
although a self-paced tread- mill removes the speed constraint of a fixed-speed treadmill, 
overground walking would be the gold standard. Due to the difficulties in presenting cognitive 
tasks (i.e., reading) while walking overground, a treadmill was needed for this study. Future 
studies could consider alternative approaches to presenting cognitive tasks while walking 
overground. Last, most of the cognitive tasks used were not representative of everyday tasks 
(e.g. fluency tasks). In addition, the experiment took place in a laboratory setting; although 
optic flow was present, the scenery was not like that of everyday life. The generalizability of 
the findings is likely limited by these factors, but this study is an improvement upon most 
dual- task study environments. Future studies should aim to test more real-world tasks such 
as conversations and in a more naturalistic environment, perhaps even using mobile means 
of virtual reality like headsets and goggles. 
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Appendix A 

Version A 
 

Phonemic (Letter) Fluency: F, L, S. 
Semantic (Category) Fluency: Animals, Parts of the Body, Kitchen Utensils. 
Serial Subtractions: 233, 650, 502. 
Word reading: indices, hose, lamb, acquisitiveness, equivocal, fountain, corps, pout, subtle, 

détente, casserole, debt, browbeat, asked, statistics, epitome, shield, chord, flower, 
subpoena, banal, chrysanthemum, rarefy, diverse, irrelevant, generate, bell, eccentricities, 
bouquet, thyme. 

 
Version B 

 
Phonemic (Letter) Fluency: W, G, T. 

Semantic (Category) Fluency: Sports, Furniture, Super- market Items. 
Serial Subtractions: 805, 297, 483. 
Word Reading: asphyxiation, doll, paradigm, simile, reify, gauge, recipe, procreate, fifth, 

magnanimity, gouge, naïve, idyll, machine, hospital, sieve, youth, colony, cloud, façade, 
indict, confide, amicable, synthesis, deny, epic, fly, labile, crayon, clasped. 

 
Version C 

 
Phonemic (Letter) Fluency: M, B, R. 

Semantic (Category) Fluency: Professions, Fruits & Vegetables, Things you Wear. 
Serial Subtractions: 738, 369, 922. 
Word Reading: ache, aisle, ballad, bibliography, caveat, cellist, colonel, courteous, curtain, 

debris, depot, efficacy, evolve, gigantic, gist, heir, hiatus, joker, ladder, lily, lingerie, nausea, 
placebo, pony, psalm, pugnacious, stranger, superfluous, yesterday, zealot. 
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