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Abstract

The effects of treadmill workstation use on kinematic gait symmetry and computer work per-

formance remain unclear. The purpose of this pilot study was to analyze the effects of tread-

mill workstation use on lower body motion symmetry while performing a typing task when

compared to overground and treadmill walking. The lower body motion of ten healthy adults

(6 males and 4 females) was recorded by a motion capture system. Hip, knee, and ankle

joint rotations were computed and compared for each condition. Despite comparable lower

body kinematic gait asymmetries across conditions, asymmetric knee flexion motions at

early gait cycle were only found in treadmill workstation users (left knee significantly more

flexed than the right one). This demonstrates that the interaction between walking and

another task is dependent on the task cognitive content. Our findings suggest that lower

body kinematic gait symmetry may be influenced by the use of treadmill workstations.

Introduction

The World Health Organization classified physical inactivity as the fourth leading risk factor

accounting for 6% of global mortality [1]. More than 30% of people older than 15 years are

physically inactive, with the highest proportion in the United States [2]. Sedentary lifestyle has

been associated with cardiometabolic risk, type 2 diabetes and premature mortality [3]. Cur-

rently, sedentary behavior has increased in many aspects of life including at home, in commut-

ing, and at the workplace. Wennman et al. [4] showed that the time sitting at a computer has

increased in the past few years in different age groups. In many workplaces workers spend

most of their time sitting long hours at the computer. Prolonged occupational sitting is associ-

ated with a higher risk of musculoskeletal discomfort [5,6], low back pain [7–9]—although

controversial [10]—, and a negative impact on cardiometabolic biomarkers [11,12]. Moreover,

prolonged occupational sitting has been connected to overweight and obesity [13], which may

lead to cardiovascular problems.
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Recently, reducing sedentary behavior and increasing physical activity at work has gained

attention [14] and the use of dynamic workstations in office work has become more popular

[14–17]. Studies on dynamic workstations, such as treadmill workstations, have presented

physiological benefits such as increase in daily physical activity, [18], energy expenditure [19–

21], reduction of abdominal circumference and cholesterol [18,22], minor increase in walking

time of an overweight population [23], among others, [16,24,25]. However, cardiovascular

benefits are not demonstrated [26]. Qualitative analyses have also showed that walking while

working results in higher work satisfaction, less boredom, and less stress compared to working

seated [27,28]. In addition, while studies have indicated that cognitive tasks are not impaired

[19,29,30] or general performance is improved [15] when using a treadmill workstation, others

found opposing results [31,32]. Few studies have focused on the biomechanical aspects of

treadmill workstations use during computer work [33–35]. It was noted that treadmill work-

station users shorten their stride length and decrease their base of support when performing

mouse-specific tasks [34] or while reading [35]; while Botter et al. [33] concluded that posture

is not affected by treadmill workstation use. Furthermore, a classical method known as dual-

task paradigm has been employed to address the interrelation between walking and cognition

[36]. Recent studies on a dual-task paradigm examining gait asymmetries in able-bodied indi-

viduals found that gait asymmetries arise under specific constraints in healthy people as an

adaptation to task requirements [36,37]. In addition, asymmetrical behavior of the lower limbs

during able-bodied ambulation was found to reflect natural functional differences between the

lower extremities [38]. Thus, it is reasonable to hypothesize that treadmill workstation users

would display interlimb asymmetries.

Although most current research on gait symmetry analyzes differences in spatiotemporal

measures (stance time, swing time, stride length), several studies have utilized kinematic gait

symmetry as an effective tool to asses functionality after total hip and knee replacement [39–

41]. However, there is currently a paucity of data regarding the potential gait asymmetries in

lower body kinematics in treadmill workstation users and the eventual interactions with cogni-

tive tasks. For instance, it is not clear how natural gait movement patterns may be affected

while using a treadmill workstation. The eventual alteration of kinematic gait symmetries may

contribute to risks associated with discomfort, ailments, and potential injuries. Therefore, the

aim of this pilot study is exploratory in nature. Its results will determine whether alteration of

lower limb symmetry during treadmill workstation use when compared to overground and

treadmill walking may be significant enough to eventually induce injuries or pain.

Methods

Participants

Ten healthy adults (6 males, 4 females) were included in this study. All participants were

between 18 and 60 years old, presented a body mass index (BMI) inferior to 32 kg/m2, and

reported a healthy lifestyle (exercised at least twice a week), and with no known gait impair-

ments, disabilities, prior history of injuries that required surgery, auto-immune disease, or

cognitive impairment. Nine out of the ten participants were self-determined right-limb domi-

nant, and a 57-year-old participant worked as a fitness trainer. Participant’s anthropometric

characteristics were as follows: average age was 25.8±10.6 (range: 20.0–57.0) years, with a stat-

ure of 1.7±0.1 (range: 1.6–1.8) m and weight 65.4±.15.1 (range: 42–86) kg, respectively. The

average BMI was 21.5±4.3 (range: 16.8–30.1) kg/m2. The study protocol was approved the Eth-

ics Committee of the Universidad San Francisco de Quito. Written informed consent

approved by the Ethics Committee was obtained for each participant prior to data collection.

The study complied with the tenets of the Declaration of Helsinki.
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Instrumentation

A single belt treadmill and a desktop computer were used to evaluate gait movements during a

typing task. The workstation height was adjusted to each participant’s anthropometric dimen-

sions to obtain the recommended standard elbow height [35]. A 10-camera motion capture

system (Vicon MX, Oxford, UK) connected to a computer running Vicon Nexus software

(version 2.10) was used to record motion data at 100 Hz. The cameras space encompassed a

volume of 5 x 4 x 4 cubic meters with an accuracy of 0.5 mm, as recommended [42–44].

Thirty-nine reflective spherical markers (; 10 mm) were attached to each participant’s ana-

tomical landmarks (Plug-In Gait Marker Set, Vicon MX, Oxford UK) with double-sided tape

[42–44], as illustrated in Fig 1.

Procedures

A power analysis based on the study by Grindle et al. [35], who described the effects of walking

workstations on biomechanical performance in nine participants indicated that the projected

sample size needed is approximately 10 participants with an alpha = 0.05, power = 0.8, and a

sample ratio = 1. Four conditions corresponding respectively to overground walking, treadmill

walking, as well as a computer typing task while walking on a treadmill workstation or stand-

ing on the still treadmill were tested in a random order. Participants were exposed to all experi-

mental conditions in a single session. Each walking condition was repeated three times

consecutively. Each trial included at least five complete gait cycles at a self-selected comfortable

speed. Hence, each walking condition, in total, presented at least 15 complete gait cycles and

were selected for analyses. Prior to data collection, each participant practiced for 5-minute on

the treadmill workstation. This workstation consisted of a single belt commercial treadmill

straddled by an adjustable sit-stand desk equipped with a computer including a standard key-

board, a monitor, and a mouse, centered relative to the middle plane of the desk. The desk was

adjusted to each participant elbow height, with standard positioning of the video monitor.

Even though participants rested their elbows on the desktop to perform the typing task while

walking on the treadmill, their hands and elbows moved freely during overground and tread-

mill walking. Typing is a cognitive load that requires explicit memory for the trained material

[45]. Thus, this task was used as a measure of cognition in the present study. Typing accuracy

(correct words) and speed (word-per-minute) were evaluated and recorded using the Mavis

BeaconTM teaching typing test. Participants completed independent similar-level teaching typ-

ing tests during treadmill workstation use and standing conditions.

Data processing

To analyze gait kinematics, the x, y, and z global coordinates of each marker relative to the

Vicon coordinate system were used to compute joint rotation angles of the hip (between pelvis

and femur), knee (between femur and tibia), and ankle (between foot and tibia) in the sagittal

and frontal planes. Joint rotations were quantified following the recommendation of the Inter-

national Society of Biomechanics [46] using a Cardan angle sequence (flexion/extension,

adduction/abduction) [47]. Data were exported and processed in MATLAB (MathWorks, Inc.,

Natick, MA) using a custom program. Left and right limb gait kinematic measurements were

compared for each condition. The joint angular data was split into individual strides, and a

time normalized waveform (0–100%) of the average gait cycle for each condition was gener-

ated with 1% sample steps [39,40], with 0% corresponding to heel contact of the concerned

leg. Heel-contact and toe-off events were detected using the local maxima in the anterior-
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posterior position of the heel marker. The rotation angles of the hip, knee, and ankle joints

were calculated to evaluate lower limb kinematic gait symmetry in each condition.

Statistical analysis

Statistical parametric mapping (SPM) [48–50] analyses were performed using scalar fields to

determine if there is a significant difference in hip, knee, and ankle motion during gait by

Fig 1. Full body marker set. Prefixes denote the following: L: Left, and R: Right. The following landmarks were used: Suprasternal notch (CLAV), xiphoid

process (STRN), spinous process at C7 (C7), spinous process at T10 (T10), acromial angle (BAK), acromioclavicular joint (SHO), upper arm (UPA), forearm

(FRM), lateral epicondyle of humerus (ELB), radial styloid (WRA), ulnar stylloid (WRB), third metacarpal (FIN), temple (FHD), back head (BHD), anterior

superior iliac spine (ASI), posterior superior iliac spine (PSI), femur (THI), lateral epicondyle of femur (KNE), tibia, (TIB), lateral malleoli (ANK), and distal

interphalangeal joint of the first toe (TOE).

https://doi.org/10.1371/journal.pone.0261140.g001
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comparing joint angle kinematics throughout gait cycle between the left and right sides in each

condition. A Student’s t test compared typing precision and speed scores between walking and

standing on a treadmill. The statistical analysis was performed in MATLAB (MathWorks, Inc.,

Natick, MA). The level of significance was set at p = 0.05.

Results

Walking speed

The average overground walking speed was 3.93 km/h ± 0.38 (range: 3.45–4.81). This did not

differ significantly (p = 0.319) from the average walking speed on the treadmill, which was 4.15

km/h ± 0.42 (range: 3.54–4.83). However, the walking speed was about 50% slower, 2.06 km/

h ± 0.12 (range: 1.89–2.2, Fig 2), when walking while typing (p = 0.002 and p<0.001,

respectively).

Typing performance

Although the average typing speed score was significantly lower (p = 0.006) when walking

while typing than while standing still on the treadmill (36.4 ± 9.8, range: 26–59 vs. 40.4 ± 11.7,

range: 28–67), no significant differences were found in computer typing accuracy scores

between these two conditions (94.6 ± 1.7, range: 92–97 vs. 95.0±2.1, range: 91–98).

Fig 2. Average and standard deviation walking speed (km/h) during overground walking (GW), treadmill walking

(TW), and treadmill walking while typing (TWT), in ten healthy participants. Kruskal-Wallis H tests with pairwise

comparisons were performed. � indicates p = 0.002 and �� indicates p<0.001.

https://doi.org/10.1371/journal.pone.0261140.g002
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Asymmetric gait motions of lower limb joints

Lower limb gait asymmetric kinematics of hip, knee, and ankle joints were assessed by com-

paring left and right sides during one gait cycle of overground walking (GW), treadmill walk-

ing (TW), and treadmill walking while typing (TWT), in ten healthy participants using 1D

SPM analysis.

Asymmetric flexion-extension motions. Hip flexion-extension was symmetric between

sides during the whole gait cycle in GW, TW, and TWT conditions (Fig 3). Whereas knee flex-

ion-extension remained symmetric between sides during the whole gait cycle in GW and TW

conditions (Fig 4), significantly higher flexion (p = 0.04) was observed in the left than the right

side during early (0–5%) gait cycle of the TWT condition (Fig 4). The average increase in left

knee flexion during that early phase of the gait cycle was 2.63±0.04˚ (Fig 4). Asymmetric ankle

flexion-extension motions between sides were observed during the gait cycle in the GW and

TWT conditions (Fig 5). Significant decreases in left ankle extension were 2.08±0.24˚

(p = 0.008) during the 48–58% of the gait cycle in the GW condition, and 1.6±0.1˚ (p = 0.05)

during the 6–8% of the gait cycle in the TWT condition, respectively (Fig 5).

Asymmetric adduction-abduction motions. Hip adduction-abduction was asymmetric

between sides during 62–100% of the GW, 21–73% of the TW, and 0–80% of TWT gait cycle,

respectively (Fig 6). The average increases in right hip adduction were 2.2±0.3˚ (p = 0.002),

during the 62–100% of the gait cycle in the GW condition, 1.94 ±0.1˚ (p< 0.001), during the

21–73% of the gait cycle in the TW condition, and 2.3±0.1˚ (p< 0.001), during the 0–80% of

Fig 3. Average and standard deviation of hip extension/flexion (E/F) for left and right sides during one gait cycle of overground walking (GW), treadmill walking

(TW), and treadmill walking while typing (TWT), in ten healthy participants. Scalar field SPM results with threshold at t>3.0 depicting where, in % cycle, left side

angles were greater and lesser than right side angles. In upper panel: Solid and dashed lines correspond to average left and right sides, and shaded areas correspond to

standard deviation.

https://doi.org/10.1371/journal.pone.0261140.g003
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the gait cycle in the TWT condition, respectively (Fig 6). Knee adduction-abduction was asym-

metric between left and right sides during short periods of GW (98–100%), TW (52–59%), and

TWT (55–62%) gait cycles (Fig 7). The average changes in right knee adduction were 0.9±0.2˚

(p = 0.047), during the 98–100% of the gait cycle in the GW condition, 0.92±0.6˚ (p = 0.024),

during the 52–59% of the gait cycle in the TW condition, and 1.67±0.65˚ (p = 0.031), during

the 55–62% of the gait cycle in the TWT condition, respectively (Fig 7). Symmetric ankle

adduction-abduction motions between sides were observed during the complete gait cycle of

the GW, TW, and TWT (Fig 8).

Discussion

This study investigated symmetry/asymmetry of lower limb motions during a typing task per-

formed on a “walking-standing workstation.” Walking on the ground and on a treadmill, as

well as typing while walking or standing on the treadmill were compared. Asymmetric lower

limb motions were found between left and right hip, knee, and ankle joints during GW, TW,

and TWT. The degree of interlimb asymmetry among conditions was comparable in all three

conditions. This result was expected as asymmetrical behavior of the lower limbs during able-

bodied ambulation was found to reflect natural functional differences between the lower

extremities [38]. However, significantly asymmetric knee flexion-extension motions were only

observed in treadmill workstation users in this cohort of participants. In fact, based on the

average flexion-extension range of motion of the knee, the percentage of asymmetry during

Fig 4. Average and standard deviation of knee extension/flexion (E/F) for left and right sides during one gait cycle of overground walking (GW), treadmill walking

(TW), and treadmill walking while typing (TWT), in ten healthy participants. Scalar field SPM results with threshold at t>3.0 depicting where, in % cycle, left side

angles were greater and lesser than right side angles. In upper panel: Solid and dashed lines correspond to average left and right sides, and shaded areas correspond to

standard deviation.

https://doi.org/10.1371/journal.pone.0261140.g004

PLOS ONE Treadmill workstation kinematic gait symmetry

PLOS ONE | https://doi.org/10.1371/journal.pone.0261140 December 14, 2021 7 / 16

https://doi.org/10.1371/journal.pone.0261140.g004
https://doi.org/10.1371/journal.pone.0261140


treadmill workstation use was about 4.5% compared to approximately 2% during overground

and treadmill walking.

Self-selected walking speeds for overground and treadmill walking were similar to those

reported previously [39,40,51], and walking speed differences between these two conditions

were not generally significant, as already observed [52,53]. The walking speed was about 50%

slower while typing (Fig 2) when compared to the other conditions. This concurs with other

results obtained during active workstation use [54,55]. In addition, as we hypothesized, this

result was expected due to the dual-task paradigm between walking and cognition. A common

example that may be related to this phenomenon is the walking speed reduction by most peo-

ple when they think deeply or interact with their cellphones [56].

Although some studies suggested that work performance is not affected by walking concur-

rently [54,55], others, suggested the opposite [34,35]. These apparent contradictions most

likely stem from differences in the type of tasks performed and their respective cognitive

requirements. In our study, typing speed, a cognitive performance measure, was reduced dur-

ing treadmill walking. Walking while performing a computer typing task corresponds to a

dual-task scenario that contributes to an increase in workload [32,36,37]. However, typing

accuracy was not affected during treadmill walking. A possible account of this phenomenon

could be that participants instinctively traded typing speed for typing accuracy, making accu-

racy their primary goal. Alternatively, since walking and typing speeds were reduced during

workstation use, accuracy may become the primary goal by default. This hypothesis also

Fig 5. Average and standard deviation of ankle extension/flexion (E/F) for left and right sides during one gait cycle of overground walking (GW), treadmill walking

(TW), and treadmill walking while typing (TWT), in ten healthy participants. Scalar field SPM results with threshold at t>3.0 depicting where, in % cycle, left side

angles were greater and lesser than right side angles. In upper panel: Solid and dashed lines correspond to average left and right sides, and shaded areas correspond to

standard deviation.

https://doi.org/10.1371/journal.pone.0261140.g005
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concurs with the reversed perspective. Indeed, in young adults, walking does not interfere with

low demand cognitive tasks, while more demanding task are altered [36,57]. Hence, the inter-

action between walking and another task is dependent on the task cognitive content since

walking requires also some cognitive control [58,59].

Treadmill workstation may present physiological benefits over prolonged sitting such as

increases in daily physical activity [18] and energy expenditure [19–21]. Moreover, the use of

treadmill workstations may also help elude the adverse physiological effects of prolonged

standing, since walking is shown to counteract long-lasting muscle fatigue [60,61]. However,

the current study demonstrated knee flexion-extension asymmetries in treadmill workstation

users. Workstation users presented increased knee flexion of the non-dominant leg (left leg) at

early gait cycle. The lack of knee flexion-extension symmetry from workstation users was dif-

ferent from walking only conditions. Despite the fact that some degree of asymmetry within

human gait may not have deleterious effects, the presence of considerably higher levels of

asymmetry in workstation users could be problematic [62]. Significant movement asymme-

tries will overload one extremity, as it compensates for the diminished role of the contralateral

extremity [38–40,62]. Over a long period of time, significant asymmetries may cause gait-

related injuries, as seen in total hip and knee arthroplasty, as well as in post stroke patients

[39–41,63–65]. As presented in Table 1, the degree of gait asymmetries reported in total hip

and knee replacement studies was 8.6±4.6˚ for hip abduction-adduction [41], 2.5 ± 4.4˚ for

Fig 6. Average and standard deviation of hip abduction/ adduction (Ab/Ad) for left and right sides during one gait cycle of overground walking (GW), treadmill

walking (TW), and treadmill walking while typing (TWT), in ten healthy participants. Scalar field SPM results with threshold at t>3.0 depicting where, in % cycle, left

side angles were greater and lesser than right side angles. In upper panel: Solid and dashed lines correspond to average left and right sides, and shaded areas correspond to

standard deviation.

https://doi.org/10.1371/journal.pone.0261140.g006
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knee abduction-adduction [39], and 4.3 ± 4.7˚ for knee flexion-extension [39] compared to 2.3

±0.1˚ for hip abduction-adduction, 1.67±0.65˚ for knee abduction-adduction, and 2.63±0.04˚

for knee flexion extension during TWT. Therefore, asymmetries detected in treadmill worksta-

tion users were below the degree of asymmetries detected in total hip and knee replacement

patients suggesting reduced risks associated with falls, discomfort, ailments, and potential inju-

ries. However, our findings indicate that the average degree of asymmetry was greater during

treadmill workstation use than during overground and treadmill walking (Table 1).

The present study demonstrated asymmetric lower body motions between left and right

hip, knee, and ankle joints during GW, TW, and TWT in ten healthy participants. Various fac-

tors could contribute to the asymmetric lower body motions observed in this study. Walking

on the ground does not require to control a constant walking speed as when walking on a

treadmill, which demands greater attention [66] and thus higher requirement of visual control

as gaze orientation is primarily accomplished by a coordination of eye and head movements in

visually guided task and walking [67–70]. Human gait requires proper coordination of the

lower extremity segments for optimal functioning [71,72]. However, even in healthy human

gait, there are subtle asymmetries that exist to aid in the adaptation of changing walking envi-

ronments [73]. Further research is needed to better understand gait and biomechanics adapta-

tions associated with multitasking during treadmill workstation use. Similarly, as an

ergonomic intervention, treadmill workstations are intended to be used for undefined time

periods, as other office workstations. Therefore, long-term effects of treadmill workstation use

Fig 7. Average and standard deviation of knee abduction/ adduction (Ab/Ad) for left and right sides during one gait cycle of overground walking (GW), treadmill

walking (TW), and treadmill walking while typing (TWT), in ten healthy participants. Scalar field SPM results with threshold at t>3.0 depicting where, in % cycle, left

side angles were greater and lesser than right side angles. In upper panel: Solid and dashed lines correspond to average left and right sides, and shaded areas correspond to

standard deviation.

https://doi.org/10.1371/journal.pone.0261140.g007
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on kinematics also needs to be investigated, especially for older office workers as walking con-

trol requires more attention with age [57,58] and gait asymmetry increases with age [73,74]. In

addition, investigation of long-term effects of treadmill workstation use is required, as the

compensatory patterns and resiliency of the human body may not be enough to maintain

Fig 8. Average and standard deviation of ankle abduction/ adduction (Ab/Ad) for left and right sides during one gait cycle of overground walking (GW), treadmill

walking (TW), and treadmill walking while typing (TWT), in ten healthy participants. Scalar field SPM results with threshold at t>3.0 depicting where, in % cycle, left

side angles were greater and lesser than right side angles. In upper panel: Solid and dashed lines correspond to average left and right sides, and shaded areas correspond to

standard deviation.

https://doi.org/10.1371/journal.pone.0261140.g008

Table 1. Comparison of joint angle degree of asymmetry reported in clinical studies with our findings during

walking.

Hip Abduction-Adduction
THR GW TW TWT

8.6±4.6˚ [41] 2.2±0.3˚ 1.9±0.1˚ 2.3±0.1˚

Knee Abduction-Adduction
TKR GW TW TWT

2.5±4.4˚ [39] 0.9±0.2˚ 0.92±0.6˚ 1.67±0.65˚

Knee Flexion-Extension
TKR GW TW TWT

4.3±4.7˚ [39] 1.2±0.1˚a 0.4±0.1˚a 2.6±0.04˚

THR, total hip replacement; GW, overground walking; TW, treadmill walking; TWT, treadmill walking while typing;

TKR, total knee replacement.
a no significant difference was detected between left and right knees.

https://doi.org/10.1371/journal.pone.0261140.t001
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efficient pain-free function in the presence of long-term movement abnormalities such as mis-

alignment, muscle imbalances [62], or severe gait asymmetries.

The results of the current study need to be interpreted in light of several limitations. First,

the number of participants was relatively small, which would limit generalization. However,

the sample size was projected based on a previous study describing the effects of walking work-

stations on biomechanical performance in nine participants [35], and differences between the

tested conditions were statistically significant. Second, nine out of the ten participants were

under 28 years old, and all participants reported a healthy lifestyle (exercised at least twice a

week); hence, results may be limited to similar populations. Third, the cost (reduction of walk-

ing speed) of a single not too complex cognitive task was shown. However, it is not possible to

determine what levels of cognitive load would correspond either to no interference between

walking and performance or significant degradation of work performance while walking.

Finally, few gait cycles with repetition were used in each condition; hence the long-term effects

of walking while working were not explored.

Conclusions

Despite comparable lower limb kinematic gait asymmetries during GW, TW, and TWT,

asymmetric knee flexion-extension motions only persisted in treadmill workstation

users. The results of the current study suggest that lower limb kinematic gait symmetry

may be influenced by the use of treadmill workstations. The long-term effects (over a full

day or multiple days of work) deserve attention to further understand gait symmetry

adaptations and control, development of associated musculoskeletal disorders, and the

likelihood of more severe interferences between working and walking in cognitive over-

load situations.
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determinants of total and context specific sitting in adults: A 7-year longitudinal study. Journal of science

and medicine in sport. 2020; 23(6):596–602. https://doi.org/10.1016/j.jsams.2019.12.015 PMID:

31928882

PLOS ONE Treadmill workstation kinematic gait symmetry

PLOS ONE | https://doi.org/10.1371/journal.pone.0261140 December 14, 2021 12 / 16

https://doi.org/10.3389/fpubh.2020.00199
http://www.ncbi.nlm.nih.gov/pubmed/32574294
https://doi.org/10.1016/j.diabres.2012.05.020
http://www.ncbi.nlm.nih.gov/pubmed/22682948
https://doi.org/10.1016/j.jsams.2019.12.015
http://www.ncbi.nlm.nih.gov/pubmed/31928882
https://doi.org/10.1371/journal.pone.0261140


5. Baker R, Coenen P, Howie E, Williamson A, Straker L. The short term musculoskeletal and cognitive

effects of prolonged sitting during office computer work. International journal of environmental research

and public health. 2018; 15(8):1678.

6. Coenen P, Healy GN, Winkler EA, Dunstan DW, Owen N, Moodie M, et al. Associations of office work-

ers’ objectively assessed occupational sitting, standing and stepping time with musculoskeletal symp-

toms. Ergonomics. 2018; 61(9):1187–95. https://doi.org/10.1080/00140139.2018.1462891 PMID:

29630479

7. Beach TA, Parkinson RJ, Stothart JP, Callaghan JP. Effects of prolonged sitting on the passive flexion

stiffness of the in vivo lumbar spine. The Spine Journal. 2005; 5(2):145–54. https://doi.org/10.1016/j.

spinee.2004.07.036 PMID: 15749614

8. Lis AM, Black KM, Korn H, Nordin M. Association between sitting and occupational LBP. European

Spine Journal. 2007; 16(2):283–98. https://doi.org/10.1007/s00586-006-0143-7 PMID: 16736200

9. Marras WS, Lavender SA, Leurgans SE, Fathallah FA, Ferguson SA, Gary Allread W, et al. Biomechan-

ical risk factors for occupationally related low back disorders. Ergonomics. 1995; 38(2):377–410.

https://doi.org/10.1080/00140139508925111 PMID: 7895740

10. Roffey DM, Wai EK, Bishop P, Kwon BK, Dagenais S. Causal assessment of occupational sitting and

low back pain: results of a systematic review. The Spine Journal. 2010; 10(3):252–61. https://doi.org/

10.1016/j.spinee.2009.12.005 PMID: 20097618

11. Carr LJ, Leonhard C, Tucker S, Fethke N, Benzo R, Gerr F. Total worker health intervention increases

activity of sedentary workers. American journal of preventive medicine. 2016; 50(1):9–17. https://doi.

org/10.1016/j.amepre.2015.06.022 PMID: 26260492

12. Ryde GC, Brown HE, Peeters GM, Gilson ND, Brown WJ. Desk-based occupational sitting patterns:

weight-related health outcomes. American journal of preventive medicine. 2013; 45(4):448–52. https://

doi.org/10.1016/j.amepre.2013.05.018 PMID: 24050421

13. Mummery WK, Schofield GM, Steele R, Eakin EG, Brown WJ. Occupational sitting time and overweight

and obesity in Australian workers. American journal of preventive medicine. 2005; 29(2):91–7. https://

doi.org/10.1016/j.amepre.2005.04.003 PMID: 16005804

14. Neuhaus M, Eakin EG, Straker L, Owen N, Dunstan DW, Reid N, et al. Reducing occupational seden-

tary time: a systematic review and meta-analysis of evidence on activity-permissive workstations. Obe-

sity reviews. 2014; 15(10):822–38. https://doi.org/10.1111/obr.12201 PMID: 25040784

15. Ben-Ner A, Hamann DJ, Koepp G, Manohar CU, Levine J. Treadmill workstations: the effects of walking

while working on physical activity and work performance. PloS one. 2014; 9(2):e88620. https://doi.org/

10.1371/journal.pone.0088620 PMID: 24586359

16. Karol S, Robertson MM. Implications of sit-stand and active workstations to counteract the adverse

effects of sedentary work: a comprehensive review. Work. 2015; 52(2):255–67. https://doi.org/10.3233/

WOR-152168 PMID: 26444941

17. Sui W, Smith ST, Fagan MJ, Rollo S, Prapavessis H. The effects of sedentary behaviour interventions

on work-related productivity and performance outcomes in real and simulated office work: A systematic

review. Applied ergonomics. 2019; 75:27–73. https://doi.org/10.1016/j.apergo.2018.09.002 PMID:

30509536

18. Koepp GA, Manohar CU, McCrady-Spitzer SK, Ben-Ner A, Hamann DJ, Runge CF, et al. Treadmill

desks: A 1-year prospective trial. Obesity. 2013; 21(4):705–11. https://doi.org/10.1002/oby.20121

PMID: 23417995

19. Cox RH, Guth J, Siekemeyer L, Kellems B, Brehm SB, Ohlinger CM. Metabolic cost and speech quality

while using an active workstation. Journal of Physical Activity and Health. 2011; 8(3):332–9. https://doi.

org/10.1123/jpah.8.3.332 PMID: 21487132

20. Levine JA, Miller JM. The energy expenditure of using a “walk-and-work” desk for office workers with

obesity. British journal of sports medicine. 2007; 41(9):558–61. https://doi.org/10.1136/bjsm.2006.

032755 PMID: 17504789

21. Thompson WG, Levine JA. Productivity of transcriptionists using a treadmill desk. Work. 2011; 40

(4):473–7. https://doi.org/10.3233/WOR-2011-1258 PMID: 22130064

22. John D, Thompson DL, Raynor H, Bielak K, Rider B, Bassett DR. Treadmill workstations: a worksite

physical activity intervention in overweight and obese office workers. Journal of Physical Activity and

Health. 2011; 8(8):1034–43. https://doi.org/10.1123/jpah.8.8.1034 PMID: 22039122

23. Bergman F, Wahlström V, Stomby A, Otten J, Lanthén E, Renklint R, et al. Treadmill workstations in

office workers who are overweight or obese: a randomised controlled trial. The Lancet Public Health.

2018; 3(11):e523–e35. https://doi.org/10.1016/S2468-2667(18)30163-4 PMID: 30322782

PLOS ONE Treadmill workstation kinematic gait symmetry

PLOS ONE | https://doi.org/10.1371/journal.pone.0261140 December 14, 2021 13 / 16

https://doi.org/10.1080/00140139.2018.1462891
http://www.ncbi.nlm.nih.gov/pubmed/29630479
https://doi.org/10.1016/j.spinee.2004.07.036
https://doi.org/10.1016/j.spinee.2004.07.036
http://www.ncbi.nlm.nih.gov/pubmed/15749614
https://doi.org/10.1007/s00586-006-0143-7
http://www.ncbi.nlm.nih.gov/pubmed/16736200
https://doi.org/10.1080/00140139508925111
http://www.ncbi.nlm.nih.gov/pubmed/7895740
https://doi.org/10.1016/j.spinee.2009.12.005
https://doi.org/10.1016/j.spinee.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20097618
https://doi.org/10.1016/j.amepre.2015.06.022
https://doi.org/10.1016/j.amepre.2015.06.022
http://www.ncbi.nlm.nih.gov/pubmed/26260492
https://doi.org/10.1016/j.amepre.2013.05.018
https://doi.org/10.1016/j.amepre.2013.05.018
http://www.ncbi.nlm.nih.gov/pubmed/24050421
https://doi.org/10.1016/j.amepre.2005.04.003
https://doi.org/10.1016/j.amepre.2005.04.003
http://www.ncbi.nlm.nih.gov/pubmed/16005804
https://doi.org/10.1111/obr.12201
http://www.ncbi.nlm.nih.gov/pubmed/25040784
https://doi.org/10.1371/journal.pone.0088620
https://doi.org/10.1371/journal.pone.0088620
http://www.ncbi.nlm.nih.gov/pubmed/24586359
https://doi.org/10.3233/WOR-152168
https://doi.org/10.3233/WOR-152168
http://www.ncbi.nlm.nih.gov/pubmed/26444941
https://doi.org/10.1016/j.apergo.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30509536
https://doi.org/10.1002/oby.20121
http://www.ncbi.nlm.nih.gov/pubmed/23417995
https://doi.org/10.1123/jpah.8.3.332
https://doi.org/10.1123/jpah.8.3.332
http://www.ncbi.nlm.nih.gov/pubmed/21487132
https://doi.org/10.1136/bjsm.2006.032755
https://doi.org/10.1136/bjsm.2006.032755
http://www.ncbi.nlm.nih.gov/pubmed/17504789
https://doi.org/10.3233/WOR-2011-1258
http://www.ncbi.nlm.nih.gov/pubmed/22130064
https://doi.org/10.1123/jpah.8.8.1034
http://www.ncbi.nlm.nih.gov/pubmed/22039122
https://doi.org/10.1016/S2468-2667%2818%2930163-4
http://www.ncbi.nlm.nih.gov/pubmed/30322782
https://doi.org/10.1371/journal.pone.0261140


24. Cao C, Liu Y, Zhu W, Ma J. Effect of active workstation on energy expenditure and job performance: a

systematic review and meta-analysis. Journal of Physical Activity and Health. 2016; 13(5):562–71.

https://doi.org/10.1123/jpah.2014-0565 PMID: 26551924

25. MacEwen BT, MacDonald DJ, Burr JF. A systematic review of standing and treadmill desks in the work-

place. Preventive medicine. 2015; 70:50–8. https://doi.org/10.1016/j.ypmed.2014.11.011 PMID:

25448843

26. Rempel D. Do Sit–Stand Workstations Improve Cardiovascular Health? Journal of Occupational and

Environmental Medicine. 2018; 60(7):e319–e20. https://doi.org/10.1097/JOM.0000000000001351

00043764-296770230-00014.

27. Cifuentes M, Qin J, Fulmer S, Bello A. Facilitators and barriers to using treadmill workstations under

real working conditions: A qualitative study in female office workers. American Journal of Health Promo-

tion. 2015; 30(2):93–100. https://doi.org/10.4278/ajhp.140123-QUAL-43 PMID: 25615705

28. Sliter M, Yuan Z. Workout at work: Laboratory test of psychological and performance outcomes of

active workstations. Journal of occupational health psychology. 2015; 20(2):259. https://doi.org/10.

1037/a0038175 PMID: 25347682

29. Alderman BL, Olson RL, Mattina DM. Cognitive function during low-intensity walking: A test of the tread-

mill workstation. Journal of Physical Activity and Health. 2014; 11(4):752–8. https://doi.org/10.1123/

jpah.2012-0097 PMID: 25078520

30. Larson MJ, LeCheminant JD, Carbine K, Hill KR, Christenson E, Masterson T, et al. Slow walking on a

treadmill desk does not negatively affect executive abilities: an examination of cognitive control, conflict

adaptation, response inhibition, and post-error slowing. Frontiers in Psychology. 2015; 6:723. https://

doi.org/10.3389/fpsyg.2015.00723 PMID: 26074861

31. John D, Bassett D, Thompson D, Fairbrother J, Baldwin D. Effect of using a treadmill workstation on

performance of simulated office work tasks. Journal of Physical Activity and Health. 2009; 6(5):617–24.

https://doi.org/10.1123/jpah.6.5.617 PMID: 19953838

32. Straker L, Levine J, Campbell A. The effects of walking and cycling computer workstations on keyboard

and mouse performance. Human factors. 2009; 51(6):831–44. https://doi.org/10.1177/

0018720810362079 PMID: 20415158

33. Botter J, Ellegast RP, Burford E-M, Weber B, Könemann R, Commissaris DA. Comparison of the pos-

tural and physiological effects of two dynamic workstations to conventional sitting and standing worksta-

tions. Ergonomics. 2016; 59(3):449–63. https://doi.org/10.1080/00140139.2015.1080861 PMID:

26387640

34. Eggleston JD, Chavez EA, Harry JR, Dufek JS. Computer interactions during walking workstation use

moderately affects spatial-temporal gait characteristics. Gait & posture. 2019; 74:200–4. https://doi.org/

10.1016/j.gaitpost.2019.09.011 PMID: 31557663

35. Grindle DM, Baker L, Furr M, Puterio T, Knarr B, Higginson J. The effects of walking workstations on

biomechanical performance. Journal of applied biomechanics. 2018; 34(5):349–53. https://doi.org/10.

1123/jab.2017-0124 PMID: 29613820

36. Gorecka MM, Vasylenko O, Rodrı́guez-Aranda C. Dichotic listening while walking: A dual-task para-

digm examining gait asymmetries in healthy older and younger adults. Journal of clinical and experi-

mental neuropsychology. 2020; 42(8):794–810. https://doi.org/10.1080/13803395.2020.1811207

PMID: 32900290

37. Al-Juaid R, Al-Amri M. An evaluation of symmetries in ground reaction forces during self-paced single-

and dual-task treadmill walking in the able-bodied men. Symmetry. 2020; 12(12):2101.

38. Sadeghi H, Allard P, Prince F, Labelle H. Symmetry and limb dominance in able-bodied gait: a review.

Gait & posture. 2000; 12(1):34–45. https://doi.org/10.1016/s0966-6362(00)00070-9 PMID: 10996295

39. Arauz P, Peng Y, Kwon Y-M. Knee motion symmetry was not restored in patients with unilateral bi-cruci-

ate retaining total knee arthroplasty—in vivo three-dimensional kinematic analysis. International Ortho-

paedics. 2018; 42(12):2817–23. https://doi.org/10.1007/s00264-018-3986-8 PMID: 29779140

40. Arauz P, Peng Y, MacAuliffe J, Kwon Y-M. In-vivo 3-Dimensional gait symmetry analysis in patients

with bilateral total hip arthroplasty. Journal of biomechanics. 2018; 77:131–7. https://doi.org/10.1016/j.

jbiomech.2018.07.013 PMID: 30037578

41. Tsai T-Y, Dimitriou D, Li J-S, Nam KW, Li G, Kwon Y-M. Asymmetric hip kinematics during gait in

patients with unilateral total hip arthroplasty: in vivo 3-dimensional motion analysis. Journal of biome-

chanics. 2015; 48(4):555–9. https://doi.org/10.1016/j.jbiomech.2015.01.021 PMID: 25655464

42. Arauz P, Sisto SA, Kao I. Experimental study of the optimal angle for arthrodesis of fingers based on

kinematic analysis with tip-pinch manipulation. Journal of Biomechanics. 2016; 49(16):4009–15. https://

doi.org/10.1016/j.jbiomech.2016.10.047 PMID: 27825603

PLOS ONE Treadmill workstation kinematic gait symmetry

PLOS ONE | https://doi.org/10.1371/journal.pone.0261140 December 14, 2021 14 / 16

https://doi.org/10.1123/jpah.2014-0565
http://www.ncbi.nlm.nih.gov/pubmed/26551924
https://doi.org/10.1016/j.ypmed.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25448843
https://doi.org/10.1097/JOM.0000000000001351
https://doi.org/10.4278/ajhp.140123-QUAL-43
http://www.ncbi.nlm.nih.gov/pubmed/25615705
https://doi.org/10.1037/a0038175
https://doi.org/10.1037/a0038175
http://www.ncbi.nlm.nih.gov/pubmed/25347682
https://doi.org/10.1123/jpah.2012-0097
https://doi.org/10.1123/jpah.2012-0097
http://www.ncbi.nlm.nih.gov/pubmed/25078520
https://doi.org/10.3389/fpsyg.2015.00723
https://doi.org/10.3389/fpsyg.2015.00723
http://www.ncbi.nlm.nih.gov/pubmed/26074861
https://doi.org/10.1123/jpah.6.5.617
http://www.ncbi.nlm.nih.gov/pubmed/19953838
https://doi.org/10.1177/0018720810362079
https://doi.org/10.1177/0018720810362079
http://www.ncbi.nlm.nih.gov/pubmed/20415158
https://doi.org/10.1080/00140139.2015.1080861
http://www.ncbi.nlm.nih.gov/pubmed/26387640
https://doi.org/10.1016/j.gaitpost.2019.09.011
https://doi.org/10.1016/j.gaitpost.2019.09.011
http://www.ncbi.nlm.nih.gov/pubmed/31557663
https://doi.org/10.1123/jab.2017-0124
https://doi.org/10.1123/jab.2017-0124
http://www.ncbi.nlm.nih.gov/pubmed/29613820
https://doi.org/10.1080/13803395.2020.1811207
http://www.ncbi.nlm.nih.gov/pubmed/32900290
https://doi.org/10.1016/s0966-6362%2800%2900070-9
http://www.ncbi.nlm.nih.gov/pubmed/10996295
https://doi.org/10.1007/s00264-018-3986-8
http://www.ncbi.nlm.nih.gov/pubmed/29779140
https://doi.org/10.1016/j.jbiomech.2018.07.013
https://doi.org/10.1016/j.jbiomech.2018.07.013
http://www.ncbi.nlm.nih.gov/pubmed/30037578
https://doi.org/10.1016/j.jbiomech.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/25655464
https://doi.org/10.1016/j.jbiomech.2016.10.047
https://doi.org/10.1016/j.jbiomech.2016.10.047
http://www.ncbi.nlm.nih.gov/pubmed/27825603
https://doi.org/10.1371/journal.pone.0261140


43. Arauz PG, Sisto SA, Kao I. Assessment of workspace attributes under simulated index finger proximal

interphalangeal arthrodesis. Journal of Biomechanical Engineering. 2016; 138(5). https://doi.org/10.

1115/1.4032967 PMID: 26974649

44. Arauz PG. Mechanical modeling and analysis of human motion for rehabilitation and sports: The Gradu-

ate School, Stony Brook University: Stony Brook, NY.; 2016.

45. Yamaguchi M, Randle JM, Wilson TL, Logan GD. Pushing typists back on the learning curve: Memory

chunking improves retrieval of prior typing episodes. Journal of Experimental Psychology: Learning,

Memory, and Cognition. 2017; 43(9):1432. https://doi.org/10.1037/xlm0000385 PMID: 28287764

46. Wu G, Siegler S, Allard P, Kirtley C, Leardini A, Rosenbaum D, et al. ISB recommendation on definitions

of joint coordinate system of various joints for the reporting of human joint motion—part I: ankle, hip,

and spine. Journal of biomechanics. 2002; 35(4):543–8. https://doi.org/10.1016/s0021-9290(01)00222-

6 PMID: 11934426

47. Grood ES, Suntay WJ. A joint coordinate system for the clinical description of three-dimensional

motions: application to the knee. Journal of biomechanical engineering. 1983; 105(2):136–44. https://

doi.org/10.1115/1.3138397 PMID: 6865355

48. Pataky TC. Generalized n-dimensional biomechanical field analysis using statistical parametric map-

ping. Journal of biomechanics. 2010; 43(10):1976–82. https://doi.org/10.1016/j.jbiomech.2010.03.008

PMID: 20434726

49. Pataky TC. One-dimensional statistical parametric mapping in Python. Computer methods in biome-

chanics and biomedical engineering. 2012; 15(3):295–301. https://doi.org/10.1080/10255842.2010.

527837 PMID: 21756121

50. Penny WD, Friston KJ, Ashburner JT, Kiebel SJ, Nichols TE. Statistical parametric mapping: the analy-

sis of functional brain images: Elsevier; 2011.

51. Tsai T-Y, Li J-S, Wang S, Scarborough D, Kwon Y-M. In-vivo 6 degrees-of-freedom kinematics of

metal-on-polyethylene total hip arthroplasty during gait. Journal of biomechanics. 2014; 47(7):1572–6.

https://doi.org/10.1016/j.jbiomech.2014.03.012 PMID: 24704170

52. Lee SJ, Hidler J. Biomechanics of overground vs. treadmill walking in healthy individuals. Journal of

applied physiology. 2008; 104(3):747–55. https://doi.org/10.1152/japplphysiol.01380.2006 PMID:

18048582

53. Riley PO, Paolini G, Della Croce U, Paylo KW, Kerrigan DC. A kinematic and kinetic comparison of

overground and treadmill walking in healthy subjects. Gait & posture. 2007; 26(1):17–24. https://doi.org/

10.1016/j.gaitpost.2006.07.003 PMID: 16905322

54. Dufek J, Harry J, Soucy M, Guadagnoli M, Lounsbery M. Effects of active workstation use on walking

mechanics and work efficiency. J Nov Physiother. 2016; 6(2). https://doi.org/10.4172/2165-7025.

1000e144 PMID: 27335705

55. Harry JR, Eggleston JD, Dunnick DD, Edwards H, Dufek JS. Effects of task difficulty on kinematics and

task performance during walking workstation use. Translational Journal of the American College of

Sports Medicine. 2018; 3(11):74–84.

56. Barkley JE, Lepp A. Cellular telephone use during free-living walking significantly reduces average

walking speed. BMC research notes. 2016; 9(1):195. https://doi.org/10.1186/s13104-016-2001-y

PMID: 27029494

57. Srygley JM, Mirelman A, Herman T, Giladi N, Hausdorff JM. When does walking alter thinking? Age and

task associated findings. Brain research. 2009; 1253:92–9. https://doi.org/10.1016/j.brainres.2008.11.

067 PMID: 19084511

58. Woollacott M, Shumway-Cook A. Attention and the control of posture and gait: a review of an emerging

area of research. Gait & posture. 2002; 16(1):1–14. https://doi.org/10.1016/s0966-6362(01)00156-4

PMID: 12127181

59. Yogev-Seligmann G, Hausdorff JM, Giladi N. The role of executive function and attention in gait. Move-

ment disorders: official journal of the Movement Disorder Society. 2008; 23(3):329–42.
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