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Abstract

Objective. The aim of this study was to examine the measurement properties of an outcome associated with the Nintendo' Kyoto, Japan) game “Wii*” Fit Free Jogging” called virtual distance. Investigations into virtual distance were carried out with a view towards using this outcome measure as a tool to estimate fitness as part of a self-paced field-based exercise test.
Materials and Methods: Virtual distance achieved was recorded while participants jogged on a treadmill and stepped up and down a standardized step and while the game controllers (Wii remotes) were attached to electrically powered pedals moving at steady rates. Virtual distance was recorded at different time points and different speeds, using different consoles, using different Wii remotes. and using different virtual characters. 
Results: When movement of the Wii remote was kept constant, there was no significant difference in virtual distance reached at different times, with different consoles, with different Wii remotes, or with different virtual characters (P< 0.05). There was a significant difference between virtual distances reached when the speed of movement of the Wii remote was changed. An increase in the speed of jogging on the spot, an increase in the rate of stepping Per minute, and an increase in rotations per minute on automated pedals all resulted in increased virtual distance. At a constant speed, the rate of increase in virtual distance with time was consistent.
Conclusions: Virtual distance appears to be a reliable measure that is sensitive to changes in the speed of movement of Wii remotes.

Introduction
In recent years active video games (AVG s) have been used in both hospitals and homes to encourage physical activity in healthy people1 and those with pathology.2 Research has shown that the energy cost of AVG play is light to moderate.3-5 One particular active videogame (“Wii Fit Free Jogging” from Nintendo Kyoto, Japan), however, has been shown to  result in vigorous or near-vigorous levels of physical activity among some adults and children.6,7 The findings of these latter studies indicated that some people were able to reach near-maximal levels of exertion through AVG play 6,7  and prompted questions on whether an AVG could be used as an exercise testing tool. Observations from clinical practice as well as research in the area of exercise testing indicate that people often underperform at self-paced field-based exercise tests.8 This in turn can provide an incorrect reflection of true maximum exerci.se capacity9,10 and highlights the need for a more engaging and motivating field-based, self-paced exercise test. As results of exercise tests have been shown to depend largely on motivation,11 efforts should be made to design tests that are appealing and interesting. It is therefore reasonable to hypothesize that AVGs may be useful for maintaining interest and encouraging maximal effort during an exercise test.
“Wii Fit Free Jogging” requires players to jog on the spot and results in a virtual character running around an on-screen island. Although there are other on-screen characters, this game does not involve an opponent and as such is self-paced. The faster the player jogs on the spot, the faster the on-screen character moves through the virtual landscape. In this game the time to completion is constant (i.e., the game lasts either 10 or 20 minutes), and the computer records virtual distance (reported in virtual meters) traveled by the players' on-screen character. Virtual distance achieved during “Wii Fit Free Jogging” is dependent on movement of a wireless controller (Wii remote), which transmits information telemetrically to the Wii console. There is evidence to suggest that outcome variables reported by AVGs may be of use to researchers.12 The aim of this study was to investigate the validity and reliability of virtual distance with the intent of assessing its use as a tool to estimate cardiovascular fitness if used as a self-paced, field-based exercise test. The study’s objectives were to determine whether virtual distance was repeatable over time and across different Wii remotes and Wii consoles, to determine whether virtual distance was sensitive to changes in the speed of movement of the Wii remote, and to determine whether virtual distance was affected by distance of the Wii remote from the sensor bar or by the virtual character used. Three pilot experiments (Studies A—C) were performed in order to achieve this aim. It was hypothesized that Wii virtual distance would be a repeatable measure sensitive to changes in the speed of movement of the Wii remote.

Research Design and Results
Because the software algorithms and hardware sensitivity of videogame consoles may be slightly altered with time, it is worth noting that for all studies detailed in this article using a Nintendo Wii console, the same model developed in 2006 (number RVL-001 EUR) was used (serial number LEH 17763791). For studies involving humans, participants were part of a convenience sample of adults 18—45 years old recruited through posters on notice boards in the Trinity Centre for Health Sciences (Dublin, Ireland). Exclusion criteria were inabilities to perform physical activity or to follow commands. Ethics approval was granted by the Faculty of Health Sciences Ethics Committee of Trinity College.
Study A
The first investigation examined the sensitivity of virtual distance to changes in speed. “Wii Fit Free Jogging” was played twice each by 14 participants. Each participant ran on a calibrated treadmill (model LE300 CE; Viasys”, San Diego, CA) for 5 minutes at both 6.5 km/hour and 13 km/ hour. Virtual distance covered was recorded every minute for 5 minutes at each speed. Virtual distance covered at minutes 2, 3, 4 and 5 was noted. The virtual distance accumulated in the first 2 minutes, while the participant was in the process of reaching the required speed, was discarded. Measuring virtual distance reached at each minute for each speed enabled an examination into whether virtual distance increased consistently with time when players ran at a constant speed. Total virtual distance was reported as virtual meters covered between the second and fifth minutes.
Results. Results are reported in Table 1. Fourteen participants completed study A (eight males; mean age, 24.9 years; standard deviation, 2.1 years). Virtual distances recorded were normally distributed (by Kolmogorov Smimov test, P > 0.05).
A two-factor repeated-measures analysis of variance was conducted to investigate whether the change in virtual distance was consistent between minutes 2 to 3, 3 to 4, and 4 to 5 when subjects were exercising at a constant speed of both 6.5 km/hour and 13 km/hour. The main effect for minutes was insignificant, indicating that there was no significant difference in virtual distance accumulated between minutes 2 to 3, 3 to 4, and 4 to 5 (I= 1.262, P ——0.30). A significant effect was seen for speed (N= 41.631, P < 0.001). Post hoc tests revealed that virtual distance accumulated at 13 km/ hour was significantly greater than that accumulated at 6.5 km/hour (confidence interval of the difference, 63—127 virtual meters).
Insert Table 1 here.
Virtual distance results were also compared with actual distance covered by participants. When jogging at 6.5 km/ hour for 3 minutes, participants covered 325 m, with the average virtual distance covered being 588 m. Jogging at 13 km/hour for 3 minutes, participants covered 650 m, with the average virtual distance reported by the game for this period being 873 m. Both virtual distance results exceeded distance covered during treadmill running.

Study B
It is important for an outcome measure to be reliable. In the context of “Wii Fit Free Jogging,” this means that virtual distance achieved should depend on movement of the Wii remote, without being affected by other factors, and should be consistent over time. To investigate the reliability of a measure, it is desirable that all other variables other than the one that is being measured remain constant. There is significant variation in human gait both between 13 and within'4 individuals. To test the reliability of virtual distance with the Wii remote attached to participants while jogging would have introduced variance attributed to human movement. For this reason, an alternative platform was sought. The MOTOmed viva2 (Reek, Betzenweiler, Germany) is an automated passive pedal ergometer (Fig. 1).15 This machine can be programmed to rotate its pedals at a constant speed of between 1 and 60 rotations/minute (RPM) independently of human involvement.

For the purpose of this study, Wii remotes were attached to the pedals of a Motorned ergometer programmed to move its pedals at a constant velocity (Fig. 1). Investigations were then carried out to determine whether six variables (time, distance from Wii sensor bar, Wii remote used, Wii consoles used, speed of movement of Wii remote, and virtual character used) affected virtual distance achieved during “Wii Fit Free Jogging.” The MOTOmed ergometer was calibrated and programmed to move at a constant velocity during each investigation. Once the required velocity was reached, “Wii Fit Free Jogging” was started. At the end of each 10-minute game, the virtual distance shown on-screen was recorded. Analysis was conducted using limits of agreement,l6 paired  t tests, and comparisons with the minimal detectable change where appropriate.

FIG. 1.  Insert picture of MOTOmed with Wii remotes attached to the pedals.

To determine whether there was a difference in virtual distances achieved over time, “Wii Fit Free Jogging” for 10 minutes was repeated 10 times each at two time points 1 week apart while Wii remotes were attached to the pedals of the MOTOined (Fig. 1). For this experiment, the pedals of the MOTOmed were set to a velocity of 60 RPM. The MOTOmed was placed 2 m from the Wii sensor bar and was not moved during testing.

In order to determine whether distance of the remote from the sensor bar affected virtual distance, a similar protocol was followed. The sensor bar was placed on top of the television screen and was not moved. The remote used was attached to the pedal of a Motomed as previously described and placed 1 m from the sensor bar. Virtual distance results were recorded for 10 repetitions of 10 minutes of “Wii Fit Free logging” with the pedals rotating at a constant velocity of 60 RPM. This was then repeated with the remotes placed 2 m from the sensor.

There is evidence to suggest that for the same movement, the output of motion detecting devices can differ between monitors 17 It is possible to use any Wii remote with any Wii console. Therefore a second Wii remote and console were acquired. This enabled any differences in virtual distance between Wii remotes and consoles to be examined. To reduce confusion, different color consoles and remotes (white and black) were used. Similarly, for virtual distance to be useful as an outcome measure, results would have to be re liable across different consoles. To investigate the reliability of virtual distance across different consoles (black and white using the same Wii remote (white), the Wii remote was attached to the pedal of the MOTOmed, which was positioned at 2 in from the sensor bar, and set to move at a constant velocity of 6G RPM. This was repeated 10 times each for each console.

To investigate whether there was a significant difference in virtual distance with a change in speed, the MOTOmed pedals, with Wii remotes attached, were programmed to rotate at 40 RPM and 60 RPM for 10 10-minute games of “Wii Fit Free Jogging” each.
Finally, in all Wii games players can pick. or design, an on-screen virtual character (called a Mii). Because Mii characters are individualized, it is possible that the result of a game played may differ depending on the Mii used. To investigate whether the virtual character (Mii) seen on-screen effected virtual distance reached, two virtual characters of different body mass index (BMI) and gender were chosen to plav “Wii Fit Free Jogging” and the virtual distance results were compared. The first character used was female with a BMI of 22 kg/m2. The second was male with a BMI of 35 kg/m2. With the MOTOmed pedals moving at a constant velocity of 6O RPM, these characters were chosen to play “Wii Fit Free Jogging” 10 times each.
Results were analysed using Bland-Altman analysis16 or paired and independent t tests where appropriate.
Results. Results on the virtual distance achieved when “Wii Fit Free Jogging” was repeated 10 times with both black and white remotes controlling the white console are reported in Table 2. Virtual distances recorded were normally distributed (by Kolmogorov—Smirnov test, P > 0.05).
Regarding virtual distance results across different testing times, Bland—Altman analysis showed a bias of 10 virtual meters with limits of agreement ranging 89 virtual meters for data comparing virtual distance results taken l week apart (Fig. 2). The bias was 0.9 percent of the overall mean, and limits of agreement spanned 8 percent of the overall mean. These results indicate good agreement between Times I and 2; it can be concluded that virtual distance achieved was not affected by a time difference of I week. Because no change in virtual distance was expected between Times 1 and 2 in this study, it was possible to calculate the minimal detectable change (MDC). The MDC is the minimal amount of change that can be said to reflect true change.18 Using an equation detailed by Stratford et al.,18 the MDC was calculated to be 44.5 virtual meters. This result was used to determine wheth- er differences in virtual distance achieved under different conditions were real or attributable to variation.
Regarding virtual distance results when remotes were placed at different distances from the sensor bar, a paired t test revealed that there was a significant difference between the virtual distances reached when the remotes were placed at 1 m from the sensor compared with 2 m from the sensor (P= 0.004). The mean difference between conditions (42.1 virtual meters) was less than the MDC, indicating that the difference could have been attributed to measurement error. Regarding vjrtual distance results using two different Wii remote controls and two different Wii consoles, there was no significant difference in virtual distance between games played using the white remote compared with the black remote (P =0.52) or when using the white console compared with using the black console {P = 0.2). The mean difference between conditions was 6.4 and 1.4 virtual meters, respectively.
Regarding virtual distance recorded at two different speeds, there was a significant difference in virtual distance reached when the MOTOmed pedals were moving at 40 RPM compared with 60 RPM (P < 0.00fll). The mean difference between speeds was 723 virtual meters. This was greater than the MDC of 44.5 virtual meters.
Regarding virtual distance results using two different Wii characters, there was no difference between virtual distances achieved by different virtual characters (P=0.85). An average difference between conditions of 1.8 virtual meters was reported. Once again, the mean difference of 1.8 virtual meters was far lower than the MDC.

Study C
The final study investigated whether virtual distance was repeatable during stepping. Step tests such as the Astrand- Ryming Step Test Protocol19 and the YMCA step test20 are commonly used to estimate aerobic fitness outside of the laboratory situation. Although “Wii Fit Free Jogging” game instructions require players to jog on the spot, there is considerable variation in how people jog, and few exercise tests require participants to jog on the spot. Therefore it was hypothesized that “Wii Fit Free Jogging” might be more appropriate if designed as a step test. Because stepping differs considerably from jogging, the repeatability and sensitivity of virtual distance while people stepped up and down a uniform step height were investigated.
Wii controllers were attached to participants’ right lower limb at the calf and thigh. Participants were instructed to step onto and off a step 30 cm high in time with a metronome at four different stepping speeds for 5 minutes each. A step height of 30 cm was chosen as this height is used in established valid and reliable step tests.20-21 The rates (or speeds) at which participants were asked to step were 80, l00, 120, and 140 steps/minute. The movement of each foot either up or down was considered a step. These rates were chosen as they are similar to those used in established step tests20,22 and are considered challenging without being too difficult for most healthy volunteers to complete. The order of stepping rates was randomized. Virtual distances reached by each participant from both the controller at the thigh and calf were noted at minutes 3, 4, and 5 during each bout of stepping. The first 2 minutes of stepping were not recorded to allow participants to become accustomed with the task of stepping at a constant rate.
Results. Regarding virtual distance reached, comparisons were done across four speeds of stepping at three time points. Seventeen participants (nine males; mean age, 24.5 years: standard deviation, 2.7 years; mean BMI, 23.0 kg/m2: standard deviation, 2.0 kg/m2) took part in this study. Virtual distances recorded were normally distributed (by Kolmogorov—Smirnov test, P > 0.05). Table 3 details virtual distance reached after each minute of stepping, at each speed of stepping, for both Wii remotes (that placed at the thigh and calf). Table 4 details the absolute virtual distance accumulated between minute 3 and 4 and minute 4 and 5 for each controller position. Repeated-measures analysis of variance was carried out with absolute virtual distance achieved between minutes, controller position, and speed as within subject factors. There was a significant effect for speed ‹P < 0.001). All other effects and interactions were insignificant. Post hoc analysis revealed that there was a significant difference between all speeds (P < 0.05 for all).
To examine the interaction between total virtual distance accumulated at the end of each minute and the four speeds of stepping, an interaction plot was drawn Fig. 3). The interaction was significant and indicated that virtual distances achieved at the end of each minute were dependent on the speed of stepping. At a higher speed of stepping. a greater increase in virtual distance was seen at each minute. This was also evident from the fan-shaped interaction plot (Fig. 3).
Discussion
This article describes an investigation into the measurement properties of virtual distance achieved while playing “Wii Fit Free Jogging.” Results of Study A indicated that virtual distance was sensitive to a change in jogging speed. Results also indicated that the increase in virtual distance per minute when jogging at a steady pace was consistent as time passed, for each speed. It is interesting that the virtual distance participants reached during “Wii Fit Free Jogging” while running on a treadmill did not correspond to actual distance covered. This shows that virtual distance does not correspond to real distance. Nevertheless, as a repeatable measure sensitive to changes in speed, virtual distance may still be of use as an outcome measure.
Results of Study B revealed that there was no difference in virtual distance achieved between virtual characters, between consoles, between Wii remote used, or between two time points 1 week apart when movement of the Wii remote and distance of the Wii remote from the sensor bar were controlled. In support of the results of Study A, it can be concluded that virtual distance was sensitive to a change in speed of 20 RPM on motorized pedals.
It is possible that the distance of the Wii remote from the sensor bar could affect virtual distance. Further investigation comparing different distances may yield clearer results. As the difference reported was less than the MDC, it may have been due to measurement error. Another explanation could be the strength of telemetry between the controller and the sensor.
Results of Study C revealed that virtual distance as an outcome measure was sensitive to changes in speed of stepping and increased steadily over time when stepping at a constant pace. This was true when the Wii remote is placed at either the thigh or the calf. The studies detailed in this article were conducted in controlled situations where the speed of movement of the Wii remote was predetermined. In exercise testing situations it is likely that the person being tested would dictate the pace. It is not yet known whether the promising results found in the pilot studies described above will translate to such a situation.

Conclusions
Overall results of studies in this article indicated that virtual distance has some of the measurement properties needed for a tool to estimate maximum volume of O2 uptake. Although virtual distance does not represent real distance were players to be jogging forward, it may be of use to researchers or clinicians in certain fields because it appears to be a reliable measure that is sensitive to changes in speed of movement of the Wii remote.
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Table 1: Virtual distance achieve by participants jogging at two steady speeds on a treadmill
Mean (standard deviation)

							Speed
6.5 km7hour	Speed 13 km7hour
Vm covered between minutes 2 and 3		196 (27)	287 (41)
Vm covered between minutes 3 and 4		195 (26)	293 (45)
Vm covered between minutes 4 and 5		196 (24)	293 (48)
		
Vm total for minutes 2—5				588 (77)	873 (132)

Real distance (m) for minutes 2-5			325		650
Vm = virtual meters.

Fig 1: Picture of motomed with Wii remotes attached to the pedals.










Table 2: Average virtual distance achieved during 10 X 10 minute bouts of wii fit free jogging with a wii remote attached to the pedals of the motomed for various conditions.


Condition					 Virtual distance (in virtual meters)

Time measurements were taken 
Day 1							1071.3 (16.1)
Day 2							1061.3 (17.8)
Distance of remote from sensor bara
1 m							1106.0 (26.1)
2 m							1063.9 (16.9)
Remote used 
White remote 						1063.1 (15.5)
Black remote						1070.1 (19.0)
Console used 
Black console 						1065.6 (14.1)
White console						1067.0 (20.8)
Speeda
60 RPM						1069.5 (19.1)
40 RPM						347.6 (28.9)
Virtual character used
 Female Mii with BMI of 22 kg/m2			1065.4 (18.1)
Male Mii with BMI of 35 kg/m2			1067.2 (17.4)

Data are mean (standard deviation) values.
a Denotes significant difference between conditions. 
BMI, body mass index: RPM, rotations/minute.
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Table 3: Virtual distance accumulated immediately after each minute of stepping at each speed 

Distance accumulated with controller at 
	Calf		Thigh
Time, speed (steps/minute)
After 3rd minute
80						521 (43)	531 (84)
100						632 (56) 	633 (71)
120						777 (96)	748 (95)
140 						889 (110) 	848 (144)
After 4th minute
80						696 (65)	708 (119)
100						861 (86)	849 (123)	
120						1052 (138)	1011 (121)
140						1187 (125)	1126 (195)
 
After 5th minute
80						879 (106)	893 (146)
100						1076 (99)	1079 (121)
120						1310 (173)	1260 (148)
140						1455 (169)	1371 (208)
Dat‹=
Data are mean (standard deviation) values.







Table 4: Increase in virtual distance between minute 3 and 4 (4th minute) and minute 4 and 5 (5th minute) at two controller sites and four stepping speeds
Virtual distance with controller at 
	Thigh		Calf
Speed (steps/minute), time
80	
	4th minute				181 (38)	176 (23)
	5th minute				173 (28)	170 (22)
100
4th minute				219 (32)	219 (29)
	5th minute				218 (29)	215 (27)
120
4th minute				257 (36)	259 (35)
	5th minute				260 (34)	262 (47)
140
4th minute				278 (53)	298 (34)
	5th minute				257 (49)	 286 (28)

Dara are mean (standard deviation) values.











Figure 3: Interaction plot between four speeds of stepping and virtual distance recorded at minutes 3, 4, and 5.
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