
1. Introduction

According to the Japanese Cabinet Office, falls and fractures

have increased by 3.2% between 2009 and 2019.1 In Japan, the re-

vised Long-Term Care Insurance Law (2006) prevents long-term care;

therefore, measures to prevent falls in the elderly have been de-

veloped for more than 10 years. In the United States, the 1995

Frailty and Injuries: Cooperative Studies of Intervention Techniques2

were effective in improving complex exercises and balance, includ-

ing strength training for fall prevention. In Japan, efforts have been

made to improve physical function in the elderly. These efforts have

achieved some success in reducing fall rates. However, the number

of fatalities (mortality rate per 100,000 population) among the el-

derly due to falls (slip, stumbling, or staggering), examined every 5

years, has exhibited an increasing trend: 3,879 in 2005 (3.1%), 4,843

in 2010 (3.8%), and 5,636 in 2015 (4.5%). Although the elderly po-

pulation has increased since 2005, these results show an increase

in the number of deaths and mortality rate from falls.3 With the in-

clusion of cases wherein a fall did not lead to death, the results show

that a large number of fall accidents have occurred. As the aged hu-

man population grows, there is an urgent need to develop new fall

prevention strategies that differ from the conventional strategy that

focuses only on improving physical motor functions.

Humans obtain approximately 80% of the necessary informa-

tion from vision.4 Generally, poor eyesight impairs balance and in-

creases the risk of falls and fall-associated fractures. Visual informa-

tion is important in fall prevention, and we believe that not only vi-

sual acuity, but also eye movements are necessary in moving the

eyeballs to search the visual field. Therefore, the development of fall

prevention measures that focus on visual function is logical and prac-

tical. Previous studies on vision and falls have reported that visual

training is an important consideration for fall prevention programs in

the elderly living in communities5 and that eyeball exercises are use-

ful for improving balance and fall prevention efficacy in elderly indi-

viduals who have experienced a fall.6 However, only a few studies on

eye movements and falls have focused on the impact of the uptake

of environmental information on falls. Therefore, we focused on

dual task walking, namely, “walking while performing a task” (which

is considered to have a high fall incidence), analyzed gaze move-

ment, and clarified the relationship between visual factors different

from physical and cognitive factors and falls.7 In an earlier study, eye

movements during simulated walking (walking on the spot), with

and without computational tasks, were measured in young people

without a risk of falling. Additionally, the line-of-sight movement

when consciously looking ahead was confirmed. The results showed
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Background: As the human population ages, there is an urgent need to find new fall prevention strate-

gies that differ from the conventional strategy of improving physical motor functions. Therefore, this

study aimed to investigate the mechanism of falling during a dual task based on eye movements and

frontal blood flow in the elderly.

Methods: Thirteen healthy elderly women participants performed the following tasks while walking on

the spot: stepping at a normal walking speed (single task), stepping at a normal walking speed while

solving mathematical problems (dual task), and stepping at a normal walking speed while looking care-

fully at an image in front of them (control task). Eye movements, stepping state (number of steps and

toe height), and frontal blood flow of the participants were measured.

Results: The participants’ eye movements were significantly greater during the dual task than during

the single and control tasks. However, the number of steps was not significantly different while per-

forming the dual and single tasks. Toe height was significantly lower during the dual task than during

the single task. Finally, frontal blood flow increased while performing the dual task compared with

while the single task.

Conclusion: This study clarified the mechanism by which fall occurs in elderly participants. Eye move-

ments increased during dual task walking; however, the additional task involving “thinking” required

focus, the visual search became sparse, and the toe height was reduced. These factors increased the

risk of “stumbling,” which is considered the primary mechanism of falls.
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that the eyeball moved faster and to a greater extent during pseudo-

walking while performing a dual task compared with during pseudo-

walking while performing a single task. This was different from gaze

movement. When walking while thinking, it was speculated that

although the eyes were moving around, they did not always search

visually, and their perception of the forward environment was re-

duced. However, there was no difference in the number of steps

taken during pseudo-walking, with or without the calculation task,

and the gait was not affected by the load of the calculation task. This

may be because young people have sufficient lower limb muscle

strength, good physical balance, and firm cognitive function.

In daily life, we typically perform two activities (dual task activi-

ties) simultaneously: walking while thinking, climbing stairs while

talking, and changing clothes while maintaining a standing balance.

During this time, the attention distribution function of the frontal

association area is necessary,8–10 and the amount of attention re-

sources used to perform a task, which is constant for each person, is

divided when performing multiple tasks. However, the amount of

attention resources available decreases with age, and it becomes

difficult to allocate attention resources effectively.11,12 For this rea-

son, elderly and dementia patients have more difficulties in per-

forming two tasks simultaneously (under dual task conditions) com-

pared with performing one task intensively. Other studies have re-

ported that walking while solving problems, such as calculations and

false retrieval in the elderly, delays walking speed13 and increases

trunk sway during walking.14 These studies state that imposing a

dual task affects gait and increases the risk of falls.

The purpose of our study was to examine the falling mechanism

for the elderly under dual task conditions based on the results ob-

tained for young people. We investigated the frontal lobe (attention)

function, which decreases as an individual ages. We also monitored

eye movements and stepping state during dual tasks.

2. Patients and methods

We analyzed 13 healthy elderly women (mean age: 80.7 � 5.4

years) who volunteered for the study. The participants were com-

munity residents recruited based on their sex (women) since sexis

considered a risk factor for falls,15,16 and a higher incidence of falls

was reported in women than in men.17,18 The participants’ com-

prehensive condition was that they had no problem with their visual

acuity and visual field in their daily life, and their binocular vision

required to renew their driver’s license was 0.7 or more using the

naked eye, glasses, or contact lenses.

All participants were informed of the purpose of this study, both

in writing and verbally, and written consent was obtained from each

participant. This study was approved by the Seijoh University Re-

search Ethics Committee (2016 C0024).

In this study, “walking on the spot” was selected instead of ac-

tual walking, owing to the characteristics of the measuring equip-

ment used. Participants stood 2 m away from a screen situated in

front of them. The screen displayed a video captured with a video

camera at the eye level (157 cm from the floor) of one of the exam-

iners while walking in a straight path indoors at 1.4 m/s (average

walking speed of an adult). Each participant was instructed to walk

by stepping on the spot while watching the screen and imagining

that they were actually walking. Participants were instructed to per-

form the following three tasks while watching the screen without

moving their heads: 1) stepping at a normal walking speed (single

task); 2) stepping at a normal walking speed while solving mathe-

matical problems (dual task); and 3) stepping at a normal walking

speed while carefully looking at an image in front of them (control

task). The aim of the control task was to confirm the gaze movement

when the participant consciously watched the screen.

In the dual task, the calculation task was to multiply a two-digit

number by a single-digit number, which was regarded as the working

memory task in a previous study.19 When the participant started

walking on the spot, the examiner verbally asked the mathematical

task for calculation. Participants were required to answer the calcu-

lation task and repeat the calculation until they reached the correct

answer. If the answer was correct, a new calculation task was pro-

vided. In addition, the examiner was positioned behind the partici-

pant, avoiding the participant’s field of view. Participants’ eye move-

ments, stepping state (number of steps and toe height), and frontal

blood flow were measured. Eye movements and stepping states

were simultaneously measured.

The eye movement was measured at a sampling rate of 30 Hz

using an eye movement tracking device (TalkEye Lite, Takei Scientific

Instruments Co., Ltd, Niigata, Japan) for all tasks. TalkEye Lite is a gog-

gle-type eye movement measurement system that processes pu-

pillary images with the following settings: a detection light wave-

length of 870 nm; a detection range of 50� to the left and right and

20� upward and downward; a detection resolution of 0.1� (� �20�)

and 0.5� for the entire area; and a detection error of � 1� (� �20�), �

2� (� �40�), and � 3� for the entire area. The synthetic motion angles

of both eyeballs for each measurement task were divided into ver-

tical and horizontal components. The total vertical eye movement

angle (sum of the angle at which the eyeball moved upward and

downward during a measurement lasting 30 s) and the total hori-

zontal eye movement angle (sum of the angle at which the eyeball

moved left and right during a measurement lasting 30 s) were cal-

culated. The measurement protocol comprised one cycle of 10 s of

practice, 50 s of rest, and 30 s of performing the task (Figure 1). The

measurement tasks were performed in the order of a single task,

dual task, and control task to ensure that the participants were not

conscious of “seeing.”

An accelerometer (DSP wireless 9-axis motion sensor, Sports

Sensing Inc., Fukuoka, Japan) was used for all the tasks. The device

was secured with a belt just above the lateral malleolus of the fibula

on the right lower extremity. The number of times the right lower

limb was raised and the corresponding height to which it was raised

were measured while walking on the spot.

Frontal blood flow was measured using optical encephalogra-

phy (OEG-16; Spectratech Inc., Tokyo, Japan). This device is widely

used to measure cerebral blood flow in desktop tasks. Although this

study required measurements during motion, the participants were

walking on the spot; thus, there were no problems regarding the use

of this apparatus. Light was emitted via six two-wavelength em-
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Figure 1. Measurement protocol for eye movements and stepping state (number of steps, toe height). Note: single task, dual task, and control task were per-

formed in this order. There was ample rest time between tasks. Abbreviation: P, practice.



bedded light-emitting diodes (wavelength 1: 840 nm, wavelength

2: 770 nm). Light was received through six Si PIN photodiodes, which

featured 16 simultaneous measurement channels, and the distance

between the light-emitting and receiving components was 3 cm, ob-

tained from the OEG-16 specifications. The dorsolateral prefrontal

cortex (DLPFC) is involved in attentional function,20 and attention

control (attention persistence, attention selection, and attention

distribution) becomes impossible if this part of the frontal lobe is

damaged. Thus, we measured the level of oxyhemoglobin (Oxy-Hb)

in the prefrontal area, including the DLPFC, through channels 1–16 in

both single and dual tasks. To confirm the attention function during

the dual task, the experimental protocol comprised a block design

consisting of three cycles of 20 s of rest (single task) and 20 s of task-

performing (dual task) (Figure 2). The difference in Oxy-Hb level de-

tected during the task and at rest was calculated and averaged.

All results are presented as mean � standard deviation. Before

analyzing the data, a Q-Q plot was created to confirm that the data

followed a normal distribution. For the data analysis, the total ver-

tical eye movement angle, total lateral eye movement angle, num-

ber of steps, and height of toes were subjected to one-way repeated

measures analysis of variance, Bonferroni’s multiple comparison

test, and Tukey’s test for comparison between groups. The change in

Oxy-Hb level was converted to Z-scores for comparison. Data were

analyzed using SPSS (version 24.0; IBM Corporation, Chicago, IL,

USA). The significance level (p) was set at < 0.05.

3. Results

The total vertical eye movement angle was significantly larger

during the dual task (1008.1� � 455.7�) than during the single task

(756.8� � 259.4�, p = 0.027) and control task (688.7� � 185.4�, p =

0.031) (Figure 3). The total lateral eye movement angle was also sig-

nificantly larger during the dual task (1043.0� � 629.1�) than during

the single task (809.0� � 446.0�, p = 0.017) and control task (765.3� �

374.1�, p = 0.056) (Figure 3). In the pupillary images obtained by

TalkEye Lite, the eye movements showed that in the single task, the

gaze remained within a certain range, whereas in the dual task, the

eye movements were observed to move rapidly and irregularly in

the vertical and horizontal directions, to stay there for a while, and to

change gaze rapidly again.

The number of steps was not significantly different during the

dual task (28.0 � 1.6 steps), single task (27.8 � 1.5 steps), and control

task (27.8 � 1.8 steps) (Figure 4). Toe height was significantly lower

during the dual task (22.9 � 14.0 cm) than during the single task

(26.5 � 13.7 cm, p = 0.018) and control task (27.1 � 14.2 cm, p =

0.024) (Figure 4).
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Figure 2. Measurement protocol for frontal blood flow. Note: A block design consisting of 3 cycles of a 20 s of rest (single task) and 20 s of task (dual task). The

difference in Oxy-Hb level detected during the task and at rest was calculated and averaged. Abbreviation: R, rest. M1, 1st measurement. M2, 2nd measure-

ment. M3, 3rd measurement.

Figure 3. Comparison of the total vertical or lateral eye movement angles among the single, dual and control tasks. Note: One-way repeated measures analysis

of variance and Bonferroni’s multiple comparison test. Error bars show the standard deviation from the mean values. Abbreviation: TVEM-angle, total vertical

eye movement angle. TLEM-angle, total lateral eye movement angle. ns, no significant.



Changes in Oxy-Hb level were positive for the DLPFC, both on

the right (0.513 � 7.218) and left (0.584 � 7.635) sides, and its level

increased during the dual task compared with during the single task.

4. Discussion

The vestibular oculomotor reflex affects eye movements by

moving the head.21,22 However, in this study, the participants’ head

movements were minimized by instructing them to stepping at walk

while watching the screen in front of them without moving their

heads. Therefore, eye movements due to the vestibular oculomotor

reflex were not considered.

In this study, it was found that oxy-Hb level in the frontal lobes

were higher during the dual task with the calculation task than dur-

ing the single task. The calculation task used in this study was the

multiplication of two- and one-digit numbers. Therefore, working

memory was needed to temporarily store the numbers, attention

was paid in performing the multiplication task, and attentional distri-

bution was increased for the multiplication task. The frontal lobe is

responsible for attentional functions, and it was inferred that the

high oxy-Hb level supported the activation of the DLPFC, which is

involved in the distribution of attention. However, the amount of

attentional resources decreases with age, making it difficult for the

elderly to allocate attentional resources appropriately. Therefore,

the possibility that attention was allocated and used to perform the

calculation task cannot be ruled out. Eye movements were greater

during the dual task than during the single task, although the visual

environment was the same. Therefore, the reason for greater eye

movements during the dual task could be attributed to the execu-

tion of the calculation task. If the attention described earlier was

allocated to the execution of the multiplication task, it could be

interpreted that attention was not directed to the search for the

visual field and, as will be discussed later, eye movements were

greater; however, visual information was not captured. Regarding

walking, toe height was lower during the dual task than that during

the single task. This may be because attention was not allocated to

the execution of stepping or eye movements. Previous studies on

dual-task walking with tasks such as calculation and false search in

elderly subjects also reported a delay in walking speed13 and trunk

swaying during walking.14 Therefore, it can be speculated that the

elderly pay more attention to thinking and less attention to lifting

their feet during the dual task, and under these conditions, falls due

to stumbling may occur (Figure 5).

In this study, eye movements during the dual task were greater

than during the single task. Compared with the single task, eye mo-

vements during the dual task were more rapid and irregular, such as

moving the gaze up and down, left and right, staying there for a

while, and then changing the gaze again rapidly. Eye movements can

be classified into saccadic and smooth pursuit eye movements. The

eye movements observed in this study were similar to saccadic eye

movements, rather than slow movements following the movement

of an object with the eyes as in glide-following eye movements. Sac-

cades are fast and intermittent movements in which the eye seems

to stop for a while in the direction of a particular point, and then stop

in the opposite direction.21 This saccade state may have increased

the horizontal and vertical eye movements. Furthermore, it is im-

portant to note that saccades are not eye movements during thoughts.

The eyeballs move but do not capture visual information. In addi-

tion, when thinking about something, we tend to unconsciously

move our eyes upward. This may be related to the influx of infor-

mation received from the eyes.23,24 During deep thinking, infor-

mation from eye distortions interferes with the thought process.

Therefore, one may try to block information from the eyes by turning

the gaze upward and looking at an empty landscape (a landscape

with little or no information). This movement is seen as a vertical eye

movement during the dual task and accounts for the greater move-

ment. It can be said that in this condition, too, the eyes are moving

but not capturing visual information.

Since eye movements during the dual task were different from

those during the single task, it is presumed that participants did not

maintain forward vision. Ebisawa et al.25 noted that the more closely

participants looked at an object, the more their gaze remained con-

stant and the impulsive movement component decreased. During

saccades, images are blocked by saccade suppression.26 Thus, an in-
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Figure 4. Comparison of the number of steps and the toe height among the single, dual and control tasks. Note: One-way repeated measures analysis of vari-

ance and Bonferroni’s multiple comparison test. Error bars show the standard deviation from the mean values. Abbreviation: ns, no significant.



crease in saccades during the dual-task indicates that visual infor-

mation is not available. This also indicates that although the eyes

are moving, they do not capture visual information. These facts in-

dicate that when the elderly walk while engaged in other activities,

they are unable to visually explore the environment ahead, although

their eyes are moving widely, and their perception of the environ-

ment ahead is reduced. Under these circumstances, the risk of falling

is undetectable and the risk of falling increases.

Poor eyesight is well-known as one of the risk factors for falls.

The strength of this study is that we focused on eye movements of

visual functions other than visual acuity, and clarified the mecha-

nism by which eye movements cause falls. Based on this result, we

would like to focus on vision training aimed at improving eye move-

ments and examine whether improving visual function (eye move-

ments) can be a fall prevention measure as the third function follow-

ing motor and cognitive function.

However, the present study has several limitations and issues.

The number of participants in this study was small; thus, our results

cannot be generalized for the general community-dwelling popula-

tion. Therefore, it is necessary to further increase the number of

subjects including men as well as women. In addition, in this study,

“walking on the spot” was used instead of actual walking. Therefore,

we did not collect information on height, leg length, BMI, or other

factors that are considered to influence walking ability. These factors

should also be considered when conducting future walking studies.

Moreover, the device used of this study did not have the ability to

discriminate between saccadic eye movements and smooth pursuit

eye movements, making it difficult to determine whether the ob-

served eye movements were saccades. Therefore, it is necessary not

only to compare the magnitude of single- and dual-task eye move-

ments, but also to analyze the characteristics of each eye movement

in more detail. And, although eye movement was measured using

the same method as in the previous study, it is not ideal to simply

compare the data of young people and the elderly. This is because

the data were not collected at the same time.

This study investigated the falling mechanism experienced by

the elderly during dual task walking. It is clarified that during dual

task walking, the eye movement increased, visual search became

sparse, and toe height was reduced. These factors increased the risk

of “stumbling,” which is considered the main falling mechanism.

Based on the results of this study, we investigated the relationship

between visual function and stepping motion, which is one of the

responses for recovering the balance lost due to stumbling, and

consideration of fall prevention strategies from the perspective of

visual information should be investigated in future studies.
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