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Abstract

Kūsho, which refers to a behavior in which one moves the index finger as a substitute for a

pen in the air or on a surface, mostly used when trying to recall the shape of a written charac-

ter or the spelling of a word, has been known to facilitate cognitive task performance among

kanji writing-system users. This study investigates whether the facilitative effect of kūsho,

the existence of which has been exclusively confirmed in younger adults, is present in old

age. Moreover, to further understand the interaction between finger movement and cogni-

tive processing, we analyzed the correlation between the kūsho effect and factors such as

age, mini-mental state examination (MMSE) score, and number of years of education. The

kūsho effect was assessed by a task where participants mentally assembled a set of kanji

subparts to form an actual character. The results showed a significant facilitative effect of

kūsho and a strong negative correlation between kūsho effect and education. This study

confirms the benefits of finger movement for solving cognitive tasks involving visual pro-

cessing of written language among older adults and suggests the kūsho effect may be medi-

ated by education.

Introduction

Aging is known to influence various areas of cognitive processing such as working memory

[1], cognitive flexibility [2], inhibitory function [3], semantic memory [4], and certain aspects

of language [5]. The present study aimed to investigate how aging influences the facilitative

effect of finger movements known as kūsho on cognitive task performance among older Japa-

nese adults. Kūsho is a behavior in which one moves the index finger as a substitute for a pen

in the air or on a surface, mostly used when trying to recall the shape of a written character or

the spelling of an English word; this behavior is mainly observed among people who use a Chi-

nese character writing system (kanji) such as Chinese and Japanese people [6–8]. Based on a

sample of Japanese young adults, previous studies found that visual feedback from kūsho

behavior improved cognitive task performance for recalling the shapes of characters [9, 10].

Kūsho behavior has also shown some benefits for second-language learners of Japanese [11,

12]. While kūsho behavior is widely observed among Japanese people regardless of age, no
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previous study has specifically confirmed the effect of kūsho behavior on cognitive processing

among older adults. The present study, therefore, aimed to investigate whether the facilitative

effect of kūsho behavior is observed among kanji-culture older adults as it is among younger

adults, regardless of age-related changes in the sensorimotor system and cognitive functions.

We used a kanji construction task to investigate the existence of the facilitative effect of

kūsho behavior in older adults. In this task, participants try to assemble three presented kanji

subparts to form an actual existing kanji character [6, 9, 10]. Kanji characters usually consist of

several subparts and therefore can be broken down into several units. Kūsho behavior is fre-

quently observed among kanji-culture individuals [6, 7, 13–15]. Even in experimental settings,

the spontaneous use of this behavior is widely seen among Japanese university students [6, 9].

Previous work found that participants gave more correct responses in kanji construction tasks

in the condition where they engaged in kūsho behavior (kūsho condition) compared to two

other experimental conditions (i.e., rest and irrelevant movement conditions), as long as the

visual feedback of their finger movements was available [9, 10]. In the present study, assuming

the facilitative effect of kūsho behavior exists among older adults, we likewise used the kanji

construction task and expected task performance in the kūsho condition to be better than in

the other conditions.

In addition, the present study also analyzed the interaction of the kūsho effect and personal

factors, including age, mini-mental state examination (MMSE) score, and years of education.

It has been reported that cognitive task performance among older adults is highly influenced

by factors such as educational level [16–19]. Aside from Itaguchi, Yamada (10), who found no

reliable relation between vocabulary score and kūsho effect among young adults, no prior

study has investigated the relation between demographic factors and kūsho effect. Using a

naming task, one previous study did find that phonological cues facilitated task performance

more so for older adults than for young adults [20], suggesting that an alternative network

might facilitate recall for individuals with cognitive decline. We thus tentatively hypothesized

that individuals among whom we assume cognitive decline is underway would show larger

kūsho effects. Investigating such interactions is important for possible clinical and educational

application of the behavior.

Materials and methods

Participants

Twenty-seven right-handed older adults (female = 21) participated in the experiment. One

participant who could not precisely follow the experimental instructions was excluded from

further analysis (see the Discussion for details). The average age of the analyzed participants

(n = 26) was 86.8 years old (SD = 5.9). All were attending a senior citizen center in Tokyo, and

the experiment was conducted in the center. The average score on the Edinburgh handedness

inventory was 93.0 (SD = 10.0). All participants preferred to use their right hand for writing

and were native Japanese speakers who had completed elementary school in Japan without any

apparent problems in reading and writing. We confirmed that all participants could see the

visual stimuli on the display in the experimental environment.

Table 1 shows details about the participants’ age, MMSE scores, and education. The amount

education in years was self-reported. An MMSE, which is a 30-point questionnaire that is used

in clinical and research settings to evaluate cognitive impairment, was conducted before or

after the main experiment by one of the authors using a standard protocol. For two partici-

pants, the MMSE scores were below 24, which is the standard cut-off value for healthy and

mild cognitive decline. However, note that we carefully assessed whether participants had suf-

ficient cognitive capacity to understand and follow the instructions for the experiment by
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checking the rationality of their verbal responses and the appropriateness of their behavior in

the experiment and conversation.

For 12 of the participants, a vocabulary test known as 100 RAKAN [21], which comprises a

100-kanji-word reading, standardized based on visual and phonetic aspects of word familiar-

ity, was also conducted to evaluate their vocabulary size. The minimum and maximum scores

of the test are 0 and 100, respectively. Although we did not consider the vocabulary data in the

analysis because several participants did not perform the test, the scores for these 12 partici-

pants are available in the Supporting Information.

Kanji construction task

In the kanji construction task, participants were asked to verbally identify a kanji character

based on three kanji subparts presented on a computer display [6, 9, 10], which was about 50

cm away from the participants. Before stimulus presentation, a fixation cross appeared for 1 s

on the center of the display. After the fixation cross disappeared, three kanji subparts, each

about 6 cm × 6 cm, were presented on the center of the screen in a triangle formation (Fig 1a).

The kanji parts remained on the display for 10 s, and answers were not accepted after that

time. Participants were instructed to say the original character aloud into a microphone

placed in front of them as soon as they came up with the answer. The verbal responses were

also recorded using a portable audio recording device during the experiment to check the

responses and calculate response time later.

Table 1. Demographic data of participants.

Age MMSE Education (years) Handedness

Average 86.8 27.4 10.7 93.0

SD 5.9 2.5 2.7 10.0

Max 98 30 16 100

Min 71 21 6 70

https://doi.org/10.1371/journal.pone.0226832.t001

Fig 1. Experimental stimuli and sequence. (a) An example of an original kanji character and its subparts. In the task, participants tried to

integrate one original character from three decomposed subparts presented in a triangle arrangement. In the above example, the right subpart

has to be horizontally compressed before arranging the three subparts and constructing the original kanji character. (b) The time course of one

trial in the kanji construction task.

https://doi.org/10.1371/journal.pone.0226832.g001
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To form the kanji characters in their minds, participants were allowed to overlap, expand,

or reduce the presented subparts. In Fig 1a, for example, to make the original kanji character,

one subpart was placed on the left side and horizontally compressed, and the other subparts

were vertically compressed and arranged on the right side. This type of puzzle is popular in

Japan (for example, they sometimes appear in TV programs, albeit without any instructions

on hand or finger movements), and all participants understood the rules without difficulty.

We judged a response correct when the participant’s response matched the reading of the orig-

inal kanji. A response was judged incorrect when it was wrong or not given within the speci-

fied answering period. Response times were not statistically tested or discussed because

participants’ voices were not always loud or clear enough to detect the onset of the responses,

and the ratio of missing values was very high (31% of correct responses were missing values

for response time, and 69% of the data were used to calculate response times).

We used three experimental conditions based on previous studies [9, 10] to test the facilita-

tive effect of kūsho behavior on kanji construction task performance. In the kūsho condition,

participants had to move their right index finger freely in a writing manner on a table. It is

known that the kūsho effect is greater when the index finger touches a table surface than when

it writes in the air [6]. Here, participants were encouraged to use kūsho behavior (finger writ-

ing) to solve the task. In the static condition, participants kept their right hand clenched on the

table and were not allowed to move any fingers. In the circle-drawing condition, participants

made circular motions with their right index finger on the table surface during the trial. In all

conditions, the left hand always stayed clenched on the table. The static condition was taken as

the control condition, which involved neither motor planning nor visually or kinematically

meaningful finger movement feedback. The circle-drawing condition was introduced to elimi-

nate the possibility that simply moving a finger while thinking would benefit task performance,

under the assumption that while it involved motor planning and motion-related feedback, it

was irrelevant to writing kanji characters.

Participants were instructed to turn their face away from the screen and watch their right

index finger or hand in a trial to elicit the facilitative effect of kūsho behavior, since people do

not always watch their finger when they are doing kūsho. If they turned their eyes away from

the finger, one of the experimenters gave an instruction to watch the finger. Our previous

research, using two visual conditions (eye-on-hand and eye-on-display conditions), found that

the visual feedback of kūsho finger movement was key to triggering the facilitative effect of the

behavior [9, 10]; that is, no benefit is derived if one does not see the finger movement (eye-on-

display condition). Two experimenters watched the participants’ finger movements as well as

the focus of their gaze in the experiment to confirm that they followed the instructions, one

from the side and the other one from the front of the participant. Only the eye-on-hand visual

condition was used because our main purpose was to demonstrate the facilitative effects of

kūsho behavior and examine the interaction between the kūsho effect and personal factors.

The participants carried out 60 trials in total (20 trials × 3 conditions). The experimental

condition was performed as a block, and the order of conditions was counterbalanced among

participants. Before starting the main trials, participants performed several practice trials with-

out instructions for finger and hand conditions to observe whether they spontaneously showed

kūsho behavior. We then explained the experimental conditions, and the participants again

performed practice several trials to ensure that they followed the instructions.

Stimulus

We used the same sets of kanji stimuli as in previous studies [9, 10], which included a total of 60

kanji characters. All selected kanji characters were broken down into three subparts (Fig 1a).
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Only one actual kanji character could be constructed from the three subparts (i.e., there was

one correct answer for each trial). The sub-parts were placed in a unique arrangement, different

from the original one so that it would not be too easy to find the correct answer. The subparts

in each stimulus were always presented in the same relative position. For the three experimental

conditions, three sets of kanji characters were created to have the same character properties on

average in terms of familiarity, complexity, grade level learned in school, and difficulty (for fur-

ther details of the stimuli, see [10]). The three sets were randomly assigned to each hand condi-

tion. All characters used in the present study are learned in primary school in Japan. We

confirmed that the participants knew and were able to read the characters after the main

experiment.

Analysis

To examine the effects of the hand condition, a one-way ANOVA was performed on the num-

ber of correct responses, and as a post hoc analysis, we conducted multiple comparisons using

Shaffer’s method. We also calculated the partial correlation coefficients between two variables

of the kūsho effect, age, MMSE score, and education. Kūsho effect was defined as the differ-

ence in the number of correct responses between the kūsho and static conditions. Partial cor-

relation was used because it calculates the correlation coefficient between two target variables

with the effects of other variables removed. To repeat the correlation analyses, we applied Bon-

ferroni correction to control type I error probability. We analyzed four factors in the correla-

tion analysis; thus, the total number of tests was six.

Ethics statement

This study was conducted in accordance with the principles in the Declaration of Helsinki.

The study and consent procedure were approved by the Ethics Committee on Human

Research of Waseda University. All participants provided their written informed consent.

Results

Facilitative effect of kūsho behavior

We should first note that all participants (26 out of 26) spontaneously showed writing move-

ments with their index finger while thinking during the practice trials without instruction.

Although these movements were not video recorded, the two experimenters agreed that kūsho

behavior was evident in all observations.

The experimental results for the kanji construction tasks confirmed the beneficial effect

of kūsho behavior for older adults. The average numbers of correct responses were 5.92

(SD = 3.22) in the kūsho condition, 4.42 (SD = 3.36) in the static condition, and 4.65

(SD = 3.32) in the circle-drawing condition (Fig 2). ANOVA showed the significant effect of

the experimental condition (F (2, 50) = 7.22, p< .01, ηp = 0.22). Multiple comparisons using

Shaffer’s correction revealed that the number of correct responses in the kūsho condition

was significantly larger than in the static condition (t (25) = 4.02, p< .05, d = 0.80) and the

circle-drawing condition (t (25) = 2.61, p< .05, d = 0.52). There was no statistical difference

in the number of correct responses between the static and circle-drawing conditions (t (25)

= 0.23, p = .58, d = 0.11). The average response times were 6.9 s (SD = 1.2) in the kūsho con-

dition, 6.5 s (SD = 1.8) in the static condition, and 6.8 s (SD = 1.3) in the circle-drawing

condition.
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Correlation analyses of the kūsho effect

Partial correlation analysis revealed that the kūsho effect was negatively correlated with years

of education but not with the other two factors. Table 2 shows the partial correlation matrix.

The correlation coefficients of the kūsho effect were -.11 for age (t(23) = 0.51, p = .99), -.06 for

the MMSE (t(23) = 0.28, p = .99), and -0.63 for education (t(23) = 3.75, p< .05) with Bonfer-

roni correction. Even when excluding one outlier whose age was 71, the correlation coeffi-

cients for the kūsho effect and education were still significant (r = .60, p< .05), though the

correlation coefficients for the kūsho effect and age turned out to be larger (r = .38, p = .47).

Fig 2. The number of correct responses in the kanji construction task. A dot indicates the number of correct responses for a single participant

in each condition. An asterisk indicates that there is a statistically significant difference in multiple comparisons with an alpha level of 5%.

https://doi.org/10.1371/journal.pone.0226832.g002

Table 2. Correlation matrix for the number of correct responses in the three experimental conditions and personal factors.

Experimental conditions Personal factors

Kūsho Static Circle Age MMSE Education

Kūsho 1 .83 .67 .30 .44 .15

Static 1 .80 .37 .52 .51

Circle 1 .39 .21 .34

Age 1 .03 .28

MMSE 1 .15

Education 1

https://doi.org/10.1371/journal.pone.0226832.t002
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Fig 3 shows scatter plots for the three personal factors and for the kūsho effect. There is a

consistent trend between the kūsho effect and education (right panel of Fig 3B) but not in the

other pairs. We recognize a ceiling effect in the MMSE score (middle panel of Fig 3B) and one

outlier in the scatter plot for age (left panel of Fig 3B).

As supplementary information for future reference, Table 3 shows a descriptive correlation

matrix for the number of correct responses and other personal factors without statistical test-

ing. For the current participants, we obtained mainly three results from the matrix. First, task

performance among the three experimental conditions was well correlated (r = .83, r = .67,

and r = .80). Second, the magnitudes of the correlation coefficients among the personal factors

were relatively low in general. Third, both MMSE and education were moderately correlated

with the baseline task performance (the coefficients for the static condition were r = .52 for

MMSE and r = .51 for education).

Discussion

The present study mainly obtained two novel findings. First, we confirmed that kūsho behav-

ior improved cognitive task performance that required visual processing of written language

Fig 3. (a) Scatter plots of the number of correct responses in the three experimental conditions against the three personal factors. (b) Scatter

plots of the kūsho effect against the three personal factors.

https://doi.org/10.1371/journal.pone.0226832.g003

Table 3. Partial correlation matrix of the kūsho effect and the other three factors (n = 25).

Age MMSE Education years

Kūsho effect -.11

(.00)

-.06

(-.08)

-.63�

(-.60�)

Age -.01

(.11)

.04

(.38)

MMSE .18

(.07)

� Asterisk indicates significance of the correlation coefficient with Bonferroni correction (p< .05). MMSE: Mini-

mental state examination.

https://doi.org/10.1371/journal.pone.0226832.t003
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among older adults. This result is consistent with previous studies that found facilitative effects

of kūsho behavior among university students [6, 9, 10]. We also observed that kūsho behavior

occurred spontaneously in all participants without being given instructions. Second, by analyz-

ing the partial correlations between the kūsho effect and demographic factors, we found a sig-

nificant linear inverse relationship only between the kūsho effect and years of education.

While we did not expect that only education would be related to kūsho effect, the overall

results were generally consistent with the previously proposed idea that kūsho behavior has a

beneficial influence on cognitive processing for written language. Such benefits could derive

from lessening a cognitive burden that individuals with more education could manage without

finger movement.

Facilitative kūsho effects in older adults

The present study confirmed the benefits of kūsho behavior in older adults, thus supporting

our main hypothesis, while previous studies showed its benefits in young adults [9, 10]. We

should note, however, that the total number of correct responses differed between previous

studies and the present one (9.7 vs. 4.4, respectively, in the static condition on average). More-

over, the effect sizes for kūsho behavior were somewhat larger in the present study—Cohen’s d
was 0.48 in the previous study [10] and 0.80 in the present study. Since task performance in

the circle-drawing condition was lower than in the kūsho condition, the kūsho effect was not

attributed to mere finger movement but specifically to writing-based finger movement.

Although the present experiment did not address the effect of the visual feedback of finger

movement, we observed improvements in cognitive task scores due to kūsho behavior, con-

curring with the idea that the visual feedback of finger movement helps cognitive processing

[6, 9, 10]. Taken together with previous studies, the present results suggest that the interaction

between language and sensorimotor systems for the facilitative effect of kūsho behavior is still

working, at least among kanji-culture older adults.

The correlation analyses suggest that the benefits of kūsho behavior for cognitive tasks do

not decline with age. The partial correlation coefficient between kūsho effect and age was -.11

at a statistically insignificant level, suggesting there might not be a consistent relation between

them. Although the scatter plot in Fig 3B appears to show a negative correlation between age

and kūsho effect, the shape of the plot is likely attributable to other confounding factors (in

this case, years of education). In the current study, we did not control age-related variables

other than MMSE scores and years of education, which reflect general cognitive ability and

some intellectual factors, respectively. The present results thus imply that age-related decline

in perceptual and motor performance (e.g., low-level vision processing, kinesthetic and touch

sensation, and finger dexterity) does not play a critical role in the facilitative effect of kūsho. It

should be noted that most participants were older than 80 (average age: 86.8), and we cannot

exclude the possibility that the age range of the participants contributed to the low correlation

between age and kūsho effect.

One might argue that the kūsho effect is not facilitative but inhibitory because of the tight

coupling between the visual and sensorimotor representation of the characters. It is possible to

assume that the “baseline” is not the static condition but the kūsho condition, and conse-

quently the constraint on finger movement in the static condition might have an inhibitory

effect, especially for individuals with lower cognitive function due to less education. While this

hypothesis does not have direct evidence, it is not absurd. Previous studies and our own data

have shown that, among Japanese people, kūsho behavior occurs frequently in both daily life

and experimental settings without any instructions, regardless of age and time period [6, 9].

Such spontaneous kūsho behavior should be distinguished from the strategy used by pure
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alexia patients where they read letters or characters by tracing them, sometimes called “kines-

thetic facilitation” [22–25]. However, both types of finger writing appear to stem from a tight

coupling of visual representation and kinetic factors in written languages, as supported by

studies in neuropsychology [26, 27] and brain imaging [28]. In line with such coupling, one

participant who was excluded from the analysis in the present study (age = 81, MMSE = 22,

years of education = 16) showed a strong tendency to use kūsho behavior even in the static

condition—that is, even when he was not supposed to use kūsho, he could not stop moving his

index finger. These observations might indicate tight coupling between finger actions and

written characters [14, 29], suggesting that a large load would be required to inhibit finger

movement among individuals who have acquired it as a natural habit.

Education years, MMSE score, and other possible variables for the kūsho

effect

Different sizes of the kūsho effect have been found in various studies; this might be explained

by the fact that participants of the studies had different years of education. In this study, we

found a moderate-sized negative correlation between years of education and the kūsho effect;

individuals with less education showed larger kūsho effects than those with more education.

This is consistent with our previous research [10]. That is, if we simply assume education-

dependent changes in kūsho effect, the different sizes of the kūsho effect between the studies

(0.48 vs 0.80) can be explained without assuming age-dependent changes in the kūsho effect.

The young adults in the previous study were university students, and therefore their education

level was higher than that of the participants in the present study (at least 12 years, vs. 10.7

years on average). Accordingly, the kūsho effects for a participant group that includes various

educational levels should be higher than those of university students.

Specific cognitive declines are likely to intervene in a larger kūsho effect, although this

study did not clarify the exact factors and mechanisms that are modulated by years of educa-

tion. Education level is known to positively correlate with various cognitive [17, 18, 30, 31]

and brain functions [16, 32] in older adults and has also been used as a marker of the concept

of cognitive reserve, which refers to susceptibility to age-related changes in cognitive func-

tions [19, 33–35]. These previous findings together suggest that the individuals with more

years of education in this study might have produced a moderate number of correct

responses even in the condition where the kūsho behavior was not available, and, therefore,

they benefited less from kūsho behavior than those with fewer years of education. In the

present study, the MMSE scores, which reflect general cognitive decline, was not related with

education or the kūsho effect, suggesting that the increase in kūsho effect was not attributed

to global cognitive status, but to a decline in rather specific cognitive functions. One possible

candidate to explain this could be the high level of visual processing. Previous studies have

suggested that kanji construction tasks strongly activate visual areas [36] and that visual feed-

back from kūsho movement helps with solving tasks [9, 10]. This requires further investiga-

tion using comprehensive cognitive tests such as the WAIS-III. Another candidate may be

vocabulary size; vocabulary scores are known to be positively correlated with education years

[37–39]. Although vocabulary score has been suggested as not being associated with the

kūsho effect in younger adults [10], there is still a possibility that it interacts with the sensori-

motor processing in older populations. Kinesthetic feedback of kūsho finger movement,

which was shown to have only little (non-significant) effect on task performance if visual

feedback of movement is not available in younger adults [9, 10], could also contribute to the

facilitation effect in older adults, as the importance of visual feedback in task processing was

not directly tested in the present study. Collectively, previous findings and our data suggest
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that decline in a specific function may be involved with a modulation of the kūsho effect in

the kanji construction task.

While this study is the first to demonstrate the beneficial effects of kūsho behavior for

older adults, some limitations should be noted. First, the observed effect of kūsho behavior

is quite task-specific [9]. It is thus not clarified whether kūsho effects occur with other kinds

of tasks. Second, although it has been shown that visual feedback of finger movement is crit-

ical to inducing the benefits of kūsho behavior, this study used only one visual condition

instead of comparing two visual conditions. Therefore, we do not have direct evidence for

the importance of visual feedback for older adults. Third, the sample size and age range

were relatively small in terms of generalizing the findings to the whole population. That

said, the sample size was adequate for detecting a middle to large effect size (power = .70 for

f2 = 0.15 and power = .97 for f2 = 0.35) in the ANOVA, and the correlation was reliable (r =

-.63). Twenty-six older adults participated in the present experiment, and their average age

was 86.8 years. Given the huge variability in the characteristics of older adults, a larger sam-

ple, one that includes younger older adults, may be needed to more firmly establish our

findings.

Even with these limitations, the present results can provide some general implications.

First, kūsho behavior could have clinical and educational benefits for individuals with a decline

or a lack of ability in specific cognitive functions such as stroke patients and second-language

learners [10]. As mentioned earlier, alexia patients can sometimes recognize words and char-

acters by tracing them with their index finger [22–25, 27], which is essentially the same behav-

ior as kūsho. Thomas (12) also reported that kūsho behavior improved kanji learning for

second-language learners of Japanese. Our finding that the kūsho effect was negatively related

to years of education also suggests that kūsho is a helpful tool, especially for individuals with a

declining specific, but not general, cognitive function. Accordingly, although kūsho behavior

could be beneficial for individuals with mild cognitive impairments, it may not correlate with

MMSE score. Second, the kūsho effect observed in this study may provide an instantiation of

embodied cognition. It has been shown that finger movement differently influences arithmetic

problem solving, depending on how calculation strategies are acquired [40], and the interfer-

ence of finger movement is culturally modulated [41]. Our data suggest that demographic fac-

tors such as intellectual ability and age should be included when considering the interaction

between bodily movement and cognition.

Supporting information

S1 Table. Raw data obtained in the experiment.

(XLSX)

Author Contributions

Data curation: Yoshihiro Itaguchi, Chiharu Yamada.

Formal analysis: Chiharu Yamada.

Funding acquisition: Yoshihiro Itaguchi, Kazuyoshi Fukuzawa.

Supervision: Yoshihiro Itaguchi, Kazuyoshi Fukuzawa.

Writing – original draft: Yoshihiro Itaguchi.

Writing – review & editing: Yoshihiro Itaguchi, Chiharu Yamada, Kazuyoshi Fukuzawa.

Writing in the air: Facilitative effects of finger writing in older adults

PLOS ONE | https://doi.org/10.1371/journal.pone.0226832 December 27, 2019 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0226832.s001
https://doi.org/10.1371/journal.pone.0226832


References
1. Lichtenberger EO, Kaufman AS. Essentials of WAIS-IV assessment: John Wiley & Sons; 2009.

2. Mayr U. Age differences in the selection of mental sets: the role of inhibition, stimulus ambiguity, and

response-set overlap. Psychol Aging. 2001; 16(1):96. https://doi.org/10.1037/0882-7974.16.1.96

PMID: 11302371

3. Bugg JM, DeLosh EL, Davalos DB, Davis HP. Age differences in Stroop interference: Contributions of

general slowing and task-specific deficits. Aging, Neuropsychology, and Cognition. 2007; 14(2):155–

67.

4. Verhaegen C, Poncelet M. Changes in naming and semantic abilities with aging from 50 to 90 years. J

Int Neuropsychol Soc. 2013; 19(2):119–26. https://doi.org/10.1017/S1355617712001178 PMID:

23237304

5. Lindenberger U, Baltes PB. Intellectual functioning in old and very old age: cross-sectional results from

the Berlin Aging Study. Psychol Aging. 1997; 12(3):410. https://doi.org/10.1037//0882-7974.12.3.410

PMID: 9308090

6. Sasaki M. Why do Japanese write characters in space? International Journal of Behavioral Develop-

ment. 1987; 10(2):135–49.

7. Kess JF, Miyamoto T. Japanese psycholinguistics: A classified and annotated research bibliography:

John Benjamins Publishing; 1994.

8. Endo Y. The role of a motoric aspect of representation: Spontaneous writing-like behavior in Japanese.

Practical aspects of memory: Current research and issues. 1988; 2:459–63.

9. Itaguchi Y, Yamada C, Fukuzawa K. Writing in the air: Contributions of finger movement to cognitive

processing. PLoS One. 2015; 10(6):e0128419. https://doi.org/10.1371/journal.pone.0128419 PMID:

26061273

10. Itaguchi Y, Yamada C, Yoshihara M, Fukuzawa K. Writing in the air: A visualization tool for written lan-

guages. PLoS One. 2017; 12(6):e0178735. https://doi.org/10.1371/journal.pone.0178735 PMID:

28575084

11. Thomas M. "Air writing" and second language learners’ knowledge of Japanese kanji. Japanese Lan-

guage and Literature. 2013:23–58.

12. Thomas M. Air writing as a technique for the acquisition of Sino-Japanese characters by second lan-

guage learners. Language Learning. 2015; 65(3):631–59.

13. Kess JF, Miyamoto T. Kanji knowledge as read-only vs. write-only: The effect of the computer age.

Japan in the Global Age. 2001:175–87.

14. Yim-Ng RV, Andrade Jackie, Yuet-Yee. Contribution of finger tracing to the recognition of Chinese char-

acters. Int J Lang Commun Disord. 2000; 35(4):561–71. https://doi.org/10.1080/136828200750001296

PMID: 11091824

15. Hoosain R. Psycholinguistic implications for linguistic relativity: A case study of Chinese: Psychology

Press; 1991.

16. Springer MV, McIntosh AR, Winocur G, Grady CL. The relation between brain activity during memory

tasks and years of education in young and older adults. Neuropsychology. 2005; 19(2):181. https://doi.

org/10.1037/0894-4105.19.2.181 PMID: 15769202

17. Wilson R, Hebert L, Scherr P, Barnes L, De Leon CM, Evans D. Educational attainment and cognitive

decline in old age. Neurology. 2009; 72(5):460–5. https://doi.org/10.1212/01.wnl.0000341782.71418.

6c PMID: 19188578

18. Colsher PL, Wallace RB. Longitudinal application of cognitive function measures in a defined population

of community-dwelling elders. Ann Epidemiol. 1991; 1(3):215–30. https://doi.org/10.1016/1047-2797

(91)90001-s PMID: 1669503

19. Stern Y, Albert S, Tang M-X, Tsai W-Y. Rate of memory decline in AD is related to education and occu-

pation Cognitive reserve? Neurology. 1999; 53(9):1942-. https://doi.org/10.1212/wnl.53.9.1942 PMID:

10599762

20. Au R, Joung P, Nicholas M, Obler LK, Kass R, Albert ML. Naming ability across the adult life span.

Aging, Neuropsychology, and Cognition. 1995; 2(4):300–11.

21. Amano S, Kondo T, editors. Estimation of mental lexicon size with word familiarity database. ICSLP;

1998.

22. Maher LM, Clayton MC, Barrett AM, Schober-Peterson D, Rothi LJG. Rehabilitation of a case of pure

alexia: Exploiting residual abilities. J Int Neuropsychol Soc. 1998; 4(06):636–47.

23. Dejerine J. Sur un cas de cécité verbale avec agraphie suivi d’autopsie. Mémoires de la Société de Bio-

logie. 1891; 3:197–201.

Writing in the air: Facilitative effects of finger writing in older adults

PLOS ONE | https://doi.org/10.1371/journal.pone.0226832 December 27, 2019 11 / 12

https://doi.org/10.1037/0882-7974.16.1.96
http://www.ncbi.nlm.nih.gov/pubmed/11302371
https://doi.org/10.1017/S1355617712001178
http://www.ncbi.nlm.nih.gov/pubmed/23237304
https://doi.org/10.1037//0882-7974.12.3.410
http://www.ncbi.nlm.nih.gov/pubmed/9308090
https://doi.org/10.1371/journal.pone.0128419
http://www.ncbi.nlm.nih.gov/pubmed/26061273
https://doi.org/10.1371/journal.pone.0178735
http://www.ncbi.nlm.nih.gov/pubmed/28575084
https://doi.org/10.1080/136828200750001296
http://www.ncbi.nlm.nih.gov/pubmed/11091824
https://doi.org/10.1037/0894-4105.19.2.181
https://doi.org/10.1037/0894-4105.19.2.181
http://www.ncbi.nlm.nih.gov/pubmed/15769202
https://doi.org/10.1212/01.wnl.0000341782.71418.6c
https://doi.org/10.1212/01.wnl.0000341782.71418.6c
http://www.ncbi.nlm.nih.gov/pubmed/19188578
https://doi.org/10.1016/1047-2797(91)90001-s
https://doi.org/10.1016/1047-2797(91)90001-s
http://www.ncbi.nlm.nih.gov/pubmed/1669503
https://doi.org/10.1212/wnl.53.9.1942
http://www.ncbi.nlm.nih.gov/pubmed/10599762
https://doi.org/10.1371/journal.pone.0226832


24. Goldstein K. Language and language disturbances; aphasic symptom complexes and their significance

for medicine and theory of language. 1948.

25. Kashiwagi T, Kashiwagi A. Recovery process of a Japanese alexic without agraphia. Aphasiology.

1989; 3(1):75–91.

26. Tanaka S, Katayama M, Ozawa T, Inui T. A case of pure alexia who can read letters by observing oth-

ers’ writing action. Japanese Journal of Neuropsychology. 2002; 18:68–75.
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