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Abstract
Objectives A single session of brief focused attention meditation (FAM) has a state effect, which temporarily enhances 
response inhibition processes. However, previous research has two unanswered questions: (i) How long does the state effect 
last? (ii) How does effort toward FAM relate to the resulting state effect?
Method Thirty-nine healthy participants participated in two sessions: FAM and sham meditation (SHAM). The partici-
pants conducted each meditation for 10 min. The state effect on response inhibition processes was observed as Stroop task 
performance immediately before and after each meditation, and 20, 40, and 60 min after each meditation. In addition, the 
subjective effort toward meditation was evaluated using a questionnaire immediately after each meditation.
Results An analysis of variance revealed a significant interaction between session and time. In the post-hoc analysis, FAM 
showed significantly better Stroop task performance than the SHAM 60 min after meditation. Furthermore, using correla-
tional analysis, we found that at 60 min, the higher the subjective effort, the better Stroop task performance.
Conclusions In contrast to previous findings, the state effect was not found immediately after FAM but instead 60 min after. 
The results can be partially explained by cognitive fatigue; that is, the FAM may have the state effect of preventing cognitive 
fatigue. This state effect is greater when the subjective effort is greater.

Keywords Focused attention meditation · State effect · Response inhibition processes · Cognitive fatigue

Focused attention meditation (FAM) aims to improve psy-
chological abilities such as self-regulation of attention and 
emotion (Lutz et al., 2008; Tang et al., 2015). FAM requires 
participants to focus on a particular object (e.g., their breath) 

and return it to the object if their mind wanders (Lutz et al., 
2008). Since FAM does not need any unique tool or environ-
ment, people can easily perform it daily (Mantzios & Giannou, 
2019). In the future, it is believed that there will be an increase 
in the number of people who utilize FAM in various situations, 
such as workplaces and schools (Hafenbrack, 2017).

FAM seems to have a state effect, a temporal effect on 
cognitive function that can be obtained through a single 
brief FAM (e.g., 20 min). It can be observed irrespective 
of the presence or absence of meditation experience (Cahn 
& Polich, 2006; Fingelkurts et al., 2016). The state effect 
of naïve meditators is expressed in the improvement of 
response inhibition processes (Colzato et al., 2016; Wenk-
Sormaz, 2005), working memory capacity (Yamaya et al., 
2021), and working memory performance (Ma et al., 2021). 
Provided that FAM may be utilized by a variety of people 
in the future, the state effect observed even in beginners 
seems important.

However, there are two questions. One question that 
persists is the duration of the state effect. A previous 
study suggested that the state effect on cognitive control 

Noriki Yamaya and Shigeyuki Ikeda contributed equally to this 
work.

 * Noriki Yamaya 
 noriki.yamaya.s8@dc.tohoku.ac.jp

1 Graduate School of Medicine, Tohoku University, 2-1 
Seiryocho, Aobaku, Sendai 9808575, Japan

2 Department of Functional Brain Imaging, Institute 
of Development, Aging and Cancer, Tohoku University, 4-1 
Seiryocho, Aobaku, Sendai 9808575, Japan

3 RIKEN Center for Advanced Intelligence Project, Tokyo, 
Japan

4 School of Medicine, Tohoku University, Sendai, Japan
5 Division of Developmental Cognitive Neuroscience, Institute 

of Development, Aging and Cancer, Tohoku University, 
Sendai, Japan

/ Published online: 10 January 2023

Mindfulness (2023) 14:554–564

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s12671-022-02064-6&domain=pdf
http://orcid.org/0000-0002-3951-8806
http://orcid.org/0000-0001-8175-6966
http://orcid.org/0000-0002-8022-9694


lasts for at least 20 min (Chan et al., 2017). However, it 
remains unclear when the state effect disappears (Chan 
et al., 2017), and to the best of the authors’ knowledge, no 
studies have investigated it directly.

Another question is the relationship among three fac-
tors: the state effect on response inhibition processes, the 
extent to which participants make an effort to perform 
FAM (i.e., subjective effort), and spontaneous thought 
during FAM. Spontaneous thought is “a mental state, or 
a sequence of mental states, that arises relatively freely 
due to an absence of strong constraints on the contents 
of each state and on the transitions from one mental state 
to another” (Christoff et al., 2016, p. 719). This mental 
state includes day-dreaming, mind-wandering, and crea-
tive thinking (Christoff et al., 2016) and occurs multiple 
times during FAM (Brandmeyer & Delorme, 2020).

Previous findings suggested that the repetitive suppres-
sion of spontaneous thought and return of attention to a 
particular object leads to enhanced response inhibition 
processes (Malinowski, 2013). Although individuals with 
higher spontaneous thought during FAM may exert greater 
effort to suppress it and return attention to an object, as 
compared to individuals with lower spontaneous thought, 
no study has directly examined the relationships among 
the state effect, subjective effort, and spontaneous thought. 
Therefore, the present study hypothesized that individuals 
with higher spontaneous thought during FAM exert higher 
subjective effort, leading to a greater state effect.

The purposes of the present study were (1) to investi-
gate the temporal changes in the state effect obtained by 
a single brief FAM on the response inhibition processes, 
and (2) to investigate the relationship between the state 
effect, subjective effort toward FAM, and spontaneous 
thought. Therefore, two experimental sessions, a FAM and 
a sham meditation (SHAM), were employed in a crossover 
design. The color-word matching Stroop task (Byun et al., 
2014; Stroop, 1935) was used to evaluate the state effect 
on response inhibition processes at the following time 
points: immediately before and after each meditation and 
at 20, 40, and 60 min after each meditation. Therefore, the 
temporal changes in the state effect on response inhibition 
processes were observed as changes in the Stroop task per-
formance from before to each time point after meditation. 
Additionally, subjective effort and spontaneous thought 
during each meditation were evaluated immediately after 
each meditation (Garrison et  al., 2014, 2015; Lumma 
et al., 2015). Therefore, it was expected that task perfor-
mance would improve immediately after the FAM but not 
after the SHAM and that the state effect would disappear 
over time. Furthermore, subjective effort toward the FAM 
was expected to correlate positively with both the state 
effect and spontaneous thought.

Method

Participants

A total of 39 Japanese university or postgraduate students 
(26 men and 13 women, mean age in years: 22±1.29) were 
recruited using campus flyers, bulletin boards, and e-mails. 
All the participants were right-handed, were not pregnant, 
and had no history of psychiatric or neurological illnesses. 
In addition, all the participants were confirmed to be naïve 
meditators based on the criterion that participants had not 
meditated for the past 2 years (Atchley et al., 2016). It should 
be noted that, in this study, meditation was defined as any 
attention training in which one seeks to improve their ability 
to pay attention to the present moment (Atchley et al., 2016).

Procedure

The entire procedure in the present study is shown in 
Fig. 1 and was performed in a quiet room (Figure S1 A in 
the Supplementary Material) with two to four participants. 
Initially, 1 or 2 days before the main experiment, the par-
ticipants were briefed about the research, provided writ-
ten informed consent, and practiced the Stroop task eight 
times (taking a 5-min break after the fifth practice session) 
to habituate themselves to it. The main experiment con-
sisted of a FAM and a SHAM session. Following previ-
ous research, each participant completed two sessions 7 
to 9 days apart (Colzato et al., 2016). Several participants 
could not perform the entire procedure as scheduled (Sup-
plementary Explanation 1).

The order of the sessions was counterbalanced across 
the participants using a blocked random assignment. At 
the beginning of each session, the participants practiced 
the Stroop task three times and took a rest for 10 min. 
Subsequently, the participants performed meditation (i.e., 
either FAM or SHAM) for 10 min. The participants were 
informed about the purpose of examining the effects of the 
two meditation types, and they were informed that both 
the FAM and SHAM were authentic meditations. After 
each meditation, the participants performed the Stroop 
task at the following four time points: immediately after 
each meditation (T0), approximately 20 (T20), 40 (T40), 
and 60 (T60) min later. The participants also performed 
the Stroop task immediately before each meditation, which 
was the baseline (BL) assessment for task performance. 
The 20-min intervals were decided based on the previ-
ous findings that the particular mental state induced by 
FAM persisted for approximately 20 min (Chan et al., 
2017). During each 20-min interval, the participants 
were instructed to watch a documentary to maintain their 
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arousal level and answer 10-item quizzes related to the 
videos while watching them (NHK ENTERPRISES, 
2013). In addition, the participants completed subjective 
assessments of their mood states at six time points: before 
BL (Q1), after BL (Q2), after meditation (Q3), before 
T20 (Q4), before T40 (Q5), and before T60 (Q6) (Fig. 1). 
In Q3, the participants underwent additional subjective 
assessments of mental state during each meditation: sub-
jective effort, spontaneous thought, meditation quality, and 
sleepiness.

Measures

Meditation

Before each meditation, the participants were provided 
verbal instructions using a paper-based manual devel-
oped by the authors based on previous studies (Komuro, 
2016; Lutz et al., 2008; Milz et al., 2014; Yamamoto & 
Nomura, 2010). Next, the participants closed the laptop 
and maintained an upright posture in their chairs in front 
of a bookstand, facing the fixation point (Figure S1 B 
and C). The participants performed each meditation while 
observing the fixation point. Web cameras were used to 
monitor whether they had fallen asleep or were sitting 
calmly (Logicool®HD Webcam C270m, Logitech, Swit-
zerland; AW615, AUSDOM, China).

The Su-soku meditation was used as the FAM, which 
enhances response inhibition processes (Malinowski, 2013). 
This type of meditation is suitable for naïve meditators since 

it requires no special training, and attention control is easy 
while performing it (Chiesa, 2009; Kubota et al., 2001). 
Additionally, it requires participants to pay attention to their 
breathing, by counting the number of breaths as a set of 
exhalations and inhalations (Chiesa, 2009). The participants 
were required to refocus their attention on the breath when-
ever thoughts arose and the attention wandered away from 
the breath. Additionally, the participants were instructed 
to focus on a point in front of them, to breathe naturally, 
not to move their bodies, and not to sleep. They were also 
instructed to restart counting the number of breaths if they 
had lost track of them (e.g., forgot to count, repeated the 
same number, or skipped a number) (Yamamoto & Nomura, 
2010; Yamaya et al., 2021). The participants performed 
FAM for 10 min. This meditation dose was decided because 
a previous study found several participants had fallen asleep 
during a 15-min FAM (Yamaya et al., 2021).

Spontaneous thought (during SHAM) was used as active 
control condition for the FAM (Noone & Hogan, 2018; 
Zeidan et al., 2010). Since spontaneous thought accounts 
for 30–50% of people’s daily lives (Killingsworth & 
Gilbert, 2010), SHAM was highly similar to the phenomena 
that occur naturally in the real world compared with other 
active controls (e.g., reading and listening to teaching 
materials). Therefore, it is easy to generalize the results 
of this study to everyday life (Noone & Hogan, 2018). For 
the SHAM, the participants were instructed to focus on a 
point in front of them, to breathe naturally, not to move 
their bodies, and not to sleep. The participants performed 
the SHAM for 10 min, during which spontaneous thoughts 
were not explicitly discouraged.

Fig. 1  Overview of the experimental procedure. Note. The entire 
procedure included the briefing and the main experiment consisting 
of the FAM and SHAM sessions. Each participant was given a brief-
ing on the study and practiced the Stroop task eight times. The main 
experiment was performed 1 or 2 days after the briefing. The two ses-
sions of the main experiment were conducted 7 to 9 days apart. In 
each session, participants practiced the Stroop task three times and 
performed a meditation; after that, the participants performed the 

Stroop task at five time points: baseline (BL), T0, T20, T40, and T60. 
During each interval (20 min), the participants watched a video and 
answered a 10-item quiz related to the videos while watching them. 
In addition, the TDMS was administered at the following six time 
points: before BL (Q1), after BL (Q2), after meditation (Q3), before 
T20 (Q4), before T40 (Q5), and before T60 (Q6). Four subjective 
assessments (i.e., subjective effort, spontaneous thought, meditation 
quality, and sleepiness) were administered in Q3
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The distinguishing feature between the FAM and SHAM 
is whether the participants needed attention regulation. To 
make a comparison under the same conditions, the partici-
pants were informed that both the FAM and SHAM were 
authentic meditations.

Stroop Task

This study employed the color-word matching Stroop task, 
the same type as Byun’s (2014). The Stroop task assessed 
response inhibition processes, which meditation could 
improve (Malinowski, 2013). Therefore, the state effect 
obtained from the FAM should be expressed in improving 
task performance. The participants performed the Stroop task 
using a laptop (Figure S1 A). In the Stroop task, the partici-
pants were shown two rows of letters on a screen and asked to 
answer whether the color of the letters in the top row matched 
the color name in the bottom row by pressing a “Yes” or 
“No” button with their index fingers. The Stroop task con-
sisted of neutral, congruent, and incongruent conditions; each 
condition was comprised of 10 trials. Each trial was pre-
sented randomly (for details, see Supplementary Explanation 
2). The average reaction time for correct responses to each 
condition was assessed. Trials at which reaction times were 
less than 150 ms were excluded because they were consid-
ered anticipatory responses (Egly et al., 1994).

Subjective Assessments for Mental States During 
the Meditations

Four subjective assessments (i.e., subjective effort, spon-
taneous thought, meditation quality, and sleepiness) were 
performed in Q3. For the subjective effort questionnaire, 
the participants were asked, “How much effort did you 
need to perform meditation?”; for a spontaneous thought, 
“How much did you imagine or think about something?” 
(Brewer et al., 2011; D’Argembeau et al., 2005; Garrison 
et al., 2014, 2015); and for subjective meditation quality, 
“How well did you follow the instructions?” (Brewer et al., 
2011; Garrison et al., 2014, 2015). All these questions were 
rated on an 11-point Likert scale (0 = not at all to 10 = very 
much, always, completely, respectively). Finally, for subjec-
tive sleepiness, the participants were asked to complete the 
Stanford Sleepiness Scale (SSS) (Hoddes et al., 1972). The 
SSS was composed of a 7-point Likert scale (1 = feeling 
active, vital, alert, and fully awake to 7 = almost in slumber, 
sleep onset soon, and lost struggle to remain awake).

Two‑dimensional Mood Scale (TDMS)

A previous study has reported that a single brief meditation 
can affect participants’ mood states (Edwards & Loprinzi, 

2018). These results suggest that changes in mood states 
influenced the Stroop task performance. Therefore, the par-
ticipants’ mood states were evaluated from Q1 to Q6 using 
the TDMS (Sakairi et al., 2009, 2013). The TDMS assesses 
four mood states (vitality, stability, pleasure, and arousal) 
and consists of eight questions measured on scale ranging 
from 0 to 5. Vitality, which indicates a mental state rang-
ing from comfortable excitement to uncomfortable calm, 
is evaluated by four of the eight questions. The other four 
questions are used to assess stability, which indicates a men-
tal state ranging from comfortable calm to uncomfortable 
excitement. The summation of vitality and stability evalu-
ates pleasure while the subtraction of stability from vitality 
evaluates arousal.

10‑Item Quizzes Related to the Videos

During the 20-min intervals (Fig. 1), the participants were 
instructed to complete the 10-item quizzes related to the 
videos while watching them (for details, see Supplementary 
Explanation 3). The participants were seated in a chair, wore 
headphones, and watched the videos on a TV monitor (a 
monitor in the center of Figure S1 A). Six videos produced 
by a Japanese documentary TV broadcaster were showcased 
(NHK ENTERPRISES, 2013). One of the six videos was 
played randomly at individual intervals, and the participants 
watched the first 20 min of each video; every video was 
played only once.

Data Analyses

Eleven of the 39 participants were excluded from the 
analysis of the main experiment for two reasons. First, five 
participants were excluded because they failed to com-
plete the main experiment. Second, six participants were 
excluded because the number of no responses to task stimuli 
exceeded a threshold, defined as the mean + 2 × standard 
deviation (i.e., ≥ 2 non-responses), and the mean and stand-
ard deviation were computed using the practice data. All 
statistical analyses were performed using R version 3.5.2 (R 
Core Team, 2018); an analysis of variance (ANOVA) was 
implemented with the R function “anovakun” version 4.8.5 
(Iseki, 2020). In the ANOVA, if the assumption of spheric-
ity was violated, Greenhouse-Geisser-corrected p-values 
were adopted. If a significant interaction in the ANOVA 
was identified, pairwise multiple comparison procedures 
were carried out using the Keselman-Keselman-Shaffer and 
degrees of freedom method based on Welch-Satterthwaite 
(Keselman et al., 1991). The significance level was set at 
p < 0.05.
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Analysis of the Temporal Changes in the State Effect

Only incongruent and neutral conditions were used to assess 
Stroop interference, defined as the mean reaction time of 
the incongruent condition minus that of the neutral condi-
tion (Byun et al., 2014; Hyodo et al., 2016). Stroop inter-
ference is called “RT” hereafter. To evaluate how the state 
effect of the FAM changed over time, we calculated changes 
in Stroop interference (i.e., ΔRT) at each time point, i.e., 
ΔRT = RT

i
− RT

BL
 ; here, i = T0, T20, T40, and T60, and 

BL represents the baseline for RT (Fig. 1) (Tsukamoto et al., 
2018). This subtraction allowed us to control for interindi-
vidual baseline differences in response inhibition processes 
(Henderson et al., 2012). ΔRT was analyzed using two-way 
repeated measures ANOVA with session (FAM and SHAM) 
and time point (T0, T20, T40, and T60) as within-subject 
factors.

Analysis of Relationships Among the State Effect 
and Subjective Assessments

The correlation coefficients among three factors — the state 
effect obtained from the FAM (i.e., ΔRT), subjective effort, 
and spontaneous thought — were calculated using Spear-
man’s rank correlation coefficient. Only ΔRT that showed 
statistically significant differences between the sessions was 
used in the correlational analysis. The reason for choosing a 
non-parametric correlation method was that the behavioral 
data of this study did not follow a normal distribution.

Supplementary Analyses

In addition to the primary analyses mentioned above, we 
conducted five supplementary analyses. First, we verified 
temporal changes in the RT obtained from the practice of 
the Stroop task (Supplementary Analysis 1). Second, we 
investigated whether different session orders showed differ-
ent temporal changes in ΔRT (Supplementary Analysis 2). 
Third, we investigated differences in individual subjective 
assessments between the sessions (Supplementary Analysis 
3). Fourth, we confirmed whether the temporal changes in 
mood states differed between the sessions (Supplementary 
Analysis 4). Last, we confirmed the differences in the par-
ticipants’ concentration in each video between the sessions 
(Supplementary Analysis 5).

Results

Temporal Changes in ΔRT of the FAM and SHAM 
Sessions

Two-way repeated measures ANOVA showed a statisti-
cally significant session × time interaction (F(3, 81) = 
3.30, p = 0.02, ηp

2 = 0.11) but showed no main effects, 
that is, for session (F(1, 27) = 1.47, p = 0.24, ηp

2 = 0.05) 
and time (F(3, 81) = 0.19, p = 0.90, ηp

2 = 0.01) (Fig. 2). A 
post hoc analysis revealed a statistically significant differ-
ence between the FAM and SHAM sessions at T60 (F(1, 
27) = 6.61, p = 0.02, ηp

2 = 0.20). ΔRT in the FAM session 

Fig. 2  Comparison of the temporal changes in Stroop task perfor-
mance (ΔRT) between the FAM and SHAM sessions. Note. Four 
time points (T0, T20, T40, and T60) correspond to those shown in 
Fig. 1. Each dot indicates the Stroop task performance (ΔRT) of each 
participant. Note that the lower the ΔRT, the higher the task perfor-
mance. The solid lines indicate the mean at each time point, and the 

error bars represent 95% confidence interval at each time point. Two-
way repeated measures analysis of variance revealed a significant ses-
sion × time interaction (p < 0.05) but no main effects for session and 
time. Furthermore, a post hoc analysis revealed a significant differ-
ence between the sessions at T60 (p < 0.05)
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seemed to decrease gradually after T40, whereas ΔRT in 
the SHAM session seemed to increase gradually after T40 
(Table 1). Those results indicated that the participants in 
the FAM improved their performance after T40, while 
those in the SHAM deteriorated their performance after 
T40.

Relations Among the Subjective Effort, Spontaneous 
Thought, and ΔRT

Spearman’s rank correlation coefficient showed that a 
statistically significant negative correlation between sub-
jective effort and ΔRT was found in the FAM (rho = 
−0.39, p = 0.04; Fig. 3A), but not in the SHAM (rho = 
0.01, p = 0.97; Fig. 3B). A statistically significant posi-
tive correlation was found between spontaneous thought 
and subjective effort in the FAM (rho = 0.48, p = 0.01; 
Fig. 3C), but not in the SHAM (rho = 0.14, p = 0.48; 
Fig. 3D). No significant correlations were found between 
spontaneous thought and ΔRT in either the FAM (rho = 
0.10, p = 0.60; Fig. 3E) or the SHAM (rho = 0.07, p = 
0.71; Fig. 3F).

Supplementary Results

The results obtained by the five supplementary analyses 
are briefly shown below. First, the RT in the practice of 
the Stroop task continued to decrease throughout the prac-
tice (Supplementary Analysis 1). Second, no influences 
of session orders on ΔRT were observed (Supplementary 
Analysis 2). Third, the FAM showed lower spontaneous 
thought than the SHAM, while no significant differences 
were observed in the other subjective assessments (Supple-
mentary Analysis 3). Fourth, the temporal changes in mood 
states were similar between the FAM and SHAM sessions 
(Supplementary Analysis 4). Finally, the participants paid 
equal attention to all the videos in the two sessions (Sup-
plementary Analysis 5).

Table 1  The Stroop task 
performance in the FAM and 
the SHAM sessions at each time 
point

Four time points (T0, T20, T40, and T60) correspond to those shown in Fig. 1
ΔRT, changes in Stroop interference (T0, T20, T40, T60 minus baseline, separately). RT, raw score of 
Stroop interference at each time point. M, mean value. SD, standard deviation. CI, confidence interval

Time points FAM SHAM

ΔRT RT ΔRT RT

M (SD) 95% CI M (SD) M (SD) 95% CI M (SD)

T0 −0.01 (0.08) [−0.03, 0.02] 0.13 (0.09) −0.00 (0.07) [−0.03, 0.02] 0.12 (0.09)
T20 −0.01 (0.09) [−0.03, 0.02] 0.13 (0.11) −0.01 (0.10) [−0.03, 0.01] 0.11 (0.09)
T40 −0.02 (0.09) [−0.05, −0.00] 0.11 (0.07) −0.00 (0.08) [−0.03, 0.02] 0.12 (0.11)
T60 −0.04 (0.11) [−0.06, −0.01] 0.10 (0.10) 0.03 (0.08) [0.01, 0.06] 0.15 (0.11)

Fig. 3  Relations among the subjective effort, spontaneous thought, 
and Stroop task performance (ΔRT) at T60 in the FAM and SHAM 
sessions. Note. A Subjective effort versus ΔRT in the FAM. B Sub-
jective effort versus ΔRT in the SHAM. C Spontaneous thought 
versus subjective effort in the FAM. D Spontaneous thought versus 
subjective effort in the SHAM. E Spontaneous thought versus ΔRT 
in the FAM. F Spontaneous thought versus ΔRT in the SHAM. Shad-
ing, 95% confidence interval. rho, Spearman’s rank correlation coeffi-
cient. p, p-value. There were two significant relations: a negative cor-
relation between the subjective effort and ΔRT in the FAM (p < 0.05) 
and a positive correlation between spontaneous thought and subjec-
tive effort in the FAM (p < 0.05). No other significant correlations 
were found
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Discussion

This study investigated how the state effect induced by a 
single brief FAM changed temporally. Temporal changes 
in the state effect were evaluated as temporal changes 
in the Stroop task performance (i.e., ΔRT). Note that 
the lower ΔRT, the higher the task performance. It was 
hypothesized that ΔRT would decrease immediately after 
the FAM (i.e., T0) and increase over time. Contrary to 
our hypothesis, a statistically significant difference in 
the ΔRT between the sessions was not identified at T0. 
Intriguingly, it was observed that the ΔRT 60 min after 
the FAM (i.e., T60) was significantly lower than that of 
the SHAM. In particular, the ΔRT in the FAM session 
seemed to decrease gradually after T40, while the ΔRT in 
the SHAM session seemed to increase progressively after 
T40. These results can be explained by cognitive fatigue 
and learning effects. Since significant differences in 
mood states, meditation quality, and sleepiness were not 
observed between sessions, these factors cannot explain 
the significant changes in the state effect between ses-
sions. Furthermore, the relationship among three factors, 
namely the state effect at T60 in FAM, the subjective 
effort for FAM, and spontaneous thought during FAM, 
was examined. We found a statistically significant nega-
tive correlation between the ΔRT and subjective effort 
and a statistically significant positive correlation between 
subjective effort and spontaneous thought. These results 
support the expectation that individuals with a higher 
degree of spontaneous thought during FAM exert greater 
subjective effort, leading to a greater state effect. This 
finding suggests that subjective effort can be used to 
evaluate the state effect induced by FAM. The present 
study showed unexpected findings regarding the state 
effect of the FAM, suggesting the importance of under-
standing temporal changes in the meditation effect.

The FAM showed a lower ΔRT than the SHAM, not at 
T0 but at T60, which was inconsistent with our expecta-
tions. These results seem to stem from the effects of cog-
nitive fatigue and learning. The SHAM session showed 
a gradual increase in the ΔRT after T40, suggesting that 
it may have been caused by cognitive fatigue induced 
by prolonged task engagement. When participants per-
form a prolonged task, for example, a 60-min Go/NoGo 
task (Kato et al., 2009, 2012), their task performance 
declines with time, referred to as the time-on-task effect 
(Mackworth, 1948), and therefore, cognitive fatigue is 
expressed as the time-on-task effect (DeLuca, 2005). 
According to resource control theory (Thomson et al., 
2015), cognitive control was a crucial factor in the mech-
anism of cognitive fatigue, involving the maintenance of 
relevant task goals and suppression of irrelevant ones 

(Gratton et al., 2018). Cognitive control is disturbed by 
an increase in time-on-task, resulting in an insufficient 
allocation of cognitive resources to the tasks at hand, 
causing the deterioration of task performance. A previous 
study reported that cognitive fatigue was observed 20–40 
min after the beginning of a 60-min continuous task 
(Kato et al., 2009). The present study required partici-
pants to engage in tasks’ sustainably for approximately 
60 min. Prolonged engagement may disturb cognitive 
control and, consequently, cause gradual deterioration 
of task performance (i.e., an increase in ΔRT).

However, the FAM session did not show such a gradual 
deterioration in task performance. A previous study showed 
that an 11-min FAM could improve the maintenance of 
relevant task goals (Ma et al., 2021). These findings have 
suggested that FAM enhances the efficiency of cognitive 
resource allocation, which leads to the prevention of cogni-
tive fatigue. In addition, the FAM session showed a gradual 
decrease in the ΔRT after T40. This result may have been 
derived from a learning effect. The supplementary analy-
sis of the practice data showed that the RT continued to 
decrease throughout the practice, suggesting that the partici-
pants could obtain a learning effect even after completing the 
practice. Overall, it is believed that the FAM session showed 
a gradual improvement in task performance because pre-
vention of cognitive fatigue brought out the learning effect, 
while the SHAM session showed a gradual deterioration of 
task performance due to cognitive fatigue.

Contrary to the expectations of this study, a statistically 
significant difference in the ΔRT was not found at T0, which 
is inconsistent with previous findings (Colzato et al., 2016; 
Wenk-Sormaz, 2005). There are two potential reasons for the 
unexpected results. First, although the present study employed 
a 10-min FAM, previous studies used 17- and 20-min FAMs, 
respectively. Inducing a state effect on response inhibition 
processes may require performing FAM for approximately 
20 min. However, the results of this study suggested that a 
10-min FAM induces a state effect on the maintenance of rel-
evant task goals because participants in the FAM did not show 
a time-on-task effect (Ma et al., 2021; Unsworth & Robison, 
2020). Second, although this study employed a paper-based 
manual to instruct the participants, previous studies used 
audio-guided instruction, and meditation was practiced while 
listening to those instructions. Since naïve meditators find 
it difficult to be aware of their spontaneous thought during 
meditation (Zheng et al., 2019), audio-guided instruction 
may be highly effective in suppressing it and returning their 
attention to an object than to prior provided instructions. The 
difference in the methods of providing instructions may be 
partially responsible for these unexpected results.

For the FAM, subjective effort was negatively corre-
lated with the ΔRT at T60 and positively correlated with 
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spontaneous thought. Theoretical and neuroscientific per-
spectives suggest that naïve meditators must make a mental 
effort to suppress spontaneous thought during meditation 
(Lutz et al., 2008; Tang et al., 2012; Tang & Posner, 2009), 
and the participants in this study were all naïve meditators. 
Therefore, individuals with high subjective spontaneous 
thought scores must have made greater efforts to suppress 
spontaneous thought during FAM than individuals with low 
scores. Furthermore, since repetitive suppression of sponta-
neous thought and return of attention to meditation during 
FAM leads to increased cognitive control (Brandmeyer & 
Delorme, 2020; Malinowski, 2013), participants who made 
a greater effort to suppress spontaneous thought during the 
FAM may have shown better cognitive control. These find-
ings suggest that subjective effort can be used as an indica-
tor to evaluate the state effect induced by the FAM. If naïve 
meditators feel that they have to make an effort while prac-
ticing FAM, it could induce the state effect.

There was no difference in subjective effort between the 
FAM and SHAM. This finding was inconsistent with our 
expectation that the SHAM showed lower subjective effort 
than the FAM because the SHAM did not require regulation 
of attention. The fact suggests that the SHAM requires an 
effort different from what the FAM requires. For example, 
the effort required to perform the SHAM may stem from 
boredom. The boredom conditions are defined as meaning-
less tasks with inhibition of behavior, e.g., rest (Danckert & 
Merrifield, 2018; Mercer-Lynn et al., 2014; Westgate, 2020). 
The boredom conditions require an effort to stay on task 
(Inzlicht et al., 2018; Milyavskaya et al., 2019). Because the 
SHAM is similar to the boredom conditions, the participants 
may need the effort to perform the SHAM, which may be 
why no difference was detected in the effort between the 
FAM and SHAM.

Limitations and Directions for Future Research

Several limitations of the present study need to be noted. First, 
contrary to our expectation, FAM showed better Stroop task 
performance than SHAM only at 60 min after the meditation. 
Although we explained the result using cognitive fatigue, this 
explanation was supported only by behavioral data (i.e., tem-
poral changes in the ΔRT). Further research should investigate 
cognitive fatigue from a physiological perspective and behav-
ioral data to corroborate this explanation (Hockey & Hockey, 
2013; Smith et al., 2019). For example, cognitive fatigue can 
be evaluated using an accelerated photoplethysmograph to 
assess autonomic nervous function (Mizuno et al., 2011).

Second, we could not confirm a state effect of a 
10-min FAM on response inhibition processes because an 
improvement in Stroop task performance was not identi-
fied at T0. Therefore, it remains unclear how long the state 

effect lasts on response inhibition processes. Further stud-
ies are required to address this question.

Third, although it is reasonable to think that the posi-
tive correlation between spontaneous thought and sub-
jective effort suggests that those with a higher frequency 
of spontaneous thought exert more effort to suppress it, 
we have two problems with the interpretation. The first 
problem is not to investigate the direction of relationships 
between spontaneous thought, subjective effort, and state 
effect. Further research needs a mediation and/or modera-
tion analysis to clarify the direction of relationships. The 
second problem is that the questionnaire on spontaneous 
thought may reflect not only the frequency of spontaneous 
thought but also its duration. We need a way to evaluate 
the frequency and duration of spontaneous thought sepa-
rately, but, at present, no such method exists.

Finally, in addition to subjective effort, cognitive 
fatigue can be influenced by other factors such as trait 
mindfulness and attentional function. “Trait mindfulness 
refers to an individual’s characteristic tendency to main-
tain awareness of the present moment in a nonreactive 
and nonjudgmental manner” (Carpenter et al., 2019, p. 
1). Trait mindfulness has conceptual relevance to FAM 
(Tang & Tang, 2020). Attentional function is an indi-
vidual trait involved in FAM (Malinowski, 2013). Indi-
vidual variability in trait mindfulness and attentional 
function may change the state effect of one-session FAM, 
influencing cognitive fatigue (Greif & Kaufman, 2021; 
Tanaka et al., 2021). Thus, further research is needed 
to investigate the influences of individual variability 
(including subjective effort and spontaneous thoughts) 
on cognitive fatigue (Tang & Tang, 2020).
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