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The ability to divide one3s attention deteriorates in patients with childhood chronic fatigue syndrome (CCFS).We
conducted a study using a dual verbal task to assess allocation of attentional resources to two simultaneous ac-
tivities (picking out vowels and reading for story comprehension) and functional magnetic resonance imaging.
Patients exhibited a much larger area of activation, recruiting additional frontal areas. The right middle frontal
gyrus (MFG), which is included in the dorsolateral prefrontal cortex, of CCFS patients was specifically activated
in both the single and dual tasks; this activation level was positively correlated with motivation scores for the
tasks and accuracy of story comprehension. In addition, in patients, the dorsal anterior cingulate gyrus (dACC)
and left MFG were activated only in the dual task, and activation levels of the dACC and left MFG were positively
associated with the motivation and fatigue scores, respectively. Patients with CCFS exhibited a wider area of ac-
tivated frontal regions related to attentional resources in order to increase their poorer task performance with
massive mental effort. This is likely to be less efficient and costly in terms of energy requirements. It seems to
be related to the pathophysiology of patientswith CCFS and to cause a vicious cycle of further increases in fatigue.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Up to 8% of children and adolescents have experienced fatigue for a
duration ofmore than 1month, and nearly 2%have experienced chronic
fatigue lasting more than 6 months (Miike and Bell, 2008). Because fa-
tigue in students corresponds to a decrease in academic performance
(Garralda and Rangel, 2002), clarification of the precise mechanisms
of fatigue and identification ofways to overcome fatigue are very impor-
tant. Fatigue induces difficulty in initiating or sustaining voluntary activ-
ities (Chaudhuri and Behan, 2004). In fact, fatigued children and
adolescents and patients with childhood chronic fatigue syndrome
(CCFS), which is characterized by profound and disabling fatigue for
lth Science Team, RIKEN Center
achi, Chuo-ku, Kobe City, Hyogo
7126.
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6 months (Fukuda et al., 1994), show poor performance on cognitive
tasks related to memory and attention (Haig-Ferguson et al., 2009;
Kawatani et al., 2011; Mizuno et al., 2013a; Tomoda et al., 2007).

Alongwith structural changes in the brain from childhood to adoles-
cence, executive function, defined as the set of mental cognitive control
processes that permit goal-directed behavior, develops dramatically be-
tween childhood and adolescence (Travis, 1998). Recently, we reported
that task performance on a divided attention task using the Kana Pick-
out Test (KPT), which assesses participants3 allocation of attentional re-
sources to two simultaneous activities [picking out vowels (PV) and
reading for story comprehension (SC)] improved as children progressed
from elementary to junior high school (Mizuno et al., 2011a), and de-
creasedwith fatigue (Mizuno et al., 2011b) and lower academicmotiva-
tion (Mizuno et al., 2011c). Poor performance of the KPT also relates to
poor lifestyle choices (skipping breakfast, toomuch timewatching tele-
vision) and family conditions (little time spent with family and little
praise from family members) in junior high school students (Mizuno
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Time course of stimulus display sequences.The PV and/or SC session involved picking out vowels (PV), story comprehension (SC), the concurrent processes of both PV and SC
(PV + SC) and control (CL) conditions. In the PV condition, participants judged whether a target word included vowels (/a/, /e/, /i/, /o/, and /u/). In the SC condition, participants read
each word presented in sequence on the screen and were later tested for comprehension of the short story. In the PV + SC condition, participants concurrently performed both picking
out vowels and story comprehension. In the CL condition, participants pressed either the right or left button in alternate trials. The word “press” appeared on the screen for every control
trial. After the PV and/or SC session, participants completed an answer session. In the SC and PV+ SC conditions, participants answered four questions, designed to require “yes” or “no”
answers. Although the Japanese version of the task was used in the present study, an English version was also developed.
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et al., 2013b). CCFS patients also have lower performance on the KPT
(Tomoda et al., 2007). These findings suggest that although develop-
ment of the ability to divide attention is crucial for good academic
Table 1
Demographic characteristics of participants.

HCA

1st trial 2nd trial

Age (years) 12.2 ± 0.8 13.5 ± 0.9
BMI (kg/m2) 18.6 ± 1.7 19.6 ± 2.3
Disease duration (month)
WISC-III, FIQ score
Fatigue score 11.0 ± 6.3 12.4 ± 7.6
VAS score for motivation

CL 64.4 ± 27.1 71.8 ± 12.3
PV 68.1 ± 20.5 71.5 ± 14.4
SC 66.4 ± 25.4 70.3 ± 16.8
PV + SC 61.5 ± 28.1 68.0 ± 21.5

HCA, healthy children and adolescents; CCFS, childhood chronic fatigue syndrome; BMI, body
intelligence quotient; VAS, visual analogue scale; CL, control condition; PV, picking out vowels
SC conditions. Values are the number or mean ± SD.

* p b 0.05, significantly different from the corresponding values for the healthy adolescents
performance in adolescence, it is inhibited by fatigue, not only in
healthy children and adolescents (HCA), but also in CCFS patients.
Therefore, clarifying the neural relationship between fatigue and
CCFS

3rd trial All

14.4 ± 0.9 13.4 ± 1.2 13.5 ± 1.0
20.2 ± 2.2 19.5 ± 2.1 20.1 ± 4.2

12.3 ± 6.4
96.9 ± 12.2

14.0 ± 9.2 12.5 ± 7.7 17.5 ± 6.1*

73.5 ± 19.7 69.9 ± 20.4 65.6 ± 15.9
78.8 ± 13.4 72.8 ± 16.6 61.3 ± 19.5
75.6 ± 10.7 70.8 ± 18.5 66.8 ± 15.3
78.8 ± 24.7 69.5 ± 25.3 61.0 ± 22.0

mass index; WISC-III, Wechsler intelligence scale for children-third edition; FIQ, full scale
condition; SC, story comprehension condition; PV + SC, concurrent processes of PV and

(All).



Table 2
Task performances of control (CL), picking out vowels (PV), story comprehension (SC) and the concurrent processes of PV and SC (PV + SC) conditions.

HCA CCFS

1st trial 2nd trial 3rd trial All

VAS score for motivation
CL 64.4 ± 27.1 71.8 ± 12.3 73.5 ± 19.7 69.9 ± 20.4 65.6 ± 15.9
PV 68.1 ± 20.5 71.5 ± 14.4 78.8 ± 13.4 72.8 ± 16.6 61.3 ± 19.5
SC 66.4 ± 25.4 70.3 ± 16.8 75.6 ± 10.7 70.8 ± 18.5 66.8 ± 15.3
PV + SC 61.5 ± 28.1 68.0 ± 21.5 78.8 ± 24.7 69.5 ± 25.3 61.0 ± 22.0

PV and/or SC session
Reaction time (ms)

CL 340.2 ± 64.7 314.5 ± 58.9 345.1 ± 73.0 333.3 ± 65.5 385.6 ± 130.8
PV 746.9 ± 69.0 700.7 ± 72.3 648.5 ± 118.6 698.7 ± 110.9 760.0 ± 92.0
SC 366.5 ± 120.0 407.8 ± 72.3 358.7 ± 90.4 377.7 ± 78.8 499.3 ± 140.1
PV + SC 742.0 ± 86.3 765.6 ± 96.6 719.3 ± 104.7 742.3 ± 95.6 778.9 ± 114.7

Accuracy (%)
CL 98.7 ± 1.9 97.1 ± 4.2 95.2 ± 5.8 97.0 ± 4.4 97.3 ± 3.5
PV 83.1 ± 8.1 86.9 ± 10.2 87.9 ± 5.8 86.0 ± 8.3 89.7 ± 4.3
SC 95.8 ± 5.0 95.2 ± 6.2 95.8 ± 4.8 95.6 ± 5.3 94.2 ± 7.9
PV + SC 82.9 ± 7.8 90.4 ± 7.3 93.3 ± 4.7 88.8 ± 7.9 90.2 ± 7.1

Answer session
Reaction time (ms)

CL 826.7 ± 144.8 798.8 ± 238.0 781.0 ± 149.7 802.2 ± 178.7 807.1 ± 229.2
PV 979.4 ± 375.2 932.7 ± 199.4 825.5 ± 162.9 912.5 ± 216.9 911.3 ± 203.2
SC 2077.8 ± 263.1 1970.1 ± 325.0 1744.3 ± 495.0 1930.8 ± 418.3 1926.5 ± 427.6
PV + SC 2258.6 ± 440.7 2098.4 ± 413.9 1978.4 ± 590.0 2111.8 ± 488.7 2052.9 ± 353.7

Accuracy (%)
CL 100.0 ± 0.0 98.1 ± 4.7 97.1 ± 10.4 98.4 ± 6.5 98.3 ± 4.4
PV 99.0 ± 3.5 95.2 ± 14.0 97.1 ± 7.5 97.1 ± 9.3 99.2 ± 3.2
SC 69.2 ± 18.1 78.8 ± 12.9 84.6 ± 14.6 77.6 ± 16.3 85.0 ± 11.8
PV + SC 71.2 ± 21.9 72.1 ± 14.6 83.7 ± 18.0 75.6 ± 18.8 58.3 ± 22.5**

HCA, healthy children and adolescents; CCFS, childhood chronic fatigue syndrome. Values are the mean ± SD.
** p b 0.01, significantly different from the corresponding values for the HCA (All).
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divided attention is critical for the evaluation of cognitive development
and interventional efforts in both fatigued children and adolescents and
CCFS patients. However, there are currently no studies designed to in-
vestigate the neural substrates of the relationship between fatigue and
divided attention in any age group.

Recently, we demonstrated the neural substrates associatedwith the
KPT in healthy young adults using functional magnetic resonance imag-
ing (fMRI) (Mizuno et al., 2012). We compared patterns of activation in
Fig. 2. Statistical parametricmaps (SPM) of activation for each condition in the PV and/or SC sess
concurrent processes of both PV and SC (PV+ SCminus CL) conditions in the PV and/or SC sess
the cluster level for the entire brain. The height threshold was set at p= 0.005 (uncorrected) a
resolution MRIs. Right (R) and left (L) sides are indicated. HCA, healthy children and adolescen
the brain obtained during performance of the individual tasks of PV and
SC to levels of activation when participants performed the two tasks si-
multaneously during the KPT (Fig. 1). Activations of the left dorsal infe-
rior frontal gyrus (lDIFG) and left superior parietal lobule (lSPL) in the
dual task (PV + SC) condition were greater than in the two single task
(PV and SC) conditions alone, suggesting that these increased activa-
tions during the KPT reflect the extent of utilization of attentional
resources (Mizuno et al., 2012). In contrast, decreased activations of
ion.The SPMof picking out vowels (PVminus CL), story comprehension (SCminus CL), and
ion. The extent thresholdwas set at p=0.05with a correction for multiple comparisons at
t the voxel level. Statistical parametric maps are superimposed on surface-rendered high-
ts; CCFS, childhood chronic fatigue syndrome.
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the left fusiformgyrus (lFFG) and the leftmiddle temporal gyrus (lMTG),
which are domain regions for processing of the PV (Murray and He,
2006) and SC (Grossman et al., 2002), respectively, were observed dur-
ing the dual task conditions in comparisonwith the two single task con-
ditions, suggesting that the reduced activations during the KPT reflect
the difficulty of concurrent processing of the two tasks (Mizuno et al.,
2012).

Based on these findings in the adult study, we tried to identify the
neural relationship between fatigue and divided attention in HCA and
CCFS patients. We performed the fMRI experiment in the HCA group,
which had an age range of 11–14 years. A follow-up studywas conduct-
ed in the HCA group for a period of 2 years to identify fatigue-related
neural processing during the KPT. We chose this age range because
the number of fatigued students increases from elementary to junior
high school in Japan (Mizuno et al., 2011b; BRED, 2006). The increase
in the number of fatigued students from elementary to junior high
school indicates that the variance in fatigue severity in HCA increases;
thus, correlation analysis between fatigue and brain activation proves
Table 3
Activated brain regions associated with picking out vowels (PV), story comprehension (SC) an

HCA (All)

Brain region Side BA MNI coordinates

PV minus CL
Middle frontal gyrus R 9

L 6
Inferior frontal gyrus L 9/44 −44 8
Superior parietal lobule L 7 −24 −66

R 7 28 −64
Fusiform gyrus L 37 −46 −56
Inferior occipital gyrus L 18 −30 −90
Middle occipital gyrus L 18 −38 −84
Cerebellum R 8 −76

SC minus CL
Middle frontal gyrus R 9

L 6 −46 4
R 6

Inferior frontal gyrus L 44/45 −56 24
L 9/44 −44 8

Middle temporal gyrus L 21 −66 −28
Superior temporal gyrus L 22 −52 −42

R 22
Inferior parietal lobule L 40 −32 −54

R 40 34 −56
Superior parietal lobule L 7 −30 −64

R 7 32 −64
Precuneus L 7 −32 −68

R 7 32 −68

PV + SC minus CL
Middle frontal gyrus R 9

L 6
R 6

Inferior frontal gyrus L 44/45 −58 24
L 9/44 −44 10

Medial frontal gyrus L 8 −4 18
R 8

Anterior cingulate gyrus L 32
R 32

Superior temporal gyrus L 22
Inferior parietal lobule L 40 −32 −54

R 40 32 −56
Superior parietal lobule L 7 −26 −64

R 7 30 −64
Precuneus L 7 −30 −68

R 7 34 −66
Fusiform gyrus L 37 −48 −56
Inferior occipital gyrus L 18 −28 −92
Cerebellum R 8 −78

HCA, healthy children and adolescents; CCFS, childhood chronic fatigue syndrome; L, left; R, r
thresholdwas set at p=0.05with a correction formultiple comparisons at the cluster level for
useful for identifying features of the neural basis of divided attention
in fatigued children and adolescents. In addition, to specify the neural
substrates of divided attention in CCFS patients, we compared the
blood oxygenation level dependent signal during the KPT between
HCA and CCFS patients.

2. Materials and methods

2.1. Participants

Twenty-three HCA participated in the three fMRI experiments. They
had normal or corrected-to-normal visual acuity, no history of medical
illness, and were right-handed according to the Edinburgh Handedness
Inventory (Oldfield, 1971). Ten out of 23HCA could not completely per-
form the experiments three times due to a lack of understanding of the
task andmotion artifacts during fMRI scans. A total of 13HCA (9 females
and 4 males) completely performed the experiments, and we analyzed
the data.
d the concurrent processes of PV and SC (PV + SC) during the PV and/or SC session.

CCFS

Z

MNI coordinates

Z

Value Value

44 14 32 5.39
−34 −6 48 3.64

30 7.55 −40 12 28 6.98
42 Inf −22 −64 46 6.65

42 4.92 28 −60 44 4.91
−16 6.02 −46 −66 −10 4.44
−10 4.93 −30 −92 −10 4.78
−12 3.89 −38 −82 −16 3.32
−26 4.88 4 −78 −30 4.44

42 14 34 6.20
52 5.30 −44 4 50 4.08

34 10 56 4.92
16 6.31 −58 24 20 5.15
34 5.59 −52 20 30 5.63
0 4.61 −56 −18 −8 3.97
2 4.72 −58 −40 2 7.02

54 −28 −2 4.73
42 3.54 −32 −54 44 6.17
46 3.33 34 −54 46 5.71
46 5.92 −30 −68 46 5.88
46 4.11 34 −62 54 5.46
32 3.17 −32 −66 42 6.39
34 4.03 32 −68 40 5.88

38 16 34 5.08
−34 −4 50 4.57
36 6 56 4.36

20 3.96 −46 24 20 4.39
28 7.56 −40 14 28 7.47
50 5.18 −4 18 48 5.13

2 18 48 5.51
−12 16 40 3.28
12 20 40 5.44

−56 −42 4 4.64
42 5.00 −30 −54 44 5.02
46 4.11 32 −54 42 4.77
40 7.84 −26 −64 42 6.47
44 5.25 28 −66 44 5.59
32 5.34 −30 −68 30 3.42
30 3.50 34 −68 34 4.68

−16 5.01
−10 3.93 −30 −92 −12 4.23
−26 5.54 4 −78 −30 4.79

ight; BA, Brodmann3s area; MNI, Montréal Neurological Institute; inf, infinity. The extent
the entire brain. The height thresholdwas set at p=0.005 (uncorrected) at the voxel level.



Table 4
Comparisons for activation patterns of each task condition among 1st, 2nd, and 3rd trials
in healthy children and adolescents (HCA) using six contrasts.

HCA

Contrast 1st trial 2nd trial 3rd trial

1st –2nd 1 −1 0
1st –3rd 1 0 −1
2nd –1st −1 1 0
2nd –3rd 0 1 −1
3rd –1st −1 0 1
3rd –2nd 0 −1 1
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Regarding CCFS patients recruited for the study, patients who had
undergone treatment with antidepressants or hypotension drugs or
who had diagnoses of neurological illness, migraine, obstructive sleep
apnea, below average intelligence, or severe psychopathology were ex-
cluded from the study. Serious psychopathologywas evaluated as refer-
ral to at least one pediatric psychiatrist if the patient presented with
indicative symptoms. No patients or healthy participants had any
Fig. 3. Decrease in activities of dual-task sessions.Statistical parametric maps of higher activatio
patients with childhood chronic fatigue syndrome (CCFS) in the condition of picking out vowe
adolescents and patients in the condition of story comprehension (SC minus PV or SCminus PV
correction for multiple comparisons at the cluster level for the entire brain. The height thresho
dicated. The extent of activations of (C) left inferior occipital gyrus (x=−38, y=−86, z=−1
PV + SC conditions (PVminus CL, SCminus CL, and PV + SCminus CL). Values are expressed a
history of Diagnostic and Statistical Manual of Mental Disorders
Fourth Edition, Text Revision (DSM-IVTR) Axis I Disorder (based on
Structured Clinical Interview for DSM-IV Axis I Disorders), drug
abuse, head injury, or fetal drug exposure that may have influenced
brain development. Seventeen patients with CCFS participated in
the fMRI experiments, were right-handed, and scored more than 80
on the full scale intelligence quotient derived from the Wechsler Intel-
ligence Scale for Children (Wechsler, 1991). Two patients were exclud-
ed from analysis because they misunderstood the task. Therefore, we
analyzed the data obtained from 15 patients (6 females and 9 males),
all of whom fulfilled the diagnostic criteria for CCFS (Fukuda et al.,
1994). Although two patients had been administered antidepressants,
the drugs were discontinued 2 weeks before the fMRI experiments.
The protocol was approved by the Ethics Committee of the National In-
stitute for Physiological Sciences (NIPS), and all participants and their
parents gave written informed consent for participation in the study.
The experiments were undertaken in compliance with national legisla-
tion and the Code of Ethical Principles for Medical Research Involving
Human Subjects of the World Medical Association (Declaration of
Helsinki).
n of the (A) left inferior occipital gyrus of the healthy children and adolescents (HCA) and
ls (PV minus SC or PVminus PV + SC) and (B) left middle temporal gyrus of the healthy
+ SC) during the PV and/or SC session. The extent threshold was set at p = 0.05 with a

ld was set at p= 0.005 (uncorrected) at the voxel level. Right (R) and left (L) sides are in-
2) and (D) leftmiddle temporal gyrus (x=−56, y=−36, z=−2) among the PV, SC, and
s the mean and SD.
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2.2. Fatigue and motivation scales

The severity of fatiguewasmeasured using the Chalder Fatigue Scale
(Chalder et al., 1993); this questionnaire was distributed to participants
before the fMRI experiments. The reliability and validity of the Japanese
version of the Chalder Fatigue Scale for evaluation of the severity of fa-
tigue in students have been previously confirmed (Tanaka et al., 2008).
Fig. 4. Increase in activities of dual-task sessions and correlations.(A) Statistical parametric map
rietal lobule (lSPL) in the PV+ SC condition comparedwith the PV and SC conditions during th
tiple comparisons at the cluster level, and the height threshold was set at p=0.005 (uncorrecte
shownof the lDIFG (x=−46, y=12, z=26) and lSPL (x=−28, y=−66, z=38) among the
Values are themean ± SD. Correlations are shown between the Chalder Fatigue Score and activ
chronic fatigue syndrome (CCFS) groups (C) and in the lSPL in theHCA (D) and CCFS groups (E)
and activation levels of the lDIFG in the HCA (F) and CCFS groups (G) and of the lSPL in the H
coefficient are shown.
The fatigue scale consists of 11 questions using a 4-level (0–3) scale that
allows the following responses: 0 = less than usual; 1 = nomore than
usual; 2 =more than usual; and 3=muchmore than usual during the
past several weeks. The total score for the 11-item fatigue scale ranges
from 0 to 33, with higher scores indicating a greater degree of fatigue.
To identify themental effort level of participants for the dual and single
tasks, a visual analogue scale (VAS) for the subjective experience of
s of greater activations of the left dorsal inferior frontal gyrus (lDIFG) and left superior pa-
e PV and/or SC session. The extent thresholdwas set at p=0.05 with a correction for mul-
d) at the voxel level. Right (R) and left (L) sides are indicated. The extent of activations are
PV, SC, and PV+SC conditions (PVminus control (CL), SCminus CL, and PV+SCminus CL).
ation levels in the lDIFG in the healthy children and adolescents (HCA) (B) and childhood
. Correlations are shown between accuracy in the dual task condition in the answer session
CA (H) and CCFS groups (I). The linear regression line, p value, and Pearson3s correlation
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motivation to each task condition was measured after the fMRI experi-
ments (Mizuno et al., 2008). The VAS scores ranged from 0 (compete
lack of motivation) to 100 (maximummotivation).
Table 5
Correlations between visual analogue scale score for motivation and activations of the left
dorsal inferior frontal gyrus (lDIFG) or left superior parietal lobule (lSPL) of the dual task
(PV + SC) condition during the PV and/or SC session.

HCA CCFS

r p value r p value

lDIFG (x = −46, y = 12, z = 26) −0.189 0.250 0.460 0.085
lSPL (x = −28, y = −66, z = 38) 0.022 0.894 0.431 0.108

PV, picking out vowels; SC, story comprehension; PV+SC, concurrent processes of PV and
SC; r, Pearson3s correlation coefficient. Montréal Neurological Institute coordinates (x, y,
z) are shown.
2.3. Experimental paradigms for functional imaging

The fMRI experimental design was identical with that of the previ-
ous study (Mizuno et al., 2012), and is shown in Fig. 1. The participants
performed the modified version of the KPT, which included single and
dual task conditions presented on a computer screen for use with
fMRI. The single task conditions were PV and SC, and the dual task
required participants to perform PV and SC tasks concurrently
(PV + SC). In addition, to control for the normal activation of brain
areas due to visual and motor processing, the participants performed a
test under control (CL) conditions. Although we used the Japanese ver-
sion of the modified KPT in the present study, an English version has
also been developed.

Hereafter, this part of the KPT is referred to as the PV and/or SC ses-
sion. In the PV condition, participants judged whether vowels included
in the words were presented in the center of the screen. If the target
letters were presented in the center of the screen, participants were
instructed to press the right button. If the target letters did not appear
in the center of the screen, participants were instructed to press the
left button.

In the SC condition, participants read silently each presented word
as it appeared in sequence on the screen. An example sentence was
“Mariko gazed at the blue sea and watched the white bird, and Takashi
gazed at the bluemountain andwatched the red bird.” The participants
pressed the right and left buttons alternately for each word presented.

In the PV+ SC condition, the participants were required to simulta-
neously pick out vowels and understand the story. Thus, when the tar-
get letters (vowels) were presented in the center of the screen, the
participants pressed the right button. If target letters did not appear in
the center of the screen, the participants were instructed to press the
left button. These judgments about the individual vowels and the direc-
tion of the button press were performed while reading the story for
comprehension.

In the CL condition, the participantswere not required to perform ei-
ther task and were instructed to simply press the right and left buttons
alternately when presented with the word “press” on every trial.

Each condition consisted of 20 trials during which 20 word stimuli
were displayed for 1 s each, followed by a blank screen displayed for
1 s, for a total of 40 s per condition for the PV and/or SC session. Before
the first word stimulus was presented, the name of the stimulus condi-
tion appeared on the screen for 5 s (“PV”, “SC”, “PV+ SC” or “CL”) to in-
struct the participants. The probability of a target letter appearing in the
PV and PV + SC conditions was 50%. The sequence of presented words
was pseudorandom in the PV condition, and the presented words were
chosen from those used in the SC and PV + SC conditions. In order to
control the difficulty of comprehension of the story between the SC
and PV + SC conditions, sentences from the SC condition were alter-
nately replaced with sentences from the PV + SC condition for each
participant.

After all conditions, the participants completed an answer session. In
the SC and PV + SC conditions, this comprised a series of four “yes” or
“no” questions to assess story comprehension. Example questions
were “Did Mariko gaze at the sea?”, “Did Takashi gaze at the sea?”,
“Did Mariko watch the red bird?”, and “Did Takashi watch the red
bird?”. Participants were instructed to press the right button if the
answer was “yes” and the left button if the answer was “no”.

In the PV and CL conditions, participants were not required to an-
swer questions andwere simply directed to press the right or left button
(e.g., “Press the left button.”). The questions for each condition consisted
of four trials, each of which lasted 4 s followed by a blank screen that
lasted 1 s, for a total of 20 s in the answer session.
The probability of a “yes” question appearing in the SC and PV+ SC
conditions was 50%. The total time for each condition, including the an-
swer session, was 60 s. Each condition was repeated twice per run, in
counter-balanced order, and the time interval between conditions was
20 s. The participants were instructed to perform each task as quickly
and accurately as possible. The direction of the button press was
inverted for half of the participants. Before scanning, participants prac-
ticed a series of CL, PV, SC, and PV + SC conditions for approximately
15 min, to ensure that all participants understood the task. The visual
stimuli and the duration of each stimulus presentation were developed
and presented using Presentation® software (Neurobehavioral Sys-
tems, Albany, CA, USA).

2.4. Functional imaging and data analyses

All images were obtained using a 3-Tesla MR scanner (Allegra;
Siemens, Erlangen, Germany) located at the National Institute for Phys-
iological Sciences (Okazaki, Aichi, Japan). For functional imaging, a
series of 272 volumes (136 volumes per run) were acquired using T2-
weighted, gradient echo, echo planar imaging (EPI) sequences. Each
volume consisted of 34 transaxial slices, each having a thickness
of 3.0 mm with a 0.5-mm gap between slices to include the entire
cerebrum and cerebellum [repetition time (TR), 2500 ms; echo time,
30ms; flip angle (FA), 75°; field of view (FoV), 19.2 cm; in-planematrix
size, 64 × 64 pixels; voxel dimensions, 3.0 × 3.0 × 3.0 mm]. Oblique
scanning was used to exclude the eyeballs from the images. Tight but
comfortable foam padding was placed around the participant3s head
to minimize head movement. To acquire a fine structural whole-brain
image, magnetization-prepared rapid-acquisition gradient-echo (MP-
RAGE) images were obtained [repetition time (TR), 2500 ms; echo
time (TE), 4.38 ms; flip angle = 8°; FoV, 230 mm; one slab; number of
slices per slab = 192; voxel dimensions = 0.9 × 0.9 × 1.0 mm].

The first two volumes acquired in each MRI run were discarded due
to unsteady magnetization, and the remaining 134 volumes per run
were used for analysis. Data were analyzed using Statistical Parametric
Mapping 5 (The Wellcome Trust Centre for Neuroimaging, London,
UK; http://www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB 7.7.0
(Mathworks, Natick, MA, USA). Following realignment for motion cor-
rection of all EPI images, a high-resolution whole-brain T1-weighted
image was co-registered with the first volume of EPI images. The
whole-head MP-RAGE images were then normalized to the Montréal
Neurological Institute (MNI) T1 image template. These parameters
were applied to all EPI images. The EPI images were spatially smoothed
in three dimensions using an 8-mm full-width half-maximumGaussian
kernel.

Statistical analyses were performed at two levels. First, individual
task-related activation was evaluated. We used the modified version
of the KPT, which was a block-design version of the task used in a pre-
vious study (Mizuno et al., 2012). In each task condition (i.e., CL, PV,
SC, and PV + SC), the event onset was designated as the presentation
of thefirst stimulus of thefirst trial in a block in the PV and/or SC session
or answer session. We modeled each of the four regressors (CL, PV, SC,
and PV + SC), which were convolved with a canonical hemodynamic
response function to obtain the expected signal changes caused by the

http://www.fil.ion.ucl.ac.uk/spm
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tasks. The data were high-pass filtered with a cut-off period of 160 s to
remove low-frequency signal drifts. An autoregressive model was used
for whitening the residuals tomeet the assumptions for application of a
general linear model (GLM). The effect of each condition was evaluated
with a GLM. The weighted sum of the parameters estimated in the indi-
vidual analyses consisted of “contrast” images. Specifically, for each
participant, the following first-level contrast images were generated:
(PV, SC, or PV + SC minus CL), (PV minus SC), (SC minus PV), and [2
(PV + SC) minus (SC plus PV)] in the PV and/or SC session and answer
session (Mizuno et al., 2012).
Fig. 5.Higher activities of patients with childhood chronic fatigue syndrome (CCFS) during divi
brain regions in the CCFS group compared with the HCA group in each condition during the PV
comparisons at the cluster level. The height threshold was set at p=0.005 (uncorrected) at the
middle frontal gyrus (rMFG; x=38, y=16, z= 36) among the PV, SC, and PV+ SC conditions
the patients, correlations are shown between (B) fatigue score or (C) score of visual analogue sc
(D) Correlations between accuracies of the PV and/or SC session in the PV and PV+ SC conditio
curacies of the answer session in the SC and PV + SC conditions and activation levels of the rM
Second, the contrast images corresponding to each condition in each
participant were used for group analyses with a random-effects model
to obtain population inferences (Friston et al., 1999). We used a flexible
factorial design that can compare the activities of task level contrasts
within all the above contrast images, and among the 1st, 2nd, and 3rd
trials of HCA trial groups by repeated measures, as well as compare
those between the HCA and CCFS groups by non-repeated measures.
The resulting set of voxel values for each comparison constituted a sta-
tistical parametricmap of t statistics [SPM(t)]. Significant signal changes
for each contrast were assessed by means of t statistics on a voxel-by-
ded attention and correlations.(A) Statistical parametric maps of greater activations of the
and/or SC session. The extent threshold was set at p= 0.05 with a correction for multiple
voxel level. Right (R) and left (L) sides are indicated. The extent of activations of the right

(PVminus CL, SCminus CL, and PV+SCminus CL) are shown. Values are themean± SD. In
ale for motivation and activation levels of the rMFG in the PV, SC, and PV+ SC conditions.
ns and activation levels of the rMFG in these conditions, and (E) correlations between ac-
FG in these conditions are shown.



Fig. 6. Higher activity of the dorsal anterior cingulate cortex in CCFS patients during divided attention.Statistical parametric maps of greater activations of the dorsal anterior cingulate
cortex in the CCFS group compared with the HCA group in PV + SC condition during the PV and/or SC session. The extent threshold was set at p = 0.05 with a correction for multiple
comparisons at the cluster level. The height threshold was set at p= 0.005 (uncorrected) at the voxel level. Right (R) and left (L) sides and y-axis (MNI coordinate) are indicated.
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voxel basis. The threshold for the SPM(t) of group analyses was set at
p b 0.005 at the voxel level and p b 0.05 with a correction for multiple
comparisons at the cluster level for the entire brain (Mizuno et al.,
2012).

Comparisons of PV, SC, and PV+SC conditionswith the CL condition
(PV, SC, or PV+ SCminus CL)were performed in order to obtain the ac-
tivation pattern of the two types of single task processing and dual task
processing. To specify the brain areas involved in the processing of PV,
we used the contrast of (PV minus SC). Likewise, to identify the brain
areas involved in the processing of SC, we used the contrast of (SC
minusPV). In addition, to specify the brain areas involved in theprocess-
ing of PV+SC,we used the contrast of [2 (PV+SC)minus (SC plus PV)].
Anatomic localization of significant voxels within clusters was done
using the Wake Forest University Pick-Atlas (Maldjian et al., 2003)
and a probabilistic cytoarchitectonic map (Eickhoff et al., 2005). The ef-
fects of task condition or group (HCA and CCFS) on activation of brain
region and task performance (reaction time and accuracy) in single
and dual trials were analyzed using one-way repeated-measures analy-
sis of variance (ANOVA) or two-way ANOVA. When statistically signifi-
cant effects were found, intergroup differences were evaluated using a
paired t-test with the Bonferroni correction or Student3s t-test. All p
valueswere two-tailed, and p values less than 0.05were considered sig-
nificant. These analyses were performed with the SPSS 17.0 software
package (IBM SPSS Inc., Chicago, IL, USA).
Table 6
Correlations between activations of the dorsal anterior cingulate cortex (dACC) or left
middle frontal gyrus (lMFG) and subjective scores or task performances of the dual task
(PV + SC) condition during the PV and SC session in patients with childhood chronic
3. Results

3.1. Questionnaire

Table 1 summarizes the results for the fatigue score of the Chalder
Fatigue Scale and the VAS scores for motivation to single or dual tasks.
The fatigue scores of HCA gradually increased at each measurement
point [F(2, 24) = 3.47, p = 0.048]. Fatigue scores of CCFS patients
were higher than those of HCA. The VAS scores for the motivation of
each condition in HCA among all the measurement points were not sig-
nificantly different, and those of all the conditions between HCA and
CCFS were nearly equal.
fatigue syndrome.

dACC
(x = 4, y = 14,
z = 40)

lMFG
(x = −34, y = −8,
z = 50)

r p value r p value

Fatigue score −0.133 0.636 0.558 0.031
VAS score for motivation 0.653 0.008 −0.207 0.458
Accuracy (PV and/or SC session) −0.279 0.314 −0.063 0.824
Accuracy (answer session) 0.193 0.491 −0.035 0.901

PV, picking out vowels; SC, story comprehension; PV+SC, concurrent processes of PV and
SC; VAS, visual analogue scale; r, Pearson3s correlation coefficient. Montréal Neurological
Institute coordinates (x, y, z) are shown.
3.2. Task performance

The task performance results are summarized in Table 2. In HCA, the
reaction times and accuracies of each condition in both sessions among
all the measurement points were not significantly different. The reac-
tion times and accuracies of each condition in the PV and/or SC session
betweenCCFS patients andHCAwere similar. The reaction times of each
condition in the answer session (questions to assess story comprehen-
sion) between CCFS patients and HCA were also nearly equal. In the
answer session, although accuracies of the CL, PV, and SC conditions
between CCFS patients and HCA were not different, accuracy of the
PV + SC condition in CCFS patients was lower than that in HCA.

3.3. fMRI

3.3.1. Single and dual task sessions
The imaging results for each condition in the PV and/or SC sessions

are shown in Fig. 2 and Table 3. In HCA, the lIFG, bilateral SPL, lFFG,
left inferior occipital gyrus (lIOG), left middle occipital gyrus, and cere-
bellum were significantly activated in the PV condition. The left middle
frontal gyrus (lMFG), lIFG, lMTG, left superior temporal gyrus, bilateral
SPL, bilateral inferior parietal lobules (IPL), and bilateral precuneus
were activated in the SC condition. The activated brain regions in the
PV+ SC condition almost overlapped with those in the PV or SC condi-
tions. However, additional activated regionswere not observed. In com-
parison with activation levels of the activated regions among all the
measurement points in HCA (Table 4), we did not find any differences.
Likewise, we found similar results obtained by each comparison
among them, discussed in the following paragraphs, indicating that ac-
tivation levels and patterns in each condition were not changed by de-
velopment in HCA. In CCFS patients, these activated regions were also
observed in each condition. However, in addition to these brain regions,
the rightMFG (rMFG)was specifically activated in all conditions in CCFS
patients. In the PV+SC condition, specific activation of the anterior cin-
gulate cortex (ACC) was also observed in CCFS patients.

Unique or more strongly activated brain regions during single tasks
(Fig. 3) and dual tasks (Fig. 4) in the PV and/or SC session were identi-
fied. The activations of the lFFG and lIOG of the PV conditionwere higher
than those of the SC condition in HCA (Fig. 3A). In the SC condition,
unique activation of the lMTG was observed in comparison with the
PV condition in HCA and CCFS patients (Fig. 3B). In addition, we found
that activation of the lIOG of the PV condition was greater than that of



Fig. 7. Statistical parametric maps (SPM) of activation for each condition in answer session.SPM of activation for each condition of picking out vowels (PVminus CL), story comprehension
(SCminusCL) and concurrent processes both of PV andSC (PV+SCminus CL) in the answer session. The extent thresholdwas set at p=0.05with a correction formultiple comparisons at
the cluster level for the entire brain. The height threshold was set at p= 0.005 (uncorrected) at the voxel level. Statistical parametric maps are superimposed on surface-rendered high-
resolution MRIs. Right (R) and left (L) sides are indicated. HCA, healthy children and adolescents; CCFS, childhood chronic fatigue syndrome.
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the PV+SC condition inHCA (Fig. 3A), and the activation of the lMTGof
the SC condition was higher than that of the PV + SC condition in HCA
and CCFS patients (Fig. 3B). The activation levels of these regions be-
tween HCA and CCFS patients were not significantly different (Fig. 3C,
D). In both HCA and CCFS patients, although the lDIFG and lSPL were
commonly activated in the PV, SC, and PV+ SC conditions (Fig. 2), acti-
vations of these regions in the PV + SC condition were higher than
those in the PV or SC conditions (Fig. 4A). Activation levels of the
lDIFG [Brodmann area (BA) 9: x =−46, y = 12, z = 26 (common acti-
vated coordinates between HCA and CCFS patients)] and lSPL (BA 7:
x = −28, y = −66, z = 38) between HCA and CCFS patients were
not significantly different. Consistent with our results from HCA and
CCFS patients, the lDIFG and lSPL were strongly activated, whereas the
lFFG, lIOG, and lMTG were deactivated during the divided attention
Fig. 8. Differences in the role of neural activation during divided attention in HCA with or with
although lDIFG was not strongly activated, the participants demonstrated greater dual task per
of the lDIFG and lower performance, indicating an inefficient process. In patientswith childhood
regions (dACC and MFG) into activation in order to obtain an increase in the patients3 reduced
tivities of the frontal regions may induce a vicious cycle of further increase in fatigue.
task relative to the two single tasks using the KPT in our previous
study of healthy adults (Mizuno et al., 2012).

3.3.2. Correlations between fatigue and activity
To clarify fatigue-related neural processing during divided attention

in HCA and CCFS patients, we performed correlation analyses between
the fatigue scores and activation levels in these brain regions. Although
activation of the lSPL was not correlated with the fatigue score in HCA
(Fig. 4B) or CCFS patients (Fig. 4C), activation of the lDIFGwas positively
correlated with the fatigue score in HCA (Fig. 4D), but not in CCFS pa-
tients (Fig. 4E). The activation of the lDIFG was negatively correlated
with the accuracy of outcomes in the PV + SC condition in the answer
session in HCA (Fig. 4F). However, this correlation was not observed
in CCFS patients (Fig. 4G). Although there was a negative correlation
out fatigue and CCFS patients.In healthy children and adolescents (HCA) without fatigue,
formance, indicating more efficient processing. Fatigue of HCA induced greater activation
chronic fatigue syndrome (CCFS), greatermental effort strongly forced the bilateral frontal
performance, indicating energy-inefficiency and costly processing. These widespread ac-
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between activation of the lDIFG and accuracy of the PV + SC condition
in the answer session in HCA (Fig. 4H), a positive correlation between
themwas observed in CCFS patients (Fig. 4I). We also performed corre-
lation analyses between VAS scores for motivation and activation levels
in these brain regions. Only in CCFS patients, the VAS score tended to be
positively correlated with activation of the lDIFG (Table 5).

A comparison of the results between HCA and CCFS patients for each
condition in the PV and/or SC session is shown in Fig. 5. In all conditions,
activations of the rMFG, which is included in the dorsolateral prefrontal
cortex (DLPFC) [BA 9: x = 38, y = 16, z = 36 (commonly activated co-
ordinates among PV, SC, and PV + SC conditions)], in CCFS patients
were higher than those in HCA (Fig. 5A). Furthermore, only in the
PV + SC condition, activations of the dorsal ACC (dACC, BA 32, Fig. 6)
and lMFG (BA 6) in CCFS patients were higher than those in HCA. Corre-
lation analyses revealed that although activation levels of the rMFG of
all conditions were not correlated with fatigue scores in CCFS patients
(Fig. 5B), those of all conditions were positively correlated with VAS
scores for motivation (Fig. 5C). In addition, although correlation be-
tween the activation levels for the rMFG in the PV and PV + SC condi-
tions and accuracies of these conditions in the PV and/or SC session
was not observed (Fig. 5D), a positive correlation between activation
levels for the rMFG in the SC and PV + SC conditions and accuracies of
these conditions in the answer session was observed (Fig. 5E). In the
PV + SC condition, activations of the dACC and lMFG were positively
correlated with VAS scores for motivation and fatigue, respectively
(Table 6).

Imaging results for each condition in the answer session are shown
in Fig. 7. In the SC condition, the lMFG, bilateral IFG, bilateral medial
frontal gyri, bilateral IPL, bilateral SPL, and cerebellum were activated
in HCA and CCFS patients. These brain regions were also activated in
the PV + SC condition in HCA and CCFS patients. Unique or more
strongly activated regions in the PV + SC condition in comparison
with the SC conditionwere not observed in either HCA or CCFS patients.
Activation levels of each condition between HCA and CCFS patients
were not significantly different.

4. Discussion

4.1. Summary of results

Our principal findings were that: 1) activation in the lDIFG was
greater in the dual task condition than in the two single task conditions
in HCA and CCFS patients; 2) in HCA, this activation level was positively
and negatively correlated with the fatigue score and the accuracy for
story comprehension, respectively; 3) in CCFS patients, this activation
level was positively and negatively correlated with accuracy for story
comprehension and motivation score for the tasks, respectively; 4) the
rDLPFC of CCFS patients was specifically activated in both the single
and dual task conditions, and these activation levelswere positively cor-
related withmotivation scores for the tasks and accuracy for story com-
prehension; and 5) in CCFS patients, the dACC and lMFGwere activated
only in the dual task condition, and activation levels of the dACC and
lMFG were positively associated with motivation and fatigue scores,
respectively.

4.2. Activation patterns of KPT

The fronto-parietal areas, including the lDIFG and lSPL, are engaged
by visual attentional processes (Kanwisher and Wojciulik, 2000).
Bookheimer noted that increased activation of the lDIFG may reflect
an increased need for attention to verbal memory processing
(Bookheimer, 2002). In addition, greater activation in the left parietal
lobule during tasks with a higher short-termmemory load is associated
with allocation of attentional resources (Magen et al., 2009).When two
arithmetic tasks are performed concurrently, the tasks compete for lim-
ited resources (Wickens et al., 1983), especially when these tasks entail
activation in the same parts of the cortex (Klingberg and Roland, 1997),
such as the lDIFG and lSPL in the present study. Therefore, enhanced ac-
tivations of the lDIFG and lSPL in the dual task condition engage more
attentional processing than the single task conditions, due to greater
andmore complex demands on voluntary attentional resources. Consis-
tent with the present findings, we previously found that in young
adults, activations of the lDIFG and lSPL in the dual task condition
were higher than in the two single task conditions of the KPT. In con-
trast, activations of the lFFG and lMTG, which are primary regions for
processing of the PV and SC tasks, respectively, were lower in the dual
task condition than in the two single task conditions (Mizuno et al.,
2012). These cognitive compensation and decompensation patterns in
the young adults were similar to those in children and adolescents in
the present study, suggesting that the neural substrates of the KPT do
not change dramatically from childhood to adulthood. However, in
healthy children and adolescents, although the lDIFG was not strongly
activated, the participants demonstrated greater dual task performance.
This suggests differences in activity levels in the lDIFG in the KPT be-
tween children and adults, i.e., adults may perform the KPT through
more energy-efficient neural processing in comparison with children
and adolescents.

4.3. Excessive frontal activity

In HCA, activations of the lDIFG, which was more strongly activated
in the dual task condition comparedwith the two single task conditions,
were positively correlated with fatigue scores and negatively correlated
with accurate comprehension. Higher performance of a high-effort dual
task is associated with a decrease in activation of the prefrontal cortex
related to attentional resources, including the IFG (Jaeggi et al., 2007),
suggesting that minimal utilization of attentional resources results in
better performance of the dual task. Because fatigue is related to an in-
crease in brain activity during a high-effort cognitive task (Cook et al.,
2007; Lange et al., 2005), fatigue may require utilization of more atten-
tional resources during divided attention, which is reflected as greater
activation of the lDIFG, resulting in lower performance. In contrast,
therewere positive correlations between activation of the lDIFG and ac-
curate comprehension or mental effort level in the dual task condition
in CCFS patients. This suggests that although severe fatigue consumes
a considerable amount of attentional resources, severe fatigue forcibly
recruits additional activation (cognitive compensation) and attentional
resources, depending on the extent of mental effort, for better perfor-
mance of the dual task. Namely, CCFS patients have an impetus to re-
cruit additional attentional, working memory, and salience regions
(MFG, dACC) (Menon and Uddin, 2010) in an attempt to complete the
task despite their CFS disabilities.

In addition, a greater level of fatigue in CCFS patients induced addi-
tional activation of the rMFG (rDLPFC) in both single and dual task con-
ditions. Our recent study revealed that increased activity of the right
rMFG,which is included in theDLPFC, is involved in a facilitation system
to increase themotor output caused bymotivational input during phys-
ical fatigue conditions in healthy young adults (Tanaka et al., 2013).
Moreover, consistent with the present findings, a previous study by
Lange et al. showed thatmore extensive ACC and bilateral prefrontal re-
gions of patients with adult CFS were activated during a verbal working
memory task in comparison with healthy adults (Lange et al., 2005). It
has been unclear whether these activations are caused by positive or
negative emotion or whether they lead to better or poorer task perfor-
mance. In the present study, we demonstrated that rDLPFC activation
was associated with greater motivation andmore accurate comprehen-
sion in CCFS patients, suggesting that the severely fatigued brain needs
to recruit right frontal activation to perform the single and dual tasks
appropriately, depending on the greater mental effort.

Only in the dual task condition were specifically activated regions
(dACC and lMFG) observed. Because activation of the dACC was posi-
tively correlated with motivation level, to which we also referred
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previously (Holroyd and Yeung, 2012), activation may play a crucial
role in motivation processing during the dual task trials in CCFS pa-
tients. In addition to the lDIFG, greater activation of the lMFG was
observed, indicating that severe fatigue recruits activation of not only
the primary brain region involved in the attentional resource, but also
the adjacent region. In fact, a positive association between activation
of the lMFG and the severity of fatigue was observed. Vasic et al.
(2008) reported that decreased activity of the lMFG (BA 6) in adoles-
cents and young adults with dyslexia was observed during a verbal
working memory task. Lange et al. (2005) found that during a verbal
working memory task, a wider area of the lMFG (BA 6/8) of CFS adults
(270 voxels) was activated in comparison with healthy adults (7
voxels). These results suggest that this cognitive compensative activity,
i.e., an increase in activity of the lMFG (BA 6), may be a common path-
ophysiological feature during an effortful executive verbal task in chil-
dren and adults with CFS and may be a specific feature in CFS because
this excessive activity of the lMFG (BA 6) has not been observed in
other developmental disorders. Hence, patients with CCFS exhibit a
wider area of activated frontal cortex during divided attention process-
ing, and these excessive neural activations may contribute to a vicious
cycle of further increases in fatigue.

Although previous imaging studies have reported that regional
cerebral blood flow in the frontal regions of the brain is low during
the resting state in both adult CFS patients (Kuratsune et al., 2002)
and CCFS patients (Miike et al., 2004), more extensive frontal regions
were activated in the present study, including bilateral MFG and dACC,
particularly during the dual task condition. Therefore, CCFS may be
characterized by overactivity of widespread frontal regions during di-
vided attention processing. Other studies have demonstrated reduction
of gray-matter volumes of the rDLPFC (BA 9/46) in adult CFS patients
(de Lange et al., 2008; Okada et al., 2004) and an association between
the severity of fatigue and volume reduction of the rDLPFC. In addition,
in adult CFS patients, reductions in the biosynthesis of the neurotrans-
mitters glutamate, aspartate, and gamma-aminobutyric acid through
acetyl-carnitine in the bilateral MFG and ACC (Kuratsune et al., 2002)
and reductions in serotonin transporters in the ACC (Yamamoto et al.,
2004) were observed using positron emission tomography. In addition,
our previous study using positron emission tomography revealed that
although the regional cerebral flow and uptake of acetyl-carnitine in
the lFFGs of adults with CFS were not changed, those in the lMTG
were reduced compared with healthy adults (Kuratsune et al., 2002).
This indicates that not only the cognitive compensation regions but
also the cognitive decompensation regions such as the lMTG are related
to the pathophysiology of CFS. In addition to cognitive compensation
and cognitive decompensation during the verbal divided attention
task, short bursts of activity may occur in a large number of brain re-
gions in a state of illness that allow accurate task completion compared
to HCA and changes in the default mode network in CCFS patients
(Menon, 2011). A recent study reported the existence of cerebral oxida-
tive stress andmitochondrial dysfunction in adult CFS patients (Shungu
et al., 2012), suggesting that accumulation of free radicals by excessive
neural activities in chronic fatigue may induce cerebral oxidative stress.
Although further prospective study in fatigued children and adolescents
and CCFS patients is necessary, it is possible that hyperactivity of the
frontal regions in the brain during high-effort tasks is associated with
pathophysiological alterations in the structures, neurotransmitter dy-
namics, andmitochondrial function in the frontal cortex from childhood
to adulthood.

Ross et al. (2001) reported a decrease in performance of a dual task
in adults with CFS. Unfortunately, no reports have been published about
the neural substrates of reduced dual task processing in adults with CFS.
Further study is necessary to identify the association between neural
substrates of the KPT in adults with CFS and children and adolescents
with CFS. Our previous studies demonstrated that performance in atten-
tion control tasks (divided attention and switching attention tasks) in
patients with CCFS is reduced compared with that in healthy children
and adolescents (Tomoda et al., 2007; Kawatani et al., 2011). In this
study,we investigated the effects of combination therapywith cognitive
behavioral therapy and antidepressant medication for 6 months on the
severity of mental fatigue and switching attention performance in CCFS
patients (Kawatani et al., 2011). This combination therapy decreased
the severity of mental fatigue and improved the performance in the
switching attention task. Correlations between these changes in fa-
tigue severity and task performance by treatment were also ob-
served. These results suggest that combined treatment with
cognitive behavioral therapy and antidepressant medication is effec-
tive for improving poor attention characteristics associated with
CCFS and may improve the cognitive compensation activity of the
frontal cortex during the divided attention task. A review paper
mentioned that the features of Japanese CCFS are a lower motivation
to learn, lifestyle and social factors such as chronic shortage of sleep,
highly competitive scholastic environment, hard training at sports
clubs, serious trouble with human relations (e.g., bullying), changing
living environments (e.g., moving to a new house), and exhaustion
after viral infection (Miike et al., 2004). This suggests that further
studies are necessary to evaluate the intervention effects of lifestyle
choices and social factors in CCFS patients.
5. Conclusion

Fig. 8 provides a conceptual diagram of the conclusions from the
findings of the present study. Better performance by HCA on the dual
task was associated with activation of a limited area of the frontal cor-
tex. This appears to be an energy-efficient process. Fatigue in HCA in-
duces greater activation of the frontal cortex and lower performance,
indicating an inefficient process. With the same task, CCFS patients ex-
hibited awider area of activated frontal regions related to attentional re-
sources in order to obtain an increase in their poorer task performance
by forcibly drivingmotivation. This is likely to be less efficient and costly
in termsof energy requirements. This excessive frontal neural activation
during a divided attention task is a characteristic feature of fatigued chil-
dren and adolescents and CCFS patients. It seems to be related to the
pathophysiology of CCFS patients and causes a vicious cycle of a further
increase in fatigue. Previous studies have suggested that recovery or
compensation in language function following development of a lesion
in the left hemisphere may depend on mechanisms in the right hemi-
sphere (Blasi et al., 2002; deGuibert et al., 2011). Specifically, greater ac-
tivations of the right frontal regions during language and verbal
working memory tasks are observed in patients with aphasia and dys-
lexia. In addition to recovery and compensation, we advocate a new
concept of excessive brain activity caused by chronic fatigue.
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