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Abstract

Functional neuroimaging studies have suggested that dysfunction of prefrontal cortex (PFC) is present in persons with pervasive developmental
disorders (PDD). Recently, the development of near-infrared spectroscopy (NIRS) has enabled noninvasive bedside measurement of regional
cerebral blood volume. Although NIRS enables the noninvasive clarification of brain functions in many psychiatric disorders, it has not yet been
used to examine subjects with PDD. The aim of our study was to conduct an NIRS cognitive activation study to verify PFC dysfunction in PDD.
The subjects were 10 adults with PDD and 10 age- and gender-matched healthy subjects. Hemoglobin concentration changes were measured
with a 24-channel NIRS machine during the letter fluency task. While the number of words generated during the letter fluency task did not differ
significantly between groups, the analysis of covariance including IQ as a confounding covariate showed that the PDD group was associated with
bilateral reduction in oxy-hemoglobin concentration change as compared with the control group. The statistical results did not change when only
IQ-matched high-functioning subjects (N ="7) were included. Moreover, reduced oxy-hemoglobin concentration change for the right PFC was
significantly correlated with verbal communication deficits within the PDD group. The present findings are consistent with proposed prefrontal

dysfunction in PDD subjects identified by other neuroimaging modalities. The present results may be also potentially useful for applying NIRS to
clinical settings of child psychiatry.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction (fMRI) study using the embedded figure task showed reduced
activation of PFC and greater activation of ventral occipitotem-

Pervasive developmental disorder (PDD) is defined on the poral regions in adults with PDD [25]. An fMRI study showed
basis of a selected set of behavioral disturbances that more or less that autistic adults had significantly less task-related activation
map onto specific functional systems of the brain {26]. The dif- in dorsolateral PFC in comparison with healthy adults during
ficulties with social reciprocity, communication, and restricted a spatial working memory task [16]. An fMRI study reported
behaviors and interests that occur with PDD suggest that the  a variable and scattered representation along the lateral con-
syndrome affects a functionally diverse and widely distributed vexity of the frontal and parietal lobes during a visually cued
set of neural systems [30]. motor sequencing task in adults with autism [22]. Another line
Functional neuroimaging studies have repeatedly suggested of studies have used “theory of mind” tasks to investigate medial
that the function of the prefrontal cortex (PFC), critical for =~ PFC abnormalities in PDDs; a pilot positron emission tomog-
working memory and executive functioning [7], is disturbed in raphy (PET) study of adults with Asperger’s disorder showed
persons with PDD. A functional magnetic resonance imaging  specific engagement of the medial PFC, except that the center
of activation was displaced below and anterior in the patients

compared with controls [8], while another PET study showed

* Corresponding author. Tel.: +81 3 5800 9263; fax: +81 3 5800 6894, reduced dorsomedial PFC activation in adults with PDD [4]. In
E-mail address: kuwabara@roy.hi-ho.ne.jp (H. Kuwabara). accordance with the latter investigation, a PET study reported
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reduced dopaminergic activity in the dorsomedial PFC of autis-
tic children [5].

While functional brain imaging methodologies such as PET
and fMRI have excellent spatial resolution, they are limited
in that they require large apparatus which prevents their use
in a bedside setting for diagnostic and treatment purposes.
Recently, the development of near-infrared spectroscopy (NIRS)
has enabled noninvasive and bedside measurement of regional
cerebral blood volume (rfCBV) in terms of the relative con-
centrations of oxyhemoglobin [oxyHb] and deoxyhemoglobin
[deoxyHb].

NIRS is a neuroimaging modality that is especially suit-
able for psychiatric patients, due to the following reasons [18].
Because NIRS is relatively insensitive to motion artifact, it can
be applied to emotional activation that might cause some motion
of the subjects. The subject can be examined in a natural sitting
position, without any surrounding noise or feeling of obstruc-
tion. In addition the cost is much lower than other neuroimaging
modalities and the set-up is very easy.

Although NIRS enables the noninvasive clarification of brain
functions in many psychiatric disorders, including schizophre-
nia, bipolar disorder, depression, dementia of Alzheimer type
and post-traumatic stress disorder [6,12,17-20,28], NIRS has
not yet been applied to examine subjects with PDD. To evalu-
ate [Hb] change in the prefrontal cortex using NIRS, the verbal
fluency test has been often used for cognitive activation, since
previous NIRS studies have used letter fluency test for cognitive
activations, and showed displayable prefrontal activation dur-
ing the verbal fluency task in healthy subjects {10,11,13]. Thus,
the letter fluency test may be considered a valid cognitive acti-
vation task to detect PFC dysfunction by NIRS. Therefore we
conducted an NIRS cognitive activation study, using letter flu-
ency test, to verify PFC dysfunction in PDD. Based on previous
studies using other neuroimaging techniques that showed lateral
prefrontal dysfunction during executive tasks in PDD, we pre-
dicted that the subjects with PDD would show lower prefrontal

Table 1
Clinical and demographic details of the subjects

[oxy-Hb] change than healthy subjects. We also predicted that
decreased [oxy-Hb] would be associated with severity of symp-
toms in the PDD group.

2. Materials and methods
2.1. Subjects

The subjects were 10 adults with PDD (six men and four women; 18-37 years
old) and age- (#[18]=0.543, p=0.594) and gender- (x-square test: p=0.121)
matched healthy subjects (9 men and 1 woman; 24~34 years old). All individuals
with PDD were outpatients of the Department of Neuropsychiatry, Tokyo Uni-
versity Hospital, Japan. Healthy subjects were recruited from college students,
hospital staff and their acquaintances. PDD subjects were diagnosed according
to DSM-1V criteria [1] by two trained child psychiatrists (H.K. and M.L). Eight
patients were taking psychotropic drugs at the time of examination (Table 1).
Their psychopathology was assessed with the childhood autism rating scale
(CARS)—Tokyo version [15,27]. We used a CARS score of 27 as the cut-off
point for autistic disorder [21], but not for Asperger’s disorder nor PDD not oth-
erwise specified. All participants were right-handed as based on the Edinburgh
Inventory [24]. IQ scores were obtained using the Wechsler Adult Intelligence
Scale-Revised. Although the mean IQ was significantly higher in healthy con-
trols than in PDD, 7 out of 10 PDD subjects were high-functioning with 1Q > 85
(Table 1). None of the subjects had a history of substance or alcohol abuse or
dependence. This study was approved by the Ethical Committee of Faculty of
Medicine, University of Tokyo (No. 630), and written informed consent was
obtained from all the subjects prior to their participation in the study.

2.2. Activation task

Hemoglobin concentration changes were measured during the letter fluency
task, according to a method similar to that of Suto et al. [28]. The subjects sat
on a chair with their eyes open throughout the measurements. The cognitive
activation consisted of a 30-s pretask baseline, a 60-s letter fluency task, and a
60-s post-task baseline. In the pre- and post-task baseline periods, the subjects
were instructed to simply repeat aloud the syllables /a/, /i/, /u/, /e/, and /o/. In the
activation-task period, the subjects were instructed to generate as many words
whose initial syllable was /a/, /ka/, or /sa/ as they could. The three initial syllables
changed in turn every 20 s during the 60-s task, to reduce the time during which
the subjects were silent. The subjects were instructed with an auditory cue at the
start and end of the task or baseline period and at the change of the designated

Case no. Age Sex (0] Subtype CARS Medication (mg/day) LFT

Pervasive developmental disorder .
PDDI1 19 M 132 An 35 Risperidone 1 14
PDD2 27 M 122 As 26 Levomepromazine 10 19
PDD3 36 F 75 Au 37 Haloperidol 3, valproate 600, paroxetine 10 12
PDD4 21 F 101 As 25.5 Lithium 400 9
PDD5 21 M 59 PDDNOS 28 Pimozide 9, zotepine 300, carbamazepine 600 16
PDD6 25 F 62 Au 29.5 paroxetine 10 15
PDD7 37 M 96 Au 345 No medication 12
PDD8 34 F 122 Au 29.5 Pimozide 1 14
PDD9 18 M 10t As 335 Lithium 200, paroxetine 20 10
PDDI10 27 M 94 Au 315 No medication 14
Mean 26.5 M6/F4 96.4 31 135
S.D. 7.1 25.1 39 2.9

Control subjects (n=10)
Mean 279 M9/F1 1183 154
S.D. 4.1 15.2 2.5

CARS, childhood autism rating scale; LFT, letter fluency task; M, male; F, female; Au, autistic disorder; As, asperger disorder; PDDNOS, pervasive developmental

disorder not otherwise specified.
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Fig. 1. NIRS measurement points superimposed on a representative subject’s
3D-MRL

syllables. The number of words generated during the letter fluency task was
determined as a measure of task performance.

2.3. NIRS measurement

{oxyHb], [deoxyHb], and [totalHb] were measured with a 24-channel NIRS
machine (Hitachi ETG-100; Hitachi Medical Corporation, Tokyo, Japan) at two
wavelength of near-infrared light (760 and 840 nm). Concentration changes of
[oxyHb] and [deoxyHb] were calculated from the difference in the light absorp-
tion characteristics of these two hemoglobin species based on Beer—~Lambert
law. [TotalHb] was calculated as the sum of {oxyHb] and [deoxyHb].

Sixteen probes (eight emitters and eight detectors) were placed over a sub-
ject’s frontal regions, with the lowest probes positioned along the Fpl-Fp2
line according to the international 10/20 system used in electroencephalography
(Fig. 1). The inter-probe distance was 3.0cm, and the 16 probes can measure
[Hb] changes at 24 measurement points in a 9cm x 9cm area. The machine
measures [Hb] change approximately 2-3 cm beneath the scalp, i.e., the cortical
surface area [12].

The absorption of near-infrared light was measured with a time resolution
of 0.1s. Baseline correction was made by using linear fitting based on the two
baseline data (the pre-task baseline: the mean across a 10-s period just before the
activation period; the post-task baseline: the mean across a 5-s period beginning
505 after the activation period). This was intended to correct the data during
the fluency task for activation due to simple speaking. Moving average methods
were used to exclude short-term motion artifacts in the analyzed data (moving
average window: 5s).

2.4. Statistical analysis

[OxyHb] and [deoxyHDb] data in each channel were averaged across the two
segments (pretask baseline segment and task segment). [OxyHb] or [deoxyHb]
at pretask baseline and that at the task period were compared using paired ¢-test
for all channels to test whether [Hb] showed significant changes at the task
period relative to the baseline (degree of freedom varied across channels due to a
low signal to noise (S/N) ratio at upper prefrontal channels). Low signal to noise
ratio was observed at upper frontal channels (channels #1-14) for some subjects,
which would substantially reduced the sample size in the repeated measures
ANOVA using all 24 channels. Therefore, we adopted repeated measures
ANOVA using lower frontal channels (eight channels; left: channels 17, 20,
21, 24; right: 15, 18, 19, 22; approximately Brodmann’s areas 10 and 46; see
Fig. 1) which had good data for all subjects. More specifically, three-way mixed
model repeated measures analysis of covariance (ANCOVA) was performed for
[oxyHb] or [deoxyHb] data during the activation-task period, using diagnosis as

the between-subject factor, hemisphere and channel as within-subject factors,
and 1IQ as the covariate. To further rule out the effect of 1Q, this analysis
was repeated for data only including high-functioning PDD subjects (N=7;
mean Q=110 [S.D.=15], matched with control subjects [z=1.15, p=0.27}).
When the sphericity assumption was violated, Greenhouse~Geisser correction
was performed and associated epsilon was reported. We also conducted

group comparison of [oxyHb] or [deoxyHb] change using rtests at each
channel.

‘We performed correlational analysis between task performance and [oxyHb]
change at channels #15, 17, 18, 19, 20, 21, 22, and 24 for the control group,
PDD group, or for the combined subjects using Pearson’s correlation.

In the PDD group, exploratory correlational analyses were performed
between the averaged [oxyHb] data during task segment across left 4 (chan-
nels 17, 20, 21, 24) or right 4 (channels 15, 18, 19, 22) channels and scores on
each item of the CARS using Spearman’s rho.

3. Results

The number of words generated during the letter fluency
task showed no statistically significant differences between the
groups (PDD group: mean 13.5, S.D.: 2.9; control group: mean
15.4, $.D.: 2.5; comparison: 1[18]=1.56, p=0.14).

In the control group, [oxyHb] rapidly increased immediately
after the start of the task period, was maintained at the activated
level during the task period, and decreased gradually after the
task was finished. In the control group, [oxyHb] change showed
a significant increase during the activation period relative to the
pretask period for 18 of 24 channels, while the [deoxyHb] did
not show significant decrease for any channel. These results
confirmed that the task employed in this study produced mea-
surable increase in [oxyHb] in healthy subjects. In the PDD
group, {oxyHb] showed a very slight increase, and decreased
immediately after the end of the task period (Fig. 2). All PDD
subjects showed similar waveforms (Fig. 3).

For [oxyHb], the ANCOVA revealed a significant main effect
of “diagnosis” (F[1,17]=6.45, p=0.021). There was no sig-
nificant diagnosis-by-hemisphere (F[1,17]=0.005, p=0.95),
diagnosis-by-channel (F[3,51]=0.926, p=0.41; £=0.713),
or diagnosis-by-hemisphere-by-channel  (F[3,511=0.676,
p=0.50; £=0.598) interaction. There was no significant main
effect of hemisphere (F[1,17}=0.058 p=0.81) or channel
(F[3,511=0.150, p=0.87; £¢=0.713). For subset of data only
including high-functioning subjects, the statistical conclusion
did not change (diagnosis main effect: p=0.035; diagnosis-
by-hemisphere interaction: p=0.99; diagnosis-by-channel
interaction: p=0.45; diagnosis-by-hemisphere-by-channel
interaction: p=0.57; hemisphere main effect: p=0.15; channel
main effect: p=0.32). The #-test at each channel showed that
the PDD group had decreased [oxyHb] than the control group at
channels no. 4, 10, 11, 14-22, and 24, most of which were lower
frontal channels that were included in the repeated measures
ANCOVA. The PDD group did not show increased [oxyHb]
than the control group at any channel.

For [deoxyHb], the repeated measures ANCOVA did not
show a significant main effect or interactions. The #-test at each
channel showed that there was no significant difference between
groups for any channel except for channel no. 4 (control: mean
[deoxyHb], 0.0616; PDD: mean, —0.0452; p=0.045). How-
ever, this significance was driven by a significant increase of
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Control (N=10)
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Fig. 2. Grand average waveforms of hemoglobin concentration changes during cognitive activation for controls (N=10) and PDDs (N=10). [OxyHb], red line;
[deoxyHb}, blue; and [totalHb], green. The red arrow indicates the period of cognitive activation.

[deoxyHb] at this channel in the control group (paired r-test,
p=0.050), which is difficult to interpret and is likely to be driven
by a type I error.

For association between task performance and [oxyHb]
change, there was no significant correlation for any channel
for the PDD or control subjects. However, there were signifi-
cant correlation for channels #15, 17, 19, 20, 21, and 24 for the
combined subjects (p’s =0.012-0.049) although these correla-
tions did not remain significant after Bonferroni correction. It is

likely that these trends in the combined subjects but not in the
separate group were spuriously driven by the consistently lower
[oxyHDb] change in the PDD group.

Correlational analysis between [oxyHb] and CARS showed
that [oxyHb] for the right hemisphere was negatively correlated
with “verbal communication” score on the CARS (rho=-0.652,
p=0.041) in the PDD group, although this correlation did not
remain significant after Bonferroni correction for multiple com-
parisons.
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Fig. 3. Upper: grand average waveforms for [oxyHb] (red line), [deoxyHb] (blue), and [totalHb] (green) shown for a representative channel (channel 21; left DLPFC).
Lower: {oxyHb] for each subject superimposed. The red arrow indicates the period of cognitive activation.
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4. Discussion

To our knowledge, this is the first NIRS study that evaluated
prefrontal activation in individuals with PDD. The present find-
ings are consistent with the proposed prefrontal dysfunction in
PDD subjects identified by other imaging modalities, such as
fMRI and PET. Depressed prefrontal blood volume change in
PDD during an executive task is congruent with fMRI studies
which reported decreased activation in PFC during executive
function tasks [16,25]. However, this result is incongruent with
an TMRI study by Miiller et al. [22] which reported increased
activation in PFC during a visuomotor task, and with an fMRI
study by Baron-Cohen et al. [2] who reported decreased acti-
vation in the amygdale but not the PFC of adult PDDs during
social cognitive tasks. This difference may be partly explained
by the difference in the tasks employed, and this difference
indicates that the PFC dysfunction of adult PDDs may be task
specific.

For clinical implications, our preliminary analysis showed
that lower [oxyHb] in the right prefrontal cortex during letter
fluency task predicted worse verbal communication scores in
individuals with PDDs. However, these results should be consid-
ered to be tentative, since the analysis was exploratory in nature.

Possible explanations should be discussed for our observation
of significantly depressed prefrontal blood volume change dur-
ing the letter fluency task in spite of preserved task performance.
There may be two possible interpretations. First, the PDD
subjects may use alternative cognitive strategies that activate
different brain regions, such as lateral and medial temporal lobe,
to compensate for the task performance. Consistent with this
interpretation, it has been noted that successful performance on
the word fluency task, which includes a letter fluency task, may
depend on the ability to produce clusters of related responses,
and reduced clustering had been reported in PDD [3,29]. Ring et
al. [25] showed reduced activation in PFC and increased activa-
tion in occipitotemporal regions during the embedded figure task
in PDD. They proposed that differences in functional anatomy
might indicate that the cognitive strategies adopted by PDD
group were different from those adopted by the normal group.
Happé et al. [8] employed a “Theory of Mind Task” and found
that both a PDD group and a control group showed task-related
activation in regions immediately adjacent to the left medial pre-
frontal cortex, but that only the control group showed significant
activity in the left medial prefrontal cortex itself. Their explana-
tion was that PDD subjects were using a more general purpose
reasoning mechanism in order to infer mental states. However,
because of limited coverage of measurement areas, the present
study cannot fully rule out the possibility that other areas such
as superior temporal cortex may play a compensatory role thus
resulting in the preserved task performance we observed.

Another explanation for significant difference in [oxyHb]
change despite preserved task performance may be possible.
The underactivation of the prefrontal cortex, compromising ver-
bal communication ability as assessed by CARS in the PDD
subjects, may not be sufficient to impair more elementary exec-
utive task performance such as an easier version of letter fluency
task used in the present study. These possibilities should be fur-

ther tested in studies manipulating task difficulty and using NIRS
with a denser and wider probe array. :

NIRS enables measurement of Hb concentration changes
not as absolute values but as those relative to pretask baseline.
Therefore we cannot empirically rule out the possibility that the
present findings may be due to a difference in prefrontal blood
volume in the pretask period (i.e., hyperperfusion in the pretask
period in PDD). However, single photon emission computed
tomography studies have found significant hypoperfusion
during the resting state in the frontal areas of PDD children
[9,14,23,31,32] and adults [32] as compared to normal controls.
Thus, decreased activation during the cognitive task was not
likely to be due to saturated hemodynamic state in the pretask
baseline in PDD.

Other methodological considerations of our study need to
be commented upon. First, our sample of PDD included some
low-functioning subjects. However, we carefully controlled the
effect of IQ by using ANCOVA model as the statistical analysis,
and by conducting confirmatory analysis with high-functioning
subjects only. Thus, IQ may not be a major confounding factor
in the present study. Second, the inclusion of medicated sub-
jects may confound the results. However, although the small
sample size of the divided PDD subgroups according to med-
ication status (medicated, N=8; unmedicated, N=2) did not
permit strict statistical analysis, the medicated and unmedicated
subgroups did not significantly differ in [oxyHb] change for left
nor right PFC (averaged values as used in the correlational anal-
ysis; Mann—Whitney U-test, p’s=0.60 and 0.60, respectively).
Third, because of small sample sizes, the present study could not
refer to the difference between Autistic disorder, Asperger’s dis-
order and PDD not otherwise specified. Further research will be
necessary to clarify this point. Finally, Hermann et al. [11] found
left hemispheric predominance for [oxyHb] change during VFT
in healthy subjects. However, Suto et al. [28] and Kameyama
et al. [13], which used the similar task procedure to ours and
Japanese subjects showed bilateral activation. The discrepancy
may be explained by difference in task procedure and language.

In conclusion, to our knowledge this is the first study which
evaluated prefrontal activation using NIRS in individuals with
PDD. Although the mechanism behind depressed blood volume
change during letter fluency task remains unclear, the present
results point to be potential for gainful application of NIRS in
clinical settings of child psychiatry.
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Abstract

Near-infrared spectroscopy (NIRS) has the potential for clinical application in neuropsychiatry because it enables non-invasive and convenient
measurement of hemodynamic response to cognitive activation. Using 24-channel NIRS in 12 healthy men, we examined the replicability of oxy-
and deoxy-hemoglobin concentration ([oxyHb], [deoxyHb]) changes in the prefrontal cortex during the category fluency task over four repeated
sessions (each 1-week apart). Multiple methods were employed to evaluate the replicability of magnitude, location, and time course of the NIRS
signals ([oxyHb], [deoxyHb]). Task performances did not differ significantly across sessions, nor were they significantly correlated with NIRS
signals. Repeated measures ANOVA and variance component analysis indicated high replicability of magnitude for both NIRS measures, whereas
the effect sizes of between-session differences in [oxyHb] were not negligible. The number and spatial location of significantly activated channels
were sufficiently replicable for both measures, except that the across-session overlap of significantly activated channels was weak in [deoxyHb].
The time course of the activation was acceptably replicable in both measures. Taken together, these findings suggest there is considerable
replicability of multiple-time measurements of prefrontal hemodynamics during cognitive activation in men. Further studies using different
conditions or assessing sensitivity to longitudinal changes following interventions are necessary.
© 2006 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Category fluency; Hemoglobin concentration; Practice effect; Prefrontal; Repeatability; Repeated measurement; Reproducibility; Test-retest

1. Introduction through skin, skull, and brain, and is multiply scattered and

partially absorbed. The residual light not absorbed by tissue
exits the head and can then be detected by the detector optode
(Obrig et al., 2000). Therefore, the brain region measured is
supposed to be a ‘banana-shaped’ area between the two optodes
(Gratton et al., 1994) with a depth of 0.9 cm beneath the brain
surface (Villringer et al,, 1997). NIRS uses two different

Near-infrared spectroscopy (NIRS) is an optical technique
which can non-invasively measure changes in the hemoglobin
oxygenation state in human brain (Jobsis, 1977). NIRS was
originally developed for clinical monitoring of tissue oxygena-
tion (Wyatt et al., 1986); however, it has been increasingly

utilized as a neuroimaging technology. NIRS takes advantage
of the principle that near-infrared light is absorbed by
oxygenated (oxyHb) and deoxygenated hemoglobin (deoxyHb)
but not so much by other tissues. An NIRS measurement
apparatus needs a pair of optodes, one emitter and one detector,
placed a few centimeters apart from each other. Near-infrared
light exiting the emitter optode positioned on the scalp travels

* Corresponding author. Tel.: 481 3 5800 9263; fax: +81 3 5800 6894.
** Co-corresponding author. Tel.: +81 3 5800 9263; fax: +81 3 5800 6894.
E-mail addresses: tkono-tky @umin.ac.jp (T. Kono),
kasaik-tky @umin.ac.jp (K. Kasai).

wavelengths of near-infrared light, and can calculate changes in
the concentration of oxyHb ([oxyHb]) and deoxyHb ([deox-
yHb]) by means of the modified Beer~Lambert law which
describes the relationship between the intensities of incident
and detected light, and the fact that the absorption characteristic
determined as a function of wavelength differs between oxyHb
and deoxyHb.

Although the spatiai resolution of NIRS is inferior to those
of other functional neuroimaging methodologies such as
positron-emission tomography (PET) and functional magnetic
resonance imaging (fMRI), NIRS has a high time resolution of
less than 0.01 s, and subjects can be scanned under natural

0168-0102/$ — see front matter © 2006 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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conditions (Miyai et al., 2001). Thus, NIRS is suitable for
measuring change in cerebral blood volume (CBV) during
cognitive tasks. With these advantages, several studies using
NIRS have demonstrated an increase in [oxyHb] in the
prefrontal cortex in response to cognitive activation in healthy
subjects (Hoshi and Tamura, 1993; Villringer et al., 1993, 1997;
Hock et al., 1995; Fallgatter and Strik, 1997, 1998; Hoshi et al.,
2000) as well as differences in patterns of activation between
healthy subjects and those with neuropsychiatric disorders
(Okada et al., 1994, 1996; Hock et al., 1997; Fallgatter and
Strik, 2000; Matsuo et al., 2000, 2002, 2004; Watanabe et al.,
2003; Herrmann et al., 2004).

NIRS also has an advantage that repeated measurements in
an individual are possible because it is non-invasive and NIRS
devices are relatively small and portable. Hence, NIRS has the
potential to be applied in clinical testing in which cognitive
activations induced by the same kind of task are monitored at
short-term multiple time-points (e.g., before and after a certain
therapeutic intervention). However, the possibility for practice
effects upon repeated testing with the same cognitive task must
be considered. Previous PET and fMRI studies have demon-
strated practice effects as a decrease (Jansma et al., 2001), an
increase (Karni et al., 1995; Honda et al., 1998), or combination
of both (Hempel et al., 2004) in cortical activation. The location
of activation has also been observed to change in response to
repeated testing with cognitive activation tasks (Raichle et al.,
1994; Poldrack et al., 1998; Poldrack and Gabrieli, 2001).

The replicability of NIRS measures (i.e. oxyHb, deoxyHb,
and totalHb (sum of oxyHb and deoxyHb)), was examined by
Plichta et al. (2006). Event-related cerebral hemodynamics in
the occipital cortex activated by a visual stimulation was
assessed twice at an interval of 3 weeks in 12 subjects. They
found good replicability at the group level in terms of single
measure intraclass correlation coefficients (ICC) (0.72 and 0.52
for oxyHb and deoxyHb, respectively) when averaged across
the significantly activated channels in the first session, whereas
the results at the leve] of individual subjects were less consistent
(mean Pearson correlation coefficients for oxyHb of 0.63 with 3
out of 12 subjects resulting in values around 0.4). Van de Ven
et al. (2001) examined the replicability of CBV as measured by
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NIRS applying controlled desaturation (the O,-method), and
yielded a mean coefficient of variation (CV) of 10.0-12.6%.
Another NIRS study by Claassen et al. (2006) also reported
good replicability of CBV in 16 healthy elderly subjects using
the O,-method. They found CVs of 12.5% for ‘repeatability’
(between tests interval: 2min), 11.7% for ‘short-term
reproducibility’ (intervals of 20 and 40 min), and 15% for
‘long-term reproducibility” (interval > 2 weeks).

To our knowledge, only one study (Watanabe et al., 2003)
has preliminarily reported replicability of [oxyHb] change in
the prefrontal cortex during cognitive activation tasks with a
mean interval of 205 days in five healthy adults, and reported an
acceptable replicability (ICC: 0.42 and 0.87 for design and
letter fluency test, respectively). To date, however, no data exist
concerning replicability of hemodynamic response induced by
a cognitive activation task assessed systematically using NIRS.
Accordingly, in the present study, we examined the replicability
of hemoglobin concentration ([Hb]) change in the prefrontal
cortex during a cognitive activation task over four repeated
sessions (each 1-week apart) in healthy men using NIRS.

2. Materials and methods
2.1. Subjects

Twelve healthy male volunteers (age, mean [S.D.]=28.1 [2.6] years)
participated in the experiment. All were strongly right-handed as assessed
with the Edinburgh Inventory (Oldfield, 1971) (laterality index > +85). They
were examined by a trained psychiatrist (K.M.) using the Mini International
Neuropsychiatric Interview (Sheehan et al., 1998) and were confirmed not to
have any histories of neuropsychiatric disorders. All experiments in this study
were conducted in accordance with the Declaration of Helsinki. Every subject
was given a complete explanation of the study sufficient to their understanding,
after which their written informed consent was obtained. This study was
approved by the Ethical Committee of the Faculty of Medicine, The University
of Tokyo (No. 670).

2.2. NIRS apparatus and measurement conditions

NIRS measurements were performed using a 24-channel instrument (ETG-
100, Hitachi Medical Corporation, Tokyo, Japan). Two plastic shells each with
nine individual optodes were carefully fixed with elastic straps on the left and
the right forehead symmetrically. The most anterior row of optodes was

Fig. 1. Typical positions of the 24 points as indicated with digits measured by NIRS. Open and solid circles represent emitter and detector optodes, respectively (left).
The positions are superimposed with red spots on a magnetic resonance image of a reconstructed cerebral cortex (right).
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positioned along the Fp,;~Fp; line, according to the international 10/20 system
used in electroencephalography. Typical positions of the 24 measurement points
are indicated by superimposing them onto the cortical surface of a 3D-MRI
image (Fig. 1). The subjects sat on a comfortable chair with their eyes open
throughout the measurements.

2.3. Cognitive activation task

The category fluency task (CFT) was adopted as a cognitive activation task,
and the speech-sound repetition task (SRT) was applied as a control task for the
purpose of controlling for the effect of speaking. The CFT is a version of the verbal
fluency task, a popular task for activating the prefrontal cortex (Audenaert et al.,
2000). The subjects heard an audiotaped instruction, and were asked to repeat
syllables /a/, /i/, v/, le/, and /o/ at approximately the same speed as an audiotaped

sample in the SRT, and to generate as many words belonging to the designated
category (e.g., fruits, kitchenware) as possible in the CFT. Task performance was
defined as the number of correctly generated words during the CFT.

2.4. Experimental procedure

We performed four sessions of NIRS measurement at intervals of 1 week
(mean [S.D.] = 7.1 [0.8] days) for each subject. A session of NIRS measurement
proceeded consecutively in the following order: (1) instruction, (2) rest (2 min),
(3) the SRT (1 min), (4) the CFT (1 min), and (5) the SRT (1 min). In the CFT, we
designated two categories in each session. The two categories changed in turn
every 30 s during the 1-min task, to reduce the time when the subjects were silent.
We prepared four combinations of categories (fruits (30 s)/kitchenware (30 s);
vegetables/clothes; birds/vehicles; and fishes/sports) and used each of them once

oxyHb deoxyHb
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Fig. 2. Location of channels significantly activated and r-values for each NIRS measure for each recording session and those activated consistently in every session
(overlap). Channels indicated as solid rectangles with t-values written in white letters in them were significantly activated, whereas those indicated as open rectangles
with r-values in black letters were not. The channels are located similarly as shown in a rectangle below with the numbers of channels (the surrounded numbers

correspond the channels within the region of interest).
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with each subject, i.e. every subject experienced all eight categories in the four
sessions. The order of the combinations used was randomized across the subjects.

2.5. NIRS data analyses

The NIRS data were modified to exclude short-term motion artifacts using
moving average method with a window of 1 s. The obtained data were analyzed
with the ‘integral mode’: the pre-task baseline was defined as the mean across 5 s
just before the activation period (time 55-60 s of the former SRT), the post-task
baseline as the mean across 5 s beginning 50 s after the activation period ended
(time 50-55 s of the latter SRT), and linear fitting was performed on the data
between the two baselines. Therefore, the CFT-related activation is corrected for
the effect of speaking in ali the NIRS data used in the analyses. Previous studies
examining the relationship between NIRS signals and blood oxygenation level-
dependent (BOLD) signal, measured by fMRI, during cognitive tasks have
produced inconsistent results. Strangman et al. (2002) found the best correlation
with oxyHb, while Huppert et al. (2006) found the best correlation with deoxyHb.
Thus, we analyzed both oxyHb and deoxyHb measures throughout the analyses.

2.6. Statistical analysis

The analyses were performed with a statistical software package ‘SPSS for
Windows 10.1J" (SPSS Japan, Tokyo, Japan). The alpha level was set at 0.05 in
the tests for statistical significance and, except for finding significantly activated
channels, was not corrected for multiple comparisons because of an interest to
confirm equivalence. We adopted the false discovery rate method (Singh and
Dan, 2006) for multiple comparison setting g at 0.05 in finding significantly
activated channels.

2.6.1. Task performance

Task performances were compared across types of category or sessions
using one-way repeated measures analysis of variance (ANOVA). Then, an
effect size (ES) was calculated for a difference in task performance between
every two separate sessions. For ES, we regarded values of >0.65 as large,
2>0.35 but <0.65 as moderate, and <0.35 as small, in consideration of standard
convention {Cohen, 1977).

2.6.2. Significance of NIRS signal change relative to baseline

We performed one sample t-tests (one-tailed) for {oxyHb] and [deoxyHb]
changes averaged across the CFT activation period in every channel, and defined
the channels in which the averaged [Hb] change was significantly positive and
negative as significantly activated ones for oxyHb and deoxyHb, respectively.
Then, as described in the results section, we defined a region of interest (ROI) as
the channels consistently significantly activated for oxyHb in every session. The
resulting ROI (left hemisphere: channels #1, 2, 3, 4, 6, 8; right hemisphere: #13,
14, 16, 17, 19, 22) (Fig. 2) was further used for analyzing the replicability of
NIRS measures.

2.6.3. Correlation between task performance and NIRS signals

Pearson’s correlation coefficients were calculated between task perfor-
mance and averaged [oxyHb] and [deoxyHb] changes across the ROI in each
single session and the four sessions combined.

2.6.4. Replicability in magnitude of activation

We evaluated the replicability of the magnitude of NIRS signal changes in
three different ways.

First, we tested the differences in the averaged [oxyHb] and [deoxyHb]
changes during the CFT over the four sessions using repeated measures ANOVA,
for each single channe] within the ROI independently and for the mean values of
the six channels in each hemisphere (two within-subject factors of session and
hemisphere). The absolute values of magnitudes of [Hb] change were used as both
positive (for increased [Hb]) and negative (for decreased [Hb]) values.

Second, we estimated how much of the total variance of each NIRS measure
could be attributed to each component of between-subject, between-session,
and within-subject variance, using the data averaged for the ROI (variance
component analysis).

Third, we calculated effect sizes (ESs) of all the relevant mean differences.

2.6.5. Spatial replicability

We then evaluated spatial replicability of significantly activated channels in
two ways.

First, we calculated replicability indices (Rquantity and Roveriap) for each
NIRS measure to quantify the replicability, extending Rombouts’ ones origin-
ally defined for data in two sessions (Rombouts et al., 1997):
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where X; (X;) represents the number of the activated channels in the ith (jth)
session, and Xoverlap Tepresents that in every session consistently. Both indices
can vary between 0 and 1, and high Rguanity and Rovensp indicate high
replicability in terms of quantity and location, respectively, of significantly
activated channels. For Ryuantity and Roveniaps Values of >0.8 are considered as
highly replicable, >0.6 but <0.8 as moderately replicable, and <0.6 as weakly
replicable. We also calculated Ryuaniiry and Royerrap fOr all 24 measured channels
for reference, in addition to those for the ROIL

Second, we estimated ‘activation centers’ in each hemisphere for each NIRS
measure using the averaged [Hb] changes during the CFT in the six channels
within the ROI. First of all, we assigned a frame of reference to each hemisphere
such that the abscissa and the ordinate coincide with the middle horizontal and
vertical rows of optodes, respectively (the origin coincides with the midmost
emitter optode), assuming that the measurement areas exist on the planes
composed by the axes and that the distances of any horizontally (or vertically)
neighboring optodes are constant (=1). Consequently, the distance between
nearest (obliquely neighboring) channels equals 1/(square root of 2) (=0.71).
An activation center was defined as the mean of the coordinates of each channel
weighted with the magnitude of the averaged [Hb] change in the channel. The
coordinates of the activation center (x., y.) were calculated as follows:
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where m; and (x;, y;) represent the magnitude of the averaged [Hb] change in and
the coordinates of the ith channel, respectively. We calculated all the relevant
distances of activation centers in each hemisphere for each NIRS measure.

2.6.6. Replicability in time course

We investigated temporal replicability by calculating Pearson’s correlation
coefficients between time series of the averaged [Hb] changes across the ROl in
all the combinations of sessions for each NIRS measure.

3. Results
3.1. Task performance

Task performance of the CFT was not significantly different
across types of category (mean [S.D.]; fruits and kitchenware,
20.3 [5.0]; vegetables and clothes, 22.1 [4.2]; birds and vehicles,
20.3 [5.1]; fishes and sports, 22.9 [5.8]; F[3,33]=2.570,
p =0.071) or across sessions (1st, 21.4 {4.9]; 2nd, 21.5 [4.8];
3rd, 22.0 [5.6]; 4th, 20.7 [5.3]; F[3,331=0.374, p = 0.772). The
ESs were small for all the relevant mean differences (Table 1).

3.2. Significance of NIRS signal change relative to baseline

The t-tests show that, for [oxyHb], there were many channels
showing significant activation associated with the cognitive
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Table 1

Effect sizes of all the relevant mean differences in task performance and in
averaged hemoglobin concentration change (mean across 12 channels within
the region of interest) during the category fluency task

Ist-~2nd Ist-3rd lst-4th 2nd-3rd 2nd-4th 3rd-4th

Task performance 0.02 0.23 0.15 0.11 0.21 0.30
oxyHb 0.14 0.72 0.60 0.47 0.40 0.14
deoxyHb 0.11 0.03 0.08 0.12 0.00 0.18

task relative to baseline, while channels showing significant
decreases were relatively sparse for [deoxyHb] (Fig. 2). The left
hemisphere channels #1, 2, 3, 4, 6, 8, and the corresponding
mirror symmetrical right hemisphere channels #13, 14, 16, 17,
19, 22 were consistently significantly activated for oxyHb in

every session. Consequently, we defined these 12 channels as
the ROL.

3.3. Correlation between task performance and NIRS
signal

Pearson’s correlation coefficients between task performance
and averaged [Hb] changes were not significant for {oxyHb]
(p > 0.29) or [deoxyHb] (p > 0.15).

3.4. Replicability in magnitude of activation

In the repeated measures ANOVA, the averaged [Hb] change
during the CFT was not significantly different across the four
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Fig. 3. Grand average waveforms of hemoglobin concentration ([Hb]) changes during the category fluency task (CFT) across all the subjects drawn for every channel
in each session. [oxyHb], {deoxyHb), and [totalHb] were colored in red, blue, and green, respectively. Graphs for each channel are located similarly as shown below.
The arrow drawn between the two vertical lines indicates the CFT activation period. [Hb] changes are corrected for the effect of simple speaking, using linear fitting
between the pre-task baseline (the initial 5 s of the time course shown in the graphs) and the post-task baseline (the last 5s).
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Fig. 4. Alternation in the averaged hemogiobin concentration changes during the category fluency task over the four sessions in each channel and in the mean across
the region of interest. Solid and open circles represent oxygenated and deoxygenated hemoglobin, respectively. The error bars represent standard deviations.

Table 2
Number of significantly activated channels and replicability indices
NIRS measure  Ist 2nd  3rd  4th  Overlap®  Rauandy’ Rovertap’
For the ROI
oxyHb 12 12 2 12 12 1.00 1.00
deoxyHb 1 4 5 6 1 0.67 0.25
For all 24 channels
oxyHb 23 20 13 13 12 0.82 0.70
deoxyHb 1 9 6 8 1 0.64 0.17

* The value is the number of channels activated significantly over the four
sessions consistently.

b Rauantity 80d Roveriap are replicability indices of the quantity and the location
of significantly activated channels, respectively. The formulae to calculate them
are described in Section 2.6.5.

sessions in any channel within the ROl in either of oxyHb or
deoxyHb (Figs. 3 and 4). In the two-way repeated measures
ANOVA in consideration of laterality, there was no significant
main effect of session (F[3,33] = 2.270,0.115; p = 0.099, 0.951,
for oxyHb and deoxyHb, respectively) or hemisphere (F[1,11]
=0.374, 0.237; p = 0.553, 0.636), or interaction of session and
hemisphere (F[3,33] = 0.690, 0.149; p = 0.565, 0.929).

The results of variance component analysis revealed that the
between-subject component contributed 66.5% of the total
variance of [oxyHb] change (the proportion of between-subject
component to the total variance equals single measure ICC,
which means ICC = 0.665 for oxyHb), whereas the between-
session component contributed only 2.9%. The within-subject
component contributed the remaining 30.6%. In deoxyHb,
interestingly, between-session component did not contribute to
the total variance at all (0.0%), and the contribution of the
between-subject component (36.7%) was conversely smaller
than that of the within-subject component (63.3%).

The ESs of all the relevant mean differences in [Hb] changes
were moderate to large in some combinations of sessions for
[oxyHb], whereas these were consistently small for [deoxyHb]
(Table 1).

3.5. Spatial replicability

Rguamity and Rovepap for the ROI were overall moderate to
high, except for the weak Roveriap for [deoxyHb]. Those for all
the measured channels were similarly moderate to high, except
for the weak Ryerap for [deoxyHb] (Table 2).

Table 3

Mean [S.D.] values in all the relevant distance between ‘activation centers’ in each hemisphere

NIRS measure Hemisphere Ist-2nd Ist-3rd Ist—4th 2nd-3rd 2nd—4th 3rd—4th

oxyHb Left 0.26 {0.26] 0.33 {0.27} 0.39 [0.40] 0.31 [0.25] 0.24 [0.31] 0.38 [0.37)
Right 0.20 [0.14} 0.25 [0.16] 0.29 [0.26] 0.19 [0.16] 0.30 [0.36] 0.26 [0.30]

deoxyHb Left 0.23 [0.18] 0.33 [0.24] 0.38 [0.43) 0.31 [0.19} 0.38 {0.28] 0.27 {0.23]
Right 0.26 [0.22} 0.38 [0.21] 0.35 [0.22] 0.36 [0.21] 0.33 [0.23] 0.30 [0.15]

Distances are expressed in relative values defined so that the distance between neighboring optodes (approximately 3 cm) equals 1.
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Table 4

Mean [S.D.] values of all the relevant Pearson’s correlation coefficients between time courses of hemoglobin concentration change

NIRS measure Ist—2nd Ist-3rd 1st—4th 2nd-3rd 2nd-4th 3rd—4th
oxyHb 0.62 [0.33] 0.65 [0.28] 0.45 [0.45] 0.43 [0.50] 0.43 [0.39] 0.35 [0.46]
deoxyHb 0.47 {0.53] 0.53 [0.37] 0.57 [0.29} 0.41 [0.39) 0.45 [0.47] 0.51 [0.36]

The mean distances of ‘activated centers’ ranged between 0.2
and 0.4 in both hemispheres in every combination of sessions for
oxyHb and deoxyHb, without remarkable variation (Table 3).

3.6. Replicability in time course

Pearson’s correlation coefficients between the time courses
of [Hb] changes in every two of the four sessions were
acceptable for all combinations (on average across the subjects,
r > 0.35, d.f. =599, p < 0.001) (Table 4).

4. Discussion

We evaluated the replicability of magnitude, location, and
time course of NIRS signals ([oxyHb], [deoxyHb]) in the
prefrontal cortex during cognitive activations over four
repeated sessions employing multiple methods. In summarizing
our results, repeated measures ANOVA and variance compo-
nent analysis indicated high replicability of magnitude for both
NIRS measures, whereas the effect sizes of between-session
differences in [oxyHb] were not negligible. The number and
spatial location of significantly activated channels were
sufficiently replicable for both measures, except for the
across-session overlap of significantly activated channels being
relatively weak in [deoxyHb). The time course of the activation
was acceptably replicable in both measures. Taken together,
these findings suggest considerable replicability for multiple-
time measurements of prefrontal [oxyHb] and [deoxyHb]
changes during cognitive activation in men.

Before discussing the replicability of NIRS signals any
further, we should assess the effect of task performance.
However, task performance was not significantly different
across sessions. Moreover, there was no significant correlation
between task performance and NIRS signals. Therefore, we can
conclude that there was no meaningful effect of task
performance on the NIRS data.

The repeated measures ANOVA and variance component
analysis showed that the magnitudes of [oxyHb] and [deoxyHb]
changes during the CFT activation were quite replicable.
However, moderate to large ESs for [oxyHb] in some
combinations of sessions (Ist to 3rd; 1st to 4th; 2nd to 3rd;
2nd to 4th) indicated that the conclusions for the replicability of
magnitude of [oxyHb] change may not be definitive.

In previous fMRI studies using cognitive activation tasks,
Langenecker and Nielson (2003) demonstrated comparable
magnitude of activation across two separate sessions of the Go/
No-go, with an exception of stronger activation at the first test
than at the retest in some frontal parts which was explained by
possible extraneuronal factors such as signal-to-noise ratio or
task experience. Wei et al. (2004) observed a larger contribution

to variation in activation during the two-back verbal working
memory task from between-subject variation than from within-
subject variation (including between-session variation),
although they observed a session effect as well as a subject
effect in the dorsolateral prefrontal cortex that might occur as a
result of difficulty in defining the region. They concluded that
the findings indicate a reasonable replicability of cognitive
activation over sessions.

The present study replicated the above-mentioned study by
Wei et al. (2004) in terms of a large contribution of between-
subject effect to the total variance in cerebral activation.
However, we cannot compare the current findings directly with
the previous studies because the scanning conditions are
heterogeneous in multiple aspects. On that point, the study by
Watanabe et al. (2003) mentioned in Section 1 to the present
paper is relevant to the present study in terms of the
homogenous modality (NIRS) and activation task used (fluency
task), whereas the inter-session intervals were variable. As
compared with the high ICC in the LFT (0.871) demonstrated in
their study, the value of ICC in the CFT in the present study
(0.665) is inferior. However, it may be attributed to the shorter
measurement intervals in the present study, because practice
effects are liable to carry over with short intervals, making
cognitive activation smaller.

Concerning spatial replicability of significantly activated
channels, the quantity replicability (evaluated as Rguanciy) Was
moderate to high in both NIRS measures, whereas the location
replicability (evaluated as Roverap) Was lower in deoxyHb, for not
only the ROI but also all the measured channels. The spatial
reliability in terms of ‘activation center” was well replicated over
the sessions. Our results indicate that [oxyHb] can be considered
as a more replicable NIRS measure in terms of significantly
activated channels than [deoxyHb]. However, a caution should be
mentioned in the interpretation of the replicability of [deoxyHb],
because the significantly activated channels for [deoxyHb]
themselves were sparse. Thus, the activation task in our study
may not be best suited for evaluating the replicability of
[deoxyHDb] in repeated measurements. Since Rombouts et al.
(1997) introduced Rguantity and Rovertap, Similar results have been
replicated in a number of fMRI and NIRS studies employing
visual stimulation (e.g., Rombouts et al., 1997; Miki et al., 2000;
Plichta et al., 2006). Moreover, Harrington et al. (2006) also
demonstrated a higher Ryuandiy as compared with Roverap Using
cognitive tasks. With regard to ‘activation centers’, the current
result replicated a previous NIRS study by Sato et al. (2006)
which demonstrated a maximum mean distance between
activation centers in two sessions of 18.6 mm (=0.62) in the
sensorimotor cortex during visual stimulation. On the other hand,
alternation in activated regions accompanied by repeated
measurements has been reported in cognitive activation task
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paradigms (Raichle et al., 1994; Poldrack et al., 1998; Poldrack
and Gabrieli, 2001). Whereas the good spatial replicability
demonstrated in the present study in contrast to these previous
findings may be attributed to several heterogeneous scanning
conditions, it would be difficult to detect similar activation region
alternation in NIRS examinations which measure not a whole
brain but only surface regions of certain parts of the cerebral
cortices, even if such alternation actually occurs. However, the
current finding of small spatial variation within the inherent
spatial resolution of NIRS in spite of repeated optode
repositioning suggest sufficient spatial replicability for actual
NIRS measurements in relevant cortical regions during cognitive
activations.

The temporal replicability in terms of correlation coeffi-
cients between [Hb] change time courses was acceptable.
However, it was inferior to that in the above-mentioned report
by Sato et al. (2006) which demonstrated mean correlation
coefficients around 0.85. Whereas data processing are
heterogeneous between the present study and theirs on some
points (they selected variable time windows from a certain
extent and variable single channels allowing disagreement
between sessions, both of which were of the largest absolute
magnitude of [Hb] change), the current difference may be
caused by the major difference in the nature of the relevant
activation tasks: demand for active performance in cognitive
tasks in contrast to the passiveness in sensory tasks.

There were some methodological limitations in the present
study. First, the sample size was small. As far as considering the
mean values of [oxyHb] change, we observed a tendency of
decrease in the 3rd and 4th sessions as compared with the Istand
2nd, though it did not reach statistical significance. It should be
confirmed by examining a larger number of subjects, and using
various types of cognitive activation tasks. Secondly, we
examined only men, failing to examine sex differences. Women
should also be included in future studies. In women, however,
cognitive function may vary with menstrual cycle (Postma et al.,
1999; Dietrich et al., 2001; Hausmann et al., 2002; Maki et al.,
2002; Rosenberg and Park, 2002). Thus, the effects of menstrual
cycle should be considered when women are included in studies.

In conclusion, the current findings suggest a considerable
replicability for multiple-time measurements of prefrontal
[oxyHb] and [deoxyHb] changes during cognitive activation
in men. Further studies addressing various measurement
conditions such as measurement interval, times of repetition
and kind of activation task are necessary to identify better
measurement methodologies with stable multiple-time replic-
ability. At the same time, the sensitivity of NIRS signals to
longitudinal changes in cerebral function following certain
interventions (e.g., pharmacological or cognitive-behavioral
interventions) should be investigated. Coupled with such
evidence, our observations might provide support for clinical
utility of NIRS in the field of neuropsychiatry.
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HOXAT1 is a member of the homeobox gene family and
is involved in early brain development. In our previous
study, we identified novel variants of polyhistidine re-
peat tract in HOXA1 gene and showed that ectopic
expression of expanded variants led to enhanced intra-
nuclear aggregation and accelerated cell death in a
time-dependent manner. Here, we further investigate the
implications of polyhistidine variants on HOXA1 func-
tion. Aside from intranuclear aggregation, we observed
cytosolic aggregates during the early stages of expres-
sion. Rapamycin, an autophagy inducer, resulted in de-
creased protein aggregation and cell death. Here, we
also show an interaction between variants of HOXA1
and one of the HOX protein known cofactors, PBX1.
Expanded HOXAT1 variants exhibited reduced PBX1-
coupled transcriptional activity through a regulatory en-
hancer of HOXB1. Moreover, we demonstrate that both
deleted and expanded variants inhibited neurite out-
growth in retinoic acid-induced neuronal differentiation
in neuroblastoma cells. These results provide further
evidence that expanded polyhistidine repeats in HOXA1
enhance aggregation and cell death, resulting in im-
paired neuronal differentiation and cooperative binding
with PBX1. © 2006 Wiley-Liss, Inc.

Key words: HOXAT1; neuronal differentiation; PBX1; poly-
histidine; protein aggregation; autophagy

HOX genes form a subset of the family of home-
obox genes (Pearson et al., 2005). They are involved in
specifying positional identity along the anterior-posterior
axis of all bilaterian animals. In humans, the HOXA-D
clusters comprise 39 HOX genes, located on chromo-
some regions 7p15, 17p21, 12q13, and 2q31 (Grier et al.,
2005). During embryonic development, HOX genes
are expressed sequentially 3’ to 5’ along the anterior to

© 2006 Wiley-Liss, Inc.

posterior axis. HOX genes contain a 61-amino-acid
helix-turn-helix DNA-binding domain known as the
homeodomain {(Gehring et al., 1994). It is well established
that HOX/DNA binding specificity is modified by other
DNA-binding proteins, which act as cofactors. Among
these are the PBX proteins, which are widely expressed
in fetal and adult tissues and interact preferentially with
3’ HOX proteins (Phelan and Featherstone, 1997). PBX
can modulate the affinity and stability of DNA binding
and regulate transcriptional activity. The cooperative he-
terodimerization is carried out through a conserved
protein motif found N-terminal to the Hox homeodo-
main (Slupsky et al., 2001; Huang et al., 2005). Interac-
tions between PBX and HOX might also be mediated
by residues of the N-terminal arm of HOX proteins
(Shanmugam et al., 1997). It has been reported that
PBX1 and HOXB1 can cooperatively activate the tran-
scription through an autoregulatory element, directing
spatially restricted expression of the HOXB1 gene (bl-
ARE) in the developing hindbrain. However, only lim-
ited kinds of HOX can bind cooperatively with PBX
(HOXA1, HOXB1, and HOXA2; Di Rocco et al,,
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2001). This autoregulatory enhancer is the key regula-
tory element for the normal rhombomere 4 expression
of Hoxb1 in the developing hindbrain, whereas Hoxal
and Hoxb1 synergize in patterning the hindbrain cranial
nerves and second pharyngeal arch (Gavalas et al., 1998).

HOXA1 is one of the first HOX genes to be
expressed during embryonic development (Pearson et al.,
2005). In mice, its expression starts from 7.5 dpc, and it
is established in the neuroectoderm and mesoderm at
8.0 dpc. (Remacle et al., 2004). HOXA1 gene encodes
two alternatively spliced mRNAs, which appear to be
differentially expressed in the developing embryo. The
homeodomain-containing variant 1 undergoes transcrip-
tional activation during hindbrain development from E7
to E8.5 (Godwin et al., 1998). Functional inactivation of
this gene results in prenatal lethality and numerous mal-
formations (Lufkin et al., 1991; Carpenter et al., 1993).
Hoxal null mice exhibit hindbrain segmentation and pa-
tterning defects that cause abnormal development of
cranial nerve, cranial ganglia, and branchial arch deriva-
tives (Chisaka et al., 1992). Purthermore, ectopic expres-
sion of Hoxal in transgenic mice leads to abnormalities
of the developing hindbrain and ultimately results in
embryonic death (Zhang et al., 1994).

HOXAI1 gene contains a tract of 10-histidine re-
peat. In our previous study, we identified novel variants
of polyhistidine tracts in HOXA1 gene in a Japanese
population, and no homozygous case has been found for
any of these variants (Paraguison et al,, 2005). Certain
individuals were heterozygous for deleted 7- and 9-histi-
dine repeats and expanded 11- and 12-histidine repeats.
Expression of expanded polyhistidine variants of HOXA1
proteins resulted in accelerated formation of ubiquitinated
intranuclear aggregates and increased cell death. How-
ever, the mechanism by which this aggregation occurs is
poorly understood. In this study, we showed that expres-
sion of expanded polyhistidine variants of HOXA1 in
human neuroblastoma cell line SK-N-SH and embryonic
carcinoma cell line P19 also caused increased intranuclear
aggregation and cell death. However, there was a signifi-
cant reduction of protein aggregation and cell death
upon Rapamycin treatment, indicating involvement of
the autophagic process. Expanded variants exhibited im-
paired cooperative binding with the cofactor PBX1,
resulting in decreased transcriptional activity. Moreover,
cells overexpressing expanded and deleted variants ex-
hibited impaired neuronal differentiation. These data
provide new insights on the function of polyhistidine
variants of HOXA1 protein in neuronal cells.

MATERIALS AND METHODS
Antibodies and Reagents

The following antibodies were used: polyclonal goat
anti-HOXA1 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA; sc-17146), monoclonal mouse anti-EGFP antibody
(Santa Cruz Biotechnology, sc-9996), polyclonal rabbit anti-
MAP2, H-300 (Santa Cruz Biotechnology, sc-20172), poly-
clonal rabbit anti PBX1, P-20 (Santa Cruz Biotechnology,

sc-889), and polyclonal rabbit anti-B-tubulin H235 (Santa
Cruz Biotechnology, sc-9104) and Alexa Fluor 594-conjugated
anti-goat IgG, Alexa Fluor 555-conjugated anti-rabbit IgG,
and Alexa Fluor 555-conjugated anti-mouse IgG (Molecular
Probes, Eugene, OR). The following reagents were also used
for this study: 10 pM retinoic acid (Sigma, St. Louis, MO;
R2625) immediately after transfection, 10 mM 3-methyladenine
(3-MA; Sigma, M9281) 15 hr prior to fixation, and 100 pM
2-VAD-fmk (Promega, Madison, WI; G7231) and 2 pg/ml
Rapamycin (Sigma, R0395) both right after transfection.

Expression Vectors and Reporter Construct

Human HOXA1 expression vectors were generated as
described previously (Paraguison et al,, 2005). The following
primer sets with suitable restriction enzyme recognition sites
(Sac T and Bam HI) were used to generate HOXA1 variant 1:
5'- TAGAGCTCACCATGGACAATGCAAGAATGAACT-
CC-3 and 5-ATGGATCCGTGTGGGAGGTAGTCAGA-
GTGTCTGA-3. All DNA amplification steps were per-
formed using high fidelity Pfu Ultra DNA polymerase (Strata-
gene, La Jolla, CA) using genomic DNA and ¢cDNA derived
from human normal lymphoblast and confirmed by sequenc-
ing (ABI 3130x]). Expression constructs were derived from
CMYV promoter-based expression vector, pCMV-Script (Stra-
tagene) and pEGFP-N1 (Invitrogen, San Diego, CA). The
expression plasmids pCMV-Script and pEGFP-N1 were used
as empty vector controls. The luciferase reporter construct
pAdMLARE containing b1-ARE and the Pbxl expression
construct pSGPbx1a were generous gifts of Prof. Zappavigna
(D1 Rocco et al., 2001).

Cell Culture and Transfection

COS-7 cells, murine P19 embryonal carcinoma (EC)
cells, and the human neuroblastoma cell line SK-N-SH were
maintained in Dulbecco’s modified Eagle’s medium (DMEM,;
Sigma; D6429) supplemented with 10% fetal bovine serum
(FBS; HyClone, Logan, UT). Cultures 50-80% confluent
were transfected with Fugene 6 transfection reagent (Roche,
Indianapolis, IN) in accordance with the manufacturer’s rec-
ommendations. For a typical experiment, 1 pg of expression
vector was used in a 35-mm culture dish. For cotransfection
experiments, 1 pg of reporter plasmid (pAJMLARE), 0.5 ng
of HOXA1 expression construct, 1 pg of PBX1 expression
construct, and 0.3 pg of pEGFP as an internal control were
used in a 35-mm dish. For Western blot analyses, cells cultured
in 10-cm dishes were transfected with 10 pg of plasmid con-
struct using Fugene-6 (Roche). To initiate differentiation,
SK-N-SH cells were inoculated and treated with 10 pM
retinoic acid (RA), whereas P19 cells were grown in a serum-
free condition. Dead cells were scored under a fluorescence
microscope (Leica DMIRE2).

Luciferase Assay

After 24 hr posttransfection, the cells were harvested
and lysed in Pica Gene cell culture lysis reagent (Toyo Ink,
Tokyo, Japan). Luciferase assay was carried out by using a
Pica Gene kit (Toyo Ink) in accordance with the manufac-
turer’s protocol. HOXA1 cooperative expression with PBX1
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using pAAMLARE reporter construct was assessed by quanti-
tative luciferase assay with Luminescencer-PSN (Bio-Instru-
ment ATTO AB-220). pEGFP-N1 plasmid was used as an in-

ternal control.

Immunostaining, Dead Cell Scoring, and Imaging

The cells transiently expressing HOXA1 constructs were
grown in 35-mm dishes containing glass coverslips. Cells
attached to the glass coverslips were washed with phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde, and
incubated with antibodies as described previously (Paraguison
et al., 2005). Confocal scanning analysis was performed with a
Leica confocal microscope (Leica TCS-SP2). The degree of
protein accumulation within the cell nuclei and the cytosol of
transfected cells was scored. The cells were counted from
10 randomly selected microscope fields of each sample, 15 in
the case of SK~-N-SH cells. The ratio of the number of cells
with protein aggregation over the total number of cells was
then computed. Each experiment was performed independ-
ently in triplicate.

Western Blotting and Immunoprecipitation

Posttransfected cells were harvested and lysed by sonica-
tion in a buffer containing 10 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and protease
inhibitor cocktail (Roche). Proteins were quantified by using
a protein assay rapid kit (Wako, Osaka, Japan), run on 10% or
12% SDS-PAGE gels, and transferred on PVDF membranes
(Millipore, Bedford, MA; IPVH00010) by a semidry blotter
(Bio-Rad, Hercules, CA). Membranes were incubated with
antibodies as described previously. Protein lysates from cotrans-
fection experiments were immunoprecipitated with anti-GFP
and used for Western blotting with anti-PBX1. Polyclonal
rabbit anti-MAP2 antibody was used for quantifying neuronal
differentiation in SK-N-SH. Signals were detected using ECL
reagent (Amersham-Pharmacia Biotech, Arlington Heights, IL)
on X-ray films (Fuji). For quantification, images were ana-
lyzed in NIH Image software.

RESULTS

Expanded Polyhistidine Variants of HOXA1
Enhanced Intranuclear Protein Aggregation
in Neuronal Cell Lines

We have previously reported that expanded poly-
histidine variants in HOXA1 resulted in early nuclear
protein aggregation and an increased cell death in COS7
cells (Paraguison et al.,, 2005). Increasing polyhistidine
repeat length coincided with early protein aggregation
and accelerated cell death. In contrast, no significant dif-
ference was observed between cells overexpressing 7-poly-
histidine variant and wild-type 10-polyhistidine repeat
variant.

In the current study, we observed that these nu-
clear aggregations were also detected in both SK-N-SH
cells (Fig. 1A) and P19 cells (Fig. 1B). To rule out the
possibility that these aggregates were caused by enhanced
green fluorescent protein (EGFP) tagging, transfection
with untagged cytomegalovirus (CMV)-driven expres-
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sion of HOXA1 variants was performed in COS-7 cells.
Immunostaining with anti-HOXA1/Alexa 594 anti-goat
also exhibited protein aggregates 18 hr posttransfection
(Fig. 1C). After 1820 hr, cells transfected with EGFP-
tagged HOXA1 proteins were analyzed for Western
blotting. In lysates of cells transfected with 11- and 12-
polyhistidine variants, insoluble high-molecular-weight
proteins remained in the stacking gel (Fig. 1D), indica-
tive of protein complex accumulation.

Rapamycin Cleared Protein Aggregations and
Decreased Cell Death in COS-7 Cells Expressing
Expanded Variants of HOXA1, Whereas 3-MA
Reversed This Effect

We also attempted to determine the type of cell
death occurring as a consequence of expression of
HOXA1 expanded polyhistidine variants. Recently, it
has been reported that autophagic cell death was partially
mediated by caspase activation (Ravikumar et al., 2006).
Thus, we examined whether caspase inhibition could
suppress cell death by using a cell-permeable pan caspase
inhibitor, z-VAD-fmk, that binds to the catalytic site of
caspase proteases and can inhibit induction of apoptosis
(Broustas et al., 2004). However, no significant inhibi-
tion was seen in cells treated with 100 pM z-VAD-fmk
(Fig. 2A,B). Thus, we speculated that classical apoptosis
is not the mechanism involved in HOXAl-related cell
death.

To understand better the mechanism responsible
for clearance of protein aggregates, we examined the
possible role of autophagy in degrading these proteins and
the effect of caspase inhibition on cell death in COS-7
cells. During our time course experiments, we observed
that aggregations were present not only in the nucleus
but also in the cytosol at the early stages of expression
(18 hr after transfection). These cytosolic aggregates
were abundant in cells expressing the expanded 12-histi-
dine variants of HOXA1-EGFP (Fig. 2C). Aggregates
gradually cleared out by the endogenous autophagic
mechanism of the cell and were concentrated in the
nuclei at 42 hr after transfection (Fig. 2C,D). We ex-
plored the possible involvement of the autophagic pro-
cess in the clearing of protein aggregates in these cells.
3-Methyladenine (3-MA), which has an inhibitory ef-
fect on autophagy (Ravikumar et al., 2002), enhanced
nuclear aggregations and cell death (Fig. 2E,F). There is
a decreased rate of clearance of protein aggregates
observed in 3-MA-treated cells overexpressing 12-His
variant. Cytosolic aggregates around the outer perinu-
clear periphery are noticeable in the later stage of expres-
sion, l.e., about 42 hr, where they were supposed to
be cleared out in the 3-MA nontreated transfected cells
(Fig. 2F). Conversely, rapamycin, an autophagy-inducing
chemical (Ravikumar et al., 2006), decreased cytosolic and
nuclear aggregation that eventually reduced cell death
particularly in the expanded 12-histidine variant (Fig. 2G).
This suggested that clearing of HOXA1-EGFP protein
aggregates was mediated by an autophagic mechanism. We
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Fig. 1. Expression of HOXAI1 polyhistidine expansion variants results
in protein aggregatdon. HOXA1-EGFP construct variants were expressed
in neuronal cell lines. As early as 15-20 hr after transfection, intranuclear
aggregates were already detected in cells transfected with expanded
HOXAT1 variant. Images were taken 18 hr after transfection. EGFP fluo-
rescent signals were visualized by confocal microscopy. A: Neuroblas-
toma cells, SK-N-SH. B: Embryonic carcinoma cells, P19. C: COS-7
cells transfected with untagged HOXA1 and immunostained with anti-

further noted that the autophagic clearing system was
more efficient in degrading cytosolic aggregates, since
autophagic vacuoles were directly accessible in the cytosol.

HOXA1/Alexa 594 anti-goat (red signals). Fluorescence images were
taken 18 hr posttransfection. D: 18-24-hr posttransfected cell lysates an-
alyzed for Western blotting using anti-GFP. An increased amount of
high-molecular-weight SDS-insoluble protein was detected in the stack-
ing gel in lanes of expanded HOXA1, indicating that the length of histi-
dine repeats is directly proportional with the degree protein accumula-
tions, [Color figure can be viewed in the online issue, which is available
at www.interscience. wiley.com.]

However, the increased production of accumulated intra-
nuclear proteins might have overloaded the autophagic
clearing mechanism, thus resulting in cell death.

Fig. 2. Protein aggregations in the cytosol are cleared by an autopha-
gic process. A: Right after transfection, cells were treated with
100 uM z-VAD-fink and scored after 24 hr postransfection. z-VAD-
fmk did not inhibit intranuclear protein aggregation. Mock EGFP
served as a negative control. B: Fluorescence images of EGFP and
HOXA1-EGFP 12-His variant treated with 2-VAD-fmk. C: COS-7
cells were transfected with HOXA1-EGFP constructs at 18 hr post-
transfection; cytosolic aggregates could be seen abundanty in cells
transfected with HOXA1-EGFP 12-histidine variant. These aggre-
gates were eventually cleared out after 42 hr and were mostly con-
centrated in the nuclei. D: Graph showing percentage of cells with
protein aggregation and dead cells per number of EGFP-positive
transfected cells at 18 and 42 hr after transfection. E: Transfected cells
were treated with 10 mM 3-methyladenine (3-MA) 15 hr prior to
fixation. HOXA1-EGFP 10-His variant-transfected cells were treated
with DMSO to serve as a control for cell toxicity. 3-MA increases

>
9

protein aggregations and cell death in HOXA1-EGFP-transfected
COS-7 cells. Dead cells and those exhibiting nuclear and cytosolic
aggregation were scored 18 hr after transfection. F: No protein
aggregation was detected in mock-EGFP-transfected COS-7 cells
treated with 3-MA; however, an increase in cell death was observed.
HOXA1-EGFP 12-His variant exhibited cytosolic aggregates around
the outer perinuclear periphery, which are denoted by arrows. G:
Immediately after transfection, 10-His and 12-His repeat variants of
HOXA1-EGFP-transfected COS-7 cells were treated with 2 pg/ml
Rapamycin prior to fixation. Rapamycin reduces cytosolic aggrega-
tion and cell death significantly in the cells transfected with 12-His
repeat variant. Dead cells and protein aggregations were scored 42 hr
after transfection. Error bars represent SEM; n = 3. *P < 0.05,
**P < 0.01. P values from a paired t-test in all experiments. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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