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a b s t r a c t

Cognitive impairments are considered as a core feature of schizophrenia and have been reported in
associated with dysfunction of the prefrontal cortex (PFC). The Tower of London (TOL) task is a widely
used neuropsychological test to assess the planning ability and the PFC function. In the present study,
we examined functional changes in the PFC of 40 first-episode schizophrenia patients and 40 age- and
eywords:
chizophrenia
ulti-channel near-infrared spectroscopy

NIRS)
ower of London (TOL)

gender-matched healthy controls by means of multi-channel Near-infrared spectroscopy (NIRS) during
performance of the TOL task. NIRS is a noninvasive optical method that can measure relative changes in
oxygenated ([oxy-Hb]) and deoxygenated ([deoxy-Hb]) hemoglobin in cortical tissue. Compared to the
healthy controls, schizophrenia patients exhibited a significant decreased activation in the left PFC and
poorer TOL performance. The results confirm the functional deficits of the PFC and impaired planning

hizop
in ps
refrontal cortex (PFC) ability in first-episode sc
evaluating PFC activation

chizophrenia is characterized by a broad range of cognitive
mpairments, such as abnormalities in attention and information
rocessing, working memory, problem solving, processing speed
nd memory retrieval [20]. The ability of planning, which involves
everal subprocesses, including strategy information, coordination
nd sequencing of mental functions and holding information on-
ine, is an essential component of higher order cognitive processes
16,34]. The Tower of London (TOL) task is a widely used test
o assess planning ability [28]. The TOL task is an adaptation of
he Tower of Hanoi and consists of moving colored balls within a
imited number of moves in order to achieve a given target con-
guration [25]. The prefrontal cortex (PFC) is an important part of
he cortical network of planning ability, as suggested by previous
tudies reported poor TOL performance in schizophrenia patients
17,27]. Therefore, assessing PFC function is essential to elucidate
he schizophrenia pathophysiology.
Multi-channel near-infrared spectroscopy (NIRS) is a recently
eveloped optical method that allows noninvasive in vivo measure-
ents of changes in the concentration of oxygenated ([oxy-Hb])

nd deoxygenated ([deoxy-Hb]) hemoglobin in brain issue. Since
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∗∗ Corresponding author. Tel.: +86 10 8261 4469; fax: +86 10 6255 1993.

E-mail addresses: hlwang@whu.edu.cn (H. Wang), jiangtz@nlpr.ia.ac.cn
T. Jiang).

1 These two authors have contributed equally to the work.

304-3940/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2010.05.003
hrenia patients and suggest that NIRS may be a useful clinical tool for
ychiatric disorders.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Jobsis [9] first found that useful information in brain could be
obtained using light and detected from the scalp, NIRS has been well
established as a functional imaging method recently. The technique
is based on the principle that near-infrared light (wavelengths from
650 to 900 nm) penetrates biological tissues and is mainly absorbed
by the two chromophores [oxy-Hb] and [deoxy-Hb], which have
different light absorption spectra in the near-infrared range, then
the changes in chromophore concentrations can be detected by
measuring changes of the amount of reflected near-infrared light
in the skull. Cortical activation found by NIRS suggested an increase
in [oxy-Hb] and a corresponding decrease in [deoxy-Hb] [6,7,21].
Compared with other functional neuroimaging methodologies,
such as PET, SPECT and fMRI, NIRS is especially suitable for studying
psychiatric disorders, due to the following reasons: low susceptibil-
ity to movement artifacts, less restrictive and compact, lower cost.
Accordingly, multi-channel NIRS has been employed to study the
brain functions in many psychiatric disorders, such as schizophre-
nia, depression, bipolar disorder and post-traumatic stress disorder
[10,14,15,29,30]. However, nearly all these studies used verbal flu-
ency test (VFT) as an activation task and only a limited number of
reports using the TOL task to assess planning ability by means of
multi-channel NIRS.
In the present study, we used multi-channel NIRS to investi-
gate PFC activation during TOL task in first-episode schizophrenia
patients. We hypothesized that the schizophrenia patients would
differ in their PFC activation patterns from the healthy controls and
had a poorer TOL performance.

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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Table 1
Clinical characteristics of the schizophrenia group and the control group.

Schizophrenia patients (N = 40) Healthy controls (N = 40) Group difference P value

Mean SD Mean SD

Age (year) 22.8 4.93 24.4 3.63 0.102
Gender (women/men) 20/20 – 22/18 – 0.823a

Education (year) 13.29 2.17 14.08 2.22 0.113
Age at onset (years) 20.97 3.27 NA
Duration of illness (months) 15.48 8.06 NA
PANSS 73.38 13.99 NA
Positive 19.33 3.43 NA
Negative 16.63 4.83 NA
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General psychopathology 33.83 4.91

ANSS, Positive and Negative Symptom Scale; NA, not applicable.
a Chi-square test was used for testing the group difference of the gender. Otherw

Forty schizophrenia patients and forty age- and gender-
atched healthy controls participated in the study. The patients
ere recruited from outpatients and inpatients in the Psychi-

try Department of the Renmin Hospital of Wuhan University
rom January 2009 to November 2009. Schizophrenia was diag-
osed according to the Structured Clinical Interview of Diagnostic
nd Statistical Manual of Mental Disorders, 4th Edition (DSM-IV)
1] with less than 2 years duration of illness. Psychopathology
as assessed using the Positive and Negative Syndrome Scale

PANSS) [11]. All patients were receiving antipsychotic medica-
ion as follows: risperidone (n = 23, 3.10 ± 1.60 mg/d), aripiprazole
n = 6, 16.67 ± 10.33 mg/d), ziprasidone (n = 6, 86.67 ± 45.02 mg/d),
uetiapine (n = 3, 466.67 ± 152.75 mg/d) and olanzapine (n = 2,
2.50 ± 3.54 mg/d). The healthy controls had no personal or fam-

ly history of neuro-psychiatric illness and were free of medication.
he exclusion criteria for both groups were a history of electrocon-
ulsive therapy, alcohol or substance abuse, neurological disorders
nd head trauma. All the participants were right-handed as deter-
ined by the Edinburgh Handedness Scale [22] and gave written

nformed consent after complete explanation of the procedures.
his study was approved by the Medical Ethics Committee of
uhan University. The demographic and clinical characteristics of

he subjects are summarized in Table 1.
The present version of the TOL task consisted of five conditions: a

ero-move control condition and four planning conditions ranging
rom one to four moves. In the planning condition, subjects were
resented a start configuration (in the upper half of the screen)
nd a target configuration (in the lower half) (see Fig. S1B). In both
onfigurations, three colored balls (blue, green, red) on three pegs,
hich could accommodate 1, 2, and 3 balls each. One ball could be
oved at a time and only when there was no other ball on top. Sub-

ects were requested to determine the minimum number of moves
ecessary to reach the target configuration and whisper the solu-
ion. Verbal responses were recorded by the investigators. In the
ontrol condition, subjects were presented a series of pictures that
onsisted of zero-move problems (i.e. the two configurations pre-
ented were identical), with the aim of preventing planning activity
see Fig. S1A). The cognitive task was presented in a block design
sing the Presentation software (http://nbs.neuro-bs.com/) run-
ing on a PC. Two blocks of 60 s of control condition alternated
ith two blocks of 120 s of TOL planning condition. Presentation

rder of the stimuli in the planning condition was pseudo-random
ith a distribution frequency of the four stimulus types derived

rom van den Heuvel et al. [34].
NIRS measurements were conducted with a 28-multi-channel
ontinuous wave optical instrument CW5 (TechEn Inc, Ameri-
an). The CW5 measures changes of concentration of [oxy-Hb]
nd [deoxy-Hb] using near-infrared light at two wavelengths 690
nd 830 nm based on the modified Beer–Lamberd law [13]. In
his study, we used two 14-channel arrays of probes for bilateral
NA

test was used.

frontal regions. Each array was consisted of four optical source-
probes and eight detector probes. The distance between the pair
of source-detector probes was 3.0 cm, and it was considered that
the machines measure points at 2–3 cm depth from the scalp,
that is, the surface of cerebral cortices [10]. Each measurement
point between one source and its neighbor detector was defined
as a channel. Therefore each array allows to measure the rel-
ative changes in [oxy-Hb] and [deoxy-Hb] at 14 channels and
covered an area of 5.7 cm × 5.8 cm on the scalp. The probes were
mounted on two plastic helmets that were held by adjustable straps
over the subject’s bilateral frontal lobes, with the most inferior
and former probe positioned Fp1 (left) or Fp2 (right), according
to the international 10/20 system used in electroencephalogra-
phy [8]. The measurement points, which were labeled as Ch1–14
for right frontal channels and Ch15–28 for left frontal channels,
were approximately covered the anterior and ventrolateral PFC and
superimposed on a template brain for schematic illustration (cf.
Fig. 1).

Demographic and behavioral data were analyzed using
SPSS 11.0 software (SPSS Inc., Chicago, Illinois). The NIRS
data was analyzed by the open source software Homer
(http://www.nmr.mgh.harvard.edu/PMI/) which is implemented
in Matlab (Mathworks, Natick, MA). First, the data were band-pass
filtered within the range 0.01–0.5 Hz to eliminate slow drifts and
the blood pressure variations. Then the optical signals for the two
wavelengths were translated to hemoglobin concentrations using
the modified Beer–Lambert equation with a differential path length
correction of 6 and a partial volume correction of 50 for both wave-
lengths. The waveforms of [oxy-Hb] and [deoxy-Hb] changes were
acquired from all the subjects in all 28 channels. For statistical
analyses, the data were averaged according to the task condition
(control or planning condition). Thereby, we got one mean value
of each condition for each NIRS channel of each participant. Four-
way repeated measures analysis of variance (RMANOVA) with three
between-groups factors (2 diagnoses × 2 hemispheres × 14 chan-
nels) and one within-subjects factor (2 task conditions) was applied
to [oxy-Hb] and [deoxy-Hb] data separately. Student’s paired t-test
was performed to specify the characteristic patterns of activa-
tion for the TOL planning task in contrast to the control task in
each group. Furthermore, at each channel, the mean hemoglobin
changes during the TOL task period were compared between two
groups using two-sample Student’s t-test. The correction of multi-
ple comparisons by False Discovery Rate (FDR) was used.

Additionally, Pearson’s correlation coefficients were calculated
for the relationships among the PFC activation during the TOL task,

the PANSS scores and the task performances for each channel in the
schizophrenia group. A P value < 0.05 was considered to be statis-
tically significant.

The number of correct responses and performance scores of the
schizophrenia patients were statistically less than the control group

http://nbs.neuro-bs.com/
http://www.nmr.mgh.harvard.edu/PMI/
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Fig. 1. Topographical presentation of t value of [oxy-Hb]. (A) PFC activation pat-
tern of the healthy controls during the TOL task. (B) PFC activation pattern of
the schizophrenia patients during the TOL task. (C) The comparison between the
control and the schizophrenia group. The sources (red) and detectors (blue) are
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a crucial role in the solution of TOL tasks which requires high-
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uperimposed on a template brain. The numbers between the optodes indicate the
easurement channels. (For interpretation of the references to color in this figure

egend, the reader is referred to the web version of the article.)

t all task levels (see Table 2), and there was a significant nega-
ive correlation between the task performance and the negative
ymptom scores in schizophrenia (see Supplementary materials for
etails).

The grand averaged waveforms of [oxy-Hb] and [deoxy-Hb] dur-

ng cognitive activation in the healthy controls and schizophrenia
atients were shown in Fig. S2 and S3.

As for [oxy-Hb], there was a significant main effect of task
ondition, diagnosis and a significant interaction between task con-

able 2
he number of correct responses and performance scores.a.

Condition Control subjects (N = 40)

Correct responses Performance scores (%

1 Move 8.82 ± 1.48 100 ± 0.0
2 Moves 8.38 ± 1.59 97.25 ± 6.04
3 Moves 7.68 ± 1.47 84.72 ± 11.78
4 Moves 3.73 ± 1.71 75.62 ± 21.07

tudent’s t-test was used for testing the group difference.
a Data are given as mean ± SD.
* P < 0.05.

** P < 0.01.
ers 478 (2010) 136–140

dition and diagnosis (F = 185.32, df = 1, P < 0.001; F = 67.03, df = 1,
P < 0.001; F = 21.186, df = 1, P < 0.001, respectively) by the analysis of
RMANOVA. For [deoxy-Hb], analysis by RMANOVA revealed a sig-
nificant main effect of task condition and a significant interaction
between task condition and diagnosis (F = 22.48, df = 1, P < 0.001;
F = 3.89, df = 1, P < 0.05, respectively). There were no significant main
effect of hemisphere and no interaction of hemisphere and task or
hemisphere and diagnosis.

When comparing the TOL planning task and the control task,
the results demonstrated significant activation caused by the TOL
task: in 16 channels for [oxy-Hb] (Ch1, Ch4, Ch9, Ch11, Ch14 and
Ch18–28; FDR-corrected P < 0.05) and in 13 channels for [deoxy-
Hb] (Ch1–6 and Ch15–21; FDR-corrected P < 0.05) in the healthy
controls and in 9 channels for [oxy-Hb] (Ch1–4, Ch16–18, Ch20
and Ch21; FDR-corrected P < 0.05) and in 2 channels for [deoxy-
Hb] (Ch11 and Ch12; not corrected P < 0.05) in the schizophrenia
patients. Parts of the results are shown in Fig. 1A and B.

The results of the t-test for the between-group comparison of
the [oxy-Hb] changes during the TOL planning task showed that
the schizophrenia patients had decreased activation than healthy
subjects in 5 channels (Ch18, Ch21, Ch24 Ch26 and Ch28; FDR-
corrected P < 0.05), but no significant difference in the [deoxy-Hb]
data, as outlined in Table S2 and shown in Fig. 1C in the form of
topographs.

In this study, we evaluated PFC activation during the TOL task
in first-episode schizophrenia patients using multi-channel NIRS.
The major finding is that the schizophrenia patients exhibited a
significant hypoactivity in PFC in contrast to the control subjects,
with a significant difference in behavioral performance between
the two groups.

In the present study, the task performance of the first-episode
schizophrenia patients was poorer than that of the controls. It sug-
gested that the schizophrenia patients had impairment in planning
and problem-solving capability at the initial stage of the disease,
which is in accordance with previous researches [17,27]. Moreover,
the task performance of patients showed a negative correlation
with the negative symptoms scores of PANSS, and this result con-
firms that cognitive impairments were associated with the negative
symptoms in schizophrenia patients [31].

With regard to the NIRS results, the TOL planning task recruited
widespread regions of the PFC in healthy subjects, which is in
line with other brain imaging studies [2,12,23]. During the TOL
task, the participants were asked to calculate the minimum num-
ber of moves by comparing a start configuration with a target
configuration. Thus, the TOL task required the participants to
“look ahead” and map out a plan to solve the problem [32]. This
characteristic of the task demands may recruit the anterior and
ventrolateral PFC [28,32]. This result confirms that the PFC plays
level executive function, such as the ability of planning and solving
problems and underlines the usefulness of multi-channel NIRS in
monitoring brain activation associated with these cognitive pro-
gresses.

Schizophrenia patients (N = 40)

) Correct responses Performance scores (%)

7.35 ± 1.94** 94.99 ± 9.64**

7.30 ± 2.53* 90.54 ± 17.10*

6.58 ± 2.53* 76.13 ± 21.20*

2.90 ± 1.89* 62.29 ± 32.14*
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In comparison with the healthy controls, the schizophrenia
atients showed a significant attenuation of activation in the PFC
uring the TOL planning task. This result is consistent with several
revious studies using other executive tasks [4,24,30]. Takizawa
t al. found slower and smaller [oxy-Hb] changes in schizophre-
ia patients during the VFT [30] and Quaresima et al. also found
FC dysfunction during a visual spatial working memory task in
chizophrenia [24]. Our results in the current study suggest that the
chizophrenia patients failed to recruit enough prefrontal cortical
esources associated with the task and did not show the expected
ctivation of the task-related areas exhibited by the control sub-
ects. Further study is needed to investigate whether these findings
an be extended to the individual level using discriminative anal-
sis. These results confirm the PFC dysfunction in the first-episode
chizophrenia patients and suggest that NIRS could be a useful clin-
cal tool for the diagnosis and treatment of psychiatric disorders by

onitoring the PFC activity.
In this study, we did not find any hemispheric differences during

he TOL task in both groups. To our knowledge, there are inconsis-
encies with respect to hemispheric specialisation during the TOL
lanning task. Newman et al. indicated predominantly left PFC acti-
ation in association with processing TOL task [18], while other
euroimaging data reported either bilateral or predominantly right
FC activation [5,26,33]. This controversy across various functional
rain imaging studies may be explained by task variations and sam-
le bias. More research is needed to resolve this question.

Some limitations of the present study must be mentioned. First,
ll of our schizophrenia patients were taking antipsychotic med-
cation, which makes it difficult to disentangle drug effects from
isease effects, although we could not find a significant correla-
ion between [oxy-Hb] change and dose of medication. A review
uggested that treatment with antipsychotic medication seemed
o normalize brain function and to make the brain function of
chizophrenia patients more similar to that of healthy individu-
ls [3]. Therefore, the results of our study were likely primarily
ecause of this disease rather than the medication, although we
annot eliminate completely the medication effects. Future stud-
es with drug naïve patients are required to discard the medication
ffects and confirm the findings of this study. Second, because of the
imited number of channels, the area of measurement in NIRS was
estricted to the prefrontal cortex. Simultaneous measurements
y NIRS and other neuroimaging methodologies might be used to
larify the association of the PFC with other brain regions [19].

In summary, this is the first study that applied the TOL plan-
ing task to evaluate prefrontal dysfunction in individuals with
chizophrenia using multi-channel NIRS. The results confirm the
unctional deficits of the PFC and impaired planning ability in first-
pisode schizophrenia patients and suggest that NIRS may be a
seful clinical tool for evaluating PFC activation in psychiatric dis-
rders.

cknowledgements

This study was supported by the Stanley Medical Research Insti-
ute (SMRI, Grant ID: 06T-776) and the National Nature Science
oundation of China (NSFC, Grant ID: 30300108). We thank two
nonymous reviewers for their thoughtful and helpful comments
egarding the manuscript. We also want to thank Dr. Richard Keefe
or providing the manual of Tower of London and Alex Johnson for
diting and English language assistance.
ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.neulet.2010.05.003.

[

[

ers 478 (2010) 136–140 139

References

[1] American Psychiatric Association, Diagnostic and Statistical Manual of Mental
Disorders, 4th ed., American Psychiatric Association, Washington, DC, 1994.

[2] N.C. Andreasen, K. Rezai, R. Alliger, V.W. Swayze 2nd, M. Flaum, P. Kirch-
ner, G. Cohen, D.S. O’Leary, Hypofrontality in neuroleptic-naive patients and
in patients with chronic schizophrenia. Assessment with xenon 133 single-
photon emission computed tomography and the Tower of London, Arch. Gen.
Psychiatry 49 (1992) 943–958.

[3] C.E. Davis, D.V. Jeste, L.T. Eyler, Review of longitudinal functional neuroimaging
studies of drug treatments in patients with schizophrenia, Schizophr. Res. 78
(2005) 45–60.

[4] A.C. Ehlis, M.J. Herrmann, M.M. Plichta, A.J. Fallgatter, Cortical activation dur-
ing two verbal fluency tasks in schizophrenic patients and healthy controls
as assessed by multi-channel near-infrared spectroscopy, Psychiatry Res. 156
(2007) 1–13.

[5] J.M. Fincham, C.S. Carter, V. van Veen, V.A. Stenger, J.R. Anderson, Neural mech-
anisms of planning: a computational analysis using event-related fMRI, Proc.
Natl. Acad. Sci. U.S.A. 99 (2002) 3346–3351.

[6] Y. Hoshi, M. Tamura, Detection of dynamic changes in cerebral oxygenation
coupled to neuronal function during mental work in man, Neurosci. Lett. 150
(1993) 5–8.

[7] Y. Hoshi, M. Tamura, Near-infrared optical detection of sequential brain acti-
vation in the prefrontal cortex during mental tasks, Neuroimage 5 (1997)
292–297.

[8] H.H. Jasper, The ten–twenty electrode system of the International Federation,
Electroencephalogr. Clin. Neurophysiol. 10 (1958) 370–375.

[9] F.F. Jobsis, Noninvasive, infrared monitoring of cerebral and myocardial oxygen
sufficiency and circulatory parameters, Science 198 (1977) 1264–1267.

10] M. Kameyama, M. Fukuda, Y. Yamagishi, T. Sato, T. Uehara, M. Ito, T. Suto, M.
Mikuni, Frontal lobe function in bipolar disorder: a multichannel near-infrared
spectroscopy study, Neuroimage 29 (2006) 172–184.

11] S.R. Kay, A. Fiszbein, L.A. Opler, The positive and negative syndrome scale
(PANSS) for schizophrenia, Schizophr. Bull. 13 (1987) 261–276.

12] R.H. Lazeron, S.A. Rombouts, W.C. Machielsen, P. Scheltens, M.P. Witter, H.B.
Uylings, F. Barkhof, Visualizing brain activation during planning: the tower of
London test adapted for functional MR imaging, Am. J. Neuroradiol. 21 (2000)
1407–1414.

13] A. Maki, Y. Yamashita, Y. Ito, E. Watanabe, Y. Mayanagi, H. Koizumi, Spatial and
temporal analysis of human motor activity using noninvasive NIR topography,
Med. Phys. 22 (1995) 1997–2005.

14] K. Matsuo, Y. Onodera, T. Hamamoto, K. Muraki, N. Kato, T. Kato, Hypofrontality
and microvascular dysregulation in remitted late-onset depression assessed by
functional near-infrared spectroscopy, Neuroimage 26 (2005) 234–242.

15] K. Matsuo, K. Taneichi, A. Matsumoto, T. Ohtani, H. Yamasue, Y. Sakano, T. Sasaki,
M. Sadamatsu, K. Kasai, A. Iwanami, N. Asukai, N. Kato, T. Kato, Hypoactivation
of the prefrontal cortex during verbal fluency test in PTSD: a near-infrared
spectroscopy study, Psychiatry Res. 124 (2003) 1–10.

16] R.G. Morris, E.C. Miotto, J.D. Feigenbaum, P. Bullock, C.E. Polkey, The effect
of goal-subgoal conflict on planning ability after frontal- and temporal-lobe
lesions in humans, Neuropsychologia 35 (1997) 1147–1157.

17] R.G. Morris, T. Rushe, P.W. Woodruffe, R.M. Murray, Problem solving in
schizophrenia: a specific deficit in planning ability, Schizophr. Res. 14 (1995)
235–246.

18] S.D. Newman, P.A. Carpenter, S. Varma, M.A. Just, Frontal and parietal partic-
ipation in problem solving in the Tower of London: fMRI and computational
modeling of planning and high-level perception, Neuropsychologia 41 (2003)
1668–1682.

19] Y. Nishimura, H. Tanii, M. Fukuda, N. Kajiki, K. Inoue, H. Kaiya, A. Nishida, M.
Okada, Y. Okazaki, Frontal dysfunction during a cognitive task in drug-naive
patients with panic disorder as investigated by multi-channel near-infrared
spectroscopy imaging, Neurosci. Res. 59 (2007) 107–112.

20] K.H. Nuechterlein, D.M. Barch, J.M. Gold, T.E. Goldberg, M.F. Green, R.K. Heaton,
Identification of separable cognitive factors in schizophrenia, Schizophr. Res.
72 (2004) 29–39.

21] H. Obrig, R. Wenzel, M. Kohl, S. Horst, P. Wobst, J. Steinbrink, F. Thomas, A.
Villringer, Near-infrared spectroscopy: does it function in functional activation
studies of the adult brain? Int. J. Psychophysiol. 35 (2000) 125–142.

22] R.C. Oldfield, The assessment and analysis of handedness: the Edinburgh inven-
tory, Neuropsychologia 9 (1971) 97–113.

23] A.M. Owen, J. Doyon, M. Petrides, A.C. Evans, Planning and spatial working
memory: a positron emission tomography study in humans, Eur. J. Neurosci. 8
(1996) 353–364.

24] V. Quaresima, P. Giosue, R. Roncone, M. Casacchia, M. Ferrari, Prefrontal cor-
tex dysfunction during cognitive tests evidenced by functional near-infrared
spectroscopy, Psychiatry Res. 171 (2009) 252–257.

25] P.E. Rasser, P. Johnston, J. Lagopoulos, P.B. Ward, U. Schall, R. Thienel, S. Bender,
A.W. Toga, P.M. Thompson, Functional MRI BOLD response to Tower of Lon-
don performance of first-episode schizophrenia patients using cortical pattern
matching, Neuroimage 26 (2005) 941–951.
26] J.B. Rowe, A.M. Owen, I.S. Johnsrude, R.E. Passingham, Imaging the mental com-
ponents of a planning task, Neuropsychologia 39 (2001) 315–327.

27] U. Schall, S.V. Catts, S. Chaturvedi, B. Liebert, J. Redenbach, F. Karayanidis,
P.B. Ward, The effect of clozapine therapy on frontal lobe dysfunction in
schizophrenia: neuropsychology and event-related potential measures, Int. J.
Neuropsychopharmacol. 1 (1998) 19–29.

http://dx.doi.org/10.1016/j.neulet.2010.05.003


1 ce Lett

[

[

[

[

[

[

magnetic resonance version of Tower of London task, Neuroimage 18 (2003)
367–374.
40 Y. Zhu et al. / Neuroscien

28] T. Shallice, Specific impairments of planning, Philos. Trans. R Soc. Lond. B Biol.
Sci. 298 (1982) 199–209.

29] T. Suto, M. Fukuda, M. Ito, T. Uehara, M. Mikuni, Multichannel near-infrared
spectroscopy in depression and schizophrenia: cognitive brain activation
study, Biol. Psychiatry 55 (2004) 501–511.

30] R. Takizawa, K. Kasai, Y. Kawakubo, K. Marumo, S. Kawasaki, H. Yamasue,

M. Fukuda, Reduced frontopolar activation during verbal fluency task in
schizophrenia: a multi-channel near-infrared spectroscopy study, Schizophr.
Res. 99 (2008) 250–262.

31] C.A. Tamminga, R.W. Buchanan, J.M. Gold, The role of negative symptoms and
cognitive dysfunction in schizophrenia outcome, Int. Clin. Psychopharmacol.
13 (Suppl. 3) (1998) S21–S26.

[

ers 478 (2010) 136–140

32] J.M. Unterrainer, A.M. Owen, Planning and problem solving: from neuropsy-
chology to functional neuroimaging, J. Physiol. Paris 99 (2006) 308–317.

33] O.A. van den Heuvel, H.J. Groenewegen, F. Barkhof, R.H. Lazeron, R. van Dyck, D.J.
Veltman, Frontostriatal system in planning complexity: a parametric functional
34] O.A. van den Heuvel, D.J. Veltman, H.J. Groenewegen, D.C. Cath, A.J. van Balkom,
J. van Hartskamp, F. Barkhof, R. van Dyck, Frontal-striatal dysfunction during
planning in obsessive–compulsive disorder, Arch. Gen. Psychiatry 62 (2005)
301–309.


	Reduced prefrontal activation during Tower of London in first-episode schizophrenia: A multi-channel near-infrared spectro...
	Acknowledgements
	Supplementary data
	Supplementary data


