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Dorsolateral prefrontal hemodynamic
responses during a verbal fluency task in

hypomanic bipolar disorder
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Okazaki Y. Dorsolateral prefrontal hemodynamic responses during a
verbal fluency task in hypomanic bipolar disorder.
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Objectives: Neuroimaging studies have suggested prefrontal dysfunction
in response to cognitive activation in bipolar disorder (BD). However, its
characteristics in manic states have not been well understood. Thus, we
compared prefrontal hemodynamic responses during a cognitive task
between hypomanic and depressive states in BD. We then longitudinally
compared hypomanic and subsequent euthymic states.

Methods: The prefrontal function of 27 patients with BD (11 hypomanic
and 16 depressed) and 12 age- and gender-matched healthy controls
(HCs) was evaluated using near-infrared spectroscopy (NIRS) during a
verbal fluency task (VFT). Hypomanic symptoms were assessed using
the Young Mania Rating Scale. Among the 11 hypomanic patients, eight
participated in the second NIRS measurement after their hypomanic
symptoms resolved.

Results: VFT performance did not differ among hypomanic, depressed,
and HC groups. Both BD groups exhibited significantly lower activation
during the VFT than HCs in the broader bilateral prefrontal cortex.
Hemodynamic changes in the left dorsolateral prefrontal cortex
(DLPFC) in the hypomanic patients with BD were significantly larger
than those in the depressed patients. In addition, hypomanic symptom
severity was positively correlated with activation in the left DLPFC and
frontopolar cortex in patients with BD. Follow-up measurement of the
hypomanic patients revealed that prefrontal activation was decreased
after hypomanic symptoms resolved.

Conclusions: Combining cross-sectional and longitudinal assessments,
the present results suggest that prefrontal hemodynamic responses
associated with cognitive activation differ between hypomanic and
depressive states in BD. NIRS measurement could be a useful tool for
objectively evaluating state-dependent characteristics of prefrontal
hemodynamics in BD.
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State-dependent changes in brain hemodynamic
response are not well understood in bipolar dis-
order (BD). Converging evidence suggests the
presence of neurocognitive dysfunction in indi-
viduals with BD (1). Among various cognitive
functions, impairments in executive functioning

have been reported across mood states (2), with
some potential for improvement with treatment
(3). Executive dysfunction in BD is associated
with overall psychosocial functioning (4), occu-
pational adaptation and poor interpersonal
function (5-9), higher readmission rate (10),
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and delayed recovery after acute-phase treat-
ment (6).

In a number of functional neuroimaging studies
on BD, one of the most consistent findings is
abnormal limbic activation, including in the amyg-
dala. Previous studies also indicate that prefrontal
dysfunction affects the regulation of emotional and
cognitive processing (11). Among the prefrontal
subregions, the lateral prefrontal cortex (PFC) is a
key structure for performing executive functions.
Inconsistent results were obtained with regard to
lateral prefrontal activity during an executive task
associated with mood states in BD. Decreased acti-
vation in the ventrolateral PFC (VLPFC) across
mood states in BD during an executive task was
reported relatively frequently in past studies (11—
13). Other studies indicated the hyperactivation of
the dorsolateral PFC (DLPFC) and inferior fron-
tal gyrus during ecuthymia in a verbal fluency task
(VET) (14, 15). However, few studies have per-
formed a direct comparison in multiple mood
states or obtained longitudinal follow-up measure-
ments of prefrontal function in patients with BD,
most often due to difficulties in immobilizing par-
ticipants in a manic state during brain scanning.

Near-infrared spectroscopy (NIRS) is a non-
invasive neuroimaging technique based on the
principle of the absorption of near-infrared light
into brain tissue. Taking advantage of the less-con-
strained measurement within a relatively short
time, neuroimaging studies using NIRS devices
have been performed with a variety of participants
including infants (16, 17) and individuals with psy-
chiatric disorders with variable illness severity and
level of functioning (18-20). Non-invasive NIRS
imaging allows for repeated measurements; intra-
subject reproducibility has been confirmed on a
monthly and yearly basis in healthy adults (21-23).

Previous NIRS imaging studies examining pre-
frontal functioning during an executive functioning
task in patients with BD have shown inconsistent
results. Most studies have reported hypofrontality
in verbal fluency or working memory tasks (24—
28), hyperfrontality in VFT (29), or differential
time course of activation in VFT (30) in patients
with BD compared to healthy controls (HCs). In
addition, most participants in these NIRS studies
were patients with depressed or euthymic mood
(24-31) or patients with various mood states (29).
Further, previous NIRS studies have not specifi-
cally compared patients based on their mood state.

We hypothesized that both hypomanic and
depressed patients with BD would show decreased
activation in the VLPFC compared to HCs, as pre-
vious reports have shown the dysfunction across
mood states (3, 11, 24-28). Moreover, we hypothe-
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sized that left DLPFC activation would be
observed only in depressed patients with BD due
to the decreased left DLPFC activity associated
with depression (32). Furthermore, we also
hypothesized that PFC activation would decrease
when participants’ hypomanic symptoms resolved,
as previous studies of mania have reported height-
ened (33) and state-dependent (34) activation in
the amygdala as well as synchronization with
DLPFC activity (35).

Thus, in the present study, we measured prefron-
tal function during an executive functioning task in
hypomanic patients with BD. We used patients
with BD in a depressive state as a comparison
group in addition to healthy volunteers to examine
whether executive function impairment was depen-
dent on mood state. Moreover, we used NIRS to
examine the correlation between prefrontal func-
tioning and hypomanic symptom severity as
assessed by the Young Mania Rating Scale. Fur-
thermore, we conducted a follow-up measurement
with the hypomanic patients after their manic
symptoms resolved to evaluate whether the find-
ings of the cross-sectional assessment could be rep-
licated within the same individual.

Methods
Participants

Participants included 27 patients with BD [nine
with bipolar I disorder (BD-I), 10 with bipolar II
disorder (BD-II), and eight with BD not otherwise
specified] according to the diagnostic criteria of the
Diagnostic and Statistical Manual of Mental Dis-
orders, 4th ed. (36) (DSM-IV-TR) and 12 HC par-
ticipants. We matched participants in the HC and
BD groups based on mean age and gender
(p > 0.05). Participant exclusion criteria were as
follows: left-handedness, a history of major physi-
cal illness, a neurological disorder, substance
dependence, and a history of loss of consciousness
due to head injury. In addition, the healthy sub-
jects who had a history of neuropsychiatric
disorder, assessed by the Mini-International Neu-
ropsychiatric Interview (37), were excluded from
this study. We also excluded participants having a
first-degree relative(s) with psychiatric disorders in
the HC group. Participants’ premorbid IQ was
estimated using the Japanese version of the
National Adult Reading Test (JART) (38). All
patients were taking medication at the time of
NIRS measurement: lithium [hypomanic (n = 7),
depressed (n = 6)], anticonvulsants [hypomanic
(n = 7), depressed (n = 7)], antidepressants [hypo-
manic (n = 2), depressed (n = 10)], benzodiazepine



[hypomanic (n = 10), depressed (n = 14)], and/or
antipsychotics [hypomanic (n=9), depressed
(n = 8)].

All subjects provided written informed consent,
and the study protocols were approved by the
Research Ethical Committee of the Tokyo Metro-
politan Matsuzawa Hospital. This study was con-
ducted in accordance with the ethical standards set
forth in the Declaration of Helsinki of 1975.

Study design

In the hypomanic subgroup, we performed a cross-
sectional assessment and subsequent longitudinal
assessment. Of the 11 hypomanic patients who par-
ticipated in the cross-sectional assessment, eight
patients (seven male and one female) participated
in the second NIRS measurement after their hypo-
manic symptoms resolved. The entry criterion for
subsequent longitudinal assessment was at least
50% improvement in mania symptom severity as
measured by the YMRS, compared to the first
NIRS measurement. The three individuals who did
not participate in the longitudinal assessment
[mean age = 54.5 years, standard deviation
(SD) = 8.4 years] were significantly older than
these eight participants (mean age = 38.0 years,
SD = 10.8  years, Mann-Whitney’s  U-test,
p = 0.042). Analysis of other demographic vari-
ables did not show significant differences between
these groups.

Clinical assessments

We used the Japanese versions of the Hamilton
Rating Scale for Depression (HAM-D), 17-item
version (39), and the Young Mania Rating Scale
(YMRS) (40) to assess affective symptom charac-
teristics and severity scores. BD phase was assessed
by a trained psychiatrist (KT, TO, or RI). The
YMRS score was used for assigning the partici-
pants with BD into depressed (n = 16) and hypo-
manic (n = 11) patient groups. The cutoff point for
the YMRS was 4 (41). Participants’ level of func-
tioning was clinically characterized using the
Global Assessment of Functioning [(GAF), DSM-
IV-TR].

Cognitive task

A single-block design model of the VFT was
employed to assess prefrontal activation. Partici-
pants were asked to remain seated, keep their eyes
open, and avoid making any movements. The total
measurement period was 160 sec, which consisted
of a 30-sec pre-task period, a 60-sec task period,
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and a 70-sec post-task period (42-45). Participants
were instructed to repeat a train of syllables during
the pre- and post-task periods as follows: ‘/a/, /i/,
Ju/, Je/, Jo/.” During the 60-sec task period, partici-
pants were instructed to generate as many words
as possible, while the initial syllables were changed
every 20 sec. Performance score was determined
by the number of correct words generated by a
participant.

NIRS measurement

Relative concentration changes of oxygenated
(oxy-Hb) and deoxygenated (deoxy-Hb) hemoglo-
bin (Hb) during the VFT were measured using a
52-channel NIRS machine (ETG-4000; Hitachi
Medical Corporation, Tokyo, Japan). The
machine uses two wavelengths of near-infrared
light (695 and 830 nm) and calculates the amount
of absorbed near-infrared light based on the modi-
fied Beer-Lambert law (46, 47). The distance
between pairs of emitter and detector probes was
3.0 cm. The NIRS probes were placed on the par-
ticipant’s frontal region. The lowest probes were
positioned along the T4-Fpz-T3 line according to
the International 10/20 system. The probe arrange-
ments could measure Hb from the bilateral pre-
frontal cortical areas [e.g., dorsolateral PFC
(DLPFC) and ventrolateral PFC (VLPFC)],
frontopolar cortex (FPC), and the anterior part of
the temporal cortex (aTC), supported by anatomi-
cal cranio-cerebral correction via the International
10/20 system (48). The estimated cortical regions
were localized at each channel by a virtual registra-
tion of NIRS (49-51).

The time resolution of the NIRS signal was
0.1 sec. A moving average window of 5 sec was
adopted to remove any short-term motion arti-
facts. Further, we applied the automated method
for artifact rejection focused on three types of
noise (high frequency, low frequency, and no sig-
nal) and body-movement artifacts (44). Because
we excluded the rejected channels from further
analysis, the number of participants analyzed
varied across channels (cross-sectional assessment)
as follows: HC (the range of the number of
participants analyzed in 52 channels): 8-12
(mean = 11.4, 95.2%); BD depressed patients:
12-16 (mean = 15.5, 96.9%); and BD hypomanic
patients: 9-11 (mean = 10.6, 96.5%). Longitudi-
nal assessment was as follows: BD hypomanic (+):
5-8 (mean = 7.2, 90.0%); BD hypomanic (—): 6-8
(mean = 7.6, 94.7%).

To examine task-related activation, data were
analyzed using the Integral Mode loading with the
ETG-4000 machine, in which the pre-task baseline
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is determined as the mean over a 10-sec period
just prior to the task period, and the post-task
baseline is determined as the mean over the last
10 sec of a 70-sec post-task period. Linear fitting
was performed using the data obtained between
the two baselines. After the artifact rejection,
grand mean waveforms averaged across subjects
were calculated in each channel and in each group
to observe the whole activation pattern through-
out the VFT.

Statistical analysis

All statistical analyses were performed using
PASW Statistics 18.0 (SPSS Japan Inc., Tokyo,
Japan). For statistical analysis, we calculated the
average changes in oxy-Hb and deoxy-Hb concen-
trations during the task (60 sec) in each channel
for each subject. In particular, we focused on
increases in oxy-Hb because of its superior signal-
to-noise ratio (52, 53).

In the cross-sectional assessment, we compared
the three groups to confirm that there were no sig-
nificant differences in age and gender, using a one-
way analysis of variance (ANOVA) and chi-square
test, respectively. We then compared the three
groups’ characteristics using a one-way ANOVA
to analyze differences in demographic variables.
We also compared the three groups’ mean oxy-Hb
changes using a one-way ANOVA to analyze dif-
ferences in prefrontal function. Mean Hb data
were used as the dependent variable and state
information was used as the independent variable.
We calculated Spearman’s rank correlation coeffi-
cients to examine the relationship between Hb
changes during the VFT and the clinical and demo-
graphic variables (HAM-D; YMRS; GAF; dura-
tion of treatment; equivalent doses of imipramine,
diazepam, chlorpromazine, lithium, and sodium
valproate; age; years of education; estimated 1Q;
and VFT performance). For Hb data, NIRS signal
is expressed as the product of hemoglobin concen-
tration change and optical path length. Optical
path length in an individual’s brain region is
unmeasurable, and the unit of measurement is mM »
mm. We could not compare channels directly to
consider the possibility that optical path length
varies at an individual level. Therefore, we per-
formed 52 one-way ANOVAs and correlational
analyses for each channel, and the false discovery
rate (FDR) approach was adopted to determine
the significance level and prevent an increase in
alpha error due to the use of multiple comparisons
(54). Post hoc Tukey’s tests (p < 0.05 per channel)
were carried out on significant variables. Differ-
ences in clinical variables and drug-equivalent
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doses between the hypomanic and depressed BP
groups were evaluated using Student’s 7-tests.

In the longitudinal assessment, clinical changes,
task performance, and mean Hb changes were
compared with the presence or absence of a hypo-
manic episode within the same individual. We per-
formed paired #-tests in cases where normality was
ensured by Kolmogorov—-Smirnov or Shapiro—
Wilk tests, and Wilcoxon sign rank tests in cases
where data were skewed. Spearman’s rank correla-
tion coefficients were calculated between the A
oxy-Hb changes and the A doses of medication
[Hypomania (+) — Hypomania (—)] to examine
the association with change over time. Significance
was set at p < 0.05.

Results
Cross-sectional assessment

Demographic variables and clinical symptoms. Par-
ticipant characteristics are shown in Table 1.
Among the hypomanic patients, depressed
patients, and HC groups, there were no significant
differences in years of education, premorbid 1Q,
and task performance. Regarding medication at
the time of NIRS measurement, lithium doses and
chlorpromazine equivalent doses for patients in the
hypomanic group tended to be larger than those in
the depressed patient group (p > 0.05).

Comparison of Hb changes in the PFC by group.
The grand-mean oxy-Hb waveforms in each group
are shown in Figure I. A one-way ANOVA
revealed significant differences between groups in
12 channels (CHs 28, 29, 32, 36, 38, 39, 4346, 49,
and 50) approximately located in the bilateral
DLPFC and VLPFC and in the right aTC broadly
(FDR-corrected p < 0.05). In the multiple compar-
isons of the significant 12 channels, the mean oxy-
Hb changes in the depressed patients were signifi-
cantly smaller than those of in the HC subjects in
all 12 channels (CHs 28, 29, 32, 36, 38, 39, 43-46,
49, and 50). The mean oxy-Hb changes in hypo-
manic patients were significantly smaller than
those in HC subjects for seven channels (CHs 29,
32, 39, 43-45, and 50). Compared with HC sub-
jects, reduced activation was commonly observed
mainly in the VLPFC in both groups of BD
patients. In direct comparison within BD groups,
the mean oxy-Hb changes in the hypomanic
patients were significantly larger than those in
depressive patients in one channel (CH 49) located
in the left DLPFC. Representative box plots for
the three groups of significant channels are shown
in Figure 2. In deoxy-Hb changes, no significant
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Table 1. Characteristics of participants in the cross-sectional assessment

Bipolar disorder

Healthy controls

Depressed Hypomanic

Mean (SD) Mean (SD) Mean (SD) p-value
Sex, male/female, n 10/6 8/3 4/8 0.133
Age, years 44.6 (8.8) 44.0(12.6) 46.4 (6.6) 0.811
Estimated 1Q 107.9(7.2) 102.7 (10.2) 109.5 (6.8) 0.138
Education, years 15.1(2.2) 15.3(2.1) 15.4 (2.5) 0.969
VFT performance (words) 13.9 (4.9) 14.0(6.2) 15.4 (5.0) 0.736
HAM-D-17 15.0 (6.0) 5.1(4.0) <0.001
YMRS 1.9(1.5) 16.0(7.8) 0.001
GAF 51.3(13.6) 57.7 (14.1) 0.344
Duration of treatment, months 135.8 (132.7) 107.8 (139.9) 0.618
Medications
Lithiurn (mg/day) 483.3 (132.9) 685.7 (226.8) 0.082
VPA (mg/day) 600.0 (200.0) 900.0 (346.4) 0.211
CBZ (mg/day) - 250.0 (212.1) -
Clonazepam (mg/day) 1.5(0.7) 3 -
Lamotrigine (mg/day) 112.5(123.8) - -~
Imipramine eq. dose (mg/day) 124.6 (66.2) 58.3(80.4) 0.172
CP eq. dose (mg/day) 235.6 (254.2) 496.9 (257.9) 0.053
Diazepam eq. dose (mg/day) 21.2(12.8) 12.3(8.5) 0.087

CBZ = carbamazepine; CP = chlorpromazine; GAF = Global Assessment of Functioning; HAM-D-17 = Hamilton Rating Scale for
Depression-Revised, 17-item version; |1Q = intelligence quotient; SD = standard deviation; VFT = verbal fluency task; VPA = sodium
valproate; YMRS = Young Mania Rating Scale.
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Fig. 1. The upper figures show the grand-averaged waveforms of oxygenated hemoglobin (oxy-Hb) changes during the verbal flu-
ency task in hypomanic (red) and depressed (black) patients with bipolar disorder and healthy controls (gray). In the lower brain
mapping, colored circles indicate the significant channels in one-way ANOVA [false discovery rate (FDR)-corrected p < 0.05]. The
results of multiple comparisons are shown by color.

differences among the three groups were observed positive correlations between YMRS scores and
in all channels (FDR-corrected p > 0.05). mean oxy-Hb changes in all BD patients in the left

DLPFC and VLPFC (CHs 49 and 50, Spearman’s
Correlation between NIRS signals and clinicall rho = 0.660 and 0.727, FDR-corrected p < 0.05)
demographic characteristics. We found significant (Fig. 3). We also found negative correlations
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Fig. 2. Group differences in mean oxygenated hemoglobin (oxy-Ib) changes. The box plot shows mean oxy-Hb changes with 95%
confidence intervals in representative significant channels. FPC = frontopolar cortex; DLPFC = dorsolateral prefrontal cortex;
VLPFC = ventrolateral prefrontal cortex; VET = verbal fluency task. *p < 0.05.
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Fig. 3. Correlation with hypomanic symptom severity in mean
oxygenated hemoglobin (oxy-Hb) changes during the verbal
fluency task. The scatter plot illustrates a typical significant
channel (CH 49) in bipolar disorder. The circles indicate hypo-
manic patients and the diamonds represent depressed patients.
YMRS = Young Mania Rating Scale.

between YMRS scores and mean deoxy-Hb
changes in all patients with BD in the FPC (CH
25, Spearman’s rho = —0.706, FDR-corrected
p < 0.05). Other variables (HAM-D, GAF, dura-
tion of treatment, age, years of education, esti-
mated IQ, and VFT performance) were eliminated
by FDR correction.

Correlation between NIRS signals and doses of med-
ication. In order to consider the medication effects,
we calculated Spearman’s rank correlation coeffi-
cients between mean Hb changes and treatment
doses at the time of NIRS measurement of equiva-
lent doses of imipramine (n = 12), diazepam
(n=24), chlorpromazine (n=17), lithium
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(n = 13), and sodium valproate (n = 7). For the
mean oxy-Hb changes, significant correlations
(uncorrected p < 0.05) were revealed between
equivalent doses of imipramine and CH48
(rho = 0.660),  chlorpromazine and CH30
(tho = 0.611) and CH40 (rho = 0.518), and
sodium valproate and CHI10 (rho = —0.898) and
CH19 (tho = —0.767), while no significant correla-
tion was observed after the FDR correction.

In the mean deoxy-Hb changes, a tendency
toward significance (uncorrected p < 0.05) was
revealed between the equivalent doses of imipra-
mine and CH20 (rho=0.708) and CH36
(rho = —0.731); diazepam and CH13 (rho = 0.446)
and CH42 (rho = —0.4406); chlorpromazine and
CH49  (rho = —0.490); lithium and CHI1
(rho = 0.716); and sodium valproate and CHI11
(rho = 0.767) and CH19 (rho = —0.898); however,
no significant correlation was observed after FDR
correction. Other variables regarding medication
and Hb changes were eliminated by uncorrected
p < 0.05.

Longitudinal assessment of the hypomanic group

Clinical symptom changes. The mean measurement
interval was 14.4 months (SD = 8.9 months,
range: 2-29 months). Changes in patient symptoms
and clinical characteristics are shown in Table 2.
Of the eight patients who participated in the fol-
low-up assessment, four were euthymic and four
patients were depressed at the second NIRS mea-
surement. YMRS scores were significantly
decreased in the second NIRS measurement com-
pared to the first. Regarding medication at the time
of NIRS measurement, lithium doses were signifi-
cantly larger when hypomanic symptoms were
present (+) than when they were absent (—). No
differences were found in the other variables
between the two NIRS measurements.

Temporal Hb changes in the PFC. Mean oxy-Hb
changes were significantly larger when hypomanic



Table 2. Characteristics of participants in the longitudinal assessment
(n =8¢

Hypomanic (—) Hypomanic (+)

Mean (SD) Mean (SD) p-value
HAM-D-17 7.9(6.3) 6.4 (6.0) 0.64
YMRS 3.1(3.2) 18.1(5.4) <0.01
VFT performance 13.8(6.3) 13.8(6.3) 1.00
CP eq. dose 536.4 (598.0) 686.8 (394.4) 0.44
(mg/day)®
Imipramine eq. dose 7.1(18.9) 0(0) 0.36
(mg/day)®
Diazepam eq. dose  14.1 (10.0) 17.9(7.4) 0.21
(mg/day)®
Lithium (mg/day)® 666.7 (163.3)  833.3(81.6) 0.04

CP = chlorpromazine; HAM-D-17 = Hamilton Rating Scale for
Depression-Revised, 17-item version; VFT = verbal fluency
task; YMRS = Young Mania Rating Scale.

& amotrigine, clonazepam, carbamazepine, sodium valproate

(n<3).
on =7,
°n=6.

symptoms were present (+) compared to when they
were absent (—) in eight channels located approxi-
mately in the FPC and DLPFC (CHs 9, 14, 24, 28,
36, and 4749, p = 0.005-0.046). The representa-
tive longitudinal changes within subjects are shown
in Figure 4. Mean deoxy-Hb changes when hypo-
manic symptoms were present (+) were signifi-
cantly smaller than those when symptoms were
absent (—) in two channels located in the temporal
region (CHs 11 and 32, p = 0.036).

Correlation between temporal Hb changes and dose
changes of medication. Significant differences were

ypomanic (+) > hypomanic (-)

Task 60 sec
-«

\.\K\\;&A
V4

memamem hypOManic (+)
e hypOMANIC (—)

oxy-Hb changes in CH48 (mMsmm)
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observed between the differences in mean Hb
changes and changes in medication dosage based
on hypomanic symptoms [present (+) or absent
(—)], as follows: A oxy-Hb, A equivalent doses of
chlorpromazine and CHs 1, 11, 16, and 23; A
equivalent doses of diazepam and CHs 2, 10, and
32; A doses of lithium and CH 45; A deoxy-Hb: A
equivalent doses of chlorpromazine and CHs 5 and
24). Other variables for medication (oxy-Hb: A
equivalent doses of imipramine; deoxy-Hb: A
equivalent doses of imipramine, A equivalent doses
of diazepam, and A doses of lithium) and channels
were eliminated by p < 0.05. No significant corre-
lations were found in the significant channels for
the comparison of mean oxy-Hb changes in hypo-
manic symptoms (+) with those in hypomanic
symptoms (—).

Discussion

This study used a combination of cross-sectional
and longitudinal assessments to characterize state-
dependent changes in hemodynamic response asso-
ciated with cognitive activation in individuals with
BD. The comparison of prefrontal activation
between the two BD groups and the HC group
revealed that both BD groups exhibited signifi-
cantly smaller activation in the VLPFC during the
VFT. Within the BD group, the activation of oxy-
Hb changes in the hypomanic patients was signifi-
cantly larger than that of the depressed patients in
the left DLPFC. In addition, hypomanic symptom
severity as assessed by the YMRS was positively
correlated with activation in the left DLPFC and

03
025+
0.2
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o

Mean oxy-Hb changes in CH48 (mM-mm)

hypomanic (+) hypomménic -
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Fig. 4. Temporal changes in prefrontal activation after the resolution of hypomanic symptoms. In the left-upper brain mappings,
yellow circles indicate the significant channels using Wilcoxon signed-rank tests between hypomanic-present (+) and hypomanic-
absent (—) symptoms in bipolar disorder (uncorrected p < 0.05). The lower-left graph shows the grand-averaged oxygenated hemo-
globin (oxy-Hb) waveforms of a typical significant channel (CH 48). The red lines indicate hypomanic (+) and the black lines indicate
hypomanic (—) patients. The right line chart shows the mean oxy-Hb changes in the two near-infrared spectroscopy (NIRS) measure-
ments for each patient. The values of the first and second NIRS measurements for each patient are connected by gray lines. The bold
black line shows the median value. In CH48, oxy-Hb data for one patient were excluded because they showed a noisy waveform
when hypomanic symptoms were present (+). Therefore, the statistical analysis for CH48 was performed using data from seven

patients.
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FPC in patients with BD. Furthermore, the longi-
tudinal assessment in hypomanic patients revealed
that prefrontal activation was decreased in the
absence of hypomanic symptoms.

Hypofrontality during an executive function task in BD

Previous studies have consistently found reduced
activation in the PFC, mainly the VLPFC, during
executive dysfunction across mood states com-
pared with HCs (12, 24-28, 55, 56). Neuropsycho-
logical examination also has shown worse
performance in  both hypomanic/manic and
depressed patients compared with HCs (57). The
VLPFC and the anterior cingulate cortex play an
important role in cognitive reappraisal and emo-
tional regulation (58). Functional neuroimaging
studies have found decreased activation in the
VLPFC across mood states (11-13). These results
suggest that VLPFC hypoactivation during execu-
tive functions may be a common characteristic of
symptomatic patients with BD.

Association between NIRS signals and mood states

In the first cross-sectional assessment, we demon-
strated that left DLPFC activation in depressed
patients was significantly lower than that in
hypomanic patients. Some studies examining
mood-state differences in brain functioning using a
color—word Stroop or emotion face task have
shown abnormalities in prefrontal functioning in
BD across mood states compared to HC groups
(12, 59). However, other neuroimaging studies
using verbal fluency or language tasks in patients
with BD have demonstrated reduced PFC activa-
tion in euthymic patients compared to HCs (56,
60), while others found larger activation in euthy-
mic patients compared to HCs (14, 61). In addi-
tion, state-related changes in the PFC also were
identified within BD, though hypo- or hyperfron-
tality depended on the task (12, 59, 62). Moreover,
a review of longitudinal studies in neuroimaging
and neuropsychological tests in BD has pointed
out that brain function was altered according to ill-
ness phase (e.g., active or in remission) and mood
state (e.g., manic, depressed, or euthymic) (3).
Thus, it can be concluded that the PFC (DLPFC
in particular) shows different activity in individuals
with BD depending on their mood state.

Hypomanic symptoms and the left DLPFC

We found that patients with hypomanic symptoms
exhibited increased activation during the VFT in
the left DLPFC and FPC compared to patients
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with depressive symptoms in the cross-sectional
assessment and patients without hypomanic symp-
toms in the longitudinal assessment. Correlational
analyses also showed an association between left
DLPFC function and hypomanic symptoms. Our
results are comparable with past research that
found FPC activation during a response inhibition
task (63) and increased connectivity within the left
inferior frontal gyrus (35) only in manic states.

The DLPFC demonstrates structural and func-
tional connectivity with other PFC subregions as
well as the temporal cortex, parietal cortex, thala-
mus, striatum, and hippocampus, and plays a role
in the top-down regulation of thought and behav-
ior (64). Patients with focal DLPFC damage are
known to present volitional and behavioral distur-
bances such as decreased spontaneous speech, apa-
thy, lowering of motivation, fatigability, and
depressive symptoms (65). A recent NIRS study in
healthy adults found an association between high
apathy scores and small oxy-Hb changes in the left
PFC during a VFT (66). In addition, patients with
affective  disorders have revealed relatively
decreased activation in the left DLPFC during
depressive episodes (32). In contrast, during hypo-
manic episodes, patients exhibit symptoms of
increased activity and rapid speech as well as ele-
vated and/or irritable mood, grandiosity, and
reduced need for sleep. This suggests that DLPFC
function might be relatively intact during an execu-
tive task, leading BD patients to be more talkative
and energetic during hypomanic episodes.

Effects of medication on prefrontal activation

The differences in prefrontal functioning across
mood states may also be explained by the effects of
medication. Specifically, our data showed a ten-
dency for hypomanic patients to be prescribed
higher doses of lithium than depressed patients in
the cross-sectional assessment; the longitudinal fol-
low-up assessment indicated a similar trend. Neu-
roimaging studies of medication effects on
individuals with BD have shown increased gray
matter volume with lithium medication (including
in the amygdala and anterior cingulate gyrus), sug-
gesting a potentially neuroprotective effect of lith-
tum (67). Acute mania is associated with elevated
glutamate/glutamine levels in the left DLPFC (68),
and lithium treatment is known to reduce glutama-
tergic overstimulation and protect neurons against
excitotoxicity (69). Another study has shown
decreased left IFG activation after lithium medica-
tion in euthymic patients (70). These studies sug-
gest a transient increase in left DLPFC activation
with increased lithium dosage. Patients in the



present study were recruited from a clinical setting,
and we did not set criteria for medication. Even
though not all patients took lithium, and we con-
firmed that the correlation between medication
dose and NIRS signal was not significant both in
the cross-sectional and longitudinal assessments,
we could not completely rule out the possibility
that decreased activation after the resolution of
hypomanic symptoms was caused by psychotropic
medication. Medication effects are one of the most
important considerations when exploring the neu-
ral underpinnings of executive dysfunction in BD.

Prefrontal activation and task performance

In the present VFT, task performance was similar
among groups in the cross-sectional assessment
and the longitudinal follow-up assessment, and
no significant correlations were found between
task performance and YMRS total scores
(rho = 0.074, p = 0.727). This indicates that par-
ticipants in the present study could perform the
VFT regardless of the severity of their hypo-
manic symptoms. The present VFT design was
modified from an original neuropsychological test
used in clinical settings. In this modified version
of the VFT, the assigned syllables were changed
every 20 sec during the 60-sec task period
because of the reduction of time during which
the subjects were silent (30). Therefore, this mod-
ified VFT was easy for the participants, and they
showed similar performance. Differences in pre-
frontal activation among the groups with similar
task performance suggest that the groups differed
in their neural processing of the task demand to
generate the appropriate words. In addition, the
present study and previous NIRS studies using
this VFT design found no significant correlation
between prefrontal activation and the number of
correct words generated by a participant during
task performance (19, 30, 44). Moreover, previ-
ous NIRS studies that used this modified VFT
showed lower activation during the VFT in
patients with major depressive disorder (19) and
BD (30) relative to HCs. Thus, we consider the
larger prefrontal activation during the modified
VFT adopted in this study as an indicator of
good prefrontal function.

Limitations

This study has some limitations. First, NIRS mea-
sures only the surface area of the brain; therefore,
we could not measure activity in deep brain struc-
tures such as the limbic system. Secondly, the num-
ber of study participants, particularly in the
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longitudinal follow-up assessment, was relatively
small. For this reason, these findings cannot be
generalized to a broader population of patients
based on this study alone. Thirdly, as discussed
previously, all patients were taking medication at
the time of the NIRS measurements. Fourthly,
patients with BD in the present study might be het-
erogeneous, with a wide range of individual differ-
ences. Because we focused on hypomanic
symptoms and prefrontal functioning, we analyzed
the combined BD subtypes. However, previous
studies have revealed differences between BD-I and
BD-II in quality of life (71), cognitive impairment
(4), and brain metabolism (72). Larger-scale fol-
low-up studies are required to confirm our results.
Fifthly, we could not rule out the possible effects
of psychotropic medications, as pointed out above.
According to a review on the effects of medication
on neuroimaging findings in BD, the majority of
studies found that medication effects are not likely
responsible for the differences observed between
patients with BD and HCs (73). However, the
absence of a significant correlation does not mean
there was no effect. Further studies are needed to
consider individual drugs with a sufficient number
of patients at an earlier stage of BD. Finally, the
present study design did not set up a healthy
control group for the longitudinal assessment, and
we could not entirely rule out the possibility of rep-
etition effects of NIRS measurement; previous
studies have confirmed longitudinal stability on a
monthly basis in healthy adults (21-23).

Conclusions

In conclusion, using NIRS, we found a state-
dependent change in prefrontal hemodynamic
responses associated with cognitive activation in
BD. The current data provide valuable insights
into prefrontal functioning during hypomanic
states, and suggest that NIRS measurement may
be a useful tool for objectively evaluating state-
dependent characteristics of prefrontal hemody-
namics in BD. However, the present results are
preliminary; future research should explore medi-
cation effects in large samples.
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