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Deactivation of the prefrontal 
cortex during exposure to 
pleasantly-charged emotional 
challenge
Kanji Matsukawa, Ryota Asahara, Miho Yoshikawa & Kana Endo

Our laboratory reported that facial skin blood flow may serve as a sensitive tool to assess an emotional 
status and that both prefrontal oxygenation (as index of regional cerebral blood flow) and facial 
skin blood flow decrease during positively-charged emotional stimulation, without changing hand 
skin blood flow and arterial pressure. However, the focal location of the prefrontal responses in 
concentration of oxygenated haemoglobin (Oxy-Hb) that correlate with peripheral autonomic reaction 
remained unknown. This study was undertaken using 22-channel near-infrared spectroscopy to reveal 
spatial distribution of the responses in Oxy-Hb within the prefrontal cortex (PFC) during emotionally-
charged audiovisual stimulation. Pleasantly-charged (comedy) stimulation caused a substantial 
decrease of Oxy-Hb in all regions of the PFC in 18 subjects, especially in the rostroventral frontopolar 
PFC, whereas negatively-charged (horror) or neutral stimulation (landscape) exhibited a weaker 
decrease or insignificant change in the prefrontal Oxy-Hb. In the rostral parts of the dorsolateral and 
ventral frontopolar PFC, the oxygenation response during comedy stimulation exhibited the most 
significant positive correlation with the decrease in facial skin blood flow. Thus the rostral regions of 
the PFC play a role in recognition and regulation of positive emotion and may be linked with neurally-
mediated vasoconstriction of facial skin blood vessels.

The accumulating evidence suggests that the prefrontal cortex (PFC) is engaged in emotional recognition and 
processing as well as multiple functions such as attention, planning of motor act, and cognitive function. Lesion 
of the ventromedial prefrontal cortex and stroke of the right middle cerebral artery induced a deficit of emo-
tional recognition1,2. Noninvasive stimulation with transcranial direct current of the ventromedial prefrontal 
cortex facilitated processing of pleasant scenes3. Thus the PFC may play an important role in creating emotional 
feeling. Neuroimaging studies for seeking neural correlates within the PFC have been conducted using positron 
emission tomography (PET) and functional magnetic resonance imaging (fMRI) in humans. Negatively-charged 
stimulation of sadness, fear, and disgust evoked an increase in activity of the medial, ventrolateral, and orbitof-
rontal PFC as well as the amygdala and anterior cingulate cortices4–8. In contrast, the prefrontal responses to 
positively-charged stimulation of pleasantness and happiness are controversial among the literatures. Regional 
cerebral blood flow (CBF) in the medial, dorsolateral (DLPFC), and orbitofrontal PFC was increased by pos-
itive emotional stimulation6,9–12. Other studies4,13 reported that regional CBF was decreased in the right PFC 
and amygdala, suggesting deactivation of the cortical and subcortical areas. Since the neuroimaging procedures 
accompany restriction of posture and body movement and probably impose stress more or less, such restriction 
may affect the emotional response, particularly to a positively-charged stimulation. As another problem of the 
imaging procedures, it is difficult to conduct real-time monitoring of prefrontal activity simultaneously with 
peripheral autonomic and circulatory changes, because the signal of blood oxygen level-dependent contrast has 
low time resolution and low signal to noise ratio.

The output of the PFC may affect the autonomic nervous system, because extensive connections from the 
prefrontal cortex to the autonomic nuclei or organs have been reported in the rat14–16 and monkey17,18. Chemical 
and electrical stimulation of the prefrontal cortex evoked the cardiovascular, respiratory, and metabolic changes 
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in the rat19–22. Also, it is known that prefrontal activity correlated with the vagal component of heart rate varia-
bility during exercise23–25 and was involved in the behavioral and cardiovascular responses to fear conditioning26 
and arousal stimulation27. Accordingly, it was hypothesized that if emotional stimulation may elicit modulation 
in prefrontal activity, a change in prefrontal activity may in turn evoke autonomic reaction. To test the hypoth-
esis, two methodologies developed recently were taken into account. One was measurement of regional facial 
skin blood flow with laser speckle and/or Doppler flowmetry as a more sensitive tool to assess an emotional 
status, rather than limb skin blood flow and systemic haemodynamics28. The other was near-infrared spectros-
copy (NIRS), which is able to detect the dynamic changes in concentration of regional oxygenated haemoglobin 
(Oxy-Hb) as index of cortical activity in a mobile condition. With two-channel NIRS probes attached on the 
forehead, we have recently revealed that positively-charged audiovisual stimulation can evoke a reduction in pre-
frontal oxygenation, which may imply a decrease in regional CBF and thereby may reflect reduced activity in the 
PFC29. However, since the spatial distribution of the Oxy-Hb response has not been examined, it was important 
for understating of neural mechanisms within the PFC to determine detail location of the prefrontal oxygenation 
response during emotionally-charged interventions (defined as audiovisual stimulation in this study). The present 
study was therefore undertaken (1) to measure the prefrontal Oxy-Hb responses on the different 22 locations 
using multichannel NIRS during emotionally-charged interventions and (2) to reveal the spatial distribution of 
the oxygenation responses in terms of both response magnitude and the extent of correlation with the changes in 
facial skin blood flow.

Results
All data, including the prefrontal oxygenation, facial skin blood flow, cardiovascular variables, and subjective rat-
ings, were compared among the three trials of each emotional intervention (comedy, horror, or landscape video), 
to verify the accuracy and reproducibility of the data. The individual data were thereafter averaged over the trials.

Subjective ratings of pleasantness and consciousness.  As soon as every trial for an individual movie 
was completed, the subjective ratings of pleasantness and consciousness were asked against exposure to the 
emotionally-charged movie (as shown in Fig. 1). The subjective ratings of pleasantness and consciousness did 
not differ among the three trials of each emotional intervention (pleasantness, F2,34 = 3.019, P = 0.062 by two 
way repeated measures ANOVA; consciousness, F2,34 = 0.331, P = 0.720). The average pleasantness score was the 
highest with the comedy movie (2.6 ± 0.3) and the lowest with the horror movie (−2.3 ± 0.5); the difference in 
the pleasantness score was significant (F2,34 = 49.851, P < 0.001). On the other hand, the average consciousness 
scores with both comedy and horror movies (3.4 ± 0.4 and 3.7 ± 0.4, respectively) were higher as compared to 
the landscape movie (2.4 ± 0.5) (F2,34 = 19.639, P < 0.001). No correlation was detected between the extents of 
pleasantness and consciousness [correlation coefficient (γ) = −0.029, P = 0.714, n = 162 trials by Spearman’s rank 
correlation method].

Cardiovascular responses during emotionally-charged stimulation.  Baseline heart rate (HR) and 
stroke volume (SV) were 70 ± 3 beats/min and 74 ± 3 mL, respectively; cardiac output (CO) was 5.1 ± 0.2 L/
min accordingly. Baseline mean arterial blood pressure (MAP) and total peripheral resistance (TPR) were 
94 ± 2 mmHg and 19 ± 1 mmHg∙min/L, respectively. Figure 2 summarises the cardiovascular responses dur-
ing emotional interventions, which were analysed by two way repeated measures ANOVA with the factors of 
time period (before vs. during) and emotional intervention (comedy, landscape, and horror). Two way ANOVA 
revealed that HR and SV slightly changed during emotional stimulation (F1,17 = 7.946–26.438, P < 0.001 or 
P = 0.012) while CO, TPR, and MAP were not influenced (F1,17 = 0.002–2.958, P = 0.104–0.962), suggesting 
no substantial responses in the systemic haemodynamics to any emotional intervention. Furthermore, the 
cardiovascular variables, except MAP, did not differ among the emotional interventions (F2,34 = 0.090–1.394, 
P = 0.262–0.412). MAP was higher by 4–5 mmHg in horror intervention than comedy or landscape intervention 
(F2,34 = 10.038, P < 0.001). This difference was attributed to a rise in baseline MAP (Fig. 2).

Prefrontal oxygenation during emotionally-charged stimulation.  Figure 3 represents the time 
courses of the Oxy-Hb changes in the PFC, which were averaged among the three trials of each emotional inter-
vention and further averaged in 18 subjects. During exposure to the comedy movie, the Oxy-Hb at all 22 loca-
tions of the PFC decreased significantly (χ2-value = 1372.7–2100.2, P < 0.001 by Friedman repeated measures 
ANOVA on ranks). As shown in Fig. 3, immediately after the onset of the comedy stimulation, the prefron-
tal Oxy-Hb started to reduce and remained at a plateau level throughout the comedy stimulation. The latency 
of the significant reduction in Oxy-Hb was 29 ± 1 s. After the end of the comedy intervention, the prefrontal 
Oxy-Hb returned quickly to the baseline level. During exposure to either landscape or horror movie, the pre-
frontal Oxy-Hb decreased significantly at 55–64% of the 22 channels (mostly in the medial regions of the PFC) 
(χ2-value = 467.9–1066.0, P < 0.001). As compared to the Oxy-Hb decrease during the comedy intervention, the 
Oxy-Hb responses were blunted and delayed. The latency of the significant reduction in Oxy-Hb during viewing 
landscape or horror movie was 42 ± 6 s and 47 ± 4 s, respectively. On the other hand, the prefrontal Deoxy-Hb 
failed to change or slightly elevated in response to exposure to any emotionally-charged movie (as exemplified in 
Supplementary Figure S1).

In Fig. 4, the Oxy-Hb responses during 2-min exposure of emotional interventions were analysed by two way 
repeated measures ANOVA with the factors of prefrontal 22-channel location and emotional intervention (com-
edy, horror, and landscape). The statistical analysis revealed significant main effects of both prefrontal location 
(F21,336 = 3.475, P < 0.001) and emotional intervention (F2,32 = 17.356, P < 0.001) and a significant interaction 
between them (F42,667 = 2.175, P < 0.001). At any prefrontal location, the Oxy-Hb was more decreased (P < 0.001 ~  
P = 0.034) during comedy intervention as compared to the changes during horror and landscape interventions 



www.nature.com/scientificreports/

3ScIentIfIc REports |  (2018) 8:14540  | DOI:10.1038/s41598-018-32752-0

(Fig. 4A). On the other hand, the response in Oxy-Hb was not significantly different between horror and landscape 
interventions (P = 0.088–0.988) at all prefrontal locations (except the channels of 9 and 22, P = 0.026 or 0.041).

With the comedy intervention (Fig. 4A), the significant reduction of the Oxy-Hb (termed ΔOxy-Hbcomedy) 
from the baseline was recognised (P < 0.001) at all prefrontal locations. The 13th channel (corresponding to the 
right rostral DLPFC) demonstrated the greatest reduction, which was significantly greater than ΔOxy-Hbcomedy at 
the remaining prefrontal locations (P = 0.001–0.038, as denoted by α in Fig. 4A). The 17th channel (corresponding 

Figure 1.  (A) Localisation of the 22 NIRS probed on the head. The anatomical locations of all NIRS probes, 
estimated by a three-dimensional digitizer, are summarised in Supplementary Figure S2. (B) experimental 
protocols about emotionally-charged audiovisual stimulation. The subjective ratings of pleasantness and 
consciousness were asked immediately after each trial of emotional stimulations as shown by arrows (↓). (C) 
comparisons of the subjective ratings of pleasantness and consciousness taken after each trial of emotional 
interventions (comedy, landscape, and horror). †, Significant difference (P < 0.05) among emotional 
interventions. N. S., not significant difference between emotional interventions.
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to the right caudal DLPFC) showed the smallest reduction, which was significantly different from ΔOxy-Hbcomedy 
at several locations (P < 0.001 ~ P = 0.011, as denoted by β in Fig. 4A). With the horror intervention, the Oxy-Hb 
(termed ΔOxy-Hbhorror) was significantly decreased (P < 0.001 ~ P = 0.017) from the baseline at 64% of the 22 
locations. A significant difference in ΔOxy-Hbhorror was detected between the 9th channel (corresponding to the 
right caudal DLPFC) and other 11 locations (P < 0.001 ~ P = 0.025, as denoted by γ in Fig. 4A) and between the 
4th channel (corresponding to the right frontopolar area) and other 3 locations (P = 0.002–0.044, as denoted by δ 
in Fig. 4A). However, with the landscape intervention, no significant differences in the Oxy-Hb response (termed 
ΔOxy-Hbland) were detected between any pair of the prefrontal locations, although ΔOxy-Hbland was signifi-
cantly decreased (P < 0.001 ~ P = 0.0364) from the baseline at all prefrontal locations (except the 22th channel, 
P = 0.246).

By assuming that landscape intervention corresponded to a neutral emotional status (as judged by the results in 
Fig. 1C) and involved non-emotional audiovisual stimulation, the Oxy-Hb responses during landscape interven-
tion were subtracted from those during comedy or horror intervention (Fig. 4B). When the subtracted data were 
analysed by two way repeated measures ANOVA with the factors of prefrontal location and emotional interven-
tion, the analysis revealed statistical significance in the effects of emotional intervention (F1,13 = 12.693, P = 0.003) 
and interaction (F21,273 = 3.798, P < 0.001), but not prefrontal location (F21,273 = 1.338, P = 0.150). Accordingly, 
the subtracted Oxy-Hb responses (termed ΔOxy-Hbcomedy-land and ΔOxy-Hbhorror-land, respectively) were sig-
nificantly different between the two emotional interventions. With comedy intervention, ΔOxy-Hbcomedy-land  
was significant (P < 0.001 ~ P = 0.0135) as compared to the baseline at all prefrontal locations except the 9th chan-
nel (P = 0.0595). However, ΔOxy-Hbcomedy-land did not differ between any pair of the locations (P = 0.204–0.998). 
With horror intervention, although ΔOxy-Hbhorror-land did not change from the baseline at all prefrontal locations 
(P = 0.081–0.976), a significant difference in ΔOxy-Hbhorror-land (P = 0.010–0.045) was observed between the 4th, 
9th, or 14th channels and the most caudal DLPFC regions (the 16th and 20–22th channels).

Figure 2.  The average changes in heart rate (HR), stroke volume (SV), cardiac output (CO), total peripheral 
resistance (TPR), and mean arterial blood pressure (MAP) during an emotionally-charged intervention 
(comedy, landscape, and horror) in 18 subjects. The cardiovascular variables were analysed by two way repeated 
measures ANOVA with two main factors of time period (before vs. during) and emotional intervention. The 
cardiovascular variables were not significantly altered by the time period, suggesting no significant responses to 
a given emotional intervention. #, Significant difference (P < 0.05) between emotional interventions. N. S., not 
significant difference between emotional interventions.
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Relationships between prefrontal oxygenation and the changes in facial skin blood flow.  Skin 
blood flow in the forehead and cheek and the dorsum of the hand were simultaneously measured during 
exposures to the positively-charged comedy intervention. Figure 5A superimposes the time courses of the 
group-averaged responses in the prefrontal Oxy-Hb (at the NIRS channel 5), skin blood flow (forehead, cheek, 
and hand), and MAP during individual trials of comedy stimulation. Forehead and cheek skin blood flow 
decreased during comedy intervention (χ2-value = 816.797–843.080, P < 0.001), whereas hand skin blood flow 
and MAP did not change except the brief initial period for 10 s. To examine the spatial distribution of the prefron-
tal Oxy-Hb responses in terms of the extent of correlation with the peripheral circulatory variables, a multivariate 
correlation analysis was performed using the averaged time course data at every NIRS channel. The squares (γ2) 
of the Spearman’s rank correlation coefficients with skin blood flow and MAP are plotted over the 22 NIRS chan-
nels in Fig. 5B.

The correlation coefficient data of γ2 were analysed by two way repeated measures ANOVA with the factors 
of the peripheral circulatory variable (skin blood flow and MAP) and prefrontal location (as shown in Fig. 5B). 
The statistical analysis detected the significant effect of the peripheral variables (F3,6 = 23.214, P < 0.001). At 
any prefrontal location, the γ2 values with cheek and forehead skin blood flow were much greater (P = 0.036 ~ 
P < 0.001) than the γ2 values with hand skin blood flow and MAP, although the γ2 values did not differ between 
cheek and forehead skin blood flow (P = 0.270–0.966). In addition, hand skin blood flow and MAP exhibited no 

Figure 3.  The time courses of the average changes in prefrontal oxygenated-haemoglobin (Oxy-Hb) over the 
22 NIRS channels during each emotionally-charged intervention in 18 subjects. The time course data are shown 
as mean ± S. E. M. *, Significant response (P < 0.05) from the baseline before intervention. In addition, the 
symbol of (*) indicates the time point, at which the change in prefrontal Oxy-Hb became significant first in each 
tracing. The dynamic changes in concentrations of prefrontal deoxygenated-haemoglobin (Deoxy-Hb) during 
emotionally-charged challenges, as well as Oxy-Hb, are represented in Supplementary Figure S1.
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significant differences in the γ2 value at any NIRS channel (P = 0.054–0.292). The statistical analysis also revealed 
the significant effect of prefrontal location (F21,42 = 8.006, P < 0.001) and a significant interaction (F63,126 = 1.860, 
P = 0.002) between the main factors. In the prefrontal correlates with cheek skin blood flow, the greatest γ2 of 
0.5823 occurred at the prefrontal 5th channel (corresponding to the left rostral DLPFC); in the prefrontal cor-
relates with forehead skin blood flow, the greatest γ2 of 0.5455 occurred at the 4th channel (corresponding to 
the right rostroventral frontopolar). In correlation with both cheek and forehead skin blood flow, the rostral 
part of the PFC (at the NIRS channels of 1, 4, 5 and 9; as indicated by arrows in Fig. 5B) had a greater γ2 value 
(P = 0.001–0.045) than those in the caudal part of the PFC (at NIRS channels of 12, 15–17, 19–21).

The changes in prefrontal oxygenation and facial skin blood flow during conversation.  When 
conversation was made by asking the subjective ratings of pleasantness and consciousness, an increase in the pre-
frontal Oxy-Hb was observed on both sides (as exemplified in Fig. 6), without changing the prefrontal Deoxy-Hb. 
Forehead and cheek skin blood flow and arterial blood pressure (AP) usually failed to represent substantial 
changes during conversation.

Figure 4.  (A) The average changes in the Oxy-Hb responses during an emotionally-charged challenge 
(termed ΔOxy-Hbcomedy, ΔOxy-Hbland, and ΔOxy-Hbhorror) are summarised over the prefrontal 22 locations. 
The data were statistically analysed by two way repeated measures ANOVA with the factors of emotional 
intervention and prefrontal location. *, Significant difference (P < 0.05) in the Oxy-Hb response from the 
baseline. #, Significant differences (P < 0.05) in the Oxy-Hb response between emotional interventions. α, 
Significant differences (P < 0.05) from ΔOxy-Hbcomedy at the 13th channel. β, Significant differences (P < 0.05) 
from ΔOxy-Hbcomedy at the 17th channel. γ, Significant differences (P < 0.05) from ΔOxy-Hbhorror at the 9th 
channel. δ, Significant differences (P < 0.05) from ΔOxy-Hb horror at the 4th channel. By assuming that landscape 
intervention corresponded to a neutral emotional status and involved non-emotional audiovisual stimulation, 
the Oxy-Hb responses during landscape intervention were subtracted from those during comedy or horror 
intervention (termed ΔOxy-Hbcomedy-land and ΔOxy-Hbhorror-land, respectively). (B) the subtracted data were 
analysed by two way repeated measures ANOVA in the same manner as A. *, Significant difference (P < 0.05) 
in the Oxy-Hb response from the baseline. #, Significant differences (P < 0.05) in the Oxy-Hb response between 
emotional interventions. α, Significant differences (P < 0.05) from ΔOxy-Hbhorror-land at the 9th channel. β, 
Significant differences (P < 0.05) from ΔOxy-Hbhorror-land at the 4th channel. γ, Significant differences (P < 0.05) 
from ΔOxy-Hbhorror-land at the 14th channel.
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Discussion
We have reported that facial skin blood flow decreases during positively-charged emotional stimulation and 
may serve as a more sensitive tool to assess an emotional or mood status in humans28. Furthermore, we have 
revealed that the decrease in facial skin blood flow is closely correlated to the responses in prefrontal oxygena-
tion measured with 2-channel NIRS probes attached on the forehead29. However, the spatial distribution of the 
dynamic changes in oxygenation over the PFC remained to be solved. The present study aimed to identify the foci 
of the oxygenation responses over the 22 locations of the PFC during emotionally-charged interventions and to 
examine to what extent prefrontal activity in each location was correlated with facial skin blood flow. The novel 

Figure 5.  (A) The simultaneous changes in prefrontal Oxy-Hb (NIRS-channel 5), forehead and cheek skin 
blood flow, hand skin blood flow, and MAP during positively-charged comedy stimulation in 18 subjects. The 
tracings of the averaged time course data at the three trials of comedy stimulation are superimposed. (B) using 
the average time course data, the Spearman correlation analysis was conducted between the changes in skin 
blood flow (cheek, forehead, or hand) or MAP and the Oxy-Hb response obtained in a given NIRS channel. 
The square values (ϒ2) of the Spearman correlation coefficients are plotted against the NIRS channel number. 
The data (ϒ2) were statistically analysed by two way repeated measures ANOVA, having the main effect of the 
peripheral variables (skin blood flow and MAP) and prefrontal location. #, Significant difference (P < 0.05) 
among the peripheral variables (two way repeated measures ANOVA and posthoc Student-Newman-Keuls 
test). About forehead skin blood flow, the channels of 1, 4, 5, and 9 [indicated by blue arrows (↓)] had greater ϒ2 
(P < 0.05) than the channels of 11, 12, 15–17, and 19–21; about cheek skin blood flow, the channels of 1, 4, and 5 
[indicated by black arrows (↓)] had greater ϒ2 (P < 0.05) than the channels of 12, 15–17, and 19–21.
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findings of this study are 1) that pleasantly-charged emotional intervention (comedy) decreased Oxy-Hb of all 
prefrontal regions, whereas negatively-charged stimulation (horror) and neutral stimulation (landscape) did not 
change significantly or slightly decreased the Oxy-Hb; 2) that when subtracting the Oxy-Hb response during neu-
tral landscape stimulation from the Oxy-Hb response during comedy or horror stimulation, ΔOxy-Hbcomedy-land 
decreased below the baseline in all prefrontal regions, while ΔOxy-Hbhorror-land tended to increase in the right 
rostral DLPFC; 3) that the changes in prefrontal oxygenation (particularly in bilateral rostroventral frontopolar 
and rostral DLPFC) had a highly significant positive correlation with the changes in cheek and forehead skin 

Figure 6.  The simultaneous changes in prefrontal Oxy-Hb, forehead and cheek skin blood flow, and arterial 
blood pressure (AP) during conversation are represented in one subject. When conversation was made by 
asking the subjective ratings of pleasantness and consciousness, an increase in the prefrontal Oxy-Hb was 
observed on both sides, despite no change in the prefrontal Deoxy-Hb (not shown). Facial skin blood flow and 
AP did not represent substantial changes during conversation.



www.nature.com/scientificreports/

9ScIentIfIc REports |  (2018) 8:14540  | DOI:10.1038/s41598-018-32752-0

blood flow, but not the changes in hand skin blood flow and MAP; 4) that, in contrast, prefrontal Deoxy-Hb did 
not change significantly or slightly increased during any of the emotional interventions. Thus the decrease in 
prefrontal oxygenation during the positively-charged emotional intervention suggests a reduction in regional 
CBF, which may reflect deactivation of the prefrontal cortex. Although the response size of prefrontal oxygenation 
could not be clearly differentiated among the regions within the PFC, correlation analysis with facial skin blood 
flow revealed that the bilateral rostroventral frontopolar and rostral DLPFC are the foci of the PFC responses.

The prefrontal response to positively-charged emotional stimulation of pleasantness and happiness is contro-
versial among the previous studies with fMRI and PET, although it has been consistently reported that the medial 
[Brodmann’s area (BA) 9 and BA10], ventrolateral (BA47), and orbitofrontal (BA11) subdivisions of the PFC are 
activated during viewing unpleasant pictures or processing negative emotion4–8. Viewing pleasant pictures or 
processing positive emotion decreased regional CBF in the right PFC as well as the amygdala4,13, while the same 
kind of emotional stimulation increased regional CBF in the DLPFC (BA46), medial PFC (BA9 and BA10), and 
orbitofrontal PFC (BA11)6,9–12. The controversy may be at least partly due to a difference in the imaging methods. 
In addition, both imaging procedures need restriction of posture and body movement, which may affect the 
prefrontal response to a positively-charged emotional intervention more than a negatively-charged one. Instead, 
NIRS is considered useful as measurement of the dynamic changes in regional cerebral oxygenation in a less 
stressful mobile condition. Also, we have found that audiovisually-elicited emotional stimulation can elicit every-
one more consistent pleasant feeling and subjective rating28, rather than in the case of viewing positively-charged 
images or facial expressions or recalling pleasant life episodes30–33. Using this intervention, the present study 
showed that the prefrontal Oxy-Hb decreased substantially during viewing a comedy movie, whereas it did not 
change significantly or slightly decreased during viewing horror and landscape movies. In contrast, prefrontal 
Deoxy-Hb did not change or slightly increased throughout any of the emotional interventions, suggesting that 
the changes in prefrontal oxygenation are attributed to the changes in regional CBF. Nevertheless, a possibility 
that the prefrontal oxygenation signal might involve extracranial skin blood flow within the illuminated tissue 
area cannot be neglected, because both prefrontal oxygenation signal and forehead skin blood flow decreased in 
parallel during viewing comedy movie. However, we found that prefrontal oxygenation was augmented during 
conversation without changing forehead skin blood flow (Fig. 6), in agreement with our previous study29. Such 
dissociation between the responses in prefrontal oxygenation and forehead skin blood flow has been recognised 
during a cognitive Stroop test and voluntary exercise34–36. Taken together, it is suggested that the prefrontal oxy-
genation signal recorded in this study may reflect prefrontal regional CBF, rather than extracranial skin blood 
flow. Furthermore, the changes in regional CBF are not passively evoked due to changes in perfusion pressure, 
because MAP did not alter during any of the emotional interventions (Figs 2 and 5).

Conversely, it is likely that a decrease in facial skin blood flow occurred in parallel to the reduction in prefron-
tal oxygenation during positively-charged emotional stimulation. In this study, the pleasantly-charged comedy 
stimulation caused a decrease in the prefrontal Oxy-Hb. This finding is supported by the previous result with PET 
by George et al.4, demonstrating that viewing pleasant pictures or processing positive emotion decreased regional 
CBF in the right PFC. Previous studies4–8 also reported that viewing unpleasant pictures or processing negative 
emotion activated the medial, ventrolateral, and orbitofrontal subdivisions of the PFC. However, we found that 
negatively-charged emotional stimulation (horror) failed to change substantially or decreased slightly oxygena-
tion in all prefrontal locations, contrary to the previous findings4–8. The discrepancy about the prefrontal response 
to negatively-charged intervention may be explained by the fundamental limitation of NIRS that the prefrontal 
activity recorded is confined to the superficial cortical layer approximately 2 cm below the head surface. On the 
other hand, the Oxy-Hbhorror-land response, subtracted the data from horror to landscape stimulation, tended to 
increase the Oxy-Hb in the right rostral DLPFC (Fig. 4B). Taken together, it is of interest that activity of the right 
rostral DLPFC tended to show reversible responses to the emotional interventions, i.e., a decrease in activity dur-
ing positive-charged stimulation and an increase in activity during negatively-charged stimulation.

It is difficult to identify an emotional or mood status in terms of the changes in systemic cardiovascular var-
iables and limb skin blood flow, unless fear-induced emotional stress or a stress-induced defensive behaviour is 
elicited37–42. Instead, we have proposed facial skin blood flow as a better physiological candidate for estimating 
an emotional or mood status28,29. Facial skin blood flow decreased during viewing a positively-charged movie 
but they failed to exhibit a significant response to negatively-charged emotional stimulation28,29. In this study, we 
found a highly significant positive correlation between the decreases in prefrontal oxygenation and facial skin 
blood flow in the cheek and forehead during positively-charged emotional stimulation (Fig. 5). On the other 
hand, the decrease in prefrontal oxygenation had no significant relationships with the changes in hand skin blood 
flow and MAP. Based on the relationships, it is speculated that autonomic regulation of cutaneous blood vessels is 
different between the facial and limb regions and that the response in facial skin blood flow may occur in parallel 
with the response in prefrontal activity, at least during positively-charged emotional stimulation.

As far as we know, the efferent connections between the PFC and facial cutaneous blood vessels remain to 
be studied. Previous neurotracing studies have revealed extensive connections from the prefrontal cortex (espe-
cially the ventromedial subdivision) to the autonomic nuclei or organs in the rat and monkey14–18. Chemical 
and electrical stimulation of the prefrontal cortex evokes cardiovascular, respiratory, and metabolic changes19–22. 
Accordingly, if activity of the prefrontal cortex is altered by emotional intervention, it is possible that a change 
in prefrontal activity may in turn elicit an autonomic reaction. We preliminary found that electrical stimulation 
of the prelimbic area of the medial PFC decreased lip skin blood flow in the anaesthetised rat, while stimulation 
of the infralimbic area of the medial PFC increased lip skin blood flow without changing MAP (Matsukawa 
and Asahara, unpublished observation). Thus activation of the infralimbic prefrontal cortex may elicit facial skin 
vasodilatation at least in the rat. Although this idea is supported by the present finding that the decrease in facial 
skin blood flow may occur in parallel with the decrease in prefrontal activity, the direct cause-effect relationship 
between prefrontal activity and facial skin blood flow remains to be solved in humans.
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Some substantial limitations are involved in this study. First, one important technical limitation of NIRS is that 
the oxygenation signal is confined to the superficial cortical layers of the PFC. Accordingly, the ventral parts of 
the PFC (such as the ventrolateral and orbitofrontal PFC) could not be approached with NIRS, because the sub-
divisions lie deep from the frontal surface of the head. Another technical limitation is a low spatial resolution as 
estimated from the distance of 3 cm between photoemitter and photodetector probes. Second, even if the change 
in regional CBF may reflect mass neural activity in a local brain region43, there is no way of knowing whether 
the increase in regional CBF involves excitatory or inhibitory neuronal activation or both. Third, although the 
movies of the comedy and landscape provided relatively stationary stimulation over the elapsed time period, the 
horror movie consisted of many variant scenes, which might induce not only fear and negative feeling but also 
neutral feeling. By this reason, the responses in prefrontal oxygenation became variable among subjects and even 
in a given subject. To avoid the nonstationary effect of the horror movie, use of negatively-charged static pictures 
taken from the database of the international affective picture system44 will be taken into account in future.

In conclusion, we have for the first time revealed that in the rostroventral frontopolar PFC and rostral 
DLPFC, pleasantly-charged emotional stimulation caused a decrease in Oxy-Hb, which had a good positive cor-
relation with the changes in cheek and forehead skin blood flow. Furthermore, the Oxy-Hb in the right ros-
tral DLPFC tended to represent the reversible responses to the emotional interventions (i.e., a decrease during 
positively-charged stimulation and an increase during negatively-charged stimulation). Based on the evidence, 
it is speculated that activity in the rostroventral frontopolar and rostral DLPFC plays a role in emotional recog-
nition and processing.

Methods
Participants.  Eighteen healthy volunteers (11 male and 7 female subjects) participated in the present study 
(age, 24 ± 1 years; body weight, 61 ± 3 kg; height, 165 ± 2 cm). None of the subjects suffered from any known 
cardiovascular and neuromuscular diseases and took any medication. All procedures and protocols in this study 
were performed in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical 
standards and were approved by the Institutional Ethical Committee of Hiroshima University (permit No. 1425). 
Informed consent from all individual participants was obtained prior to the experiments. All experiments were 
performed in thermoneutral and soundproof environment (room temperature, 25 ± 0.3 °C; relative humidity, 
49 ± 2%).

Subjective ratings of feelings stimulated by emotionally-charged movies.  The subjective feelings 
of pleasantness and consciousness were asked immediately after each trial of the emotionally-charged stimula-
tion, according to previous studies28,45,46. Pleasantness was rated with 11 grades from “the most pleasant” (+5) to 
“the most unpleasant” (−5). Consciousness was also rated with 11 grades from “the most conscious” (+5) to “the 
most unconscious” (−5). We explained to the subjects that “the most conscious” means the most awake condition 
being fully aware of the situation, while “the most unconscious” means the drowsiest or sleepiest condition being 
fully unaware of the situation. The assessment tables were displayed on a 60 inch TV display (Sharp Co., Tokyo, 
Japan) and the ratings were determined according to the feelings by individual subjects.

Measurements of facial and limb skin blood flow and systemic cardiovascular variables.  
Forehead, cheek, and hand skin blood flow were recorded with laser Doppler flowmetry as reported previously29. 
Doppler flow probes were placed on the middle of the forehead, the left cheek, and the dorsum of the right 
hand. Electrocardiogram (ECG) and respiratory movement were monitored with a telemetry system (DynaScope 
DS-3140, Fukuda Denshi, Tokyo, Japan). AP was noninvasively measured with a Finometer (Finapres Medical 
Systems BV, Arnhem, the Netherlands), whose cuff was attached to the left middle or index finger. The 
beat-to-beat values of MAP, CO, SV, and TPR were calculated from the aortic pressure waveform by using a 
Modelflow® software as reported previously28,29. The cardiovascular variables and Doppler skin blood flow were 
stored to computers at a sampling frequency of 1 kHz as reported previously29.

Oxygenated- and deoxygenated-hemoglobin concentrations of the PFC.  The relative con-
centrations of the Oxy- and Deoxy-Hb of the bilateral prefrontal cortices were measured with a multichannel 
NIRS (FOIRE-3000, Shimadzu Co., Kyoto, Japan). The concentrations of the Oxy- and Deoxy-Hb at 22 sites 
in a 15 × 15 cm area were measured with the NIRS probes placed over the frontal surface of the head (refer-
ring to the international EEG 10–20 system) as shown in Fig. 1. The probes were mounted on a plastic helmet 
that was securely held by adjusting screws and straps over the subject’s scalp. The interprobe distance was 3 cm. 
Near-infrared light from three laser photodiodes with different wavelengths (775, 810, and 850 nm) penetrated 
brain tissue. Some of the light was absorbed by Hb and the remaining light scattered by the brain tissue was 
picked up with photodetectors. According to a mathematical formula developed by Matcher et al.47, the measured 
changes in light attenuation at the three wavelengths were converted into corresponding concentration changes 
for the Oxy- and Deoxy-Hb with a specially-designed programme for the FOIRE-3000. Since the oxygenation 
signal of NIRS is determined by a balance between oxygen supply and utilization in microcirculation, the Oxy-Hb 
signal does not directly monitor regional blood flow. If the Deoxy-Hb of the prefrontal areas remains at or near 
the baseline level throughout the interventions, the change in Oxy-Hb reflects the change in regional tissue blood 
flow, which may partly follow neural activity in the brain48–52. Another point to be considered is that the signals 
of the NIRS are influenced not only by regional CBF but also by extracranial blood flow within the illuminated 
tissue area. To clarify the possible contribution of skin blood flow to the Oxy- and Deoxy-Hb signals, forehead 
skin blood flow was simultaneously monitored.

The three-dimensional location of each NIRS probe was determined using a magnetic space digitizer 
(FASTRAK, Polhemus, Colchester, VT). Using a probabilistic registration method (NIRS-SPM)53, the position 
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of each NIRS channel was identified on the Montreal Neurological Institute standard template54. A MRIcro pro-
gramme55 probabilistically estimated the anatomical brain regions and BA corresponding to the location of a 
NIRS probe as we reported recently56 (as shown in Supplementary Figure S2).

Experimental protocols.  Audiovisual stimulation by emotionally-charged movies was controlled by a com-
puter and displayed on the TV display with earphones approximately 2 m apart from the subjects, who sat on a 
comfortable chair. Three kinds of movies (comedy, horror, and landscape) were selected as emotionally-charged 
stimulation as reported previously28,29. Each of the emotionally-charged interventions (comedy, landscape, and 
horror) consisted of three consecutive trials involving different scenes captured from an individual movie. The 
comedy movie charged pleasant feeling, while the horror movie charged unpleasant one; the landscape movie 
induced neutral feeling (Fig. 1).

The prefrontal NIRS, cardiovascular, and facial and hand skin blood flow data were sampled at each trial, 
which contained the periods before (for 0.5 min), during (for 2 min), and after movie stimulation (for 0.5 min). At 
the pre- and post-stimulation periods, the subjects watched a small white circle on the TV black background. The 
data for 30 s before emotional stimulation were regarded as the baseline. Immediately after the cessation of each 
trial, the subjective ratings of pleasantness and consciousness were asked. The order of the three movie interven-
tions was randomized. A time interval between trials in a given emotional intervention and between emotional 
interventions (i. e., a transit time from comedy to landscape) was approximately 4–5 min. The subjects were asked 
not to evoke any facial movement during emotional challenges as much as possible, because any skin movement 
due to facial expressions (such as smiling and laughing etc.) caused an artefact in laser Doppler blood flow meas-
urements. Whenever such facial movement occurred during a trial of the emotional challenges, an artefact was 
recognised on the laser Doppler flow data and removed from the data acquired. Actually, a spike-like artefact in 
forehead skin blood flow was observed 4 times in 162 trials, while no visible artefact was observed in cheek skin 
blood flow. The mean duration of the artefacts in forehead skin blood flow was 0.4 ± 0.2 s and the mean amplitude 
was 8.9 ± 2.2 ml/min/100 g. On the other hand, a spike-like artefact occurred more frequently in hand skin blood 
flow (57 times). The mean duration of the artefacts was 0.8 ± 0.1 s and the mean amplitude was 3.8 ± 0.5 ml/
min/100 g. Taking the whole observation period into account, a distortion of forehead and hand skin blood flow 
data by removal of the artefacts was negligible (less than 0.16%). Thus the present data collection involved no 
substantial noise due to facial expression and/or hand movement during the emotional challenges.

Data and statistical analyses.  The mean cardiovascular variables before and during emotional interven-
tions for 2 min were averaged over the three trials of a given emotional intervention and further averaged in 18 
subjects. The group-averaged cardiovascular data were analysed by two way repeated measures ANOVA with the 
factors of time period (before vs. during) and emotional intervention (comedy, horror, and landscape). If signif-
icant differences in the main effects and interaction were obtained, a Student-Newman-Keuls posthoc test was 
performed for all pairwise comparisons.

Regarding the prefrontal NIRS, all multichannel Oxy-Hb and Deoxy-Hb signals were stored to a computer 
of the FOIRE-3000 at a sampling frequency of 7.7 Hz. In off-line condition, the raw NIRS data were resampled 
sequentially as an average every one second without any filtering procedure. At each of the 22 prefrontal locations, 
the resampled data were averaged over the three trials of each emotional intervention and further averaged in 
18 subjects (as shown in Fig. 4). The group-averaged time course data were analysed by a Friedman ANOVA on 
ranks. If a significant difference in the main effect of time was obtained, a Dunn’s posthoc test was performed to 
detect a difference in the mean values at a given time from the baseline. The latency was defined as the shortest 
time interval from the onset of emotional intervention to the significant changes. Next, using the same time 
course data, the mean Oxy-Hb response for 2 min was calculated for a given emotional intervention and averaged 
in 18 subjects. At each prefrontal location, a difference in the average Oxy-Hb response from the baseline was 
examined by one sample t-test. The dataset of the prefrontal Oxy-Hb responses was analysed by two way repeated 
measures ANOVA with the factors of the prefrontal location and emotional intervention (comedy, landscape, and 
horror). If significant differences in the main effects and interaction were obtained, a Student-Newman-Keuls 
posthoc test was performed for all pairwise comparisons in the Oxy-Hb response. Assuming that landscape inter-
vention was considered a neutral emotional condition (as judged from the subjective data in Fig. 1) and involved 
non-emotional audiovisual stimulation, the prefrontal Oxy-Hb responses were subtracted between the comedy 
and landscape condition and between the horror and landscape condition (as shown in Fig. 4B), to disregard an 
influence of non-emotional audiovisual stimulation. The subtracted Oxy-Hb responses were similarly analysed 
by one sample t-test and two-way repeated measures ANOVA.

At a given NIRS channel, the time course data of the changes in prefrontal Oxy-Hb, skin blood flow (cheek, 
forehead, and hand), and MAP during each trial of comedy stimulation were averaged in 18 subjects (as shown in 
Fig. 5A). To examine to what extent the activity in the PFC is correlated with the changes in peripheral circulatory 
variables, a Spearman correlation analysis between the prefrontal Oxy-Hb response and peripheral circulatory 
variables was performed using the time course data. The squares values (γ2) of Spearman’s rank correlation coef-
ficients in relation to peripheral variables (facial and hand skin blood flow and MAP) were obtained for each trial 
of comedy stimulation and for each of the 22 prefrontal locations. The γ2 value was considered as a dependent 
variable, while the NIRS channel location and peripheral parameters (facial and hand skin blood flow and MAP) 
were considered as independent variables. By comparing repeated measurements among the individual trials of 
comedy stimulation, the dataset of the γ2 values were analysed by two way repeated measures ANOVA with the 
factors of prefrontal location and peripheral parameter. If significant differences in the main effects and interaction 
were detected, all pairwise multiple comparisons were performed with the Student-Newman-Keuls posthoc test.
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Actually, the reduction in the prefrontal Oxy-Hb correlated to the decrease in forehead skin blood flow, sug-
gesting that the prefrontal NIRS responses might simply reflect a fall in extracranial vascular blood flow within 
the illuminated tissue area. To examine the possibility, the changes in forehead skin blood flow were compared 
with the simultaneous changes in the prefrontal Oxy-Hb during conversation using the identical subjects; because 
we know that conversation greatly increases prefrontal oxygenation but do not always elicit emotional changes. 
Conversation was made whenever the subjective ratings of pleasantness and consciousness were asked. The sub-
jective ratings of pleasantness and consciousness were analysed by two way repeated measures ANOVA and 
posthoc Student-Newman-Keuls test with the main effects of trial number and emotional intervention (comedy, 
horror, and landscape). The overall relationship between the subjective ratings of pleasantness and consciousness 
was assessed by a Spearman’s rank order correlation method. A level of statistical significance was defined at 
P < 0.05 in all cases. All statistical analyses were performed using SigmaPlot® version 13.0 (Systat Software, San 
Jose, CA). All variables are expressed as means ± S. E. M.

References
	 1.	 Wolf, R. C., Pujara, M., Baskaya, M. K. & Koenigs, M. Emotion recognition deficits associated with ventromedial prefrontal cortex 

lesions are improved by gaze manipulation. Cortex 82, 255–262 (2016).
	 2.	 Paradiso, S., Anderson, B. M., Boles Ponto, L. L., Tranel, D. & Robinson, R. G. Altered neural activity and emotions following right 

middle cerebral artery stroke. J. Stroke Cerebrovasc. Dis. 20, 94–104 (2011).
	 3.	 Junghofer, M., Winker, C., Rehbein, M. A. & Sabatinelli, D. Noninvasive Stimulation of the ventromedial Prefrontal Cortex 

Enhances Pleasant Scene Processing. Cereb. Cortex 25, 1–8 (2017).
	 4.	 George, M. S. et al. Brain activity during transient sadness and happiness in healthy women. Am. J. Psychiatry 152, 341–351 (1995).
	 5.	 Paradiso, S., Robinson, R. G., Boles Ponto, L. L., Watkins, G. L. & Hichwa, R. D. Regional cerebral blood flow changes during visually 

induced subjective sadness in healthy elderly persons. J. Neuropsychiatry Clin. Neurosci. 15, 35–44 (2003).
	 6.	 Habel, U., Klein, M., Kellermann, T., Shah, N. J. & Schneider, F. Same or different? Neural correlates of happy and sad mood in 

healthy males. Neuroimage 26, 206–214 (2005).
	 7.	 Wager, T. D. et al. Brain mediators of cardiovascular responses to social threat: part I: Reciprocal dorsal and ventral sub-regions of 

the medial prefrontal cortex and heart-rate reactivity. Neuroimage 47, 821–835 (2009).
	 8.	 Kida, I. & Hoshi, Y. Right ventrolateral prefrontal cortex involvement in the integration of emotional processing: Parametric 

mediation analysis of fMRI. Neurosci. Lett. 615, 92–97 (2016).
	 9.	 Lane, R. D., Reiman, E. M., Ahern, G. L., Schwartz, G. E. & Davidson, R. J. Neuroanatomical correlates of happiness, sadness, and 

disgust. Am. J. Psychiatry 154, 926–933 (1997).
	10.	 Paradiso, S. et al. Cerebral blood flow changes associated with attribution of emotional valence to pleasant, unpleasant, and neutral 

visual stimuli in a PET study of normal subjects. Am J Psychiatry 156, 1618–1629 (1999).
	11.	 Pelletier, M. et al. Separate neural circuits for primary emotions? Brain activity during self-induced sadness and happiness in 

professional actors. Neuroreport 14, 1111–1116 (2003).
	12.	 Iwase, M. et al. Neural substrates of human facial expression of pleasant emotion induced by comic films: a PET study. Neuroimage 

17, 758–768 (2002).
	13.	 Morris, J. S. et al. A differential neural response in the human amygdala to fearful and happy facial expressions. Nature 383, 812–815 

(1996).
	14.	 Takagishi, M. & Chiba, T. Efferent projections of the infralimbic (area 25) region of the medial prefrontal cortex in the rat: an 

anterograde tracer PHA-L study. Brain Res. 566, 26–39 (1991).
	15.	 Gabbott, P. L. A., Warner, T. A., Jays, P. R. L., Salway, P. & Busby, S. J. Prefrontal cortex in the rat: projections to subcortical 

autonomic, motor, and limbic centers. J. Comp. Neurol. 492, 145–177 (2005).
	16.	 Levinthal, D. J. & Strick, P. L. The motor cortex communicates with the kidney. J. Neurosci. 32, 6726–6731 (2012).
	17.	 Chiba, T., Kayahara, T. & Nakano, K. Efferent projections of infralimbic and prelimbic areas of the medial prefrontal cortex in the 

Japanese monkey. Macaca fuscata. Brain Res. 888, 83–101 (2001).
	18.	 Dum, R. P., Levinthal, D. J. & Strick, P. L. Motor, cognitive, and affective areas of the cerebral cortex influence the adrenal medulla. 

Proc. Natl. Acad. Sci. USA 113, 9922–9927 (2016).
	19.	 Verberne, A. J. Medullary sympathoexcitatory neurons are inhibited by activation of the medial prefrontal cortex in the rat. Am. J. 

Physiol. 270, R713–R719 (1996).
	20.	 Owens, N. C. & Verberne, A. J. Medial prefrontal depressor response: involvement of the rostral and caudal ventrolateral medulla in 

the rat. J. Auton. Nerv. Syst. 78, 86–93 (2000).
	21.	 Owens, N. C. & Verberne, A. J. Regional haemodynamic responses to activation of the medial prefrontal cortex depressor region. 

Brain Res. 919, 221–231 (2001).
	22.	 Hassan, S. F., Cornish, J. L. & Goodchild, A. K. Respiratory, metabolic and cardiac functions are altered by disinhibition of 

subregions of the medial prefrontal cortex. J. Physiol. 591, 6069–6088 (2013).
	23.	 Wong, S. W. et al. Sex differences in forebrain and cardiovagal responses at the onset of isometric handgrip exercise: a retrospective 

fMRI study. J. Appl. Physiol. 103, 1402–1411 (2007).
	24.	 Wong, S. W., Massé, N., Kimmerly, D. S., Menon, R. S. & Shoemaker, J. K. Ventral medial prefrontal cortex and cardiovagal control 

in conscious humans. Neuroimage 35, 698–708 (2007).
	25.	 Norton, K. N., Luchyshyn, T. A. & Shoemaker, J. K. Evidence for a medial prefrontal cortex-hippocampal axis associated with heart 

rate control in conscious humans. Brain Res. 1538, 104–115 (2013).
	26.	 Resstel, L. B., Joca, S. R., Guimarães, F. G. & Corrêa, F. M. Involvement of medial prefrontal cortex neurons in behavioral and 

cardiovascular responses to contextual fear conditioning. Neuroscience 143, 377–385 (2006).
	27.	 Critchley, H. D., Corfield, D. R., Chandler, M. P., Mathias, C. J. & Dolan, R. J. Cerebral correlates of autonomic cardiovascular 

arousal: a functional neuroimaging investigation in humans. J. Physiol. 523, 259–270 (2000).
	28.	 Matsukawa, K., Endo, K., Ishii, K., Ito, M. & Liang, N. Facial skin blood flow responses during exposures to emotionally charged 

movies. J. Physiol. Sci. 68, 175–190 (2018).
	29.	 Matsukawa, K. et al. Prefrontal oxygenation correlates to the responses in facial skin blood flows during exposure to pleasantly 

charged movie. Physiol. Rep. 5, 13488, https://doi.org/10.14814/phy2.13488 (2017).
	30.	 Hoshi, Y. et al. Recognition of human emotions from cerebral blood flow changes in the frontal region: a study with event-related 

near-infrared spectroscopy. J Neuroimaging 21, e94–e101 (2011).
	31.	 Kreplin, U. et al. Activation of the rostromedial prefrontal cortex during the experience of positive emotion in the context of esthetic 

experience. An fNIRS study. Front Hum Neurosci 7, 879, https://doi.org/10.3389/frhum.2013.00879.eCollection (2013).
	32.	 Kohno, S. et al. Emotional discrimination during viewing unpleasant pictures: timing in human anterior ventrolateral prefrontal 

cortex and amygdala. Front Hum Neurosci 9, 51, https://doi.org/10.3389/frhum.2015.00051.eCollection (2015).

http://dx.doi.org/10.14814/phy2.13488
http://dx.doi.org/10.3389/frhum.2013.00879.eCollection
http://dx.doi.org/10.3389/frhum.2015.00051.eCollection


www.nature.com/scientificreports/

13ScIentIfIc REports |  (2018) 8:14540  | DOI:10.1038/s41598-018-32752-0

	33.	 Bendall, R. C. et al. A brief review of research using near-infrared spectroscopy to measure activation of the prefrontal cortex during 
emotional processing: the importance of experimental design. Front Hum Neurosci 10, 529, https://doi.org/10.3389/frhum.2016.00529.
eCollection (2016).

	34.	 Endo, K. et al. Dynamic exercise improves cognitive function in association with increased prefrontal oxygenation. J. Physiol. Sci. 63, 
287–298 (2013).

	35.	 Matsukawa, K. et al. Increased oxygenation of the cerebral prefrontal cortex prior to the onset of voluntary exercise in humans. J. 
Appl. Physiol. 119, 452–462 (2015).

	36.	 Asahara, R., Matsukawa, K., Ishii, K., Liang, N. & Endo, K. The prefrontal oxygenation and ventilatory responses at start of one-
legged cycling exercise have relation to central command. J. Appl. Physiol. 121, 1115–1126 (2016).

	37.	 Blair, D. A., Glover, W. E., Greenfield, A. D. & Roddie, I. C. Excitation of cholinergic vasodilator nerves to human skeletal muscles 
during emotional stress. J. Physiol. 148, 633–647 (1959).

	38.	 Adams, D. B., Baccelli, G., Mancia, G. & Zanchetti, A. Relation of cardiovascular changes in fighting to emotion and exercise. J. 
Physiol. 212, 321–335 (1971).

	39.	 Dietz, N. M. et al. Nitric oxide contributes to the rise in forearm blood flow during mental stress in humans. J. Physiol. 480, 361–368 
(1994).

	40.	 Vianna, D. M. & Carrive, P. Changes in cutaneous and body temperature during and after conditioned fear to context in the rat. Eur. 
J. Neurosci. 21, 2505–2512 (2005).

	41.	 Hayashi, N. et al. Vascular responses to fear-induced stress in humans. Physiol. Behav. 98, 441–446 (2009).
	42.	 Brown, R. et al. Autonomic markers of emotional processing: skin sympathetic nerve activity in humans during exposure to 

emotionally charged images. Front Physiol 3, 394, https://doi.org/10.3389/fphys.2012.00394.eCollection (2012).
	43.	 Furubayashi, T. et al. Cortical hemoglobin concentration changes underneath the coil after single-pulse transcranial magnetic 

stimulation: a near-infrared spectroscopy study. J. Neurophysiol. 109, 1626–1637 (2013).
	44.	 Lang, P. J., Bradley, M. M. & Cuthbert, B. N. International affective picture system (IAPS): digitized photographs, instruction manual 

and affective ratings. Technical Report A-6. Gainesville, FL. University of Florida: The Center for Research in Psychophysiology 
(2005).

	45.	 Mehrabian, A. & Russell, J. A. An approach to environmental psychology. MIT press, Cambridge, Massachusetts (1974).
	46.	 Mehrabian, A. Pleasure-arousal-dominance: a general framework for describing and measuring individual differences in 

temperament. Current Psychol. 14, 261–292 (1996).
	47.	 Matcher, S. J., Elwell, C. E., Cooper, C. E., Cope, M. & Delpy, D. T. Performance comparison of several published tissue near-infrared 

spectroscopy algorithms. Anal. Biochem. 227, 54–68 (1995).
	48.	 Fox, P. T. & Raichle, M. E. Focal physiological uncoupling of cerebral blood flow and oxidative metabolism during somatosensory 

stimulation in human subjects. Proc. Natl. Acad. Sci. USA 83, 1140–1144 (1986).
	49.	 Hoshi, Y. & Tamura, M. Dynamic multichannel near-infrared optical imaging of human brain activity. J. Appl. Physiol. 75, 

1842–1846 (1993).
	50.	 Elwell, C. E. et al. Quantification of adult cerebral hemodynamics by near-infrared spectroscopy. J. Appl. Physiol. 77, 2753–2760 

(1994).
	51.	 Hoshi, Y., Kobayashi, N. & Tamura, M. Interpretation of near-infrared spectroscopy signals: a study with a newly developed perfused 

rat brain model. J. Appl. Physiol. 90, 1657–1662 (2001).
	52.	 Rostrup, E., Law, I., Pott, F., Ide, K. & Knudsen, G. M. Cerebral hemodynamics measured with simultaneous PET and near-infrared 

spectroscopy in humans. Brain Res. 954, 183–193 (2002).
	53.	 Ye, J. C., Tak, S., Jang, K. E., Jung, J. & Jang, J. NIRS-SPM: statistical parametric mapping for near-infrared spectroscopy. Neuroimage 

44, 428–447 (2009).
	54.	 Brett, M., Johnsrude, I. S. & Owen, A. M. The problem of functional localization in the human brain. Nat. Rev. Neurosci. 3, 243–249 

(2002).
	55.	 Rorden, C. & Brett, M. Stereotaxic display of brain lesions. Behav. Neurol. 12, 191–200 (2000).
	56.	 Endo, K., Liang, N., Idesako, M., Ishii, K. & Matsukawa, K. Incremental rate of prefrontal oxygenation determines performance 

speed during cognitive Stroop test: the effect of ageing. J. Physiol. Sci. (2018), in press.

Acknowledgements
This study was supported by the Center of Innovation (COI) Program from Japan Science and Technology 
Agency (JST) and Grants-in-Aid (Number: 15H03061) for Scientific Research (B) from the Japan Society for the 
Promotion of Science.

Author Contributions
K.M. conceived, designed research, and drafted manuscript. R.A., M.Y., and K.E. performed experiments, 
analyzed data, and prepared figures. All authors edited and revised manuscript, and approved final version of 
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32752-0.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.3389/frhum.2016.00529.eCollection
http://dx.doi.org/10.3389/frhum.2016.00529.eCollection
http://dx.doi.org/10.3389/fphys.2012.00394.eCollection
http://dx.doi.org/10.1038/s41598-018-32752-0
http://creativecommons.org/licenses/by/4.0/

	Deactivation of the prefrontal cortex during exposure to pleasantly-charged emotional challenge

	Results

	Subjective ratings of pleasantness and consciousness. 
	Cardiovascular responses during emotionally-charged stimulation. 
	Prefrontal oxygenation during emotionally-charged stimulation. 
	Relationships between prefrontal oxygenation and the changes in facial skin blood flow. 
	The changes in prefrontal oxygenation and facial skin blood flow during conversation. 

	Discussion

	Methods

	Participants. 
	Subjective ratings of feelings stimulated by emotionally-charged movies. 
	Measurements of facial and limb skin blood flow and systemic cardiovascular variables. 
	Oxygenated- and deoxygenated-hemoglobin concentrations of the PFC. 
	Experimental protocols. 
	Data and statistical analyses. 

	Acknowledgements

	Figure 1 (A) Localisation of the 22 NIRS probed on the head.
	Figure 2 The average changes in heart rate (HR), stroke volume (SV), cardiac output (CO), total peripheral resistance (TPR), and mean arterial blood pressure (MAP) during an emotionally-charged intervention (comedy, landscape, and horror) in 18 subjects.
	Figure 3 The time courses of the average changes in prefrontal oxygenated-haemoglobin (Oxy-Hb) over the 22 NIRS channels during each emotionally-charged intervention in 18 subjects.
	Figure 4 (A) The average changes in the Oxy-Hb responses during an emotionally-charged challenge (termed ΔOxy-Hbcomedy, ΔOxy-Hbland, and ΔOxy-Hbhorror) are summarised over the prefrontal 22 locations.
	Figure 5 (A) The simultaneous changes in prefrontal Oxy-Hb (NIRS-channel 5), forehead and cheek skin blood flow, hand skin blood flow, and MAP during positively-charged comedy stimulation in 18 subjects.
	Figure 6 The simultaneous changes in prefrontal Oxy-Hb, forehead and cheek skin blood flow, and arterial blood pressure (AP) during conversation are represented in one subject.




