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1  | INTRODUC TION

Moral judgment (MJ) is the process of evaluating what is right or 
wrong based on social norms (Jonathan, 2003; Prehn et al., 2007). 
Many studies have presented subjects with MJ scenarios and 

follow‐up questions to prompt decision‐making, in which a sub‐
ject chooses a theoretical course of action; some of these studies 
have shown that moral judgments are not based solely on rational 
thoughts but also on emotions (Glenn, Raine, & Schug, 2009; Greene 
et al., 2004, 2001; Han, Chen, Jeong, & Glover, 2016; Han, Glover, 
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Abstract
Background: Understanding the neural basis of moral judgment (MJ) and human de‐
cision‐making has been the subject of numerous studies because of their impact on 
daily life activities and social norms. Here, we aimed to investigate the neural process 
of MJ using functional near‐infrared spectroscopy (fNIRS), a noninvasive, portable, 
and affordable neuroimaging modality.
Methods: We examined prefrontal cortex (PFC) activation in 33 healthy participants 
engaging in MJ exercises. We hypothesized that participants presented with per‐
sonal (emotionally salient) and impersonal (less emotional) dilemmas would exhibit 
different brain activation observable through fNIRS. We also investigated the effects 
of utilitarian and nonutilitarian responses to MJ scenarios on PFC activation. 
Utilitarian responses are those that favor the greatest good while nonutilitarian re‐
sponses favor moral actions. Mixed effect models were applied to model the cerebral 
hemodynamic changes that occurred during MJ dilemmas.
Results and conclusions: Our analysis found significant differences in PFC activation 
during personal versus impersonal dilemmas. Specifically, the left dorsolateral PFC 
was highly activated during impersonal MJ when a nonutilitarian decision was made. 
This is consistent with the majority of relevant fMRI studies, and demonstrates the 
feasibility of using fNIRS, with its portable and motion tolerant capacities, to investi‐
gate the neural basis of MJ dilemmas.
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& Jeong, 2014; Koenigs et al., 2007; Prehn et al., 2007). Greene et 
al. (2004) classified MJ scenarios as either personal or impersonal 
MJ. If subjects relied on more emotional processing to make a deci‐
sion, those scenarios were considered to be personal MJ scenarios 
(Greene et al., 2004); if subjects relied on more cognitive process‐
ing, those scenarios were considered to be impersonal MJ. Here, we 
used the classification system.

The classic Trolley Dilemma describes an impersonal MJ scenario 
in which a trolley is hurtling toward five workers on the track. One 
option presented is to flip a switch to divert the course of the trolley, 
which would result in the trolley hurtling toward one person on the 
opposite side of the track, killing this one person. The other is to do 
nothing and allow the five workers to die. In this scenario, studies 
show that most people respond that it is morally acceptable to flip 
the switch and save five lives at the expense of one. This is called 
utilitarian decision‐making, where a theoretical course of action is 
chosen to benefit the most number of people regardless of how 
immoral the action itself may be (Foot, 1978; Thomson, 1986). An 
alternative personal MJ scenario, called the Footbridge Dilemma, 
describes a trolley hurtling toward five people on the track. The par‐
ticipant can either push a man off a footbridge, in which his body 
weight would stop the course of the trolley and save five lives, or do 
nothing and allow five people to die. In this scenario, most people 
choose not push the one man off the footbridge (Thomson, 1986), 
refusing to be directly responsible for one death at the expense of 
five indirectly. This is a nonutilitarian decision, as a moral action with 
a less beneficial outcome is chosen over an immoral action with a 
better outcome (Greene et al., 2001).

Functional imaging studies on nonpatient (control) popula‐
tions involving MJ (Han, 2017, 2015; Han et al., 2016; Heekeren, 
Wartenburger, Schmidt, Schwintowski, & Villringer, 2003; Moll & 
Oliveira‐Souza, 2007) and moral reasoning (Borg et al., 2006; Greene 
et al., 2004, 2001 ) have detected consistent activations of the or‐
bitofrontal and ventromedial prefrontal cortex (VM‐PFC). According 
to the dual‐process theory of MJ, Greene posited that emotional and 
cognitive processes are competing systems during MJ decision‐mak‐
ing (Greene et al., 2004; Greene, 2007; Han, 2017; Han et al., 2016, 
2015 ). He also hypothesized that the VM‐PFC is responsible for 
emotional engagement during moral judgment of personal scenar‐
ios resulting in nonutilitarian decision‐making, while the dorsolateral 
PFC (DL‐PFC) is responsible for utilitarian (logical) judgments (Glenn 
et al., 2010; Glenn, Raine, Schug, Young, & Hauser, 2009; Greene 
et al., 2004; Hutcherson, Montaser‐Kouhsari, Woodward, & Rangel, 
2015) that are thought to engage more cognitive processes and 
fewer emotional processes. This further supports the idea that the 
VM‐PFC may be involved in processing emotionally salient events, 
whereas the DL‐PFC is thought to be responsible for more goal‐di‐
rect behaviors. Meta‐analyses have also shown similar areas of acti‐
vation during moral tasks. Eres, Louis, and Molenberghs (2018); Han 
(2017), conducted meta‐analyses on fMRI datasets using activation 
likelihood estimation (ALE) and found the medial prefrontal cortex 
and lateral orbitofrontal cortex are the common brain regions highly 
activated during MJ dilemmas.

All of the above studies and many of the others that have at‐
tempted to determine the neural basis for moral decision‐making 
have used fMRI; however, functional near‐infrared spectroscopy 
(fNIRS) is a modality well suited for such a task. fNIRS is a highly 
promising neuroimaging modality that provides an efficient way to 
continuously monitor changes in blood oxygenation in the cerebral 
cortex (Franceschini, Fantini, Thompson, Culver, & Boas, 2003) In 
addition, its portability and high tolerance to patient movement 
make it optimal for use in nonclinical environments, such as jails, or 
on special subject populations ill‐suited for fMRI scan requirements, 
such as children. One drawback of this modality is that it can de‐
tect hemodynamic activity only from the brain cortex, which is also 
common in some other neuroimaging modalities such as electroen‐
cephalography. Nonetheless, its many practical aspects make it an 
attractive diagnostic tool for neurological disorders characterized 
by altered brain activation. For instance, Strait & Scheutz (Strait & 
Scheutz, 2014) used fNIRS and MJ scenarios to investigate the ef‐
fects of agency and personal incentive in the PFC.

In the present study, we hypothesized that differential brain 
activation would be observed through fNIRS during judgment of 
personal versus impersonal dilemmas. Specifically, we included non‐
patient adult participants who were presented with personal and 
impersonal dilemmas. We anticipated that these different types 
of scenarios would elicit differential brain activation observable 
through fNIRS. We also investigated the effects of utilitarian com‐
pared to nonutilitarian responses on prefrontal brain activation.

Overall, this study in normal controls is our first step in deter‐
mining the efficacy of fNIRS in detecting PFC activity during the 
MJ task, while our plan is to eventually use fNIRS on a psychiatric 
population. Studies using fMRI have found PFC dysfunction in con‐
junction with distinct patterns of brain activation in some psychiatric 
disorders including antisocial personality disorder and conduct dis‐
order (Contreras‐Rodríguez et al., 2015; Fede et al., 2016; Geurts, 
2016; Glenn et al., 2009; Yang et al., 2015; Yoder, Harenski, Kiehl, 
& Decety, 2015). Additionally, it has been shown that moral judg‐
ment (MJ) is impaired in individuals suffering from these disorders 
(Blair, 1995; Fede et al., 2016; Gao & Tang, 2013; Geurts et al., 2016; 
Glenn et al., 2009; Koenigs, Kruepke, Zeier, & Newman, 2011; Seara‐
Cardoso, Dolberg, Neumann, Roiser, & Viding, 2013; Yoder et al., 
2015; Young, Koenigs, Kruepke, & Newman, 2012). Our plan is to 
eventually apply fNIRS on this psychiatric population in order to 
determine if they have differentiable functional activity during MJ 
tasks when compared to normal controls.

2  | MATERIAL S AND METHODS

2.1 | NIRS data acquisition

fNIRS is an imaging modality that uses near‐infrared light (700–
1,000 nm) to measure changes in blood oxygenation. We used 
an fNIRS Model 1,000 (fNIRS Devices LLC, Potomac, MD, USA). 
The lights were emitted from each source at 730 and 850 nm 
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wavelengths. The system had four sources and ten detectors, with 
a source‐detector separation of 2.5 cm, for a total of 16 channels 
of oxyhemoglobin (HbO) and deoxyhemoglobin (HbR). The sampling 

frequency was 2 Hz. The channel arrangement can be seen in 
Figure 1. The headband was always placed by one of two trained 
experimenters, who aligned the center between optodes 8 and 10, 
with nasion.

2.2 | Experiment design

This experiment was modeled after the study conducted by 
Greene et al. (2004). We adopted 21 personal and 14 impersonal 
MJ exercises from their studies. Furthermore, we added five non‐
moral control exercises and five random questions to control for 
responses and fatigue. Each exercise consisted of three slides: the 
first two slides described a scenario, and the third one included 
a MJ question in which subject had 30 s to respond, followed by 
a 15 s resting period. The participant answered “Yes” or “No” by 
pressing “1” or “2” on the keyboard, respectively. “Yes” indicated 

F I G U R E  1   The configuration of probes for the fNIRS device. 
There are four sources and 10 detectors resulting in 16 source/
detector (channels) pairs

F I G U R E  2   (a) The MJ paradigm for this study. Each question consisted of three slides: the first two slides described a scenario, the third 
one included a MJ question in which subject had 30 s to respond, and then a 15 s resting period. The participant answered “Yes” or “No” by 
pressing “1” or “2” on the keyboard, respectively. “Yes” indicated they were for the action presented. (b) Shows a sample personal scenario, 
which has a utilitarian response. (c) Shows an impersonal scenario, which also has a utilitarian response. (d) To control for random responses, 
subjects were asked to press “1” if they saw one word and press “2” if they saw another word. (e) Nonmoral control questions. (d) and € 
ensured the subject was paying attention and reading the scenarios throughout the task. Accuracy on these slides controlled for random 
responses and fatigue. (f) Shows an example of the three slides presented to participants in this MJ task
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they were for the action presented. Figure 2a shows a timing dia‐
gram of the task, Figure 2b–e illustrate a sample of personal, im‐
personal, random, and control scenarios, respectively. All the moral 
judgment questions can be found in the Supporting Information 
Appendix S1. Moreover, Supporting Information Figures S1 and S2 
in Appendix S1 show the order of scenarios and a sample of three 
slides. The order of the questions was pseudorandom. The task 
was developed using E‐Prime 2.0 software (Psychology Software 
Tools, Pittsburgh, PA, USA).

2.3 | Participants

A total of 33 healthy subjects (15 males) age 18–58 (mean 33.7) with 
no history of concussions or psychological and neurological disorders 
participated in the task. Every participant had normal or corrected 
vision. Their handedness was assessed by the Edinburgh Inventory 
(Oldfield, 1971) questionnaire. Thirty‐one participants were right 
handed, two were ambidextrous, and one was left handed. All par‐
ticipants gave written informed consent prior to the experiment, 
which was performed in compliance with the Declaration of Helsinki 
and approved by the National Institute of Child Health and Human 
Development’s Institutional Review Board.

2.4 | Preprocessing and artifact removal

The hemodynamic changes for each of the 16 channels were cal‐
culated using the Modified Beer Lambert Law (MBLL) (Hiraoka et 
al., 1993). As stated in (Bauernfeind, Wriessnegger, Daly, & Müller‐
Putz, 2014), the frequency of pulse waves is typically around 1–2 Hz, 
Mayer waves frequency is around 0.1 Hz, and the respiration fre‐
quency is around 0.3 Hz (Anderson et al., 2017; Greve et al., 2009; 
Sherafati, Eggebrecht, Bergonzi, Burns‐Yocum, & Culver, 2018). 
Here, HbO signals were low passed filtered at 0.1 Hz, then the mov‐
ing average filter with 1.5 s timing window was applied to smooth 
the signal. Subsequently, the linear and nonlinear trends were re‐
moved by fitting a low order (order of 6) polynomial to the fNIRS 
signals and subtracting it from the original signal (Karamzadeh et al., 
2016; Minati, Visani, Dowell, Medford, & Critchley, 2011; Pfeifer, 
Scholkmann, & Labruyère, 2017; Zhao, Ji, Li, & Li, 2018).

Next, we extracted fNIRS segments using their correspond‐
ing markers. We only considered changes in the HbO in our anal‐
ysis. It has been shown in studies comparing fMRI and fNIRS that 
changes in HbO signal are better correlated with BOLD fMRI signal 
and brain activation than HbR (Greve et al., 2009; Sato et al., 2013; 
Strangman, Culver, Thompson, & Boas, 2002), and that HbO signal 
has higher sensitivity to changes in cerebral blood flow (Hoshi, 2003; 
Lindenberger, Li, Gruber, & Müller, 2009; Zhang, Liu, Pelowski, Jia, 
& Yu, 2017).

Following (McKendrick, Ayaz, Olmstead, & Parasuraman, 2014), 
we assigned two or four channels to specific prefrontal regions. 
These regions approximately represented left DL‐PFC, left ventro‐
lateral PFC (VL‐PFC), left VM‐PFC, right VM‐PFC, right DL‐PFC, and 
right VL‐PFC (Figure 1).

2.5 | Data analysis: statistical model

Mixed effect models were used to assess changes in HbO as a func‐
tion of category (personal or impersonal scenario), brain regions and 
responses. The traditional way to run a repeated measure analysis is 
to consider each trial as a multivariate task and each response as a 
separate variable. For our experiment, we preferred a mixed effect 
model over repeated measures ANOVA. Mixed effect models do not 
require the same number of observations per subject; therefore, re‐
sidual maximum likelihood (REML) can be applied to unbalanced de‐
signs (such as our 21 personal and 14 impersonal dilemmas). Using 
mixed effect models, we were able to find the unique intercept and 
slope of estimation for each subject. In other words, we estimated 
the parameters unique to individual participants. Moreover, while the 
default approach to deal with missing data in conventional statistical 
models is to drop observations with missing values, the mixed effect 
models use regression techniques to estimate missing data (Krueger & 
Tian, 2004; Stiratelli, Laird, & Ware, 1984). Analyses were performed 
in R using REML in package lme4 in R (Bates, Maechler, & Bolker, 
2007).

For our first hypothesis, we investigated whether the hemody‐
namic response to personal dilemmas could be distinguished from 
the hemodynamic response to impersonal dilemmas through fNIRS. 
Our fitted model took average HbO changes as a dependent vari‐
able, and used the category of dilemma, either personal or imper‐
sonal, as an independent variable and subject as a random effect. 
Denominator degrees of freedom for the t test were calculated based 
on Satterthwaite approximation (Schaalje, McBride, & Fellingham, 
2002). To identify the sources of significant differences (p < 0.05) in 
the pairwise comparisons, we used the multcomp package in R, which 
performs multiple comparisons under the parametric model frame‐
work. Specifically, the glht function, whose core functionality is to 
apply single‐step comparison tests, was used. The glht function takes 
a fitted estimated model and a hypothesis matrix to perform multiple 
comparisons.

We used the Tukey method, one of the best methods for con‐
trolling Type I error rate in pairwise post hoc tests (Tukey, 1949). 
The single‐step method which is more powerful than Bonferroni 
correction method (Bretz, Hothorn, & Westfall, 2016) was applied 
to control for multiple comparisons and adjustments (family‐wise 
error, p < 0.05). Table 1 shows more details of the different models 
we implemented.

Another model was built to determine activation patterns in 
different prefrontal areas as a function of the MJ exercises. In this 
model, prefrontal brain regions and the personal/impersonal scenar‐
ios were considered independent variables, while dependent vari‐
ables and random effects remained the same as in the first model. 
Finally, we tested how utilitarian and nonutilitarian decisions regard‐
ing MJs would affect different prefrontal regions’ hemodynamic 
responses.

Then, we focused our research to separate analyses of personal 
and impersonal MJ. All the above models were rebuilt using either 
personal or impersonal moral dilemmas.
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In order to calculate the effect size in mixed effect models as 
Bates, Mächler, Bolker, and Walker (2014) pointed out, there is not 
an agreed upon method for the inclusion or exclusion of the ran‐
dom effects variances. As suggested by Xu (2003), we calculated Ω2

0
 

defined as model total variation. Table 1 shows the result for each 
model.

3  | RESULTS

The average changes in hemodynamic response in approximate pre‐
frontal areas during personal and impersonal dilemmas are shown 

in Figure 3 and 4. Note the large difference in average HbO in the 
left DL‐PFC in Figure 3. Table 1 shows only significant results for the 
fixed effects analyses, and Tables 2‒5 depict only significant results 
of post hoc analyses.

HbO changes in the PFC were significantly lower for personal 
versus impersonal MJ (Table 1, row A). In the model with category 
and region interaction as fixed effects (Table 1, row B), we saw sig‐
nificant differences between HbO changes in the different PFC re‐
gions during personal versus impersonal MJ.

Post hoc analyses indicated that left DL‐PFC activation 
during impersonal dilemmas was significantly greater than that 
of all other PFC regions in personal dilemmas (Table 2). Adding 

TA B L E  1   Significant effects of different factors on average HbO changes

Row Fixed effects CPCT dfnum dfden F value Ω
2

0
Pr (>F)

Hemodynamic changes as a function of category (personal vs. impersonal MJ)

A Fixed effect: category 1.00 6,854.1 4.4795 0.402 0.03434*

Hemodynamic changes as a function of category (personal vs. impersonal MJ) in PFC regions

B Fixed effect: category × region 2 5.00 6,850 3.1743 0.434 0.007266**

Hemodynamic changes as a function of category (personal vs. impersonal MJ) and response (utilitarian vs. nonutilitarian) in PFC regions

C Fixed effect: category × region × response 3 23.00 6,836.4 1.5545 0.446 0.04409*

Hemodynamic changes as a function of response (utilitarian/nonutilitarian) in personal MJ

D Fixed effect: response 1.00 3,977.3 −1.986 0.463 0.0471*

Hemodynamic changes in PFC regions, in impersonal MJ

E Fixed effect: region 4 5.00 2,719 4.1423 0.809 0.000945***

Hemodynamic changes in PFC regions considering responses (utilitarian/nonutilitarian), in impersonal MJ

F Fixed effect: region × response 5 11.00 6,847.4 1.8639 0.826 0.0391*

Notes. CPCT: Corresponding Pairwise Comparison Table.
Test of fixed effects: Denominator degrees of freedom (dfden) were calculated with Satterthwaite approximation. Only results with p < 0.05 are 
reported.
*p < 0.05. **p < 0.01. ***p < 0.001. 

F I G U R E  3  Average HbO changes in 
approximate prefrontal brain regions for 
personal and impersonal dilemmas
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utilitarian and nonutilitarian response effects to the model, higher 
activation occurred during nonutilitarian responses (Table 1, row 
C, and Table 3).

When the category was personal and the model considered only 
HbO changes during personal scenarios and region as fixed effects, 
the average changes of HbO in different prefrontal areas were not 
significantly different. Consequently, we did not include this case 
in Table 1. HbO changes for utilitarian responses were significantly 
higher than nonutilitarian responses during personal scenarios 
(Table 1, row D). In the model with only region as a fixed effect for 
HbO changes of impersonal scenarios, the left DL‐PFC had signifi‐
cant HbO changes compared to that of the other prefrontal regions 
(Table 1, row E, and Table 4).

Utilitarian and nonutilitarian responses to the impersonal sce‐
narios (fixed effect only response) did not have a significant effect 
on the average HbO changes. When region was added as a fixed 
effect, the changes in HbO during impersonal scenarios were sig‐
nificantly different in the different PFC regions (Table 1, row F). An 
interesting observation was the large increase in average HbO in the 
left DL‐PFC that occurred for nonutilitarian responses (Table 5).

4  | DISCUSSION

In this study, we monitored the prefrontal activity of 33 healthy 
adults through fNIRS while they were engaged in personal/imper‐
sonal moral dilemmas. Our goal was to examine fNIRS sensitivity to 
the MJ task and link the different regions of the PFC to the types of 
scenarios and responses of this task.

First and foremost, we found greater average HbO changes in 
the whole PFC, and a significantly large change in the left DL‐PFC, 

for impersonal MJ dilemmas compared to personal ones (Figures 3 
and 4, Table 1, rows A and B, and Table 2). This is consistent with pre‐
vious fMRI studies indicating the brain exhibits differential patterns 
of activation during these different scenarios (Blair, 1995; Greene 
et al., 2001). Specifically, one study (Greene et al., 2001) found that 
brain areas associated with cognitive processes and working mem‐
ory exhibited greater activity during moral impersonal scenarios 
than personal scenarios. This was confirmed in a study conducted 
by Han et al. (2014). Previously, (Glenn et al., 2010, 2009 ; Greene et 
al., 2004; Han et al., 2014; Hutcherson et al., 2015; Jeurissen, Sack, 
Roebroeck, Russ, & Pascual‐Leone, 2014) also found greater activa‐
tion in the DL‐PFC during moral decision‐making and (Greene, 2007; 

F I G U R E  4   Changes in mean HbO which have been approximately mapped on different brain regions during (a) personal and (b) 
impersonal MJ. The captured brain activity during impersonal scenarios was significantly higher than personal dilemmas. The average 
hemodynamic change in the left DL‐PFC for impersonal dilemmas was especially large

TA B L E  2   Significant comparisons of average HbO changes in 
personal versus impersonal categories of moral dilemmas in 
different PFC regions

Category × Region z‐value Pr (>|z|)

Right DL personal (0.0182) versus left DL 
impersonal (0.0696)

−3.735 0.0105*

Left VM personal (0.0106) versus left DL 
impersonal (0.0696)

−4.270 <0.01**

Right VM personal (0.0109) versus left 
DL impersonal (0.0696)

−4.260 <0.01**

Left VL personal (0.0216) versus Left DL 
impersonal (0.0696)

−3.483 0.0240*

Right VL personal (0.0093) versus left DL 
impersonal (0.0696)

−4.384 <0.01***

Notes. Post hoc analysis: Simultaneous tests for general linear hypothe‐
sis. Adjusted p values, single‐step method. Only results with p < 0.05 are 
reported.
*p < 0.05. **p < 0.01. ***p < 0.001. 



     |  7 of 10DASHTESTANI et al.

Greene et al., 2001) emphasized the role of the VM‐PFC in emo‐
tional decision‐making.

We also found that the HbO differences were significantly dif‐
ferent in only three regions when comparing between utilitarian and 
nonutilitarian responses (Table 1, row C). Nonutilitarian responses 
to impersonal dilemmas led to the highest activation in the left 
DL‐PFC, whereas utilitarian responses to personal dilemmas led to 
the least activation in the left DL‐PFC and right VM‐PFC (Table 3, 
rows A and B). This is consistent with previous literature indicating 

more logical thinking (utilitarian) activates the right DL‐PFC the most 
during personal scenarios, and other regions exhibit less activation 
(Dashtestani et al., 2018; Greene et al., 2004, 2001 ; Jeurissen et al., 
2014). Additionally, nonutilitarian responses led to the least activa‐
tion in the right VL‐PFC during personal cases (Table 3, row C). This is 
in agreement with previous studies emphasizing nonutilitarian (more 
emotional) thinking would invoke the VM‐PFC the most and lateral 
PFC the least (Greene, 2007; Greene et al., 2004, 2001 ).

Considering only impersonal MJ scenarios, there was relatively 
less activation in the VM‐PFC compared to the DL‐PFC (Table 4). 
This is also consistent with previous findings since the medial PFC 
is responsible for processing emotionally salient events (Greene et 
al., 2004; Han et al., 2016; Koenigs et al., 2007; Shenhav & Greene, 
2014) and it is expected to exhibit lower neural activity during 
less emotional impersonal dilemmas. The highest activation in the 
left DL‐PFC occurred for nonutilitarian responses (Table 5). This 
may indicate that participants were thinking about the outcome 
logically, thereby involving the DL‐PFC, rather than emotionally. 
Although DL‐PFC has been mentioned and established as a region 
more responsible for logical than emotional decision‐making, to 
our knowledge, no study before ours has reported that the left 
DL‐PFC is recruited the most during nonutilitarian impersonal 
decision‐making.

As mentioned earlier, MJ neuroimaging studies have sometimes 
replicated and support each other’s results or reported new obser‐
vations that complement them. Therefore, each piece of informa‐
tion is one step toward filling out a part of the neural correlates of 
human MJ decision‐making puzzle. For instance, Han H. et al., in a 
study of cultural effects on moral decision‐making (utilizing fMRI) 
concluded that Korean participants compared to Americans had in‐
creased activity in the right DL‐PFC during utilitarian personal MJ. 
Those authors considered this due to the Koreans stronger need to 
take cognitive control over their emotional intuitive feelings (Han 
et al., 2014). In other words, logical thinking during emotional MJ 
decision‐making (personal) elicits higher functional activity over the 
right DL‐PFC area. Considering these results along with ours, we may 
claim that the right DL‐PFC is the most responsible part in utilitarian 
personal decision‐making (logical thinking in emotional MJ), whereas 
the left DL‐PFC is highly activated during nonutilitarian impersonal 
MJ (emotional thinking in logical MJ). Noticeably, DL‐PFC is involved 
with more rational reasoning, but emotions also play a role in the 

Row Category × Region × Response z‐value Pr (>|z|)

A Utilitarian left DL personal (−0.0028) versus 
nonutilitarian Left DL impersonal (0.0784)

−3.830 0.0262*

B Utilitarian right VM personal (−0.0007) versus 
nonutilitarian left DL impersonal (0.0784)

−3.730 0.0355*

C Nonutilitarian right VL personal (0.0109) versus 
nonutilitarian left DL impersonal (0.0784)

−3.737 0.0354*

Note. Post hoc analysis: Simultaneous tests for general linear hypothesis. Adjusted p values, single‐
step method.
*p < 0.05. **p < 0.01. ***p < 0.001. 

TA B L E  3   Significant comparisons of 
average HbO changes in PFC regions 
considering responses for personal versus 
impersonal MJ

TA B L E  4   Significant comparisons of average HbO changes in 
different PFC regions during impersonal dilemmas

Region z‐value Pr (>|z|)

Right DL (0.0257) versus Left DL 
(0.0696)

−2.964 0.03601*

Left VM (0.0149) versus Left DL 
(0.0696)

−3.695 0.00302**

Right VM (0.0116) versus Left DL 
(0.0696)

−3.915 0.00120**

Right VL (0.0183) versus Left DL 
(0.0696)

−3.463 0.00698**

Notes. Post hoc analysis: simultaneous tests for general linear hypothe‐
sis. Adjusted p values, single‐step method. Only results with p < 0.05 are 
reported.
*p < 0.05. **p < 0.01. ***p < 0.001. 

TA B L E  5   Significant comparisons of average HbO changes in 
different PFC regions considering responses during impersonal 
dilemmas

Region × Response z‐value Pr (>|z|)

Left VM, utilitarian (0.0102) versus left 
DL, nonutilitarian (0.0784)

−3.889 <0.01**

Right VM, utilitarian (0.0117) versus left 
DL, nonutilitarian (0.0784)

−3.821 <0.01**

Right VL, utilitarian (0.0296) versus left 
DL, nonutilitarian (0.0784)

−3.349 0.0386*

Notes. Post hoc analysis: simultaneous tests for general linear hypothe‐
sis. Adjusted p values, single‐step method. Only results with p < 0.05 are 
reported.
*p < 0.05. **p < 0.01. ***p < 0.001. 
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functional activity in the DL‐PFC. This contradicts the hypothesis 
that emotional and logical processes are competing systems during 
MJ decision‐making. Obviously, these interesting findings need to 
be extensively investigated in the future.

There are some limitations to this study. Although fNIRS is cost 
effective and user friendly, its limited depth penetration prevents it 
from assessing critical information beyond the cortex (Homae et al., 
2010; Koizumi et al., 2003; Sano, Tsuzuki, Dan, & Watanabe, 2012). 
Therefore, fMRI remains the gold standard in functional neuroimag‐
ing due to its superior spatial resolution and high signal to noise ratio, 
while fNIRS provides an option to assess hemodynamic information 
on oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) levels during 
tasks in which fMRI is not feasible (Yuan, 2013). In addition, our sam‐
ple size was fairly small (33 subjects) and the number of trials per 
subject (21 personal and 14 impersonal, total of 35) resulted in only 
moderate statistical power. Although performing power analysis 
prior to subject recruitment provides information on what should be 
expected as scientifically meaningful difference, in this study, we fo‐
cused on fNIRS feasibility to explore the brain activation in context 
of MJ decision‐making. Since this has not been widely investigated, 
lack of previous studies can be another reason of not havening an 
early estimation on effective sample size (Suresh & Chandrashekara, 
2012). Thus, in this paper, we tried to interpret our results with extra 
cautiousness and we emphasize that further investigations need to 
be conducted validating our results. Finally, the inability of fNIRS to 
exactly map the location of brain activation is another limitation. The 
coregistration in fMRI is done using the anatomical images acquired 
by structural MRI. Unfortunately, an anatomical dataset or an estab‐
lished standard anatomical system does not exist for fNIRS dataset 
and needs to be developed.

5  | CONCLUSION

fNIRS is a noninvasive, affordable, patient‐friendly, and easily applied 
neuroimaging modality that assesses hemodynamic information 
about HbO and HbR during cognitive tasks. In spite of its limitations, 
what it lacks in data acquisition capacity compared to fMRI can make 
up for in convenience, as it is suited for monitoring brain activity in 
a wider variety of tasks, patient populations, and settings (Kopton & 
Kenning, 2014; Strangman et al., 2002). In addition, similar to EEG, 
cortical hemodynamic information can still be used to characterize 
cognitive processes (Homae et al., 2010; Koizumi et al., 2003; Sano 
et al., 2012). In the present study, we evaluated fNIRS as an alter‐
native to fMRI for measuring functional activity recruited during 
judgment of moral dilemmas. Our results demonstrate the ability of 
fNIRS to capture patterns of hemodynamic activity associated with 
various aspects of MJ decision‐making based on the characteristics 
of the dilemmas presented. Therefore, it can be used to monitor neu‐
ral activity during dilemmas that differ based on their emotionally 
saliency, especially when quantitative assessment of brain neural 
activity in an unusual environment or group of subjects such as chil‐
dren is critical.

Our study goes beyond commonly used self‐report question‐
naires. We demonstrated activity in the PFC during MJ decision‐
making. Additionally, we found that specific brain regions are active 
during personal and impersonal MJ scenarios, while considering 
the type of the responses (utilitarian vs. nonutilitarian) to these 
dilemmas. Specifically, we found that brain functional activity is 
significantly higher during nonutilitarian impersonal MJ. Although 
previous studies have associated DL‐PFC with cognitive processes 
(Glenn et al., 2010, 2009; Greene et al., 2004; Hutcherson et al., 
2015), none has reported that emotional response to more logical 
(and less emotional) MJ would involve this region as well. Therefore, 
this may support the belief that rational and emotional processes are 
intertwined, but contradicts the idea that DL‐PFC is responsible only 
for logical thinking. However, considering the heterogeneous nature 
of human MJ in everyday life and the related neural mechanisms, 
further studies need to be done to validate the results.
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