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ABSTRACT
The medial prefrontal cortex (MPFC) plays an important role in representing semantic self- 
knowledge. Studies comparing semantic self-judgments with judgments of close others suggest 
that interpersonal closeness may in!uence the degree to which the MPFC di"erentiates self and 
other. We used optical neuroimaging to examine if support for competence, relatedness, and 
autonomy from relationship partners moderates MPFC activity during a personality judgment task. 
Participants (N = 109) were asked to judge the descriptive accuracy of trait adjectives for both 
themselves and a friend. Participants who reported lower need ful#llment with their friend showed 
elevated activity only in the self-judgment condition; in contrast, participants who reported higher 
need ful#llment with their friend showed similarly high levels of MPFC activity across the condi-
tions. These results are consistent with the idea that the MPFC di"erentially represents others on 
the basis of the need ful#llment experienced within the relationship.
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The medial prefrontal cortex (MPFC) – speci#cally, the 
anterior portion of Brodmann’s area (BA) 10 – appears to 
play an important role in representing semantic self- 
knowledge (Wagner et al., 2012). In a seminal functional 
magnetic resonance imaging (fMRI) study, Kelley et al. 
(2002) asked participants to judge personality trait 
adjectives in three conditions: Self-referential (“Does the 
adjective describe you?”), Other-referential (“Does this 
adjective describe the U.S. President George Bush”?), 
and Case-referential (“Is the adjective presented in 
uppercase letters?”). Their results indicated that regions 
within the MPFC were selectively engaged during self- 
referential judgments. Although this early study was 
undertaken to examine the memorial advantage of 
information that is processed in a self-referential manner 
(Rogers et al., 1977), one of its enduring insights was that 
self-referential processing is functionally dissociable 
from other forms of semantic processing in the brain. 
Since Kelley et al. (2002), the idea that the MPFC plays 
a key role in representing semantic self-knowledge has 

been bolstered by numerous other studies and meta- 
analyses (Martinelli et al., 2013; Northo" et al., 2006; Van 
der Meer et al., 2010).

Given the association between semantic self- 
knowledge and the MPFC, a natural turn of interest has 
been to examine whether relationship characteristics 
moderate the extent to which the MPFC di"erentiates 
the self from others. One illustrative example comes 
from Krienen et al. (2010). In a careful set of experiments, 
Krienen et al. (2010) adapted the design of Kelley et al. 
(2002) to examine the e"ects of both self-similarity and 
interpersonal closeness on MPFC activity during self- 
and other-referential judgments. They found that 
although activity within the MPFC di"erentiated close 
friends from unknown others, it did not distinguish simi-
lar and dissimilar friends or similar and dissimilar others. 
Their results therefore suggested that the MPFC is spe-
ci#cally responsive to the degree of interpersonal close-
ness that one has with target individuals.
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Chen et al. (2015) leveraged cultural di"erences in 
self-construal to examine the MPFC’s responsiveness 
during self- and other-referential cognition. 
Interdependent self-construals, more common among 
Easterners, lead people to see themselves as being con-
nected with others and to de#ne themselves in terms of 
their relationships; independent self-construals, more 
common among Westerners, lead people to see them-
selves in terms of their distinguishing traits and prefer-
ences (Markus & Kitayama, 1991). Chen et al.’s (2015) 
study recruited new Chinese immigrants to the United 
States. In two fMRI scanning sessions, participants com-
pleted a trait-judgment task adapted from Kelley et al. 
(2002). The #rst scan, obtained within two months of the 
immigrants’ arrival, found the typical result: greater 
MPFC activity when participants made trait judgments 
about themselves relative to when they made judg-
ments about target others – in this study, participants’ 
mothers. During the second scan six months later, this 
di"erence remained among those immigrants who 
became more independent in their self-construal but 
disappeared among those who became more interde-
pendent in their self-construal. The extent to which the 
MPFC distinguishes the self from others seems to there-
fore depend on the importance of that relationship to 
one’s identity.

Other studies seem to contradict the hypothesis that 
relationship closeness moderates the di"erences in 
MPFC activity between self- and other-referential pro-
cessing. For example, Heatherton et al. (2006) showed 
that the MPFC is preferentially activated when partici-
pants re!ected upon their own personality characteris-
tics relative to those of their best friend. Nevertheless, it 
appears that the preponderance of evidence converges 
on “the theory that the neural representation of close 
others in the VMPFC [here, simply the MPFC] lies some-
where between self and unknown others” (Wagner et al., 
2012, p. 456). However, a key limitation of the particular 
studies described above and others in this line is that 
“relationship closeness” was not directly operationalized 
and examined. Our goal in the present research was to 
therefore test the hypothesis that relationship closeness 
moderates the extent to which the MPFC represents 
semantic information about the self and others using 
a more detailed conceptualization and measurement of 
relationship closeness.

People’s ful#llment of basic psychological needs for 
relatedness, competence, and autonomy is a useful per-
spective from which to conceptualize and operationalize 
relationship closeness (Ryan & Deci, 2017). Relatedness 
refers to feelings of being responded to, respected, and 
important to others. Competence refers to feelings of 
e"ective and, in the context of relationships, means 

feeling encouraged and capable. Finally, autonomy 
refers to feeling authentic and being able to openly 
communicate. A large body of research indicates that 
when individuals experience their relationship partners 
as being responsive and supportive of these needs, they 
are more willing to emotionally rely on those partners 
and turn to them for support, feel greater relationship 
satisfaction, security, and commitment, and feel free to 
“be themselves,” especially when it means disclosing 
aspects of themselves that they generally conceal from 
others (Ryan & Deci, 2017).

The e"ects of relationship need ful#llment described 
above have been understood within the motivational 
framework of Self-Determination Theory (SDT; Ryan & 
Deci, 2017). According to SDT, need ful#llment facilitates 
people’s inherent tendencies to continually organize 
and integrate their experiences and actions into a core 
sense of self. This de#nition of the self refers to one’s 
direct experience of oneself as an agent that feels, 
thinks, and behaves. SDT posits that the more one is 
able to develop and express their self, the more one acts 
in accord with their abiding values and interests, rather 
than in response to external social pressures. According 
to SDT, the psychologically closest relationships – those 
that people feel most connected to and internalize into 
their core self – are those in which people experience 
acceptance and support of the self through the ful#ll-
ment of basic psychological needs.

In the present research, we therefore sought to test 
the hypothesis that relationship need ful#llment moder-
ates MPFC activity when people make self- and other- 
referential trait judgments. Given that need-ful#lling 
relationships are psychologically closest to the self, we 
hypothesized that people reporting higher levels of rela-
tionship need ful#llment with a target friend would 
show similarly high levels of MPFC activity when making 
self- and other-referential trait judgments; in contrast, 
those reporting lower levels of relationship need ful#ll-
ment were expected to show the typical pattern of 
greater MPFC activity during the self-referential 
condition.

Another contribution of the present study is the use 
of a novel neuroimaging technology with which to 
compare self- and other-referential judgments. 
Speci#cally, we used continuous-wave functional near- 
infrared spectroscopy (fNIRS), an optical brain imaging 
technique that measures relative changes in the con-
centrations of oxygenated and deoxygenated hemo-
globin based on the di"erential absorption and 
backscattering of infrared light in cortical tissue 
(Curtin & Ayaz, 2018; Ferrari & Quaresima, 2012; Irani 
et al., 2007). Previous studies have mostly examined the 
relationship between self-referential processing and 
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the MPFC using fMRI and positron emission tomogra-
phy (e.g., Denny et al., 2012; Moran et al., 2013; Northo" 
et al., 2006; Van der Meer et al., 2010). To our knowl-
edge, research has yet to examine self- and other- 
referential processing using fNIRS. FNIRS generates 
measures of cortical activation that may convey infor-
mation that is distinct from the fMRI blood-oxygen level 
dependent signal (e.g., Steinbrink et al., 2006; 
Strangman et al., 2002). FNIRS therefore a"ords an 
opportunity for multi-method validation (Campbell & 
Fiske, 1959) of the involvement of the MPFC during self- 
re!ection.

Method

Participants

The study was approved by the Social Sciences, 
Humanities, and Education Research Ethics Board at 
the University of Toronto. One hundred ten indivi-
duals participated in this study for course credit or 
monetary compensation ($45 CAD).1 One participant 
did not complete the study because of problems with 
the experimental apparatus. The #nal sample of 109 
participants (78 females, 31 males) ranged in age 
from 18 to 27 (M = 20.30, SD = 2.02). Participants 
named a friend to serve as the target other in the 
trait-judgment task. They then completed question-
naires and the trait-judgment task. To prevent order 
e"ects, half the participants randomly completed the 
questionnaires after the task.

Measures

Relationship need fulfillment
Participants completed the 9-item Basic Need 
Satisfaction in Relationships Questionnaire (BNSRQ; La 
Guardia et al. (2000) and the 13-item Friendship Need 
Support Questionnaire (FNSQ; La Guardia et al., 2000) 
with respect to their nominated friend. Both instruments 
were used for maximal construct coverage given that 
the items on these scales might assess di"erent aspects 
of relationship need ful#llment. Items from the BNSRQ 
include: “When I am with my friend, I feel free to be who 
I am” (autonomy), “When I am with my friend, I feel like 
a competent person” (competence), “When I am with my 
friend, I feel a lot of closeness and intimacy” (related-
ness). Items on the FNSQ include: “My friend tries to 
understand how I see things,” “I feel able to share my 

feelings with my friend,” and “I feel a lot of trust in my 
friend.” Responses on both instruments ranged from 1 
(Not at all true) to 7 (Very true). The BNSRQ (M = 5.83, 
SD = .82, α = .83) and FNSQ (M = 5.92, SD = .74, α = .90) 
were highly correlated, r = .76, p < .0001, and thus were 
averaged into a composite measure of relationship need 
ful#llment.

Given our hypothesis – that relationship need ful#ll-
ment moderates MPFC activity when people make self- 
and other-referential trait judgments – we were inter-
ested to rule out “third variables” that may provide 
alternative explanations for the expected #ndings. We 
expected that relationship need ful#llment would be 
positively associated with both relationship length and 
people’s global need ful"llment. We reasoned that rela-
tionship length may foster a greater sense of familiarity 
and wanted to statistically partial-out familiarity from 
relationship need ful#llment. We also reasoned that glo-
bal need ful#llment may generally dispose people to 
internalize representations of important others, bringing 
those representations subjectively closer to their sense 
of self (Ryan & Deci, 2017). We therefore also planned to 
partial-out global need ful#llment from relationship 
need ful#llment.

Relationship length
Participants indicated the length of their relationship. 
Relationship length ranged from .5 to 15 years 
(M = 5.02, SD = 4.21).2

Global need fulfillment
To isolate the association between relationship need 
ful#llment and MPFC activity during the trait-judgment 
task, we aimed to control for participants general feel-
ings of need ful#llment. We therefore also administered 
two scales that assess people’s general experiences of 
need ful#llment: the 21-item Basic Psychological Needs 
Scale (BPNS; Gagné, 2003) and the 18-item Balanced 
Measure of Psychological Needs (BMPN; Sheldon & 
Hilpert, 2012). Items include: “I feel like I am free to 
decide for myself how to live my life” (autonomy), “I 
have been able to learn new skills recently” (compe-
tence), “People in my life care about me” (relatedness). 
Responses on both instruments were made using a scale 
ranging from 1 (Not at all true) to 7 (Very true). The BPNS 
(M = 5.03, SD = .71, α = .81) and BMPN (M = 4.97, SD = .78, 
α = .85) were highly correlated (r = .84, p < .0001) and 
thus were averaged into a composite measure of global 
need ful#llment.

1Different findings from this sample are reported in Di Domenico et al. (2019). This other report did not include measures of relationship need fulfillment, the 
focus of the present study.

2Two participants indicated that they have known their friend “all their life.” These responses were winsorized to 15 years, the maximum value indicated by 
participants who provided numerical responses to this survey question.
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Trait-Judgment task

Participants were asked to rate themselves and their 
nominated friend on 120 trait adjectives obtained 
from Saucier and Goldberg (1996). The adjectives 
described two of the “Big Five” personality traits, 
Conscientiousness and Extraversion. Conscientious 
ness re!ects a tendency to be achievement oriented, 
self-controlled, and organized. Extraversion, on the 
other hand, re!ects a tendency to be assertive, soci-
able, and to experience positive emotions. We chose 
two of the Big Five traits to minimize participant 
fatigue. Conscientiousness and Extraversion have 
clear behavioral expressions and are the most accu-
rately perceived of the Big Five (Connelly & Ones, 
2010). We accordingly reasoned that they would bol-
ster participants’ perceptions to make meaningful 
responses in the trait-judgment task.

Adjectives for Conscientiousness and Extraversion 
were taken from Saucier and Goldberg’s (1996) factor 
analysis of familiar English personality adjectives. We 
used the 60 adjectival markers with the strongest 
factor loadings on each trait (see Table 2; Saucier & 
Goldberg, 1996). The trait-judgment task was pre-
sented to participants using a block design. The task 
consisted of 24 blocks in total, 12 for each the self- 

and friend-conditions. Each condition contained six 
blocks for Conscientiousness and six blocks for 
Extraversion. Three blocks contained adjectives for 
high Conscientiousness and Extraversion (e.g., exact-
ing, assured) and three blocks contained adjectives 
for low Conscientiousness and Extraversion (e.g., 
indecisive, shy). Each block consisted of 10 consecu-
tive adjectives for either Conscientiousness or 
Extraversion.

Figure 1 shows the !ow of one trial in the trait- 
judgment task. Each block began with the presenta-
tion of a 3500 ms instruction cue (e.g., How accurately 
does this word describe YOU?) and a rating scale that 
ranged from 1 (Inaccurate) to 9 (Accurate). Each trial 
began with a 500 ms cross-hair #xation in the same 
display that was followed by the presentation of an 
adjective for 3500 ms. Participants responded to 
these adjectives by sliding and clicking a computer 
mouse cursor with their right hand over the appro-
priate scale response. Participants were instructed to 
respond as quickly as possible to each trial. Reaction 
times (RTs) were de#ned as the time elapsed from the 
onset of each trial to the registration of participants’ 
mouse click. After each mouse click, the cursor dis-
appeared. To provide participants with visual feed-
back, their selected responses !ashed on the screen 

Figure 1. The flow of one trial (4000 ms total) in the personality-reflection task.
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for the duration of each mouse click. Participants 
were instructed to slide the mouse to its original 
position on the mouse pad after each response. 
After 3500 ms had elapsed, a new trial began and 
the location of the mouse cursor was reset to its 
original position in the middle of the screen.

Pilot testing indicated that some participants experi-
enced di$culty switching between the self- and friend- 
conditions. To ensure that participants were able to 
follow task instructions and to reduce the number of 
times that participants had to switch between condi-
tions, six blocks of each condition were presented con-
secutively. The order with which the conditions were 
presented was randomized with the restriction that the 
12 blocks of each condition could not be presented 
consecutively. The order with which the adjectives 
were presented within each condition was randomized. 
Before beginning the experiment, participants com-
pleted a series of practice trials (#ve for each condition) 
to familiarize themselves with the task. The adjectives 
used for practice were not used in the experiment.

fNIRS procedures and signal processing

Throughout the trait-judgment task, activity of the 
prefrontal cortex was monitored using the fNIR 
Imager 1000®, a 16-channel continuous-wave fNIRS 
system manufactured by fNIR Devices LLC (Potomac, 
MD; www.fnirdevices.com). The system is composed 
of two components: a sensor pad with a source- 
detector separation of 2.50 cm and a data acquisition 

control box running Cognitive Optical Brain Imaging 
(COBI) Studio software. The sensor pad had 
a temporal resolution of 500 ms per scan, a penetra-
tion depth of 1.25 cm into the prefrontal cortex, and 
LED light sources with peak wavelengths at 730 nm 
and 850 nm. The sensor pad was secured in align-
ment with the electrode positions F7, FP1, FP2 and F8 

based on the International 10/20 system (Jasper, 
1958). This positioning corresponds to Brodmann 
areas 9, 10, 45 and 46. Figure 2 displays the location 
and registration of each channel of the sensor pad on 
a standard MRI template (see, Ayaz et al., 2006). 
Channels covering the anterior frontal pole (7, 8, 9, 
and 10; BAs 9 and 10) de#ned the MPFC, our a priori 
region of interest.

After acquisition, a trained experimenter visually 
inspected the recorded light intensities and 
excluded all saturated channels. Signal and physio-
logical artifacts were then excluded with a low-pass 
#lter consisting of a #nite impulse response and with 
a linear phase #lter with an order of 20 and a cuto" 
frequency of 0.1 Hz (Ayaz et al., 2012; Izzetoglu 
et al., 2005). A sliding-window motion artifact rejec-
tion algorithm was then applied to the #ltered light- 
intensity data to exclude motion artifacts (Ayaz 
et al., 2010). Activation segments were extracted 
using time-synchronization markers received via 
a serial connection from the computer used to dis-
play the trait-judgment task. Relative changes in 
concentrations of oxygenated hemoglobin (Δoxy- 

Figure 2. (a) fNIR sensor pad with four light emitting diodes (LEDs) and ten photodetectors. (b) The 16-channel sensor pad. (c) 
Placement of sensor pad in alignment with F7, FP1, FP2 and F8. (d) fNIR Imager 1000® control box running COBI Studio Software. (e) 
Measurement locations (channels) of the fNIRS sensor pad registered on MRI templates. Channels 7, 8, 9, and 10 defined the MPFC, our 
a priori region of interest. The brain surface image is from the University of Washington Digital Anatomist Project. Adapted with 
permission from Ayaz et al. (2012)
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Hb) for each activation segment were calculated via 
modi#ed beer lambert law and local baseline 
approach using segment at beginning of each task 
block. Average of each block is then calculated for 
statistical analysis across all task conditions and 
participants.

Results

Data analytic approach

The data were analyzed with multilevel regression mod-
els (Snijders & Bosker, 2012), which took into account 
that the experimental trials and blocks were nested 
within participants, that the data were unbalanced 
across participants, and that relationship length and 
need ful#llment were continuous predictors. We esti-
mated random intercept models using the method of 
maximum likelihood, an unstructured covariance matrix, 
and the “between-within” method of estimating degrees 
of freedom (Schluchter & Elasho", 1990). Preliminary 
analyses indicated that relationship need ful#llment 
was signi#cantly correlated with both relationship 
length, r = .32, p < .001, and global need ful#llment, r 
= .53, p < .0001. We thus included relationship length 
and global need ful#llment as covariates when testing 
the e"ects of relationship need ful#llment on RTs and 
MPFC activity across the self- and friend-conditions.

Behavioral analyses

We #rst examined if RTs di"ered across the experimental 
conditions. A multilevel model predicted RTs from an 
e"ect-coded variable representing the main conditions 
of the trait-judgment task (friend = −1, self = 1). Results 
indicated that RTs were faster in the self-condition rela-
tive to the friend-condition, b = −24.15, SE = 3.60, 

p < .0001. We then tested an elaborated model which 
included a conditional e"ect for relationship need ful#ll-
ment and a term for the interaction between the experi-
mental conditions and relationship need ful#llment. This 
elaborated model provided better #t to the data, Δχ2 

(2) = 14.33, p = .001. The conditional e"ect for relation-
ship need ful#llment was not signi#cant, b = −4.42, 
SE = 40.12, p = .91. However, this model did indicate 
a signi#cant interaction between the experimental con-
ditions and relationship need ful#llment, b = 18.67, 
SE = 4.93, p < .001. This signi#cant interaction is illu-
strated in Figure 3. The interaction was examined follow-
ing the methods of Aiken and West (1991). While 
participants reporting higher relationship need ful#ll-
ment (+ 1 SD) exhibited less pronounced di"erences in 
RTs across the self- and friend-conditions, b = −9.07, 
SE = 5.37, p = .091, those reporting lower relationship 
need ful#llment (−1 SD) exhibited signi#cantly faster RTs 
in the self- relative to the friend-condition, b = −36.34, 
SE = 4.83, p < .0001. This pattern is consistent with the 
hypothesis that people who experience higher need 
ful#llment with a friend process and represent informa-
tion of that friend in a manner similar to the self.

ROI fNIRS analyses

We #rst examined if oxy-Hb levels di"ered across the 
experimental conditions. A multilevel model predicted 
oxy-Hb within the MPFC across the conditions of the trait- 
judgment task (friend = −1, self = 1). As expected, oxy-Hb 
was greater in the self- relative to the friend-condition, 
b = .05, SE = .02, p = .0294. We next examined a model 
that included a conditional e"ect for relationship need 
ful#llment and a term for the interaction between the 
experimental conditions and relationship need ful#llment. 
This elaborated model provided better #t to the data, Δχ2 

(2) = 7.35, p = .025. The conditional e"ect for relationship 

Figure 3. Predicted reaction times across the self- and friend-conditions and levels of relationship need fulfillment.
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need ful#llment was not signi#cant, b = .36, SE = .23, 
p = .110. However, this model did indicate the expected 
interaction between the experimental conditions and 
relationship need ful#llment, b = −.07, SE = .03, p = .027. 
This signi#cant interaction is illustrated in Figure 4. 
Consistent with hypotheses, whereas participants report-
ing higher relationship need ful#llment (+ 1 SD) exhibited 
similarly elevated levels of oxy-Hb across the self- and 
friend-conditions, b = −.01, SE = .04, p = .836, those 
reporting lower relationship need ful#llment (−1 SD) 
exhibited signi#cantly greater oxy-Hb levels in the self- 
relative to the friend-condition, b = .10, SE = .03, p = .002.

Supplemental analyses

We conducted two sets of supplemental analyses to test 
the robustness of our results, which are detailed in the 
Supplemental Materials. First, we ran multilevel models 
for both RTs and oxy-Hb that included relationship length, 
global need ful#llment, and their interactions with the 
experimental conditions as predictors. This analysis 
enabled us to test the moderating e"ect of relationship 
need ful#llment over and above the possible moderating 
e"ects of both relationship length and global need ful#ll-
ment during the trait-judgment task. Similar to the results 
reported above, relationship need ful#llment continued 
to moderate both RTs and oxy-Hb levels even after statis-
tically controlling for these variables. Second, using the 
ratings that participants made during the trait judgment 
task, we examined if participants reporting higher rela-
tionship need ful#llment rated themselves more similar to 
their friends in the trait-judgment task than those report-
ing lower relationship need ful#llment.3 Results indicated 
that participants reporting higher relationship need 

ful#llment did not rate themselves as being more similar 
to their friends, suggesting that our #ndings for both RTs 
and Oxy-Hb levels were not artifactually produced by 
perceived self-other similarity in personality traits.

Discussion

Neuroimaging studies indicate that the medial prefrontal 
cortex (MPFC) plays an important role in representing 
semantic self-knowledge. Previous studies in this line 
have speci#cally shown that the MPFC is preferentially 
engaged when people are asked to re!ect upon them-
selves relative to when they are asked to re!ect upon other 
people (Denny et al., 2012). The present #ndings indicate 
that relationship need ful#llment moderates this well- 
established #nding: participants who reported lower levels 
of need ful#llment with their friend showed elevated activ-
ity only in the self-judgment condition; in contrast, those 
who reported higher levels of need ful#llment with their 
friend showed similarly high levels of MPFC activity across 
the conditions. These results were complemented by 
behavioral analyses, which indicated that whereas partici-
pants reporting lower relationship need ful#llment had 
longer RTs when making judgments about their friends, 
those reporting higher relationship need ful#llment had 
similar response latencies across the conditions.

These results are therefore consistent with the idea 
that the MPFC di"erentially represents others on the 
basis of the need ful#llment experienced within the 
relationship. These results converge with contemporary 
relationships research (e.g., Aron et al., 2004) showing 
that people expand their self-concept to include repre-
sentations of others with whom they have close relation-
ships. Indeed, the present results align with the results of 

Figure 4. Predicted Δoxy-Hb response in the MPFC across the self- and friend-conditions and levels of relationship need fulfillment.

3We thank a reviewer for suggesting this analysis.
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Deci et al. (2006), who found that perceived need sup-
port from a close friend predicted the extent to which 
people incorporate that friend into their self-concept.

One question for that warrants attention in future 
studies is the possible interaction between global need 
ful#llment and relationship need ful#llment in the pre-
diction of neural self-other similarity. As suggested by 
a reviewer, people who experience generally low levels 
of need ful#llment but high levels of need ful#llment in 
a particular relationship may evidence particularly pro-
nounced self-other similarity e"ects. Interestingly, phe-
nomenon that is somewhat opposite to this has been 
previously documented in SDT research. Speci#cally, 
Przybylski et al. (2009) found that whereas avid video 
game players reporting low levels of need ful#llment in 
daily life were prone to more obsessive passion for need- 
ful#lling games, those reporting high levels of need 
ful#llment reported less compulsion to play. The present 
sample of 109 participants was inadequately small to 
properly test a three-way interaction between global 
need ful#llment, relationship need ful#llment, and the 
experimental conditions on MPFC activity (our unre-
ported test of this interaction was not signi#cant). 
Future studies ought to explore these possible need 
density e"ects (Rigby & Ryan, 2011).

Future research should more closely examine the 
precise mechanisms driving the current #ndings. One 
possibility is that the degree of MPFC activity during self- 
re!ection is associated with the self-relevance attached 
to particular identity representations (D’Argembeau, 
2013; D’Argembeau & Salmon, 2012; Northo" & 
Bermpohl, 2004; Schmitz & Johnson, 2007; Wagner 
et al., 2012). As D’Argembeau and Salmon (2012, 
p. 283) put it, “the MPFC might sustain the process of 
identifying oneself with versus distancing oneself from 
particular mental contents (e.g., thoughts, opinions, pre-
ferences), which would therefore be regarded as ‘me’ (or 
‘mine’) versus ‘not-me’ (or ‘not-mine’).” Considered from 
the perspective of the present #ndings, this idea would 
suggest that people attribute a higher degree of self- 
relevance to mental representations of need-ful#lling 
relationship partners and possibly even need-ful#lling 
activities.

Indeed, motivational psychologists, especially those 
working within the tradition of SDT, have long used the 
concept of internalization to describe the process by 
which one takes in values, beliefs, or goals from external 
sources and transforms them into one’s own (Ryan & 
Connell, 1989) – a process that is facilitated by ambient 
supports for relatedness, competence, and autonomy 
and associated with enhanced performance and well-
ness (Ryan & Deci, 2017). The present results, together 
with the idea that the MPFC may locate mental 

representations on a continuum of self-relevance, there-
fore encourage us to speculate that the MPFC may play 
a role in the internalization process. Some support for 
this idea comes from studies of persuasion-induced atti-
tude change. Falk et al. (2010) presented participants 
with persuasive messages about the safety bene#ts of 
sunscreen during fMRI and found that the degree of 
MPFC activity exhibited during the persuasive message 
predicted positive changes in participants’ sunscreen 
use in the week following the scanning session. In 
a similar study, Falk et al. (2011) presented smokers in 
a cessation program with commercials that encouraged 
quitting during fMRI and found that the degree of MPFC 
activity during the commercials predicted reduced 
smoking. In their discussion of these #ndings, the 
authors speculated that the degree of MPFC activity 
when viewing the commercials might have re!ected 
“an implicit connection between the self and the beha-
vior in question (in this case quitting)” (p. 182). It may 
thus prove fruitful for future applied studies on the 
internalization process to adapt the innovative methods 
of Falk and colleagues to examine the possible mediat-
ing role of MPFC in the link between need ful#llment 
and internalization in the prediction of real-world 
outcomes.

Three limitations of the present study should be 
noted. One limitation was that our fNIRS system was 
only sensitive to hemodynamic changes within the top 
2 to 3 cm of the cerebral cortex. While suitable for 
examining the anterior portion of the MPFC (BA 10), 
the MPFC is a single component in a broader network 
of cortical midline structures (CMS) that are commonly 
recruited during tasks that involve self-referential cog-
nition. The CMS include the anterior cingulate cortex 
(BA’s 24, 25, 32), the posterior cingulate cortex (BA 23), 
the medial parietal cortex (BA’s 7 and 31), the retro-
splenial cortex (BA’s 26, 29, and 30), as well as the more 
dorsal aspects of the MPFC (BA 9; Northo" & Bermpohl, 
2004; Northo" et al., 2006). Future studies using fMRI 
will be needed to determine if the e"ects documented 
in this study generalize to other CMS. Another limita-
tion concerns the sample from which our population 
was drawn. We recruited university students who ran-
ged between 18 and 27 years of age. These participants 
fell within the development period known as emerging 
adulthood, which characterized both by its demo-
graphic instability (e.g., changes in residence, marital 
status, and educational/occupational status) and iden-
tity explorations in love, work, and worldview (Arnett, 
2000). Given the important changes that de#ne this 
developmental period, it stands to reason that emer-
ging adults are particularly sensitive to need ful#lling 
relationships, particularly as they concern matters of 
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self and identity. Future research should therefore test 
whether the present e"ects generalize to other devel-
opmental epochs. Finally, the cross-sectional design of 
the present study should be noted. We cannot ascer-
tain if self-other similarity overlap in the MPFC is caused 
by relationship need ful#llment or if perceptions of 
relationship need ful#llment are caused by self-other 
similarity in the MPFC. Longitudinal designs will be 
required to properly determine the directionality of 
this relationship.

Notwithstanding these limitations, we believe the pre-
sent study o"ers a meaningful contribution to empirical 
work examining semantic processing during self- and 
other-referential judgments. Perhaps most importantly, 
the present study demonstrates the productive two-way 
street between neuroscience and relationships research. 
Frameworks for understanding relationships can help to 
guide neuroscience hypotheses and synthesize neu-
roscience #ndings; neuroscience methods o"er new, 
additional methods for reexamining human relationships.

Disclosure statement

No potential con!ict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with the 
work featured in this article.

ORCID

Stefano I. Di Domenico http://orcid.org/0000-0001-7137- 
7364
Richard M. Ryan http://orcid.org/0000-0002-2355-6154
Anthony C. Ruocco http://orcid.org/0000-0002-1942-7181

References

Aiken, L. S., & West, S. G. (1991). Multiple regression: Testing and 
interpreting interactions. Sage.

Arnett, J. J. (2000). Emerging adulthood: A theory of develop-
ment from the late teens through the twenties. American 
Psychologist, 55(5), 469–480. https://doi.org/10.1037//0003- 
066X.55.5.469 

Aron, A., Aron, E. N., & Norman, C. (2004). Self-expansion model 
of motivation and cognition in close relationships and 
beyond. In M. B. Brewer & M. Hewstone (Eds.), Self and social 
identity (pp. 99–123). Blackwell Publishing.

Ayaz, H., Izzetoglu, M., Platek, S. M., Bunce, S., Izzetoglu, K., 
Pourezaei, K., & Onaral, B. (2006). Registering fNIR data to 
brain surface image using MRI templates. Annual 
International Conference Proceedings IEEE Engineering in 
Medicine and Biology, 2671–2674. https://doi.org/10.1109/ 
IEMBS.2006.260835 

Ayaz, H., Izzetoglu, M., Shewokis, P. A., & Onaral, B. (2010). 
Sliding-window motion artifact rejection for functional 
near-infrared spectroscopy. Conference Proceedings IEEE 
Engineering in Medicine and Biology, 6567–6570. https:// 
doi.org/10.1109/IEMBS.2010.5627113 

Ayaz, H., Shewokis, P. A., Bunce, S., Izzetoglu, K., Willems, B., & 
Onaral, B. (2012). Optical brain monitoring for operator train-
ing and mental workload assessment. NeuroImage, 59(1), 
36–47. https://doi.org/10.1016/j.neuroimage.2011.06.023 

Campbell, D. T., & Fiske, D. W. (1959). Convergent and discri-
minant validation by the multitrait-multimethod matrix. 
Psychological Bulletin, 56(2), 81–105. https://doi.org/10. 
1037/h0046016 

Chen, P.-H. A., Wagner, D. D., Kelley, W. M., & Heatherton, T. F. 
(2015). Activity in cortical midline structures is modulated by 
self-construal changes during acculturation. Culture and 
Brain, 3(1), 39–52. https://doi.org/10.1007/s40167-015- 
0026-z 

Connelly, B. S., & Ones, D. S. (2010). An other perspective on 
personality: Meta-analytic integration of observers’ accuracy 
and predictive validity. Psychological Bulletin, 136(6), 
1092–1122. https://doi.org/10.1037/a0021212 

Curtin, A., & Ayaz, H. (2018). The age of neuroergonomics: 
Towards ubiquitous and continuous measurement of brain 
function with fNIRS. Japanese Psychological Research, 60(4), 
374–386. https://doi.org/10.1111/jpr.12227 

D’Argembeau, A. (2013). On the role of the ventromedial pre-
frontal cortex in self-processing: The valuation hypothesis. 
Frontiers in Human Neuroscience, 7, 372. https://doi.org/10. 
3389/fnhum.2013.00372 

D’Argembeau, A., & Salmon, E. (2012). The Neural Basis of 
Semantic and Episodic Forms of Self-Knowledge: Insights 
from Functional Neuroimaging. In C. López-Larrea (Ed.), 
Sensing in Nature. Advances in Experimental Medicine and 
Biology (Vol. 739). Springer.

Deci, E. L., La Guardia, J. G., Moller, A. C., Scheiner, M. J., & 
Ryan, R. M. (2006). On the bene#ts of giving as well as 
receiving autonomy support: Mutuality in close 
friendships. Personality & Social Psychology Bulletin, 32(3), 
313–327. https://doi.org/10.1177/0146167205282148 

Denny, B. T., Kober, H., Wager, T. D., & Ochsner, K. N. (2012). A 
meta-analysis of functional neuroimaging studies of self- 
and other judgments reveals a spatial gradient for mentaliz-
ing in medial prefrontal cortex. Journal of Cognitive 
Neuroscience, 24(8), 1742–1752. https://doi.org/10.1162/ 
jocn_a_00233 

Di Domenico, S. I., Fournier, M. A., Rodrigo, A. H., Dong, M., 
Ayaz, H., Ryan, R. M., & Ruocco, A. C. (2019). Functional near- 
infrared spectroscopy: Proof of concept for its application in 
social neuroscience. In H. Ayaz & F. Dehais (Eds.), 
Neuroergonomics: The brain at work and in everyday life 
(pp. 169–173). Elsevier S&T Books.

Falk, E. B., Berkman, E. T., Mann, T., Harrison, B., & 
Lieberman, M. D. (2010). Predicting persuasion-induced 
behavior change from the brain. The Journal of 
Neuroscience, 30(25), 8424. https://doi.org/10.1523/ 
JNEUROSCI.0063-10.2010 

Falk, E. B., Berkman, E. T., Whalen, D., & Lieberman, M. D. (2011). 
Neural activity during health messaging predicts reductions 
in smoking above and beyond self-report. Health 
Psychology, 30(2), 177–185. https://doi.org/10.1037/ 
a0022259 

SOCIAL NEUROSCIENCE 9

https://doi.org/10.1037//0003-066X.55.5.469
https://doi.org/10.1037//0003-066X.55.5.469
https://doi.org/10.1109/IEMBS.2006.260835
https://doi.org/10.1109/IEMBS.2006.260835
https://doi.org/10.1109/IEMBS.2010.5627113
https://doi.org/10.1109/IEMBS.2010.5627113
https://doi.org/10.1016/j.neuroimage.2011.06.023
https://doi.org/10.1037/h0046016
https://doi.org/10.1037/h0046016
https://doi.org/10.1007/s40167-015-0026-z
https://doi.org/10.1007/s40167-015-0026-z
https://doi.org/10.1037/a0021212
https://doi.org/10.1111/jpr.12227
https://doi.org/10.3389/fnhum.2013.00372
https://doi.org/10.3389/fnhum.2013.00372
https://doi.org/10.1177/0146167205282148
https://doi.org/10.1162/jocn_a_00233
https://doi.org/10.1162/jocn_a_00233
https://doi.org/10.1523/JNEUROSCI.0063-10.2010
https://doi.org/10.1523/JNEUROSCI.0063-10.2010
https://doi.org/10.1037/a0022259
https://doi.org/10.1037/a0022259


Ferrari, M., & Quaresima, V. (2012). A brief review on the history 
of human functional near- infrared spectroscopy (fNIRS) 
development and #elds of application. NeuroImage, 63(2), 
921–935. https://doi.org/10.1016/j.neuroimage.2012.03.049 

Gagné, M. (2003). The role of autonomy support and autonomy 
orientation in prosocial behavior engagement. Motivation 
and Emotion, 27(3), 199–223. https://doi.org/10.1023/ 
A:1025007614869 

Heatherton, T. F., Wyland, C. L., Macrae, C. N., Demos, K. E., 
Denny, B. T., & Kelley, W. M. (2006). Medial prefrontal activity 
di"erentiates self from close others. Social Cognitive and 
A#ective Neuroscience, 1(1), 18–25. https://doi.org/10.1093/ 
scan/nsl001 

Irani, F., Platek, S. M., Bunce, S., Ruocco, A. C., & Chute, D. (2007). 
Functional near infrared spectroscopy (fNIRS): An emerging 
neuroimaging technology with important applications for 
the study of brain disorders. The Clinical Neuropsychologist, 
21(1), 9–37. https://doi.org/10.1080/13854040600910018 

Izzetoglu, M., Izzetoglu, K., Bunce, S., Ayaz, H., Devaraj, A., 
Onaral, B., & Pourrezaei, K. (2005). Functional near-infrared 
neuroimaging. IEEE Transactions on Neural Systems and 
Rehabilitation Engineering, 13(2), 153–159. https://doi.org/ 
10.1109/TNSRE.2005.847377 

Jasper, H. H. (1958). Report of the committee on methods of 
clinical examination in electroencephalography. 
Electroencephalography Clinical Neurophysiology, 10(2), 
370–375. https://doi.org/10.1016/0013-4694(58)90053-1 

Kelley, W. M., Macrae, C. N., Wyland, C. L., Caglar, S., Inati, S., & 
Heatherton, T. F. (2002). Find the self? An event-related fMRI 
study. Journal of Cognitive Neuroscience, 14(5), 785–794. 
https://doi.org/10.1162/0898290260138672 

Krienen, F. M., Tu, P.-C., & Buckner, R. L. (2010). Clan mentality: 
Evidence that the medial prefrontal cortex responds to close 
others. Journal of Neuroscience, 30(41), 13906–13915. 
https://doi.org/10.1523/JNEUROSCI.2180-10.2010 

La Guardia, J. G., Ryan, R. M., Couchman, C. E., & Deci, E. L. 
(2000). Within-person variation in security of attachment: A 
Self-Determination Theory perspective on attachment, need 
ful#llment, and well-being. Journal of Personality and Social 
Psychology, 79(3), 367–384. https://doi.org/10.1037//0022- 
3514.79.3.367 

Markus, H. R., & Kitayama, S. (1991). Culture and the self: 
Implications for cognition, emotion, and motivation. 
Psychological Review, 98(2), 224–253. https://doi.org/10. 
1037/0033-295X.98.2.224 

Martinelli, P., Sperduti, M., & Piolino, P. (2013). Neural substrates 
of the self-memory system: New insights from a 
meta-analysis. Human Brain Mapping, 34(7), 1515–1529. 
https://doi.org/10.1002/hbm.22008 

Moran, J. M., Kelley, W. M., & Heatherton, T. F. (2013). What can 
the organization of the brain’s default network tell us about 
self-knowledge. Frontiers in Human Neuroscience, 7, 391. 
https://doi.org/10.3389/fnhum.2013.003931 

Northo", G., & Bermpohl, F. (2004). Cortical midline structures 
and the self. Trends in Cognitive Science, 8(3), 102–107. 
https://doi.org/10.1016/j.tics.2004.01.004 

Northo", G., Heinzel, A., de Greck, M., Bermpohl, F., 
Dobrowolny, H., & Panksepp, J. (2006). Self-referential pro-
cessing in our brain—A meta-analysis of imaging studies on 
the self. Neuroimage, 31(1), 440–457. https://doi.org/10. 
1016/j.neuroimage.2005.12.002 

Przybylski, A. K., Weinstein, N., Ryan, R. M., & Rigby, C. S. (2009). 
Having to versus wanting to play: Background and conse-
quences of harmonious versus obsessive engagement in 
video games. Cyberpsychology & Behavior, 12(5), 39–52. 
https://doi.org/10.1007/s40167-015-0026-z 

Rigby, C. S., & Ryan, R. M. (2011). Glued to games: How video 
games draw us in and hold us spellbound. Praeger.

Rogers, T. B., Kuiper, N. A., & Kirker, W. S. (1977). Self-reference 
and the encoding of personal information. Journal of 
Personality and Social Psychology, 35(9), 677–688. https:// 
doi.org/10.1037/0022-3514.35.9.677 

Ryan, R. M., & Connell, J. P. (1989). Perceived locus of 
causality and internalization: Examining reasons for act-
ing in two domains. Journal of Personality and Social 
Psychology, 57(5), 749–761. https://doi.org/10.1037/0022- 
3514.57.5.749 

Ryan, R. M., & Deci, E. L. (2017). Self-determination theory: Basic 
psychological needs in motivation, development, and wellness. 
Guilford Press.

Saucier, G., & Goldberg, L. R. (1996). Evidence for the Big 
Five in analyses of familiar English personality adjectives. 
European Journal of Personality, 10(1), 61–77. https://doi. 
org/10.1002/(SICI)1099-0984(199603)10:1<61::AID- 
PER246>3.0.CO;2-D 

Schluchter, M. D., & Elasho", J. T. (1990). Small-sample adjust-
ments to tests with unbalanced repeated measures assum-
ing several covariance structures. Journal of Statistical 
Computation and Simulation, 37(1–2), 69–87. https://doi. 
org/10.1080/00949659008811295 

Schmitz, T. W., & Johnson, S. C. (2007). Relevance to self: A brief 
review and framework of neural systems underlying appraisal. 
Neuroscience and Biobehavioral Reviews, 31(4), 585–596. 
https://doi.org/10.1016/j.neubiorev.2006.12.003 

Sheldon, K. M., & Hilpert, J. (2012). The balanced measure of 
psychological needs (BMPN) scale: An alternative domain 
general measure of need satisfaction. Motivation and 
Emotion, 36(4), 439–451. https://doi.org/10.1007/s11031- 
012-9279-4 

Snijders, T. A. B., & Bosker, R. J. (2012). Multilevel analysis: An 
introduction to basic and advanced multilevel modeling (2nd 
ed.). Sage.

Steinbrink, J., Villringer, A., Kempf, F., Haux, D., Boden, S., & 
Obrig, H. (2006). Illuminating the BOLD signal: 
Combined fMRI-fNIRS studies. Magnetic Resonance 
Imaging, 24(4), 495–505. https://doi.org/10.1016/j.mri. 
2005.12.034 

Strangman, G., Culver, J. P., Thompson, J. H., & Boas, D. A. 
(2002). A quantitative comparison of simultaneous BOLD, 
fMRI, and NIRS recordings during functional brain 
activation. NeuroImage, 17(2), 719–731. https://doi.org/10. 
1006/nimg.2002.1227 

van der Meer, L., Costafreda, S., Aleman, A., & David, A. S. (2010). 
Self-re!ection and the brain: A theoretical review and 
meta-analysis of neuroimaging studies with implications for 
schizophrenia. Neuroscience & Biobehavioral Reviews, 34(6), 
935–946. https://doi.org/10.1016/j.neubiorev.2009.12.004 

Wagner, D. D., Haxby, J. V., & Heatherton, T. F. (2012). The 
representation of self and person knowledge in the med-
ial prefrontal cortex. Wiley Interdisciplinary Reviews. 
Cognitive Science, 3(6), 451–470. https://doi.org/10.1002/ 
wcs.1183

10 S. I. DI DOMENICO ET AL.

https://doi.org/10.1016/j.neuroimage.2012.03.049
https://doi.org/10.1023/A:1025007614869
https://doi.org/10.1023/A:1025007614869
https://doi.org/10.1093/scan/nsl001
https://doi.org/10.1093/scan/nsl001
https://doi.org/10.1080/13854040600910018
https://doi.org/10.1109/TNSRE.2005.847377
https://doi.org/10.1109/TNSRE.2005.847377
https://doi.org/10.1016/0013-4694(58)90053-1
https://doi.org/10.1162/0898290260138672
https://doi.org/10.1523/JNEUROSCI.2180-10.2010
https://doi.org/10.1037//0022-3514.79.3.367
https://doi.org/10.1037//0022-3514.79.3.367
https://doi.org/10.1037/0033-295X.98.2.224
https://doi.org/10.1037/0033-295X.98.2.224
https://doi.org/10.1002/hbm.22008
https://doi.org/10.3389/fnhum.2013.003931
https://doi.org/10.1016/j.tics.2004.01.004
https://doi.org/10.1016/j.neuroimage.2005.12.002
https://doi.org/10.1016/j.neuroimage.2005.12.002
https://doi.org/10.1007/s40167-015-0026-z
https://doi.org/10.1037/0022-3514.35.9.677
https://doi.org/10.1037/0022-3514.35.9.677
https://doi.org/10.1037/0022-3514.57.5.749
https://doi.org/10.1037/0022-3514.57.5.749
https://doi.org/10.1080/00949659008811295
https://doi.org/10.1080/00949659008811295
https://doi.org/10.1016/j.neubiorev.2006.12.003
https://doi.org/10.1007/s11031-012-9279-4
https://doi.org/10.1007/s11031-012-9279-4
https://doi.org/10.1016/j.mri.2005.12.034
https://doi.org/10.1016/j.mri.2005.12.034
https://doi.org/10.1006/nimg.2002.1227
https://doi.org/10.1006/nimg.2002.1227
https://doi.org/10.1016/j.neubiorev.2009.12.004
https://doi.org/10.1002/wcs.1183
https://doi.org/10.1002/wcs.1183

