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Figure 2. Computational modeling results. A, Model comparison results. Model F1.2 (interdependent-and-nonlinear weight of recipients’ benefits model) outperforms than all the other
models in the RFX-BMS analysis. Model F1.2 has the highest exceedance probability (xp = 0.71), suggesting that the probability that model F1.2 is more likely implemented than all the other
models is 71%. B, Correlation between BEES score (dispositional empathy) and log-transformed k in model F1.2 (other-regarding preferences). C, Bar plots show that cross-validation predic-
tion accuracies are significantly higher than chance level (i.e., 0.5) for all the 15 models of interest. Error bars indicate SEM. D, Scatter plots for correlations between estimated parameters with
model F1.2 in the two sessions. E, Model parameters recovered from simulated response data for each participant; 100 sets of response data were simulated with model F1.2, each participant’s
specific cost amount–noise unpleasantness level pairing choice set, and his/her own best-fitting parameters. Then, model parameters in model F1.2 were estimated with these 100 sets of
response data for each participant’
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welfare. The power exponent (i.e.,a) further differentiates indi-
viduals based on the magnitude of marginal utility of altruistic
behaviors. Such a differentiation provides us with a new way to
examine individuals’ altruistic preferences. One might argue that
biased perceptions of noise stimuli (Shepard, 1978) and mone-
tary magnitude (Namboodiri et al., 2014; Pardo-Vazquez et al.,
2019) will render the observed integration of nonlinearly trans-
formed attributes unreliable, and these confounding effects may
not be easily addressed by our current design. Nevertheless, our
findings highlight the importance of employing a nonlinear algo-
rithm to examine cost-benefit integration of different dimensions
of information underlying social decision-making.

Our model-based neuroimaging analyses further contribute
to our understandings of neurocomputational basis underlying
altruistic behaviors. First, our results suggest critical roles of
dACC and rIPL in representing self-interest motives and other-
regarding motives across different modalities. Second, univariate
mediation analyses and multivariate IS-RSA provide convergent
evidence for differentiating the roles of close but different subre-
gions in INS underlying the helping behavior. Third, the IS-RSA
further extend univariate analyses by revealing the role of
DLPFC in altruistic preference and reconciling conflicts regard-
ing the role of DLPFC in empathy-driven altruistic behaviors.
We discuss these aspects in more detail in following sections.

First, the engagement of dACC and rIPL in evaluating bene-
factors’ costs and recipients’ benefits largely replicate our previ-
ous findings that dorsal part of MPFC encodes self-interest
motives and rIPL encodes other-regarding motives when partici-
pants making altruistic decisions under a risk-taking context
(Hu et al., 2017). Importantly, conjunction results in the current
study suggest domain-general roles of dACC and rIPL in encod-
ing both self-regarding and other-regarding motives. These find-
ings are consistent with several lines of research which suggest a
domain-general role of dACC in commonly encoding informa-
tion of risk (Xue et al., 2009; Hu et al., 2017), reward (Lockwood
et al., 2016), and pain (Singer and Lamm, 2009; Lamm et al.,
2011; Engen and Singer, 2013) for both oneself and others. As
rIPL is involved in a variety of non-social and social cognitive
functions, including mathematical calculation, salience process-
ing, perspective taking, and empathy (Pinel et al., 2004; Kahnt et
al., 2014; Tusche et al., 2016; Igelström and Graziano, 2017), the
findings here about rIPL can be explained by its role in mathe-
matical calculation or salience processing for encoding personal
costs (Pinel et al., 2004; Kahnt and Tobler, 2013) and in repre-
senting vicarious mental states for other’s benefits (Lamm et al.,
2011; Tusche et al., 2016). It is highly likely that dACC and rIPL
work in the common currency neural system which implicates
identical neural valuation processes across social and non-social
decisions (Ruff and Fehr, 2014).

Second, both univariate mediation analyses and multivariate
IS-RSA clarify the critical role of vaINS/mINS in linking different
sources of altruistic preferences (e.g., task-specific other-regard-
ing preferences and dispositional empathy concern). These
observations are in line with the view that middle and ventral
anterior insular is a well-suited interface between direct and vi-
carious experiences (Craig, 2008) and supports the empathic
responses for others and other social-emotional processing dur-
ing interpersonal interactions (Chang et al., 2013; Gao et al.,
2018). On the contrary to vaINS/mINS, daINS/IFG, an adjacent
but different subregion of aINS, is found to be involved in evalu-
ating personal costs, rather than reflecting individual variations
in altruistic preferences as vaINS/mINS. This observation indi-
cates the role of daINS/IFG in goal-directed cognition and self-

interests representations (Dosenbach et al., 2006; Knutson et al.,
2007; Eckert et al., 2009; Engelmann et al., 2017). Increasing
potential loss may enhance daINS/IFG activity to recruit more
attention resources (Nelson et al., 2010; Chang et al., 2013) to
process individuals’ own interests (Droutman et al., 2015;
Engelmann et al., 2017). Our paradigm allows us to clearly differ-
entiate the roles of adjacent but different subregions of INS in
distinct cognitive/affective subfunctions, and reconcile previous
mixed evidence about the role of aINS underlying complex social
behaviors.

Last but not least, IS-RSA analyses suggest that neural activity
patterns of personal costs in DLPFC reflect individual variations
in general altruistic preference. Given the assumption that partic-
ipants in similar positions of the general altruistic preference
space evaluate personal costs or others’ benefits in similar ways,
regions (i.e., vaINS/mINS and DLPFC) showing similar activity
patterns are engaged in these processes. Recent studies suggest
that DLPFC, as a cognitive control region (Miller and Cohen,
2001; Buckholtz and Marois, 2012), serves to modulate selfish
motives and other-regarding motives (Knoch et al., 2006; Ruff et
al., 2013; Zhu et al., 2014; Nihonsugi et al., 2015), and to con-
struct moral values in interpersonal interactions (Crockett et al.,
2017). However, it is still controversial as to what extent DLPFC
is engaged in empathy-driven altruistic behaviors given that
previous univariate findings were inconsistent regarding the
association between DLPFC activity in altruistic behaviors and
dispositional empathy (FeldmanHall et al., 2015; Crockett et al.,
2017). Our multivariate analyses add new evidence to clarify the
role of DLPFC in altruistic behaviors by highlighting that indi-
viduals with similar neural activity patterns representing bene-
factors’ costs in this region exhibit similar general altruistic
preference. These findings not only elucidate the critical role of
DLPFC in modulating selfish and altruistic motives in altruistic
decision-making, but also demonstrate the strength of multi-
variate analysis in clarifying the neural basis of individual varia-
tions in complex psychological and computational processes
that cannot be identified by univariate analyses.

In summary, combining a novel experimental paradigm with
computational modeling, our study sheds new light on the
understanding of altruistic decision-making by providing a neu-
rocomputational account of how different attributes are inte-
grated to support altruistic helping behaviors. Our findings
demonstrate the strength of introducing nonlinear algorithms
into the investigation of social decision-making which involves
integration of different dimensions of information. Moreover,
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