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Abstract

We previously demonstrated with functional magnetic resonance imaging (fMRI) that religious belief depends upon
three cognitive dimensions, which can be mapped to specific brain regions. In the present study, we considered these
co-activated regions as nodes of three networks each one corresponding to a particular dimension, corresponding to
each dimension and examined the causal flow within and between these networks to address two important hypoth-
eses that remained untested in our previous work. First, we hypothesized that regions involved in theory of mind
(ToM) are located upstream the causal flow and drive non-ToM regions, in line with theories attributing religion
to the evolution of ToM. Second, we hypothesized that differences in directional connectivity are associated
with differences in religiosity. To test these hypotheses, we performed a multivariate Granger causality-based direc-
tional connectivity analysis of fMRI data to demonstrate the causal flow within religious belief-related networks.
Our results supported both hypotheses. Religious subjects preferentially activated a pathway from inferolateral to
dorsomedial frontal cortex to monitor the intent and involvement of supernatural agents (SAs; intent-related
ToM). Perception of SAs engaged pathways involved in fear regulation and affective ToM. Religious beliefs are
founded both on propositional statements for doctrine, but also on episodic memory and imagery. Beliefs based
on doctrine engaged a pathway from Broca’s to Wernicke’s language areas. Beliefs related to everyday life expe-
riences engaged pathways involved in imagery. Beliefs implying less involved SAs and evoking imagery activated a
pathway from right lateral temporal to occipital regions. This pathway was more active in non-religious compared to
religious subjects, suggesting greater difficulty and procedural demands for imagining and processing the intent of
SAs. Insights gained by Granger connectivity analysis inform us about the causal binding of individual regions ac-
tivated during religious belief processing.
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Introduction of perceived SAs (D2); and D3 refers to the mixed founda-
tion of religious beliefs on abstract semantic processing
RELIGIOUS BEHAVIOR IS a uniquely human trait, the cor-  (i.e., processing of propositional statements for knowledge
nerstone of which is religious belief (Boyer and Berg- of religious doctrines) and episodic memory and imagery.
strom, 2008). Religious beliefs refer to supernatural agents  Using a functional magnetic resonance imaging (fMRI) par-
(SAs, exemplified by ““God’’) and to cosmological concepts  adigm, in which subjects had to indicate whether they agreed
and domains (such as ““Heaven” and ‘‘Hell’’). Belief repre-  or not to a range of religious beliefs, we demonstrated sets of
sentations involve multiple elemental cognitive and affective  brain regions that became active in association with these di-
processes recruited in parallel. In a previous study on reli- mensions (Kapogiannis et al., 2009b).
gious belief, we identified the three most readily demonstra- The main regions activated by D1 were bilateral inferior
ble (and, arguably, most important) among these processes, frontal gyrus (IFG, BA 45), right (R) middle temporal
which constitute ‘““Dimensions’ of religious belief (Baylor gyrus (MTG, BA 21), R inferior temporal gyrus (ITG, BA
Institute for Studies of Religion, 2006; Kapogiannis et al., 20), R precuneus (BA 7), and R superior medial frontal
2009b): Dimension 1 (D1) monitors the level of involvement  gyrus (SMFG), BA 8 (part of dorsomedial PFC) and 10
and intent of perceived SAs; D2 monitors the love and anger  (frontopolar PFC). These areas play key roles in action
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understanding and intent-related theory of mind (ToM) (Ger-
man et al., 2004; Han et al., 2008; Molnar-Szakacs et al.,
2005). The main regions activated by D2 were R middle
frontal gyrus (MFG, BA 11, part of ventrolateral PFC)
with perception of SAs’ love, and left (L) MTG (BA 21)
with perception of SAs’ anger; these areas play roles in affec-
tive ToM and emotional regulation. Regarding D3, bilateral
calcarine (CaG) and L fusiform (FG) gyri (BA 17, 18, and
19); L precuneus (BA 7); and L IFG (BA 44, Broca’s area)
were activated with beliefs mainly founded on episodic
memory and imagery (Desai et al., 2010; Szpunar et al.,
2007). Beliefs mainly processed as propositional statements
for doctrine activated lateral temporal areas, including the L
superior temporal gyrus (STG, BA 22, Wernicke’s area).

In the present study, we considered the coactivated regions
as nodes of three networks, each one corresponding to a par-
ticular dimension and hypothesized that religious beliefs
emerge from causal flow within and between these networks.
According to modern theories that attribute the development
of religion to the evolution of ToM (Boyer, 2003; Boyer and
Bergstrom, 2008), we hypothesized that regions involved in
intent-related (such as the IFG) and affective ToM are located
upstream the causal flow, i.e., they are drivers of activity in
non-ToM regions. In addition, the previous fMRI analysis
generated the unexpected finding of common brain activation
patterns in religious and non-religious subjects (Kapogiannis
et al., 2009b). To address this paradox, we hypothesized that
differences in the causal flow within and between networks is
associated with differences in religiosity.

To address these hypotheses, the present study utilized a
multivariate Granger causality (GC)-based directional con-
nectivity analysis of our fMRI data. Techniques based on
the principle of GC (Granger, 1969) have been successfully
employed to demonstrate the effective connectivity of brain
networks involved in sensory (Deshpande et al., 2008; Roe-
broeck et al., 2005; Stilla et al., 2007, 2008), motor (Abler
et al., 2006; Deshpande et al., 2009), and cognitive process-
ing (Hampstead et al., 2010; Krueger et al., 2011; Sridharan
et al., 2008; Strenziok et al., 2011), but they have not been
applied to the study of religious cognition.

Materials and Methods

Detailed information on subjects and fMRI acquisition
methods can be found in our original article (Kapogiannis
et al., 2009b). All subjects provided written informed con-
sent in compliance with the Institutional Review Board of
the National Institute of Neurological Disorders and Stroke
(Bethesda, MD). Briefly, first, we used a data-reduction ap-
proach (Multidimensional Scaling) to identify dimensions
underlying religious belief in 13 religious and 13 non-
religious healthy volunteers; this allowed us to create a
three-dimensional cognitive space where a set of statements
describing religious beliefs was represented. Then, fMRI was
performed in a different cohort of 20 religious and 20 non-
religious healthy volunteers (matched for age, sex, and edu-
cation), using the same set of statements as stimuli; subjects
had to read and indicate whether they agreed or not with
each statement. We employed a General Linear Model analy-
sis, in which the dimension coordinates of the statements (D1,
D2, and D3) were treated as parametric modulators of the he-
modynamic response function. Eight areas showed a positive
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linear association with D1; one area had a positive and another
a negative linear association with D2; and six areas had a neg-
ative and five a positive linear association with D3.

To pursue GC analysis, we considered these 21 areas as re-
gions of interest (ROIs) and extracted their representative
time series (first eigenvariate), which were input to a single
dynamic multivariate autoregressive model (AIMVAR).

Dynamic correlation-purged Granger causality

GC analysis, in this context, attempts to determine
whether there is a causal relationship between activity in
different nodes of a neural network. Suppose x,,, m=1.k
correspond to the k selected ROI time series and X(7)=
x1(0), x2(8) . . . xx(1)T, then the IMVAR using X(t) was de-
fined such that its coefficients are a function of time

XO=V+ 3 A 0X(—m+E@ ()
n=0

where V is the intercept vector, E(?) is the vector correspond-
ing to the residuals, and ¢ represents discrete time. The model
order p was determined to be one, using the Bayesian infor-
mation criterion (Deshpande et al., 2009). Being a multivar-
iate model, the MV AR is less sensitive to indirect causal
relationships due to two regions being influenced from a
third variable (Kus et al., 2004). In accordance with previous
studies (Sato et al., 2006), the elements of A(n,t), that is,
a;(n,t), can be expanded using a wavelet basis as follows

X 2—1
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where ¢ (x=—-1,0,1...T-1,y=0,1,2... 2" —1, and
n=1...p) are the wavelet coefficients, ¢(?) is the scaling func-
tion, and . ,(¢) are orthonormal basis functions derived from a
mother wavelet. We chose the Daubechies wavelet as the
mother wavelet owing to its regularity and compact support
(Daubechies, 1988). The choice of the specific Daubechies
wavelet (D,—D») is dictated by the expected order of polyno-
mial behavior in the data, given the fact that the number of van-
ishing moments of Dy is N/2. For example, D, is most suited
for modeling a constant and linear component in the data
(polynomial with two coefficients) because it has four wavelet
filter coefficients and two vanishing moments. In particular, we
chose the Dg Daubechies wavelet as the mother wavelet in this
study because previous studies have indicated that fMRI acti-
vation data may be appropriately modeled by polynomials of
an order of 3 to 5 (Clark, 2002; Gibbons et al., 2004). Both pa-
rameter 7 and maximum resolution parameter X must be a
power of two. An iterative generalized least squares estimation
procedure (Sato et al., 2006) was adopted to solve for the
wavelet coefficients to obtain A’(n,r) and V(). As shown before
(Sato et al., 2006), the number of temporal observations we
have (i.e., 280 volumes per scan) is enough to reliably estimate
the unknown parameters via this procedure. Dynamic correla-
tion-purged Granger causality (CPGC) (Deshpande et al.,
2010a, 2010b; Lacey et al., 2010b) was then obtained as
shown in Equation (3). A custom implementation of the
dMVAR model was performed using MATLAB.

P
CPGCy(n)= Z [a{(n, H1? 3)

n=1
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Stimulus entrained dynamic CPGC analysis

Dynamic CPGC between all 21 ROIs was obtained for
every run and every subject using a first order AMVAR
model using wavelets as described above. Using the GLM
design matrix used in the previous study (Kapogiannis
et al., 2009b), the beta values indicating the strength of co-
variance between CPGC pathways (as opposed to fMRI
time series in activation analysis) and the experimental par-
adigm, specifically D1, D2, and D3, were determined for
each individual subject. Linear contrasts were computed to
assess the effect of each dimensional regressor compared
to the baseline, as in (Kapogiannis et al., 2009b). This
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yielded pathways significant for contrasts DI >baseline,
D2 >baseline, and D3 > baseline. Such paths had connectiv-
ity that covaried significantly more with the effect of interest
than with the baseline. For such paths, a #-test was carried out
on the betas to find out connections that were significantly
different between the religious and non-religious groups.
Significance was set to p<0.001 (FDR corrected) in all
cases. A schematic of this procedure is shown in Figure 1.
The motivation for using the stimulus entrained dynamic
connectivity analysis in place of other simpler techniques,
which do not model the dynamics, is as follows. First, our ap-
proach formulates connectivity investigation within the
methodological framework of ‘‘activity detection,” which
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FIG. 1. A schematic illustrating the
analysis methods adopted in this article.
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makes it easier to interpret the relationship between activity
and connectivity (Lacey et al., 2010a). Second, intrinsic cau-
sality that is not entrained to the external stimulus, though in-
teresting, is not relevant to the specific brain mechanism
being investigated when using a task to evoke brain activity.
Our method allows the characterization of stimulus-evoked
connectivity changes. Third, hemodynamic variability aris-
ing due to non-neuronal sources is structural, rather than
functional, in nature and hence does not change with time.
Therefore, as shown previously (Deshpande and Hu, 2012),
the results obtained from this model are not influenced by
the variability of the hemodynamic response across regions
and subjects.
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Results

The effective connectivity analysis demonstrates the
causal flow between the 21 ROIs. The results are graphically
depicted as causal pathways linking network nodes in Figure
2 (Fig. 2a for DI network nodes and Fig. 2b for pathways
linking D1 with D2 and D3 nodes), Figure 3 (for pathways
linking D2 with D1 and D3 nodes, given that we did not
find a significant pathway between the two D2 nodes) and
Figure 4 (Fig. 4a for D3 network nodes and Fig. 4b for path-
ways linking it with D1 and D2 nodes). Our analysis identi-
fied pathways for which the directional connectivity
significantly covaried with the corresponding dimension

FIG. 2. (a) Pathways be-
tween dimension 1 (D1) net-
work nodes; (b) Pathways
between D1 and other net-
works. Red-Yellow: pathway
strength positively covaries
with D1. All covariances
were significant at p <0.001,
FDR corrected. The color bar
represents the p-values
obtained in the D1 > baseline
contrast. The pathways la-
beled R>NR and NR>R
were stronger in religious
compared to non-religious
subjects and vice versa, re-
spectively.
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FIG. 3. Pathways between
D2 and other networks. Red-
Yellow: pathway strength
positively covaries with D2;
Blue-Aquamarine: pathway
strength negatively covaries
with D2. All covariances
were significant at p <0.001,
FDR corrected. The color bar
represents the p-values
obtained in the D2 > baseline
contrast. The pathways la-
beled R>NR and NR>R
were stronger in religious
compared to non-religious
subjects and vice versa, re-
spectively.

(Table 1). Moreover, for some causal pathways this cova-
riance was significantly greater for religious or non-religious
subjects. Note that splitting the pathways whose connectivity
covaried with a given dimension into inter-network paths and
intra-network paths is only for convenience of interpretation
and visual display; all the paths were computed using a sin-
gle model with all 21 ROI time series.

D1 network, perceived SAs’ level of involvement

D1 network nodes showed higher activation in association
with perception of SAs’ lack of involvement (+D1). The
pathways from R IFG, BA 45, to R precuneus, BA 7, and
R SMFG, BA 10, had a positive association with D1 for all
subjects. In other words, the connectivity from R IFG to R
precuneus and R SMFG were stronger with processing state-
ments describing relatively less involved SAs. Moreover, the
pathway from R ITG, BA 20 to R IFG was stronger in non-
religious compared to religious subjects. Religious subjects
compared to non-religious subjects showed greater connec-
tivity from L IFG, BA 45 to R SMFG, BA 8 (Fig. 2a). Exam-
ining pathways between D1, D2, and D3 network nodes
revealed that, in religious compared to non-religious sub-
jects, the pathway from R SMFG, BA 10, to L IFG, BA 44
(a D3 node that activates with religious beliefs based on ep-
isodic memory/imagery) had a greater positive association
with perception of SAs’ lack of involvement. Conversely,
in non-religious compared to religious subjects, the pathway
from R MTG, BA 21, to R CaG, BA 18 (a D3 node that also
activates with religious beliefs based on episodic memory/
imagery) had a greater positive association with perception
of SAs’ lack of involvement (Fig. 2b).

D2 network, perceived SAs’ love and anger

The strength of the pathways from R SMFG, BA 8 (dorso-
medial PFC), to R MFG, BA 11 (ventrolateral PFC), and
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from there to R SMG, BA 40 (IPL), was greater with greater
perception of SAs’ love (+D2) for all subjects. In addition,
in non-religious compared to religious subjects, the pathway
from L MTG, BA 21, to R ITG, BA 21, had a greater
negative association with perception of SAs’ anger (—D2)
(Fig. 3).

D3 network, content of religious belief

Beliefs founded on doctrine (+D3) had a negative associ-
ation with activation of the pathway from L STG, BA 22, to
L FG, BA 19, while beliefs founded on episodic memory/im-
agery (—D3) had a positive association with activation of the
pathway from L precuneus, BA 7, to L IFG, BA 45, and from
there to L STG, BA 22, in all subjects (Fig. 4a). Further,
pathways linking D3 and other networks, and covarying
with D3, were observed (Fig. 4b). The pathway from R
MTG, BA 21, to L FG, BA 18, had a positive association with
+D3, in all subjects. Religious compared to non-religious
subjects showed a greater positive association of the pathway
from R SMFG, BA 10, to L IFG, BA 44/47, with+D3. Non-
religious compared to religious subjects showed greater
positive association of the pathway from R MTG, BA 21,
to R CaG, BA 17, with —D3.

Discussion

Our findings that DI regions involved in action under-
standing and intent-related ToM (German et al., 2004; Han
et al., 2008; Molnar-Szakacs et al., 2005) are located up-
stream the causal flow and drive non-ToM regions support
theories attributing religion to evolution of ToM for SAs
(Boyer, 2003; Boyer and Bergstrom, 2008). Connectivity
within the D1 network originated in the R IFG, a key area
of the mirror-neuron system, consistently activated by in-
tent-related, and affective, ToM (Mason and Just, 2011;
Mier et al., 2010). The right sided predominance of the D1
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network suggests that it is monitoring intent over simple ac-
tion understanding (Ortigue et al., 2010). Pathways from IFG
modulated the precuneus and dmPFC (BAs 8 and 10), areas
heavily interconnected with each other, which play key roles
in processing of self versus other (Cavanna and Trimble,
2006; Margulies et al., 2009; Nahab et al., 2011). The path-
way to dmPFC was more active with perception of less in-
volved SAs, perhaps, because of increased uncertainty
about their intent (Jenkins and Mitchell, 2010). Strikingly
similar networks monitor the protagonist’s intent during dis-
course processing (Mason and Just, 2011) and self-agency
during movement (Nahab et al., 2011).

Interestingly, all subjects shared the R-sided IFG to
dmPFC pathway, but religious subjects also possessed a sim-
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FIG. 4. (a) Pathways be-
tween D3 network nodes; (b)
Pathways between D3 and
other networks. Red-Yellow:
pathway strength positively
covaries with D3; Blue-
Aquamarine: pathway
strength negatively covaries
with D3. All covariances
were significant at p <0.001,
FDR corrected. The color bar
represents the p-values
obtained in the D3 >baseline
contrast. The pathways la-
beled R>NR and NR>R
were stronger in religious
compared to non-religious
subjects and vice versa, re-
spectively.

ilar L-sided network, therefore, providing bilateral IFG input
to this self-referential area. This double input may support a
more anthropomorphic representation of SAs, since the more
human-like an observed agent is, the higher medial frontal
activation it evokes (Steinbeis and Koelsch, 2009).
Moreover, in non-religious subjects, a pathway from R
ITG to R IFG positively covaried with +D1. White matter
connections between these regions [especially the arcuate
fasciculus, which connects the IFG, pars triangularis, with
the lateral temporal lobe (Kaplan et al., 2010)] have been
strengthened in recent phylogenesis, presumably, in associa-
tion with the evolution of language (to the L) and other sym-
bolic representation systems (to the R) (Rilling et al., 2008).
Preferential recruitment of this pathway by non-religious
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subjects suggests that processing of symbolic representations
may have driven their understanding of SAs’ intent. By con-
trast, with higher +D1 (and +D3), religious subjects
recruited a pathway that assesses plausibility and resolves
conceptual ambiguities (Ye and Zhou, 2009): this pathway
originates at R frontopolar PFC (BA 10) and terminates at
Broca’s area, a key area for action understanding and verbal
representation of intended behaviors (Mason and Just, 2011;
Ortigue et al., 2010).

With increased detection of perceived SAs’ love over
anger (+D2), both religious and non-religious subjects
recruited a pathway running from R dmPFC (BA 8) to
vIPFC (BA 11) and from there to the R IPL (BA 40). We
speculate that the role of this pathway during religious belief
consideration is reappraisal and suppression of fear induced
by SAs. The dmPFC participates in emotional regulation by
guiding attention to resolve emotional conflicts and orches-
trate emotional reappraisal (Mitchell, 2011). This reap-
praisal, in turn, may be carried out by vIPFC (Blair et al.,
2007; Levesque et al., 2003). In line with the above interpre-
tation of this pathway, its third node, the IPL, is involved in
suppression of fear, such as fear induced by faces (Amting
et al., 2010; Bayle and Taylor, 2010). Failure in emotional
regulation through this pathway may result in susceptibility
to fear, including fear of SAs; as we have already shown,
subjects with decreased dIPFC volume are more prone to ex-
perience fear of SAs (Kapogiannis et al., 2009a). In addition,
VvIPEC is a key region for detection of punishment cues that
require a change in behavior (Kringelbach and Rolls, 2003;
Mitchell, 2011), therefore this pathway may also play a
role in linking emotion-inducing aspects of religious belief
with behavioral guidance.

Previously, we saw that perceived SAs’ anger over love
(—D2) correlated with activity at the L MTG, BA 21 (Kapo-
giannis et al., 2009b). Although the lateral temporal lobes do
not generate fear responses, they play a role in fear modula-
tion (Goldin et al., 2008; Meletti et al., 2006). The present
pathway analysis demonstrated that, with —D2, religious
subjects preferentially activate a pathway from the L MTG
to the contralateral lateral temporal lobe (R ITG, BA 20),
an area important for accurate characterization of emotions
(Rosen et al., 2006).

Dimension 3, of doctrine/semantics versus episodic mem-
ory/imagery recruited a pathway running from L precuneus
to L IFG (Broca’s area) and from there to L STG (Wer-
nicke’s area), nodes of the semantic processing network
(Binder et al., 2009), in both religious and non-religious sub-
jects. In particular, the activation of the pathway from Bro-
ca’s to Wernicke’s language areas may signify decoding of
abstract content (Chen et al., 2008; Pobric et al., 2008). In ad-
dition, the strength of a pathway running from Wernicke’s
area to L FG involved in script-driven imagery (Esterman
and Yantis, 2010) decreased with higher doctrinal semantic
content (+D3), in both religious and non-religious subjects.
These findings suggest a broader systems-level function for
the D3 network, in establishing a balance between episodic
memory and semantic processing systems (Battaglia and
Pennartz, 2011). Activation of the R MTG to R CaG pathway
differentiated non-religious from religious subjects. This
pathway was preferentially activated, in non-religious com-
pared to religious subjects, with —D3 (i.e., beliefs evoking
imagery) and, +DI (i.e., less involved SAs), suggesting
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greater difficulty and procedural demands for imagining
and processing the intent of SAs among non-religious
subjects.

It is worth noting a few limitations of this study. The meth-
odology employed in this study was only applied to prede-
fined functional ROIs. Therefore, it is possible that other
regions modulate the activity and causal flow in the networks
under consideration. It is also possible that the networks and
pathways engaged during religious belief processing may
change depending on the subjects’ state, situational context,
and the task at hand [such as activation of analytical thinking
(Gervais and Norenzayan, 2012)].

Conclusions

This study demonstrated how insights gained by Granger
connectivity analysis inform us about the causal binding of
individual regions activated during religious belief process-
ing. More broadly, this study enriches our understanding of
the cognitive processes and networks involved in religious
belief. It demonstrated that intent-related ToM for SAs is
causally upstream in religious belief processing, perception
of SAs engages pathways involved in fear regulation and af-
fective ToM, and both semantic processing and imagery are
foundations of religious beliefs. These processes are dy-
namic and constantly inform each other at multiple levels;
this cross feeding of information varies among individuals
in association with their religiosity.
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