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Abstract

Religious fundamentalism, characterized by rigid adherence to a set of beliefs putatively
revealing inerrant truths, is ubiquitous across cultures and has a global impact on society.
Understanding the psychological and neurobiological processes producing religious
fundamentalism may inform a variety of scientific, sociological, and cultural questions.
Research indicates that brain damage can alter religious fundamentalism. However, the precise
brain regions involved with these changes remain unknown. Here, we analyzed brain lesions
associated with varying levels of religious fundamentalism in two large datasets from
independent laboratories. Lesions associated with greater fundamentalism were connected to a
specific brain network with nodes in the right orbitofrontal, dorsolateral prefrontal, and inferior
parietal lobes. This fundamentalism network was strongly right hemisphere lateralized and
highly reproducible across the independent datasets (» = 0.82) with cross-validations between
datasets. To explore the relationship of this network to lesions previously studied by our group,
we tested for similarities to twenty-one lesion-induced conditions. Lesions associated with
confabulation and criminal behavior showed a similar connectivity pattern as lesions associated
with greater fundamentalism. Moreover, lesions associated with poststroke pain showed a
similar connectivity pattern as lesions associated with lower fundamentalism. These findings are
consistent with hemispheric specializations in reasoning and lend insight into previously
observed epidemiological associations with fundamentalism, such as cognitive rigidity and

outgroup hostility.
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Introduction

The basis of one’s religious beliefs and behaviors has been an enduring focus of psychological
inquiry and, more recently, neuroscientific investigation'2. One facet of religiosity is religious
fundamentalism: an adherence to religious doctrines believed to be inerrant, a devotion to
religious practices considered immutable, and a perceived special relationship with a deity 4.
Fundamentalism is associated with authoritarianism™>S, cognitive rigidity’, lower complexity of
thought on religious issues!®!!, a reduced likelihood of doubt®!!:1? increased acceptance of

misinformation'>!4, delusion-like ideation'®, anti-intellectualism!>-16

, prejudicial attitudes™!7, and
outgroup hostility'®. Fundamentalism may confer group-level advantages: including stronger

ingroup commitment'® and an increased sense of belonging and well-being?’.

Research examining the determinants of religious fundamentalism has often focused on
environmental or socialization factors?! such as socioeconomic and family affiliation
variables?>?3. However, neuroscientific and behavioral genetic research argue for a biological
influence toward religious experiences and attitudes: pharmacological, neuroimaging, and

psychophysiological studies indicate that unique patterns of neural activity are correlated with

24-28 29-31

religious states and twin studies show religious fundamentalism to be strongly heritable

Thus, neurobiological factors likely predict a style of cognitive and emotional processing that

12,13 The cognitive and behavioral associations with

tends to result in fundamentalist attitudes
fundamentalism may be clarified by the identification of brain regions or networks underlying

religious fundamentalism?32,
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33,34

Brain lesion studies allow for causal inferences into human behavior”>%, including

religiosity!?23°, Prior research has shown that damage to the prefrontal cortex is associated with
higher levels of religious fundamentalism®’. However, this preliminary work was limited by
sample size and a narrow focus on the prefrontal cortex. The prefrontal cortex is a large and
highly connected region®® that participates in a number of brain-wide networks®%37.
Neurobiological factors that underlie a cognitive or emotional style of processing associated with
religious fundamentalism are most likely a distributed brain network phenomenon®*. To date, no

studies have investigated fundamentalism using a brain network approach. As a result, there

remains a critical gap in the evidence relating to religious fundamentalism and the brain.

Here, we examined two large and independently-collected human lesion datasets of rare
neurological patients (N1 = 106; N2 = 84) to determine whether religious fundamentalism could
be mapped to a functional network across the brain. We used an analytic method, lesion network
mapping, which relies on functional connectivity data from healthy individuals to infer
functional networks that may be disrupted by a lesion?28. This technique allowed an
examination of our results with our extensive database of lesions associated with a variety of

behavioral, neurological, and psychiatric conditions (N3 = 899).

Results

Lesions associated with religious fundamentalism occurred in multiple different brain regions
across our two datasets (Figure 1) emphasizing the utility of our brain network approach. We
combined both independent datasets and performed voxelwise statistical tests for lesion network

associations with Religious Fundamentalism Scale? (RFS) scores (Ncombined = 190). Functional
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connectivity between each lesion location and the rest of the brain was computed using a
publicly available normative connectome dataset from 1000 healthy right-handed subjects
(Figure 2). Connections significantly associated with RFS scores were identified (Figure 3,
FWE peorrected < 0.05). Higher fundamentalism scores were associated with positive connectivity
between lesion locations and right superior orbital frontal, right middle frontal, right inferior
parietal, right inferior temporal cortices, and left cerebellum (Figure 3b; see Table 1). The
fundamentalism network maxima clusters were strongly right lateralized in the cerebral cortex.
We also observed left cerebellum maxima clusters resulting from contralateral cerebro-cerebellar
connections*. Lower fundamentalism scores were associated with negative connectivity
between lesion locations and the left paracentral lobule, right cerebellum, and bilateral middle

temporal cortices (Figure 3c; see Table 1).

Notably, religious fundamentalism whole brain association maps derived independently from
dataset 1 and 2 robustly replicated each other, demonstrating a strong spatial correlation (r =
0.82, p = 0.02; Figure 4a, 4b). Cross-validation analyses further indicated the reliability of the
fundamentalism network results between the independently-collected lesion datasets.
Correlations were observed between RFS scores for lesions in dataset 1 and the similarity of
dataset 1 patient lesions with the dataset 2 group-level fundamentalism network (» = 0.28, p =
0.003). Correlations were also observed between RFS scores for patients in dataset 2 and the
similarity of dataset 2 patient lesions with the group-level fundamentalism network derived
independently from dataset 1 (» = 0.27, p = 0.01; Figure 4c, 4d). A secondary cross-validation
analysis quantified the amount of spatial overlap between each patient’s lesion relative to a

group-level fundamentalism map derived from the opposing dataset. Correlations were observed
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between RFS scores for patients in dataset 1 and the spatial overlap of dataset 1 patient lesions to
the dataset 2 group-level fundamentalism network (» = 0.21, p = 0.03). Correlations were also
observed between RFS scores for patients in dataset 2 and the spatial overlap of dataset 2 patient
lesions with the group-level fundamentalism network derived independently from dataset 1 (» =
0.29, p = 0.008; Figure 4e, 4f). Finally, to test the utility of our lesion network mapping
approach we performed a data-driven analysis of lesion locations (rather than lesion networks)
on our data. Voxel lesion-symptom mapping (VLSM) analyses failed to reveal significant
results. The spatial correlation between the VLSM maps from the two datasets was not greater
than would be predicted by chance (» = 0.069, p = 0.82; see Supplementary Methods and

Supplementary Figure 1 for VLSM statistical approach and results).

Religious fundamentalism in healthy individuals has a number of epidemiological associations
including cognitive rigidity, reduced likelihood to doubt, prejudice, and outgroup hostility. If
neurobiological factors influence a cognitive and emotional processing style that tends to result
in fundamentalist attitudes, then these factors may also support these epidemiological
associations. To investigate, we examined spatial similarities between our fundamentalism
network and connectivity patterns for brain lesions associated with 21 behavioral, neurological,
and psychiatric conditions (N3 = 899; see Figure 5 for complete condition list). Strong spatial
similarities were observed between our religious fundamentalism network and brain lesion
connectivity associated with pathological confabulation* (spatial correlations: t4 = 8.3, p < 107,
95% CI, r=0.32 to 0.53; Figure 5). Confabulation is the generation of conspicuously false
beliefs or memories without the intent to deceive*! and is strongly associated with cognitive

rigidity or perseveration during neuropsychological tasks*>#. Confabulation is also associated
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with failure to inhibit or doubt inaccurate memory elements during retrieva . These aspects

of confabulation are shared by healthy individuals high in fundamentalism, who also show

cognitive rigidity and a reduced likelihood of doubt®%?.

In addition, we observed strong spatial similarities between the fundamentalism network and
brain lesion connectivity associated with criminal behavior (spatial correlations: tis = 5.5, p < 10
4,95% CI, r = 0.28 to 0.63; Figure 5). This is consistent with previously observed associations
between high religious fundamentalism and increased hostility, aggression, and violence against

outgroups®!1844,

Finally, strong negative spatial correlations were observed between our religious fundamentalism
network and lesion connectivity associated with central post-stroke pain (spatial correlations: t22
=-5.2,p<10% 95% CI, r = -0.4462 to -0.1926; Figure 5). This inverse association is consistent
with prior work showing that religious stimuli may engage pain-inhibiting brain processes and
induce analgesic effects®>. These data suggest that neurobiological factors in healthy individuals
predict a style of cognitive and emotional processing that often result in religious
fundamentalism.

Discussion

Brain lesions associated with religious fundamentalism occur in different brain regions but can
be considered components of a single, connected brain network. This religious fundamentalism
network was consistent and cross-validated in two large, etiologically diverse neurological
patient samples collected from independent laboratories. It incorporated regions in the right

superior orbital frontal, right middle frontal, right inferior parietal, right inferior temporal


https://doi.org/10.1101/2023.12.22.572527
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.22.572527; this version posted December 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

cortices, and left cerebellum. Our lesion network mapping findings were reproducible across
independent datasets, and networks derived from one dataset could be used to predict religious
fundamentalism scores in the opposite dataset. The cross-dataset replication and prediction
depended on network mapping, as it was not present using lesion locations alone. Moreover,
lesions to regions in the fundamentalism network were positively associated with confabulation

and criminal behavior*® and negatively associated with pain.

Given the etiological differences between our patient samples in the two datasets, our robust
replication of the fundamentalism brain network is remarkable. One sample included Vietnam
war veterans with penetrating traumatic brain injury*’, and the other sample was neurological
patients drawn from the Towa Neurological Patient Registry*® who sustained focal brain injury
mainly from stroke or surgical resection for treatment of a meningioma or seizure control.
Traumatic brain injury, slow-growth meningioma resections, or stroke injury can all lead to
distinct sequela of symptoms following damage to the same region*. Our reproduction and
cross-validation across these etiologically diverse datasets increase our confidence that lesions

within a well-defined network change the probability of religious fundamentalism.

Moreover, the right cerebral cortex lateralization of our fundamentalism network is consistent
with split-brain and other unilateral lesion evidence regarding reasoning. Whereas the left

hemisphere draws inferences, hypotheses, and rationalizations from the evidence available to it,

50-52

the right hemisphere stops the perseveration of incorrect ideas>’~>*. Right hemisphere damage

53-55

can produce confabulatory or delusional beliefs>>~> with impairments in error monitoring or

conflict detection. In the religious domain, right hemisphere damage may result in reduced
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recognition of belief conflict, less religious disbelief, and the persistence of more extreme

religious beliefs.

It is important not to overinterpret our brain network results. Many factors contribute to
fundamentalism, including affective, cognitive, experiential, genetic, familial, institutional,
developmental, and cultural variables. Given these multiple factors, some patients with lesions
in our religious fundamentalism network may not display high fundamentalism. Although brain
lesions to this network may increase the likelihood of religious fundamentalism®, they should not
be interpreted as an inevitable or sole cause of fundamentalism. Moreover, the reverse inference
that individuals high in religious fundamentalism have brain lesions is unsubstantiated and
unwarranted. Similarly, our lesion results do not imply that people with strong religious beliefs
confabulate or that individuals high in religious fundamentalism commit crimes. Rather, our data
may help us understand the style of cognitive or emotional processing that increase or decrease

the probability of holding fundamentalism attitudes.

A limitation in the current work is that patients in our study are predominantly older Caucasian
individuals from Christian backgrounds. This may limit generalizability to populations with
more variabilities in age, gender, ethnicity, culture, and religious tradition. Future studies with

diverse patient samples are warranted to validate the generalizability of these conclusions.

In sum, brain lesions associated with greater religious fundamentalism are characterized by a
unique pattern of brain connectivity: a religious fundamentalism network. Specifically, lesion

connectivity to the right orbitofrontal cortex, dorsolateral prefrontal cortex and inferior parietal
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lobes corresponds to high fundamentalism attitudes. Our lateralized result is consistent with
well-established hemispheric specializations in reasoning. This network spatially resembles
brain lesion networks associated with pathological confabulation and criminal behavior. Overall,
these results unify previously published reports on the neural substrates for religious
fundamentalism and may prove useful for understanding neurobiological factors that influence
the development of fundamentalism and its associated cognitive and emotional profile.
Materials and Methods

Subjects. One hundred and ninety patients with brain damage from the W.F. Caveness Vietnam
Head Injury Study Registry (VHIS) and the Iowa Neurological Patient Registry comprised the
two datasets of our study. Dataset 1 had 106 patients with penetrating traumatic brain injury
who were male combat veterans from VHIS during phase 4 (40 years after injury) conducted at
the National Institute of Neurological Disorders and Stroke (NINDS) in Bethesda, MD*’.
Patients in dataset 1 self-identified religious affiliations included Protestant (39%), Roman
Catholic (16%), other affiliation (12%), and 33% did not identify with a religious affiliation’.
Dataset 2 had 84 patients from a demographically homogenous region (mainly rural lowa) who
experienced brain lesions from diverse etiologies: stroke (51%), tumor or seizure control surgical
brain resection (37%), traumatic brain injury (8%), and 4% had brain damage from a viral
infection or a genetic condition. Patients in dataset 2 self-identified religious affiliations
included Protestant (44%), Roman Catholic (25%), other affiliation (18%), and 13% did not
identify with a religious affiliation. All participants gave written informed content prior to data
collection.

Religious fundamentalism assessment. Religious fundamentalism was measured using the

Religious Fundamentalism Scale®* (RFS). The RFS is a widely-used, well-validated, and
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standardized psychometric instrument assessing religious fundamentalism. Patients recorded
responses to RFS statements on a Likert scale (Strongly agree to Strongly disagree). The RFS
defines fundamentalism with 4 dimensions: 1) there is one set of religious teachings that contain
the fundamental, inerrant truth about humanity and deity; 2) this truth is opposed to evil which
must be actively fought; 3) this truth must be followed today according to the fundamental
practices of the past; and 4) those who follow these fundamental teachings have a special
relationship with the deity. Patients in dataset 1 were administered a randomized and balanced
10-item version of the 1992 RFS*7 while patients in dataset 2 were administered the balanced
12-item 2004 version of the RFS*%. The balanced items of the scale rule out the possibility that
liberal responding, per se, produces a high or low fundamentalism score.

Neuroanatomical analyses. Neuroimaging data in all patients was obtained in the chronic

epoch, 3 or more months following lesion onset. Brain lesion neuroanatomical identification in
dataset 1 patients was based on computerized tomography (CT) scans for each patient’. The
Analysis of Brain Lesion (ABLe) software version 2.8b°¢ implemented in MEDX version 3.44
(Medical Numerics, Germantown, MD) was used to calculate lesion location and volume loss.
Each CT scan was then spatially normalized to a CT template brain image in Montreal
Neurological Institute (MNI-152) template space (resolution, 1 mm?) by applying an automated
image registration algorithm’ for registration accuracy. Brain lesion neuroanatomical
identification in dataset 2 was based on either on CT or magnetic resonance imaging (MRI)
scans for each patient. Each patient’s lesion was reconstructed in three dimensions using
Brainvox, and the lesion contour was manually warped into a template brain creating a mask

using the MAP-3 method®. Lesion masks were warped and resampled from the template brain
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local standard space to MNI-152 template space using a symmetric normalization algorithm in
ANTS>. All lesions in both datasets were aligned to the same MNI-152 template space.

Lesion network mapping. To maximize the statistical power in our analysis, we combined both

independent datasets (N1 = 106; N2 = 84) and performed voxelwise statistical tests for lesion
network associations with RFS scores (Neombined = 190). We used lesion network mapping and
previously validated methods to derive a brain network for religious fundamentalism in a data-
driven fashion?. First, resting-state functional connectivity between each lesion and the rest of
the brain was computed using a publicly available normative connectome Dataset from 1000
healthy right-handed subjects (42.7% male subjects, ages 1835 years, mean age 21.3 years).
This connectome dataset was processed in accordance with the lesion network mapping
procedure® which results in a map of brain regions functionally connected to each lesion
location referred to as a lesion network. In a voxelwise fashion for both independent datasets, a
group-level map of brain associations with religious fundamentalism was derived. This was
done using voxelwise permutation analysis of linear models (PALM) with RFS scores as a
psychometric covariable (Figure 2). We performed a family-wise error (FWE) multiple
comparison correction on our results and tested for voxels that survived a conservative correction
threshold of FWE p < 0.05. Coordinates for peak values in clusters surviving FWE correction
were identified using MRIcroGL and the Automated Anatomical Labeling (AAL) atlas.

Cross-validations analyses. Cross-validation testing was performed in two ways. First, spatial

correlations were calculated between each individual patients’ brain lesion network maps
compared with the group-level fundamentalism network map from the opposing dataset.
Specifically, the group-level fundamentalism map derived from dataset 2 was spatially correlated

with each individual patient’s lesion network map from dataset 1, and the group-level
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fundamentalism map derived from dataset 1 was spatially correlated with each individual
patient’s lesion network map from dataset 2. This quantified the similarity of each patient’s
lesion network to an independent group-level fundamentalism network derived from the
opposing dataset. Each of these patient-to-group network similarity scores were then correlated
with patients’ own RFS scores to test whether the similarity of an individual patients’ lesion
network map to an independently derived fundamentalism network corresponded to patients’
psychometric scores for religious fundamentalism. Second, we calculated a network damage
score for each patients’ brain lesion location relative to the opposite datasets’ group-level
fundamentalism network. This was done by superimposing each patient’s brain lesion image
onto the fundamentalism network map from the opposite dataset, then calculating the arithmetic
sum of the statistical values for each voxel in the group-level fundamentalism map that was
circumscribed by the patient’s lesion image?. These network damage scores were then correlated
with the patients’ RFS scores to test whether focal damage to a fundamentalism network map
corresponded to patients’ psychometric scores for religious fundamentalism.

Religious fundamentalism network and lesions associated with behavioral, neurological,

and psychiatric conditions analyses. We compared the religious fundamentalism brain

network to independent sets of previously published brain lesions and lesion networks associated
with behavioral, neurological and psychiatric conditions from a library of 899 lesions spanning
21 conditions. We used two methods of comparison in these analyses: First, we assessed the
extent of the intersection between individual condition-associated lesions and the unthresholded
fundamentalism network to compute a “network damage score”: individual condition-associated
lesions were superimposed on the combined dataset religious fundamentalism network, and the

average of the t-value for voxels circumscribed within each lesion was calculated. A one-sample
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t-test was then performed for network damage score values associated with brain lesion traces
within a set of lesions sharing a common symptom. These t-test results were then corrected for
multiple comparisons across the 21 sets of condition-associated lesions. Second, we compared
the spatial topography of the individual lesion network maps from each condition to the
unthresholded religious fundamentalism network. Degree of spatial similarity to the
fundamentalism network with condition-associated lesion networks was then calculated by
performing a Pearson correlation between vectorized maps of our religious fundamentalism
network and each of the lesion network maps for the 899 condition-associated lesions in our
brain lesion library. A one-sample t-test was then performed for spatial similarity values
associated with lesion networks within a set of lesions sharing a common condition. These t-test
results were then corrected for multiple comparisons across the 21 sets of condition-associated
lesions.

Acknowledgements: While most scientific papers include limitations, the authors would like to
add a note of humility. In our personal beliefs, we span a broad continuum from adherents of
religious faiths through agnosticism to atheism. We approach this weighty subject matter as
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inquiry driven by scientific curiosity and without prejudice or malice to any group or faith.
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Figure 1

Dataset 1 (n=106)

Dataset 2 (n=84)

Lesions associated with high fundamentalism
-l

Figure 1: Lesions associated with religious fundamentalism occur in many different brain
regions beyond the prefrontal cortex. (A) Brain lesions of five patients with the highest self-
report scores for religious fundamentalism from dataset 1. (B) Brain lesions of five patients with
the lowest self-report scores for religious fundamentalism from dataset 1. (C) Brain lesions of
five patients with the highest self-report scores for religious fundamentalism from dataset 2 (D)
Brain lesions of five patients with the lowest self-report scores for religious fundamentalism from
dataset 2. Note that lesions associated with high and low fundamentalism are highly
heterogenous across brain regions and datasets.
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Figure 2
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Figure 2: Data-driven method for identifying a lesion network for religious
fundamentalism. The network of brain regions functionally connected to each lesion was
computed for dataset 1 using resting-state functional connectivity data from a large database of
healthy volunteers (N = 1000). Lesions and lesion networks are shown for 4 of the 190 patients
in the combined datasets (Ncombinea = 190). Positively connected voxels are shown in warm
colors, while negatively connected voxels are shown in cool colors. Connections associated with
religious fundamentalism scores were then identified (right). Warm colors in the group-level
map indicate that functional connectivity with lesions is more likely associated with higher
scores for religious fundamentalism. Conversely, cool colors in the group-level map indicate that
functional connectivity with brain lesions is more likely associated with lower scores for religious
fundamentalism.
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Figure 3: Religious fundamentalism network derived from combined datasets (N = 190).
(A) Whole brain topography (unthresholded) for statistical associations between brain lesion
connectivity and religious fundamentalism scores. Warm colored regions indicate positive
functional connectivity relative to lesions associated with higher religious fundamentalism. Cool
colored regions indicate negative functional connectivity relative to lesions associated with
higher religious fundamentalism. (B) Voxels with statistically significant connectivity to brain
lesions associated with higher religious fundamentalism following family-wise error multiple
comparison correction (FWE p < 0.05). (C) Voxels with statistically significant connectivity to
brain lesions associated with lower religious fundamentalism following family-wise error multiple
comparison correction (FWE p < 0.05).
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Figure 4
Discovery Cross-validation
A Dataset 1 (N=106) Dataset 1 lesions on dataset 2 network

C Lesions associated with high fundamentalism
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Figure 4: Cross-validation of lesion network mapping results across two independent
datasets. (A) Discovery: lesion network mapping in dataset 1 defined a whole brain statistical
map that relates lesion connectivity with religious fundamentalism scores. Positive correlations
between lesion connectivity and religious fundamentalism scores are displayed in warm colors,
and negative correlations between lesion connectivity and religious fundamentalism scores are
displayed in cool colors. (B) Replication: lesion network mapping of religious fundamentalism in
dataset 2 demonstrated a strong spatial similarly to lesion network map for religious
fundamentalism from dataset 1 (spatial correlation, r = 0.82, p = 0.02). Cross-validations: (C)
Brain lesions from dataset 1 (white outlines) associated with high religious fundamentalism
scores intersect the lesion network connections from dataset 2 that were also associated with
high religious fundamentalism scores (shown in warm colors). (D) Conversely, brain lesion from
dataset 1 (white outlines) associated with low religious fundamentalism scores intersect the
lesion network connections from dataset 2 that were also associated with low religious
fundamentalism scores (shown in cool colors; r=0.21, p =0.03). (E) and (F) The same cross-
validation analysis was also significant when brain lesion locations from dataset 2 (white
outlines) were compared to whole brain map of lesion network correlations with religious
fundamentalism derived from dataset 2 (r = 0.29, p = 0.008).
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Figure 5: Lesions associated with behavioral, neurological, and psychiatric conditions
intersect our religious fundamentalism circuit. (A) The average of voxel intensities within
lesion locations associated with 21 different conditions (N = 899) are shown in a bar graph.
Error bars reflect standard error across different lesion locations within each lesion syndrome.
(B) and (C) Lesions (white outlines) associated with confabulation (showing 4 of 25 cases) and
criminal behavior (showing 4 of 17 cases) showed the strongest intersections with positive
nodes of our religious fundamentalism network, similar to lesions associated with high religious
fundamentalism. (D) Lesion locations associated with post-stroke pain (showing 4 of 23 cases)
showed the strongest intersection with negative nodes of our spirituality circuit, similar to lesion
locations low religious fundamentalism.
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Table 1
Cluster size Peak | MNI coordinates Peak Structure
(2 mm voxels) | t
13787 5.1 [18, 50, -11] R Superior Orbital Frontal
6020 5 [46, 14, 46] R Middle Frontal
3200 4.8 [50, -58, 56] R Inferior Parietal
2414 4.8 [4, 38, 40] R Superior Medial Frontal
2273 4.6 [-35, -76, -45] L Crus 2, Cerebellum
2001 4.9 [60, -28, -16] R Inferior Temporal
1458 4.9 [-12, -86, -26] L Crus 2, Cerebellum
768 4.7 [-46, -76, -28] L Crus 1, Cerebellum
507 4.5 [-20, 52, -10] L Superior Orbital Frontal
298 4.5 [2, -30, 30] R Middle Cingulum
265 4.5 [14, 6, 20] R Caudate
192 4.5 [2,-12, 29] R Middle Cingulum
147 4.4 [20, 23, 60] R Superior Frontal
135 4.4 [26, 22, -11] R Insula
95 4.4 [4, -8, 16] R Fornix
Cluster size Peak | MNI coordinates Peak Structure
(2 mm voxels) | t
33770 -5.2 | [10, -36, 76] L Paracentral Lobule
3010 -4.8 | [22, -50, -56] R Cerebellum (8)
2494 -4.7 | [-54, -68, 12] L Middle Temporal
2162 -4.8 | [56, -66, 4] R Middle Temporal
1671 -4.8 | [-26, -42, -56] L Cerebellum (8)
1181 -4.7 | [-42, -40, -24] L Fusiform Gyrus
409 -4.4 | [30, -16, 62] R Precentral Gyrus
154 -4.5 | [-12,-26, 0] L Thalamus
55 -4.3 | [14,-19, 74] R Precentral Gyrus

Table 1: Locations of local maxima and local minima within our lesion-derived brain
network for religious fundamentalism. All clusters achieved significance at a family-wise
error (FWE) multiple comparison correction of p < 0.05.
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Supplementary Figure 1

Combined Datasets (N = 190), VLSM (FWE p < 0.05)

Supplementary Figure 1: Voxelwise lesion-symptom mapping (VLSM) for religious
fundamentalism. (A) No voxels survive Family-Wise Error (FWE) multiple comparison correction
in a combined dataset analysis (N = 190) testing for associations between fundamentalism and
lesion location. (B & C) Statistically uncorrected peak associations between religious
fundamentalism and brain lesion locations determined by VLSM in Dataset 1 (N1 = 106)
localized to left lateral prefrontal cortex. (D & E) Statistically uncorrected peak associations
between religious fundamentalism and brain lesion locations determined by VLSM in Dataset 2
(N2 = 84) localized to the right medial prefrontal cortex. Attempted cross-validation of VLSM
findings between Datasets 1 and 2 failed to achieve statistical significance for either thresholded
or unthresholded VLSM results.
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SUPPLEMENTARY METHODS

Voxel lesion-symptom mapping (VLSM) in Datasets 1 and 2

To test whether religious fundamentalism could be explained by a data-driven analysis of lesion
locations rather than lesion networks, voxel lesion-symptom mapping (VLSM) was performed.
To parallel with our lesion network mapping methods, VLSM was performed by combining
Datasets (Ncombined = 190) to maximize statistical power, and on independent Datasets (N1 = 106;
N2 = 84) to test for replication using religious fundamentalism scores as covariates with lesion
locations. Univariate voxel-based lesion-symptom mapping (VLSM) in PALM and multivariate

VLSM?® in the SVR-LSM toolbox (https://github.com/atdemarco/svrlsmgui) were both applied.

Univariate VLSM applied a general linear regression model and permutation test, controlling for
covariates. We limited our analysis to voxels occurring in at least 5% of lesions, assessed with
Freedman-Lane permutations (the default setting of 1000 permutations was used) while
controlling for lesion volume as a covariate and correcting for multiple testing. These parameters
were chosen based on published best-practice recommendations®!- 92, A two-tailed family wise
error corrected p-value < 0.05 was considered significant. SVR-LSM performs multivariate
voxel- and cluster-based LSM with a machine learning regression, termed the support vector
regression (SVR), whereas univariate VLSM considers neighboring voxels as independent.
Multivariate SVR-VLSM simultaneously considers many voxels at once when determining
whether damaged brain regions contribute to behavioral measures®® 4. These multivariate LSM
approaches can identify complex dependencies that traditional univariate VLSM approaches
cannot. In line with the univariate VLSM analysis, we limited our analysis for multivariate
VLSM to voxels occurring in at least 5% of lesions, assessed with permutations (default setting

of 1,000 permutations was used), while controlling for lesion volume using the standard “direct
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total lesion volume control” (dTLVC) approach and correcting for multiple testing. A two-tailed
family wise error corrected p-value < 0.005 was considered significant. These parameters were

chosen based on published best-practice recommendations® 663,

Additionally, we explored univariate and multivariate VLSM results using liberal statistical
cutoffs and assessed their alignment with our findings from lesion-network mapping by
overlapping statistically significant VLSM voxels with lesion network mapping results.
Restricted maps were derived by applying a voxelwise threshold of p < 0.05 to regions with a
minimum of 5% lesion overlap. A more liberal unrestricted and unthresholded map was also
derived for each Dataset, also using religious fundamentalism scores as covariates with lesion

locations.

Both the univariate and the multivariate VLSM analyses were applied to Datasets 1 and 2
separately (N1 = 106; N2 = 84), and to combined Datasets to boost statistical power through

increased sample size (Ncombined = 190).

Attempted cross-validation of voxel lesion-symptom mapping (VLSM) results

Cross-validation testing of VLSM results was performed by, first, superimposing brain lesion
locations from Dataset 1 (N1 = 106) onto both the restricted and the unrestricted maps derived
from Dataset 2 (N2 = 84). Second, a “network damage score” was calculated for each individual
lesions: the “network damage score” is defined as the arithmetic sum of the statistical values for

each voxel in the VLSM reference map that is circumscribed by a given lesion. These “network
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damage scores” for each patient were then correlated with the patients’ religious fundamentalism

scores. Any significant correlations between the “network damage scores” and the religious

fundamentalism scores would be considered evidence of successful cross-validation between

Datasets.
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