● Chimpanzees, among the closest living relatives of humans, have remarkably similar
brain structure despite 6-8 million years of divergent evolution.
● Prior work investigating genetic expression diﬀerences between chimps and humans
identiﬁed a relationship between cortical expansion and "Human Accelerated Regions"
of the genome[1].
● Cortical expansion regions, and HAR genes have been previously implicated in
neuropsychiatric disorders in humans[2].
● We hypothesize that individual brain structure variability is a signature of brain regions
with relaxed genetic control
● Genetic expression diﬀerences correlated with variability may diﬀer between
chimpanzees and humans, exposing underlying genetic mechanisms for brain evolution,
and consequently, neuropsychiatric disorders

Figure 2: Representative
slices of the minimum
deformation average of the
chimpanzee, with consensus
CSF/GM/WM segmentation
(left). The full ﬁeld of view
model (below), and cortex
surface (left).

● DICOM data of 261 T1-weighted MRIs of 216 individuals (87 M, 129 F) ages 6 to 53
from the National Chimpanzee Brain Resource, along with basic demographic
information of age and sex.
● Scans were collected on a large variety of scanners, at numerous sites, with varying
resolution (voxel dimensions 0.3 -- 1.2 mm) and TR/TEs, 139 at 1.5 T and 77 at ~3 T.
● A human comparison dataset was constructed by combining 4 individual datasets, 2
public, the HCP and PNC, and 2 from within the Douglas Hospital, Healthy Aging, and
LAM, totaling 2943 subjects (1407M), aged 9-81.

Figure 4: Chimpanzee
GM/WM/CSF modelling,
illustrating voxel-wise
volumetric modelling
curves. Modelled with ﬁxed
eﬀect of Sex, with second
order natural spline ﬁtting
Age.

Figure 1: Sex/age, and Field Strength/age distribution of chimpanzee MRI scans
included during template construction.

● Raw DICOMs were converted to MINC2 and pre-registered rigidly to the MNI ICBM
09c symmetric model.
● Scans were preprocessed using an iterative implementation of the ITKN4 algorithm,
where a brain mask and tissue classiﬁcation was estimated along with the bias ﬁeld
correction using the MNI ICBM 09c priors.
● Scans were extracted and ﬂipped left-right to produce 432 scans, averaged, upsampled
to 0.4 mm3 and used as the starting target for
[2] to produce an symmetric
unbiased average of the population.
● Jacobian determinants of nonlinear warp ﬁelds with residual aﬃne eﬀects removed
(denoted relative jacobians) were smoothed with a 1.2 mm FWHM 3D Gaussian and
used as the measure of local brain volume.
● Human brain scans underwent similar preprocessing and model construction
procedures.
● Both chimpanzee and human population averages were then registered to the MNI
ICBM 09c symmetric model.

● Voxel-wise mixed-eﬀect linear models for relative Jacobians were computed in R/3.6.3
using RMINC/1.5.2.2 with ﬁxed eﬀects of sex, second order natural spline of age, and
random intercept eﬀect of subject and MRI ﬁeld strength.
● Multiple comparisons were corrected for using false discovery rate (FDR) with degrees
of freedom estimated with Satterthwaite's approximation and thresholded at 5%.
● Chimpanzee subjects were weighted in lmer models using the contrast-to-noise ratio
(CNR) of the scan.

Figure 5: z-scored
residuals from
chimpanzee model (left)
and human model
(right). Humans have
substantially larger
residual variability than
chimpanzees. Residual
variability is primarily in
frontal cortex
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Figure 3: Construction of unbiased
minimum deformation averages from
human (left) and chimpanzee (right)
populations. Resulting Jacobian
determinants of deformation ﬁelds are
used as the volume measure for
voxel-wise modelling.

z-scored Residual Variability

Allen Human Brain Atlas
Gene Sample Points
Figure 6: Gene Ontology (below), and Disease Enrichment (right). Gene
Ontology of human gene expression uniquely anti-correlated with variability
is enriched for genes controlling DNA and RNA replication and expression,
revealing a potential mechanism for individual brain variation.
Disease Enrichment for human gene expression uniquely a) correlated and b)
anti-correlated with residual variability. Correlated genes are overexpressed in
neuropsychiatric disorders, while anti-correlated genes are overexpressed in
developmental disorders

● Voxel-wise sum-of-square residuals (which we denote residual variability) were
extracted for chimpanzee and human and z-scored in the cortical gray-matter.
● Residual variability maps, transformed into MNI space, were correlated with gene
expression from the Allen Human Brain Atlas Microarray data and ordered by t-value.
● Rank-Rank Hypergeometric Overlap of the human and chimpanzee ordered gene lists
was used to extract uniquely correlated and anti-correlated genes with the residual
variability map
● Uniquely correlated and anti-correlated genes were then subjected to Gene Ontology,
and Disease Enrichment Analysis in WEBgestalt and DisGenNet
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The comparison of residual variability of the age and sex trajectory of brain volume between chimpanzees and humans
reveals that genes uniquely assoicated in humans are enriched for RNA/DNA regulation, along with being assoicated
with neuropsychiatric disorders[4]. This result points to a mechanistic origin for genetic risk of neuropsychiatric
disorders, where dysregulation of RNA/DNA control genes disrupts genetic programming of cortical development,
leading to excess (or insuﬃcient) response to environmental stimuli. Future work with this dataset will examine sex
diﬀerences in residual variability in humans versus chimpanzees, and whether chimpanzee life history has an impact on
residual variability.

