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Abstract

The Chiari malformation type I (CM-I) is a herniation of the cerebellum through the foramen
magnum. Its proximate cause is accepted to be an unusually small occipital bone. However, its
ultimate cause remains unclear. In 2013, Fernandes and colleagues hypothesised that individuals
develop CM-I because some of their cranial development-coding genes derive from three extinct
Homo species that have smaller basicrania than is typical for modern humans—Homo erectus,
Homo heidelbergensis, and Homo neanderthalensis. Here, we report a study in which we used
3D data and Geometric Morphometrics to evaluate this hypothesis. We began by investigating
whether CM-I is associated with significant differences in cranial shape in a sample of living
humans. Subsequently, we compared the crania of living humans with and without CM-I to fossil
crania assigned to H. erectus, H. heidelbergenesis, H. neanderthalensis, and H. sapiens. The
study’s results were mixed. The first set of analyses identified significant shape differences
between the crania of people with CM-I and the crania of unaffected people, which is in line with
the hypothesis. In contrast, the second set of analyses did not support the hypothesis. They
indicated that the crania of living humans with CM-I are only closer in shape to one of the
extinct species, H. neanderthalensis. The other two extinct species were found to be closer in
shape to living humans without CM-I. This is contrary to the main prediction of the hypothesis.
Together, our results suggest the hypothesis should be narrowed to focus on introgressed genes
from Neanderthals.

Keywords: Cerebellar herniation, cerebellum, hybridisation, introgression, fossil hominin, 3D

shape analysis, Geometric Morphometrics, human evolution, evolutionary medicine
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Introduction

The Chiari malformation type I (CM-I) is a developmental, neurological condition in which the
lower part of the cerebellum protrudes through the foramen magnum into the cervical spinal
canal. First described in the 19" century CE by the Austrian pathologist Hans Chiari [1,2], CM-I
is thought to be related to an underdevelopment of the occipital bone, which creates a posterior
cranial fossa that is too small and shallow to adequately house the cerebellum [3,4,5]. The
condition is usually said to affect around 1 in 1000 people, but recent imaging studies suggest
that the prevalence may be markedly higher, possibly in excess of 1 in 100 [4,5,6]. CM-I can be
asymptomatic, and if symptoms do occur, they can vary considerably depending on the size of
the herniation. Symptoms range from occipital-region headaches and neck pain to the
development of hydrocephalus, syringomyelia, and brainstem compression [5,7,8,9].

While there is a general consensus that the proximate cause of CM-I is an unusually small
occipital bone, the ultimate cause (i.e., the cause of the unusually small occiput) is still unclear.
Over the years, a number of potential aetiological factors for the underdevelopment of the
occipital bone associated with the malformation have been proposed. Chiari [1,2] thought it was
a consequence of foetal hydrocephaly. Subsequently other researchers have suggested that it may
be related to craniosynostosis, platybasia, or excessive in utero exposure to vitamin A
[10,11,12,13,14]. It is possible, perhaps even likely, that all these factors can result in a smaller
occipital bone and therefore in CM-I. But the relationship between CM-I and each potential
factor is inconsistent [15], which implies there may be another reason why some people develop
this condition.

A little over a decade ago, Fernandes et al. [16] put forward a novel ultimate-level
hypothesis for CM-1. They suggested that it is a consequence of interbreeding between early
Homo sapiens and ancient Homo species. Ancient DNA (aDNA) analyses have shown that
during the Pleistocene, some H. sapiens individuals interbred with Homo neanderthalensis,
Denisovans (an as-yet undiagnosed taxon closely related to Neanderthals), and potentially other
extinct hominin species [17], and the legacy of these interbreeding events can be identified in the
genomes of many living humans [17,18]. Fernandes et al. [16] built on these findings. They
proposed that individuals with CM-I possess introgressed genes that influence cranial
development in such a way that there ends up being a mismatch between the size and shape of

the brain and the size and shape of the cranium, especially the basicranium. The genes in
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question, Fernandes et al. [16] argued, derive from three archaic Homo species—Homo erectus,
Homo heidelbergensis, and H. neanderthalensis. Hereinafter, we will refer to this hypothesis as
the ‘Archaic Homo Introgression Hypothesis’.

The Archaic Homo Introgression Hypothesis is plausible when we consider the differences
in cranial shapes between H. sapiens and the best known of the three archaic Homo species that
Fernandes et al. [16] highlight in their hypothesis, H. neanderthalensis (Figure 1). Typically, the
modern human neurocranium is globular, with an upright forehead, the widest point high on the
parietals, and a rounded occiput [19, 20]. In comparison, the Neanderthal neurocranium is lower
and more elongated. The forehead is flatter, the widest point of the vault is lower on the parietals,
and the occiput is more angled [21,22]. These differences are thought to be driven largely by the
greater size of the occipital and temporal lobes of the brain of our species compared to that of H.
neanderthalensis [20, 23, 24].

Three recent studies provide indirect support for the Archaic Homo Introgression
Hypothesis. Gregory et al. [22] analysed cranial traits of 221 healthy European adults in relation
to the genes known to be derived from H. neanderthalensis and found that the amount of
Neanderthal DNA in a person’s genome is positively correlated with the presence of
Neanderthal-like cranial traits. Gunz et al. [23] analysed endocranial shape in relation to
introgressed H. neanderthalensis DNA in thousands of living humans and found that the
presence of certain Neanderthal alleles is associated with reduced globularity of the cranium.
Kochiyama et al. [24] used endocranial reconstructions to compare brain shape in Neanderthals
and modern humans. Although they did not include an analysis of introgressed genes, they did
find that the greatest difference between the brains of the two species is in the cerebellum region.
Specifically, they found that the modern human cerebellum is larger in volume and projects more
inferiorly than that of the Neanderthal. This aligns with the pathogenesis of CM-I, as discussed
earlier.

Here, we report a study designed to directly test the Archaic Homo Introgression
Hypothesis. In the study, we used three-dimensional (3D) data and a suite of shape analysis
techniques called Geometric Morphometrics (GM) to carry out two sets of analyses. In the first,
we compared crania of living people with and without CM-I. The goal of this set of analyses was
to test the key assumption of the hypothesis, which is that CM-I is associated with significant

differences in cranial shape, especially with respect to the basicranium. In the second set of
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analyses, we compared the crania of living people with and without CM-I to fossil crania
assigned to H. sapiens and to the three extinct Homo species that Fuentes et al. [16] argued
contributed genes to the modern human gene pool via interbreeding, i.e., H. erectus, H.
heidelbergenesis, and H. neanderthalensis. The goal of this set of analyses was to test the main
prediction of the hypothesis, which is that the crania of people with CM-I should be more similar
to the crania of H. erectus, H. heidelbergenesis, and H. neanderthalensis, than are the crania of

people without CM-1.

Methods

We included data for 103 living humans in the study. All these individuals were adults at the
time of data collection and had undergone thin-slice volumetric cranial CT scanning at the
Manchester Centre for Clinical Neurosciences, UK. Ethics approval for the study was provided
by the NHS Health Research Authority (NRES committee South central Hampshire A
19/SC/0341) and all living participants provided informed consent for analysis of their data.
Forty-six of the living individuals had CM-I. These individuals had undergone CT scanning as
part of their diagnostic and surgical workup for CM-I. Patients with tonsillar ectopia less than
Smm below the foramen magnum and other Chiari malformation types (type II, III and IV)
related to defective neurulation and neural tube closure during embryogenesis were excluded.
We also excluded patients with acquired CM-I secondary to other causes (e.g., cerebrospinal
fluid diversion, CNS space occupying lesions, intracranial hypertension) and patients with other
acquired/developmental skull vault or cervical segmentation anomalies (e.g., craniosynostosis,
platybasia, basilar invagination, previous posterior fossa surgery). The remaining 57 living
individuals did not have CM-I. They underwent CT scanning for health reasons unrelated to the
cranium or developmental abnormalities. The DICOM files generated by the CT scanning were
converted into 3D models with the aid of the program Slicer3D [25].

We also analysed data from eight fossil hominin crania: 1) Amud 1, 2) La Chapelle-aux-Saints 1,
3) La Ferrassie 1, 4) Singa 1, 5) Skhul IV, 6) Kabwe 1, 7) KNM-ER 3733, and 8) KNM-ER 3883
(Table 1). These fossils were chosen on the basis of the availability of 3D models of them and
the preservation of relevant landmarks. The first three specimens—Amud 1, La Chapelle-aux-

Saints 1, and La Ferrassie 1—are generally agreed to be Neanderthals. The next two—Singa 1



136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166

and Skhul IV—are widely considered to belong to H. sapiens. The taxonomic status of the other
three specimens is less straightforward. Many palaeoanthropologists consider E686/Kabwe 1 to
be a member of H. heidelbergensis, but it has been suggested that the African specimens
assigned to H. heidelbergensis should be treated as a closely related separate species called
Homo rhodesiensis, including Kabwe 1, which would be the type specimen [26, 27, 28]. KNM-
ER 3733 and KNM-ER 3883 are sometimes assigned to H. erectus and sometimes assigned to H.
ergaster, which is viewed as a close relative of H. erectus [29]. We opted to treat KNM-ER 3733
and KNM-ER 3883 as members of H. erectus. The 3D models of the eight fossil specimens were
obtained from collaborators or Morphosource (www.morphosource.com). On each cranial
model, the 3D Cartesian coordinates of 17 landmarks were captured using the MorphoDig
software package [30]. The locations of the landmarks are shown in Figure 2. They were chosen
to capture cranial shape while also allowing the inclusion of as many fragmentary fossils as
possible. According to Bookstein’s [31] criteria, 13 of the landmarks are Type 1 and four are
Type 2. Type 1 landmarks have strong homology (e.g., glabella, lambda), while Type 2
landmarks have weak homology (e.g., widest point of foramen).

Once we had collected the landmark data, we removed the confounding effects of
translation, rotation, and size. To do so, we subjected the dataset to generalised Procrustes
analysis (GPA). GPA scales landmark configurations to centroid size and removes translational
and rotational effects, which means that it allows specimens to be compared on the basis of true
shape [32,33,34]. The GPA was carried out in Morphologika [35].

Subsequently, we tested for another confounding effect in the data—sexual dimorphism.
To do so, we subjected the Procrustes coordinates to Principal Components Analysis (PCA). To
reduce noise introduced by PCs that account for little variance, we included only the PCs that
account for 5% or more of the total shape variance in further analysis, as per Zelditch et al. [33]
and Plomp et al. [36,37]. We ran a MANOVA on the retained PCs and compared the cranial
shape of female and male living humans. The PCA was performed in R [38] and the MANOVA
was performed in SPSS [39]. The MANOVA was insignificant (A 0.926, F= 1.081, p=0.382), so
we continued our analyses with the pooled-sex dataset.

Having controlled for the confounding effects of translation, rotation, and size, and
determined that there is negligible sexual dimorphism in the transformed data for living humans,

we assigned the individuals in the sample to six operational taxonomic units (OTUs). These were
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(1) living humans with CM-I, (2) living humans without CM-1, (3) fossil H. sapiens, (4)
Neanderthals, (5) H. heidelbergensis, and (6) H. erectus.

Subsequently, we carried out two sets of analyses. The goal of the first was to test the key
assumption of the Archaic Homo Introgression Hypothesis, which is that CM-I is associated with
significant differences in cranial shape, especially with respect to the basicranium. We began by
subjecting the Procrustes coordinates for the two living human OTUs to Principal Components
Analysis (PCA). Again, we retained only the PCs that accounted for 5% or more of the total
shape variance [33]. Next, we subjected the retained PCs to a MANOVA to determine whether
or not there are significant differences between the two OTUs. After this, we carried out two
analyses to clarify the nature of the shape differences between affected and unaffected
individuals. To begin with, we analysed the retained PCs with canonical variates analysis (CVA).
CVA maximizes the between-group variance while minimizing the within-group variance
[33,34]. To visualise the shape differences captured by the CVs, we generated a histogram and
wireframes. Subsequently, we plotted the retained PCs against each other and used wireframes to
identify the major changes in shape along the PCs.

The goal of the second set of analyses was to test the main prediction of the Archaic Homo
Introgression Hypothesis, which is that the crania of people with CM-I should be more similar in
terms of shape to the crania of H. erectus, H. heidelbergenesis, and H. neanderthalensis than are
the crania of unaffected people. We began by adding the Procrustes coordinates for the five fossil
OTUs to the Procrustes coordinates for the two living human OTUs. We then ran a PCA on the
combined dataset and again reduced noise by excluding PCs that accounted for less than 5% of
the total variation. Next, we calculated the Procrustes distances between the living human OTUs
and each of the fossil OTUs. After this, we sought to determine whether the fossil specimens
differ from unaffected living humans in the same way as living humans with CM-I differ from
unaffected living humans. To do this, we performed a CVA on the retained PCs for all the OTUs
and generated scatter-plots and wireframes. We also plotted the retained PCs against each other
and used wireframes to identify changes in shape along the PCs.

The two sets of analyses were carried out with the aid of R [38] and SPSS [39].

Results

Comparison of living humans with and without CM-1
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The PCA that compared the two living human OTUs yielded seven PCs that met the criterion for
inclusion. Collectively, these PCs accounted for 56% of the shape variation.

The MANOVA performed on the seven retained PCs was significant (A 0.646, F=7.434,
p<0.001), which indicates that there are differences in the shapes of the crania of individuals
with and without CM-1.

The CVA yielded a single CV due to the inclusion of two groups. There is relatively little
overlap between the two OTUs on this CV (Figure 3). Individuals with CM-I (pink bars) tend to
be positioned more towards the positive end of the CV while those without CM-I (blue bars) tend
to be located more towards the CV’s negative end. In comparison to individuals without CMI,
individuals with CM-I tend to have reduced cranial vault height, reduced occipital height, and
reduced occipital breadth. They also tend to have a lower occipital protuberance and a lower
asterion. In addition, there are differences in the size and location of the foramen magnum.
Specifically, the foramen magnum tends to be smaller and located more anteriorly in individuals
with CM-I than in individuals without CM-I. Lastly, there are differences in relation to the
positions of pterion and bregma relative to one another: at the end of the CV that is dominated by
individuals without CM-I, pterion is positioned anterior to bregma, whereas at the end of the CV

that is dominated by individuals with CM-I, bregma is located anterior to pterion.

Figure 4, which plots PC1 (12% of the variation) against PC2 (11% of the variation), also
illuminates the shape differences between the two living human OTUs. There are no obvious
differences on PC2, but several are discernible on PC1, the axis explaining the greatest variation
in the sample. The morphological differences are largely the same as those identified in the CVA
(Figure 3). Specifically, the main differences between individuals with and without CM-I relate
to a flattening of the occipital and caudal location of the lambda and glabella. One difference that
is captured by the PC plot but not by the CVA one is that individuals with CM-I tend to have a

relatively smaller foramen magnum than individuals without CM-1.

Taken together, the results of the first set of analyses indicate that the crania of living
humans with CM-I are significantly different in terms of shape from the crania of living humans

without CM-I. They also indicate that the shape differences between living humans with and
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without CM-I are especially apparent in the basicranium. Thus, the results of the first set of

analyses support the key assumption of the Archaic Homo Introgression Hypothesis.

Comparison of living humans with and without CM-I to fossil OTUs
The PCA that included all six OTUs yielded seven PCs that met the criterion for inclusion.
Together, these PCs accounted for 57% of the shape variation.

The Procrustes distances between the two living human OTUs and the fossil OTUs are
listed in Table 2. The distances show that living humans with CM-I are closer in shape to
Neanderthals than are living humans without CM-I, while living humans without CM-I are closer
in shape to H. erectus, H. heidelbergensis, and fossil H. sapiens.

The CVA performed on the retained PCs yielded five CVs, due to the inclusion of six
groups. The scatter-plot in Figure 5 shows CV2 (26% of the variation) plotted against CV1 (58%
of the variation). None of the other scatter-plots generated from the CVs revealed noteworthy
patterns, so we will not discuss them.

There are three clusters of specimens in the CVA plot in Figure 5. One of these clusters consists
of the two H. erectus specimens. These specimens are located towards the positive end of CV1
and the negative end of CV2. A second cluster is formed by the three Neanderthal specimens.
This cluster is located close to halfway along CV1 and at the positive end of CV2. The third
cluster is the largest of the three and is positioned towards the negative end of CV1 and the
middle of CV2. It comprises the living humans with CM-I, the living humans without CM-I, the
two fossil H. sapiens specimens, and the H. heidelbergensis specimen. Within this cluster, the
living humans with CM-I are, in general, located more towards the positive end of CV2 than are
the living humans without CM-1. One of the two fossil H. sapiens specimens overlaps with both
living human OTUs but the other aligns solely with the living humans with CM-I on CV2. The
H. heidelbergensis specimen is located well within the zone of overlap between the two living

human OTUs, close the centre of CV2.

Because no clear differences between living humans with and without CM-I are discernible
on CV1, we will concentrate on the shape changes that occur on CV2, which can be understood
with the aid of the wireframes at the top and bottom of Figure 4. Compared to living humans
without CM-I, living humans with CM-I tend to have a less globular cranial vault, more caudally

located pterions and lambdas, relatively smaller foramen magnums, and flatter occipital bone,
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especially posterior to the foramen magnum (i.e., the squamous part). The Neanderthal
specimens differ from the living humans without CM-I in the same way, as do the fossil H.
sapiens specimens.

Plotting the seven PCs against each yields a complementary picture of the shape
differences among the taxa. As with the CV plots, only one of the PC plots yielded a noteworthy
pattern: PC1 (12% of the variation) vs. PC2 (10% of the variation). In this plot, which is shown
in Figure 6, there is one main cluster of specimens. This consists of the living humans with and
without CM-I, the two fossil H. sapiens specimens, the three Neanderthal specimens, and the H.
heidelbergensis specimen. Within this cluster, the living humans without CM-I overlap more
with the fossil H. sapiens and Neanderthal specimens than do the living humans with CM-I. The
H. heidelbergensis specimen overlaps with living humans without CM-I on PC1 and with living
humans with CM-I on PC2. H. erectus plots more positively on PC1 than the other OTUs but
overlaps with all the other OTUs except H. heidelbergensis on PC2.

It is clear from the wireframes associated with Figure 6 that there are no substantive differences
between living humans with and without CM-I on PC1. Accordingly, we will concentrate on the
shape differences that are discernible on PC2. The most obvious of these relates to the squamous
part of the occipital bone. This tends to be relatively short along the sagittal plane in living
humans with CM-I and H. heidelbergensis compared to living humans without CM-I, H. erectus,
H. neanderthalensis, and fossil H. sapiens.

The results of the second set of analyses are inconsistent with the main prediction of the
hypothesis, then. The finding that the crania of living humans with CM-I are more similar to
those of H. neanderthalensis than are the crania of living humans without CM-I is in line with
the prediction. However, the fact that the analyses indicate that living humans without CM-I are
closer in shape to H. heidelbergensis than are living humans with CM-I is not in line with the test
prediction. Nor is the fact that the Procrustes distances indicate that living humans without CM-I

are closer in shape to H. erectus than are living humans with CM-1.

Discussion and conclusions
In the study reported here, we applied 3D shape analysis techniques to models of the crania of
living humans with and without CM-I and several fossil hominin crania to evaluate Fernandes et

al.’s [16] introgression-based hypothesis for CM-1. To recap, Fernandes et al. [16] argued that



290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

individuals develop CM-I because some of their cranial development-coding genes derive from
three archaic Homo species—H. erectus, H. heidelbergensis, and H. neanderthalensis. The genes
in question, Fernandes et al. [16] averred, entered the modern human gene pool via interbreeding
events during the Pleistocene.

We conducted two sets of analyses. In the first, we focused on the living humans in the
sample and evaluated the key assumption of Fernandes et al.’s [16] hypothesis, which is that
CM-I is associated with significant differences in cranial shape, especially with respect to the
basicranium. The analyses identified a number of significant differences in shape. The analyses
indicated that, compared to individuals without CM-I, individuals with CM-I tend to have
reduced cranial vault height; reduced occipital height and width; a more inferiorly located
asterion and inion; a more posteriorly located pterion; and a more anteriorly located and smaller
foramen magnum. Given that several of these shape differences relate to the basicranium, the
results of the first set of analyses are consistent with the hypothesis’ key assumption.

In the second set of analyses, we compared the crania of living humans with and without
CM-I to a number of fossil specimens. The goal of this set of analyses was to test the main
prediction of the hypothesis, which is that the crania of living humans with CM-I should be
closer in shape to those of H. erectus, H. heidelbergensis, and H. neanderthalensis than are the
crania of living humans without CM-I. The results of the second set of analyses were not in line
with this prediction. They indicated that the crania of living humans with CM-I are more similar
to those of H. neanderthalensis than are the crania of living humans without CM-1, as predicted.
But they also indicated that living humans without CM-I are closer in shape to H. erectus and H.
heidelbergensis than are living humans with CM-I, which is inconsistent with the prediction.

Overall, then, the results of the study were mixed with regard to the Archaic Homo
Introgression Hypothesis. They support the idea that the crania of people with CM-I differ
significantly in terms of shape from the crania of people without CM-I, especially in the
basicranium. However, they do not support the idea that individuals develop CM-I because some
of their cranial development-coding genes derive from H. erectus, H. heidelbergensis, and H.
neanderthalensis as a result of interbreeding.

The simplest explanation for the results we obtained would seem to be that the Archaic
Homo Introgression Hypothesis is too broad with respect to the species from which the relevant

genes were derived. Rather than the genes being traceable to H. erectus, H. heidelbergensis, and
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H. neanderthalensis, our results are consistent with them being traceable just to H.
neanderthalensis. The introgressed genes being derived from one or more interbreeding events
between H. sapiens and H. neanderthalensis would explain why in the second set of analyses we
found that the crania of living humans with CM-I are more similar to those of H.
neanderthalensis than are the crania of living humans without CM-I but did not obtain
comparable results when we compared the two living human taxa to H. erectus and H.
heidelbergensis. The obvious name for this revised version of the hypothesis is the ‘Neanderthal
Introgression Hypothesis’.

Another possible explanation for why our analyses did not support the main prediction of
Archaic Homo Introgression Hypothesis is that H. erectus and H. heidelbergensis were
represented by so few specimens in our study. To reiterate, we were only able to include one
specimen of H. heidelbergensis (Kabwe 1) and two specimens of H. erectus (KNM-ER3733 and
KNM-ER3883). It is undoubtedly the case, then, that small sample size is a concern with regard
to these species. And this concern is magnified when the ranges of variation of the two living
human OTUs shown in Figures 5 and 6 are contemplated. If the ranges of variation of H. erectus
and H heidelbergenesis were similar to those of the two living human OTUs, it is not hard to
imagine larger samples of the two fossil species being more similar to living humans with CM-I
than to living humans without CM-I. Given this, in the next phase of this project, we will try to
obtain additional 3D models of fossil specimens assigned to H. erectus and H heidelbergenesis
(and the other fossil taxa included in the sample) and re-run the second set of analyses.

Several other avenues for future research suggest themselves. One of these concerns the
prevalence of CM-I in different regions of the world. The revised version of the hypothesis—i.e.,
the Neanderthal Introgression Hypothesis—predicts that the prevalence of CM-I should be
markedly higher in non-African populations than in African ones. The reason for this is that the
percentage of DNA that can be traced to interbreeding with Neanderthals is much lower in living
Africans than it is in non-Africans. Recent studies suggest that some African populations carry
around 0.3-1.5% Neanderthal DNA, whereas for European and Asian populations the equivalent
figure is 1-2.3% [40,41]. If the Neanderthal Introgression Hypothesis is correct, an obvious
implication of the difference in Neanderthal DNA between Africans and non-Africans is that
CM-I should be much less prevalent in Africa than it is in Europe and Asia. Currently, it is not

possible to test this prediction. CM-I is known to occur among populations of African ancestry
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[42-44], but there have been far too few studies in Africa to be able to compare the African
prevalence rate to the equivalent rates for Europe and Asia with confidence. Importantly,
changing this situation would be not only interesting with respect to testing the Neanderthal
introgression explanation for CM-I. It would also be useful for improving the well-being of
many individuals living in Africa, since it seems very likely that CM-I has been underdiagnosed
on the continent due to financial constraints.

Another potential avenue for future research is to expand the sample of living humans with
CM-I. The individuals with CM-I whose CT scans were used in the present study were a self-
selected group and limited to those patients undergoing hospital investigation for their symptoms
under a tertiary neurosurgical service. However, a number of studies suggest that a substantial
percentage (perhaps as much as 30%) of patients with CM-I can be clinically asymptomatic (e.g.,
[45,46]). Thus, in a future study it would be very useful to include data on a wider range of
people with CM-I, including individuals who are asymptomatic and mildly symptomatic.

This study and others have shown that there are differences in cranial shape between adult
individuals with and with CM-1. An important next question is, when in ontogeny do the
differences emerge? It would also be helpful to know whether the differences develop in tandem
or sequentially. It seems likely that these questions could be answered with an approach similar
to the one we utilised in the first set of analyses reported here, i.e., by applying 3D geometric
morphometrics to digital models derived from CT scans of a sample of individuals of different
age, some of whom have CM-I and some of whom do not.

A further possibility for future research is unravelling the relationship between brain size
and shape and the size and shape of the braincase in humans with CM-1. As we explained in the
Introduction, the Neanderthal Introgression Hypothesis assumes that there is a mismatch between
the size and shape of the brain and that of the braincase in people with CM-I. However, it is
unclear whether / how the size and shape of the brain and the braincase align in such a way as to
cause CM-I. A number of studies, including the current one, have identified differences in the
shape and size of both the brain and braincase in humans with CM-I, but we have yet to study
their 3D shapes in tandem to investigate exactly where the mismatch occurs and how the shape
variation of both elements influences the malformation. Thus, it would be useful to directly
compare the brains and braincase in a sample of humans with CM-1. Again, this could be

accomplished with the techniques employed in the study reported here. Specifically, 3D models
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of brains and braincases could be generated from CT scans of individuals with and without CM-
I, and then 3D geometric morphometric techniques could be used to quantify the relationship
between landmarks on each brain-braincase pair of 3D models.

As we noted in the Introduction, clinical studies have identified several potential
aetiologies for the small occipital bone associated with CM-I but none of them has been found
capable of explaining all cases of the condition. This suggests not only that we should be
prepared for the possibility that introgressed genes may be able to explain only some cases of
CM-I, but also that it would be sensible to investigate whether there are differences in cranial
shape among individuals with CM-I that correlate with the different proposed aetiologies. The
combination of CT scans and 3D geometric morphometrics used in the present study should be
able to shed light on this issue too.

The final point to make here is that the present study adds to our understanding of CM-I
regardless of its implications for the idea that the condition involves introgressed genes. Prior to
this study only three cranial traits had been consistently identified as being associated with CM-I:
(1) a relatively short posterior fossa [47-50]; (2) a relatively short clivus [51-55]; and (3) an
anteriorly-posteriorly shorter foramen magnum [54,55]. The results of our first set of analyses
add several traits to the list that, to the best of our knowledge, not been identified before,
including reduced cranial vault height; a more inferiorly located asterion and inion; a more
posteriorly located pterion; and a more anteriorly located foramen magnum. It seems likely that
this is due to the fact that the present study is the first to use 3D geometric morphometric
methods to investigate human cranial shape in relation to CM-I. Given this, it would seem
sensible for more researchers interested in CM-I to familiarise themselves with 3D geometric
morphometrics. The methods would seem to have the potential to help us develop a deeper
understanding of the aetiology and pathogenesis of CMs, which could in turn strengthen

diagnosis and treatment of the condition.

Acknowledgements

We thank the Chiari malformation service team at the Manchester Centre for Clinical
Neurosciences/Salford Royal Hospital for providing the clinical data used in the study, and the
staff of the research and development division of Salford Royal Hospital (Northern Care
Alliance NHS Foundation Trust) for helping us with the preparation of the application for ethics



414
415
416
417
418
419
420
421
422

approval. We also thank Antoine Balzeau of the Museum National d’Histoire Naturelle, Paris,
and Rachael Ives and Heather Bonney of the Natural History Museum, London, for providing
some of the fossil data. Lastly, we offer special thanks to the patients who allowed their CT
scans to be used for this project. We hope they find the results we obtained interesting.

Our work on this project was supported by the European Union’s Marie Sktodowska-Curie
Actions program (Horizon 2020-748200), the Canada Research Chairs Program (231256), the
Canada Foundation for Innovation (36801), and the British Columbia Knowledge Development
Fund (962-805808).



423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

References

1) Chiari HANS. Ueber verdnderungen des kleinhirns infolge von hydrocephalie des
grosshirns1. DMW-Deutsche Medizinische Wochenschrift 1891;17(42): 1172-1175.

2) Chiari HANS. Ueber Veranderungen des Kleinhirns, des Pons und der Medulla oblongata
infolge von kongenitaler Hydrocephalie des Grosshirns. Denkschr. Akad. Wiss. Wien
1895;63:71-116.

3) Furtado SV, Reddy K, Hegde, AS. Posterior fossa morphometry in symptomatic pediatric
and adult Chiari I malformation. J Clin Neurosci 2009;16:1449-1454.

4) Markunas CA, Soldano K, Dunlap K et al. Stratified whole genome linkage analysis of
Chiari type I malformation implicates known Klippel-Feil syndrome genes as putative
disease candidates. PLoS One 2013;8:¢61521.

5) Sadler B, Kuensting T, Strahle J et al. Prevalence and impact of underlying diagnosis and
comorbidities on Chiari 1 malformation. Ped Neurol 2020;106: 32-37.

6) Speer MC, Enterline DS, Mehltretter L et al. Chiari type I malformation with or without
syringomyelia: prevalence and genetics. J Gen Couns 2003;12:297-311.

7) Bell WO, Charney EB, Bruce DA ef al. Symptomatic Arnold-Chiari malformation:
review of experience with 22 cases. J Neurosurg 1987;66:812-816.

8) Fischbein R, Saling JR, Marty P et al. Patient-reported Chiari malformation type I
symptoms and diagnostic experiences: a report from the national Conquer Chiari Patient
Registry database. Neurol Sci 2015;36:1617-1624.

9) Azahraa Haddad F, Qaisi I, Joudeh N, et al. The newer classifications of the chiari
malformations with clarifications: an anatomical review. Clin Anat 2018;31:314-322.

10) Marin-Padilla M, Marin-Padilla TM. Morphogenesis of experimentally induced Arnold-
Chiari malformation. J Neurol Sci 1981,50:29-55.

11) Royo Royo-Salvador MB. Syringomyelia, scoliosis and idiopathic Arnold-Chiari
malformations: a common etiology. Rev de Neurol 1996;24:937-959.

12) Cinalli G, Spennato P, Sainte-Rose C, et al. Chiari malformation in craniosynostosis.
Child Nerv Sys 2005;21:889-901.

13) Sgouros S, Kountouri M, Natarajan K. Skull base growth in children with Chiari
malformation Type 1. J Neurosurg Ped 2007;107:188-192.



453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

14) Williams H. A unifying hypothesis for hydrocephalus, Chiari malformation,
syringomyelia, anencephaly and spina bifida. Cerebrospin Fluid Res 2008;5:1-11.

15) Fri¢ R, Eide PK. Chiari type 1—a malformation or a syndrome? A critical review. Acta
Neurochirurg 2020;162:1513-1525.

16) Fernandes YB, Ramina R, Campos-Herrera CR ef al. Evolutionary hypothesis for Chiari
type I malformation. Med! Hypoth 2013;81:715-719.

17) Teixeira JC, Cooper A. Using hominin introgression to trace modern human dispersals.
Proc Nat Acad Sci 2019;116:15327-15332.

18) Green RE, Krause J, Briggs AW et al. A draft sequence of the Neandertal genome.
Science 2010;328:710-722.

19) Lieberman DE, McBratney BM, Krovitz G. The evolution and development of cranial
form in Homo sapiens. Proc Nat Acad Sci 2002;99:1134-1139.

20) Neubauer S, Hublin JJ, Gunz P. The evolution of modern human brain shape. Sci Ad
2018;4:€aa05961.

21) Gunz P, Harvati K. The Neanderthal “chignon”: variation, integration, and homology. J
Hum Evol 2007;52:262-274.

22) Gregory MD, Kippenhan JS, Eisenberg DP et al. Neanderthal-derived genetic variation
shapes modern human cranium and brain. Sci Rep 2018;7:6308.

23) Gunz P, Tilot AK, Wittfeld K ef al. Neandertal introgression sheds light on modern
human endocranial globularity. Current Biology 2019;29:120-127.

24) Kochiyama T, Ogihara N, Tanabe HC et al. Reconstructing the Neanderthal brain using
computational anatomy. Sci Rep 2018;8:6296.
25) Fedorov A, Beichel R, Kalpathy-Cramer J ef al. 3D Slicer as an image computing
platform for the Quantitative Imaging Network. Mag Res Imag 2012;30:1323-1341.
26) Athreya S, Hopkins A. Conceptual issues in hominin taxonomy: Homo heidelbergensis
and an ethnobiological reframing of species. Am J Phys Anthropol 2021;175:4-26.

27) Stringer C. The status of Homo heidelbergensis (Schoetensack 1908). Evol Anthropol Iss
News Rev 2012;21:101-107.

28) Buck LT, Stringer CB. Homo heidelbergensis. Current Biology 2014;24:R214-R215.

29) Harvati K, Reyes-Centeno H. Evolution of homo in the middle and late Pleistocene. J

Hum Evol 2022;173:103279.



484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514

30) Lebrun R, Orliac MJ. MorphoMuseuM: an online platform for publication and storage of
virtual specimens. Paleontol Soc Pap 2016;22:183-195.

31) Bookstein FL. Landmark methods for forms without landmarks: morphometrics of group
differences in outline shape. Med Im Anal 1997;1:225-243.

32) O’Higgins P, Jones N. Facial growth in Cercocebus torquatus: an application of three-
dimensional geometric morphometric techniques to the study of morphological variation.
J Anat 1998;193:251-272.

33) Zelditch M, Swiderski DL, Sheets HD. Geometric morphometrics for biologists: a
primer. Academic Press 2012.

34) Slice DE. Geometric morphometrics. Annu Rev Anthropol 2007;36:261-281.

35) O’Higgins P, Jones N. Morphologika. Tools for statistical shape analysis. Hull York
Medical School 2006.

36) Plomp K, Roberts C, Strand Vidarsdottir U. Does the correlation between schmorl's
nodes and vertebral morphology extend into the lumbar spine? Am J Phys Anthropol
2015;157:526-534.

37) Plomp KA, Dobney K, Collard M. Spondylolysis and spinal adaptations for bipedalism:
The overshoot hypothesis. Evol Med Pub Health 2020;1:35-44.

38)R Core Team. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria 2022: URL http://www.R-project.org/

39) IBM Corporation. IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY: IBM

Corporation 2020.

40) Chen L, Wolf AB, Fu W, Li L, Akey JM. Identifying and interpreting apparent
Neanderthal ancestry in African individuals. Cell 2020;180:677-687.

41) Harris DN, Platt A, Hansen MEB, Fan S, McQuillan MA, Nyambo T, Mpoloka SW,
Mokone GG, Belay G, Fokunang C, Njamnshi AK, Tishkoff SA. Diverse African
genomes reveal selection on ancient modern human introgressions in Neanderthals. Curr
Biol 2023;33: 4905-4916.

42) Osuntokun BO. The pattern of neurological illness in tropical Africa: experience at
Ibadan, Nigeria. J Neurol Sci 1971;12:417-442.

43) Air Airede KI. Neural tube defects in the middle belt of Nigeria. J Trop Ped 1992;38:27-
30.


http://www.r-project.org/
http://www.r-project.org/

515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543

544
545

44) Onwuekwe 1, Ekenze O, Ezeala-Adikaibe B. Delayed Presentation of a
Neurodevelopmental Anomaly: a case report of a 43 year old Nigerian male with Chiari
Type 1 Malformation. Int J Med Health Dev 2008;13:53-57.

45) Elster AD, Chen MYM. Chiari I malformations: clinical and radiologic reappraisal.
Radiology 1992;183:347-353.

46) Meadows J, Kraut M, Guarnieri M et al. Asymptomatic Chiari Type I malformations
identified on magnetic resonance imaging. J Neurosurg 2000;92:920-926.

47)Karagoz F, Izgi N, Sencer SK. Morphometric measurements of the cranium in patients
with Chiari type I malformation and comparison with the normal population. Acta
Neurochirurg 2002;144:165-171.

48) Aydin S, Hanimoglu H, Tanriverdi T et a/l. Chiari type I malformations in adults: a
morphometric analysis of the posterior cranial fossa. Surg Neurol 2005;64:237-241.

49) Houston JR, Eppelheimer MS, Pahlavian SH et al. A morphometric assessment of type |
Chiari malformation above the McRae line: a retrospective case-control study in 302
adult female subjects. J Neuroradiol 2018;45:23-31.

50) Houston JR, Allen PA, Rogers JM et al. Type I Chiari malformation, RBANS
performance, and brain morphology: Connecting the dots on cognition and macrolevel
brain structure. Neuropsychol 2019;33:725.

51) Shuman WH, DiRisio A, Carrasquilla A et al. Is there a morphometric cause of Chiari
malformation type 1?7 Analysis of existing literature. Neurosurg Rev 2022:1-11.

52) Nishikawa M, Sakamoto H, Hakuba A et al. Pathogenesis of Chiari malformation: a
morphometric study of the posterior cranial fossa. J Neurosurg 1997;86:40-47.

53) Milhorat TH, Chou MW, Trinidad EM et al. Chiari I malformation redefined: clinical and
radiographic findings for 364 symptomatic patients. Neurosurg-Baltimore 1999;44:1005-
1017.

54) Dufton JA, Habeeb SY, Heran MK et al. Posterior fossa measurements in patients with
and without Chiari I malformation. Can J Neurolog Sci 2011;38:452-455.

55) Diniz JM, Botelho RV. The role of clivus length and cranial base flexion angle in basilar
invagination and Chiari malformation pathophysiology. Neurol Sci 2020;41:1751-1757.



546
547
548
549
550
551
552

553
554

555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577

Figure captions

Figure 1. 3D models of Homo sapiens (top two images) and Homo neanderthalensis (bottom
two images) crania for visual comparison. The human model was created from DICOM
files of an anonymised volunteer patient from the Manchester Centre for Clinical
Neurosciences. The Neanderthal model is based on La Ferrassie 1 and was created by LB

and TR.

Figure 2. Landmarks used in the present study, shown on a CT-based 3D model of the

cranium of living human without CM-I.

Figure 3. Histogram depicting the distribution of the scores of the two living human OTUs
on the single CV yielded by the CVA. Pink bars = individuals with CM-1. Blue bars =
individuals without CM-I. The wireframes illustrate the shapes at the ends of the CV. From
top left to bottom right, wireframes show neurocranium in posterior, left lateral, inferior,

and right lateral orientations.

Figure 4. PCA illustrating the shape variation among the living human subsample when
PC2 is plotted against PC1. The pink circles are individuals with CM-I; blue circles are

unaffected individuals. The wireframes show the shapes at the end of each PC.

Figure 5. CVA plot depicting the between-group shape variation when CV2 is plotted
against CV1. The wireframes illustrate the shape differences between individuals at the

positive and negative ends of CV2.

Figure 6. PCA depicting the shape variance within the entire sample when PC2 is plotted

against PC1. The wireframes illustrate the shapes at the extreme end of each PC.
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