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Abstract

Atlas occipitalization (AO) is a spinal anomaly, characterized by the fusion of the first cervi-
cal vertebra and occipital bone, with a complex etiology that can arise from congenital and
environmental causes. AO has been reported in three regions of pre-Hispanic Peru in skele-
tal remains with artificial cranial modification (ACM), which involves the use of compression
devices to permanently alter cranial shape and may have affected the fusion of the atlas and
occipital bone. The aims of this study were to gain insights into AO’s etiology by testing cor-
relations between AO and ACM presence/type and geographic region as well as to charac-
terize morphological variation associated with AO. We investigated the geographic
distribution of AO and its potential relationship to ACM in a large sample of human crania
from eight coastal and highland regions of pre-Hispanic Peru, held at the Smithsonian’s
National Museum of Natural History (n = 608, 1300—1500 CE). Eleven cases of AO were
observed in three coastal regions—including two previously unreported regions—at an
overall frequency of 1.8%. The frequency of AO did not differ significantly between crania
with and without ACM, in general or by type, suggesting that ACM is not an etiological factor
that influences AQ in this sample. AO was observed at a significantly higher rate in the
southern coastal region of Arequipa than in any other region. Genetic, dietary, and epidemi-
ological conditions are evaluated as factors possibly shaping the geographic distribution of
AO along the central and southern coasts of Peru.

Introduction

Atlas occipitalization (AO), also termed atlanto-occipital fusion, atlas assimilation, and occipi-
tocervical synostosis, is a spinal anomaly characterized by the partial or complete fusion of the
first cervical (C1) vertebra, or atlas, to the occipital bone [1]. AO has been documented in
human remains from archaeological sites across the world over the last few millennia [2-12].
AO occurs in around 1% of prehistoric populations [5] and in 0.03-3.6% of contemporary

PLOS ONE | https://doi.org/10.1371/journal.pone.0239600 September 24, 2020

1/15


http://orcid.org/0000-0003-0435-0983
http://orcid.org/0000-0001-8940-7568
https://doi.org/10.1371/journal.pone.0239600
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239600&domain=pdf&date_stamp=2020-09-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239600&domain=pdf&date_stamp=2020-09-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239600&domain=pdf&date_stamp=2020-09-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239600&domain=pdf&date_stamp=2020-09-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239600&domain=pdf&date_stamp=2020-09-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0239600&domain=pdf&date_stamp=2020-09-24
https://doi.org/10.1371/journal.pone.0239600
https://doi.org/10.1371/journal.pone.0239600
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://www.nsf.gov/awardsearch/showAward?AWD_ID=1560088
https://www.nsf.gov/awardsearch/showAward?AWD_ID=1560088
https://www.saa.org/career-practice/awards/awards-detail/institute-for-field-research-annual-meeting-travel-award
https://www.saa.org/career-practice/awards/awards-detail/institute-for-field-research-annual-meeting-travel-award
https://www.saa.org/career-practice/awards/awards-detail/institute-for-field-research-annual-meeting-travel-award

PLOS ONE

Atlas occipitalization in pre-Hispanic Peru

University of Oklahoma College of Arts and
Sciences Student Travel Assistance Program
(http://www.ou.edu/cas/socialwork/current-
students/resources/travel-support), and University
of Oklahoma Honors College Undergraduate
Research Opportunity Program (http://www.ou.
edu/honors/undergraduate-research/urop)
provided financial support for L.N.P. for the
presentation of these results. The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist.

populations [13-15]. AO is often asymptomatic, but when symptoms do appear, they usually
do so after the young adult years [16]. Reports of AO in medical literature frequently describe
its neurological effects and surgical implications [15, 17-21].

Understanding AO’s symptoms and associated skeletal anomalies is an ongoing challenge
in both anthropological and medical research. AO shifts the first mobile segment between the
skull and spine to the C1-C2 junction, which can cause physical stress [22]. People with more
severe forms of this anomaly may experience headaches and neck pain [16, 23], dizziness and
reduced blood flow to the brain [18], numbness in the extremities [16], dislocations of the cer-
vico-occipital joint [23], restricted head and neck mobility [10, 24], sensory disturbances [17],
and even death [25]. AO often occurs alongside anomalies such as block vertebrae [3], basilar
impression [26], spina bifida of the posterior arch of the atlas [1], fused transverse processes of
the atlas [21], size reduction of the foramen magnum [16, 21], and changes in the route of the
vertebral artery into the brain [27]. AO may also co-occur with compressive myelopathy [26—
28], Klippel-Feil syndrome [29], or torticollis [16, 23].

AO likely results from a complex interplay of factors, so its etiology is still not fully under-
stood [30]. In general, AO is considered to be a congenital condition caused by the failure of
the first cervical sclerotome, a vertebral precursor, to divide into cranial and caudal halves dur-
ing the third week of fetal development [1]. Factors such as nutrition- or disease-related distur-
bances during development [8, 31] or genetic anomalies [17] may also predispose a fetus
toward developing AO. AO has also been linked to traumatic injuries of the cervical vertebrae
[11], malnutrition [8], and diseases like osteoarthritis [11], tuberculosis or syphilis [27], and
other infections [31].

Isolated instances of AO have been documented in Zoque remains with artificial cranial
modification (ACM) from a cave in Chiapas, Mexico [11], as well as in three regions of pre-
Hispanic Peru [3, 4] in which ACM was practiced [32]. However, the potential relationship
between ACM and AO has not been systematically explored. ACM is a cultural process that
applies mechanical stress to permanently alter the shape of an individual’s head [33]. During
infancy or early childhood, while the cranial bones are still malleable, adults carers use com-
pression devices to intentionally redirect cranial growth [34]. Between the ages of two and
three years old, the cranial bones fuse and these cranial shapes become permanent [33].
Around the world, ACM has been used to imbue head shape with layers of culturally-specific
meanings that relate to ethnicity, status, gender, geographic origin, intragroup solidarity, or
intergroup distinctions [33-35].

This process of ACM coincides with the postnatal period in which the atlas ossifies and
fuses [36]. The atlas approaches its adult size between 4-6 years of age, around the same time
that individual parts of the occipital bone complete fusion [36]. Due to the sensitivity of the
craniocervical junction [3], this area thus may be particularly susceptible to mechanical stress-
ors like ACM during early stages of skeletal development. As ACM has already been shown to
physiologically alter the morphology of other cranial tissues, it could also have some associa-
tion with AO [37-39]. In addition, because the atlas plays a key role in transmitting the weight
of the head to the rest of the vertebral column [1], the restriction of head movement associated
with ACM may contribute to morphological changes like AO by changing how the atlas bears
this weight. Given that fusion of the atlas with the occipital bone can be localized or extensive,
including multiple variations of partial AO that involve some degree of atlanto-occipital articu-
lation [15], it is also possible that ACM could influence the expression of this anomaly even in
cases of a congenital origin.

In this study, we investigated the potential relationship between AO and ACM in a large
skeletal sample (n = 608) of pre-Hispanic Peruvian remains (1300-1500 CE). We hypothesized
that if ACM affects AO, then crania with ACM will have significantly higher frequencies of
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AO than unmodified crania. The size and geographic diversity of this sample allowed us to test
population-level correlations between AO and ACM presence and type, sex, and region. Our
aims were to gain insights into AQO’s etiology and to characterize broader patterns in geo-
graphic and morphological variation in AO across pre-Hispanic Peru.

Materials and methods

The sample for this study consists of 608 crania held at the Smithsonian Institution’s National
Museum of Natural History (NMNH), Washington, D.C. The NMNH holds the largest collec-
tion of Peruvian human remains outside of Peru, which was assembled by Ales Hrdli¢ka in the
early 20" century [32]. Ensuring that remains came from pre-Hispanic individuals was more
important to Hrdli¢ka than precise provenience, so many individuals were labelled with the
name of a valley or a continuously-occupied site [32]. This study therefore focuses on a
regional-level comparison of AO frequency across Peru, offering in regional trends what it
cannot in site-level specificity or fine-grained chronology. The crania come from sites in eight
coastal and highland regions across western and southern Peru (Table 1), and although they
have no radiocarbon dates, it is estimated that they date to the late prehistoric period (ca.
1300-1500 CE) based on their preservation and collection context [40; David Hunt, personal
communication, August 2020]. In most cases, the crania were not associated with postcranial
remains. No permits were required for the described study, which complied with all relevant
regulations.

Crania were categorized into age classes of infant/child (under 12 years old), adolescent
(12-20 years old), and adult (over 20 years old) following standard procedures of age estima-
tion based on dental eruption and cranial suture fusion [41, 42]. Crania with any deciduous
teeth and unfused sutures were classified as children, those with only permanent dentition in
which the third molar had not completed eruption and unfused sutures were classified as ado-
lescent, and those that exhibited third molar eruption and significant fusion of cranial sutures
were classified as adults. Crania too fragmented for reliable classification were categorized as
indeterminate. Sex was recorded based on labels on adult crania, which correspond to previous
determinations entered into museum records. Sex estimations were made by Hrdlicka using
his standards of the time [43] and his experiences with NMNH collections and collecting in

Table 1. Geographical distribution of atlas occipitalization (AO).

Region Region Localities Without With Total
Number AO AO
n % |n| % | n %
2 La Libertad Chan Chan, Huanchaco, Pacasmayo, Valley of Chicama 294 100.0 | 0 | 0.0 | 294 | 484
3 Ancash Copa Chica/Callejon de Huaylas, Macate 2 11000 0 | 0.0 | 2 | 0.1
4 Lima Ancén, La Capilla, Chachlacayo, Chancay, Chilca, Huaca-Puna, Pachacamac, Paramonga, 101 99.0 | 1 | 1.0 | 102 | 16.8
Pasamayo, Rimac Valley, San Lorenzo Island, Supé, Zapallar/Puenta Piedra
5 Junin Caudivilla, La Oroya, Quiterada, Tarmatambo 29 (1000 0 | 0.0 | 29 | 1.6
6 Huancavelica Acobamba 10 | 100.0| 0 | 0.0 | 10 | 0.6
7 Ica Coyungo, Nazca Region, Paracas Peninsula 86 | 956 | 4 | 44 | 90 | 14.8
8 Arequipa Chavifia (Acari Valley), Lomas 70 | 92.1 | 6 | 7.9 | 76 | 12.5
9 Cuzco Picicalca, San Pedro 5 |100.0| 0 |0.00| 5 0.3
Total - 597 98.2 | 11| 1.8 | 608 | 100.0

Data shows the number of crania with and without AO by region, percentage of crania with and without AO as a proportion of each regional total, and total sample size
from each region as a percentage of total sample size. Region numbers correspond to the legend in Fig 1. Regions represent the broadest level of geographical

classification recorded by the NMNH and are consolidated from provincial-, district-, or site-level locations when necessary.

https://doi.org/10.1371/journal.pone.0239600.t001
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Peru [David Hunt, personal communication, August 2020]. The sex of crania without labels—
mostly subadults or excessively fragmented—were categorized as indeterminate.

All crania were visually examined for the presence of ACM. Each cranium was classified as
unmodified or modified based on the shape of the cranial profile. Modification was catego-
rized according to a three-type system originally developed for populations in north-central
Peru [44]:

1. Posterior flattening is characterized by a flattened occipital bone, widened parietal region,
and unaffected frontal bone consistent with cradle practices—the use of devices with a
backboard to protect and carry babies [45].

2. Bilobed modification is characterized by flattened occipital and frontal regions, formation
of two “lobes” in the parietal region, and depressed sagittal suture. This type of ACM was
probably produced using a headdress with a band along the sagittal suture [46, 47].

3. Circumferential modification is characterized by a narrow, elongated cranial shape created
by binding the cranium around its circumference with cloth or other materials [44].

Examples of each ACM type are shown in S1 Fig, Panel 1. If ACM was identified in a frag-
mentary cranium, ACM type was classified as indeterminate.

AO was recorded as absent or present. If present, it was categorized as partial or complete
(S1 Fig, panel 2). Complete fusion of the atlas indicates full fusion of the anterior and posterior
arch to the occipital bone around the foramen magnum, whereas partial fusion is incomplete
in either region [1]. In crania with AO, the presence of spina bifida and fusion of the transverse
processes (absent, unilateral, bilateral) to the occipital bone were recorded using diagnostic
features from Senator and Gronkiewicz [1] (S1 Fig, panels 3 and 4). Crania were carefully
assessed to ensure that there were no signs of fragmentation around the foramen magnum that
would indicate that the atlas had been detached postmortem.

Statistical analyses were performed using MS Excel (Microsoft Office 2016) and RStudio
(v3.6.1). Chi-square tests were used to assess the relationship between AO and ACM presence,
ACM type, geographic region, and sex. The threshold for significance in all tests was o = 0.05.
Following tests that produced a significant result, adjusted Pearson residuals were used to
identify the combination of variables that differed significantly from expected frequencies. If
an assessment of sex, age, presence of ACM, spina bifida, or fusion of the transverse processes
could not be made due to fragmentation, the individual was excluded from that analysis.

Results

Out of a total of 608 crania, eleven cases of AO were observed in three coastal regions—Are-
quipa, Ica, and Lima—at an overall frequency of 1.8% (Fig 1 and Table 1). AO was observed in
eight of the 234 crania (3.4%) estimated as male, none of the 262 crania estimated as female,
and three of the 109 crania of indeterminate sex (S1 Table). The frequency of AO varied signif-
icantly by sex, both when including crania of indeterminate sex (y* = 8.7, p = 0.01) and exclud-
ing them (¥’ =9.1, p = 0.003). AO occurred less than expected in females (rp = -2.1) and more
than expected in males (rp = 2.2). All cases of AO were observed in adult crania. Summaries of
the composition of the sample by sex and age can be found in S1 Table.

AO and artificial cranial modification

ACM was observed in each of the eight regions surveyed: La Libertad, Ancash, Lima, Junin,
Huancavelica, Ica, Arequipa, and Cuzco. Out of the total sample of 608 crania, 381 (62.9%)
were modified (Table 2). ACM was observed in eight of the nine (88.9%) crania with AO that
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1. Lambayeque
2. La Libertad
3. Ancash

4. Lima

5. Junin

6. Huancavelica
7. Ica

8. Arequipa

9. Cuzco

AQ observed
(this study)

= AO reported
(previously published)

Okm 200km 400 km

Fig 1. Geographical distribution of atlas occipitalization (AO) across Peru. Crania examined for this study were from
regions 2-9, with AO observed in regions 4, 7, and 8 (in gray). Previous reports of AO (in stripes) come from Verano [4]
in region 1 and Barnes [3] in regions 2 and 4. This figure is a derivative of “Blank map of South America” by Camilo
Sanchez and “Western Hemisphere of Earth (Lambert Azimuthal projection)” by Sean Baker, which are licensed under
CC BY 3.0 and 2.0, respectively.

https://doi.org/10.1371/journal.pone.0239600.g001

Table 2. Artificial cranial modification (ACM) observed in the sample.

ACM Type Without AO With AO Total
n % n % n %
Unmodified 224 37.5 1 11.1 225 37.1
Total Modified 373 62.5 8 88.9 381 62.9
Posterior 274 45.9 4 50.0 278 45.9
Bilobed 58 9.7 0 0.0 58 9.6
Circumferential 17 2.9 0 0.0 17 2.8
Indeterminate 24 4.0 4 50.0 28 4.6

Data are shown as the number and percentages of crania with and without ACM in the sample as a whole and in the sample subsets that do and do not exhibit atlas
occipitalization (AO). ACM is divided by type.

https://doi.org/10.1371/journal.pone.0239600.t002
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could be assessed for the presence of ACM and in 62.5% of the crania without AO (Table 2).
The neurocrania of two crania that exhibited AO were too fractured to determine the presence
or absence of ACM and were excluded from this statistical analysis. All cases of AO in associa-
tion with ACM were in crania with posterior or indeterminate modification. There was not a
significant association between the presence of ACM and presence of AO (y* = 2.7, p = 0.1).
Although there was a significant association between ACM type and presence of AO (3> =
22.4, p<0.001), this relationship is driven by the high number of fragmented crania with AO
that were classified as indeterminate ACM (rp = 4.5) (Table 2).

Regional variation in AO

The frequency of crania with AO differed significantly by region (> = 26.0, p<0.001). AO
occurred at frequencies of 7.9% in Arequipa, 4.4% in Ica, and 1.0% in Lima (Table 1, Fig 1).
The crania with AO from Arequipa come from sites near the present-day city of Chavia in
the Acari Valley and the port of Lomas, located around 25 kilometers from the same valley.
The crania with AO from Ica come from sites in the Nazca region, including Coyungo. The
cranium with AO from Lima comes from the Pasamayo site, located near the mouth of the
Chancay River. AO occurred at a significantly higher rate in Arequipa compared to that of the
sample overall (rp = 4.0). AO was not observed in Ancash, Cuzco, Huancavelica, Junin, or La
Libertad, but the samplings from the first four regions (n = 2, n = 5, n = 10, n = 29, respec-
tively) are too small individually to expect instances of AO, given the average rate of AO is
1.8% across all regions.

Morphological variation in AO

Completeness of occipitalization could be determined for 10 of the 11 crania with AO. Among
these 10 crania, 90.0% exhibited partial AO (S2 Table). Spina bifida was observed in one of the
6 crania (14.3%) that were not too fragmented to assess. AO occurred with fused transverse
processes in 6 out of 10 crania (60.0%). The transverse processes of the atlas were unilaterally
fused in two (20.0%) and bilaterally fused in four (40.0%) of these crania (S2 Table).
Additional vertebral anomalies were observed in one of the 11 crania with AO. The cra-
nium of P293952-0 is asymmetrically positioned to the left over the atlas and foramen mag-
num. The region, age, sex, ACM type, AO fusion type, presence of spina bifida, and fusion of
the transverse processes determinations for each cranium with AO are available in S3 Table.

Discussion

The frequency of AO in this sample (1.8%) is consistent with figures already published, falling
slightly above the rate of 1% calculated for a broad group of prehistoric populations [5] but
within the range of 0.03-3.6% reported in anatomical collections of present-day populations
[13, 14]. However, this frequency cannot be compared to any values specific to Peruvian popu-
lations, past or present, as we are not aware of any population-level studies of AO in Peru that
have been published. AO occurs at a significantly higher rates in males than in females in our
sample, which is consistent with Gholve et al. (2007) [28], although no difference between
sexes has been reported elsewhere [19, 21].

A O and artificial cranial modification

Humans on every inhabited continent have practiced ACM [32], with the earliest cases reach-
ing back tens of thousands of years [44, 48, 49]. ACM was particularly widespread among pop-
ulations in the Andean region of South America [44, 47, 50]. While ACM does not usually
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impact health negatively [5, 51] or lead to a reduction in brain volume, it is associated with an
increase in the number of sutural bones [52] and changes in facial morphology [53]. If modifi-
cation is performed over a short time period or by using particularly intense force, some
researchers have proposed that ACM can lead to seizures or epilepsy [54], infections, necrosis,
or intracranial hypertension [32].

We hypothesized that ACM could induce or influence some form of atlas fusion due to
mechanical stress on the cervical region. However, we did not find evidence of a relationship
between ACM of any type and AO presence in our sample, suggesting that AO cannot confi-
dently be added to the list of physiological effects of ACM in this sample of pre-Hispanic Peru-
vians. A potential relationship between ACM and AO might be obscured by the estimated
200-year temporal spread of our sample, as the prevalence of ACM is known to have fluctuated
quite drastically over a similar time span among Quechua and Aymara groups who inhabited
the Colca Valley in Arequipa [34]. In addition, the bones of the cranial vault, base, and face
respond to ACM to a variable and population-dependent extent [37, 38]. Accordingly, the cer-
vical regions in the populations represented in this sample may not respond to ACM in the
form of AO. More likely, however, is that the ACM techniques in our sample did not induce
mechanical stress on the atlas to the extent hypothesized.

It is difficult to identify the exact apparatuses that created the variety of ACM types in Peru
[32], but Allison et al. [47] have published a study that attempts to link cranial shapes to the
modification apparatuses that may have produced them. A cradleboard apparatus [47] would
completely immobilize an infant’s head under wraps and cause posterior flattening of the cra-
nium, which is the only type of ACM identifiable in crania with AO in this study (n = 4). How-
ever, this finding is likely explained by sample bias, as crania with posterior modification
represent 73.0% of the modified crania (versus 15.2% bilobed and 4.5% circumferential) in our
total sample. The apparatuses that correspond to the other ACM types seen in our sample are
mostly cushions, cloth head bindings, and wool or reed pads [47], which suggests they did not
add much additional weight to a child’s head. Other reconstructions of apparatuses from Peru
during this time period [46, 55] also indicate that the mechanical stress on wearers was not
excessive in terms of weight or restriction of movement.

Regional variation in AO

To our knowledge, cases of AO in Peru have only been reported in regions along the northern
and central coasts. AO has been documented in an archaeological site in Lambayeque dated to
around 300 CE [4] as well as in NMNH collections from Lima and La Libertad [3]. Here, we
report cases of AO in the southern coastal regions of Ica and Arequipa for the first time, as
well as in Lima (Fig 1).

We found a correlation between AO and region, with many more occurrences of AO in
Arequipa than the sample as a whole. Although AO occurs at a very low frequency in the sam-
ple overall (1.8%), the rate of AO is over four times as high in Arequipa (7.9%). This figure is
well above the highest previously-published frequency of 3.6% [14]. AO was also observed in
crania from Coyungo in Ica, sites in the Nazca region of Ica, and Pasamayo in Lima. These
sites lie along the southern coast, suggesting that AO may be particularly common in this area.
Although AO seems to occur exclusively in coastal Peru in our sample, the samples from high-
land regions of Peru (Ancash, Junin, Huancavelica, and Cuzco) are too small (n = 46) in com-
parison to the samples from regions with coastlines (n = 562) to conclude that AO did not
occur in these regions, given its average frequency of only 1.8% across all regions.

Sample bias toward coastal regions may explain the higher number of cases in coastal
regions, but the sample subsets from both La Libertad and Lima also include a few eastern sites
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located within the geographic bounds of the Andes, which may counterbalance this effect [56].
In addition, rates of AO were significantly higher only in Arequipa, not in all coastal regions,
which suggests that sample bias toward coastal regions is not responsible for the identification
of Arequipa as a region where AQ is particularly common.

In this sample, AO occurs in regions along the southern coast of Peru. This geographic pat-
tern raises questions about the hereditary and environmental factors that are potentially impli-
cated in the etiology of AO in pre-Hispanic Peruvian populations. Kalla et al. [17] and
Plischuk [57] have both proposed that AO can be inherited according to a complex inheritance
pattern. Certain genetic disorders and anomalies occur at elevated rates among people living
in relatively small, isolated populations [58-60], and during the Late Intermediate Period
(1000-1400 C.E.) in Peru, many southern populations lived in such groups [61, 62]. AO might
thus occur at elevated rates in these regions if families in locally-restricted cultural groups car-
ried specific genetic variations that increased their likelihood of developing AO.

Environmental factors related to diet and disease may also shape the geographic distribu-
tion of AO in our sample, although their influence is more speculative. Both poor nutrition [8]
and disease [8, 19] have been proposed as factors that can predispose a fetus toward AO [8, 11,
27]. Coastal Peruvian populations ate less varied diets and were more sedentary [63], and
some Peruvian groups who lived farther inland in coastal regions were largely dependent on
maize [64, 65] and may have developed nutritional deficiencies [66, 67] that could contribute
to the development of AO. However, the proximity of many more coastal groups in Arequipa,
Ica, and Lima to a rich variety of supplementary crops [64, 68, 69] and protein sources [66, 70,
71] makes it less likely that maize-related malnutrition was universal among them. Ultimately,
any firm conclusions about the diets of the individuals in our sample would require stable iso-
topic analyses, given the large temporal spread and lack of geographic specificity within each
region.

In addition to malnutrition, AO has been linked to degenerative conditions like osteoarthri-
tis [11] and infectious diseases like tuberculosis and syphilis [27]. Evidence from the north
coast of Peru indicates that degenerative joint disease was one of the most common pathologi-
cal conditions [72]. Farther south, degenerative diseases of the spine were also the most com-
mon spinal anomaly in an analysis of remains from the Valley of Ica in Peru and Valley of
Azapa in Chile. Approximately 30% of individuals showed signs of cervical and lumbar osteo-
arthritis [73], suggesting that degenerative diseases were relatively common among some
southern Peruvian populations and, crucially, affected the cervical region. These conditions,
however, were unobservable in this study due to the absence of postcrania associated with the
crania in our sample.

Cultural activity patterns could also be linked to degenerative changes to the cervical verte-
brae, particularly given that all cases of AO in this sample with firm age designations are adults.
Carrying a capacho or tumpline, a basket used in the Andean region to transport heavy loads
[73], is one potential cause of these degenerative changes. Capacho straps rest on the wearer’s
forehead, so the cervical vertebrae bear most of the mechanical force generated by wearing the
basket. The use of a capacho might generate the types of degenerative cervical changes that
could lead to AO, but its use among the populations in this sample would be difficult to ascer-
tain due to the lack of material culture associated with the remains.

The few existing paleopathological studies of Andean South America emphasize that patho-
logical conditions were more prevalent in sedentary populations [74] such as those on the
coast of Peru [63]. Tuberculosis was most common in the far south of pre-Hispanic Peru [74-
76], where we identified the highest rates of AO in our sample. Several probable cases of trepo-
nemal disease have also been reported in Peru [77, 78], but evidence of venereal syphilis in
Peru is less convincing [63]. The lack of associated postcranial elements in our sample
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significantly limits our ability to examine potential links between these diseases and crania
with AO, but in future research, ancient DNA analyses could provide insights into connections
between tuberculosis [75, 76, 79, 80] or syphilis [81, 82] and AO through identification of the
causal bacteria.

Morphological variation in AO

Our assessment of morphological features associated with AO builds on many isolated reports
in medical and anthropological literature. With a quantitative approach and a more robust
sample size than previous studies, our findings more fully characterize the range of variation
in AO. Partial AO is frequently cited as being more common than complete AO [1, 19], but
there are few statistics on the relative prevalence of each type based on large sample sizes [83].
Results from our sample support a higher prevalence of partial AO, as 90.0% of the crania with
AOQ exhibited partial AO. Fused transverse processes occurred at a rate of 60.0% among crania
with AO, which is higher than the 10.0% reported for a sample of crania with AO from North-
ern India [84]. Differences in the types and influence of etiological factors that give rise to AO
in these populations may explain the higher rate in this sample.

Spina bifida is a type of neural tube disorder that occurs when the fetal spinal column does
not fully close before birth, which can cause a variety of physical symptoms. Osteologically,
spina bifida is defined as the failure of the two lamina of a vertebra to unite and form a contin-
uous bony arch [85]. Neural tube disorders are considered to have a strong genetic component
[86], but they do not have a single cause and involve a number of dietary factors that may be
associated with AO, such as an elevated glycemic index [87] and amino acid deficiencies [88,
89]. Spina bifida of the posterior arch of the atlas frequently occurs alongside AO in this sam-
ple, at a rate (14.3%) roughly two times as great as that among contemporary Peruvian popula-
tions (6.1%) [90]. However, spina bifida has been reported at rates as high as 70% in some
archaeological sites from the Ica and Azapa Valleys in Peru and Chile [73], indicating that the
observed rate in this sample falls well within a reasonable range. Ultimately, the lack of associ-
ated postcrania makes it more difficult to characterize population-specific rates of spina bifida
among individuals with and without AO in this sample.

One cranium with AO (P293952-0) also exhibits characteristics of torticollis, a congenital
or acquired anomaly of the cervical region that causes the head to tilt to one side due to an
abnormally rotated cervical spine [91]. Torticollis usually arises from muscular or vertebral
anomalies in the craniocervical region [91], so it may occur alongside or result from the pres-
ence of AO. This individual may have experienced additional symptoms and restriction of
head movement related to torticollis than individuals with AO only.

Conclusions

This study, in conjunction with those published elsewhere [3, 4], documents the presence of
AO in human populations along the central and southern Peruvian coast ca. 1300-1500 CE.
We hypothesized that AO, which has been associated with biological factors such as heredity,
nutrition, and disease, may also be associated with ACM, a cultural practice. However, we did
not find evidence of a significant association between ACM and AO, a result which may be
due to low levels of mechanical stress associated with the ACM apparatuses used to produce
the types of ACM in our sample.

Across the geographic area that we sampled, we observed significantly elevated rates of AO
in Arequipa, a southern coastal region, which invites a discussion of AO’s higher prevalence in
this area. Due to the lack of geographic and temporal specificity in NMNH records, however,
our results should be interpreted only on a very broad scale of time and geographic location.
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Hereditary, dietary, and epidemiological conditions should be further explored as factors shap-
ing the distribution of AO in Peru in order to clarify some of the complex and poorly-under-
stood causes of a spinal anomaly that continues to affect diverse populations across the globe.

Supporting information

S1 Fig. Morphological features of crania assessed in this study. Panel 1 shows the five cate-
gories of artificial cranial modification (ACM): unmodified (1a), posterior flattening (1b),
bilobed (1c¢), circumferential (1d), and indeterminate (1e). Panel 2 shows examples of an
occipital bone with no occipitalized atlas present (2a), occipitalized atlas with partial fusion in
both the anterior and posterior arch (2b), and occipitalized atlas that is completely fused all the
way around the foramen magnum. Panel 3 shows an occipitalized atlas that does not exhibit
spina bifida (3a), and an occipitalized atlas that does exhibit spina bifida (3b). Panel 4 shows
examples of unfused transverse processes (4a), unilateral fusion (4b), and bilateral fusion (4c).
(TIF)

S1 Table. Sex and age composition of the sample. Data are shown as raw counts and percent-
ages for the sample as a whole and for the sample subsets that do and do not exhibit atlas occi-
pitalization (AO).

(DOCX)

S2 Table. Morphological features associated with atlas occipitalization (AO). Data are

shown as raw counts and percentages of the total number of crania with AO.
(DOCX)

$3 Table. Characteristics of crania that exhibit atlas occipitalization (AQO). Data include
region, age (A = Adult), sex (M = Male, F = Female, UK = Unknown), completeness of AO,
presence of spina bifida, and description of fusion of transverse processes. Starred crania are
fragmentary, and unobservable attributes are marked with an “X.”

(DOCX)

S1 File. Table of complete survey data of crania sample. All remains are held at the Museum
Support Center in Suitland, Maryland, which is a storage facility for the National Museum of
Natural History (NMNH or USNM), Smithsonian Institution, located in Washington, D.C.
(XLSX)

Acknowledgments

We thank Dr. David Hunt (National Museum of Natural History, Department of Anthropol-
ogy) for providing information about NMNH collections history and comments on the manu-
script, as well as the anonymous reviewers whose suggestions greatly improved this work.

Author Contributions

Conceptualization: Laura N. Pott, Sabrina B. Sholts.
Data curation: Laura N. Pott.

Formal analysis: Laura N. Pott.

Funding acquisition: Andrea R. Eller, Sabrina B. Sholts.

Methodology: Laura N. Pott, Rita M. Austin, Andrea R. Eller, Courtney A. Hofman, Sabrina
B. Sholts.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239600 September 24, 2020 10/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239600.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239600.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239600.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239600.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239600.s005
https://doi.org/10.1371/journal.pone.0239600

PLOS ONE

Atlas occipitalization in pre-Hispanic Peru

Project administration: Rita M. Austin, Sabrina B. Sholts.

Supervision: Rita M. Austin, Andrea R. Eller, Courtney A. Hofman, Sabrina B. Sholts.

Writing - original draft: Laura N. Pott.

Writing - review & editing: Rita M. Austin, Andrea R. Eller, Courtney A. Hofman, Sabrina B.

Sholts.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Senator M, Gronkiewicz S. Anthropological analysis of the phenomenon of atlas occipitalisation exem-
plified by a skull from Twardogora (17th c.)—Southern Poland. Int J Osteoarchaeol. 2012 Nov; 22: 749—
754. https://doi.org/10.1002/0a.1236

Merbs CF, Euler RC. Atlanto-occipital fusion and spondylolisthesis in an Anasazi skeleton from Bright
Angel Ruin, Grand Canyon National Park, Arizona. Am J Phy Anthropol. 1985 Aug; 67(4): 381-391.
https://doi.org/10.1002/ajpa.1330670410

Barnes E. Developmental defects of the axial skeleton in paleopathology. Boulder: University Press of
Colorado. 1994.

Verano JW. Human skeletal remains from Tomb 1, Sipan (Lambayeque River Valley, Peru); and their
social implications. Antiquity. 1997 Sep; 71(273): 670—682. https://doi.org/10.1017/
s0003598x00085392

Aufderheide AC, Rodriguez-Martin C. Cambridge encyclopedia of human paleopathology. Cambridge:
Cambridge University Press. 1998.

Masnicova A, Benus R. Developmental anomalies in skeletal remains from the Great Moravia and Mid-
dle Ages cemeteries at Devin (Slovakia). Int J Osteoarchaeol. 2003 Sep; 13(5): 266—274. https://doi.
org/10.1002/0a.684

Hussien FH, Sarry EI-Din AM, El Samie Kandeel WA, El Banna RA. Spinal pathological findings in
ancient Egyptians of the Greco-Roman period living in Bahriyah Oasis. Int J Osteoarchaeol. 2009 Sep;
19(5): 613-27. https://doi.org/10.1002/0a.984

Khudaveryan AY. Unusual occipital condyles and craniovertebral anomalies of skulls buried in the Late
Antiquity period (1st century BC— 3rd century AD) in Armenia. Eur J Anat. 2011; 15(3): 162—175.

Basic¢ Z, Anteri¢ I, Skori¢ E, Vilovi¢ K, Andelinovi¢ S. Occipitalization of the atlas in archaeological mate-
rial from the 16th—19th century. Int J Osteoarchaeol. 2014 Jul; 24(4): 540-2. https://doi.org/10.1002/0a.
2240

Keenleyside A. Occipitalization of the atlas in two female skeletons from Apollonia Pontica, Bulgaria. Int
J Osteoarchaeol. 2015 Jan; 25(1): 74—78. https://doi.org/10.1002/0a.2264

Monte de la Paz J, Linares Villanueva E. Un caso prehispanico de occipitalizacién del atlas: estudio
antropofisico de un craneo humano de la cueva El Tapesco del Diablo, Chiapas [A pre-Hispanic case of
atlas occipitalization: a physical anthropological study of a human skull from El Tapesco del Diablo
Cave, Chiapas]. Diario de campo. 2015; 10—11: 46-54. Spanish.

Giuffra V, Montella A, Milanese M, Tognotti E, Caramella D, Bandiera P. Atlas occipitalisation associ-
ated with other anomalies in a 16th century skeleton from Sardinia (ltaly). Folia Morphol. 2017; 76
(1):123-7.

Iwata A, Murata M, Nukina N, Kanazawa |. Foramen magnum syndrome caused by atlanto-occipital
assimilation. J Neurol Sci. 1998 Feb; 154(2):229-31. https://doi.org/10.1016/s0022-510x(97)00224-4
PMID: 9562315

Kassim NM, Latiff AA, Das S, Ghafar NA, Suhaimi FH, Othman F, et al. Atlanto-occipital fusion: an oste-
ological study with clinical implications. Bratisl Lek Listy. 2010; 111(10): 562-5. PMID: 21125803

Khamanarong K, Woraputtaporn W, Ratanasuwan S, Namking M, Chaijaroonkhanarak W, Sae-Jung
S. Occipitalization of the atlas: its incidence and clinical implications. Acta Med Acad. 2013 May 17; 42
(1): 41-45. hitps://doi.org/10.5644/ama2006-124.69 PMID: 23735065

Sharma DK, Sharma D, Sharma V. Atlantooccipital fusion: prevalence and its developmental and clini-
cal correlation. J Clin Diagn Res. 2017; 11(6): AC01-ACO03. https://doi.org/10.7860/JCDR/2017/261883.
9999 PMID: 28764139

Kalla AK, Khanna S, Singh IP, Sharma S, Schnobel R, Vogel F. A genetic and anthropological study of
atlanto-occipital fusion. Hum Genet. 1989 Jan; 81(2):105—12. https://doi.org/10.1007/BF00293884
PMID: 2912881

PLOS ONE | https://doi.org/10.1371/journal.pone.0239600 September 24, 2020 11/15


https://doi.org/10.1002/oa.1236
https://doi.org/10.1002/ajpa.1330670410
https://doi.org/10.1017/s0003598x00085392
https://doi.org/10.1017/s0003598x00085392
https://doi.org/10.1002/oa.684
https://doi.org/10.1002/oa.684
https://doi.org/10.1002/oa.984
https://doi.org/10.1002/oa.2240
https://doi.org/10.1002/oa.2240
https://doi.org/10.1002/oa.2264
https://doi.org/10.1016/s0022-510x%2897%2900224-4
http://www.ncbi.nlm.nih.gov/pubmed/9562315
http://www.ncbi.nlm.nih.gov/pubmed/21125803
https://doi.org/10.5644/ama2006-124.69
http://www.ncbi.nlm.nih.gov/pubmed/23735065
https://doi.org/10.7860/JCDR/2017/26183.9999
https://doi.org/10.7860/JCDR/2017/26183.9999
http://www.ncbi.nlm.nih.gov/pubmed/28764139
https://doi.org/10.1007/BF00293884
http://www.ncbi.nlm.nih.gov/pubmed/2912881
https://doi.org/10.1371/journal.pone.0239600

PLOS ONE

Atlas occipitalization in pre-Hispanic Peru

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

Jayanthi V, Kulkarni R, Kulkarni RN. Atlanto-occipital fusion: report of two cases. J Anat Soc India.
2003; 52(1): 71-3.

Al-Motabagani MA, Surendra M. 2006. Total occipitalization of the atlas. Anat Sci Int. 2006 Sep; 81(3):
173-80. https://doi.org/10.1111/j.1447-073x.2006.00129.x PMID: 16955668

Ranade AV, Rai R, Prabhu LV, Kumaran M, Pai MM. Atlas assimilation: a case report. Neuroanat.
2007; 6: 32—-33.

Saini V, Singh R, Bandopadhyay M, Tripathi SK, Shamal SN. Occipitalization of the atlas: its occurrence
and embryological basis. Int J Anat Var. 2009; 2: 65-68.

Mudaliar RP, Shetty S, Komala Nanjundaiah PKJ, Jyothi KC. An osteological study of occipitocervical
synostosis: its embryological and clinical significance. J Clin Diagn Res. 2013 Sep; 7(9): 1835. hitps://
doi.org/10.7860/JCDR/2013/6611.3327 PMID: 24179875

McRae DL, Barnum AS. Occipitalization of the atlas. Am J Roentgenol Rad Ther Nucl Med. 1953 Jul;
70(1): 23-46.

Erdil H, Yildiz N, Cimen M. Congenital fusion of cervical vertebrae and its clinical significance. J Anat
Soc India. 2003 Jan; 52(2): 125-7.

Vakili ST, Aguilar JC, Muller J. Sudden unexpected death associated with atlanto-occipital fusion. Am J
Forensic Med Pathol. 1985; 6(1): 39—43. https://doi.org/10.1097/00000433-198503000-00008 PMID:
3984982

Pina Medina A, Boronat Pérez J. Mielopatia compresiva por occipitalizacion del atlas [Compressive
myelopathy caused by atlas occipitalization]. Revista espafiola de cirugia osteoarticular. 1996; 31:
146—-150. Spanish.

Tubbs RS, Salter EG, Oakes WJ. The intracranial entrance of the atlantal segment of the vertebral
artery in crania with occipitalization of the atlas. J Neurosurg. 2006 Apr; 4(4): 285-291. https://doi.org/
10.3171/spi.2006.4.4.319 PMID: 16619679

Gholve PA, Hosalkar HS, Ricchetti ET, Pollock AN, Dormans JP, Drummond DS. Occipitalization of the
atlas in children: morphologic classification, associations, and clinical relevance. J Bone Joint Surg Am.
2007 Mar; 89(3): 571-8. https://doi.org/10.2106/JBJS.F.00527 PMID: 17332106

Nagashima H, Morio Y, Teshima R. No neurological involvement for more than 40 years in Klippel-Feil
syndrome with severe hypermobility of the upper cervical spine. Arch Orthop Trauma Surg. 2001 Jan 1;
121(1-2): 99-101. https://doi.org/10.1007/s004020000164 PMID: 11195133

Merbs CF. The effects of cranial and caudal shift in the vertebral columns of northern populations. Arctic
Anthropol. 1974; 11: 12-19.

Black S, Scheuer L. Occipitalization of the atlas with reference to its embryological development. Int J
Osteoarchaeol. 1996 Mar; 6(2): 189-94. https://doi.org/10.1002/(SICI)1099-1212(199603)6:2<189::
AID-OA259>3.0.CO;2-D

Guillén SE. A history of paleopathology in Peru and Northern Chile: from head hunting to head counting.
In: Buikstra JE, Roberts CA, editors. The global history of paleopathology: pioneers and prospects.
Oxford: Oxford University Press; 2012. p. 312-28. https://doi.org/10.1093/acprof:osobl/
9780195389807.003.0039

Tiesler V. Cranial shaping. In: Lépez Varela SL, editor. Encyclopedia of archaeological sciences. Hobo-
ken: John Wiley & Sons; 2018. p. 1-3. https://doi.org/10.1002/9781119188230.saseas0138

Torres-Rouff C. Cranial vault modification and ethnicity in Middle Horizon San Pedro de Atacama,
Chile. Curr Anthropol. 2002 Feb; 43(1): 163—171. https://doi.org/10.1086/338290

Velasco MC. Ethnogenesis and social difference in the Andean Late Intermediate Period (AD 1100-
1450): a bioarchaeological study of cranial modification in the Colca Valley, Peru. Curr Anthropol. 2018
Feb; 59(1): 98—106. https://doi.org/10.1086/695986

Scheuer L, Black S. The juvenile skeleton. Amsterdam: Elsevier; 2004.

Cheverud JM, Kohn LA, Konigsberg LW, Leigh SR. Effects of fronto-occipital artificial cranial vault modi-
fication on the cranial base and face. Amer J Phys Anthropol. 1992 Jul; 88(3): 323—45. https://doi.org/
10.1002/ajpa. 1330880307 PMID: 1642320

Kohn LAP, Leigh SR, Jacobs SC, Cheverud JC. Effects of annular cranial vault modification on the cra-
nial base and face. Amer J Phys Anthropol. 1994 Jul; 90: 147-168. https://doi.org/10.1097/00001665-
199407000-00018

Anton SC. Intentional cranial vault deformation and induced changes of the cranial base and face. Am J
Phys Anthropol. 1989; 79(2): 253-267. https://doi.org/10.1002/ajpa.1330790213 PMID: 2662783

Verano JW. Holes in the head: the art and archaeology of trepanation in Ancient Peru. Cambridge:
Harvard University Press; 2016.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239600 September 24, 2020 12/15


https://doi.org/10.1111/j.1447-073x.2006.00129.x
http://www.ncbi.nlm.nih.gov/pubmed/16955668
https://doi.org/10.7860/JCDR/2013/6611.3327
https://doi.org/10.7860/JCDR/2013/6611.3327
http://www.ncbi.nlm.nih.gov/pubmed/24179875
https://doi.org/10.1097/00000433-198503000-00008
http://www.ncbi.nlm.nih.gov/pubmed/3984982
https://doi.org/10.3171/spi.2006.4.4.319
https://doi.org/10.3171/spi.2006.4.4.319
http://www.ncbi.nlm.nih.gov/pubmed/16619679
https://doi.org/10.2106/JBJS.F.00527
http://www.ncbi.nlm.nih.gov/pubmed/17332106
https://doi.org/10.1007/s004020000164
http://www.ncbi.nlm.nih.gov/pubmed/11195133
https://doi.org/10.1002/%28SICI%291099-1212%28199603%296%3A2%26lt%3B189%3A%3AAID-OA259%26gt%3B3.0.CO%3B2-D
https://doi.org/10.1002/%28SICI%291099-1212%28199603%296%3A2%26lt%3B189%3A%3AAID-OA259%26gt%3B3.0.CO%3B2-D
https://doi.org/10.1093/acprof%3Aosobl/9780195389807.003.0039
https://doi.org/10.1093/acprof%3Aosobl/9780195389807.003.0039
https://doi.org/10.1002/9781119188230.saseas0138
https://doi.org/10.1086/338290
https://doi.org/10.1086/695986
https://doi.org/10.1002/ajpa.1330880307
https://doi.org/10.1002/ajpa.1330880307
http://www.ncbi.nlm.nih.gov/pubmed/1642320
https://doi.org/10.1097/00001665-199407000-00018
https://doi.org/10.1097/00001665-199407000-00018
https://doi.org/10.1002/ajpa.1330790213
http://www.ncbi.nlm.nih.gov/pubmed/2662783
https://doi.org/10.1371/journal.pone.0239600

PLOS ONE

Atlas occipitalization in pre-Hispanic Peru

41.

42,
43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Buikstra JE, Ubelaker D, editors. Standards for data collection from human skeletal remains. Arkansas
Archaeological Survey. 1994.

White TD, Folkens PA. Human Bone Manual. Cambridge: Academic Press; 2005.
Hrdli¢ka A. Anthropometry. Philadelphia: Wistar Institute of Anatomy and Biology; 1920.

Pomeroy E, Stock JT, Zakrzewski SR, Mirazon Lahr M. A metric study of three types of artificial cranial
modification from North-Central Peru. Int J Osteoarchaeol. 2010; 20(3): 317-334. https://doi.org/10.
1002/0a.1044

Tiesler V. The bioarchaeology of artificial cranial modifications: New approaches to head shaping and
its meanings in Pre-Columbian Mesoamerica and beyond. New York: Springer; 2013.

Weiss P. Tipologia de las deformaciones cefélicas; estudio cultural de los tipos cefalicos y de algunas
enfermedades éseas [Typology of cephalic deformations; cultural study of cephalic types and some
osseous diseases]. In: Osteologia cultural: practicas cefalicas, segunda parte. National University of
San Marcos; 1961. Spanish.

Allison MJ, Gerszten E, Munizaga J, Santoro C, Focacci G. La practica de la deformacién craneana
entre los pueblos Andinos Precolombinos [The practice of cranial deformation among pre-Columbian
Andean peoples]. Chungara: Revista de Antropologia Chilena. 1981 Jul; 7: 238—60. Spanish.

Brothwell D. Possible evidence of a cultural practice affecting head growth in some Late Pleistocene
East Asian and Australasian populations. J Archaeol Sci. 1975 Mar; 2(1): 75—7. https://doi.org/10.1016/
0305-4403(75)90048-5

Brown P. Artificial cranial deformation: a component in the variation in Pleistocene Australian Aboriginal
crania. Archaeol in Oceania. 1981 Oct; 16(3): 156—67. https://doi.org/10.1002/j.1834-4453.1981.
tb00026.x

Ivan Perez |. Artificial cranial deformation in South America: a geometric morphometrics approximation.
J Archaeol Sci. 2007 Oct; 34(10): 1649-58. https://doi.org/10.1016/j.jas.2006.12.003

Obladen M. In God’s image? the tradition of infant head shaping. J Child Neurol. 2012 May; 27(5): 672—
680. https://doi.org/10.1177/0883073811432749 PMID: 22378664

O’Loughlin VD. Effects of different kinds of cranial deformation on the incidence of wormian bones. Am
J Phys Anthropol. 2004 Feb; 123(2): 146—155. https://doi.org/10.1002/ajpa.10304 PMID: 14730648

Jimenez P, Martinez-Insua A, Franco-Vasquez J, Otero-Cepeda XL, Santana U. Maxillary changes and
occlusal traits in crania with artificial fronto-occipital deformation. Am J Phys Anthropol. 2012 Jan; 147
(1): 40-51. https://doi.org/10.1002/ajpa.21625 PMID: 21990029

Goodrich JT, Ponce de Leon FC. Medical and surgical practice as represented in cultural figures from
the pre-conquest Mesoamerican territories. World Neurosurg. 2010 Jul; 74(1): 81-96. https://doi.org/
10.1016/j.wneu.2010.08.018 PMID: 21299988

Bjork A, Bjork L. Artificial deformation and cranio-facial asymmetry in ancient Peruvians. J Dent Res.
1963 May; 43(3): 353—62. https://doi.org/10.1177/00220345640430030601 PMID: 14159038

Hrdlicka A. Anthropological work in Peru, in 1913, with notes on the pathology of the ancient Peruvians,
with twenty-six plates. Washington: Smithsonian Institution. 1914.

Plischuk M. Anomalias 6seas congénitas en una muestra contemporanea [Congenital osseous anoma-
lies in a contemporary sample]. Revista ciencias morfoldgicas. 2019; 20(2): 1-6. Spanish.

Morton DH, Morton CS, Strauss KA, Robinson DL, Puffenberger EG, Hendrickson C, et al. Pediatric
medicine and the genetic disorders of the Amish and Mennonite people of Pennsylvania. Am J Med
Genet C Semin Med Genet. 2003 Aug 15; 121C(1): 5-17. https://doi.org/10.1002/ajmg.c.20002 PMID:
12888982

Harris DH, Song W, Shetty AC, Levano KS, Céceres O, Padilla C, et al. Evolutionary genomic dynamics
of Peruvians before, during, and after the Inca Empire. Proc Natl Acad Sci USA. 2018 Jul 10; 115(28):
E6526—E6535. https://doi.org/10.1073/pnas.1720798115 PMID: 29946025

Kristiansson K, Naukkarinen J, Peltonen L. Isolated populations and complex disease gene identifica-
tion. Genome Biol. 2008; 9(8): 109. https://doi.org/10.1186/gb-2008-9-8-109 PMID: 18771588

Fehren-Schmitz L, Warnberg O, Reindel M, Seidenberg V, Tomasto Cagigao E, Isla Cuadrado J, et al.
Diachronic investigations of mitochondrial and Y-chromosomal genetic markers in Pre-Columbian
Andean highlanders from South Peru. Ann Hum Genet. 2010 Nov; 75(2): 266—83. https://doi.org/10.
1111/1.1469-1809.2010.00620.x PMID: 21091452

Fehren-Schmitz L, Haak W, Méachtle B, Masch F, Llamas B, Tomasto Cagigao E, et al. Climate change
underlies global demographic, genetic, and cultural transitions in pre-Columbian southern Peru. Proc
Natl Acad Sci USA. 2014 Jul 1; 111(26): 9443-8. https://doi.org/10.1073/pnas.1403466111 PMID:
24979787

PLOS ONE | https://doi.org/10.1371/journal.pone.0239600 September 24, 2020 13/15


https://doi.org/10.1002/oa.1044
https://doi.org/10.1002/oa.1044
https://doi.org/10.1016/0305-4403%2875%2990048-5
https://doi.org/10.1016/0305-4403%2875%2990048-5
https://doi.org/10.1002/j.1834-4453.1981.tb00026.x
https://doi.org/10.1002/j.1834-4453.1981.tb00026.x
https://doi.org/10.1016/j.jas.2006.12.003
https://doi.org/10.1177/0883073811432749
http://www.ncbi.nlm.nih.gov/pubmed/22378664
https://doi.org/10.1002/ajpa.10304
http://www.ncbi.nlm.nih.gov/pubmed/14730648
https://doi.org/10.1002/ajpa.21625
http://www.ncbi.nlm.nih.gov/pubmed/21990029
https://doi.org/10.1016/j.wneu.2010.08.018
https://doi.org/10.1016/j.wneu.2010.08.018
http://www.ncbi.nlm.nih.gov/pubmed/21299988
https://doi.org/10.1177/00220345640430030601
http://www.ncbi.nlm.nih.gov/pubmed/14159038
https://doi.org/10.1002/ajmg.c.20002
http://www.ncbi.nlm.nih.gov/pubmed/12888982
https://doi.org/10.1073/pnas.1720798115
http://www.ncbi.nlm.nih.gov/pubmed/29946025
https://doi.org/10.1186/gb-2008-9-8-109
http://www.ncbi.nlm.nih.gov/pubmed/18771588
https://doi.org/10.1111/j.1469-1809.2010.00620.x
https://doi.org/10.1111/j.1469-1809.2010.00620.x
http://www.ncbi.nlm.nih.gov/pubmed/21091452
https://doi.org/10.1073/pnas.1403466111
http://www.ncbi.nlm.nih.gov/pubmed/24979787
https://doi.org/10.1371/journal.pone.0239600

PLOS ONE

Atlas occipitalization in pre-Hispanic Peru

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Verano JW. Advances in the paleopathology of Andean South America. J World Prehist. 1997 Jun; 11:
237-268. https://doi.org/10.1007/bf02221205

Blom DE, Buikstra JE, Keng L, Tomczak PD, Shoreman E, Stevens-Tuttle D. Anemia and childhood
mortality: latitudinal patterning along the coast of Pre-Columbian Peru. Am J Phys Anthropol. 2005 Jun;
127(2): 152-69. https://doi.org/10.1002/ajpa.10431 PMID: 15558829

Pechenkina EA, Vradenberg JA, Benfer RA, Farnum JF. Skeletal biology of the central Peruvian coast.
Consequences of changing population density and progressive dependence on maize agriculture. In:
Cohen MN, Krane-Cramer GMM, editors. Ancient health: skeletal indicators of agricultural and eco-
nomic intensification. Gainesville: University Press of Florida; 2007. p. 92—112.

Katz SH, Hediger ML, Valleroy LA. Traditional maize processing techniques in the New World. Science.
1974 May 17; 184(4138): 765—-773. https://doi.org/10.1126/science.184.4138.765 PMID: 17783464

Paine RR, Brenton BP. The paleopathology of pellagra: investigating the impact of prehistoric and his-
torical dietary transitions to maize. J Archaeol Sci. 2006; 84: 125—135.

Mujica E, Baraybar JP, Bolafios A. Malanche 22: practicas mortuorias complejas y modo de vida en
una aldea de lomas tardia en la Costa Central del Perd [Malanche 22: complex mortuary practices and
ways of life in a late-period lomas village on the Central Coast of Peru]. Gaceta Arqueoldgica Andina.
1992; 21: 81-107. Spanish.

Baraybar JP. Diet and death in a fog oasis site in central coastal Peru: a trace element study of Tomb 1
Malanche 22. J Archaeol Sci. 1999 May; 26(5): 471-82. https://doi.org/10.1006/jasc.1998.0319

Bethard JD, Gaither C, Vasquez Sanchez VF, Rosales Tham T, Kent JD. Is6topos estables, dieta y
movilidad de los pobladores de un conjunto residencial en Santa Rita B, Valle de Chao, Pert [Stable
isotopes, diet, and mobility of the inhabitants of a residential complex in Santa Rita B, Chao Valley,
Peru]. Revista de Bioarqueologia (Archaeobios). 2008; 2: 19-27. Spanish.

Gerdau-Radoni¢ K, Goude G, Castro de la Mata P, Andre G, Schutkowski H, Makowski K. Diet in Peru’s
pre-Hispanic central coast. J Archeol Sci Rep. 2015 Dec; 4: 371-86. https://doi.org/10.1016/j.jasrep.
2015.09.016

Klaus HD, Larsen CS, Tam ME. Economic intensification and degenerative joint disease: life and labor
on the postcontact north coast of Peru. Am J Phys Anthropol. 2009 Jun; 139(2): 204—221. https://doi.
org/10.1002/ajpa.20973 PMID: 19140181

Gerszten PC, Gerszten E, Allison MJ. Diseases of the spine in South American mummies. Neurosurg.
2001 Jan 1; 48(1): 208—13. https://doi.org/10.1097/00006123-200101000-00039 PMID: 11152349

Allison MJ. Paleopathology in Peruvian and Chilean populations. In: Cohen MN, Armelagos GJ, editors.
Paleopathology at the origins of agriculture. Orlando: Elsevier Academic Press; 1984. p. 531-58.

Salo WL, Aufderheide AC, Buikstra JE, Holcomb T. Identification of Mycobacterium tuberculosis DNA
in a pre-Columbian Peruvian mummy. Proc Natl Acad Sci USA. 1994 Mar 15; 91: 2091-2094. https://
doi.org/10.1073/pnas.91.6.2091 PMID: 8134354

Nelson EA, Buikstra JE, Herbig A, Tung TA, Bos KI. Advances in the molecular detection of tuberculosis
in pre-contact Andean South America. Int J Paleopathol. 2020 Jun; 29: 128—140. https://doi.org/10.
1016/j.ijpp.2019.12.006 PMID: 31964606

Weiss P. Paleopatologia americana [Paleopathology of the Americas]. Boletin de Lima. 1984; 33: 17—
52. Spanish.

Zink A, Parshe E, Nerlich A, Wiest |. Probable case of treponematosis in the Munich collection of Peru-
vian skeletons. In: Dutour O, Palfi G, Berato J, Brun JP, editors. L’Origine de la Syphilis en Europe:
Avant ou Aprés 14937 [The origin of Syphilis in Europe: Before or After 1493?]. Paris: Editions Errance;
1994. p. 202—-204.

Bos KI, Harkins KM, Herbig A, Coscolla M, Weber N, Comas |, et al. Pre-Columbian mycobacterial
genomes reveal seals as a source of New World human tuberculosis. Nature. 2014 Oct; 514(7523):
494-7. https://doi.org/10.1038/nature 13591 PMID: 25141181

Donoghue HD. Tuberculosis and leprosy associated with historical human population movements in
Europe and beyond—an overview based on mycobacterial ancient DNA. Ann Hum Biol. 2019 Feb 17; 46
(2): 95-8. https://doi.org/10.1080/03014460.2019.1629536 PMID: 31303107

Guedes L, Dias O, Neto J, Ribeiro da Silva LDP, Mendonca de Souza SMF, Ifiiguez AM. First paleoge-
netic evidence of probable syphilis and treponematoses cases in the Brazilian Colonial Period. Biomed
Res Int. 2018 Oct 10; 2018: 8304129. https://doi.org/10.1155/2018/8304129 PMID: 30406142

Schuenemann VJ, Kumar Lankapalli A, Barquera R, Nelson EA, Iraiz Hernandez D, Acufia Alonzo V,
et al. Historic Treponema pallidum genomes from Colonial Mexico retrieved from archaeological
remains. PLoS Negl Trop Dis. 2018 Jun 21; 12(6): e0006447. https://doi.org/10.1371/journal.pntd.
0006447 PMID: 29927932

PLOS ONE | https://doi.org/10.1371/journal.pone.0239600 September 24, 2020 14/15


https://doi.org/10.1007/bf02221205
https://doi.org/10.1002/ajpa.10431
http://www.ncbi.nlm.nih.gov/pubmed/15558829
https://doi.org/10.1126/science.184.4138.765
http://www.ncbi.nlm.nih.gov/pubmed/17783464
https://doi.org/10.1006/jasc.1998.0319
https://doi.org/10.1016/j.jasrep.2015.09.016
https://doi.org/10.1016/j.jasrep.2015.09.016
https://doi.org/10.1002/ajpa.20973
https://doi.org/10.1002/ajpa.20973
http://www.ncbi.nlm.nih.gov/pubmed/19140181
https://doi.org/10.1097/00006123-200101000-00039
http://www.ncbi.nlm.nih.gov/pubmed/11152349
https://doi.org/10.1073/pnas.91.6.2091
https://doi.org/10.1073/pnas.91.6.2091
http://www.ncbi.nlm.nih.gov/pubmed/8134354
https://doi.org/10.1016/j.ijpp.2019.12.006
https://doi.org/10.1016/j.ijpp.2019.12.006
http://www.ncbi.nlm.nih.gov/pubmed/31964606
https://doi.org/10.1038/nature13591
http://www.ncbi.nlm.nih.gov/pubmed/25141181
https://doi.org/10.1080/03014460.2019.1629536
http://www.ncbi.nlm.nih.gov/pubmed/31303107
https://doi.org/10.1155/2018/8304129
http://www.ncbi.nlm.nih.gov/pubmed/30406142
https://doi.org/10.1371/journal.pntd.0006447
https://doi.org/10.1371/journal.pntd.0006447
http://www.ncbi.nlm.nih.gov/pubmed/29927932
https://doi.org/10.1371/journal.pone.0239600

PLOS ONE

Atlas occipitalization in pre-Hispanic Peru

83.

84.

85.

86.

87.

88.

89.

90.

91.

Natsis K, Lyrtzis C, Totlis T, Anastasopoulos N, Piagkou M. A morphometric study of the atlas occipitali-
zation and coexisted congenital anomalies of the vertebrae and posterior cranial fossa with neurological
importance. Surg Radiol Anat. 2017 Jan; 39(1): 39—49. https://doi.org/10.1007/s00276-016-1687-9
PMID: 27192980

Gopal K, Choudhary AK, Agarwal J, Ali S. Morphological status of assimilated atlas vertebra with occipi-
tal bone and its clinical significance. Int J Res Med Sci. 2015; 3(2): 420—4. https://doi.org/10.5455/2320-
6012.ijrms20150207

Copp AJ, Adzick NS, Chitty LS, Fletcher JM, Holmbeck GN, Shaw GM. Spina bifida. Nat Rev Dis Prim-
ers. 2015 Dec; 1: 15007. https://doi.org/10.1038/nrdp.2015.7 PMID: 27189655

Carter CO, Evans KA. Spina bifida and anencephalus in Greater London. J Med Genet. 1973 Sep 1; 10:
209-34. https://doi.org/10.1136/jmg.10.3.209 PMID: 4590246

Yazdy MM, Mitchell AA, Liu S, Werler MM. Maternal dietary glycaemic intake during pregnancy and the
risk of birth defects. Paediatr Perinat Epidemiol. 2011 Jul; 25(4): 340-6. https://doi.org/10.1111/j.1365-
3016.2011.01198.x PMID: 21649676

Shaw GM, Velie EM, Schaffer DM. Is dietary intake of methionine associated with a reduction in risk for
neural tube defect-affected pregnancies? Teratology. 1997 Nov; 56(5): 295-9. https://doi.org/10.1002/
(SICI1)1096-9926(199711)56:5<295::AID-TERA1>3.0.CO;2-X PMID: 9451752

Shaw GM, Finnell RH, Blom HJ, Carmichael SL, Vollset SE, Yang W, et al. Choline and risk of neural
tube defects in a folate-fortified population. Epidemiol. 2009; 20(5): 714-9. https://doi.org/10.1097/ede.
0b013e3181ac9fe7 PMID: 19593156

Zaganjor |, Sekkarie A, Tsang BL, Williams J, Razzaghi H, Mulinare J, et al. Describing the prevalence
of neural tube defects worldwide: a systematic literature review. PLoS One. 2016 Apr 11; 11(4):
e€0151586. https://doi.org/10.1371/journal.pone.0151586 PMID: 27064786

Haque S, Bin Bilal Shafi B, Kaleem M. Imaging of torticollis in children. Radiographics. 2012 Mar; 32(2):
557-72. https://doi.org/10.1148/rg.322105143 PMID: 22411949

PLOS ONE | https://doi.org/10.1371/journal.pone.0239600 September 24, 2020 15/15


https://doi.org/10.1007/s00276-016-1687-9
http://www.ncbi.nlm.nih.gov/pubmed/27192980
https://doi.org/10.5455/2320-6012.ijrms20150207
https://doi.org/10.5455/2320-6012.ijrms20150207
https://doi.org/10.1038/nrdp.2015.7
http://www.ncbi.nlm.nih.gov/pubmed/27189655
https://doi.org/10.1136/jmg.10.3.209
http://www.ncbi.nlm.nih.gov/pubmed/4590246
https://doi.org/10.1111/j.1365-3016.2011.01198.x
https://doi.org/10.1111/j.1365-3016.2011.01198.x
http://www.ncbi.nlm.nih.gov/pubmed/21649676
https://doi.org/10.1002/%28SICI%291096-9926%28199711%2956%3A5%26lt%3B295%3A%3AAID-TERA1%26gt%3B3.0.CO%3B2-X
https://doi.org/10.1002/%28SICI%291096-9926%28199711%2956%3A5%26lt%3B295%3A%3AAID-TERA1%26gt%3B3.0.CO%3B2-X
http://www.ncbi.nlm.nih.gov/pubmed/9451752
https://doi.org/10.1097/ede.0b013e3181ac9fe7
https://doi.org/10.1097/ede.0b013e3181ac9fe7
http://www.ncbi.nlm.nih.gov/pubmed/19593156
https://doi.org/10.1371/journal.pone.0151586
http://www.ncbi.nlm.nih.gov/pubmed/27064786
https://doi.org/10.1148/rg.322105143
http://www.ncbi.nlm.nih.gov/pubmed/22411949
https://doi.org/10.1371/journal.pone.0239600

