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Abstract

Objectives: Vertebral neural canal (VNC) dimensions are considered a reliable indicator of
childhood stress. However, no study has characterized variation in VNC size or shape or the
impact of extrinsic or intrinsic factors on their range of variation. The present study explores
VNC dimensions of subadult samples varying in chronology, population of origin, geography,
and socioeconomic backgrounds.

Materials and Methods: Antero-posterior (AP) and transverse (TR) diameters were measured
on the tenth thoracic to the fifth lumbar vertebrae of 1404 contemporary individuals aged
between birth and 22 years from Colombia (N =28), France (N =484), the Netherlands
(N =23), Taiwan (N = 31), and the United States (N = 838), and compared to lumbar diameters
of subadults from the Spitalfields collection (N=84) and the East Smithfield cemetery
(N =65). VNC variation was evaluated with skeletal growth profiles, principal component
analyses (PCA), MANOVAs and ANOVAs.

Results: AP diameter growth ends during childhood, while TR diameter growth progressively
slows before ending in adolescence. The Colombian sample presented the smallest VNC
diameters compared to the other contemporary and historic samples. VNC shape (AP/TR ratio)
was similar in contemporary samples. MANOVAs and ANOVAs revealed significant
differences in VNC size according to country of origin and socio-economic status, primarily
differentiating the Colombian sample.

Discussion: The overall consistency in size and shape among groups is remarkable. While
physiological stress may contribute to variability in VNC size, intrinsic ontogenetic processes

and other individual and environmental factors also influence variability in VNC size.

Keywords: allometry, childhood stress, developmental plasticity, growth profiles, socio-
economic status

1 INTRODUCTION

Non-specific indicators of stress in skeletal samples are often interpreted as evidence of
biological growth disruption and/or physiological stress during childhood. These indicators
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manifest across human dental or skeletal tissue through various markers, such as linear enamel
hypoplasia (LEH), porotic hyperostosis (PH), cribra orbitalia (CO), small-for-age long bone
lengths or stature, or small vertebral neural canal (VNC) size (Clark, 1988; Clark et al., 1985;
Clark et al., 1986; Klaus, 2014; Klaus & Tam, 2009; O'Donnell et al., 2020; Saunders &
Hoppa, 1993; Steckel et al., 2002; Temple et al., 2014; Walker et al., 2009). The magnitude of
biological stress manifested by the degree of expression of these skeletal markers is linked to
its severity and duration (Bogin, 1997; Hoppa & Fitzgerald, 1999; Konigsberg & Holman,
1999; Watts, 2011). However, the physiological and physical impacts of the stress event are
unique to each individual (i.e., hidden heterogeneity), and this subsequently factors into
differential expression for non-specific skeletal markers of stress (De Witte & Woods, 2008;
Saunders & Hoppa, 1993; Vercellotti et al., 2014; Watts, 2013; Wood et al., 1992). The current
study specifically explores the possible expression of physiological stress in growth, size, and
shape of the VNC in a diverse sample of subadult individuals.

A wide variety of additional factors can impact an individual's response to stress, and their
recovery capacity from said stress. These include nutrition, genetics, and socio-economic
factors, among others (Steckel, 2012). The impact of such factors during early development
has led to the Developmental Origins of Health and Disease (DOHaD) hypothesis, according
to which exposure to environmental insults in early life during critical periods of development
can contribute to short-term and long-term negative health outcomes (Barker, 2007). These
intrinsic and extrinsic individual-level factors make recognizing the presence and extent of
growth disruptions and, by extension, past episodes of stress, difficult. Beyond individual-level
health, non-specific indicators are used to interpret population-level demographic factors, such
as morbidity and mortality (e.g., Amoroso et al., 2014; Armelagos et al., 2009; De Witte &
Woods, 2008; Saunders & Hoppa, 1993; Spake & Cardoso, 2019). However, these
relationships have been questioned by several authors (De Witte & Stojanowski, 2015;
Saunders & Hoppa, 1993; Wood et al., 1992) because of the lack of information regarding their
variability in expression, their frequency in past and present populations, and the effects of
secular trends. The same authors advised caution before interpreting them as indicators of
biological stress without documented evidence of stress or disease and in the absence of reliable
life history information, as is often the case in bioarcheological samples.

A few recent studies have cast some light on the etiology of non-specific skeletal indicators of
stress by analyzing the degree of expression of these markers in contemporary reference
samples in relation to other documented individual parameters. Beatrice and Soler (2016) and
Beatrice et al. (2021) compared the prevalence of PH, CO, and LEH in adult American forensic
samples, documented migrants, and undocumented migrants from Central America to
examine their association with sex, age, and location. They found higher prevalence of PH
compared to CO and LEH, especially in undocumented migrants, and conjectured that these
findings could be linked to the individuals having experienced biological stress during
childhood, although this could not be corroborated by verified demographic information or the
individuals' life histories (Beatrice et al., 2021; Beatrice & Soler, 2016). To understand the
impact of physiological stress on individual human skeletons, we must first document the range
of variation present in the osteological response (e.g., LEH, PH, or CO) or the range of variation
in size (e.g., long-bone-length/stature, or VNC size) across stressed and unstressed individuals
or samples. Further, it is particularly important to document such variation during the potential
period of onset of the stress marker—that is, when an individual is still developing—to gain
insight into the full extent of variation. Unfortunately, to the authors' knowledge, there are few
to no studies documenting the extent of variation in VNC size or shape in samples from diverse
genetic and/or environmental contexts. The current study addresses this gap and documents



patterns of ontogenetic variation and the influence of intrinsic and extrinsic factors on the size
and shape of the VNC in order to ascertain if VNC dimensions may indeed represent an
appropriate metric of non-specific stress in the human skeleton.

Contrary to adult individuals who have achieved their final mature form, immature
organisms—i.e., non-adults or subadults—have the ability to adapt their energetic needs and
ontogenetic processes in response to environmental conditions because of developmental
plasticity (Agarwal, 2016; Lasker, 1969; Roberts, 1995). Indeed, the window of highest
activity for developmental plasticity ranges from conception to early childhood (Bogin, 1997),
although some authors say it can even extend to the period of transition from juvenility to
adolescence (Hochberg, 2012). McPherson's (2021) recent review explored the role of timing
in the interpretation of non-specific skeletal markers of stress during ontogeny. She highlighted
the importance of specific developmental periods called sensitive developmental windows
(SDWs), during which an element of the skeleton is more highly susceptible to stress and more
likely to exhibit developmental plasticity in response, resulting in a temporary or permanent
phenotypic expression of stress measured by non-specific skeletal indicators. McPherson
argues that “[...] integrating the SDW concept into existing developmental origins of health
and disease (DOHaD) approaches in skeletal biology will enhance our ability to interpret both
the patterning of stress biomarkers—the artifacts of plastic responses to environmental
signals—and their relationship to phenotypic development over the life course.”
(McPherson, 2021, p. 165). We argue that a comprehensive appreciation of the range of
variability in the expression of these markers across ontogeny is another valuable tool to
understand and interpret the origin and development of skeletal biomarkers of stress.

In one of the few studies looking at non-specific skeletal markers of stress in contemporary
subadult individuals (a subsample of individuals aged between birth and 15 years from the New
Mexico Decedent Image Database/NMDID), O'Donnell et al. (2020) found that individuals
with a cause of death likely linked to chronic respiratory infection had higher rates of CO and
PH lesions, while individuals with chronic or congenital heart conditions showed significantly
higher rates of CO but not PH. CO and PH frequencies in that particular medico-legal sample
were comparable to those observed in the bioarcheological record, were not correlated with
age, and were higher in males than females. The documentation associated with the individuals'
health and death records indicated that the individuals likely had to be sick for several weeks
at least to develop detectable CO or PH. However, no mortality bias according to sex or age
was established for the prevalence of either lesion (O'Donnell et al., 2022). O'Donnell and
colleagues bring invaluable information on the prevalence and etiology of CO and PH, which
was previously lacking to validate the use of these lesions as non-specific skeletal markers of
childhood stress or disease in both contemporary and past populations.

Studies looking at understanding the underlying causes, covariates, and general patterns of
expression of non-specific skeletal markers of stress that are reflective of growth disruptions,
such as small VNC size, are scarce (Clark, 1985; Clark et al., 1985; Clark et al., 1986;
McPherson, 2021; Steckel et al., 2002). VNC size is typically evaluated by its antero-posterior
(AP) and transverse (TR) diameters (Figure 1). Vertebral growth begins around 12 weeks of
gestation with the formation of the centrum and two halves of the neural arch. The
endochondral fusion of the two halves of the neural arch occurs during the first two years of
postnatal life, followed by fusion of the neural arch to the centrum/vertebral body at the
neurocentral synchondrosis between the ages of three and five years. Fusion of the two halves
of the neural arch initiates in the lower thoracic and upper lumbar regions in the latter part of
the first postnatal year and progresses cranially and caudally so that the cervical arches and the



lowest lumbar arches fuse between the second and fifth year. The pattern for neurocentral
fusion differs; it starts in the lumbar region, followed closely by the cervical region, and finally
the thoracic region (Baker et al., 2005; Reichmann & Lewin, 1971; Scheuer & Black, 2004).
Differential growth and development patterns have been observed in timing and fusion
sequences of the vertebrae (Scheuer & Black, 2004), but only a small amount (5%) of variation
has been recorded in the timing of complete fusion of the VNC for a given vertebra or vertebral
segment (Baker et al., 2005; Newman & Gowland, 2015; Scheuer & Black, 2004), though
some cases of unfused thoracic neurocentral synchondroses in adolescents up to 17 years of
age have been recorded (Blakemore et al., 2018).

centrum centrum

Half neural arches = Neural arch

FIGURE 1. Three vertebral ossification centers of the fifth lumbar vertebra (L5): Separate vertebral body or
centrum and two half-neural arches present at birth (left), fused neural arch and fusing centrum of a one-year-old
individual (center), and fused vertebra of a 14-year-old individual (right). AP, antero-posterior diameter; TR,
transverse diameter

Because of these specific ontogenetic patterns and the relative short duration of VNC growth,
small VNC size can only appear as a result of an episode of stress spanning infancy and early
childhood, when growth is most active (Baker et al., 2005; Scheuer & Black, 2004). Indeed,
McPherson and other authors have identified that VNCs grow within the earliest SDW
compared to other skeletal markers, ranging from 6 weeks in utero to approximately 4 years of
age. Further, McPherson also suggests that this is the period during which VNC exhibits its
highest levels of developmental plasticity (McPherson, 2021). This roughly 5-year period of
high sensitivity to stress corresponds to a period during which the VNC reaches between 70
and 90% of its adult size (Newman & Gowland, 2015; Papp et al., 1994; Watts, 2013). The
clinical literature has evaluated small adult cervical, thoracic, and lumbar VNC diameters and
morphology as diagnostic tools for pathologies, such as spinal stenosis or general back pain
(Eisenstein, 1977; Legg & Gibbs, 1984; Rapala et al., 2009; Santiago et al., 2001). However,
there is no consensus regarding the influence of covariates such as age, sex, or population of
origin on VNC size variation, and limited documented evidence on the relationship between
stress and VNC size, particularly in subadults. Most studies based on VNC diameters obtained
from clinical or historical samples were often based on a limited number of adult vertebrae,
individuals, or measurements, resulting in inconsistent results and interpretations of small VNC
size in relation to age, sex, disease, morbidity, or mortality (Aly & Amin, 2013; Amonoo-
Kuofi, 1982; Amoroso & Garcia, 2018; Griffith et al., 2016; Hermann et al., 1993; Janjua &

4



Muhammad, 1989; Piera et al., 1988; Pierro et al., 2017; Postacchini et al., 1983; Tacar et
al., 2003; Twomey & Taylor, 1988). These studies have also shown that all vertebrae can
potentially express small VNC size following episodes of stress, but that the effects are much
more pronounced on thoracic (especially lower thoracic) and lumbar segments compared to
upper thoracic and cervical elements, likely because of the sequential fusion patterns of the two
half-neural arches at the spinous process and of the neural arch with the
neurocentrum (Newman & Gowland, 2015; Watts, 2013, 2015). Consequently, AP and TR
diameters present with slightly different growth patterns (Clark, 1988; Reichmann &
Lewin, 1971; Watts, 2013). Based on these observations, authors theorized that the timing of
stress events could be inferred from the size of each VNC diameter and interpreted that small
AP diameters were an indication that stress occurred during infancy or early childhood,
whereas a small TR diameter indicated that stress occurred during late childhood or even early
adolescence (Hinck et al., 1966; Watts, 2013, 2015).

Most of the studies above highlight the existence of variation in VNC size between vertebral
regions (cervical, thoracic, or lumbar) and VNC dimensions (AP or TR diameters). However,
the lack of data on the range of natural variation for VNC size limits our ability to discern the
true etiology of small VNC size. Moreover, studies rarely mention processes such as
developmental plasticity, growth canalization, or allometry, as modulating intrinsic responses
to biological stress. As a result, we need more insight into the manifestation of phenotypic
plasticity to confirm whether “small” VNC size is indeed a reliable skeletal marker of early
growth disruptions possibly caused by episodes of biological stress (Galbusera, 2018;
Steckel, 2012; Temple, 2018; Wells, 2016). The goal of the present study is to provide such
insight by conducting a large-scale quantification of VNC variability across ontogeny in a
large, varied, and contemporary reference sample of subadults. The specific objectives of the
present study are three-fold: (1) evaluate the range of variation of VNC size in contemporary
individuals aged between birth and 22 years representing varied population, geographical, and
socio-economic backgrounds; (2) expose any patterns to the variation in terms of the covariates
(i.e., socioeconomic status and population history/population of origin); and (3) interpret these
patterns of variation in light of our knowledge on developmental plasticity, canalization, and
allometry.

2 MATERIAL AND METHODS

2.1 Contemporary samples

A large sample of individuals (n=1404) between the ages of birth and 22 years from
Colombia, France, the Netherlands, Taiwan, and the United States (Tables 1 and 2, Figure 2).
The individuals comprise the Subadult Virtual Anthropology Database (SVAD), a freely
available repository of contemporary reference data obtained from anonymized computed
tomography (CT) scans, radiographic images, Lodox Statscan, or dry bones of either living or
deceased male and female individuals aged between birth and 22 years from eight different
countries (Stull & Corron, 2022). Previous research exposed similar skeletal and dental growth
and development patterns in living and deceased individuals; though the explorations were not
specific to VNC growth, the authors feel confident the samples can be compared (Stull et
al., 2021).



TABLE 1. Demographics and descriptive socio-economic indicators for the five SVAD samples, the Spitalfields
sample, and the East Smithfield cemetery sample

Population (city) Modality Sample size Age HDI* Gini®
range Raw | Category | Raw | Category

Colombia (Medellin) | Dry bone | 28 (SF,23 M) | 0- 0.766 | High 49.7 | High
(deceased 22 years
sample)

France (Marseille) CT scan | 484 (215F, | 0- 0.890 | Very 32.7 | Low/Very
(living 269 M) 15 years High Low
sample)

Netherlands CT scan | 23 (11F, | 0— 0.949 28.2

(Amsterdam) (living 12M) 15 years
sample)

Taiwan (Taipei) CT scan | 31 (13F, | 0— 0.882 33.8
(living 18 M) 16 years
sample)

United States | CT scan | 838 (354F, | 0— 0.920 41.5 | Medium

(Albuquerque, NM) (deceased 484 M) 20 years
sample)

Spitalfields collection | Dry bone | 84 (sex ratio | 1- - - — -

(London) (deceased unreported) 16 years
sample)

East Smithfield Black | Dry bone | 65 (sex | 3— - - - -

Death cemetery | (deceased unknown) 17 years

(London) sample)

2 Data obtained from the United Nations Development Programme, 2019 report, 2018 numbers.
b World Bank estimates, 2015-2018.

TABLE 2. Number of individuals with VNC measurements in the contemporary samples by age group and
country of origin

Age group Country of origin/sample | Number of individuals/measurements
0-2.9 years Colombia 3
France 26
The Netherlands 0
Taiwan 1
U.S. 120
3.0-5.9 years Colombia 3
France 51
The Netherlands 1
Taiwan 0
U.S. 57
6.0-10.9 years | Colombia 3
France 125
The Netherlands 3
Taiwan 2
U.S. 46
11.0-14.9 years | Colombia 2
France 123
The Netherlands 6
Taiwan 7
U.S. 91
15.0-17.9 years | Colombia 4
France 49
The Netherlands 0




Taiwan 3
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FIGURE 2. Age and sex distributions of the five contemporary SVAD samples. COL, Colombia; FR, France;
NL, Netherlands; TW, Taiwan; US, United States

CT scans were obtained from public hospitals (France: Assistance Publique des Hopitaux de
Marseille, the Netherlands: Amsterdam Medical Center, and Taiwan: National Taiwan
University Hospital) and from a medical examiner's office (United States—Office of the Chief
Medical examiner, University of New Mexico Health Sciences Center, now a part of the
NMDID repository), while the Colombian sample consisted in a forensic skeletal sample
housed at the Universidad de Antioquia, in Medellin. All samples were retrospectively
assembled for the creation of SVAD in respect of each partner institution's ethical standards
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and research practices (Stull & Corron, 2022). Dates of birth for all individuals ranged between
the mid-to-late 1980's and early 2010's, while dates of death for deceased individuals (samples
from the U.S. and Colombia) and dates of acquisition of the medical images for living
individuals (samples from France, the Netherlands, and Taiwan) ranged between the late 1990's
and 2018. The SVAD samples are meant to be reflective of the range of variation in growth
and developmental patterns for contemporary subadults in various countries though there are
sampling biases associated with each type of collaborating institution (Stull et al., 2021; Stull
& Corron, 2022). Pathologies that could affect growth and development were not always
controlled for in the deceased sample from the U.S. as they were often related to a “natural”
manner of death, especially for infants (Stull & Corron, 2022). However, previous research on
that same sample showed that manner of death (“natural,” “homicide,” “accident,” “suicide,”
or “undetermined’) did not significantly influence long bone dimensions or dental development
for individuals older than two (Stull et al., 2021). For the current study, individuals with
vertebral trauma or anomalies such as supernumerary vertebrae, spina bifida, or spondylolysis
were excluded from the analyses, as these might affect the shape of the vertebrae examined in
the present study (Barnes, 1994; Waldron, 2021). While no prenatal individuals are included
in this study, we recognize their inclusion would more appropriately cover the entire period of
vertebral development (Bagnall et al., 1977a, 1977b; Fazekas & Kosa, 1978). However, it is
extremely difficult—both ethically and practically—to obtain contemporary skeletal data from
prenatal individuals (Scheuer & Black, 2000). With this limitation aside, the SVAD samples
include very young infants (less than 6 months of age), children, and adolescents and are
therfore considered adequate in capturing crucial periods of sensitivity for VNC growth.

99 ¢

2.2 Comparative historic samples

Data from two previous publications examining VNC dimensions of historic samples were
used as comparative material (Papp et al., 1994; Watts, 2013). The first sample consists of 65
children excavated from the medieval East Smithfield Black Death cemetery in London
(Watts, 2013). These individuals died very suddenly and quickly (within a 2-year period) from
the Plague (1348-1350), thus potentially capturing the range of normal and pathological
variation in VNC size for that population. Some selection linked to pre-existing frailty was
probable, although not as strong as natural mortality (De Witte & Woods, 2008).

The second historic sample consists of 84 children aged 1 year to 16 years from the Spitalfields
collection (Papp et al., 1994). This sample includes individuals of known age and sex who lived
in London between the mid-17th and mid-19th centuries. Molleson and Cox (1993) suggested
some individuals suffered from acute or chronic episodes of stress during their lifetime based
on short-for-age long bones and the prevalence of dental and skeletal lesions for both children
and adults in the sample. The individuals who presented evidence of pathologies on the
vertebrae were excluded from the original study (see Papp et al., 1994) and are therefore not
included herein.

2.3 VNC measurements

AP and TR VNC diameters of the 10th thoracic (Th10) vertebra to the fifth lumbar (L5)
vertebra were measured for individuals in all five SVAD samples following a standardized
protocol (Figure 1) (Stull & Corron, 2021). Diameters were collected from virtual surfaces
reconstructed from computed tomography (CT) scans and dry skeletal remains. Vertebrae were
virtually reconstructed using the Volume Rendering tool of the Amira® software with a
threshold of around 200 Hounsfield units to exclusively visualize bony elements. All
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measurements on the CT samples were done with the Amira® software measuring tool and
recorded with 0.01 mm precision following a standardized protocol with the superior face of
the vertebral body oriented toward the observer, parallel to the computer screen (Stull &
Corron, 2021, 2022). One of the authors (Louise K. Corron) measured the AP and TR diameters
on the virtual surfaces of the individuals from the French, Taiwanese, and part of the U.S.
samples, while another author (Christopher A. Wolfe) took VNC measurements of the
individuals from the Netherlands and most of the U.S. sample.

VNC measurements for the dry bone Colombian sample were collected by one author (Louise
K. Corron) using a digital sliding caliper and were recorded at the nearest 0.1 mm. AP
diameters were only collected if the neural arch was actively fusing or completely fused to the
vertebral body, which could be as early as a few months post-birth for both the CT samples
and the dry bone sample. TR diameters were collected on completely fused neural arches,
whether they were fused or unfused to the vertebral body, which could be done since birth in
all samples, for the lumbar vertebrae in particular. AP/TR ratios were also calculated for each
vertebra (Th10 to L5) in the contemporary samples as a proxy for vertebral shape (AP-TR
ratio = AP diameter/TR diameter).

VNC data for the East Smithfield Black Death cemetery sample consisted in the mean values
of the AP and TR diameters of lumbar vertebrae (L1-L5) for each of the four age groups
referenced in the original publication by Watts (2013). Watts (2013) estimated age based on
dental development and ossification/epiphyseal fusion and individuals were categorized into
one of the following age categories: 3.0 to 5.9 years, 6.0 to 10.9 years, 11.0 to 14.9 years, and
15.0 to 17.0 years. Diameters were collected directly on the dry bones by Watts using a sliding
caliper with 0.01 mm precision.

AP and TR diameters of all completely fused lumbar vertebrae (L1-L5) were collected by
previous authors for the subadults in the Spitalfields sample (Papp et al., 1994). Data were
collected from unmagnified, undistorted photographs of the “upper most aspect of the lumbar
vertebral canals” (Papp et al., 1994, p 2770) using a digital measuring software with 0.01 mm
precision. Only the mean values for AP and TR diameters of vertebrae L1 to L5 by biannual
age category (1-2 years, 3—4 years, 56 years, 78 years, 9—10 years, 11-12 years, 13—14 years,
15-16 years, adult) were made available in the original publication and were used in the present
study.

2.4 Modality type and observer errors

Several publications have assessed that size and shape of virtually reconstructed bones from
CT scans using semi-automatic segmentation and volume reconstruction tools are comparable
to their dry bone counterparts (Colman et al., 2017; Colman et al., 2019) and that measurements
taken on CT scans are comparable to all measurements taken on the same dry bones (Brough
et al., 2012; Corron et al., 2017; Hildebolt et al., 1990; Spake et al., 2020; Stull et al., 2014).
Furthermore, a previous study of eight measurements obtained on virtual fifth lumbar vertebral
body using the Amira® measuring tool found that intra-and inter-observer errors were on
average less than 1 mm and were comparable to error rates obtained on their dry bone
counterparts (Corron et al., 2017).

Two co-authors measured AP and TR diameters once (Christopher A. Wolfe) and twice

(Louise K. Corron) on the Th10 to L5 vertebrae of a random subset of 10 individuals between
the ages of birth and 18 years from the U.S. SVAD sample (80 AP diameters and 80 TR

9



diameters) to assess intra- and inter-observer errors. Absolute Technical Error of Measurement
(TEM =YD?2 N, where D is the difference between repeated measurements and N is the
number of individuals measured) and relative TEM (%TEM = TEM/mean % 100) (Perini et
al., 2005; Ulijaszek & Kerr, 1999) were calculated.

2.5 Covariates

Socio-economic and biological descriptors, collectively recognized as covariates, were used to
explore variation in the sample. These included human development index (HDI), Gini
coefficient, population/country of origin, age group, and stature. The socio-economic
descriptors of HDI and the Gini coefficient were selected to attempt to capture the multifaceted
concept of ‘environment’ (Bogin et al., 2017; Grasgruber et al., 2016) and its influence on
skeletal indicators. The HDI is a composite index based on life expectancy at birth, the ability
to acquire knowledge measured by mean age of schooling and the number of years expected in
school, and the gross national income per capita (Bogin et al., 2017; Grasgruber et al., 2016;
Jahan, 2015). HDI categories are based on fixed cut-off points derived from the quartiles of
distributions of component indicators: low (HDI less than 0.550), medium (HDI between 0.550
and 0.699), high (HDI between 0.700 and 0.799), and very high (HDI of 0.800 or greater)
(Jahan, 2015); the higher the HDI, the higher the quality of life. Because there could be large
disparities between country level and city level values, the HDI of the cities the samples
originated from were recorded to better reflect local conditions (United Nations Development
Programme and report, 2019). For the current samples, each city HDI value was within the
same category as their respective country's HDI value. The Gini coefficient represents the level
of social inequality within a population; its value quantifies the distribution of income in a
population and specifically how it deviates from being perfectly equal (DataBank, 2020).
Lower Gini values (closest to 0 and furthest from 100), indicate greater equality.

Population of origin or country of origin was based on where the collaborating institution was
located (e.g., Colombia, France, the Netherlands, Taiwan, and the U.S.), with no knowledge of
personal identity or nationality. Individuals were assigned to a particular age group according
to their known chronological age following the thresholds associated with Bogin's biological
life history stages (Bogin et al., 2007; Cameron & Bogin, 2012). This covariate was primarily
used to mitigate the wide age range covered by the sample as well as the uneven age
distribution. The age groups were defined as infancy (birth to 2.99 years), childhood (3.00—
7.99 years), juvenile (8.00-11.99 years), and adolescence/early adulthood (12.00-22 years).
While the authors would have preferred to use developmental milestones to partition
individuals into particular life history stages, not all individuals had the required developmental
data to do so. Therefore, maximizing variability and sample size outweighed developmentally
determining life history stages.

Allometric relationships among skeletal elements could also mean that smaller VNC size could
be linked to smaller overall stature (Bogin et al., 2017; Pfeiffer & Harrington, 2011). Health
studies and official reports show that populations in Central and South America have smaller
average adult height than European or North American populations and therefore this also was
a covariate that needed to be considered (NCD Risk Factor Collaboration, 2016). Amoroso and
Garcia (2018) published an approach that enables a reliable way of normalizing/scaling VNC
data against a reference standard, in their case femoral length, to assess sample variation and
estimate whether individuals deviate from a normal growth trajectory. Since individual femoral
length was not available for all individuals, allometric relationships were evaluated using
overall stature. In the U.S. sample, the AP and TR diameters were divided by the individual's
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stature (in mm) as recorded in the autopsy report. However, since individual stature was
unknown for the subjects from France, the Netherlands, Taiwan, and Colombia, allometric
relationships were also evaluated by dividing the AP and TR diameters of individuals in all
contemporary samples (Colombia, France, the Netherlands, Taiwan, and the U.S.) by the
average adult male or female statures (in mm) reported in the NCD Risk Factor Collaboration
(NCD Risk Factor Collaboration, 2016) according to sex and country of origin (Table 3).

TABLE 3. Average adult stature in the SVAD samples per the NCD Risk Factor Collaboration, 2016

Population of origin | Average adult male stature (cm) | Average adult female stature (cm)
Colombia 169.50 156.85
France 179.74 164.88
The Netherlands 182.53 168.72
Taiwan 174.52 161.45
U.S. 177.13 163.54

2.6 Statistical analyses

Several statistical approaches were implemented to explore the relationship between VNC
diameters and covariates. VNC growth profiles were developed by plotting AP and TR
diameters of all eight vertebrae (Th10 to L5) against age. Loess (locally estimated scatterplot
smoothing) lines were used to visualize the relationship between VNC diameters and age for
each sample. Loess is commonly used in non-parametric regression analyses as a strategy for
fitting a smooth curve to noisy data values, sparse data points, weak interrelationships, or
scatterplots showing local non-linear relationships (Cleveland, 1979; Fox & Weisberg, 2019).
Relationships among VNC diameters for all seven vertebrae (Th10 to L5) in the five
contemporary samples were also assessed using Pearson correlations and visualized with the
“corrplot” package (Wei & Simko, 2021).

Because data from the historic samples were limited and based on different and sometimes
inconsistent age categories (means and percentiles in four age categories for the East Smithfield
Black Death cemetery and means in eight age categories for Spitalfields), both scatterplots and
bar plots were used to examine and compare vertebral growth profiles to the contemporary
data. Scatterplots of VNC diameters against age were visualized for the five contemporary
samples (Figure 4). Barplots of the mean, minimum, and maximum of VNC diameters were
visualized by age group (3.0-5.9 years, 6.0-10.9 years, 11.0-14.9 years, and 15.0-17.0 years)
for the five contemporary samples and the East Smithfield Black Death sample, while the
means for the Spitalfields sample age groups were only plotted when they corresponded to the
East Smithfield Black Death sample (Figure 5) [Correction added on 27th Jan 2023, after first
online publication: Textual corrections have been made.]. The discrepancies between age
groups and the small sizes of age subsets across samples prevented the application of statistical
tests to compare the means between age groups and samples.

Multivariate Analysis of Variance (MANOVA) was used to test the relationship between each
sample (country of origin) and the vector of all AP and TR diameters. Afterwards, a univariate
Analysis of Variance (ANOVA) was used to test if each single dimension (AP or TR diameter)
differed between each sample. Tukey's Honestly Significant Difference (Tukey's HSD) was
run after the ANOVA to evaluate whether statistically significant differences between each
univariate VNC dimension existed according to country of origin.
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Principal component analysis (PCA) was employed to better understand the combined VNC
variation. The raw VNC data were used in the PCA and country of origin, HDI, Gini, sex, and
age group were used as illustrative categorical variables. The percentage of missing data ranged
from 2% (L5 AP diameter) to 18% (L2 TR diameter), with most of the missing data being
around 10%. To avoid bias in the analyses, missing data were imputed using a robust sequential
algorithm that did not require subsetting the sample (Todorov, 2020; Verboven et al., 2007) in
the “rrcovNA” package (Todorov, 2020). Raw AP and TR variables, and AP/TR ratios were
centered and scaled in the PCA to mitigate size differences associated with age and growth.
PCA was completed using the “FactoMineR” package (L¢é et al., 2008) and “factoextra”
package (Kassambara & Mundt, 2020).

The PC scores from the PCA using the AP and TR diameters (i.e., “raw VNC data”) were then
compared to the PC scores obtained from the PCA done on the AP and TR diameters scaled by
stature (i.e., the “scaled VNC data”) using multi-group principal components analysis
(MGPCA) (Eslami et al., 2013; Krzanowski, 1984). The scaled VNC data were the diameters
following the division by either individual stature (U.S. sample) or by the average stature in a
given population and sex per country (Taiwan, Netherlands, Colombia, and France samples).
A matrix of common loadings between each group (i.e., raw vs. scaled) is derived from the
eigen analysis of the within-groups variance—covariance matrix. The results include a similarity
index ranging between 0 and 1, with 1 being perfect agreement between the common vectors
of loading. In the current study, a similarity index approaching 1 would suggest that the pattern
of VNC variation present is not the result of differences in overall body size. Groups that share
a similar variance—covariance matrix structure appear almost transposed when compared
visually.

All analyses were completed in the R programming environment (R Core Team, 2021).

3 RESULTS

The mean, standard deviation, minimum, and maximum of VNC AP and TR diameters are
provided for each vertebra and sample in the Supporting Information S1. Absolute TEM values
ranged from 0.02 mm (Th10 TR diameter) to 0.18 mm (L3 AP diameter) for intra-observer
error and 0.04 mm (Th10 TR diameters) to 0.29 mm (L2 AP diameter) for inter-observer error.
Relative TEM (% TEM) ranged from 0.22% (L2 TR diameter) to 1.10% (L3 AP diameter) for
intra-observer error and from 0.17% (L5 TR diameter) to 1.77% (L2 AP and L3 TR diameters)
for inter-observer error. % TEMs are well within the upper limit for acceptable measurement
error set a 2% (Ulijjaszek & Kerr, 1999).

3.1 Correlation coefficients of VNC diameters

Raw TR and AP diameters are all strongly correlated with one another, especially within the
same vertebrae (Figure 3). Correlations are strongest between homologous variables (TR or
AP diameters) and between adjacent vertebrae (e.g., Th10, Th11, and Th12). All correlation
coefficients are consistently greater than or equal to 0.39 with TH10 AP diameter and L5 AP
diameter exhibiting the weakest relationship (0.39). Correlations of the ratios follow a similar
pattern, although the correlation coefficients are lower than those for the raw diameters
(0.27 <r<0.78, see Supporting Information S1).

12



ﬁ%%%ﬁ%ﬁf1
000000
o000 .
000000
000000 N
0002000 |
0000000 |
000000
0000000 | |
Q000

- =0.25

-05

-0.75

-1
FIGURE 3. Correlation matrix of AP and TR diameters for all eight vertebrae (tenth thoracic/Th10 to fifth
lumbar/L5). AP, antero-posterior diameter; TR, transverse diameter

3.2 VNC growth profiles and ranges of variation

Visualizations of the AP and TR diameters of all vertebrae plotted against age demonstrate the
same trend: although slight population differences can be observed in growth profiles,
individuals from France, the Netherlands, Taiwan, and the U.S. have comparable ranges of
variation, subadults from the Spitalfields collection are on the lower end of contemporary
ranges of variation, and the Colombian individuals appear to have substantially smaller
dimensions than all the other contemporary and historic samples (Figures 4 and 5). Supporting
Information S1 provides additional illustrations of the growth profiles for each VNC dimension
by country of origin and summary statistics (mean, standard deviation, minimum and
maximum values) for each measurement by annual age group and country of origin.
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The loess lines visualized on the growth profiles for the AP diameter display rapid growth in
the first 2 to 3 years, captured by the steep change in VNC size, and active growth until the
ages of 4 to 5 years, followed by a progressive decrease in the slope until early adolescence
(12—-13 years) along with a progressive increase of inter-individual variation in VNC size from
early adolescence onwards (Figure 4a). TR diameter stabilizes later than AP diameter, with the
steepest part of the slope for the TR growth profile covering the period between birth and ages
5-6 (Figure 4b), followed by a slower but ongoing increase in size until late adolescence (15—
16 years) along with an increase in the range of variation. Population differences are more
marked for TR diameters than for AP diameters; the loess line for the French sample is
consistently above the line for the U.S. sample. Because the Taiwan and Netherlands samples
are small (n<35), it is unwise to infer specific trends in the growth profiles for these two
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samples. Even with the small sample for the Netherlands, the consistency in VNC size in that
sample is remarkable and is less variable than in the Taiwanese sample. Although the
Colombian sample falls below the others in terms of its range of variation, growth profiles of
both AP and TR diameters show similar trajectories to the other four contemporary samples
(Figure 4).

When comparing ranges of variation across age groups—namely early childhood (3-5.9 years),
late childhood (6—10.9 years), early adolescence (11-14.9 years), and late adolescence (15—
17 years)—population differences in AP and TR diameters emerge more clearly (Figure 5):
contemporary samples from France, Netherlands, Taiwan, and the U.S. share considerable
overlap in their ranges of variation within and across all age groups for both AP and TR
diameters. The AP and TR diameters present with more variability for the historic samples:
there is considerable overlap between the contemporary populations and the Spitalfields and
East Smithfield samples for TR diameters (Figure 5b), however the AP diameters for the
Spitalfields and East Smithfield samples either fall below or within the lower range of
contemporary variation for all age groups (Figure 5a). Remarkably, the range of variation for
both AP and TR diameters in the Colombian sample falls well below the other samples, except
for the individuals in the 11-14.9-year age group who present overlap with the lower end of
variation of the other samples for the TR diameter and aligns with the range of variation of the
East Smithfield cemetery sample for the AP diameter in that same age group.

Unlike VNC diameters, VNC ratios (AP/TR diameters) follow comparable patterns and ranges
of variation (minimum = 0.6 and maximum = 1.4) across all samples throughout ontogeny
(Figures 4c and 5c¢).

3.3 Influence of covariates on VNC size

MANOVA and ANOVA results corroborate the differences highlighted in the visualizations.
That is, both combined (AP and TR) and single (AP or TR) vertebral measurements all show
statistically significant differences between the samples. Specifically, the post-hoc Tukey's
highlights Colombia as being different from the remainder of the contemporary samples for
both AP and TR diameters. Mean differences ranged between 6.78 mm (L1 TR diameter,
between Colombia and the U.S.) and 12.21 mm (L5 TR diameter, between Colombia and
Taiwan) (see Supporting Information S1 for all mean differences and 95% confidence
intervals). Significant differences were also noted between France and the U.S. for the AP and
TR diameters of Th10, Th1l, Th12 and L1 (after ANOVA and post-hoc Tukey) although
differences were less than 1 mm for AP diameters and less than 3 mm for TR diameters
(Table 4). The U.S. and Taiwan also exhibited significant differences for TR diameters of L3
to L5, with differences ranging between 1 mm and 6 mm (Tukey's HSD p <0.001). In these
cases, the U.S. VNC diameters were always larger than the French and Taiwanese VNC
diameters.
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TABLE 4. Results of the MANOVASs run for L2 and significant Tukey's HSD for AP and TR diameters for all
vertebrae across the contemporary samples. Significant differences were also noted in the Tukey's HSD between
Colombia and all other samples (p < 0.001) but they were not included in the table

MANOVA—example of L2
Comparison | Df | Sum of squares | Mean square | F | p-value
AP diameter
Sample 4 1659.6 414.90 120.24 <2.2e-16
Residuals 1302 | 4492.6 3.45
TR diameter
Sample 4 2362.2 590.55 80.733 <2.2e-16
Residuals 1302 | 9523.9 7.31
Significant differences (p <0.001) between France, the Netherlands, Taiwan, and the United States
samples
Vertebrae VNC dimension Populations, mean differences, (lower:
upper) 95% confidence interval
Th10 AP diameter US and France: —0.56 (=0.84: —0.27) mm
TR diameter US and France: —1.63 (—2.01: —1.25) mm
Thil AP diameter US and France: —0.59 (=0.90: —0.29) mm
TR diameter US and France: —1.70 (—2.13: —1.27) mm
Thi2 AP diameter US and France: —0.62 (=0.95: —0.29) mm
TR diameter US and France: —1.97 (-2.46: —1.47) mm
L1 AP diameter US and France: —0.70 (=1.02: —0.38) mm
TR diameter US and France: —2.08 (—2.56: —1.59) mm
US and Taiwan: —2.55 (—4.70: —0.40) mm
L2 AP diameter N/A
TR diameter US and France: —2.00 (-2.47: —1.53) mm
US and Taiwan: —2.54 (—4.49: —0.57) mm
L3 AP diameter US and France: —0.43 (=0.73: —0.14) mm
US and Taiwan: —1.63mm (—2.75 mm:
—0.51 mm)
TR diameter US and France: —2.06 mm (—2.52 mm:
—1.59 mm)
US and Taiwan: —-3.07mm (—4.91 mm:
—1.23 mm)
L4 AP diameter N/A
TR diameter US and France: —2.18 mm (—2.70 mm:
—1.66 mm)
US and Taiwan-2.94mm (—4.62 mm:
—1.25 mm)
LS AP diameter N/A
TR diameter US and France: —2.76 mm (—3.42 mm:
—2.11 mm)
US and Taiwan: —3.84mm (—5.88 mm:
—1.81 mm)

The PCA results of the centered and scaled raw VNC diameters show that PC1 and PC2
contribute to 74.5% and 8.9% of variation, respectively (Table 5). All loadings are positive
along PC1, with TR diameters of Th11 to L4 contributing the most to the variation captured in
the dimension. The contribution of the vertebrae is similar, ranging from 7% to 7.6%. AP
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diameters of TH11, TH12, and L1 also contribute to PC1, but less than most of the TR
diameters. The second PC captures differences between the AP diameters and TR diameters;
all AP diameters have positive loadings and all TR diameters have negative loadings. AP
diameters for L2 to L5 contribute the most to PC2, each ranging from 10.5% to 20.5%. Lumbar
variables, especially L2-L4, tend to contribute more than thoracic variables for both PC1 and
PC2 (Figure 6).

TABLE 5. Summary of PCA results based on VNC diameters and VNC ratios and the five illustrative covariates
in the five contemporary samples

PCA Dim1 | Dim2 Country of Sex Gini HDI Age groups
origin
AP and TR | 74.5% | 8.9% Colombia Overlap | High High General
diameters clearly category category overlap with
Variable Mostly | Mostly | separates from separates separates slight
contribution | TR AP France, the from the | from the | divergence
Netherlands, Low and | Very high | ofinfancy
Taiwan, and the Medium category
U.S. categories
AP/TR 68.09% | 10.91% | Overlap Overlap | Overlap Overlap Overlap
ratios
Vertebral Thll to | Th10,
contribution | L4 Thil,
L4 and
LS

Abbreviations: AP, antero-posterior diameter; HDI, human development index; L, lumbar; Th, thoracic; TR,
transverse diameter.

Once the PCA was conducted the covariates were used in the visualizations to expose any
obvious patterning in the data. Figure 6 reveals the Colombian sample clustering separately
from other countries, similar to patterns exposed in Figures 4 and 5. There are no noticeable
differences in variation according to biological sex as males and females overlap. Infants form
a distinct cluster compared to children, juveniles, and adolescents. There are distinct clusters
between the high and very high HDI categories, and between the high and medium/low Gini
categories (Figure 6).
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FIGURE 6. PC plots based on AP and TR diameters of VNC for vertebrae Th10 to LS. (a) scree plot of
eigenvalues, (b) variables contributing to the 1st PC, (c) variables contributing to the 2nd PC, and plots of PC1
and PC2 grouping by (d) country of origin, (e) sex, (f) age group, (g) HDI, category, (h) Gini category. The dotted
red line corresponds to the expected value under uniform contribtuions of the variables to PC1. AP, antero-
posterior diameter; TR, transverse diameter; VNC, vertebral neural canal

The PCA using VNC ratios revealed that PC1 and PC2 account for 68.09% and 10.91% of
variance, respectively (Figure 7, Table 5). When visualizing with the covariates, there is no
clear separation of the samples according to sex, country of origin, HDI, or Gini categories. PC
plots show overlap of all samples and categories. The only covariate with any type of
distinctness was the age group variable. Similar to the raw diameters, infants are slightly
separated compared to the other three age groups (Figure 7).
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FIGURE 7. PC plots based on VNC ratios of vertebrae Th10 to L5. (a) Scree plot of eigenvalues, (b) variables
contributing to the 1st PC, (c) variables contributing to the 2nd PC, and plots of PC1 and PC2 grouping by (d)
country of origin, (e) sex, (f) age group, (g) HDI category, (h) Gini category. HDI, human development index;
VNC, vertebral neural canal

Results show that PC scores do not differ significantly between the raw VNC data and the VNC
data after it was scaled using population average or individual stature (Figure 8). The index of
similarity is equal to 1, suggesting perfect agreement between the raw and scaled metrics.
These results highlight that the smaller VNC size in the Colombian sample does not appear to
be informed by the inherently smaller stature presented by this sample.
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FIGURE 8. Comparison of principle component distributions between scaled (gray) and raw (black) VNC data.
(a) Raw VNC diameters compared to scaled VNC diameters using average adult stature according to sex and
country of origin. (b) Raw VNC diameters compared to scaled VNC diameters using individual stature according
to sex in the U.S. sample. VNC, vertebral neural canal

4 DISCUSSION

Some colleagues (e.g., Agarwal, 2016; Temple, 2018; Vercellotti et al., 2014) have argued that
assessing the “normal” range of variation or expression of skeletal markers in relation to
contextualized biosocial parameters and conducting analyses based on life history approaches,
appropriate statistics, and large, varied, and balanced documented skeletal samples are crucial
to verify whether “traditional” non-specific skeletal indicators can indeed be considered
informative of individual and population life histories. Following these guidelines and using a
large, diverse (in time and geography) subadult reference sample revealed the overwhelming
similarity among all groups in VNC shape (VNC ratios) regardless of time, living conditions,
and geography and allowed us to quantify the rage of natural variation of VNC dimensions
across ontogeny. VNC size (AP and TR diameters) displays more variability, but also
remarkable consistency in growth trajectories across all groups. The TR diameter displays less
differences in size among groups compared to the AP diameter. Differences between AP and
TR diameters were also observed in the PC results, with each type of measurement equally
contributing to the variation captured by the PCA, but TR diameters contributing more to PCl1,
while AP diameters contributed more to PC2. Both types of variables also presented with
positive or negative loadings along PC2, respectively, with lumbar diameters contributing more
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than thoracic diameters. Specifically, because the two dimensions exhibit differences in their
growth trajectories, they likely present with different sensitive developmental windows during
which they can potentially capture episodes of stress. The different patterns of growth and
variation for these two types of measurements should therefore be considered in future research
and conclusions. Indeed, prolonged TR diameter growth may capture stress events for a longer
period of time compared to AP diameters, but also allow for possible catch-up growth until
growth ceases much later in adolescence. This could also explain why the rnage of variation
for TR diameters is greater than for AP diameters, and support the hypothesis that AP diameters
capture early growth disruptions—during childhood—while TR diameters can capture later
growth disruptions (Newman & Gowland, 2015; Wren, 2017).

4.1 Trends in ontogenetic variation of VNC size

Numerous studies have interpreted smaller VNC size in adults in past and present populations
as a non-specific skeletal indicator of stress during early childhood (Clark et al., 1986;
Rewekant, 2001; Watts, 2011; Watts, 2013) but have not always examined the extent of normal
variation or secular trends in VNC growth profiles. To the authors' knowledge, no studies have
analyzed VNC size and shape in subadults from historic and contemporary populations to
effectively quantify the range of normal human variation and compare the range of dimensions.
Figures 4 and 5 display overlap in the range of variation for AP and TR diameters for the five
contemporary samples and the two historic samples—and the Spitalfields skeletal sample in
particular—while the Colombian sample presented consistently smaller dimensions. The
ranges for VNC size (both AP and TR diameters) and intra-vertebral associations of correlation
between VNC dimensions across vertebrae observed in the contemporary samples from France,
the Netherlands, Taiwan, and the U.S. after growth completion or once growth slows down
(Figures 3 and 4) were comparable to those previously found by Ruhli on subadult and adult
prehistoric and modern samples from Switzerland and Germany (Ruhli, 2003) and for the adult
individuals from the Luis Lopes osteological collection (Amoroso & Garcia, 2018). Consistent
with these previous findings, VNC ratios were comparable for the five contemporary samples
(Figure 4c) regardless of country of origin. An additional result stemming from these
comparisons and growth profiles is the confirmation that the modality used to obtain the
measurements (skeletal material or CT scan) does not significantly influence the range of VNC
values, as illustrated by the overlap in VNC size for contemporary CT samples and historic dry
bone samples (Figure 5). Therefore, the differences in VNC size between samples are hihgly
unlikely to be linked solely to selective mortality (deceased versus living) or to differences in
data collection modality (dry bone versus virtual renditions of the vertebrae). While the
Colombian population may seem to stand out compared to the other four contemporary
samples, the incorporation of additiona samples from diverse locations, or sampling more
individuals from Colombia could reveal the true continuum of growth and variation of VNC
size.

Since 150 to 650 years separate the contemporary samples from the Spitalfields and the East
Smithfield Black Death cemetery samples, respectively, secular trends in growth rates and
overall size could explain the somewhat larger VNC size observed in the contemporary samples
(Schizas et al., 2014). However, since both samples exhibit ranges of variation in TR diameters
somewhat comparable to the contemporary samples from France, the Netherlands, Taiwan, and
the U.S., but substantially smaller AP diameters (Figure 5), differences could also be because
of biological stress encountered by some individuals from the East Smithfield Black Death
cemetery during early childhood or even prior to birth. Indeed, differences only appeared
significant for the AP diameter, whose growth ceases or slows significantly after 2 or 3 years
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of age (Figure 5) (Griffith et al., 2016; LoPresto, 2020). Skeletal evidence of early childhood
stress, including CO and LEH was recorded for subadult individuals in the East Smithfield
sample, which are both more common non-specific indicators of stress (Grainger, Museum of
London, & English Heritage, 2008). We cannot exclude that both factors (secular change and
biological stress) contributed to the observed differences in AP diameters. However, it seems
highly unlikely that all 65 individuals from the East Smithfield Black Death cemetery
experienced early childhood stress at the same magnitude that led to reduced AP diameters.
This seems even less likely if we consider the Colombian sample compared to all the other
samples (historic and contemporary) for both AP and TR diameters (Figures 4 and 5). The
variety of analytical techniques in the current study showed that the Colombian sample differed
from the other four contemporary samples across all AP and TR diameters for vertebrae Th10
to L5 and were often distributed along the lower range of variation or even lower than that of
the two historic samples (Figure 5). This trend is present in the youngest individuals and
persists throughout ontogeny, though the magnitude of the differences in TR diameters
decreases as age increases (Figure 4a,b). Results indicate that VNC size was likely already
smaller in utero. In contrast, VNC shape was similar across ontogeny for all contemporary
samples, meaning that the overall morphological integrity of the VNC is preserved for these
samples.

4.2 Disentangling the factors behind small VNC size

While the Colombian sample is quite small (n = 28), the magnitude of VNC size difference as
compared to other components of the sample is notable. According to contemporary research
related to VNC size and by comparing the Colombian sample to the other four contemporary
samples of the present study, a natural conclusion of such results would be that Colombian
subadults may have been subject to external stressors during early life that impacted VNC
growth and final adult size (Clark, 1988; Clark et al., 1986; Klaus, 2014; Klaus & Tam, 2009;
O'Donnell et al., 2020; Saunders & Hoppa, 1993; Steckel et al., 2002; Temple et al., 2014;
Walker et al., 2009). However, this conclusion ignores several factors related to sample size
and composition, known covariates, environmental backgrounds, and individual versus
population heterogeneity. Specifically, the Colombian sample is composed of deceased
individuals, it is the only sample representing one of two HDI categories, and one of the three
Gini categories (Table 1). Further, the sample presents a unique population history intertwined
with the legacy of colonialism across South America. Each of these factors (selective
mortality/hidden heterogeneity, body size, HDI/Gini and environmental background, and
population of origin/genetic background) are explored to infer any reasoning as to why VNC
diameters are so remarkably small in the Colombian sample.

The contemporary samples from France, the Netherlands, Taiwan, and the U.S. overlap
according to the modality used for data collection (CT scan) and one or several covariates, be
it their population of origin, HDI category, or Gini category. These samples show significant
overlap in the PCA plots and have ranges for VNC AP and/or TR diameters that are comparable
to clinical data (Griffith et al., 2016; Hinck et al., 1966; Papp et al., 1994). Although the
Colombian sample is the only contemporary dry bone sample, several publications have shown
that virtual bone measurements and other non-metric skeletal indicators showed no significant
or systematic differences compared to their dry bone counterparts (Abegg et al., 2021;
Anderson et al., 2021; Colman, de Boer, et al., 2019; Colman, van der Merwe, et al., 2019;
Corron et al., 2017; Spake et al., 2020; Stull et al., 2014). The same individual (Louise Corron)
collected the VNC data on dry bone and CT images, with minimal intra-observer error rates
for the latter (see Results Section 3) and had verified the consistency between vertebral body
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measurements obtained on both dry bone and CT scan of immature fifth lumbar vertebrae in a
previous study (Corron et al., 2017). Additionally, ranges for mean VNC diameters in the East
Smithfield cemetery sample and the Spitalfields collection were often overlapping with those
of the contemporary CT samples, albeit sometimes in the lower ranges (Figure 5). Therefore,
a difference in data collection modality is a highly unlikely explanatory factor of smaller VNC
size in the Colombian sample (Figure 5).

The Colombian sample is composed of deceased individuals and there are potential arguments
to be made regarding their small size as a result of mortality bias (Saunders & Hoppa, 1993;
Spake & Cardoso, 2019). However, this is also a highly unlikely reason for their systematic
size differences. A recent study comparing skeletal and dental markers collected from deceased
individuals from the United States SVAD sample and living individuals from another SVAD
sample from South Africa showed no significant differences in skeletal growth or dental
development between individuals over the age of 2 years (Stull et al., 2021). Similarly in the
present study, VNC size did not appear to exhibit any significant differences between the
deceased (U.S.) sample and the other three living (France, the Netherlands, and Taiwan)
samples who also presented with significant overlap with the Spitalfields and East Smithfield
cemetery ranges (Figure 5). This eliminates — or at least reduces — mortality bias as a causal
factor alone for the differences observed with the Colombian and historic samples.

Smaller VNC size of both AP and TR diameters do not appear to be related to the overall
smaller stature of the Colombian population (Figure 8). Average adult stature is smallest for
the Colombian population compared to the other four samples for both males and females
(Table 3). However, the distribution in stature among the samples is large, and other
countries—such as between Netherlands and Taiwan—also present with significant differences
in size. All VNC diameters for the other four contemporary samples were comparable, be they
scaled or unscaled, or whether individual stature or population averages were used (Figure 8).
Therefore, it seems reasonable to exclude body size as a possible factor behind significantly
smaller VNC diameters in the Colombian sample, which other studies have also ascertained
(Amoroso & Garcia, 2018; Clark, 1985; Clark et al., 1985).

The Colombian sample does not share the same HDI (High) or Gini (High) categories with any
of the other four contemporary samples and could effectively be qualified as a lower-SES
population in comparison (Hicks & Leonard, 2014; United Nations Development Programme
and Report, 2019). Furthermore, this sample and the Taiwanese sample present a different
population history than the other three contemporary samples from Frnce, the Netherlands, and
the U.S. (Table 1), although the latter did not show significant differences in VNC size with
the other three. The French, Dutch, and the U.S. samples present with largely European-based
backgrounds while the Taiwanese sample likely presents with primarily Han Chinese ethnic
backgrounds (https://www.cia.gov/the-world-factbook/countries/taiwan/#people-and-society;
https://www.census.gov/data/tables/2000/dec/phc-t-43.html). While there is indeed dominant
European influence resulting from colonization (75%), the Medellin population history is
complex with influence from the local indigenous groups (18%) and Africa (7%) (Conley et
al., 2017). The distinctive pattern of VNC variation could be because of socio-economic and/or
population of origin, as well as other factors that we did not consider as covariates. Therefore,
a more in-depth analysis is required prior to inferring a causal relationship between smaller
VNC diameters and stress.

The fact that no significant differences were found for VNC shape (AP/TR ratio) compared to
VNC size in the PCA plots according to population of origin, HDI, or Gini category,
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corroborates arguments made for VNC shape having a stronger degree of morphological
integration (O'Higgins et al., 1997) (Figures 6 and 7). It is hypothesized that strong genetic and
developmental constraints or canalization and natural selection changed patterns of integration
in humans in the traits associated with bipedalism, such as the shape of the vertebral column
and of the neural canal (Arlegi et al., 2018; Arlegi et al., 2020). Essentially, VNC shape has
two main functions, which are protection of the spinal cord and bipedalism (Galbusera, 2018).
Therefore, the size of the vertebral body and spinous processes may vary, but the shape is
retained so that functionality is not compromised (Arlegi et al., 2018; Shapiro & Kemp, 2019).
In effect, growth could be negatively affected by a stressor in either the AP or TR direction,
depending on when it occurred during growth and development, with earlier stress being more
likely to permanently affect AP diameters, while later or more prolonged stress could largely
impact TR diameters (Hinck et al., 1966; Watts, 2013, 2015). Moreover, internal biological
processes could regulate the counter dimension's growth to preserve the affected dimension
and, by extension, the integrity of VNC shape, suggesting strong canalization of VNC size,
especially for TR diameters and for the lumbar vertebrae (McPherson, 2021).

4.3 Small VNC size and stress in contemporary samples: Individual versus population
levels of variation

According to the World Health Organization (WHO), individuals can be classified as short-
for-age or stunted if they fall below the 5th percentile (two standard deviations) of a given
growth standard (WHO Multicentre Growth Reference Study Group, 2006). By plotting the
95th, 50th, and 5th percentiles of the growth profile of the AP diameter of L4 for the U.S.
sample (Figure 9), we can see that 98 individuals fall below the 5th percentile across the entire
age range. Of these 98 individuals, 78 are aged between birth and 7 years, while the remaining
20 individuals are aged between 10 and 19 years. VNC growth profiles in our contemporary
samples showed that growth was still ongoing for AP diameters up until around 5-6 years of
age. Therefore, individuals younger than six could still have potential for catch-up growth for
both AP and TR dimensions (Cameron, 2012). An examination of the demographic
information, autopsy reports, and health information for the 20 older individuals who presented
with small AP diameters for L4 showed no consistent pattern in terms of sex or manner of
death, nor did they systematically present with other skeletal indicators of growth disruption
or stress such as stunting, CO, PH, or Harris lines according to their autopsy reports. However,
small VNC size in the U.S. sample has shown to be associated with perinatal disorders and low
birthweight (O'Donnell et al., n.d.), indicating that these older individuals could have
experienced growth disruption during early childhood, which could have led to small AP
diameters. Our findings seem to point toward low quality of life/HDI as a more likely cause
for smaller VNC size in the Colombian sample, because of its different SES level compared to
all the others. By comparison, the Colombian individuals seem to be more within the range of
the U.S. outliers mentioned previously. If we were to use the VNC growth profiles and/or the
AP or TR diameters of the vertebrae measured for the U.S. sample as reference data to identify
possible biological outliers in the Colombian sample, it would be tempting to conclude that
since the Colombian measurements fall well below the 5th percentile of the U.S. sample's
growth profile and are close to or lower than the minimum value for U.S. individuals of the
same age group, they could have experienced stress during childhood and even in utero (see
Supporting Information S1 for tables recording the mean, standard deviation, minimum, and
maximum AP and TR diameters for each vertebrae, by annual age group and country of origin).
However, the Colombian sample is relatively small (N =28), which means only a few
individuals provided VNC measurements for each age group, thus masking the true variation
in VNC size for that population. Moreover, it also begs the question of the validity behind using
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the U.S. sample as comparative data for assessing growth disruptions in samples or individuals
from different populations, knowing they present with different socio-economic, geographic,
and genetic backgrounds. Comparative studies or the detection of outliers or growth disruptions
might only be applicable to individuals from the same population, or other populations who
share a certain level of genetic, geographic, and/or socio-economic proximity. For instance,
although there were some differences in the growth profiles (Figure 4), the ranges of variation
for the U.S., France, and the Netherlands showed significant overlap, which could be due to
their somewhat similar backgrounds.
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FIGURE 9. Percentiles (5th, 50th, and 95th-lower, middle, and upper red lines, respectively) of VNC dimensions
of the fourth lumbar vertebra (L4) plotted against age in the United States sample—Biological outliers (individuals
below the Sth percentile) are highlighted in blue. AP, anteroposterior; TR, transverse; VNC, vertebral neural canal

Even in contemporary, large, and varied reference samples, the effects of biocultural factors
are difficult to attribute to one factor and/or another without verified and differentiated
individual life histories, and genetic and environmental backgrounds that are not based on
speculative health and/or demographic information. Interpreting metric skeletal indicators such
as VNC diameters as evidence of biological stress is particularly challenging, as the skeletal
expression of stress is in fact a reflection of that event across multiple dimensions. In this
regard, Vercelotti and colleagues proposed an interpretation of small for age stature that can be
generalized to any bodily dimension used as a marker of stress: “The complexity of growth and
its disruptions implies that [...] the terminal, measurable outcome of a prolonged and mutable
process, may not always allow us to infer growth conditions experienced by individuals and
populations” (Vercellotti et al., 2014, p. 230). Indeed, the “complexity of growth” includes the
timing of the occurrence of the disruption event and how it relates to an element's SDW, the
anatomical directionality of the element's remodeling, its level of plasticity and potential for
catch-up growth, and the varying levels of response and analyses of stress at both the population
and individual levels. The first two dimensions (timing and directionality) will conjointly
condition the extent to which the element will be affected and how it will express a skeletal
marker. This complexity is clearly problematic for evaluating growth and development
disruptions and past episodes of stress in archeological or historic human groups, typically
characterized by limited relevant contextual information on nutrition and disease throughout
the life course, with a few exceptions (Pilloud & Schwitalla, 2020). The third dimension
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(individual versus population levels) takes into account levels of variation that can only be
appreciated and interpreted with the use of extensively documented skeletal samples of
subadults and adults of the same population, which are extremely rare resources in the
bioanthropological field (Albanese, 2003; Berry & Edgar, 2021; Stull & Corron, 2022).
Clinical samples and longitudinal data would be ideal for such a purpose, as they can provide
concrete and reliable information on an individual's life history and allow the visualization of
episode of stress and catch-up growth, following a life course approach specifically catered to
subadult specimens (Agarwal, 2016; Vercellotti et al., 2014).

This study is the first to evaluate the growth profiles of VNC dimensions on a large sample of
contemporary subadult individuals and explore the range of variation and growth patterns of
this non-specific skeletal marker of stress across postnatal ontogeny. Further, this study
contextualizes the results based on a diverse suite of biosocial covariates including age,
biological sex, body size, geographic origin (Colombia, France, the Netherlands, Taiwan, and
the United States), and economic/quality of life parameters (medium to high Human
Development Indices, low to high inequality levels). VNC shape is preserved across age, sex,
geography, and socio-economic level, a trend that will likely be corroborated in future studies
with different samples. This commonality in VNC ratios across samples points to a stronger
genetic/functional control or growth canalization that likely stems from modifications
associated with bipedalism. In contrast, it is possible for populations/samples to present with
varying VNC diameters, and likely a greater variability in AP diameters compared to TR
diameters. This understanding of variation is necessary for any downstream interpretations
related to phenotypic variation or physiological stress. While the findings indicate that quality
of life (i.e., HDI) may be a driving factor influencing VNC dimensions, the causal relationship
between the two, or even correlation between the two, cannot yet be ascertained. The
Taiwanese sample yields the greatest support that HDI is contributing to the differentiation in
VNC dimensions. Like the Colombian sample, Taiwan has a different population history and
smaller body size, but unlike the Colombian sample, the Taiwanese sample has a comparable
HDI to the other contemporary groups. The visualizations and analyses refute that population
or body size contribute to the differences in VNC size. The hesitancy by the current authors is
primarily because only one sample categorized in the lower HDI group. Additional samples
with varying HDI categories are needed to accept or refute the claim that HDI/quality of life is
strongly correlated with VNC size, and that low HDI categories would lead to disruptions of
VNC growth. This study was also the first to directly compare VNC dimensions of past
populations with contemporary populations to expose the strength of the claims regarding the
association of smaller VNC sizes with stressed populations. Historic samples did not
necessarily fall far below the range of variation for VNC dimensions in contemporary samples,
even though they are thought to have experienced greater biological stress because of extensive
periods of poor health, disease, and possible malnutrition (Amoroso & Garcia, 2018; Molleson
& Cox, 1993; Newman & Gowland, 2015; Watts, 2013; Wren, 2017). The visualizations
suggest that secular trends may in fact be another driving force, further affecting our ability to
disentangle the exact cause or contributions of the factors behind VNC size variation.

We caution that skeletal markers, such as VNC size, should not be unquestionably interpreted
as indicators of biological stress without a thorough assessment of their “normal” variation and
the examination of other possible sources of variation. In an effort to achieve this, we took
inspiration from the human life history approach in an attempt to better understand how, when,
and why skeletal markers of stress occur in contemporary populations, which is necessary
before interpreting their presence in past populations (Agarwal, 2016; Temple, 2018). There is
no doubt that there is a uniqueness to the VNC dimensions of the Colombian sample, and that
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from our comparisons/analyses, HDI could be a larger driving force as compared to population
variation, sex, body size, or the distribution of wealth in a country. Although VNC size is
commonly used as a skeletal indicator of biological stress in past populations, this relationship
is far from straightforward.
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