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Abstract

To broaden bioarchaeological applicability of skeletal frailty indices (SFls) and increase
sample size, we propose indices with fewer biomarkers (2—11 non-metric biomarkers) and
compare these reduced biomarker SFls to the original metric/non-metric 13-biomarker

SFI. From the 2-11-biomarker SFls, we choose the index with the fewest biomarkers (6-
biomarker SFI), which still maintains the statistical robusticity of a 13-biomarker SFI, and
apply this index to the same Medieval monastic and nonmonastic populations, albeit with an
increased sample size. For this increased monastic and nonmonastic sample, we also pro-
pose and implement a 4-biomarker SFI, comprised of biomarkers from each of four stressor
categories, and compare these SFI distributions with those of the non-metric biomarker
SFls. From the Museum of London WORD database, we tabulate multiple SFls (2-to 13-
biomarkers) for Medieval monastic and nonmonastic samples (N = 134). We evaluate asso-
ciations between these ten non-metric SFls and the 13-biomarker SFI using Spearman’s
correlation coefficients. Subsequently, we test non-metric 6-biomarker and 4-biomarker SFI
distributions for associations with cemetery, age, and sex using Analysis of Variance/
Covariance (ANOVA/ANCOVA) on larger samples from the monastic and nonmonastic
cemeteries (N = 517). For Medieval samples, Spearman’s correlation coefficients show a
significant association between the 13-biomarker SFI and all non-metric SFls. Utilizing a 6-
biomarker and parsimonious 4-biomarker SFI, we increase the nonmonastic and monastic
samples and demonstrate significant lifestyle and sex differences in frailty that were not
observed in the original, smaller sample. Results from the 6-biomarker and parsimonious 4-
biomarker SFls generally indicate similarities in means, explained variation (R?), and associ-
ated P-values (ANOVA/ANCOVA) within and between nonmonastic and monastic samples.
We show that non-metric reduced biomarker SFls provide alternative indices for application
to other bioarchaeological collections. These findings suggest that a SFI, comprised of six
or more non-metric biomarkers available for the specific sample, may have greater applica-
bility than, but comparable statistical characteristics to, the originally proposed 13-biomarker
SFI.
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Introduction

In this paper, we apply a recently proposed methodology for assessing frailty using a skeletal
frailty index (SFIL see [1]) and discuss its applicability to archaeological samples. We developed
the SFI to assess frailty in skeletal materials following extensive observations on biomarkers of
frailty in modern living humans [2-7]. Originally, we proposed a SFI including 13 skeletal bio-
markers observable on human skeletons, representing four categories of stressors: trauma,
nutrition/disease, physical activity, and growth disruptions. The strength we advocated for in
this index was its broad range of measurable and observable biomarkers that capture aspects of
both childhood and adult frailty.

Unfortunately, in many skeletal assemblages, available materials are not sufficient to assess
all 13 biomarkers included in the original SFI. Using identical samples from Medieval London
[1], we examine how versions of the SFI constructed of fewer biomarkers may increase avail-
able sample size while maintaining results comparable to the more comprehensive 13-variable
SFI. We expect reducing the number of contributing assessments will substantially increase
available sample sizes. Our goal is to determine the fewest number of biomarkers needed in a
SFI to reproduce results in the Medieval sample equivalent to the original 13-variable SFI, i.e.,
the lower limits for a robust SFI with statistical similarities in explained variance and signifi-
cance. Our aim is to balance the maximization of frailty information (number of biomarkers)
with population representation (sample size). After exploring applicability and reliability of
reduced-variable SFIs (<13 biomarkers) we assess two modified SFIs (4- and 6-biomarkers)
for associations with lifestyle (determined by cemetery/location), age, and sex in a larger
monastic and nonmonastic Medieval sample than assessed previously to develop the original
SFL

Skeletal frailty in archaeological samples

Since its inception, bioarchaeology has sought to accurately assess “stress” and “health” among
past human populations to address questions in biocultural history [8-10]. Multiple skeletal
measures and features have been proposed as estimators of somatic stress and chronic physio-
logical damage, reflections of conditions that challenged the deceased during life, and were
preserved in their skeletal and dental tissues [11-16]. Such skeletal biomarkers, in turn, have
been used to quantify and establish both direct and indirect interpersonal and interpopula-
tional interactions in the past, based upon their impacts on biological health differentials iden-
tifiable in skeletal remains. In living populations, sequelae of life-long stressors frequently are
assessed by established frailty indices to identify the frailty phenotype [2, 4, 7, 17], a concept
that we recently applied to skeletal samples [1].

Here, we define skeletal frailty using indices based upon criteria applied widely to assess
frailty in clinical practice, hospitals, and biomedical research [2-4, 7, 17-22]. Specifically, we
use a human biology/physiology framework to define frailty as a phenotype that develops sec-
ondary to loss of muscle (sarcopenia) and bone (osteopenia), leading to weakness and reduced
physical activity. In human biology, frailty is a distinctive phenotype apart from morbidity and
mortality risk, although frailty may correlate with both [7]. While recent definitions of frailty
in bioarchaeology research focus on and operationalize frailty as increased risk of mortality
[23-25], the SFI places frailty within the theoretical and applied contexts of epidemiology, clin-
ical medicine, and human biology, defining frailty as a fluctuating somatic state of cumulative
functional losses that increases with age among the living, relatively independent of mortality
risk [7, 17, 26]. This definition of skeletal frailty may appear to run counter to the definition of
selective frailty, whereby frailty “refers to individual biological characteristics associated with-
.. .susceptibility, propensity, or relative risk with respect to disease and death” [27], but initial
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results from the 13-biomarker SFI support Wood and colleagues’ hypothesis that individuals
more susceptible to life’s stressors tend to die before evidence of wear-and-tear skeletonizes
[1]. Skeletal frailty, by this consideration, is a reflection of physical decrepitude that cumulates
over years, and this frailty paradoxically correlates with lower risk of mortality [27]. Those
who survive to older years tend to accumulate more skeletal biomarkers of stress, manifesting
greater skeletal frailty than their contemporaries who died at earlier ages [1], reflecting results
similar to the male-female morbidity-mortality paradox and the osteological paradox observed
frequently in human and nonhuman samples [27-29]. These differences in trajectories of
frailty, senescent biology, and mortality between men and women are reflected oftentimes in
greater debilitation, but longer life spans, of the latter: women generally outlive men, and

they also tend to report more chronic illnesses and disability over their lifespans [7, 28],
although exceptions to this pattern have been observed in living and archaeological popula-
tions [30-32].

Skeletal frailty index

The original skeletal frailty index (SFI) was composed of 13 metric and non-metric biomarkers
associated with chronic and cumulative stress in living human populations, biomarkers consis-
tently employed and implemented in bioarchaeological research [33]. The SFI builds upon
previous works, which have outlined components for archaeological health profiles or have
coded and quantified these components for cross-population comparisons [13, 34]. However,
the SFI veers from these earlier works in its consideration and development of quantified and
individualized health profiles. Rather than multiple intragroup and intergroup comparisons of
single biomarkers (gross prevalences)—an analytical tool we advise using in conjunction with
SFIs in the interpretation of biological health—skeletal frailty scores are calculated for each
individual, thereby providing a distribution of overall frailty for the sample, which can be com-
pared with other samples employing an identical SFI. This individualized, alternative approach
to gross prevalence comparisons is a common practice in human biology and clinical research,
and frailty scores and allostatic load so constructed have proven to be robust methods for
interpreting and evaluating frailty patterns across age, gender, socioeconomic, and sociocul-
tural groups [35-39].

The SFI was conceived with the intention of capturing four broad categories of somatic
stress (Table 1): growth, infection/nutrition, activity, and trauma. Therefore, the 13 biomark-
ers comprising this index were selected as well-studied-and-confirmed barometers for these
various health aspects. Biomarkers assessing growth stress included maximum femoral length
(proxy for stature), maximum femoral head diameter (proxy for robusticity), and linear
enamel hypoplasia (LEH) defects. Infection, nutritional deficiencies, and metabolic conditions
often are difficult etiologies to tease out in reactive skeletal tissue. Therefore, skeletal biomark-
ers associated with any one or all three causes are grouped together into a broad infection/
nutrition category: periosteal new bone (PNB) and osteomyelitis, periodontal disease (PD),
porotic hyperostosis/cribra orbitalia (PH/CO), rickets/osteomalacia, osteoporosis, and neo-
plasms. Cumulative wear on the joints, a skeletal assessor of life-time activity, is gauged
through osteoarthritis (OA), intervertebral disc disease (IVD), and rotator cuff disease (RCD).
Healed and unhealed fractures characterize the final category, trauma.

The range of skeletal frailty scores depends upon the number of biomarkers included in the
SFI. For the 13-biomarker SFI, individual skeletal frailty scores may range from “0” (low
frailty) to “13” (high frailty). The scores are calculated by adding together values assigned to
each biomarker; based on their risk level, relative to the overall sample, biomarkers are
assigned “0” (low frailty) or “1” (high frailty) (Table 1). Most of the frailty variables—LEH, PD,
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Table 1. Skeletal biomarkers of stress incorporated into frailty indices (SFl) with designated scoring schemata, elements observed, and criteria
for frailty. Outlined standards [52] were used to identify conditions of frailty: femoral head and maximum length [33]; linear enamel hypoplasia [71]; periosteal
new bone [72] and osteomyelitis [14]; periodontal disease and osteoarthritis [73]; cribra orbitalia [74]; osteomalacia [75]; neoplastic disorders [14, 76]; osteo-
porosis and rotator cuff disease [77]; intervertebral disc disease [78]; and trauma [79].

Stress Frailty Biomarkers Scoring Elements observed Frailty Score “1”
Category observations
Growth Femoral Length Lengths in quadrants Complete femora Shortest lengths (4)*°
Femoral Head Diameters in Complete femora Smallest diameters (V4)*°
Diameter quadrants All anterior dentition Presence of single tooth with LEH ©
Linear Enamel Presence/absence
Hypoplasia

Nutrition and | Periosteal New Bone

Active, healing,

All preserved long bones

Active PNB or cloacae on long bone diaphysis

Infection (PNB)/ Osteomyelitis absence Preserved mandibular and maxillary or metaphysis surfaces
Periodontal Disease Presence/absence alveoli Presence of >2mm alveolar resorption
Cribra Orbitalia (CO) Presence/absence Preserved eye orbital plates Presence of CO on right or left orbit
Osteomalacia Presence/absence Scapulae, vertebral column, ribs, Presence
Neoplasms Presence/absence sternum, and pelvic girdle Presence
Osteoporosis Presence/absence All cranial and postcranial elements Presence

All long bones, ribs, and vertebrae

Activity Osteoarthritis (OA) Presence/absence All preserved joints (except Presence of one joint with OA
Intervertebral Disc Presence/absence uncovertebral, costovertebral, and Presence of one vertebra with IVD
Disease (IVD) Presence/absence costotransverse joints) Presence of RCD
Rotator Cuff Disorder All preserved vertebra
(RCD) Preserved humeri and scapulae

Trauma Fracture Perimortem, All cranial and postcranial surfaces Perimortem and antemortem trauma associated

antemortem, with soft tissue injuries or blunt force, sharp
absence force, and projectile injuries

#Male femoral length quartiles: x < 447mm, 447mm < x < 461mm, 461mm < x < 475mm, X > 475mm; female femoral length quartiles: x < 414mm,
414mm < x< 434mm, 434mm < x < 443mm, x > 443mm (highest frailty measurements underlined)

PMale femoral head diameter quartiles: x < 46.7mm, 46.7mm < x < 48.4mm, 48.4mm < x < 49.9mm, x > 49.9mm; female femoral head diameter quartiles:
x <41.2mm, 41.2mm < x <42.7mm, 42.7mm < x < 45.4mm, x > 45.4mm (highest frailty measurements underlined)

°The majority of individuals scored generally showed signs of two anterior teeth with at least one LEH lesion

https://doi.org/10.1371/journal.pone.0176025.t001

PH/CO, neoplasms, OA, IVD, RCD, and fractures—are defined by presence or absence for
high and low risk, respectively. For example, if an individual exhibits pathognomonic signs of
OA, the researcher would mark a “1” for this biomarker. For the periosteal new bone (PNB)
and osteomyelitis biomarker, three states (active, healing, and absent) are considered for scor-
ing: active PNB suggests active infection or inflammatory response at the time of death of the
individual, so this state is associated with high (“1”) frailty [40]. Since the etiology of PNB may
be due to trauma, only active cranial and postcranial lesions, which are not specifically attrib-
uted to trauma in the database, are scored in the index, so as not to overrepresent trauma in
the cumulative frailty score. Finally, the metric femoral variables require that the samples be
divided into quartiles, smallest to largest measurements, for each biomarker. Individuals who
have maximum femoral lengths or head diameter measurements falling into the lowest (small-
est) quartile of the observed sample distribution are assigned a high risk “1” score for the spe-
cific biomarker. These definitions and explanations are further outlined in Table 1.

Although the SFI attempts to offer a readily applicable option for assessing skeletal “health”
in past populations, Marklein and colleagues [1] acknowledged several shortcomings implicit
in this binary approach. One of the first issues, which we address in this paper, is the limited
number of skeletons in samples that meet the 13-biomarker criteria. In theory, and in an ideal
world of primary, discrete burials and skeletal preservation, the SFI would include more than
the original 13 biomarkers, and potentially subdivide current biomarkers into additional inde-
pendent ones (e.g., cribra orbitalia and porotic hyperostosis). The authors maintain that more
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biomarkers, in addition to gross prevalence and mortality data, will provide a more complete
rendering of factors contributing to frailty. Based on such a perspective, the 13-biomarker SFI
is indeed more comprehensive than those with fewer biomarkers, but it is not likely to be the
SFI “gold standard.” However, it was the maximum SFI that could be developed using this par-
ticular sample. Unfortunately, the more biomarkers included in the SFI, the smaller the sample
size and, consequently, the sample’s representativeness of the whole population.

An additional concern with the proposed SFI method is the qualification of some biomark-
ers as evidence of physiological dysregulation or frailty. For example, some researchers have
argued that LEH is evidence of resilience [27, 41]. As SFIs are applied exclusively to adults
within a population, we suggest LEH presence is a vestige of childhood stress while absence
indicates robust immunomodulatory capacities that counteracted juvenile stress or reduced
exposure to childhood stress. Etiologies of biomarkers also require justification when incorpo-
rated in a site-specific SFI. Periosteal new bone (PNB), in particular, is commonly associated
with non-specific infection in bioarchaeological studies [12], but this overlooks the responsive-
ness and activity of the periosteum [42]. For the SFI presented herein, we score active cranial
and postcranial PNB, which are not explained by trauma in the WORD database, as high
frailty. Unfortunately, preservation may hinder the ability to assess the etiology of lesions, so
oftentimes bioarchaeologists may only have a left- or right-sided element to examine. Further-
more, even with relatively complete skeletons, PNB pathogenesis is difficult to identify [43].
Future applications of the SFI may choose to focus on a specific element (e.g., [25, 44]) for
more refined etiological explanations of biomarkers like PNB.

A third, and more debatable, shortcoming of the SFI is its quantification of “high” and
“low” risk evaluations of biomarkers as well as its equal weighting of biomarkers. Regarding
the former, there may be variation in how a researcher differentiates between high and low
risk based on the context of the sample. For example, in an archaeological sample where the
majority of the population has died from perimortem trauma (e.g., Norris Farms [45]), it may
by more informative to quantify an individual’s frailty before the massacre by assigning high
risk (“1”) to an antemortem, healing fracture. Furthermore, in communities where there is
endemic violence, a better representation of frailty differences may be to quantify interper-
sonal trauma as high risk (“1”) and accidental/unintentional trauma as low risk (“0”) [46].
Again, determinations of high and low risk for all biomarkers are context-specific and must be
justified by the bioarchaeologists developing their own research- and population-specific SFls.
Equal weightings for all biomarkers is a crucial arena for future discussion, as evidenced by
previous criticism of allostatic load and frailty indices in human biology [47]. There can be lit-
tle argument that a malignant tumor, albeit equally weighted with active PNB, has a greater
effect on overall somatic health. Nevertheless, if an individual died with active PNB, we cannot
immediately rule out the causes of PNB contributing to the individual’s frailty at the time of
death. For this reason, we do not proportionately weight lesions in the presented SFI. At the
same time, we do not dismiss the possibility that proportionately weighted biomarkers based
on clinical and epidemiological data may improve applications of SFIs to available samples.

Expanding SFI applicability, maintaining explanatory power

As originally proposed and applied, the SFI comprised a suite of 13 metric and non-metric
skeletal biomarkers of lifetime stress. In our original analysis of monastic and nonmonastic
Medieval London cemetery samples, the 13-biomarker index criteria reduced the number of
skeletons for which SFI could be determined (N = 134) to less than 12% of the original skele-
tons (N = 976), and only 23% of the sample (N = 558) examined earlier by DeWitte and col-
leagues [48]. This reduced sample size was a concern, as the 134 skeletons retained for analysis
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of skeletal frailty may not have been fully representative of the total population. A second con-
cern was how useful the 13-biomarker SFI would be for more fragmented collections than the
Medieval London ones used to develop it. In this paper, we address both of these concerns

by constructing SFIs using exclusively nonmetric biomarkers (2-11). By excluding these two
metric biomarkers, maximum femoral length and maximum femoral head diameter (proxies
for stature and robusticity), the sample available for analyses increases, addressing our first
concern. Subsequently, we compare reduced SFIs to results observed using the original
13-biomarker SFI. After reassessing differences by age and sex within and between Medieval
London monastic and nonmonastic samples using the original sample of 134 and SFI con-
structs of 2 to 11 biomarkers, we apply a 6-biomarker nonmetric SFI to the same Medieval
monastic and nonmonastic cemeteries, albeit with an increased sample size of 517 individuals.
Last, we compare these results with those from a more parsimonious 4-biomarker nonmetric
SF], tailored to include one biomarker from each of four broad stressor categories, to deter-
mine if, for samples with poorer preservation, a simple SFI provides a similar picture of these
individuals as the more comprehensive SFIs.

Monastic and nonmonastic communities in Medieval London

The Medieval period in England and throughout Europe was characterized by religiously-and
politically-enforced orders of social and economic status. Broadly, status groups included
aristocratically-born elites, religious castes, and the landed rural and urban poor [49, 50].
While interactions between these groups were constant, there was little to no fluidity between
social strata. Similarly, although individuals of all groups were exposed to comparable ecologi-
cal and epidemiological climates, their abilities and resources to mitigate and buffer exposures
were not equal [49, 51]. Analyzing human skeletal remains from six Medieval cemeteries,
DeWitte and colleagues [48] demonstrated how these disparities between strata translated into
differential mortality risks between, specifically, the monastic and nonmonastic communities
in London. According to their findings, nonmonastic adults were at significantly higher risk of
mortality than their monastic contemporaries. In this paper, we examine skeletal frailty
between individuals from monastic and nonmonastic cemetery contexts, deriving our samples
from the cemeteries utilized by DeWitte and colleagues [45], to assess whether monastic and
nonmonastic lifeways had variable effects on the skeletons in these stratified groups.

Materials

As detailed previously [1], all data used in these analyses are obtained from the Museum of
London’s (MoL) open-access Wellcome Osteological Research Database (WORD). Therefore,
all diagnoses of pathological lesions, sex estimations, and age assignments into one of four
adult age categories are derived from data observed and published by specialists at the MoL’s
Centre for Human Bioarchaeology (CHB), following standards outlined in the Human Osteol-
ogy Method Statement [52] (see Table 1 for more details).

Monastic samples

The representative monastic sample is a combination of individuals from Merton Priory
(1117-1538 CE) and Bermondsey Abbey (1066-1540 CE) (Table 2). Merton Priory was the
site of an Augustinian order of monks. As a center of learning in the Medieval period, the pri-
ory rose in wealth and prestige. Archaeological evidence from the Merton Priory cemetery—
grave goods of lamps, chalices, and golden patens—attest to the richness affiliated with this
monastic community [53, 54]. Individuals interred at Bermondsey Abbey are associated with

PLOS ONE | https://doi.org/10.1371/journal.pone.0176025 May 3, 2017 6/28


https://doi.org/10.1371/journal.pone.0176025

@° PLOS | ONE

Skeletal frailty indices in Medieval London skeletons

Table 2. Chronological and demographic data for total monastic and nonmonastic samples from which this study’s smaller samples were

derived.
Cemetery Dates Total Recovered individuals
Adult Males Adult Females Indeterminate Adults Juveniles
Monastic Bermondsey Abbey 1117-1538 CE 201 147 (73.1%) 0(0.0%) 53 (26.4%) 1(0.5%)
Merton Priory 1066—1540 CE 676 485 (71.7%) 53 (7.8%) 105 (15.5%) 33 (4.8%)
Total 877 632 (72.1%) 53 (6.0%) 158 (18.0%) 34 (3.9%)
Nonmonastic | Guildhall Yard 1140-1350 CE 68 18 (26.5%) 15 (22.1%) 14 (20.6%) 21(30.9%)
Spital Square 1200-1500 CE 124 43 (34.7%) 23 (18.5%) 16 (12.9%) 42 (33.9%
St. Mary Graces 1350-1538 CE 389 136 (35%) 68 (17.5%) 79 (20.3%) 106 (27.2%)
St. Benet Sherehog 1250-1666 CE 39 8 (20.5%) 4(10.3%) 12 (30.8%) 15 (38.5%)
Total 620 205 (33.1%) 110 (17.7%) 121(19.5%) 184 (29.7%)

https://doi.org/10.1371/journal.pone.0176025.t002

the Cluniac order, a subset of the Benedictines [55]. This monastic community accrued wealth
from its extensive estates throughout southern England [56].

Nonmonastic samples

The representative nonmonastic, or lay, community in Medieval London comprises samples
from Guildhall Yard (1140-1350 CE), Spital Square (1200-1500 CE), St. Mary Graces (1350—
1538 CE), and St. Benet Sherehog (1250-1666 CE) (Table 2). Guildhall Yard was the burial site
for lay members of the St. Lawrence Jewry parish. These individuals presumably lived in the
neighboring tenement community [57]. Although associated with the Augustinian prior of

St. Mary Spital, most of the individuals from the Spital Square cemetery were recovered from
the hospital cemetery, into which were deposited the remains of the local urban poor [58]. The
burial ground north of the Cistercian abbey of St. Mary Graces was delineated for the lay mem-
bers of the parish, while the intramural inhumations were reserved for members of higher reli-
gious and economic status [59]. Finally, a fraction of the individuals exhumed from the

St. Benet Sherehog cemetery, a smaller representative parish population, are included [60].

2-to 11-biomarker SFI nonmetric constructs

Originally, we used the 13-biomarker SFI to determine if frailty differentially affected individu-
als buried in Medieval London monastic and nonmonastic cemeteries [1]. The original sample
included 134 individuals from six Medieval London sites. We use them to test comparability
between the original 13-biomarker SFI and the 2-11 biomarker SFI constructs. These monas-
tic and nonmonastic samples were based on the same cemeteries included in DeWitte and col-
leagues’ [48] earlier study investigating mortality differentials between monastic and lay
communities: St. Merton’s Priory (N = 40) and Bermondsey Abbey (N = 34); Guildhall Yard
(N = 12), Spital Square (N = 13), St. Mary Graces (N = 33), and St. Benet Sherehog (N = 2).

Reduced multi-variable SFI constructs

When fewer biomarkers were incorporated into SFIs, the sample size increased from 134 to
517 individuals: St. Merton’s Priory (N = 303) and Bermondsey Abbey (N = 86); Guildhall
Yard (N = 13), Spital Square (N = 20), St. Mary Graces (N = 90), and St. Benet Sherehog

(N = 5). With this larger sample we estimated the nonmetric 6- and 4-biomarker SFIs. We
then examined how SFI distributions by lifestyle (monastic or nonmonastic), age, and sex dif-
fered between these two reduced-biomarker SFI constructs and from the original 13-bio-
marker SFI.
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Methods

We designed and operationalized the SFI as a measure of individual skeletal frailty based upon
conditions and traits likely to permanently mark the skeleton during life, making them bio-
markers of lifetime frailty [1, 13, 34, 61]. Our initial estimate of skeletal frailty was a composite
of 13 biomarkers (13-biomarker SFI), providing a theoretical range of SFI scores from 0 to 13,
with zero representing lowest frailty and higher scores representing progressively greater
frailty. All skeletal biomarkers were scored as “0” or “1” according to whether the condition
qualified as being indicative of low or high frailty, respectively [1]. For most biomarkers, “1”
was assigned to represent presence of a condition; for other biomarkers, scores of “0” or “1”
were assigned according to the state of the observed pathological lesion, e.g., active versus heal-
ing/healed. Once each biomarker was assigned a score, zeros and ones were summed for each
individual to represent that person’s specific SFL.

Based on these SFI criteria, frailty index scores were tabulated with 2-11 nonmetric bio-
markers and the 13-metric-and-nonmetric SFI for the original, smaller sample (N = 134), and
with the 6-biomarker SFI and parsimonious 4-biomarker SFI for the larger sample (N = 517)
from Medieval London. Using nonparametric Spearman’s correlation coefficients in SPSS 24,
we tested all SFI estimates (2-to-11 and 13-biomarker SFIs) for individuals in Medieval Lon-
don monastic and nonmonastic samples to determine whether nonmetric SFIs significantly
correlated with the original 13-biomarker SFI. A lack of significant correlation between the
13-biomarker SFI and any nonmetric SFI would suggest that the latter produces a different
depiction of frailty, a statistically less informative alternative to the original 13-biomarker SFI.
Contrarily, a significant Spearman’s correlation coefficient would suggest that nonmetric SFIs
are capturing a similar frailty pattern within the sample, albeit with fewer recorded
biomarkers.

We also performed Analysis of Variance/Covariance (ANOVA/ANCOVA) tests between
age, sex, and burial context to see how means, standard deviations, explained variance, and sig-
nificance (P-values) compared between 13-biomarker and nonmetric SFIs. We used
ANCOVA when comparing SFIs between cemeteries and between sexes, assigning age as a
covariate, because several of the biomarkers, notably irreversible degenerative joint conditions,
correlate significantly with age. To analyze the relationship between age and SFI, we performed
ANOVA tests with a post-hoc Tukey’s HSD test. From these results, we established which non-
metric SFIs comprising the fewest biomarkers maintained not only a significant correlation
with the 13-biomarker SFI, while also yielding similar ANOVA/ANCOVA results, but also a
correlation that deviated little from that of SFIs with more biomarkers.

For the 517 individual sample, we also conducted ANOVA and ANCOVA tests and com-
pared results for the 6- and the more parsimonious 4-biomarker SFI distributions. The pur-
pose of these comparisons was to determine whether fewer biomarkers/reduced-variable SFIs
reflected results (e.g., explained variation, P-values) similar to the more comprehensive SFIs
(i.e., ones with more biomarkers for frailty). All statistical analyses were conducted in SPSS 24,
and the alpha value for significance was set as 0.05.

Reducing variable contribution to SFI

Examination of Medieval London monastic and nonmonastic skeletal collections indicated
that metric biomarkers, specifically maximum femoral length and head diameter biomarkers,
most limited sample size. Therefore, we explored how well SFIs based upon fewer biomarkers
correlated with/replicated the results of original 13-biomarker SFIs. Our method was to first
drop biomarkers that most limited sample size from the total population, thereby increasing
the sample size from 134 to 517. Following this, within the 134 originally included, we dropped
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Table 3. Non-metric multi-biomarker skeletal frailty index (SFl) constructs.

Non-metric Skeletal Biomarkers of Frailty

11-variable PD, LEH, IVD, PNB, Fracture, OA, PH/CO, Neoplasm, RCD, Rickets/Osteomalacia,
SFI Osteoporosis?

10-variable PD, LEH, IVD, PNB, Fracture, OA, PH/CO, Neoplasm, RCD, Rickets/Osteomalacia
SFI

9-variable SFI | PD, LEH, IVD, PNB, Fracture, OA, PH/CO, Neoplasm, RCD
8-variable SFI | PD, LEH, IVD, PNB, Fracture, OA, PH/CO, Neoplasm
7-variable SFI | PD, LEH, IVD, PNB, Fracture, OA, PH/CO

6-variable SFI | PD, LEH, IVD, PNB, Fracture, OA

5-variable SFI | PD, LEH, IVD, PNB, Fracture

4-variable SFI | PD, LEH, IVD, PNB

3-variable SFI | PD, LEH, IVD

2-variable SFI | PD, LEH

@Periodontal disease (PD), linear enamel hypoplasia (LEH), intervertebral disc disease (IVD), periosteal new
[active] bone (PNB), osteoarthritis (OA), porotic hyperostosis/cribra orbitalia (PH/CO), and rotator cuff
disorder (RCD)

https://doi.org/10.1371/journal.pone.0176025.t003

those that were least frequently observed in both the total (517) and smaller sample (134), as
they most limited sample size. Thereafter we removed biomarkers sequentially beginning

with those least frequently observed among the combined monastic and nonmonastic Medie-
val London skeletal samples (N = 134) (Table 3). For example, only three cases of rickets/
osteomalacia were reported, but 16 diagnoses of neoplasms were recorded in the 134 sample;
therefore, the biomarker rickets/osteomalacia was removed third (after the two metrics) and a
10-biomarker index estimated. Following this, presence of neoplastic growth was removed and
a 9-biomarker index estimated. Biomarkers were sequentially removed until only two (linear
enamel hypoplasia and periodontal disease) remained. There is no need to examine single-
biomarker SFIs, as they are identical to the biomarker’s gross prevalence in the sample. Among
the available 11 nonmetric biomarkers, there are over 1,300 possible 2- to 11-biomarker SFI
iterations. Our approach is pragmatic; we originally tested an index based upon all available
biomarkers. Here we examined SFIs based upon the specific frailty biomarkers available for
this Medieval population. Dropping biomarkers based upon their frequency allows us to first
assess a maximum information SFI and then reduce this to an index that makes use of a more
limited number of biomarkers, as may be available for another sample. In this particular sam-
ple pathological lesions observed at greatest frequency arguably represent conditions common
in the London Medieval populations affecting most individuals, regardless of socioeconomic
status, age, sex, or lifestyle. As an iterative process, our approach also reduces the likelihood of
observing a significant difference in SFI by sex, age, or social status, increasing its methodologi-
cal rigor.

Constructing a 4-biomarker SFI

To construct a SFI useful across a broad range of human osteological assemblages, we exam-
ined SFIs wherein the number of contributing biomarkers ranged from 2 to 11 variables and
also determined a specific 4-biomarker SFI that might be useful across multiple samples. For
the 4-variable SFI, each biomarker was chosen to represent one category of stressors: growth
(linear enamel hypoplasia), infection/nutrition (periosteal lesions), activity (osteoarthritis),
and trauma (fracture). Aside from osteoarthritis and periosteal lesions, LEH and trauma were
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commonly observed pathological lesions within both the original monastic and nonmonastic
samples (N = 134). Intervertebral disc disease (IVD) and periodontal disease (PD) also were
observed at high frequencies in these Medieval London samples (IVD: 343/517, 66%; PD: 387/
517, 75%). We suggest that IVD and PD likely indicate a general baseline of frailty across the
total population. Most individuals have IVD and/or PD, suggesting these conditions were
common in Medieval London. Our suggestion is that these biomarkers reflect similarities in
exposures between samples and may little differentiate frailty indices; consequently, IVD and
PD have not been included in the 4-biomarker SFI. Similarly, periosteal lesions were selected
as the biomarker of infection, rather than PD. The latter is more strongly correlated with age,
while periosteal lesions are reversible and do not always show age biases in their etiologies [62,
63; (contra [64]}]. LEH were observed at relatively high frequency (53%) among both monastic
and nonmonastic samples. However, as the sole nonmetric biomarker of growth remaining,
after removing femoral length and robusticity, LEH was retained in the 4-biomarker SFI.

Results
Medieval monastic and nonmonastic samples

The demographic breakdowns of Medieval monastic and nonmonastic samples (N = 134 and
N =517) are shown in Tables 4-9 and Figs 1-6. For the 134 individual sample, data indicate a
disproportionate representation of males: monastic sample, 91.9% adult male; nonmonastic
sample, 71.7% adult male (Table 4, Fig 1). This pattern holds, almost identically for the larger
individual sample (N = 517): 92.9% of monastic and 72.2% of nonmonastic samples are males
(Table 7, Fig 4). For both the reduced (N = 134) and larger (N = 517) samples, age distributions
also are uneven. In the 134 skeletons, the monastic sample is dominated by two older age

Table 4. Number of adult males and females from the total sample of 1497 Medieval monastic and
nonmonastic individuals, with all 13 biomarkers available (N = 134) [1].

N Females Males
Monastic 74 6 (8.1%) 68 (91.9%)
Nonmonastic 60 17 (28.3%) 43 (71.7%)

https://doi.org/10.1371/journal.pone.0176025.t1004

Table 5. Age distribution of 134 skeletons from Medieval monastic and nonmonastic cemeteries [1].

Age category N Monastic Nonmonastic
1 18-25 years 22 5 (6.76%) 17 (28.33%)
2 26-35 years 29 15 (20.27%) 14 (23.33%)
3 36-45 years 55 35 (47.30%) 20 (33.33%)
4 >45 years 28 19 (25.68%) 9 (15.00%)

https://doi.org/10.1371/journal.pone.0176025.t1005

Table 6. Distribution of adult males and females according to age categories in original Medieval monastic and nonmonastic cemeteries. Percent-
ages reflect proportion of monastic or nonmonastic sample.

AW [ =

https://doi.org/10.1371/journal.pone.0176025.t006

Age category

18-25 years

26-35 years

36—-45 years
>45 years

Monastic (N = 74) Nonmonastic (N = 60)
Females Males Females Males
0 (0%) 5 (6.76%) 4 (6.67%) 13 (21.67%)
0 (0%) 15 (20.37%) 4 (6.67%) 10 (16.67%)
5(6.76% 30 (40.54%) 4 (6.67%) 16 (26.67%)
1(1.35%) 18 (24.32%) 5 (8.33%) 4 (6.67%)
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Table 7. Number of adult males and females from 1497 skeletons of Medieval monastic and nonmo-
nastic cemeteries with all 11 nonmetric biomarkers available (N = 517).

N Females Males
Monastic 338 24 (7.10%) 314 (92.9%)
Nonmonastic 119 33 (27.7%) 86 (72.3%)

https://doi.org/10.1371/journal.pone.0176025.1007

Table 8. Age distribution of from 1497 skeletons of Medieval monastic and nonmonastic cemeteries
with all 11 nonmetric biomarkers available (N =517).

Age category N Monastic Nonmonastic
1 18-25 years 44 20 (5.81%) 24 (19.5%)
2 26-35 years 113 76 (22.1%) 37 (30.1%)
3 36-45 years 214 171 (49.7%) 43 (35.05%)
4 >45 years 96 77 (22.4%) 19 (15.4%)

https://doi.org/10.1371/journal.pone.0176025.t008

groups (36 to 45 and over 45 years; 73%); in the nonmonastic sample, these older age groups
represent only 48% (Tables 5 and 8, Figs 2 and 5). Examining sex by age distribution in the 134
individuals, it becomes apparent in both settings how samples are skewed in favor of older
males in monastic cemeteries (>65%) and younger males in nonmonastic cemeteries (>38%)
(Table 6, Fig 3). For the larger sample (N = 517), older males (>36 years) dominate the monas-
tic sample (>65%), and the oldest (>45 years) and youngest (18-25 years) females represent
less than a percent of the monastic sample. Middle aged males (26-45 years) comprise over
50% of the nonmonastic sample, with only 30% comprised of females (Table 9, Fig 6).

Frailty in Medieval monastic and nonmonastic samples

Results using Spearman’s correlation coefficients and ANOVA/ANCOVA are shown in Tables
10-18. Spearman’s correlation coefficients between the 13-biomarker SFIs and the 2- to
11-biomarker SFI constructs indicate significant correlations (0.645 to 0.861) with nonmetric
SFIs (Table 10; row 1). A perceptible drop (~4%) in these correlations occurs when reducing
the index from six (R = 0.852, P-value<0.005) to five biomarkers (R = 0.818, P-value<0.005)
and is almost seven times as large a decline as any earlier decline. Overall, the lowest correla-
tions are observed between the 13-biomarker and 2-biomarker SFI values, while correlation
coefficients among the 4- to 11-biomarker SFIs all are greater than 0.800, illustrating a
general similarity across SFIs using multiple biomarker constructs. However, none of the
2-11 biomarker SFIs achieves greater than a 0.860 correlation (R* = 0.74) with the original
13-biomarker SFI, which remains our current standard index for estimating skeletal frailty.
After estimating skeletal frailty in Medieval London monastic and nonmonastic samples
with SFIs constructed using different aggregations of frailty biomarkers, we tested these SFIs

Table 9. Distribution of adult males and females according to age categories in from increased sample of Medieval monastic and nonmonastic
cemeteries (N = 517). Percentages reflect proportion of monastic or nonmonastic sample.

AN |=

https://doi.org/10.1371/journal.pone.0176025.t009

Age category

18-25 years

26-35 years

36—45 years
>45 years

Monastic (N = 338) Nonmonastic (N = 119)
Females Males Females Males
1 (0.30%) 19 (5.62%) 7 (5.88%) 16 (13.4%)
4(1.18%) 72 (21.3%) 11 (9.24%) 25 (21.0%)
17 (5.03%) 149 (44.1%) 6 (5.04%) 35 (29.4%)
2 (0.59%) 74 (21.9%) 9 (7.56%) 10 (8.40%)
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Fig 1. Distribution of 134 adult males and females from Medieval London monastic and nonmonastic
cemetery contexts.

https://doi.org/10.1371/journal.pone.0176025.9001

for significant associations with sex, age, and lifestyle using ANOVA and ANCOVA (Tables
11-14). As previously reported, the 13-biomarker SFI differs significantly between monastic
and non-monastic burials (Table 11), likely reflecting differences in lifestyles between residents
in these two settings during life [1]. Using the nonmetric SFI constructs, individuals buried in

30 N=35

45 B Monastic

40 ONonmonastic
35 N=20

30 N=17

N=19

25 N=14
N=15

Percentage

20
15
10

=5
5 J
0

! 2 Age Groups 3 4

Fig 2. Age distribution of 134 adults from Medieval London monastic and nonmonastic cemetery
contexts.

https://doi.org/10.1371/journal.pone.0176025.9002
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Fig 3. Distribution by age and sex of 134 adult males and females from Medieval London monastic

and nonmonastic cemetery contexts. Percentages of subgroups represented by each age category.

https://doi.org/10.1371/journal.pone.0176025.9003

monastic cemeteries show significantly higher (P<0.05) average frailty for all but the 2-bio-
marker SFI. With age included as a covariate, over 12% of total observed variation in the 6-

through 13-biomarker SFIs is explained by having lived a monastic or nonmonastic lifestyle
(Table 11). When only five or fewer skeletal frailty biomarkers are included, statistical
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4 N=24
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Fig 4. Distribution of 517 adult males and females from Medieval London monastic and nonmonastic
cemetery contexts.

https://doi.org/10.1371/journal.pone.0176025.g004
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Fig 5. Age distribution of 517 adults from Medieval London monastic and nonmonastic cemetery
contexts.

https://doi.org/10.1371/journal.pone.0176025.9g005

significance of age is reduced and explained variance drops to 6%, but explained variance
rebounds to 13.3% when only 3 biomarkers are included (Table 11).

Age is associated significantly with all SFI biomarker composites examined, with frailty
generally increasing from the youngest to the oldest categories (Table 12; S1 Table).
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Fig 6. Distribution by age and sex of 517 adult males and females from Medieval London monastic
and nonmonastic cemetery contexts. Percentages of subgroups represented by each age category.

https://doi.org/10.1371/journal.pone.0176025.9006
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Table 10. Spearman’s correlations for 2-11 and 13-biomarker skeletal frailty indices (SFls) (R = correlation coefficient, P = P-value, and
N = number of cases).

13-SFI 11-SFI 10-SFI 9-SFI 8-SFI 7-SFI 6-SFI 5-SFI 4-SFI 3-SFI
13-SFI R 1.00 .861 .858 .858 .857 .857 .852 .818 .820 .766
P .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
11-SFI R .861 1.00 .998 .998 .998 .992 .978 913 .908 .873
P .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
10-SFI R .858 .998 1.00 1.00 1.00 .994 .980 912 .907 .870
P .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
9-SFI R .858 .998 1.000 1.00 1.00 .994 .980 912 .907 .870
P .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
8-SFI R .857 .998 1.000 1.00 1.00 .994 .980 913 .908 .870
P .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
7-SFI R .857 .992 .994 .994 .994 1.00 .993 .929 .924 .885
P .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
6-SFI R .852 .978 .980 .980 .980 .993 1.00 .935 .929 .890
P .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
5-SFI R .818 913 912 912 913 .929 .935 1.00 .988 .933
P .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
4-SFI R .820 .908 .907 .907 .908 .924 .929 .988 1.00 .948
P .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
3-SFl R .766 .873 .870 .870 .870 .885 .890 .933 .948 1.00
P .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134
2-SFI R .645 .655 .654 .654 .654 .672 .672 .716 741 .804
P .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
N 134 134 134 134 134 134 134 134 134 134

https://doi.org/10.1371/journal.pone.0176025.t010

2-SFI
.645
.000
134
.655
.000
134
.654
.000
134
.654
.000
134
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.000
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.000
134
741
.000
134
.804
.000
134
1.00

134

Nevertheless, observed patterns of variation across age categories differ between SFI con-
structs. For the 13-biomarker SFI, the youngest category (ages 18 to 25 years) exhibits higher
average SFI than the immediate following age category (ages 26 to 35 years). This pattern of
higher SFIs at the youngest ages is observed for all SFI constructs including five or more bio-

markers, but not those with four or fewer biomarkers. With 2-5 biomarker SFIs, average frailty

scores increase monotonically from the youngest to oldest age categories, failing to reveal early

life stress experiences clearly illustrated by the 13-biomarker index.

Apart from the 2-biomarker model, all nonmetric SFIs show significant differences by sex
(Table 13). Examination of ANCOVA results indicates age is a major contributor to SFI differ-
ences by sex. Although both age and sex significantly influence the 13-biomarker SFI, they

explain less than 4% of its total variation. Examining males and females separately and com-
paring between monastic and nonmonastic cemetery groups, SFIs are significantly higher
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Table 11. ANCOVA results for multi-variable skeletal frailty indices (SFls) comparing frailty between Medieval monastic (Bermondsey Abbey and
Merton Priory) and nonmonastic (Guildhall Yard, St. Mary Graces, Spital Square, and St. Benet Sherehog) samples (N = 134).

Monastic (N = 74) Nonmonastic (N = 60) Sig. (age) Sig. (lifestyle) Sig. (model) R?
13-biomarker SFI 3.42 (1.4) 2.80(1.5) 0.102 0.058 0.013 0.049
11-biomarker SFI 2.74(1.2) 2.02 (1.1) 0.012 0.005 0.000 0.121
10-biomarker SFI 2.74(1.2) 2.00 (1.1) 0.008 0.004 0.000 0.131
9-biomarker SFI 2.74(1.2) 2.00 (1.1) 0.008 0.004 0.000 0.131
8-biomarker SFI 2.73(1.2) 2.00(1.1) 0.010 0.004 0.000 0.127
7-biomarker SFI 2.70 (1.2) 2.00(1.1) 0.008 0.006 0.000 0.125
6-biomarker SFI 2.69(1.2) 1.98(1.1) 0.003 0.008 0.000 0.135
5-biomarker SFI 2.34(0.98) 1.85(1.0) 0.079 0.030 0.005 0.064
4-biomarker SFI 2.31(0.94) 1.80 (0.99) 0.035 0.020 0.001 0.084
3-biomarker SFI 2.19(0.84) 1.62 (0.80) 0.018 0.002 0.000 0.133
2-biomarker SFI 1.61(0.62) 1.35(0.63) 0.630 0.034 0.056 0.028

https://doi.org/10.1371/journal.pone.0176025.t011

among monastic skeletons than nonmonastic samples for all nonmetric SFIs, sans the 2-bio-
marker SFIs (Table 14). Although age significantly influences the SFI differences between
monastic and nonmonastic males (Table 14), age shows no significant association with SFI
between monastic and nonmonastic females. However, lifestyle explains significant SFI varia-
tion (16.5%-23.7%) between female subgroups (Table 14). This occurs despite the fact that all
monastic females lived an estimated 36 years or more, while only half (9 of 17, 53%) of nonmo-
nastic females attained these older ages (Table 6, Fig 3).

Comparing 6- and 4-biomarker SFl

To determine the effect of fewer biomarkers on associations of SFIs with age, sex, and lifestyle,
we compared results using a 4- and 6-biomarker index to those with our original 13-biomarker
SFI. We selected the 6-biomarker from the 2- to 11-biomarker SFIs, as it was the fewest bio-
marker index that remained as highly correlated with the original 13-biomarker SFI and repro-
duced similar associations with age, sex, and lifestyle. We estimated a more parsimonious
4-biomarker SFI to include one representative component from each of the four “health” cate-
gories. By reducing the number of included biomarkers, the available sample size from monas-
tic and nonmonastic cemeteries increased to 517. Using ANOVA and ANCOVA, significant

Table 12. ANOVA results for multi-variable skeletal frailty indices (SFls) comparing frailty between age categories in Medieval monastic (Ber-
mondsey Abbey and Merton Priory) and nonmonastic (Guildhall Yard, St. Mary Graces, Spital Square, and St. Benet Sherehog) samples (N = 134).

18-25 years (N = 22) 26-35 years (N = 29) 36-45 years (N = 55) Over 45 years (N = 28) Sig. (age) R?
13-biomarker SFI 3.00 (1.3) 2.62(1.5) 3.18(1.4) 3.71(1.5) 0.041 0.04
11-biomarker SFI 2.09(1.1) 1.90 (0.98) 2.55(1.23) 2.96 (1.2) 0.003 0.082
10-biomarker SFI 2.05(1.0) 1.90 (0.98) 2.55(1.23) 2.96 (1.2) 0.002 0.086
9-biomarker SFI 2.05(1.0) 1.90 (0.98) 2.55(1.23) 2.96 (1.2) 0.002 0.086
8-biomarker SFI 2.05(1.0) 1.90 (0.98) 2.55(1.23) 2.93(1.2) 0.003 0.083
7-biomarker SFI 2.00(0.97) 1.90 (0.98) 2.55(1.23) 2.89(1.1) 0.003 0.083
6-biomarker SFI 1.91(0.97) 1.90 (0.98) 2.55(1.23) 2.89(1.1) 0.001 0.091
5-biomarker SFI 1.86 (0.94) 1.83(0.89) 2.22(1.1) 2.43(0.96) 0.078 0.029
4-biomarker SFI 1.73(0.83) 1.83 (0.89) 2.20(1.1) 2.39(0.92) 0.038 0.041
3-biomarker SFI 1.55(0.74) 1.72 (0.75) 2.04 (0.90) 2.25(0.89) 0.013 0.058
2-biomarker SFI 1.32(0.72) 1.52 (0.57) 1.53 (0.63) 1.54 (0.64) 0.577 -0.008

https://doi.org/10.1371/journal.pone.0176025.t1012
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Table 13. ANCOVA results for multi-variable skeletal frailty indices (SFls) comparing frailty between sexes in Medieval monastic (Bermondsey
Abbey and Merton Priory) and nonmonastic (Guildhall Yard, St. Mary Graces, Spital Square, and St. Benet Sherehog) samples (N = 134).

Males (N=111) Females (N = 23) Sig. (age) Sig. (sex) Sig. (model) R?
13-biomarker SFI 3.20(1.5) 2.87 (1.5) 0.023 0.029 0.046 0.031
11-biomarker SFI 2.46 (1.2) 2.22(1.2) 0.001 0.302 0.002 0.075
10-biomarker SFI 2.45(1.2) 2.22(1.2) 0.000 0.311 0.001 0.082
9-biomarker SFI 2.45(1.2) 2.22(1.2) 0.000 0.311 0.001 0.082
8-biomarker SFI 2.44 (1.2) 2.22(1.2) 0.001 0.325 0.002 0.078
7-biomarker SFI 2.42(1.2) 2.22(1.2) 0.000 0.356 0.002 0.080
6-biomarker SFI 2.41(1.2) 2.22(1.2) 0.000 0.388 0.001 0.091
5-biomarker SFI 2.15(1.0) 1.96 (0.98) 0.014 0.350 0.033 0.036
4-biomarker SFI 2.11(0.99) 1.96 (0.98) 0.004 0.433 0.013 0.050
3-biomarker SFI 1.97 (0.87) 1.74 (0.86) 0.001 0.183 0.002 0.077
2-biomarker SFI 1.51(0.63) 1.39 (0.66) 0.248 0.380 0.361 0.000

https://doi.org/10.1371/journal.pone.0176025.1013

differences in these two SFIs by age, sex, and lifestyle are observed (Tables 15-18). For both
the 4- and 6-biomarker SFIs, monastic skeletons exhibit higher frailty (1.32, 2.69) than nonmo-
nastic skeletons (1.11, 2.12). However, age is a more significant contributor to the observed
4-biomarker SFI difference. Both age and lifestyle are significant predictors of the difference in
6-biomarker SFIs between monastic and nonmonastic samples. Based upon ANCOVA

Table 14. ANCOVA results for multi-variable skeletal frailty indices (SFls) comparing frailty between males and between females in Medieval
monastic (Bermondsey Abbey and Merton Priory) and nonmonastic (Guildhall Yard, St. Mary Graces, Spital Square, and St. Benet Sherehog) sam-
ples (N=134).

Monastic Males (N = 68) Nonmonastic Males (N = 43) Sig. (age) Sig. (lifestyle) Sig. (model) R?
13-biomarker SFI 3.12(0.16) 2.77 (0.23) 0.116 0.474 0.128 0.020
11-biomarker SFI 2.71(1.2) 2.07 (1.2) 0.026 0.051 0.002 0.092
10-biomarker SFI 2.71(1.2) 2.05(1.2) 0.018 0.042 0.001 0.103
9-biomarker SFI 2.71(1.2) 2.05(1.2) 0.018 0.042 0.001 0.103
8-biomarker SFI 2.69(1.1) 2.05(1.2) 0.022 0.043 0.001 0.099
7-biomarker SFI 2.66 (1.1) 2.05(1.2) 0.017 0.059 0.001 0.097
6-biomarker SFI 2.65(1.1) 2.02(1.1) 0.008 0.066 0.001 0.110
5-biomarker SFI 2.31(0.98) 1.91(1.1) 0.104 0.165 0.037 0.042
4-biomarker SFI 2.28(0.93) 1.84 (1.0) 0.047 0.114 0.010 0.065
3-biomarker SFI 2.16 (0.84) 1.67 (0.84) 0.021 0.035 0.001 0.104
2-biomarker SFI 1.59 (0.63) 1.40 (0.62) 0.651 0.181 0.265 0.006
Monastic Females (N = 6) Nonmonastic Females (N =17) Sig. (age) Sig. (lifestyle) Sig. (model) R?
13-biomarker SFI 3.83(0.48) 2.41(0.29) 0.725 0.030 0.063 0.165
11-biomarker SFI 3.17 (1.5) 1.88 (0.86) 0.235 0.035 0.029 0.227
10-biomarker SFI 3.17 (1.5) 1.88 (0.86) 0.235 0.035 0.029 0.227
9-biomarker SFI 3.17 (1.5) 1.88 (0.86) 0.235 0.035 0.029 0.227
8-biomarker SFI 3.17 (1.5) 1.88 (0.86) 0.235 0.035 0.029 0.227
7-biomarker SFI 3.17 (1.5) 1.88 (0.86) 0.235 0.035 0.029 0.227
6-biomarker SFI 3.17(1.5) 1.88 (0.86) 0.235 0.035 0.029 0.227
5-biomarker SFI 2.67 (1.0) 1.71 (0.85) 0.459 0.092 0.086 0.139
4-biomarker SFI 2.67 (1.0) 1.71 (0.85) 0.459 0.062 0.086 0.139
3-biomarker SFI 2.50(0.84) 1.47 (0.72) 0.449 0.017 0.026 0.237
2-biomarker SFI 1.83(0.41) 1.24 (0.66) 0.789 0.075 0.154 0.087

https://doi.org/10.1371/journal.pone.0176025.1014
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Table 15. ANCOVA results for 6-variable and 4-variable skeletal frailty indices (SFls) comparing frailty between Medieval monastic (Bermondsey
Abbey and Merton Priory) and nonmonastic (Guildhall Yard, St. Mary Graces, Spital Square, and St. Benet Sherehog) samples (N =517).

Mean (Stdev) N Sig. (age) Sig. (lifestyle) Sig. (model) R?
6-biomarker SFI
Monastic 2.69(1.2) 338 0.000 0.000 0.000 0.084
Nonmonastic 2.12(1.1) 119
4-biomarker SFI
Monastic 1.32 (0.94) 338 0.000 0.17 0.000 0.037
Nonmonastic 1.11 (0.84) 119

https://doi.org/10.1371/journal.pone.0176025.1015

Table 16. ANOVA results for multi-variable skeletal frailty indices (SFls) comparing frailty between
age categories in Medieval monastic (Bermondsey Abbey and Merton Priory) and nonmonastic
(Guildhall Yard, St. Mary Graces, Spital Square, and St. Benet Sherehog) samples (N =517).

Mean (Stdev) N Sig. (age) R?
6-biomarker SFI
18-25 years 2.02 (1.05) 44 0.000 0.052
26-35 years 2.27 (1.04) 113
36-45 years 2.72(1.12) 214
Over 45 years 2.89 (1.40) 96
4-biomarker SFI
18-25 years 1.07 (0.66) 44 0.000 0.036
26-35 years 1.04 (0.74) 113
36—45 years 1.35(0.92) 214
Over 45 years 1.54 (1.1) 96

https://doi.org/10.1371/journal.pone.0176025.1016

regression models, lifestyle explains 8.4% of variation in 6-biomarker SFI, but only 3.7% in the
4-biomarker SFI.

With age as an independent variable, SFIs differ significantly across age categories
(Table 16; S2 Table). Age explains 3.6% and 5.2% of variation in the 4- and 6-biomarker SFIs,
respectively. Using 6 biomarkers, average skeletal frailty increases monotonically from the
youngest (18-25 years) to oldest (>45 years) age group. Conversely, the 4-biomarker SFI
decreases from the first (18-25 years) to second (26-35 years) age category, as does the
13-biomarker SFI, although this difference is not significant for the 4-biomarker index.

Both intersexual and intrasexual differences in SFI distributions are observed for the 4- and
6-biomarker indices (Tables 17 and 18). The 6-biomarker SFI differs significantly between
males (SFI = 2.57) and females (SFI = 2.40). However, in the regression model, sex does not
contribute significantly to skeletal frailty, but age does (Table 17). For the 4-biomarker SFI,

Table 17. ANCOVA results for multi-variable skeletal frailty indices (SFls) comparing frailty between sexes in Medieval monastic (Bermondsey
Abbey and Merton Priory) and nonmonastic (Guildhall Yard, St. Mary Graces, Spital Square, and St. Benet Sherehog) samples (N =517).

Mean (Stdev) N Sig. (age) Sig. (sex) Sig. (model) R?
6-biomarker SFI
Male 2.57 (0.06) 400 0.000 0.773 0.000 0.050
Female 2.43(0.15) 57
4-biomarker SFI
Male 1.26 (0.92) 400 0.000 0.647 0.000 0.033
Female 1.32(0.89) 57

https://doi.org/10.1371/journal.pone.0176025.t1017
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Table 18. ANCOVA results for 6-variable and 4-variable skeletal frailty indices (SFIs) comparing frailty between females and between males in
Medieval monastic (Bermondsey Abbey and Merton Priory) and nonmonastic (Guildhall Yard, St. Mary Graces, Spital Square, and St. Benet Shere-
hog) samples (N = 517).

Mean (Stdev) N Sig. (age) Sig. (cemetery) Sig. (model) R?
6-biomarker SFI
Monastic females 2.80 (0.26) 24 0.058 0.103 0.026 0.094
Nonmonastic females 2.17 (0.18) 33
4-biomarker SFI
Monastic females 1.40 (0.20) 24 0.021 0.931 0.061 0.065
Nonmonastic females 1.26 (0.14) 33

Mean (Stdev) N Sig. (age) Sig. (cemetery) Sig. (model) R?
6-biomarker SFI
Monastic males 2.68 (0.063) 314 0.000 0.001 0.000 0.073
Nonmonastic males 2.12(0.12) 86
4-biomarker SFI
Monastic males 1.32 (0.049) 314 0.002 0.074 0.000 0.034
Nonmonastic males 1.04 (0.090) 86

https://doi.org/10.1371/journal.pone.0176025.t018

male (SFI = 1.26) and female (1.32) averages also differ, but in the opposite direction, and

this discrepancy is influenced mainly by age (P-value<0.005), not sex (P-value = 0.647).
Monastic males exhibit higher average skeletal frailty than nonmonastic males (Table 17). For
the 6-biomarker SFI, only 7.3% of its total variation is explained by lifestyle (Table 18). For the
4-biomarker SFI, lifestyle only explains 3.4% of its variation. Monastic females also show
higher 6- and 4-biomarker SFI averages than nonmonastic females; however, as already
observed, age, not lifestyle (monastic or nonmonastic) is the significant factor (Table 18).

Discussion
Skeletal frailty in monastic and nonmonastic Medieval samples

Results from ANOVA and ANCOVA demonstrate variable patterns of skeletal frailty between
and within monastic and nonmonastic Medieval London samples. Overall, SFIs (2 to 11 bio-
markers) in monastic skeletons are significantly higher, or approaching statistical significance
(13-biomarker SFI), than their nonmonastic counterparts (Table 11). Although this disparity
is explained partly by the greater representation of monastic individuals in older age catego-
ries, monastic and nonmonastic lifestyles also contribute significantly to this overall
difference.

When intrasexual comparisons between monastic and nonmonastic contexts are consid-
ered, there are apparent differences within males and females. Among males, lifestyle and age
both influence differences in SFI distributions between monastic and nonmonastic lifestyle
(Table 14). By contrast, lifestyle, not age, is the sole significant influence on differences
between frailty in female monastic and nonmonastic groups (Table 14). Discrete differences
between females in monastic and nonmonastic contexts may reflect more definitive class dis-
tinctions between these groups. Monastic burial grounds, for example, which allowed for the
interment of some lay persons, only included the most elite and privileged of their community.
Therefore, the monastic cemeteries of Bermondsey Abbey and Merton Priory would have
housed the remains of wealthy women rather than lower class working women associated with
the nonmonastic community. These stark social divisions between representative females
from the monastic and nonmonastic cemeteries would likely result in differential workloads
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and access to food resources and medical care, factors which influence somatic frailty [49, 51].
What is anomalous to this situation, however, is the higher frailty scores in the presumably
elite monastically-associated females than the lower status nonmonastic females. Although
physiological stress does not always correlate with SES groups [65, 66], this anomaly is
explained likely by the few females in this sample (N, = 23), and their unequal age distribu-
tion, within and outside the monastic setting. The contribution of age disparities to female
frailty underscores this effect.

Monastic males show higher frailty than nonmonastic males (Table 14). These discrepan-
cies reflect age and lifestyle differences. Our SFIs are composites of cumulative, irreversible
biomarkers of frailty, thereby producing an inherent correlation with age. A greater propor-
tion of monastic males are assigned to ages over 36 years than nonmonastic males (Table 6).
Older age demographics reflect higher frailty. Regardless, ascribed monastic or nonmonastic
lifestyles also contribute to frailty differences, with the former exhibiting higher frailty
(Table 11). Monastic environments and lifestyles varied from those of the surrounding lay
community. Bermondsey Abbey and Merton Priory were prominent manorial estates main-
tained through aristocratic and royal grants and donations. Zooarchaeological and archaeobo-
tanical remains from Merton Priory provide evidence of the richness and variety of residents’
diets consumed therein [53]. Medieval monastic life generally included reliable and better
access to foodstuffs compared to the general population. Nonetheless, doctrines of monastic
orders called for physical as well as spiritual health, and all residents participated in productive
activities and daily chores [67]. Better access by monastic-living males to economic, nutri-
tional, and medicinal resources arguably contributed to their longer lifespans and lower risk of
mortality [48]. However, following monastic life and work conditions over these additional
years of life, they incurred greater cumulative frailty.

Consistency of the SFI

An inherent aspect of the 13-biomarker SFI proposed earlier is its inclusion of only individuals
for whom a complete skeleton is preserved. This limits sample size available for study [1]. To
aid in ameliorating this problem, we constructed and compared nonmetric SFIs of 2 to 11 skel-
etal biomarkers. We then compared these to our original 13-biomarker SFI to determine the
influences of independent measures (lifestyle, age, and sex) in explaining variation in and dis-
tributions of SFIs constructed using fewer biomarkers. Using Spearman’s correlation coeffi-
cients, we compared the 10 nonmetric SFIs to results using the 13-biomarker SFI reported
previously. Spearman’s correlations between the 13-biomarker SFI and nonmetric iterations
all were statistically significant (Table 10), with a correlation range from 0.852 to 0.998 for
indices including 6- to 11-biomarkers and a lower range, 0.645 to 0.818 for indices including
2- to 5-biomarkers with the 13-biomarker SFI. We used this 4% drop in association as a natu-
ral point to inform our further analyses. We determined a 6-biomarker SFI provides an esti-
mate of skeletal frailty comparable to the original, metric SFI. Thus, the 6-biomarker should
allow a similar, but not equivalent estimate of skeletal frailty when fewer biomarkers are
available.

Based on the 13-biomarker SFI, frailty varied significantly by monastic and nonmonastic
lifestyle, age category, and sex. Intersexual differences in frailty within the 134-individual
Medieval sample, and intrasexual differences between monastic and nonmonastic settings are
observed. Applying SFIs constructed of nonmetric biomarkers only, observed differences in
SFIs by lifestyle, age, and sex remain significant, but become more pronounced, as explained
variance increases (Tables 11-14). For lifestyle, ANCOVA results show that age and lifestyle
(monastic/nonmonastic) both contribute significantly to frailty (Table 11). In particular, SFI
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constructs of 6- to 11-biomarkers yield significant differences between monastic and nonmo-
nastic samples with lifestyle explaining 12-13% of total variation in assessed frailty.

Observed SFI distributions by age categories suggest a nuanced approach for applying SFIs.
As with the 13-biomarker SFI, all nonmetric SFIs (sans the 2-biomarker SFI) differed signifi-
cantly between age groups (Table 12). Post-hoc tests (Tukey’s HSD P-value 0.01) show these
differences for 6- to 11-biomarker SFIs to be significant between age categories 1 and 4, and
age categories 2 and 4 (S1 Table). For the 5- to 11-biomarker constructs, SFIs consistently
increase from younger to older age categories, although, like the 13-biomarker SFI, a drop in
average frailty occurred between the 18-25 year and the 26-35 year age categories. (Table 12).
This higher frailty pattern among the youngest age category was initially interpreted as evi-
dence of the osteological paradox, which suggests the frailest members of a population are
most susceptible to death and therefore more likely to die at a younger age than their less frail
counterparts [1, 27]. The new results from 5- to 11-biomarker SFI distributions provide addi-
tional support for this interpretation.

Nonmetric SFI results also show significant differences between sexes, reflective of the orig-
inal 13-biomarker SFI results (Tables 13 and 14). SFI averages for males and females decrease
from 3.20 to 2.46 and 2.87 to 2.22, respectively, between the 13- and 11-biomarker indices
(Table 13). However, frailty differences are maintained using exclusively nonmetric biomark-
ers. Age contributes more significantly (P-values<0.05) to these differences for all nonmetric
SFIs (except the 2-biomarker SFIs) than does sex (P-values>0.05). The age distribution of
males is older than females in this sample, accounting for this disparity in SFIs rather than a
sex-related difference (Fig 2). The disproportionate sample size between sexes, especially
among the monastic sample (an artifact of monastic burial traditions), presents an inherent
sampling bias that may impact observed intersexual frailty differences (Fig 1).

While results using ANCOVA for the 6-biomarker and 4-biomarker SFIs compare with the
13-biomarker SFI results for intersexual variation, intrasexual differences between monastic
and nonmonastic groups are significant for the reduced SFIs. Monastic males and females
exhibit significantly higher skeletal frailty than nonmonastic males and females (Table 18).
These results contrast with 13-biomarker SFI findings, although they align with the nonmetric
6- to 11-biomarker SFI and results from ANCOVA (Table 14).

Opverall, nonmetric SFIs with 6 or more biomarkers indicate similar associations of frailty
as observed with the original 13-biomarker SFI (Tables 11-14). Significant differences in SFI
distributions by lifestyle, age, sex, and sex-lifestyle are retained when nonmetric SFIs of 6 or
more biomarkers are used. However, despite similar results based on significance levels,
explained variance in nonmonastic SFIs is lower. For example, when considering how lifestyle
affects frailty differences between monastic and nonmonastic groups, lifestyle explains 5% of
variation in the 13-biomarker SFIs; lifestyle explains twice as much variation, 12.1% to 13.5%,
using the 6- to 11-biomarker SFIs (Table 11). Similar discrepancies occur for age and sex. Age
explains only 4% of variation in the 13-biomarker SFI, but 8.2%-9.1% of variation in the 6-
through 11- biomarker indices. Similarly, sex accounts for only 3.1% of total variation in the
13-biomarker SFI, but 7.5-9.1% in the 6- to 11 biomarker SFIs (Table 13). One possible reason
why sex explains less variance in the 13-biomarker index than the nonmetric indices may be
the similarity of maximal femoral lengths and femoral head diameters within sexes between
monastic and nonmonastic groups. Student’s t-tests of femoral lengths and femoral head
diameter between monastic and nonmonastic samples show no significant differences among
males (P-valuegmigm = 0.08, P-valuegmhead = 0.06) or among females (P-valuegemigen = 0.75, P-
valuefemhead = 0.86). If these two Medieval London samples are genetically similar, this congru-
ency could affect growth trajectories; although stature is a polygenic trait influenced by exoge-
nous factors, maximum and minimum statures may be relatively genetically stable. Any
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growth deficits within these Medieval individuals, which fall within the range of normal varia-
tion of this London population, therefore, may not appear as childhood growth perturbations.
Another suggestion for this discrepancy in explained variation between 13-biomarker and
nonmetric biomarker SFIs is that the former captures to a greater degree later life insults to the
skeleton that may be equally affecting both settings that are not due to either age or sex, while
SFIs without early markers are more apt to show the signs of age and sex-based influences.

Evaluating 6- and 4-biomarker SFls in larger samples

Metric biomarkers may not always be assayable on skeletons. In such situations, SFIs based
solely on nonmetric biomarkers or composed of only four biomarkers may produce results
similar to a 13-biomarker metric SFI. We selected the 6-biomarker SFI from the suite of 10 SFI
iterations because it not only yielded a comparable SFI distribution (Spearman’s rho = 0.852)
but also demonstrated similar P-values and explained variance from ANOVA/ANCOVA tests
for lifestyle, age, and sex covariates as the 13-biomarker SFI (Tables 11-14). Subsequently, we
developed a 4-biomarker SFI composed of variables from each of four “health” categories and
applied this and the 6-biomarker SFI to a larger Medieval sample. Removal of metric variables
increased the sample size to 344 monastic and 123 nonmonastic individuals (N = 517).

Both the 4- and 6-biomarker SFI distributions for monastic and nonmonastic samples indi-
cate significantly higher frailty in the former group (Table 15). However, whereas age and life-
style influence this difference in the 6-SFI distributions, lifestyle does not contribute
significantly to differences in 4-biomarker SFIs. In general, age significantly affects both the 4-
and 6-biomarker SFIs: as age categories become higher, average frailty increases (Table 16).
However, post-hoc Tukey’s HSD tests show that this difference is significant only between
older and younger age categories for the 6-biomarker SFI and between only the first and third
age categories for the 4-biomarker SFI (S1 Table). Regarding intersexual differences in SFI,
age—not sex—contributes significantly to both nonmetric SFIs. When comparing these results
with those from the 13-biomarker SFI study, there are multiple commonalities (Table 17).
ANOVA/ANCOVA of the 6-biomarker SFI yield similar statistical results as the 13-biomarker
and other nonmetric SFIs: significant differences in SFI are observed between monastic and
nonmonastic samples and age categories, but not within or between the sexes when controlled
for age (Tables 17 and 18). By contrast, the parsimonious 4-biomarker SFI results only demon-
strate significant changes in SFIs between age categories 1 and 3 (S2 Table).

Based upon results using ANOVA/ANCOVA, age is associated significantly with differ-
ences between monastic-nonmonastic groups and sex subgroups in the 4-biomarker SFIs
(Tables 17 and 18; S2 Table). The 4-biomarker SFI includes LEH, periosteal lesion, osteoarthri-
tis (OA), and trauma. Since trauma and OA often are associated directly with age, they likely
contribute to age-related influences on frailty. The 6-biomarker index includes two additional
biomarkers, PD and IVD, which correlate significantly with age. Although PD is indicative of
infection and IVD indicative of wear to the vertebrae, these conditions occur at higher fre-
quencies in older age categories. Despite having more age-dependent variables than the 4-bio-
marker SFI, frailty differences using the 6-biomarker SFIs are explained by other contributing
factors (e.g., lifestyle), not just age. These results support previous research in living popula-
tions suggesting frailty is not exclusively an age-dependent phenotype; rather, frailty is influ-
enced by numerous genetic, socioeconomic, cultural, and political factors [35, 38, 68].

Selecting and applying 13-biomarker SFls or nonmetric SFls

By examining 10 different SFIs (including 2 to 11 biomarkers) and applying these to Medieval
London monastic and nonmonastic samples, we were able to determine that at least six
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biomarkers likely are required to generate SFIs to yield results for explained variation by life-
style, age, and sex and frailty scores consistent with the 13-biomarker index in these Medieval
London samples. When indices include five or fewer biomarkers, total variation is less well
explained by available independent variables (lifestyle, age, and sex), and multiple non-
significant results are observed. For this Medieval sample, these analyses indicate SFIs includ-
ing a minimum of six biomarkers are useful for assessing skeletal frailty without significant
loss of explanatory power compared to the initial 13-biomarker construct. However, it is
advised that metric biomarkers be retained whenever possible as they are robust indicators of
childhood stress and likely reflect adult life stressors. Biomarkers of physical activity, osteoar-
thritis and rotator cuff disease, result from cumulative, irreversible processes that often are
associated with age [16]. Similarly, trauma and the sequelae of infections likely accumulate
with age in those who survive. Thus, increases in skeletal frailty with age are expected and
reflect such chronic processes. By contrast, stature and skeletal robusticity stabilize early in
adulthood. Latent and lasting effects of childhood stressors on growth and development may
lead to increased susceptibility to pathogenic, nutritional, and/or social insults during later
years of life [25, 69]. For example, individuals affected by compromised growth exhibit a
higher incidence of cardiovascular disease than other members of their age categories [70]. We
observed such a pattern in the monastic and nonmonastic samples for the 13-biomarker SFI,
which was 3.00 in the youngest age category, but only 2.62 in the following age category. This
level of detailed results using SFIs with stature and robusticity biomarkers included still is
observed when reduced-variable (6- to 11-biomarker) SFIs are applied, illustrating the efficacy
of nonmetric biomarkers for assessing nuances in skeletal frailty. Nonetheless, whenever sam-
ple size is adequately reflective of the population, we recommend using the full set of 13 bio-
markers to construct a skeletal frailty index. Given restrictions on data availability, reduced
nonmetric SFI constructs may be more useful as they also vary significantly with lifestyle, age,
and sex across skeletal samples and provide an avenue for comparative analyses across biologi-
cal and sociocultural categories.

When constructing and applying SFIs to bioarchaeological samples for comparative analy-
sis, preservation and site-specific paleopathological and paleoepidemiological profiles must be
considered. We do not mandate that bioarchaeologists apply our specific 13-biomarker SFI or
6-biomarker SFI to populations other than Medieval London, especially if these SFIs reduce
representative sample size and frailty information. Rather, we recommend that bioarchaeolo-
gists construct a site (or cross-site) specific metric and nonmetric SFI and subsequently
remove biomarkers, in the iterative way demonstrated, to increase sample size and statistical
power. As long as researchers justify and explain their site-specific SFIs, and how these indices
contribute information about individual frailty, SFIs need not be identically constructed. We
argue that the greatest strength of the SFI is its mutable design to first maximize frailty infor-
mation and second increase sample size.

Conclusions

This paper addresses a possible shortcoming of the original 13-biomarker SFI proposed by
Marklein and colleagues [1], namely, that it leads to significantly reduced sample sizes.
Bearing in mind the inevitability of poor preservation in human osteological assemblages, we
tested how nonmetric SFIs, comprised of 2 to 11 biomarkers, would compare to the original
13-biomarker SFI results in terms of average SFI scores, significance, and explained variation
by ascribed lifestyle, age, and sex. While the 13-biomarker SFI still provides the most informa-
tive results, especially when considering early adulthood frailty, other SFIs containing 6 to 11
biomarkers yield similar results to the 13-biomarker SFI distributions between Medieval
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monastic and nonmonastic samples. Although SFIs with more biomarkers offer a more com-
plete picture of frailty, our findings suggest that bioarchaeologists may usefully apply
6-biomarker SFIs to their research and achieve SFI results comparable to the 13-biomarker
SFI, with the added advantage of larger sample sizes, and, consequently, greater statistical
power.

We developed the skeletal frailty index as a tool to complement current methods, such as
gross prevalence counts and hazard analyses, for evaluating skeletal “frailty” and “health”. We
propose two major strengths for the SFI. First, it is based upon methods and biomarkers used
to assess the frailty phenotype in living human samples as opposed to measuring disease or
health status [2, 3, 7]. Second, the SFI is widely applicable and versatile in its construction.
Based upon results presented here and reported by Marklein and colleagues [1], the 13-bio-
marker SFI is a robust measure of skeletal frailty and reflective of frailty indices used among
the living. In addition, indices constructed using as few as 6 biomarkers appear to be useful for
illustrating how age, sex, and lifestyles attributed to ancient skeletons may be predictive of
their phenotypic frailty during life. As metric biomarkers may not be assayable in many skele-
tal collections, SFIs based only on nonmetric biomarkers, and even one composed of only
four biomarkers, may produce results reflective of, but not identical to nor as specific as, the
13-biomarker SFI. The utility of SFIs constructed using fewer biomarkers makes this method
applicable to more skeletal collections and increases sample sizes available for analyses.
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