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Abstract
Objectives: In tests on known individuals macroscopic sex estimation has between 70% and

98% accuracy. However, materials used to create and test these methods are overwhelming

modern. As sexual dimorphism is dependent on multiple factors, it is unclear whether macro-

scopic methods have similar success on earlier materials, which differ in lifestyle and nutrition.

This research aims to assess the accuracy of commonly used traits by comparing macroscopic

sex estimates to genetic sex in medieval English material.

Materials and Methods: Sixty-six individuals from the 13th to 16th century Hospital of St John

the Evangelist, Cambridge, were assessed. Genetic sex was determined using a shotgun

approach. Eighteen skeletal traits were examined, and macroscopic sex estimates were derived

from the os coxae, skull, and os coxae and skull combined. Each trait was tested for accuracy to

explore sex estimates errors.

Results: The combined estimate (97.7%) outperformed the os coxae only estimate (95.7%),

which outperformed the skull only estimate (90.4%). Accuracy rates for individual traits varied:

Phenice traits were most accurate, whereas supraorbital margins, frontal bossing, and gonial flar-

ing were least accurate. The preauricular sulcus and arc compose showed a bias in accuracy

between sexes.

Discussion: Macroscopic sex estimates are accurate when applied to medieval material from

Cambridge. However, low trait accuracy rates may relate to differences in dimorphism between

the method derivative sample and the St John's collection. Given the sex bias, the preauricular

sulcus, frontal bossing, and arc compose should be reconsidered as appropriate traits for sex

estimation for this group.
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1 | INTRODUCTION

Estimating biological sex from human skeletal remains is fundamental

to most bioarchaeological research (Brickley & Buckberry, 2017). As

there are differences in the growth, development, form, and senes-

cence between the sexes, knowledge of an individual's sex is usually

required prior to analysis of other biological features, including age,

stature, and disease presence. Furthermore, in many societies biologi-

cal sex is important in gender construction which is often a key aspect

of social organization (Sofaer, 2005). While macroscopic methods cur-

rently used to estimate sex in archaeological remains are accurate

when tested on postmedieval (1485–1800) and modern (1800

onwards) known-sex individuals (e.g., Đuric, Rako�cevi�c, & Đonic,

2005; Lewis, Heather, & Gavin, 2016; Listi & Bassett, 2006; Mays &
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Cox, 2000; Meindl, Lovejoy, Mensforth, & Don Carlos, 1985; Thomas,

Parks, & Richard, 2016; Ubelaker & Volk, 2002; Williams & Rogers,

2006), it could be argued that this high level of accuracy may reflect

the fact that the populations tested are temporarily similar, or even

the same collections used to create the methods.

Concerns over the relevance of trends drawn from post-/indus-

trial samples to material from other periods and locations has been

raised (Ubelaker, 2008; Walker, 2008), because of the fact that sexual

dimorphism varies between groups due to differences in growth and

development, disease (Ubelaker & DeGaglia, 2017), activity patterns

(Krishan et al., 2016), general secular trends (Godde, 2015), and

genetic admixture. This issue is highlighted in research where some

methods or sexually dimorphic features appear accurate in one popu-

lation, but not for others (e.g., Maat, Mastwijk, & Van der Velde, 1997;

MacLaughlin & Bruce, 1990; Spradley & Jantz, 2001; Walker, 2005).

Specifically, in the development of sex estimation standards 20th cen-

tury individuals have been heavily utilized (e.g., the Herman-Todd,

William Bass, and the Terry collections), which also includes war-dead

samples (e.g., Korean War and Balkan conflict) that are biased toward

a selected groups of individuals either by sex, or fitness to serve in the

military. Both differ significantly in lifestyle and nutrition to preindus-

trial communities. Even for modern and postmedieval samples, there

are discrepancies in accuracy rates (see Table 1). As such, it is not

entirely clear how accurate commonly used methods/traits as

assessed on recent material are for estimating sex for skeletal material

predating the industrial period.

One of the reasons that accuracy testing has not taken place is

the lack of large skeletal collections of known individuals dating prior

to the 18th century. However, in recent years ancient DNA (aDNA)

testing has revolutionized bioarchaeological research, and has become

widely used for sex estimation in archaeological material (Faerman

et al., 1995; Stone, Milner, Pääbo, & Stoneking 1996; and more

recently �Alvarez-Sandoval, Manzanilla, & Montiel, 2014; Inskip et al.,

2015). If aDNA is sufficiently preserved and amplified genetic

approaches, when used individually or in combination, have demon-

strated 100% accuracy in tests on known-sex individuals (Daskalaki,

Anderung, Humphrey, & Götherström, 2011; Skoglund, Storå,

Götherström, & Jakobsson, 2013). Earlier methods include PCR

approaches that target a single locus with X-Y homology, such as the

amelogenin gene (Daskalaki et al., 2011), or a set of YSTR loci

(Tierney & Bird, 2014). More recent approaches are based on the

assessment of shotgun sequence reads mapping to Y versus X chro-

mosome (Skoglund et al., 2013). The success of this method is based

on the fact that the vast majority of individuals will have either two X

chromosomes (female) or one X and one Y (male), and using a shotgun

sequencing approach it is possible to calculate the ratio of reads map-

ping to the X and Y chromosomes to estimate sex. However, it is

important to point out that while the accuracy rates are high, genetic

sex is not binary, and it is possible for an individual to be chimeric

(have two distinct genomes, which can be of different sex, as a result

of the aggregation of two fertilized eggs in utero). These individuals

would have an Y/X ratio intermediate to male and female. Individuals

with chromosomal copy disorders such as Turner Syndrome (X0), Tri-

somy X (XXX), Klinefelter Syndrome (XXY), or Jacob's Syndrome (XYY)

may also have intermediate Y/X ratios. However, such cases are rare

and present in only 1 in 4,500 individuals today (Hughes, Houk,

Ahmed, Lee, & LWPES1/ESPE2 Consensus Group, 2006). Although

not impossible, this situation is unlikely in random archaeological sam-

ple. Importantly, if such a syndrome is present, it has been shown that

it is possible to detect all of these abnormalities using a shotgun

approach even in the case of very low target DNA against a high con-

taminating background (Mazloom et al., 2013). Other limitations

include structural variation, such as deletions, which can lead to false

negative identifications of male sex in methods based on single or

small number of loci; it is also difficult to control for contamination in

case of PCR based methods; and all genetic methods of sex estimation

are limited by the preservation of ancient DNA. Overall, this does

mean that aDNA methods still produce an estimate of sex (see Ains-

worth, 2015 for summary on genetic sex and its nonbinary nature).

Nevertheless, as aDNA accuracy is still higher than for macroscopic

methods, it provides a valuable base-line method for which to assess

macroscopic methods.

As a result of improvements in aDNA methodology, computing

power and declining costs, many large scale projects have produced

genetic sex estimates (e.g., Altena, Smeding, & Knijff, 2013). This per-

mits an assessment of the accuracy of macroscopic sex estimation

methods for preindustrial populations, as has been done for forensic

cases (Thomas et al., 2016). This will provide valuable information on

the levels of sexual dimorphism for specific traits, which would be sig-

nificant for improving macroscopic sex estimation methods. Such

research is essential as although the cost of aDNA analysis is declin-

ing, it remains expensive enough to preclude routine analysis by

archaeologists, especially in areas where funding for skeletal research

is limited, or where aDNA preservation is poor.

This article aims to explore the accuracy of macroscopic traits and

combinations of traits used for sex estimation when applied to a skel-

etal assemblage predating the postmedieval period. This will be

achieved by independently estimating sex using macroscopic traits

and genetic analysis on the skeletal material from the Hospital of St

John the Evangelist, Cambridge (13th–16th century) (here forth

known as St John's).1 By comparing sex estimations obtained from

macroscopic individual traits and combinations of traits with the

genetic estimates obtained from shotgun sequencing, accuracy rates

for the former will be calculated. In addition, assessing males and

females separately will highlight sex biases in accuracy which may

result from variation in sexual dimorphism between the St John's col-

lection and the reference populations from which the methods origi-

nated. For example, if there is higher population robusticity generally,

all males would be sexed correctly by default, but females would be

misclassified. Overall, this work, which will be the first large scale

1We are aware that diagnosis of sex from aDNA on the basis of Y chromosome

detection may not necessarily reflect biological (anatomical, hormonal) or social

“sex,” and that the latter may not necessarily always take discreet forms of

“male” or “female (Geller, 2009). Such discrepancies, however, are statistically

uncommon, and in this article we use genetic sex based upon aDNA analysis as

a proxy for a bottom-line correct determination of biological sex. Any analysis

of the matter potentially incurs such issues and requires a similar assumption;

for instance, analyses of historically “known-sex” samples routinely assume that

hospital or autopsy records accurately reflect the biological sex of each

individual.
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analysis of the accuracy of sex estimation traits in medieval popula-

tions, will test whether current macroscopic sex estimation methods

are successful on a preindustrial population from northwestern

Europe. By scrutinising the accuracy of current approaches/traits this

research contributes significant knowledge that can improve sex esti-

mation through highlighting which traits should be included or

excluded in analyses, and where the cut off values for male and

female should be for our population.

2 | MATERIALS

From 2005 to 2012 excavations at St John's College, Cambridge,

revealed a large medieval cemetery belonging to the Hospital of St

John the Evangelist. Over 400 well-preserved articulated skeletons

were excavated (Cessford, 2015). As part of the “After the Plague

project,” which aims to explore the long term biological impact of the

Black Death epidemic of 1348-50 in Cambridge, 66 adult individuals

were selected for aDNA analysis based on the presence of analyzable

teeth. This included males and females of all ages (see Table 2), and

five unknown age adults. Skeletal completeness varied from 25% to

100%. As there are more males buried at St John's Hospital cemetery,

probably because of the fact that the hospital received “poor scholars”

and these could only be men, more males were available for genetic

testing.

3 | METHODS

3.1 | Ancient DNA sampling, extraction, and pre-
PCR processing

Samples for aDNA were taken from tooth roots. While wearing

gloves to prevent contamination, one tooth from each individual

was extracted and placed in a sterile bag. Whole samples from

tooth roots were taken with a new disposable circular Dremel

wheel attachment (409) in a class II hood at the ancient DNA labo-

ratory at the Department of Archaeology at Cambridge University.

Compact root portions were soaked in 6% w/v bleach for 10 min,

then rinsed twice with ddH2O, soaked in 75% ethanol for 2 min,

transferred to a clean paper towel on a rack inside the cleaned drill

hood, UV irradiated for 50 min on each side, and then allowed to

dry before being weighed and transferred to PCR clean 5 or 15 ml

conical tubes for chemical extraction. To extract aDNA, per 100 mg

of each sample, 2 ml of 0.5M EDTA Buffer pH8.0 (Fluka) and 50 μl

of Proteinase K 10 mg/ml (Sigma Aldrich) were added modified

from Dabney et al. (2013). Tubes were rocked in an incubator for

72 hr at room temperature. Extracts were concentrated to 250 μl

using Amplicon Ultra-15 concentrators with a 30 kDa filter

(Millipore). Samples were purified according to manufacturer's

instructions using the Minelute™ PCR Purification Kit (Qiagen)

with High-Volume spin columns (Roche); samples were incubated

with EB at 37 �C for 10 min prior to elution in 50 μl.

3.2 | Library amplification

Library preparation was conducted using a protocol modified from the

manufacturer's instructions included in the NEBNext® Library Prepa-

ration Kit for 454 (E6070S, New England Biolabs, Ipswich, MA) as

detailed in Sánchez-Quinto et al. (2012). DNA fragmentation step of

the commercial library preparation protocol was omitted and reactions

were scaled to half volume; adaptors were made as described in

Meyer and Kircher (2010) and used in a final concentration of 2.5 μM

each. DNA was purified on MinElute columns with PB buffer (Qiagen,

Germany).

Libraries were amplified using the following PCR set up: 50 μl

DNA library, 1X PCR buffer, 2.5 mM MgCl2, 1 mg/ml BSA, 0.2 μM

inPE1.0, 0.2 mM dNTP each, 0.1 U/μl HGS Taq Diamond, and 0.2 μM

indexing primer. Cycling conditions were: 5 min at 94 �C, followed by

18 cycles of 30 s each at 94 �C, 60 �C, and 68 �C, with a final exten-

sion of 7 min at 72 �C. Amplified products were purified using MinE-

lute columns and eluted in 35 μl EB (Qiagen, Germany). Samples were

quantified using Quant-iT™ PicoGreen® dsDNA kit (P7589,

Invitrogen™ Life Technologies) on the Synergy™ HT Multi-Mode

Microplate Reader with Gen5™ software.

Samples were pooled in equimolar amounts and sequenced on

the Illumina NextSeq500 platform, with a 75-cycle single-end run set-

ting at the University of Cambridge Biochemistry DNA Sequencing

Facility. Sequences were returned in the form of four compressed

FASTA.GZ files per sample, which were downloaded from Illumina

BaseSpace and analyzed on the Estonian Biocentre's server.

TABLE 2 Age and genetic sex of the adult individuals included in this

study

Age range in years Female Male Sex not assigned Total

Unknown adult 2 3 0 5

15–18 0 1 0 1

18–25 5 7 1 13

25–35 4 3 0 7

35–45 6 5 0 11

45–60 5 13 0 18

60+ 3 8 0 11

Total 25 40 1 66

Note. Young = 15–25 years, middle = 25–45 years, mature = 45–65
years, old = 60 years+.

TABLE 1 Examples of published accuracy rates on known-sex and

age skeletal collections

Source Skull Os coxae
Skull and
os coxae

Meindl et al. (1985) 92.0% 96.0% 97.0%

Đuric et al. (2005) 70.6%a 93.5% 100.0%

Molleson and Cox (1993) – – 98.0%

Williams and Rogers (2006) 92.0% – –

Lewis et al. (2016) 96.9% – –

Lovell (1989) (Phenice traits) – 83.0% –

Thomas et al. (2016) 92.0% 96.0% 97.4%

Listi and Bassett (2006) – 95.0% a –

Ubelaker & Volk (2002) – 96.5% –

a Accuracy rate when ambiguous scored as incorrect.
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3.3 | Mapping and genotyping

Adapters were removed using CutAdapt (Martin, 2011). Trimmed

reads were mapped to hg19 build 37.1 using bwa v0.6.1 (Li & Durbin,

2009). Files were converted to the BAM format for use with SAM-

Tools v1.19 (Li et al., 2009). Duplicate reads were removed using

Picard Tools MarkDuplicates (http://broadinstitute.github.io/picard).

3.4 | Authenticity of results, contamination
estimates, and error rates

Damage patterns of bam files were analyzed by MapDamage2.0

(Jónsson, Ginolhac, Schubert, Johnson, & Orlando, 2013––https://

ginolhac.github.io/mapDamage). The rate of over>10% C–T transitions

in the ends of 50–30 reads and G–A in the 30–50 reads and the distribu-

tion of fragment lengths less than 200 bp is consistent with degrada-

tion found in ancient DNA (Briggs et al., 2007; Pääbo, 1989).

Contamination rates were estimated using the principle that

known polymorphic sites on haploid genomes and their adjacent sites

should have the same error rate unless some modern human contami-

nation is present. Thus, in its simplest form, the mismatch rate in adja-

cent sites can be subtracted from known polymorphic sites to

estimate the contamination rate. Rates of contamination were esti-

mated on mitochondrial DNA by calculating the percentage of non-

consensus bases at haplogroup-defining positions as utilized in Scheib

et al. (2018). Each sample was mapped against the RSRS downloaded

from phylotree.org and checked against haplogroup-defining sites for

the sample-specific haplogroup.

Error rates were estimated using the second available ANGSD

method, which uses an outgroup (Chimp) and an “error free” individ-

ual, in this case a high coverage, high quality CEU individual down-

loaded from the ANGSD github repository. The method is covered in

detail in the publication of Rasmussen et al. (2011). We followed

default parameters listed at http://www.popgen.dk/angsd/index.php/

Error_estimation.

3.5 | Molecular sex estimation

The sex of individuals was estimated using a script by Skoglund

et al. (2013) available by download online (https://github.com/pontussk/

ry_compute). This script makes use of the ratio of reads mapping to the

Y chromosomes over the number of total reads mapping to X and Y (Ry).

Ratios of 0.075 or higher indicate males. It was run with default settings

as suggested by Skoglund's documentation. Results are either returned

as XX or XY, (“XX” when Ry + CI [=1.96*SE] < 0.016 and “XY” when

Ry − CI >0.075), “consistent with XX but not XY” (Ry − CI < 0.016 and

Ry + CI < 0.075), “consistent with XY but not XX” (Ry − CI > 0.016 and

Ry + CI > 0.075), else “Not Assigned.”

3.6 | Macroscopic sex estimation methodology

Results of aDNA testing were not known until after macroscopic sex

estimates were complete. Eighteen skeletal traits were selected for

sex estimation based on their presence in widely used standards

applied to remains from the British Isles (see Table 3 for a list of traits

used and their published sources). Phenice traits, forehead inclination,

frontal bossing, and overall mandible shape were scored on a scale of

1–3 (female, unknown, and male). Traits outlined in Buikstra and Ube-

laker's (1994) standards and Brickley (2004) were scored on a scale of

1–5 following the standards (female, probable female, unknown, prob-

able male, and male). Four Workshop of European Anthropologists

(Ferembach et al., 1980) traits were also scored on a five-point scale

but from −2 (hyperfeminine) to 0 (neutral) to +2 (hypermasculine).

These scores were translated to 1 (hyperfeminine) to 5 (hypermascu-

line), respectively to match the Buikstra and Ubelaker (1994) scale.

The only exception was the preauricular sulcus which is scored as pre-

sent or absent, in which scores 1–4 are a positive confirmation of the

trait, with only score 5 (absent) being indicative of “maleness”. In total,

63 individuals could be assessed for macroscopic sex estimation.

Intraobserver tests were not carried out as previous intraobserver

tests have shown that scoring of traits is reproducible (e.g., Novak,

Schultz, & McIntyre, 2012; Walker, 2005, 2008; Williams & Rog-

ers, 2006).

After individual traits were scored, an estimate was given to the

os coxae and skull. This was done based on an average of scores

obtained. However, for the os coxae, if the sex estimates returned

ambiguous but Phenice traits had given male or female scores, the

estimate was revised to take into account the proven higher accuracy

of the Phenice traits. An overall sex estimate was given to each skele-

ton based on all of the traits assessed. Where the general skull and os

coxae estimates provided conflicting results, more weight was placed

on pelvic traits, as these have been shown to be more reliable (see

Table 1). As the material is archaeological in nature, not all traits were

observable for all individuals. Although this is an unavoidable factor

when dealing with such collections, the results will provide an oppor-

tunity to explore the impact of incompleteness on sex estimation,

TABLE 3 Os coxae and skull traits tested for accuracy in comparison

to aDNA estimations

Os coxae traits Source

Ventral arc Phenice (1969)

Ischiopubic ramus ridge Phenice (1969)

Subpubic concavity Phenice (1969)

Preauricular sulcus Buikstra and Ubelaker (1994)

Sciatic notch Buikstra and Ubelaker (1994)

Subpubic angle Brickley (2004)

Arch compose Ferembach, Schwidetzky,
and Stloukal (1980)

Iliac shape Ferembach et al. (1980)

Skull traits

Supraorbital margin Buikstra and Ubelaker (1994)

Mastoids Buikstra and Ubelaker (1994)

Glabella Buikstra and Ubelaker (1994)

Mental eminence Buikstra and Ubelaker (1994)

Nuchal crest Buikstra and Ubelaker (1994)

Frontal bossing (eminences) Schwartz (2007)

Overall mandible shape Brickley (2004)

Gonial flaring Ferembach et al. (1980)

Forehead inclination Ferembach et al. (1980)

Zygomatic arch extension Keen (1950)
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something that is important given the known impact that incomplete

suites of traits can have on final results (see Kjellstrom, 2004).

3.7 | Methodology for comparing aDNA and
macroscopic sex estimation

Results from macroscopic and genetic analysis were compared. First

we present accuracies of the combined estimate, then the separate os

coxae and skull estimates, and finally individual traits. To assess the

significance of results two tests were carried out. McNemar tests

assessed for systematic differences between the results of the aDNA

and macroscopic approaches, whereas Cohen's Kappa tests explored

the agreement between the expected (aDNA) and observed (macro-

scopic) values. This latter is important as it takes into consideration

the binary nature of the data and the fact that chance agreement

alone could be 50%. Levels of agreement followed those outlined in

Watson & Petrie (2010, p. 1170): Poor if k < 0.00, Slight if

0.00 ≤ k ≤ 0.20, Fair if 0.21 ≤ k ≤ 0.40, Moderate if 0.41 ≤ k ≤ 0.60,

Substantial if 0.61 ≤ k ≤ 0.80, and Almost perfect if k > 0.80.

In order to improve the accuracy of future sex estimation in our

population it was necessary to explore where misclassification

occurred. To do this we investigated male and female accuracy rates

separately, and assessed the distribution of male and female scores in

relation to the standards (where 1 and 2 represent female, 3 ambigu-

ous, 4 and 5 male). We calculated the probability that an individual

assigned specific score was either male or female for each trait follow-

ing Walker (2008, p. 42). This highlights where cut-off values for male

and female should be. In addition, although our sample is not large

enough to be broken down into age groups for statistical analysis,

attention was paid to the ages of individuals with incorrect sex esti-

mates for overall estimates and traits.

It has been noted that some accuracy rates from sex estimation

tests are misleading. McFadden and Oxenham (2015) demonstrated

how accuracy rates vary if ambiguous sex estimate results are

included or excluded. It could be argued that, when analysts judge a

skeleton to be of “indeterminate” sex, it should be left out of calcula-

tions of sexing accuracy, since it is technically not an incorrect estima-

tion. However, a counter-argument can be made that if a trait, or suite

of traits, produces a high quantity of “indeterminate sex” estimates,

this may reveal important information about the degree of sexual

dimorphism in a group, as well as the trait's usefulness; thus it should

be reported. Moreover, different analysts may differ in how confi-

dently they judge a skeleton to be sexable rather than indeterminate.

In cases in which analysts report that a method for sex estimation

achieves a very high accuracy, it is possible that they could simply be

consigning any specimen about which there is any ambiguity to the

“indeterminate” category and utilizing only the ones where male or

female is given. In such a case, the accuracy may be artificially

overstated; for someone trying to use the method to sex archaeologi-

cal material, the key statistic is how many specimens are accurately

sexed compared to ones which are either incorrectly sexed or left

unsexed. In the interest of clarity, two rates will be reported here.

One, termed “raw accuracy,” measures how many specimens were

sexed accurately compared to all observations, including indetermi-

nate and wrongly sexed ones; a second, termed “accuracy,” measures

only how many were accurately sexed out of only those for which a

sex estimation was achieved. This will be carried out for rates calcu-

lated for the pooled sexes, and the sexes individually. As there is an

uneven number of males and females in the sample, weighted per-

centages will be used when presenting both overall (pooled male and

female) accuracy rates.

4 | RESULTS

4.1 | Overall sex estimates

Table 4 outlines the number of females, probable females, unknown

sex, probable males, and males identified by the macroscopic and

aDNA estimates of sex. One individual could not be assigned a genetic

sex because of poor aDNA preservation, and was excluded. In addi-

tion, three other individuals were excluded as they could not be mac-

roscopically sexed because of a lack of traits.

Accuracy rates were high for all three sets of traits used to esti-

mate sex (Table 5). All of these rates are consistent with those in other

tests of sex estimation methods on postmedieval and modern skeletal

collections (see Table 1). For estimates derived from the combined

skull and pelvis traits, accuracy was 97.7%, and raw accuracy was

95.6%. Only one individual was assessed as ambiguous (a young male).

A McNemar test shows no systematic difference between the com-

bined macroscopic estimate and the genetic estimate (p = .500,

n = 47). Cohen's Kappa also shows an almost perfect level of agree-

ment between the two methods (k = 0.903, p ≤ .001, n = 47).

The os coxae estimate had an accuracy rate of 95.7% and raw

accuracy was still high at 91.8%, demonstrating low levels of ambigu-

ous sex estimates from the os coxae. A McNemar test shows no sys-

tematic difference between the macroscopic os coxae result and the

genetic results (p = .500, n = 49). Cohen's Kappa shows an almost

perfect level of agreement between the two methods (k = 0.907,

p ≤ .001, n = 49).

The accuracy of the skull was 88.4%. However, the raw accu-

racy of the skull was lower (76.7%) highlighting higher proportions

of ambiguous estimates. This is a similar rate to that identified by

Đuric et al. (2005) who also had many ambiguous sex skulls. A

McNemar test shows no systematic difference between the macro-

scopic skull results and the genetic results (p = .219, n = 60).

Cohen's Kappa shows that whereas the level of agreement between

TABLE 4 Number of females, probable females, indeterminate sex, probable males and males identified by macroscopic and aDNA estimates

of sex

Method Female Probable female Indeterminate Probable male Male Unobservable

Macroscopic sex estimates 13 6 4 12 28 3

aDNA sex estimates 25 – – – 40 1

INSKIP ET AL. 5



skull derived estimates and genetic estimates is lower than the

combined and os coxae estimates, it is still substantial (k = 0.747,

p ≤ .001, n = 60).

Table 5 presents the sex estimation results for the os coxae, skull,

and combined skull and os coxae traits for males and females sepa-

rately. In both cases the combined estimate performed best (males

100% and females 93.7%). The os coxae estimates (males 100% and

females 84.2%) were more accurate than the cranial estimates (male

96.6% and females 75%). However, both the os coxae and cranial esti-

mates were more accurate on males, especially the latter. It is worth

pointing out here that for the one female incorrectly sexed as male

using the os coxae, only a single Phenice trait was observable. This

was significant because when at least two Phenice traits were observ-

able, the accuracy in the identification of women was, like for

men, 100%.

As the degree of sexual dimorphism changes with age, it was impor-

tant to assess whether incorrectly assessed males and females were old

or young. While the sample sizes were too small to test statistically, for

women, no such effect was noted. One young female classified as male

overall, whereas a young female, two middle aged females, and an old

female classified as male by the skull. In males, while the os coxae was

correct for all individuals, based on to the skull a young male was classi-

fied as female, and a further two young, two middle and one old male

had a combination of male and female cranial traits.

TABLE 5 Accuracy (%) of sex estimates derived from os coxae traits, skull traits, and the combined os coxae and skull traits for the whole sample,

females, and males

Skeletal area Total correct Total indeterminate Total incorrect Total Raw % accuracy % accuracy

Pooled sex

Skull and os coxae 45 1 1 47 95.6 97.7

Os coxae 45 2 2 49 91.8 95.7

Skull 46 8 6 60 76.7 88.4

Females

Skull and os coxae 15 1 1 17 88.2 93.7

Os coxae 16 1 2 19 89.0 84.2

Skull 15 2 5 22 68.2 75.0

Males

Skull and os coxae 29 0 0 29 100 100

Os coxae 28 1 0 29 96.7 100

Skull 31 6 1 38 81.6 96.9

Note. Not all individuals had both the skull and os coxae so totals vary between elements.

TABLE 6 The total number of skull and os coxae traits observed, the numbers with correct, ambiguous and incorrect results and their accuracy

rates

Trait
Total
correct Total?

Total
incorrect Total

Raw %
accuracy

Total
sexed % accuracy

McNemar
test

Cohen's
kappa p

Ventral arch 48 2 2 52 92.3 50 96.0 1.000 0.937 <.001

Ischiopubic ramus 43 5 0 48 89.6 43 100.0 1.000 1.000 <.001

Subpubic concavity 46 0 0 46 100.0 46 100.0 1.000 1.000 <.001

Sciatic notch 61 11 3 75 81.3 64 95.3 1.000 0.843 <.001

Arc compose 59 4 7 70 84.3 66 89.4 0.063 0.722 <.001

Preauricular sulcus 53 0 19 72 73.6 71 73.6 0.277 0.560 <.001

Subpubic angle 35 2 0 37 94.6 35 100.0 1.000 1.000 <.001

Ilium shape 49 3 10 62 79.0 59 83.1 0.687 0.671 <.001

Nuchal crest 34 11 9 54 62.9 43 79.1 0.180 0.471 .001

Mastoid process 66 28 10 104 63.5 76 86.8 1.000 0.741 <.001

Glabella 36 8 8 52 69.2 44 81.8 1.000 0.617 <.001

Supraoribital margin 55 19 20 94 57.9 75 72.4 0.581 0.377 .013

Frontal bossing 22 12 10 44 50.0 32 68.8 0.007 0.143 .299

Zygomatic arch extension 58 24 18 100 58.0 76 76.3 0.508 0.406 .012

Forehead inclination 30 5 9 44 68.2 39 76.9 0.508 0.494 .002

Mental eminence 40 14 1 55 72.7 41 97.6 1.000 0.951 <.001

Flaring at gonial angle 52 17 23 92 56.5 75 69.3 1.000 0.297 .060

Overall mandible shape 27 3 7 37 72.9 34 79.4 1.000 0.639 <.001

Key: Total? = total indeterminate. McNemar and Cohen's kappa tests were run without ambiguous scores. Significant or near significant values in bold.
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4.2 | Individual trait accuracy

Table 6 outlines the accuracy rates, McNemar and Cohen's Kappa

results for each trait. Os coxae traits had higher accuracy and fewer

ambiguous scores than cranial traits, with all but the preauricular sul-

cus scoring 80% or higher. For the Phenice traits, iliac shape, preauri-

cular sulcus, arc compose, and subpubic angle accuracy rates accord

well with published tests on known-sex material (Đuric et al., 2005;

Karsten, 2018; McFadden & Oxenham, 2015; Novak et al., 2012). In

addition, Cohen's Kappa tests demonstrated that most os coxae traits

had higher levels of agreement with the genetic sex estimates than

cranial traits, with the Phenice traits, sciatic notch and subpubic angle

having perfect or almost perfect agreement. The agreement between

genetic estimates and the arc compose and the ilium shape was sub-

stantial, whereas the preauricular sulcus had moderate agreement.

McNemar tests only identified a trend for a systematic difference

between the genetic sex estimate for the arc compose.

Cranial trait accuracy rates are generally lower and more variable

than the pelvic traits (cranial traits ranged from 68.8% to 97.6%). In

TABLE 7 Skull and os coxae traits observed, the totals with correct, ambiguous and incorrect results and their accuracy rates (%) for males

Trait Score M % score M Score F % Score F Total sexed Score? % score? Total % raw accuracy

Ventral arch 27 93.1 2 6.5 29 2 6.5 31 87.1

Ischiopubic ramus 27 100.0 0 0.0 27 5 15.6 32 84.4

Subpubic concavity 27 100.0 0 0.0 27 0 0.0 27 100

Sciatic notch 36 94.7 2 4.6 38 6 13.6 44 81.2

Arc compose 41 100.0 0 0.0 41 0 0.0 41 100

Preauricular sulcus 29 69.2 13 30.8 42 0 0.0 42 69.0

Subpubic angle 17 100.0 0 0.0 17 2 10.5 19 89.5

Ilium shape 28 87.5 4 11.4 32 3 8.6 35 80

Nuchal crest 26 92.9 2 6.1 28 5 15.2 33 78.8

Mastoid process 40 90.9 4 6.6 44 17 27.9 61 65.6

Glabella 23 85.2 4 12.9 27 4 12.9 31 74.2

Supraoribital margin 34 64.2 19 29.2 53 12 18.5 65 52.3

Frontal bossing 11 57.9 8 29.6 19 8 29.6 27 40.7

Zygomatic arch extension 45 90.0 5 8.6 50 8 13.8 58 77.6

Forehead inclination 21 87.5 3 11.5 24 2 7.7 26 80.1

Mental eminence 22 95.7 1 3.0 23 10 30.3 33 66.7

Flaring at gonial angle 37 78.7 10 19.2 47 5 9.6 52 71.2

Overall mandible shape 14 82.4 3 15.8 17 2 10.5 19 73.7

Key: Score M = male, Score F = female, Score? = indeterminate. Accuracy is presented in % score M.

TABLE 8 Skull and os coxae traits observed, the totals with correct, ambiguous and incorrect results and their accuracy rates (%) for females

Trait Score F % Score F Score M % score male Total sexed Score? % score? Total % raw accuracy

Ventral arch 21 100.0 0 0.0 21 0 0.0 21 100.0

Ischiopubic ramus 16 100.0 0 0.0 16 0 0.0 16 100.0

Subpubic concavity 19 100.0 0 0.0 19 0 0.0 19 100.0

Sciatic notch 25 96.2 1 3.9 26 5 19.2 31 80.6

Arc compose 18 72.0 7 28.0 25 4 16.0 29 62.1

Preauricular sulcus 24 84.2 6 15.8 30 0 0.0 30 80.0

Subpubic angle 18 100.0 0 0.0 18 0 0.0 18 100.0

Ilium shape 21 77.8 6 22.2 27 0 0.0 27 77.8

Nuchal crest 8 53.3 7 46.7 15 6 40.0 21 38.1

Mastoid process 26 81.3 6 18.8 32 11 34.4 43 60.5

Glabella 13 76.5 4 23.5 17 4 23.5 21 61.9

Supraoribital margin 21 75.0 7 25.0 28 10 35.7 38 55.3

Frontal bossing 11 84.6 2 15.4 13 4 30.8 17 64.7

Zygomatic arch extension 13 50.0 13 50.0 26 16 61.5 42 31.0

Forehead inclination 9 60.0 6 40.0 15 3 20.0 18 50.0

Mental eminence 18 100.0 0 0.0 18 4 22.2 22 81.8

Flaring at gonial angle 15 53.6 13 46.4 28 12 42.9 40 37.5

Overall mandible shape 13 76.5 4 23.5 17 1 5.9 18 72.2

Key: Score M = male, Score F = female, Score? = indeterminate. Accuracy is presented in the % Score F column.
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addition, greater differences exist between accuracy and raw accuracy

rates for cranial traits highlighting higher number of ambiguous esti-

mates. McNemar tests showed that frontal bossing produced results

systematically different to those obtained from genetics and Cohen's

Kappa reveals that the only cranial trait with almost perfect agree-

ment with genetic estimates was the mental eminence (see results in

Table 6). The traits with substantial agreement were the mastoid pro-

cesses, glabella, and overall mandible shape. The nuchal crest, zygo-

matic arch extension and frontal inclination showed moderate

agreement, whereas gonial flaring and the supraorbital margin have

only fair agreement. Frontal bossing performed badly with only slight

agreement in estimates, unsurprising given the systematic differences

in results to the aDNA tests.

Tables 7 and 8 present the accuracy for traits in males and female

separately (see Tables 7 and 8) and the distribution of our scores

according to male and female categories of the standards is presented

in Table 9. The probability of someone from our sample scoring as

female (and males by inference) for each score is presented in Table 9.

For example, someone with a ventral arch score of 1 will have a prob-

ability of 1.0 for being female and therefore 0.0 for being male.

High accuracy rates for males and females were identified for the

pubic traits, especially Phenice traits which are scored on a three-

point scale (see Tables 7 and 8). For these traits, the score distribu-

tions demonstrate that the probability that someone with a female

score being female, and vice versa for males, is almost certain. A simi-

lar situation was observed for the sciatic notch, which also had high

accuracy rates for men and women (94.5% males and 96.2% females),

showing that it is a reliable indicator even though 14.8% of male and

15.8% of females scored ambiguous. However, the arc compose, pre-

auricular sulcus, and ilium shape have sex differences in accuracy

rates. The preauricular sulcus had a higher accuracy rate for females,

with nearly all females scoring in the female categories (84.2%),

whereas 30.8% of males scored in female categories resulting in a

lower accuracy (69.2%). For the arc compose all males scored 4 or

5, giving a 100% accuracy, whereas one female scored ambiguous and

27.8% were in the male categories. A similar trend is observed for the

ilium shape, with 20% of women being misclassified as male, as

opposed to only 8.7% of males being classified as female. Ambiguous

scores here were also more likely to be male.

TABLE 9 Trait by trait distribution by sex, and percentage probability

of someone with that score being female

Trait Score 1 2 3 4 5

Ventral arch Female % 100.0 – 0.0 – 0.0

Male % 5.0 – 10.0 – 85.0

%female prob 0.95 – 0.00 – 0.00

Ischiopubic
ramus

Female % 100.0 – 0.0 – 0.0

Male % 0.0 – 19.0 – 81.0

%female prob 1.00 – 0.00 – 0.00

Subpubic
concavity

Female % 100.0 – 0.0 – 0.0

Male % 0.0 – 0.0 – 100.0

%female prob 1.00 – 0.00 – 0.00

Sciatic notch Female % 26.3 52.6 15.8 0.0 5.3

Male % 0.0 7.4 14.8 48.1 29.6

%female prob 1.00 0.88 0.52 0.00 0.15

Arc compose Female % 38.9 22.2 11.1 11.1 16.7

Male % 0.0 0.0 0.0 4.3 95.7

%female prob 1.00 1.00 1.00 0.72 0.15

Preauricular
sulcus

Female % 15.8 21.1 5.3 42.1 15.8

Male % 0.0 3.8 0.0 26.9 69.2

%female prob 1.00 0.85 1.00 0.61 0.19

Subpubic
angle

Female % 80.0 20.0 0.0 0.0 0.0

Male % 0.0 0.0 8.3 8.3 83.3

%female prob 1.00 1.00 0.00 0.00 0.00

Ilium shape Female % 61.1 11.1 5.6 16.7 5.6

Male % 0.0 8.7 13.0 17.4 60.9

%female prob 1.00 0.56 0.30 0.49 0.08

Nuchal crest Female % 19.0 14.3 33.3 33.3 0.0

Male % 0.0 6.1 15.2 57.6 21.2

%female prob 1.00 0.70 0.69 0.37 0.00

Mastoid process Female % 13.6 45.5 27.3 13.6 0.0

Male % 0.0 6.0 24.3 39.3 30.4

%female prob 1.00 0.88 0.53 0.26 0.00

Glabella Female % 19.0 42.9 19.0 19.0 0.0

Male % 0.0 12.9 12.9 48.4 25.8

%female prob 1.00 0.77 0.60 0.28 0.00

Supraoribital
margin

Female % 9.5 42.9 23.8 23.8 0.0

Male % 4.3 30.4 26.1 69.6 13.0

%female prob 0.69 0.58 0.48 0.25 0.00

Frontal bossing Female % 64.7 – 23.5 – 11.8

Male % 29.6 – 29.4 – 40.7

%female prob 0.69 – 0.44 – 0.22

Zygomatic arch
extension

Female % 4.8 23.8 42.9 19.0 9.5

Male % 6.7 3.3 16.7 40.0 33.3

%female prob 0.42 0.88 0.72 0.32 0.22

Forehead
inclination

Female % 50.0 – 16.7 – 33.3

Male % 11.5 – 7.7 – 80.8

%female prob 0.81 – 0.68 – 0.29

(Continues)

TABLE 9 (Continued)

Trait Score 1 2 3 4 5

Mental eminence Female % 18.2 63.6 18.2 0.0 0.0

Male % 0.0 3.4 34.5 41.4 34.5

%female prob 1.00 0.95 0.35 0.00 0.00

Flaring at gonial
angle

Female % 9.5 28.6 28.6 33.3 0.0

Male % 0.0 21.4 10.7 42.9 25.0

%female prob 1.00 0.57 0.73 0.44 0.00

Overall mandible
shape

Female % 72.2 – 5.6 – 22.2

Male % 12.0 – 8.0 – 80.0

%female prob 0.86 – 0.41 – 0.22

8 INSKIP ET AL.



For the nuchal crest, mastoids, forehead inclination, glabella,

zygomatic arch extension, gonial flaring, and overall mandible shape

we see similar trends whereby female accuracy is lower than male

(see Tables 7 and 8). For all traits multiple females score in category

4 (Table 9). In addition, for the nuchal crest, glabella, zygomatic arch

extension, and forehead inclination scores 3 were also more likely to

be female (see Table 9). This suggests that for these traits St John's

females are more robust than the population from which the method

scores were derived. The opposite can be said for supraorbital margins

and frontal bossing where male accuracy rates were lower than

female accuracy rates (supraorbital margin 64.2% male, 75% female,

frontal bossing 57.9% male, and 84.6% female). Only for the mental

eminence did we see that an ambiguous score more frequently

belonged to a male. For the former two traits we see few individuals

scoring in the definitive categories “1” and “5,” but a tendency for

scores in the middle three categories (2–4 for supraorbital margins

and 3 for frontal bossing). This infers a lower level of sexual dimor-

phism in these traits generally as is highlighted by the differences in

raw accuracy and accuracy rates.

5 | DISCUSSION

Comparison of macroscopic and aDNA sex estimates demonstrate

that methods derived from postmedieval and modern collections are

similarly accurate when applied to the medieval skeletal collection

from St John's Hospital, Cambridge. When considering the accuracy

of the different macroscopic estimates, as with results obtained from

tests on known-sex material, those made from a combination of skull

and os coxae traits slightly outperform the os coxae estimate alone,

even though both had the same level of agreement with genetic esti-

mates. Both estimates resulted in a low level of ambiguous cases,

largely because of the excellent performance of the pubis traits.

Although skull estimates do not have such a high level of accuracy

and agreement with the genetic estimates, there was still a substantial

level of agreement and 88.4% accuracy when ambiguous estimates

were excluded. However, their use without the os coxae results in

13% of individuals remaining unsexed. This is a trend also observed

by Đuric et al. (2005) where a similar number of crania (15%) could

not be given an estimate. This demonstrates that cranial based esti-

mates are valuable when the os coxae is not available, although their

application alone will result in more individuals remaining unsexed.

Overall, this research shows that these methods have been, and are

appropriate for sex estimation on earlier material despite differences

in lifestyle and nutrition.

While few sex estimates were incorrectly made, inhibiting a sta-

tistical analysis, completeness can be highlighted as an issue. As the

pubis traits are most accurate, when they are observable sex can be

accurately estimated, even if no other traits are observable. However,

as the most accurate traits this means that when unobservable, more

misclassifications are likely; os coxae accuracy rates for women

appeared lower than for men as more pelves lacked some/all Phenice

traits, and there were more misclassifications when only the skull was

observable. As such, at least for this population, great care should be

taken when pubic traits are unobservable, and to estimate sex it is

necessary that other traits with high accuracies and agreement, for

example, the sciatic notch, mastoids or the mental eminence, must be

observable. When all these skeletal areas are all absent, one has to

evaluate necessity of a sex estimate versus the error that it may

introduce.

As it is not always possible to undertake aDNA analysis on all

skeletal remains excavated, and the nature of the material means it is

usually fragmented or incomplete, it is still desirable to improve the

accuracy of macroscopic based methods. Two clear features emerged

from our data. First, some traits had a sex bias in accuracy where

either males or females were more accurately identified and second,

some traits had a high quantity of ambiguous scores, as highlighted by

differences in accuracy and raw accuracy rates, or had significant

score overlap. Both issues result from differences in sexual dimor-

phism between our sample and that used to create the sex estimation

methods. By presenting the distribution of scores for individual traits

it was possible to see the degree of trait sex dimorphism in our sample

and how it relates to the scores and cut off points for the methods.

Os coxae traits were in general much more accurate than those of

the cranium. Considering the individual os coxae traits first, generally

there were low levels of ambiguous scores. Pubic traits and the sciatic

notch performed very well on our sample, and score distributions

matched well with the standards. However, as can be inferred from

lower McNemar test scores, the arc compose, Ilium shape, and pre-

auricular sulcus score distribution differed to that of the standards.

For the arc compose and iliac shape, many females scored in male cat-

egories ultimately resulting in a lower accuracy for women. For the

preauricular sulcus the opposite trend is observed, where nearly all

women were correctly identified in scores 1–4, but 31% of males

were misclassified. For the arc compose and the preauricular sulcus it

is possible to reconsider Score 4 as ambiguous with Score 3 being

reclassified as female. As the distribution of iliac shape scores was not

as skewed, it would be beneficial to look at a larger sample size before

changing cut-off values.

The lower accuracies of the arc compose and preauricular sulcus

is unsurprising as both have been shown accurate (Arsuaga, Lorenzo, &

Carretero, 1995; Đuric et al., 2005) and inaccurate in tests on known-

sex groups (Arsuaga et al., 1995; Karsten, 2018; Novak et al., 2012).

Đuric et al. (2005) found over 90% accuracy for the arc compose,

however they only assessed males. Our study supports their findings,

but we show it is unsuitable here for St John's females, and therefore

problematic for sex estimation. Our men had a higher percentage of

sulci than reported by Đuric et al. (2005) and Novak et al. (2012),

which resulted in lower accuracy for St John's men. This differs to

Novak et al. (2012) who had better accuracy in women. While this

issue may stem from interobserver error, there is some debate sur-

rounding the relationship between the preauricular sulcus and sex.

Radiographic studies have shown that it is usually present in fewer

than 25% of women (Dee, 1981; Gülekon & Turgut, 2001; Spring,

Lovejoy, Bender, & Duerr, 1989) with MacLaughlin and Cox (1989)

suggesting preauricular sulcus presence is related to pelvic size as well

as morphology and childbirth. Without knowing the size of the men

and women in the published studies we are not able to study this fur-

ther, but population size differences may be a factor. Thus at present

its use as a sex indicator could be questioned.
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Unlike the os coxae, where variation between male and female

morphology relate to reproductive function and have been selected

for (Schwartz, 2007), cranial dimorphism relates more strongly to dif-

ferences in body size and musculature (Mays & Cox, 2000), which can

be influenced by social patterns of physical activity, sexual selection,

disease, or dietary habits. As such, levels of cranial sexual dimorphism

have a greater potential to vary between groups. In cranial traits we

also saw sex biases. For five traits (nuchal crest, glabella, zygomatic

arch extensions, forehead inclination, and gonial flaring) Score 3 was

more likely to be female than male. Furthermore, for all cranial traits

except the mental eminence, a high proportion of females (between

13.6% and 33.3%) scored 4 or 5. This explained the lower cranial esti-

mate accuracy in females. Unlike the os coxae traits where there were

few ambiguous estimates, the cranial traits raw accuracy rates demon-

strate clearly the number of ambiguous scores. There is also signifi-

cant overlap in scores between males and females for mastoid

processes, frontal bossing, and the supraorbital margins. Overall, this

highlights the importance of assessing accuracy rates separately for

males and females, and not relying solely on pooled sex accuracy

rates, which can be deceptive.

Skewing in score distributions and/or high ambiguous rates

reflect the possibility that for medieval English people, robusticity/

development and biological sex relate differently than in modern ref-

erence populations; most notably as the females from St John score

frequently in ambiguous or Score 4, they are more robust than the

modern females used to create the standards. This could result from

the fact that medieval women often performed hard physical work;

this is particularly likely for poor women such as those likely to be bur-

ied in a charitable institution such as the Hospital (see Cessford,

2015). In addition, diet was probably coarser, although we would

expect males to more consistently score higher too. Like the os coxae

traits, accuracy can be improved for this population by reconsidering

the boundaries for “male” and “female.” In traits where females were

more robust than standards would imply (the nuchal crest, gonial flar-

ing, and zygomatic arch extensions) we can acknowledge that Score

3 likely represents female and Score 4 could be either male or female.

In a similar fashion the reverse can be done for the supraorbital mar-

gins, where males scored frequently as 3 and occasionally 2.

Many researchers highlight the importance of considering the age

of an individual before giving an overall sex estimate (Mays & Cox,

2000). As the development of “masculine” features is dependent on

an extended growth period and increased muscularity, males who die

in young adulthood may still appear “feminine.” Conversely, as females

age, their skeletal traits can become more robust especially of the skull

(Buikstra & Ubelaker, 1994). In this research very few individuals were

incorrectly sexed which prevented analysis of whether this was a fac-

tor in our misclassifications, but one young male was assessed as

female from cranial traits, with a further two scored as ambiguous.

Again, this reinforces the need to be careful when assessing young

adults. The females that were misclassified by either combined or indi-

vidual elements, were of different ages. However, it would be useful

to examine more female individuals as the sample size for some age

groups was not sufficiently large to be certain of the result.

Going forward it would be valuable to know which combination

of traits produced the highest accuracy rates. Unfortunately, for some

traits our sample size was limited preventing detailed statistical analy-

sis (e.g., discriminant functions). It would also be valuable to test

whether other medieval populations, or those that differ significantly

in lifestyle to those used in the creation of sex estimation methods,

have similar trait score distributions and sexual dimorphism to that

identified in the St John's individuals, or if it is idiosyncratic to the

group. We have to bear in mind that the sample used here represents

individuals from a hospital cemetery, which may incur some biases.

Given that sexual dimorphism is significantly affected by various social

and environmental factors (Ubelaker & DeGaglia, 2017), comparison

with contemporaneous collections of different social backgrounds,

geographical locations, and time periods could be highly enlightening

in terms of both understanding sexual dimorphism in commonly

assessed traits, and their appropriateness and usefulness in assessing

sex in archaeological skeletal collections.

6 | CONCLUSIONS

This research examined whether commonly used macroscopic traits

for sex estimation produced accuracy rates similar to those achieved

on known-sex postmedieval and modern material when assessed in a

sample of medieval skeletons from the Hospital of St John the Evan-

gelist, Cambridge. Through a comparison of macroscopic to genetic

data, this research shows that estimates derived from a combination

of skull and pelvic traits, and the pelvis and the skull individually, were

similarly accurate to tests on known-sex postmedieval and modern

remains, demonstrating their reliability for our sample. Furthermore,

like other studies, the pelvic traits outperformed those of the skull.

Individually, traits showed differences in the degree and scaling of

sexual dimorphism between the medieval sample and that of the origi-

nal collections used to create the standards, especially for skull traits.

Here, greater robusticity in females and a lower degree of dimorphism

resulted in low accuracy rates. This knowledge can now be used to

improve the accuracy of sex estimates for the St John's material

through reanalysis of the scores ascribed to “male” and “female,” as

well as the removal of the preauricular sulcus and arc compose from

analysis. Following this, and the varying results published in literature,

the results indicate that researchers using macroscopic assessment

alone for sex estimation should reconsider the use of the arc compose

and preauricular sulcus in their analysis. In addition, it is wise not to

base sex estimates on a few cranial traits, especially if the degree of

sexual dimorphism for a population is not known. Future research

should test whether these new standards are more accurate on other

material from medieval Cambridge, and explore other populations

with differing social and environmental backgrounds.

ACKNOWLEDGMENTS

The authors would like to thank the Wellcome Trust (Award no

2000368/Z/15/Z) and St John's College, Cambridge, for their funding.

Thanks are also due for the support of the Cambridge Archaeological

Unit. Dr. Piers Mitchell, Dr. Jenna Dittmar, and Craig Cessford are

thanked for their comments on this article.

10 INSKIP ET AL.



ORCID

Sarah Inskip https://orcid.org/0000-0001-7424-2094

REFERENCES

Ainsworth, C. (2015). Sex redefined. Nature, 518(7539), 288–291.
Altena, E., Smeding, M., Knijff, P.. (2013). Het DNA-onderzoek: de eerste

resultaten. In: Arts N. (eds.). Een knekelveld maakt geschiedenis. Het
archeologisch onderzoek van het koor en het grafveld van de midde-
leeuwse Catharinakerk in Eindhoven, circa 1200–1850. Utrecht:
Matrijs.

�Alvarez-Sandoval, B. A., Manzanilla, L. R., & Montiel, R. (2014). Sex deter-
mination in highly fragmented human DNA by high-resolution melting
(HRM) analysis. PLoS One, 9(8), e104629. https://doi.org/10.1371/
journal.pone.0104629

Arsuaga, J. L., Lorenzo, C., & Carretero, J. M. (1995). Sexual dimorphism of
the hip bone in the Coimbra population (Portugal). Antropologia Portu-
guesa, 13, 171–191.

Brickley, M. (2004). Determination of sex from archaeological skeletal
material and assessment of Partutition. In M. Brickley & J. I. McKinley
(Eds.), Guidelines to the standards for recording human remains. IFA paper.
UK: Southampton and Reading. (Vol. 7, pp. 22–25).

Brickley, M., & Buckberry, J. (2017). Undertaking sex assessment. In
P. D. Mitchell & M. Brickley (Eds.), Updated guidelines to the standards
for recording human remains (pp. 33–34). Reading. UK: Chartered Insti-
tute for Archaeologists.

Briggs, A. W., Stenzel, U., Johnson, P. L., Green, R. E., Kelso, J., Prüfer, K.,
… Pääbo, S. (2007). Patterns of damage in genomic DNA sequences
from a Neandertal. Proceedings of the National Academy of Sciences of
the United States of America, 104(37), 14616–14621.

Buikstra, J., & Ubelaker, D. H. (1994). Standards for data collection from
human remains (p. 44). Fayetteville, AR: Arkansas Archeological Survey
Research Series No.

Cessford, C. (2015). The St John's Hospital cemetery and environs, Cam-
bridge: Contextualising the medieval urban dead. The Archaeological
Journal, 172, 52–120.

Dabney, J., Knappb, M., Glockea, I., Gansauge, M.-T.., Weihmanna, A.,
Nickel, B.., … Meyera, M. (2013). Complete mitochondrial genome
sequence of a Middle Pleistocene cave bear reconstructed from ultra-
short DNA fragments. http://www.pnas.org/content/110/39/15758.
abstract

Daskalaki, E., Anderung, C., Humphrey, L., & Götherström, A. (2011). Fur-
ther developments in molecular sex assignment: A blind test of 18th
and 19th century human skeletons. Journal of Archaeological Science,
38, 1326–1330.

Dee, P. M. (1981). The preauricular sulcus. Radiology, 140, 354.
Đuric, M., Rako�cevi�c, Z., & Đonic, D. (2005). The reliability of sex determi-

nation of skeletons from forensic context in the Balkans. Forensic Sci-
ence International, 147, 159–164.

Faerman, M., Filon, D., Kahila, G., Greenblatt, C. L., Smith, P., &
Oppenheim, A. (1995). Sex identification of archaeological human
remains based on amplification of the X and Y amelogenin alleles.
Gene, 167, 327–332.

Ferembach, D., Schwidetzky, I., & Stloukal, M. (1980). Recommendations
for age and sex diagnoses of skeletons. Journal of Human Evolution, 9,
517–549.

Geller, P. L. (2009). Identity and difference: Complicating gender in archae-
ology. Annual Review of Anthropology, 38, 65–81.

Godde, K. (2015). Secular trends in cranial morphological traits: A socio-
economic perspective of change and sexual dimorphism in North
Americans 1849–1960. Annuals Human Biology, 42, 253–259.

Gülekon, I. N., & Turgut, H. B. (2001). The preauricular sulcus: Its radiologic
evidence and prevalence. Kaibogaku Zasshi, 76, 533–535.

Hughes, I. A., Houk, C., Ahmed, S. F., Lee, P. A., & LWPES1/ESPE2 Con-
sensus Group. (2006). Consensus statement on management of inter-
sex disorders. Archives of Disease in Childhood, 91, 554–563.

Inskip, S. A., Taylor, G. M., Zakrzewski, S. R., Mays, S. A., Pike, A. W. G.,
Llewellyn, G., … Stewart, G. R. (2015). Osteological, biomolecular and
geochemical examination of an early Anglo-Saxon case of Lepromatous
leprosy. PLoS One, 10(5), e0124282.

Jónsson, H., Ginolhac, A., Schubert, M., Johnson, P., & Orlando, L. (2013).
MapDamage2.0: Fast approximate Bayesian estimates of ancient DNA
damage parameters. Bioinformatics, 29, 1682–1684.

Karsten, J. K. (2018). A test of the Preauricular sulcus as an indicator of
sex. American Journal of Physical Anthropology, 165, 604–608.

Keen, J. A. (1950). A study of the differences between male and female
skulls. American Journal of Physical Anthropology, 8, 65–79.

Kjellstrom, A. (2004). Evaluations of sex assessment using weighted traits
on incomplete skeletal remains. International Journal of Osteoarchaeol-
ogy, 14, 360–373.

Krishan, K., Chatterjee, P.M., Kanchan, T., Kaur, S., Baryah, N., & Singh, R.
K. (2016). A review of sex estimation techniques during examination of
skeletal remains in forensic anthropology casework. Forensic Science
International 261, 165, e1-165.e8.

Lewis, C. J., Heather, M., & Gavin, M. (2016). Reliability of the Walker cra-
nial nonmetric method and implications for sex estimation. Journal of
Forensic Science, 61, 743–751.

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics, 25, 1754–1760.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., …
Durbin, R. (2009). The sequence alignment/map format and SAMtools.
Bioinformatics, 25, 2078–2079.

Listi, G. A., & Bassett, H. E. (2006). Test of an alternative method for deter-
mining sex from the os coxae: Applications for modern Americans.
Journal of Forensic Science, 51, 248–252.

Lovell, N. C. (1989). Test of Phenice's technique for determining sex from
the os pubis. American Journal of Physical Anthropology, 79, 117–120.

McFadden, C., & Oxenham, M. F. (2015). Revisiting the phenice technique
sex classification results reported by MacLaughlin and Bruce (1990).
American Journal of Physical Anthropology, 159, 182–183.

Maat, G., Mastwijk, R. W., & Van der Velde, E. A. (1997). On the reliability
of non-metrical morphological sex determination of the skull compared
with that of the pelvis in The Low Countries. International Journal of
Osteoarchaeology, 7, 575–580.

MacLaughlin, S. M., & Bruce, M. F. (1990). The accuracy of sex identifica-
tion in European skeletal remains using the Phenice characters. Journal
of Forensic Science, 35, 1384–1392.

MacLaughlin, S. M., & Cox, M. (1989). The relationship between body size
and patriation scars. Journal of Anatomy, 164, 258.

Martin, M. (2011). Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet Journal, 17, 10–12.

Mays, S., & Cox, M. (2000). Human osteology. In archaeology and forensic
science. London: GMM.

Mazloom, A. R., Džakula, Ž., Oeth, P., Wang, H., Jensen, T., Tynan, J., …
Deciu, C. (2013). Noninvasive prenatal detection of sex chromosomal
aneuploidies by sequencing circulating cell-free DNA from maternal
plasma. Prenatal Diagnosis, 33, 591–597. https://doi.org/10.1002/pd.
4127

Meindl, R. S., Lovejoy, C. O., Mensforth, R. P., & Don Carlos, L. (1985).
Accuracy and direction of error in the sexing of the skeleton: Implica-
tions for palaeodemography. American Journal of Physical Anthropology,
68, 79–85.

Meyer, M., & Kircher, M. (2010). Illumina sequencing library preparation
for highly multiplexed targets capture and sequencing. 2010(6):pdb.
prot5448. DOI 10.1101/pdb.prot5448. https://www.ncbi.nlm.nih.gov/
pubmed/20516186

Molleson, T., & Cox, M. (1993). The Spitalfields Project. Vol. 2: Anthropol-
ogy – The middling sort. Research Reports 86. New York, NY: Council
for British Archaeology.

Novak, L., Schultz, J.J., & McIntyre, M. (2012). Determining sex of the pos-
terior ilium from the Robert J. Terry and William M. Bass collections.
Journal of Forensic Sciences, 57, 1155–60. https://doi.org/10.1111/j.
1556-4029.2012.02122.x. Epub 2012 Mar 27.

Pääbo, S. (1989). Ancient DNA: Extraction, characterization, molecular
cloning, and enzymatic amplification. Proceedings of the National Acad-
emy of Sciences of the United States of America, 86(6), 1939–1943.

Phenice, T. W. (1969). A newly developed visual method of sexing the os
pubis. American Journal of Physical Anthropology, 30, 297–302.

Rasmussen, M., Guo, X., Wang, Y., Lohmueller, K., Rasmussen, S.,
Albrechtsen, A., … Willerslev, E. (2011). An aboriginal Australian genome
reveals separate human dispersals into Asia. Science, 334(6052), 94–98.

INSKIP ET AL. 11

https://orcid.org/0000-0001-7424-2094
https://orcid.org/0000-0001-7424-2094
https://doi.org/10.1371/journal.pone.0104629
https://doi.org/10.1371/journal.pone.0104629
https://doi.org/10.1002/pd.4127
https://doi.org/10.1002/pd.4127
info:doi/10.1101/pdb.prot5448
https://www.ncbi.nlm.nih.gov/pubmed/20516186
https://www.ncbi.nlm.nih.gov/pubmed/20516186
https://doi.org/10.1111/j.1556-4029.2012.02122.x.
https://doi.org/10.1111/j.1556-4029.2012.02122.x.


Sánchez-Quinto, F., Schroeder, H., Ramirez, O., Avila-Arcos, M. C.,
Pvbus, M., Velazquez, A. M., … Lalueza-Fox, C. (2012). Genomic affini-
ties of two 7,000-year-old Iberian hunter gathers. Current Anthropol-
ogy, 22, 1494–1499.

Scheib, C. L., Hongjie, L., Desai, T., Link, V., Kendall, C., Dewar, G., …
Kivisild, T. (2018). Ancient human parallel lineages with North America
contributed to a coastal expansion. Science, 360, 1024–1027. https://
doi.org/10.1126/science.aar6851

Schwartz, J. H. (2007). Skeleton keys. An introduction to human skeletal mor-
phology, development, and analysis. Oxford: Oxford University Press.

Skoglund, P., Storå, J., Götherström, A., & Jakobsson, M. (2013). Accurate
sex identification of ancient human remains using DNA shotgun
sequencing. Journal of Archaeological Science, 40, 4477–4482.

Sofaer, J. (2005). The body as material culture. Cambridge: Cambridge Uni-
versity Press.

Spradley, M. K., & Jantz, R. L. (2001). Sex estimation in forensic anthropol-
ogy: Skull versus postcranial elements. Journal of Forensic Science, 56,
286–296.

Spring, D. B., Lovejoy, C. O., Bender, G. N., & Duerr, M. (1989). The radio-
graphic preauricular groove: Its non-relationship to past parity. Ameri-
can Journal of Physical Anthropology, 79, 247–252.

Stone, A., Milner, G.R., Paäbo, S., & Stoneking, M. (1996). Sex determina-
tion of ancient human skeletons using DNA. American Journal of Physi-
cal Anthropology, 99, 231–238. https://doi.org/10.1002/(SICI)1096-
8644(199602)99:2<231::AID-AJPA1>3.0.CO;2-1.

Thomas, R. M., Parks, C. L., & Richard, A. H. (2016). Accuracy rates of sex
estimation by forensic anthropologists through comparison with DNA
typing results in case work. Journal of Forensic Science, 61, 1307–1310.

Tierney, S., & Bird, J. (2014). Sex Estimation of Human Remains from an
Irish Medieval Population using Biomolecular Method. European Scien-
tific Journal September 2014 /SPECIAL/ edition Vol.2 ISSN:
1857–7881 (Print) e - ISSN 1857–7431.

Ubelaker, D. (2008). Forensic anthropology: Methodology and diversity of
applications. In M. A. Katzenberg & S. R. Saunders (Eds.), Biological

anthropology of the human skeleton (pp. 41–69). Hoboken, New Jersey:
John Wiley & Sons Inc..

Ubelaker, D. H., & DeGaglia, C. M. (2017). Population variation in skeletal
sexual dimorphism. Forensic Science International, 407, e1–e407.
https://doi.org/10.1016/j.forsciint.2017.06.012.

Ubelaker, D. H., & Volk, C. G. (2002). A test of the Phenice method for the
estimation of sex. Journal of Forensic Science, 14, 19–24.

Walker, P. L. (2005). Greater sciatic notch morphology: Sex, age, and popu-
lation differences. American Journal of Physical Anthropology, 127,
385–391.

Walker, P. L. (2008). Sexing skulls using discriminant function analysis of
visually assessed traits. American Journal of Physical Anthropology, 136,
39–50.

Watson, P.F., & Petrie, A. (2010). Method agreement analysis: A review of
correct methodology. Theriogenology, 73, 1167–1179.

Williams, B. A., & Rogers, T. L. (2006). Evaluating the accuracy and preci-
sion of cranial morphological traits for sex determination. Journal of
Forensic Science, 51, 729–735.

SUPPORTING INFORMATION

Additional supporting information may be found online in the Sup-

porting information section at the end of the article.

How to cite this article: Inskip S, Scheib CL, Wohns AW,

Ge X, Kivisild T, Robb J. Evaluating macroscopic sex estimation

methods using genetically sexed archaeological material: The

medieval skeletal collection from St John's Divinity School,

Cambridge. Am J Phys Anthropol. 2018;1–12. https://doi.org/

10.1002/ajpa.23753

12 INSKIP ET AL.

https://doi.org/10.1126/science.aar6851
https://doi.org/10.1126/science.aar6851
https://doi.org/10.1002/(SICI)1096-8644(199602)99:2231::AID-AJPA13.0.CO;2-1
https://doi.org/10.1002/(SICI)1096-8644(199602)99:2231::AID-AJPA13.0.CO;2-1
https://doi.org/10.1016/j.forsciint.2017.06.012
https://doi.org/10.1002/ajpa.23753
https://doi.org/10.1002/ajpa.23753

	 Evaluating macroscopic sex estimation methods using genetically sexed archaeological material: The medieval skeletal colle...
	1  INTRODUCTION
	2  MATERIALS
	3  METHODS
	3.1  Ancient DNA sampling, extraction, and pre-PCR processing
	3.2  Library amplification
	3.3  Mapping and genotyping
	3.4  Authenticity of results, contamination estimates, and error rates
	3.5  Molecular sex estimation
	3.6  Macroscopic sex estimation methodology
	3.7  Methodology for comparing aDNA and macroscopic sex estimation

	4  RESULTS
	4.1  Overall sex estimates
	4.2  Individual trait accuracy

	5  DISCUSSION
	6  CONCLUSIONS
	6  ACKNOWLEDGMENTS
	  REFERENCES




