UvA-DARE (Digital Academic Repository)

Towards virtual forensic anthropology
Methodological and practical issues related to the use of clinical computed tomography (CT)
data
Colman, K.L.
Publication date
2019
Document Version
Final published version
License
Other
Link to publication
Citation for published version (APA):
Colman, K. L. (2019). Towards virtual forensic anthropology: Methodological and practical
issues related to the use of clinical computed tomography (CT) data. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

TOWARDS VIRTUAL FORENSIC ANTHROPOLOGY

TOWARDS VIRTUAL
FORENSIC ANTHROPOLOGY:
Methodological and practical issues related
to the use of clinical computed tomography
(CT) data

Kerri Lee Colman

Kerri Lee Colman

TOWARDS VIRTUAL FORENSIC ANTHROPOLOGY:
Methodological and practical issues related to the use of
clinical computed tomography (CT) data

Kerri Lee Colman

Towards virtual forensic anthropology:
Methodological and practical issues related to the use of
clinical computed tomography (CT) data

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
TOWARDS VIRTUAL FORENSIC ANTHROPOLOGY: Methodological and practical
issues related to the use of clinical computed tomography (CT) data

op gezag van de Rector Magnificus
prof. dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties ingestelde commissie,

Cover Design:

Ricky ter Steege and proefschrift-aio.nl | Guus Gijben

Layout:

proefschrift-aio.nl | Guus Gijben

Printed by:

NBD Biblion | proefschrift-aio.nl

ISBN:

978-94-93184-11-4

© Copyright, Kerri Lee Colman, Amsterdam 2019

in het openbaar te verdedigen in de Aula der Universiteit
op woensdag 27 november 2019, te 11.00 uur

door

No part of this thesis may be reproduced, stored or transmitted, in any form or by any means,
without the permission in writing of the copyright owners. Copyright of the published chapters
is held by the journals in which the work appears.

Kerri Lee Colman
This work described in this thesis was conducted at the Amsterdam UMC, Location Academic
Medical Center (AMC), University of Amsterdam. The printing of this thesis was financially
supported by the Amsterdam UMC, Location Academic Medical Center (AMC), the Co van
Ledden Hulsebosch Center, Amsterdam Center for Forensic Science and Medicine (CLHC) and
the Stichting ter Financiering van Barge’s Anthropologica.

geboren te Morningside

Mom and Dad

“Forensic anthropology is that branch of physical anthropology
which, for forensic purposes, deals with the identification of
more or less skeletonized remains known to be, or suspected of
being human. Beyond the elimination of nonhuman elements, the
identification process undertakes to provide opinions regarding
sex, age, race, stature, and such other characteristics of each
individual involved as may lead to his or her recognition.”

T. Dale Stewart, 1979
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Chapter 1
GENERAL INTRODUCTION
AND SCOPE OF THIS THESIS

General introduction and scope of this thesis

FORENSIC ANTHROPOLOGY – AN OVERVIEW

which one can study human variation, the foundation and organization of societies
to discuss and share ideas, and boards or organizations through which professionals

Forensic anthropologists apply physical anthropological knowledge and techniques

can guard and maintain the quality of research and forensic expertise in the field.

to support forensic medical examinations. As such, they mainly focus on the

From what is known, Thomas W. Todd and Robert J. Terry were among the first

analysis of skeletonized, burned or decomposed human remains. Techniques for the

to realize the value of constructing a sizeable collection of human skeletal remains

estimation of sex, age-at-death, stature and ancestry (in conjunction also referred

to enable the study of human variation (8). In 1910, after being appointed the chair

to as a biological profile) are most often employed. By developing a biological

of the anatomy department at Washington University, Robert J. Terry started

profile, forensic anthropologists can aid in the identification of unidentified human

collecting the unclaimed bodies of medical school cadavers. The collection process

remains, either by providing a lead for the investigators or by testing the probability

ended in 1967 after being taken over by Mildred Trotter. The collection, consisting

of a tentative identification. Additionally, forensic anthropologists perform detailed

of 1728 human skeletons, was named after Terry (the Terry Anatomical Collection)

analyses to answer questions regarding the traumatic changes and post-mortem

and is housed at the National Museum of History of the Smithsonian Institution (8).

processes (also called taphonomic alterations) that may have affected the remains.

Thomas W. Todd, together with Carl A. Hamman, retained the cadavers previously

The results of forensic anthropological analyses are used within various contexts,

used by medical students, to develop the anatomical collection known as the

such as the justice system, human rights violation investigations, and the recovery

Hamann-Todd Collection. This collection was created between 1912 and 1938 and is

and identification of victims of natural- or man-made disasters.

located at the Cleveland Museum of Natural History, and contains over 3100 human

The history of forensic anthropology

skeletons (8, 9). After recognition of the substantial scientific and educational value
of the abovementioned collections, other skeletal collections such as the William M.

The field of forensic anthropology stems mainly from both Europe and North

Bass Donated Skeletal Collection (10), the Pretoria Bone Collection (11) and the 21st

America, with key contributions to the roots of the field mainly originating in North

Century Identified Skeletal Collection (12), among others, were created.

America by the likes of Thomas Dwight, Aleš Hrdlička and Wilton Krogman (1, 2).

With an increasing number of practitioners and a steady increase in the body

Dwight was the first to conduct research directly related to forensic anthropological

of forensic anthropological knowledge, the need for professional organisations and

issues and subsequently published what is generally accepted as the first forensic

boards became apparent. In 1972, Ellis R. Kerley, along with 14 colleagues, founded

anthropology paper, titled “The Identification of the Human Skeleton: A Medicolegal

the “Physical Anthropology” section within the American Academy of Forensic

Study” (1878) (3). This contribution earned him the title as the “father” of forensic

Sciences (AAFS), and five years later The American Board of Forensic Anthropology

anthropology.

(ABFA). In line with similar boards within the AAFS, the main aim of this board is to

Hrdlička played a major role in the professionalization of the field by founding the
American Association of Physical Anthropologists in 1928 (4). He was consulted by

regulate the quality of forensic anthropology by setting “best practice” standards
and examining practitioners against these set standards (13).

the Federal Bureau of Investigation (FBI) on forensic cases with skeletal remains,

Due to the history of strong contributors to the field, well-established representative

and thus played an important role in the consolidation of the link between law

skeletal collections and the early initiation of research directly aimed at forensic

enforcement organizations and forensic anthropologists (1).

anthropology, the field of forensic anthropology is considered more established in

Krogman was considered an expert on human identification and became the

North America than in Europe. In contrast, Europe has a limited number of modern

“face” of forensic anthropology after publishing various articles and book chapters

skeletal collections (14-19) and formal education tracks that focus solely on forensic

specifically explaining how to analyse and report on skeletal remains from a forensic

anthropology from a bachelor level. Additionally, amongst others for political

context (5-7). These publications contributed to the establishment of forensic

reasons, researchers are reluctant when it comes to using skeletal measurements

anthropology as a scientific discipline.

to quantify human variation and classify populations (20).

Besides for the abovementioned, various key individuals can be considered as

Despite this, the field has flourished over the past decade. More often, forensic

“game changers” to the field due to their contributions. These contributions include;

anthropologists are approached to provide their expert opinion on human

the recognition of the need for representative skeletal reference collections from

identification. With an increased recognition of forensic anthropology in Europe,
the Forensic Anthropology Society of Europe (FASE) was created in 2003 to further
develop and improve the discipline. FASE also founded a regulatory board that,

10
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like ABFA, focuses on safeguarding the quality of forensic anthropology via the

Despite the existence of numerous well-known skeletal collections from which

certification of eligible professionals. Although based in Europe, this exam is not

estimation methods are developed (i.e. the Bass-, Terry-, Hamman Todd-, Pretoria

necessarily limited to European candidates.

Bone- and Raymond Dart collection (8, 9, 11)), these collections are not necessarily

In the Netherlands, forensic anthropological investigations were historically

representative of the larger residing population. This is due to the fact that these

performed by forensic pathologists and mostly included the estimation of sex (using

collections are usually strongly biased, mostly in terms of sex- and age distribution

mainly morphological techniques), ante-mortem stature and age estimation in the

and/or socioeconomic status (11, 26). In some instances, such as in South Africa,

living (pers comm. Maat (20)). However, with the rise in crime in the Netherlands in

the biases within the skeletal population reflect the demographic characteristics of

the 1980s, and the increasing frequency of unidentified skeletonized human remains

the individuals most often encountered during forensic investigations, therefore not

being found, the police, public prosecutors and forensic pathologists recognized the

hindering the development and testing of estimation methods (11). Unfortunately,

necessity for forensic anthropological support. This support was provided by George

in other countries, the development of representative skeletal collections is severely

J.R. Maat. Maat qualified in medicine and transgressed into forensic anthropology

hampered by factors such as limited accessibility to demographically representative

in the 1980s because of his interest in human skeletal anatomy. What started as

skeletal material, legislation and active migration. For example, in Britain, the Human

supporting the police with the analysis of human skeletal remains for identification

Tissue Act precludes the use of human tissue for forensic research (27), while in

or other forensic purposes, transpired into assisting with the identification of victims

the Netherlands, the demographic composition of human remains obtained through

of several disasters as a member of the ‘Rampen Identificatie Team’ (RIT) and later

body donation programs of universities does not reflect the residing population (28).

‘Landelijk Team Forensisch Onderzoek’ (LTFO), and culminated in a chair in anatomy

The population specificity of forensic anthropological methods coupled with the

and physical anthropology at the department of anatomy of the Leiden University

lack of large representative skeletal collections, means that various countries could

Medical Center (LUMC). After his retirement in 2011, others have taken over to

end up using methods derived from “foreign” populations without actually knowing

further promote physical and forensic anthropology throughout the Netherlands.

to what extent this affects the accuracy of the method. Ultimately this may lead

Recent developments in forensic anthropology

to erroneous conclusions in a forensic anthropology report, with all the associated
consequences.

As an established discipline in forensic science, forensic anthropology is not immune
to the recent increased attention for standardization and state of the art methodology

Virtual bone models as a solution

that has affected the full spectrum of forensic science. This increased attention is

A solution to the lack of representative skeletal population samples could be the

illustrated by various reports, such as that by the National Research Council in 2009

use of clinical radiological data (such as computed tomography (CT) scans) as a

(21) and the President’s Council of Advisors on Science and Technology (PCAST)

proxy for skeletal collections. The data from these scans might be used to build a

report (22), which emphasized the importance of standardization of practices and

contemporary virtual skeletal database.

establishing the reliability of research methods in forensic science. Additionally,

Building such a database has several advantages. First, the large number of CT

with the introduction of judicial benchmarks such as the well-known Daubert

scans conducted in a clinical setting on a daily basis will most likely allow for the

standards, additional requirements for admissibility as evidence in the court of law

assembly of large databases in a short period of time. Second, the databases can

were formulated. Amongst others, the Daubert standard dictates that a method

continuously be updated with the most modern/current population data. As a result,

must have been tested and have an acceptable known or potential rate of error (i.e.

the database might offer the opportunity to detect secular changes and provides the

accuracy) (23-25).

possibility to regularly re-test/update methods should these trends be present. Third,

Although this sounds simple to achieve, the reality is much more complex. Many

because these virtual skeletal databases could easily be made accessible worldwide,

forensic anthropological methods are population specific, i.e. they cannot readily

comparing human variation within/across populations, as well as determining the

be used outside the population from which they are derived. For methods to meet

accuracies of methods across the various populations may become easier. Fourth,

the Daubert standards, they thus need to be derived from or tested on large skeletal

no expensive or timely skeletal processing (e.g. maceration) is necessary, and the

collections representative for the case at hand. The challenge here lies in the

size of the collection is only limited by the amount of available digital storage space

availability of appropriate contemporary skeletal reference data.

instead of physical size.

12
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Ultimately, the success of a virtual skeletal database derived from clinical CT

The review process established the Netherlands as being one of the many

scans, depends greatly on the precise modelling of the virtual bone models from

countries that lacked an adequate population specific sex estimation method. As a

the CT images, and the accuracy with which these models represent their actual dry

solution, a pilot study, by means of a straightforward 2-Dimensional (2D) technique

bone counterparts.

using clinical CT data and focusing on the proximal femur, was conducted to test the

Various studies have attempted to answer this question in the past few years (29-

feasibility of a virtual approach. Chapter 3 presents the results hereof.

31), with data mainly being acquired from post-mortem CT scans or CT scans of

During the study described in Chapter 3, various practical and methodological

partially decomposed-/or skeletonized remains. The use of these types of scans

challenges were noted. There were various problems related to using 2D images in

as a source of data does not reflect the challenges that one would encounter when

comparison to 3-Dimensional (3D) reconstructions. However, while considering the

using clinical CT scans. Due to the presence of soft tissue and reduced radiation

switch to virtual 3D models, questions arose regarding the accuracy and precision

levels, clinical CT scans are known to have higher levels of image noise (32), which

of the models when derived from clinical CT scans.

influences the quality of the virtual bone model. Additionally, they are associated

The remainder of this thesis therefore focuses on the use of 3D virtual bone

with numerous sources of variability such as the type of scanner, slice thickness and

models derived from clinical CT scans, and the precision and accuracy of these

the amount of radiation (mAs) used. These sources of variability have the potential

models. Precision concerns the reliability of virtual bones models derived from

to influence the precision and accuracy of virtual bone models. These two very basic

clinical CT scan data, while accuracy assesses how well the virtual bones match

prerequisites (precision and accuracy) are overlooked in most previous studies.

the actual dry bones. Since forensic anthropology estimation methods are usually

This thesis therefore attempts to answer some of the more fundamental questions

based on morphological (shape) or osteometric (size) features, the accuracy is

associated with the use of virtual bone models generated from clinical CT data in

explored for both these approaches.

forensic anthropology.

Chapter 4 answers the question regarding precision: Does the size and shape of
the virtual bone change when the settings under which the CT scan is conducted
varies (i.e. slice thickness and amount of radiation)? The focus then shifts to

AIM AND OUTLINE OF THIS THESIS

accuracy with Chapter 5 examining whether morphological traits regularly assessed
during sex estimation are portrayed the same on the virtual bone models as they are

Given all the above mentioned, the aim of this thesis is to first confirm and illustrate

on the actual dry bones, and Chapter 6 ascertains whether virtual bone models are

the need for an alternative source of population data and subsequently to investigate

equivalent in size in comparison to the actual dry bones.

the suitability of virtual bone models created from clinical CT data as a suitable
alternative to physical skeletal collections.

The findings of thesis are discussed and summarized in Chapter 7 and 8, in both
English and Dutch, respectively.

The confirmation and illustration of the need for population-specific reference
data is focused on sex estimation. This is one of the key components of the biological
profile as all other estimations (age at death, stature and ancestry) are performed
best with an accurate estimation of sex. Although it is generally accepted that
skeletal sex estimation methods are population specific (33-39), a comprehensive
overview of the extent in which they are is currently lacking.
Consequently, Chapter 2 presents the results of a systematic review that explores
the availability of sex estimation methods across population groups. This review
is conducted to gain insight into recent developments in population specific sex
estimation techniques and the way in which these methods were validated.

14
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PART 1:
SEX ESTIMATION METHODS –
CLASSIFICATION ACCURACIES
AND METHOD DEVELOPMENT

Chapter 2
THE PERFORMANCE OF SEX
ESTIMATION METHODS USING
PELVIS, PER GEOGRAPHIC
REGION: A SYSTEMATIC REVIEW
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The performance of sex estimation methods using pelvis, per geographic region

INTRODUCTION
A large part of daily forensic anthropological casework focuses on the presumptive
identification of unidentified remains. This relies for a great deal on the compilation
of a biological profile (i.e. the estimation of sex, age-at-death, ante-mortem stature
and ancestry). The forensic anthropological estimation techniques that are used to
develop this biological profile are only admissible in the court of law if they are in
agreement with modern judicial benchmarks that seek to confirm their scientific
validity. Amongst the most well-known of these benchmarks are the Daubert
standards which, indicates that results are admissible as evidence when they are
derived from methods that are generally accepted by the scientific community and
have an acceptable known or potential rate of error (1-3).
Sex estimation is a key component when creating a biological profile, as all other
estimations methods (age-at-death, ante-mortem stature and ancestry) are sex-

ABSTRACT

specific and thus perform best with an accurate estimation of sex. These methods
are however subject to inter-population differences and secular trends, which means

Numerous studies have been published on the performance/accuracies

that the performance of a method in one population cannot be readily assumed

of sex estimation techniques; however, these are scattered throughout

in another (4-8). Luckily a large body of research exists in which either new sex

literature. Additionally, the performance of these techniques is known to

estimation techniques are developed for a specific population, or already existing

be influenced by the population on which they are applied. This makes

techniques are tested on other populations. However, these methods are scattered

it difficult to identify the sex estimation method that is best suited for

throughout published literature, which makes it hard to have a clear overview of the

a given population group. At the same time, in order to be admissible

available methods and their performances in different populations.

in court, these methods need to meet certain juridical benchmarks

This problem could be addressed by creating a systematic overview of all peer-

that aim to ensure their validity. This systematic review provides an

reviewed and published contemporary sex estimation methods. In addition, such an

overview of the sex estimation methods for the pelvis, per geographic

overview could be used to identify the methods that meet certain current minimum

region, that meet some of the general requirements for admissibility

quality standards, such as the assessment of intra- and inter-observer variation and

in the court of law. A systematic literature search identified an initial

cross-validation; information that may be required to make the estimation admissible

5149 publications, of which 69 relevant publications remained after

as legal evidence. Lastly, it could provide information on the possibility of pooling

an in- and exclusion process. Of these, only 21 publications stood up

data for meta-analysis and identify gaps in the current body of knowledge. To the

to the additional scientific standards of cross validation and testing of

knowledge of the authors, no such systematic review has recently been published.

inter- and intra-observer variation. These represented population groups

This paper aims to provide such an overview. Since the pelvis is considered the

derived from Australia, China, Colombia, France, Greece, Italy, Japan,

most reliable anatomical region for sex estimation (6, 9-11), this overview focuses

South Africa (Black and White), Spain, Switzerland, Thailand, and USA

on this particular skeletal element. Eventually, by communicating this up-to-date

(Hispanic and pooled), with accuracies ranging from 65.8% to 100%.

overview we hope to provide forensic anthropologists and other interested parties

The identified methods and their performances are provided in various

with a readily available summary of the tried and tested sex estimation methods

tables and electronic supplements. This review shows a) the availability

using the pelvis that are available for various population groups.

of methods for various population groups, b) the low number of rigorous
studies, and c) variations in reporting and methodology all impedes
meta-analysis, thereby hampering the development of more generally
applicable methods.
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METHODS

usually overestimates true performance, this overview only reports cross-validated
accuracies. Non-cross-validated performances from the selected publications can

In order to include all relevant original peer-reviewed published literature up until 1

be found in the various electronic supplements.

September 2018, a clinical librarian (J.G.D) constructed a systematic search strategy.

Intra- and/or inter-observer variation assessment was considered valid when it

Four different scientific literature databases (OVID Medline, OVID EMBASE, BIOSIS

was part of the study itself, or when the same authors/observers evaluated the error

Previews and SOCIAL SCIENCES CITATION INDEX (SSCI)), which in conjunction

in a previous publication that used the same method.

cover all forensic and medical peer-reviewed publications, were searched. The full
search strategy is provided as Electronic Supplementary Material Appendix 1. After
removal of all duplicates a total of 5148 studies were identified.
To be eligible for review, each manuscript had to be an original, peer-reviewed

Table 1: Inclusion criteria.
Paper:
Written in English

and published research paper, written in English, reporting on the performance and/

Primary research paper

or accuracy of a sex estimation techniques using the adult pelvis (the coxaI bone(s),

Population:

either with or without the sacrum). In addition, the method had to be developed

Known sex

and/or tested on a modern population (i.e. 1850-today) with individuals of known

Adults

sex. Minimum population size was set at 20 individuals and the population had

Modern population (1850-now)

to be reasonably non-skewed with regard to sex distribution. These criteria are

Non-skewed male:female ratio

summarized in Table 1.

Minimum sample size 20

All publications were subject to a sequential selection process in which two

Method:

independent observers (K.L.C, H.H.d.B) reviewed first the title, then the abstract

Coxal bones (with or without the sacrum)

and eventually the full text manuscript to see whether the study complied with the

Reported classification accuracies

inclusion criteria. In case of disagreement, a joint decision on in- or exclusion was
made, with leniency towards inclusion.

Osteometric or morphological methods only

From the included publications, the following data was recorded: 1) continent and
country of the study population as stipulated in the original publication 2) type of
technique used (i.e. osteometric or morphological) 3) approach for data acquisition

RESULTS

(i.e. direct (dry bone) or indirect (3D models, CT scans, X-ray etc.)), 4) publication year,
5) sample size, 6) type of statistical analysis applied, 7) assessment of intra- and

Eventually, 69 publications complied with all the selection criteria, and were included

inter-observer variation, 8) performance of the method (only the best classification

in the review. The result of the full in- and exclusion process is shown in Figure 1.

accuracy was extracted), and 9) type of cross-validation performed.

The majority of the publications reported on European (n=24), North American

From the included publications, the following data was recorded: 1) continent and

(n=24) and Asian (n=17) populations. The remaining continents all added less than

country of the study population as stipulated in the original publication 2) type of

ten publications (Africa n=7, Australia n=2 and South America n=2) (See Figure

technique used (i.e. osteometric or morphological) 3) approach for data acquisition

2). Three publications represented more than one continent (5, 12, 13) and three

(i.e. direct (dry bone) or indirect (3D models, CT scans, X-ray etc.)), 4) publication year,

publications represented the global population (12-14).

5) sample size, 6) type of statistical analysis applied, 7) assessment of intra- and

Cross validation was performed in 25 of the identified publications. Of these 21

inter-observer variation, 8) performance of the method (only the best classification

also assessed intra- and inter-observer variation. The majority of these publications

accuracy was extracted), and 9) type of cross-validation performed.

achieved accuracies above 80%; with three studies reporting accuracies above 70%

Cross-validation was considered valid when the study performed statistical

(15-17) and one reporting an accuracy of just above 65% (18).

cross-validation on the same sample population or on a test population of known
sex from the same geographical region. Since non-cross-validated accuracies
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Forty-six of the studies described in the publications used a direct data acquisition
approach (i.e. took measurements on dry bone) and 23 used an indirect data
acquisition approach (i.e. took measurements from e.g. 3D models, CT-scan or
conventional radiographs). Almost all of the morphological methods (n=16) used

2

a direct approach and only 1 used an indirect approach, while the metric methods
showed an almost even spread between direct (n=30) and indirect (n=23) approaches.
The number of publications per decade is shown in Figure 3. A general increase in
the number of publications was observed over time. Initially only direct approaches
were reported, with indirect approaches becoming available after the year 2000.
Specifically, within the last decade, an increase of publications for all types of
approaches is evident.

Fig 2. A summary of the number of studies per geographical region, per method (i.e. osteometric or
morphology) and approach ((i.e. direct (dry bone) or indirect (e.g. 3D models, CT scans, conventional
radiographs, digital photos)).

Fig 1. PRISMA flow diagram showing the in- and exclusion process.

26

Fig 3. A summary of the number of studies published per decade, since 1940, per method (i.e.
osteometric or morphology) and approach ((i.e. direct (dry bone) or indirect (3D models, CT scans,
conventional radiographs etc.)).
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Direct osteometric techniques

developed methods. Two of the publications (13, 70) did not evaluate intra- and

In total, 30 publications (5, 12, 14, 15, 19-44) reported direct osteometric sex

inter-observer variation within the included publications but did so in an earlier

estimation techniques. These publications described sex classification accuracies

publication (69).

for 19 population groups originating from; Austria, Brazil, Colombia, France, Greece,

2

India, Italy, Japan, Lithuania, the Netherlands, Portugal, South Africa (Black, White

Indirect morphological techniques

and Coloured), Switzerland, Thailand and the United States of America (Black, White

Only one publication (76) described an indirect morphological sex estimations

and Hispanic). The accuracies ranged from 0% - 100%. A detailed overview of the

technique. The method used 3D virtual bones reconstructed from CT-scans and was

publication details (e.g. study population, method used, accuracy) is provided in the

based on an Australian population group. Its classification accuracies ranged from

Supplementary Material Appendix 2.

83.7% to 92.4% (see the Supplementary Material Appendix 5 for more information).

Only 11 of the 30 publications (5, 12, 14, 15, 27, 30, 31, 33, 38, 40, 41) crossvalidated their methods (See Table 2), with accuracies ranging from 59.4% - 100%. Of

This publication was not cross-validated, nor did it test intra- and/or inter-observer
variation.

these 11 publications, seven evaluated intra- and/or inter-observer variation (5, 12,
14, 33, 38, 40, 41). Two publications (5, 12) did not evaluate intra- and inter-observer
variation within the included publications but they did so in a previous study (33, 45).

Indirect osteometric techniques
Indirect osteometric sex estimation techniques were reported in 22 publications
(16-18, 46-64). The majority (n=16) of these used computed tomography (CT) scans,
whilst the remainder used digital photos (n=3) or conventional radiographs (n=3).
The methods stemmed from 15 population groups representing; Australia, China,
France, Iran, Italy, Japan, Korea, Malawi, South Africa (Black, White and pooled),
Spain, Switzerland, Turkey, Uganda, Thailand and the United States of America.
Accuracies ranged from 21.2% - 100%. A detailed overview of these publications is
provided in the Supplementary Material Appendix 3. Roughly half (16-18, 50, 55, 56,
59, 60, 62, 63) of the publications (n=10) employed cross-validation (See Table 3),
with classification accuracies ranging from 57.0% - 100%. All of these publications
evaluated intra- and/or inter-observer variation.

Table 2: Classification accuracies of cross-validated, direct osteometric sex estimation studies on the
pelvis as reported in literature, sorted per geographical region.

Average

Male

Female

Range

Patriquin, M. L., et al. (2005) - n= 200 (M:100 and F:100)

93,5%

97,0%

90,0%

72.0% - 93.5%

Steyn, M. and M. L. Patriquin (2009) - n= 200 (M:100 and F:100) *

94,0%

94,9%

92,0%

74.9% - 94.0%

Patriquin, M. L., et al. (2005) - n= 200 (M:100 and F:100)

95,5%

93,0%

98,0%

72.0% - 95.5%

Steyn, M. and M. L. Patriquin (2009) - n= 200 (M:100 and F:100) *

94,5%

92,1%

96,9%

73.0% - 94.5%

77,5%

75,0%

80,0%

96,9%

96,3%

97,5%

64.4% - 96.9%

Steyn, M. and M. Y. Iscan (2008) - n= 192 (M:97 and F:95) *

93,5%

96,5%

89,7%

59.4% - 93.5%

Steyn, M. and M. L. Patriquin (2009) - n= 193 (M:97 and F:96) *

94,1%

97,7%

90,5%

78.4% - 94.1%

100,0%

100,0%

100,0%

100,0%

Africa
South Africa Black

South Africa White

Asia
India
Mahato, N. (2010) - n= 195 (M:110 and F:85)

morphological sex estimations techniques, based on 12 population groups
representing France, Greece, Mexico, the Netherlands, Portugal, South Africa (Black,
White and pooled), Scotland, Thailand and the United States of America (Black,
White, Hispanic and pooled). The reported classification accuracies ranged from
45.4% - 100%. Supplementary Material Appendix 4 contains detailed information on
these publications.

-

Thailand
Mahakkanukrauh, P., et al. (2017) - n= 200 (M:100 and F:100) *

Direct morphological techniques
A total of 16 publications (9, 13, 29, 36, 45, 65-75) presented the results of direct

Classification Accuracy

Author, Year and Sample Size
(per geographic region and population group)

Europe
Greece

Italy
Vacca, E. and G. Di Vella (2012) - n= 86 (M:40 and F:46) *
Switzerland
Bruzek J., et al. (2017) - n=503 (M:253 and F:250) *

98,1%

-

-

-

Cross-validation was limited to 25% (n=4) of the publications (13, 69, 70, 73)
(See Table 4), with reported accuracies ranging from 73.1% - 94.2%. The four crossvalidated studies also evaluated the intra- and/or inter-observer variation of these
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Table 2 (continued): Classification accuracies of cross-validated, direct osteometric sex estimation
studies on the pelvis as reported in literature, sorted per geographical region.
Classification Accuracy

Author, Year and Sample Size
(per geographic region and population group)

Average

Male

Female

Range

Author, Year and Sample Size
(per geographic region and population group)

Classification Accuracy
Average

Male

Female

Range

100,0%

100,0%

100,0%

81.2% - 100.0%

75,0%

63,0%

96,0%

-

81,0%

93,0%

64,0%

-

Small, C., et al. (2012) - n=67 (M:43 and F:25) *

82,0%

77,0%

92,0%

-

Small, C., et al. (2012) - n=77 (M:44 and F:33) *

87,0%

91,0%

82,0%

-

Torimitsu, S., et al. (2015) - n=208 (M:104 and F:104) *

98,1%

97,1%

99,0%

62.1% - 98.1%

Torimitsu, S., et al. (2017) - n=230 (M:115 and F:115) *

83,5%

81,7%

85,2%

67.4% - 83.5%

84,9%

83,2%

86,9%

58.3% - 84.9%

Australia

North America

Australia

USA Black
Taylor, J. V. and R. DiBennardo (1984) - n= 130 (M:65 and F:65)

Table 3: Classification accuracies of cross-validated, indirect osteometric sex estimation studies on the
pelvis as reported in literature, sorted per geographical region.

91,0%

92,0%

90,0%

-

USA White

Franklin, D., et al. (2014) - n=400 (M:200 and F:200) *
Africa
South Africa Black

Taylor, J. V. and R. DiBennardo (1984) - n= 130 (M:65 and F:65)

89,0%

88,0%

90,0%

-

Small, C., et al. (2012) - n=67 (M:43 and F:25) *
South Africa White

USA Pooled
Luo, Y. C. (1995) - n= 122 (M:66 and F:56)

100,0%

Bruzek J., et al. (2017) - n=61 (M:31 and F:30) *

99,0%

100,0%
-

100,0%

-

-

South America

Small, C., et al. (2012) - n=67 (M:43 and F:25) *
South Africa Pooled

Colombia

Asia

Moore, M. K., et al. (2016) - n= 134 (M:84 and F:50) *

92,0%

92,1%

91,9%

71.0% - 92.0%

Global
Greece and South Africa Pooled
Steyn, M. and M. L. Patriquin (2009) - n= 559 (M:287 and F:272) *

94,3%

94,8%

93,8%

71.9% - 94.1%

Pooled
Blake K. A. S. & Hartnett-McCann K. (2018) - n=400
(M:280 and F:120) *

*study evaluated intra- and/or inter-observer error

87,1%

88,0%

85,0%

-

Japan

China
Zhan M. J., et al (2018) - n=350 (M:190 and F:160) *
Europe
France
Savall, F., et al. (2015) - n=113 (M:54 and F:59) *

86,8%

-

-

60.5% - 86.8%

Italy
Benazzi, S., et al. (2009) - n=30 (M:20 and F:18) *

76,7%

70,0%

83,3%

-

Benazzi, S., et al. (2009) - n=76 (M:37 and F:39) *

90,3%

88,6%

92,1%

-

86,5%

85,5%

87,5%

-

Djorojevic, M., et al. (2014) - n=150 (M:75 and F:75) *

95,9%

97,8%

94,0%

83.3% - 95.9%

Clavero, A., et al. (2015) - n=114 (M:56 and F:58) *

65,8%

62,5%

69,0%

56.95% - 65.8%

100,0%

100,0%

100,0%

Italy Pooled
Benazzi, S., et al. (2009) - n=114 (M:57 and F:57) *
Spain

North America
USA pooled
Decker, S. J., et al. (2011) - n=100 (M:40 and F:60) *

-

*study evaluated intra- and/or inter-observer error
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Table 4: Classification accuracies of cross-validated, direct morphological sex estimation studies on
the pelvis as reported in literature, sorted per geographical region.
Author, Year and Sample Size
(per geographic region and population group)

Average

Male

Female

94,2%

95,8%

92,6%

Range

Europe
-

94,2%

96,2%

92,3%

73.1% - 94.2%

93,5%

95,4%

91,6%

86.6% - 93.5%

USA Pooled
Klales, A. R., et al. (2012) - n=140 (M:86 and F:54) *

based on population groups from Greece (5, 33) and the USA (12, 13, 50, 69).
Four of the 21 cross-validated publications reported an accuracy of 100%

North America
USA Hispanic
Klales, A. R. & Cole, S. J. (2017) - n=55 (M:27 and F:28) *

of technique (either osteometric or morphological) focusing on sex estimation using
the pelvis could be identified per population group. Exceptions hereof are studies

Greece
Oikonomopoulou E. K., et al (2017) - n= 194 (M:106 and F:88) *

with an accuracy exceeding this has potential value. With that in mind, all reported
methods had potential evidentiary value. It was noted that, generally, only one type

Classification Accuracy

Kenyhercz, M. W., et al. (2017) *

*study evaluated intra- and/or inter-observer error

(30, 38, 50, 56). This is an interesting finding, since forensic anthropological sex
estimation techniques are based on the degree of skeletal sexualization, with an
assumed overlap between males and females. One would therefore expect that
in a large enough cohort, a sex estimation accuracy of 100% cannot be achieved.
A detailed look at these publications showed a sound research methodology, an
assumedly sufficient large population size and cross-validation of the results. It is
however expected that these 100% accuracies will not hold in larger, more variable
populations.

DISCUSSION

The secondary aim of this review was to identify gaps in current knowledge
and to gauge the feasibility of pooling data for meta-analysis. The latter might

As the most recent systematic review of all modern, English-written, peer reviewed

lead to more robust and/or generally applicable sex estimation methods. Pooling

publications on sex estimation using the pelvis, our results provide interesting

of the revised data is however impossible due to the large differences in the way

insights into this particular subject.

methods and results are being reported, especially in the osteometric publications.

Of the vast number (n=5148) of initially identified publications, only 69 met our

Many varied with regard to nomenclature and measurements used. Additionally, the

inclusion criteria. This was an unexpected low number, since the in- or exclusion

combinations of variables to achieve the best classification accuracies differed per

criteria which incorporated up-to-date knowledge on population specificity and

population group. This is understandable, since the level of sexual dimorphism per

statistics (77-79), arguably constituted a minimum standard for contemporary

variable differs per population (84). However, the result is that a meta-analysis of

forensic anthropology papers. Remarkably, only a third (n=21) of the included

these publications is currently not possible.

publications (n=69) met the additional quality standards of cross validation and

Although most pronounced in the publications reporting osteometric methods,

assessment of intra- and inter-observer variation. Most of these publications

the publications using morphological methods presented with similar problems.

stemmed from the last decade. This suggests a shift towards methodologically

Again, many publications used a personal blend of variables to come to a maximum

more comprehensive studies, in line with the increased scrutiny placed on forensic

accuracy, hampering meta-analysis. Assisted by its clear methodology, only one

science in general (80-82). Besides being motivated by these developments, the

method (69) was tested across multiple populations by other authors (13, 73, 75).

increased use of cross validation may be aided by the improvement in statistics and

When using the formula from the original publication on various other populations,

statistical programs.

the method performed equally well. This means that this method is the closest to

The 21 publications that performed cross validation and have known intra- and

being a universal method in line with Daubert-like standards.

inter-observer variations reported varying accuracies and represented numerous

To aide meta-analysis in the future, a few recommendations for a more uniform

different population groups, originating from Australia, China, Colombia, France,

reporting of sex estimation methods are suggested. Clear information on the source

Greece, Italy, Japan, South Africa (Black and White), Spain, Switzerland, Thailand,

of the population/reference material should be provided and detailed demographic

and USA (Hispanic and pooled). Of these however, only eight could live up to the once

information (i.e. sample age distribution, sample size and sex distributions) should

suggested, but rather steep accuracy threshold of 95% (83). These eight publications

be included. For comparison, well-documented or at least previously studied

represent population groups derived from Australia (56), Japan (60), (41), Italy (38),

variables should be included in the analysis. Besides for reporting classification

Spain (55) Switzerland (12) and USA pooled (12, 13, 50). Since all accuracies larger

accuracies, the method for assessing intra- and inter-observer variation and the

than 50% can theoretically add some information to the biological profile, any method

results of cross-validation (either via a statistical method or a test population) should
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be clearly documented and explained. Additionally, when reporting the performance
of the cross-validated accuracies of the sex estimation method, the accuracy bias
between males and females should be recorded.
Ongoing innovation of forensic anthropological sex estimation techniques was
illustrated by the steady increase in the use of indirect data acquisition approaches.
This is probably largely due to the increased accessibility to radiological imaging (e.g.
CT scanners and conventional X-rays) and the increased availability of advanced
reconstruction- and measurement software. Additional reasons to use indirect
approaches are related to the limited number of available representative skeletal
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Appendix 1: Search Strategy per database
Ovid MEDLINE(R) ALL <1946 to September 12, 2018>
Search date: 13 September 2018
#

Searches

Results

1

sex*.ab,kf,ti. [sex]

662846

2

three-dimensional imaging/ or tomography/ or electron microscope tomography/
or exp tomography, emission-computed/ or exp tomography, optical/ or exp
tomography, x-ray/

542287

3

(3d or ct scan* or compute? tomograph* or ct based or ct imag*).ab,kf,ti.

426315

4

2 or 3 [relevant imaging]

762450

5

Pelvic Bones/ or exp Pelvis/ or pelvic floor/ or pubic bone/ or pelvimetry/

36184

6

(pelvis or pelvic or innominate or os cox* or sacrum or hip bone? or subpubic angle
or coxal bone? or ilium or pubic or ischial or ischium or sciatic notch or hip bone?).
ab,kf,ti.

140042

7

pelvic floor disorders/ or exp pelvic pain/ or exp pelvic infection/ or pelvic
neoplasms/

20747

8

(parametritis or (pelvic adj3 (pain or infection? or neoplasm? or disorder?))).ab,kf,ti.

12784

9

or/5-8 [pelvis broad concept]

157400

10

1 and 4 and 9

480

11

Sex Determination Analysis/ or forensic anthropology/

7764

12

((determin* adj2 sex) or biological profil* or forensic anthropology).ab,kf,ti.

13035

13

(identif* adj2 sex*).ab,kf,ti.

3415

14

(discriminant analysis/ or exp anthropology/) and sex characteristics/

1169

15

(diagnos* adj2 sex).ab,kf,ti. and sex characteristics/

98

16

Sex Determination by Skeleton/

482

17

Sex Determination Processes/

3540

18

(sex* adj2 dimorph*).ab,kf,ti.

13087

19

(sex estimation or sex predict* or sex assessment or sex classification or (sex adj2
indicat*)).ab,kf,ti.

2697

20

or/11-19 [sex testing]

36798

21

sex characteristics/

50346

22

(sex adj2 difference?).ab,kf,ti.

38034

23

(sex adj2 (discrimination or discriminating or discriminator?)).ab,kf,ti.

745

24

or/21-23 [sex differences]

79189

25

or/11-19,21-23 [sex testing & differences]

105288

26

exp Pelvic Bones/ or exp Pelvis/ or pelvic floor/ or pubic bone/ or pelvimetry/ or
sacrum/

60092

27

(pelvis or pelvic or innominate or os cox* or sacrum or hip bone? or subpubic angle
or coxal bone? or ilium or pubic or ischial or ischium or sciatic notch or acetabulum
or sacrum or sacral).ab,kf,ti.

157216

28

pelvic floor disorders/ or exp pelvic pain/ or exp pelvic infection/ or pelvic
neoplasms/

20747

29

(parametritis or (pelvic adj3 (pain or infection? or neoplasm? or disorder?))).ab,kf,ti.

12784

2
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Ovid Embase Classic+Embase <1947 to 2018 September 12>
Search date: 13 September 2018

Ovid Embase Classic+Embase <1947 to 2018 September 12>
Search date: 13 September 2018

#

Searches

Results

#

Searches

Results

30

exp skeleton/

735384

24

or/21-23 [sex differences]

59929

or/11-19,21-23 [sex testing & differences]

99762

31

limit 30 to yr=”1900 - 1998”

349627

25

32

or/26-29,31 [pelvis broad concept]

517860

26

exp pelvis/ or exp pelvic girdle/ or x ray pelvimetry/ or pelvimetry/

119731

33

25 and 32

2518

27

219566

34

(fordisc or phenice).ab,kf,ti.

28

(pelvis or pelvic or innominate or os cox* or sacrum or hip bone? or subpubic angle
or coxal bone? or ilium or pubic or ischial or ischium or sciatic notch).ab,kw,ti.

2928

pelvic floor disorder/ or exp pelvic pain/ or exp pelvic inflammatory disease/ or exp
pelvis tumor/

41300

10 or 33 or 34

28

35
36

animals/ not humans/

4461144

29

(parametritis or (pelvic adj3 (pain or infection? or neoplasm? or disorder?))).ab,kw,ti.

19888

37

35 not 36

2529

30

exp skeleton/

20712

1

sex*.ab,kw,ti. [sex]

904324

31

limit 30 to yr=”1900 - 1998”

9843

tomography/ or computer assisted tomography/ or exp emission tomography/ or
optical coherence tomography/ or whole body tomography/ or three dimensional
imaging/

914921

32

or/26-29,31 [pelvis broad concept]

285424

33

25 and 32

1608

3

(3d or ct scan* or compute? tomograph* or ct based or ct imag*).ab,kw,ti.

587655

34

(fordisc or phenice).ab,kw,ti.

57

4

2 or 3 [relevant imaging]

1162630

35

10 or 33 or 34

2632

(animal/ or animal experiment/ or animal model/ or nonhuman/ or rat/ or mouse/ or
(rat or rats or mouse or mice).ti.) not human/

6450026

2

5

exp pelvis/ or exp pelvic girdle/ or x ray pelvimetry/ or pelvimetry/

119731

36

6

(pelvis or pelvic or innominate or os cox* or sacrum or hip bone? or subpubic angle
or coxal bone? or ilium or pubic or ischial or ischium or sciatic notch or hip bone? or
acetabulum or sacrum or sacral).ab,kw,ti.

247478

37

35 not 36

2391

38

remove duplicates from 37

2362

7

pelvic floor disorder/ or exp pelvic pain/ or exp pelvic inflammatory disease/ or exp
pelvis tumor/

41300

8

(parametritis or (pelvic adj3 (pain or infection? or neoplasm? or disorder?))).ab,kw,ti.

19888

9

or/5-8 [pelvis broad concept]

295422

10

1 and 4 and 9

1120

11

exp Sex Determination/ or physical anthropology/ or forensic anthropology/

17573

12

((determin* adj2 sex) or biological profil* or forensic anthropology).ab,kw,ti.

15838

13

(identif* adj2 sex*).ab,kw,ti.

4300

14

(discriminant analysis/ or exp anthropology/) and sex differentiation/

72

15

(diagnos* adj2 sex).ab,kw,ti. and sex differentiation/

14

16

Sex Determination by Skeleton/

10241

17

Sex Determination Processes/

733

18

(sex* adj2 dimorph*).ab,kw,ti.

15350

19

(sex estimation or sex predict* or sex assessment or sex classification or (sex adj2
indicat*)).ab,kw,ti.

3617

20

or/11-19 [sex testing]

47335

21

sex differentiation/

10052

22

(sex adj2 difference?).ab,kw,ti.

50731

23

(sex adj2 (discrimination or discriminating or discriminator?)).ab,kw,ti.

491

40

2

Web of Science: Social Citation Index
Search date: 13 September 2018
#1

TS= (sex* AND (3d or ct scan* or compute? tomograph* or ct based or ct imag*) AND 56
(pelvis or pelvic or innominate or os cox* or sacrum or hip bone? or subpubic angle
or coxal bone? or ilium or pubic or ischial or ischium or sciatic notch or hip bone? or
acetabulum))

#2

TS= ((Sex Determination Analysis or forensic anthropology or physical anthropology
or biological profile or sex determination or sex identification or sex characteristics
or sex prediction or sex classification or sex differences or sex discriminators) AND
(pelvis or pelvic or innominate or os cox* or sacrum or sacral bone or hip bone? or
subpubic angle or coxal bone? or ilium or pubic or ischial or ischium or sciatic notch
or pelvic floor disorder or pelvic pain or pelvic inflammatory disease or pelvis tumor))

440

#3

#2 OR #1

466

Indexes=SSCI Timespan=All years

41

42
Thailand

Japan

India

South African
Coloured

Dry bone

Raghavendra, K. M.,
et al (2017)

Dry bone
Dry bone

Mahakkanukrauh,
P., et al. (2017) *
Bruzek J., et al.
(2017)

Dry bone

Dry bone

Shreekrishna, H. K.,
et al. (2013)

Kimura, K. (1982)

Dry bone

Shreekrishna, H. K.,
et al. (2012)

Dry bone

Dry bone

Mahato, N. (2010) *

Kimura, K. (1982)

Dry bone

Singh, S. and B. R.
Potturi (1978)

Dry bone

Dry bone

Bruzek J., et al.
(2017)
Bruzek J., et al.
(2017)

Dry bone

Steyn, M. and M. L.
Patriquin (2009) *

Dry bone

Bruzek J., et al.
(2017)
Dry bone

Dry bone

Steyn, M. and M. L.
Patriquin (2009) *

Patriquin, M. L., et
al. (2005) *

Dry bone

Modality

Patriquin, M. L., et
al. (2005) *

Author (s) and
Year

n= 101 (53:48)

n= 200 (100:100)

n= 103 (52:51)

n= 103 (52:51)

n= 200 (100:100)

n= 150 (75:75)

n= 100 (50:50)

n= 195 (110:85)

n= 200 (100:100)

n= 56(27:29)

n= 157 (79:78)

n= 200 (100:100)

n= 200 (100:100)

n= 57 (29:28)

n= 200 (100:100)

n= 200 (100:100)

Sample size:
Total (male:female)

No

Test population

No

No

No

No

No

DFA

No

No

No

DFA

DFA

No

DFA

DFA

Crossvalidation

Previous publication
with same author

Yes

No

No

No

No

No

No

No

Previous publication
with same author

Previous publication
with same author

Previous publication
with same author

No

Previous publication
with same author

Previous publication
with same author

No

Intra-/inter-observer
analysis

100,00%

96.9% (96.3% males; 97.5%
females)

96,70%

75,30%

22.5% (11.0% males; 34.0%
females)

67.0% (56.0% males; 78.0%
females)

84.0% (86.0% males; 82.0%
females)

77.5% (75.0% males; 80.0%
females)

88.8% (81.5%males; 96.0%
females)

100,00%

100,00%

94.0% (94.9%males; 92.0%
females)

93.5% (97.0% males; 90.0%
females)

100,00%

94.5% (92.1%males; 96.9%
females)

95.5% (93.0% males; 98.0%
females)

Best accuracy: Average
(male;female splt)

Dry bone

Bruzek J., et al.
(2017)

North
America

Dry bone

Quatrehomme, G.,
et al. (2017)

Dry bone

Steyn, M. and M. L.
Patriquin (2009) *

Flander, L. B.
(1978)

Kelley, M. (1979)

Bruzek J., et al.
(2017) *

Switzerland
USA White

Bruzek J., et al.
(2017)

MacLaughlin, S.
M. and M. F. Bruce
(1986)

Bruzek J., et al.
(2017)

Dry bone

Dry bone

Dry bone

Dry bone

Dry bone

Dry bone

Dry bone

Dry bone

Steyn, M. and M. Y.
Iscan (2008) *

Vacca, E. and G. Di
Vella (2012) *

Dry bone

Papaloucas, C., et
al. (2008)

Portugal

Netherlands

Lithuania

Italy

Greece

Dry bone

Macaluso, P. J.
(2010)

France

Dry bone

Seidler, H. (1980)

Austria

Modality

Europe

Author (s) and
Year

Country/Population
Group

Continent

n= 100 (50:50)

n= 200 (100:100)

n= 503 (253:250)

n= 116 (51:65)

n= 140 (74:66)

n= 111 (54:57)

n= 86 (40:46)

n= 192 (97:95)

n= 192 (97:95)

n= 200 (100:100)

n= 80 (49: 31)

n=51

n= 82(46:36)

n= 216 (133:83)

Sample size:
Total (male:female)

No

No

Yes

No

No

No

Yes #

Yes #

Yes #

No

No

No

No

No

Crossvalidation

Yes

No

Yes ±

Yes ±

Yes

Yes ±

Yes

Yes ±

Yes

Yes

Yes ±

Yes ±

Yes

No

Intra-/inter-observer
analysis

43

84.0% (80.0% males; 88%
females)

90% (91% males; 88%
females)

98,10%

100,00%

76.4% (77% males; 75.7%
females)

100,00%

100% (100.0% males; 100.0%
females)

94.1% (97.7%males; 90.5%
females)

93.5% (96.5% males; 89.7%
females)

99,00%

100,00%

92.9% (100.0% males; 85.7%
females)

85.4% (82.6% males and
88.9% females)

100% (100.0% males; 100.0%
females)

Best accuracy: Average
(male;female splt)
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USA Hispanic

USA Black

Country/Population
Group

Dry bone

Dry bone
Dry bone

Taylor, J. V. and
R. DiBennardo
(1984) *
Bruzek J., et al.
(2017)
Bruzek J., et al.
(2017)
Dry bone

Dry bone

Schulter-Ellis, F. P.,
et al. (1983)

Gomez-Valdes, J.
A., et al. (2011)

Dry bone

Kimura, K. (1982)

Dry bone

Bruzek J., et al.
(2017)

Dry bone

Dry bone

Bruzek J., et al.
(2017)

Kimura, K. (1982)

Dry bone

Schulter-Ellis, F. P.,
et al. (1985)

Dry bone

Dry bone

Taylor, J. V. and
R. DiBennardo
(1984) *

Flander, L. B.
(1978)

Dry bone

Kimura, K. (1982)

Dry bone

Dry bone

Kimura, K. (1982)

Kelley, M. (1979)

Modality

Author (s) and
Year

n= 146 (85:61)

n= 100 (49:51)

n= 56 (28:28)

n= 130 (65:65)

n= 100 (50:50)

n= 97 (49:48)

n= 97 (49:48)

n= 100 (50:50)

n= 200 (100:100)

n= 100 (49:51)

n= 56 (28:28)

n= 100 (50:50)

n= 130 (65:65)

n= 103 (52:51)

n= 103 (52:51)

Sample size:
Total (male:female)

No

No

No

Yes ^

No

No

No

No

No

No

No

No

Yes ^

No

No

Crossvalidation

No

Yes ±

Yes ±

No

No

No

No

Yes

No

Yes ±

Yes ±

No

No

No

No

Intra-/inter-observer
analysis

99,10%

98,40%

100,00%

91.0% (92.0% males; 90.0%
females)

96.0% (98.0% males; 94.0%
females)

95,60%

82,70%

91.0% (94.0% males; 88%
females)

91.0% (97.0% males; 84.0%
females)

100,00%

100,00%

98.0% (98.0% males; 98.0%
females)

89.0% (88.0% males; 90.0%
females)

94,30%

80,40%

Best accuracy: Average
(male;female splt)

Global

Greece and South
Africa

Dry bone
Dry bone

Blake K. A. S. &
Hartnett-McCann
K. (2018)

Dry bone

Dry bone

Bruzek J., et al.
(2017)

Steyn, M. and M. L.
Patriquin (2009) *

Machado M. P. S.,
et al (2018)

Brazil

Dry bone

Bruzek J., et al.
(2017) *

Dry bone

Dry bone

Novak, L., et al.
(2012)

Moore, M. K., et al.
(2016) *

Dry bone

Luo, Y. C. (1995) *

Colombia

Dry bone

Washburn, S. L.
(1948)

USA Pooled

Modality

Author (s) and
Year

Country/Population
Group

n= 400 (280:120)

n= 1625 (815:810)

n= 559 (287:272)

n= 103 (53:50)

n= 134 (84:50)

n= 61 (31:30)

n= 198 (97:101)

n= 122 (66:56)

n= 300 (150:150)

Sample size:
Total (male:female)

Yes #

No

Yes #

No

Yes #

Yes

No

Yes ^

No

Crossvalidation

Yes

Yes ±

No

Yes

Yes

Yes ±

Yes

No

No

Intra-/inter-observer
analysis

87.1% (88.0% males; 85.0%
females)

99.65% (110.0% males; 99.3%
females)

94.3% (94.8%males; 93.8%
females)

93.2% (100% males; 82.0%
females)

92.0% (92.1% males; 91.9%
females)

99,00%

76.3% (74.2% males; 78.2%
females)

100.0% (100.0% males;
100.0% females)

90,00%

Best accuracy: Average
(male;female splt)

* = cross-validated, Yes # = cross-validated using DFA or logistic regression, Yes ^= cross-validated using Test Population, Yes ± intra-/inter- observer error assessed in
previous publication with same author

Global

South
America

Continent

Appendix 2 (continued): Detailed information on all direct osteometric sex estimation techniques using the pelvis, per continent and per population.
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CT Scans
CT Scans
CT Scans

Akhlaghi M., et al (2017)

Biwasaka, H., et al. (2009)
Biwasaka, H., et al. (2012)
Torimitsu, S., et al. (2015) *
Torimitsu, S., et al. (2017) *

Iran

Japan

Lee, U. Y., et al. (2015)

CT Scans

CT Scans

CT Scans

n= 110 (55:55)

n= 230 (115:115)

n= 208 (104:104)

n= 228 (124:104)

n= 180 (91:89)

n= 325 (126:199)

n= 350 (190:160)

n= 400 (200:200)

Sample size:
Total
(male:female)

No

Yes #

Yes #

Department of Anatomy/Catholic
Institute for Applied Anatomy,
College of Medicine, The Catholic
University of Korea

Department of legal medicine of
The University of Tokyo

Department of legal medicine of
The University of Tokyo

No

Yes #

Yes #

Iwate Medical University School of No
Medicine, Japan

No

Yes

Yes

No

No

No

Yes

Yes

CrossIntra-/intervalidation observer
analysis

Iwate Medical University School of No
Medicine, Japan

Sina Hospital (affiliated to Tehran
University of Medical Sciences,
Tehran, Iran)

West China Hospital of Sichuan
University

Western Australian (Perth region)
hospitals

Collection

76,70%

83.5% (81.7% males;
85.2% females)

98.1% (97.1% males;
99.0% females)

94.6% (97.3% males;
91.8% females)

86.5% (84.6% males;
94.4% females)

87,20%

84.9.% (83.2%
males; 86.9%
females)

100.0% (100.0%
males; 100.0%
females)

Best accuracy:
Average
(male;female splt)

USA Pooled

Decker, S. J., et al. (2011) *

CT Scans

Karakas, H. M., et al. (2013) CT Scans

Turkey

CT Scans

CT Scans

Clavero, A., et al. (2015) *
Zech, W. D., et al. (2012)

CT Scans

Djorojevic, M., et al. (2014)
*

Switzerland

CT Scans

Djorojevic, M., et al. (2014)
*

CT Scans

Savall, F., et al. (2015) *

CT Scans

CT Scans

Mestekova, S., et al. (2015)

Lopez-Alcaraz, M., et al.
(2013)

CT Scans

Modality

Bierry, G., et al. (2010)

Author (s) and Year

n= 100 (40:60)

n= 109 (66:43)

n= 95 (49:46)

n= 114 (56:58)

n= 150 (75:75)

n= 150 (75:75)

n= 169 (102:67)

n= 113 (54:59)

n= 106 (52:54)

n= 104 (52:52)

Sample size:
Total
(male:female)

DFA

No

No

No

No

Yes #

Yes #

Yes #

University of South Florida College Yes #
of Medicine

Caucasian adults living in Eastern
Anatolia

Forensic Institute of Bern
University (between 2005 and
2010).

Radiology Dept. at the Hospital
Universitario de Guadalajara

Castilla-La Mancha Health Care
Service

San José Granada Municipal
Cemetery, Southern Spain

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

CrossIntra-/intervalidation observer
analysis

Physical and Forensic
No
Anthropology Laboratory in the
Medical School of the University of
Granada, Spain.

Centre Hospitalier Universitaire
Purpan, place du docteur Baylac,
Toulouse, France.

CT scans taken from patients at
the University North Hospital in
Marseille, France

University Hospital in Strasbourg
(France)

Collection

100.0% (100.0%
males; 100.0%
females)

90.8% (83.7% males;
95.5% females)

78.9% (76.0% males;
83.0% females)

65.8% (62.5% males;
69.0% females)

94,70%

95.9% (97.8% males;
94.0% females)

95,80%

86,80%

94.8% (92.3% males;
97.2% females)

77.9% (78.8% males
and 76.9% females)

Best accuracy:
Average
(male;female splt)

* = cross-validated, Yes # = cross-validated using DFA or logistic regression, Yes ^= cross-validated using Test Population, Yes ± intra-/inter- observer error assessed
in previous publication with same author

North
America

France

Europe

Spain

Country/
Population
Group

Continent

Appendix 3 (continued): Detailed information on all indirect osteometric sex estimation techniques using the pelvis, per continent and per population.

Korea

CT Scans

Zhan M. J., et al (2018) *

China

CT Scans

Asia

Franklin, D., et al. (2014) *

Australia

Modality

Australia

Author (s) and Year

Country/
Population
Group

Continent
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South
African
White

Africa
Dry bone

Dry bone

Dry bone

Dry bone

Dry bone

Dry bone

Patriquin, M. L., et al.
(2003)

Patriquin, M. L., et al.
(2003)

Patriquin, M. L., et al.
(2003)

Patriquin, M. L., et al.
(2003)

Kenyhercz, M. W., et al.
(2017)

Modality

Patriquin, M. L., et al.
(2003)

Author (s) and Year

n= 100 (50:50)

n= 200 (100:100)

n= 200 (100:100)

n= 200 (100:100)

n= 200 (100:100)

n= 200 (100:100)

Sample size:
Total
(male:female)

Pretoria Bone Collection at the
University of Pretoria, South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Collection

No

No

No

No

No

No

Yes

No

No

No

No

No

CrossIntra-/intervalidation observer
analysis

96.0% (96.0% males;
96.0% females)

88.0% (80.0% males;
96.0% females)

67.5% (96.0% males;
39.0% females)

50.5% (93.0% males;
8.0% females)

88.0% (92.0% males;
84.0% females)

64.5% (33.0% males;
96.0% females)

Best accuracy:
Average
(male;female splt)

Continent

Dry bone

Dry bone

Dry bone

Patriquin, M. L., et al.
(2003)

Patriquin, M. L., et al.
(2003)

Kenyhercz, M. W., et al.
(2017)

Dry bone

Dry bone

Patriquin, M. L., et al.
(2003)

Kenyhercz, M. W., et al.
(2017)

Dry bone

Patriquin, M. L., et al.
(2003)

South
African
Pooled

Dry bone

Patriquin, M. L., et al.
(2003)

South
African
Black

Modality

Author (s) and Year

Country/
Population
Group

n= 200 (100:100)

n= 100 (50:50)

n= 200 (100:100)

n= 200 (100:100)

n= 200 (100:100)

n= 200 (100:100)

n= 200 (100:100)

Sample size:
Total
(male:female)

Pretoria Bone Collection at the
University of Pretoria, South Africa

Pretoria Bone Collection at the
University of Pretoria, South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Pretoria Bone Collection (University of
Pretoria) and Raymond Dart Collection
(University of the Witwatersrand),
South Africa

Collection

No

No

No

No

No

No

No

Yes

Yes

No

No

No

No

No

CrossIntra-/intervalidation observer
analysis

97.0% (98.0% males;
96.0% females)

98.0% (100.0% males;
96.0% females)

84.5% (81.0% males;
88.0% females)

66.0% (92.0% males;
40.0% females)

56.0% (93.0% males;
19.0% females)

84.0% (94.0% males;
74.0% females)

87.5% (91.0% males;
84.0% females)

Best accuracy:
Average
(male;female splt)

Appendix 4 (Continued): Detailed information on all direct morphological sex estimation techniques using the pelvis, per continent and per population.
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Population
Group

Continent
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n= 136 (72:64)

Oikonomopoulou E. K., et
al (2017) *
MacLaughlin, S. M. and M. Dry bone
F. Bruce (1986)
MacLaughlin, S. M. and M. Dry bone
F. Bruce (1990)

Greece
Netherlands

USA White

Dry bone
Dry bone

Phenice, T. W. (1969)
Listi, G. A. and H. E.
Bassett (2006)

MacLaughlin, S. M. and M. Dry bone
F. Bruce (1990)

Scotland

Dry bone

Bruzek, J. (2002)

Portugal

Dry bone

Dry bone

n= 473 (314:159)

n= 203 (160:43)

n= 52 (28:24)

n= 240 (106:134)

n= 194 (106:88)

n= 162 (98:64)
Yes #

No

No

No

No

No

William M. Bass Donated Collection
No
housed at the University of Tennessee,
the Robert J. Terry Anatomical Skeletal
Collection housed at the National
Museum of Natural History, and the
Donated Forensic Collection housed at
Louisiana State University.

"Terry Collection of the Smithsonian
Institution, Washington, USA"

Department of Anatomy, University of
Aberdeen, Scotland

Portuguese skeletal collection
(Bocquet et al., 1978)

Department of Anatomy and
No
Embryology at the University of Leiden,
The Netherlands

No

No

No

No

No

No

Yes

No

Yes

CrossIntra-/intervalidation observer
analysis

Department of Anatomy and
No
Embryology at the University of Leiden,
The Netherlands

The University of Athens Human
Skeletal Reference Collection

French skeletal collections (Carre,
1978; Olivier, 1972)

Khon Kaen University, Thailand

Collection

94.8% (93.5% males;
96.0% females)

97.8% (95.6% males;
100.0% females)

75.3% (71.4% males;
79.2% females)

93.4% (94.2% males;
92.6% females)

72.0% (76.4% males;
67.6% females)

89.0% (95.9% males;
81.0% females)

94.2% (95.8% males;
92.6% females)

96.0% (96.8% males;
95.2% females)

98.4% (98.9% males;
97.8% females)

Best accuracy:
Average
(male;female splt)

Continent

USA Black

Country/
Population
Group

Dry bone

Listi, G. A. and H. E.
Bassett (2006)

Dry bone

Kenyhercz, M. W., et al.
(2017)

Dry bone

Dry bone

Listi, G. A. (2010)

Phenice, T. W. (1969)

Modality

Author (s) and Year

N= 403 (250:153)

n= 72 (20:52)

n= 980 (579:401)

n= 200 (100:100)

Sample size:
Total
(male:female)

No

No

William M. Bass Donated Collection
No
housed at the University of Tennessee,
the Robert J. Terry Anatomical Skeletal
Collection housed at the National
Museum of Natural History, and the
Donated Forensic Collection housed at
Louisiana State University.

"Terry Collection of the Smithsonian
Institution, Washington, USA"

Hamann-Todd Human Osteological
Collection housed at the Cleveland
Museum of Natural History, the
Robert J. Terry Anatomical Skeletal
Collection from the Smithsonian
Institute, the William M. Bass
Donated Skeletal Collection at the
University of Tennessee, Knoxville,
identified forensic cases from the
Department of Applied Forensic
Sciences at Mercyhurst University,
and the Hartnett–Fulginiti Pubic Bone
Collection at the Maricopa County
Office of the Medical Examiner in
Phoenix, Arizona

No

No

Yes

Yes

CrossIntra-/intervalidation observer
analysis
William M. Bass Donated Collection
No
housed at the University of Tennessee,
the Robert J. Terry Anatomical Skeletal
Collection housed at the National
Museum of Natural History, and the
Donated Forensic Collection housed at
Louisiana State University.

Collection

96.0% (97.0% males;
95.0% females)

94.6% (95.0% males;
94.2% females)

95.4% (96.0% males;
94.5% females)

96.5% (98.5% males;
94.5% females)

Best accuracy:
Average
(male;female splt)

Appendix 4 (Continued): Detailed information on all direct morphological sex estimation techniques using the pelvis, per continent and per population.

North
America

n= 140 (74:66)

Bruzek, J. (2002)

n= 141 (96:45)

France

Dry bone

Europe

Kenyhercz, M. W., et al.
(2017)

Sample size:
Total
(male:female)

Thailand

Modality

Asia

Author (s) and Year

Country/
Population
Group

Continent

Appendix 4 (Continued): Detailed information on all direct morphological sex estimation techniques using the pelvis, per continent and per population.
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Klales, A. R., et al. (2012) * Dry bone

USA Pooled

Dry bone

Dry bone

Kenyhercz, M. W., et al.
(2017)

Klales, A. R. & Cole, S. J.
(2017) *

Dry bone

Modality

Listi, G. A. (2010)

Author (s) and Year

USA
Hispanic

Country/
Population
Group

n= 140 (86:54)

n= 55 (27:28)

n= 548 (294:254)

n= 200 (100:100)

Sample size:
Total
(male:female)

No

Hamann-Todd Collection at the
Cleveland Museum of Natural History
and W.M. Bass Donated Skeletal
Collection housed at the University of
Tennessee, Knoxville

Yes

Forensic Anthropology Center at Texas Yes
State, Texas State University, San
Marcos, TX and Texas State University
Donated Skeletal Collection

Hamann-Todd Human Osteological
Collection housed at the Cleveland
Museum of Natural History, the
Robert J. Terry Anatomical Skeletal
Collection from the Smithsonian
Institute, the William M. Bass
Donated Skeletal Collection at the
University of Tennessee, Knoxville,
identified forensic cases from the
Department of Applied Forensic
Sciences at Mercyhurst University,
and the Hartnett–Fulginiti Pubic Bone
Collection at the Maricopa County
Office of the Medical Examiner in
Phoenix, Arizona

Yes

Yes

Yes

Yes

CrossIntra-/intervalidation observer
analysis

William M. Bass Donated Collection
No
housed at the University of Tennessee,
the Robert J. Terry Anatomical Skeletal
Collection housed at the National
Museum of Natural History, and the
Donated Forensic Collection housed at
Louisiana State University.

Collection

93.5% (95.4% males;
91.6% females)

94.2% (96.2% males;
92.3% females)

96.7% (97.6% males;
95.7% females)

95.3% (98.0% males;
92.5% females)

Best accuracy:
Average
(male;female splt)

Continent

Country/
Population
Group

Modality

Dry bone

Dry bone

Dry bone

Dry bone

Dry bone

Author (s) and Year

Novak, L., et al. (2012)

Wescott, D. J. (2015)

Kenyhercz, M. W., et al.
(2017) *

Karsten J. K. (2018)

Lesciotto K. M. &
Doershuk L. J. (2018)

n= 279 (140:139)

n= 500 (261:239)

n= 1527
(873:654)

n= 322 (181:141)
individuals (181
males and 141
females

n= 198 (97:101)

Sample size:
Total
(male:female)

Hamann-Todd skeletal collection
housed at the Cleveland Natural
History Museum, USA

Hamann-Todd skeletal collection
housed at the Cleveland Natural
History Museum, USA

Hamann-Todd Human Osteological
Collection housed at the Cleveland
Museum of Natural History, the
Robert J. Terry Anatomical Skeletal
Collection from the Smithsonian
Institute, the William M. Bass
Donated Skeletal Collection at the
University of Tennessee, Knoxville,
identified forensic cases from the
Department of Applied Forensic
Sciences at Mercyhurst University,
and the Hartnett–Fulginiti Pubic Bone
Collection at the Maricopa County
Office of the Medical Examiner in
Phoenix, Arizona

Terry Collection at the Department
of Anthropology of the Smithsonian
Institution and W.M. Bass Donated
Skeletal Collection housed at the
University of Tennessee, Knoxville

William M. Bass Donated Skeletal
Collection and Robert J. Terry
Anatomical Collection

Collection

No

No

Yes

No

No

Yes

Yes

Yes

Yes

Yes

CrossIntra-/intervalidation observer
analysis

73.2% (50.7% males;
95.7% females)

75.8% (62.8% males;
90.0% females)

95.8% (96.8% males;
94.5% females)

83.1% (99.5% males;
66.7% females)

88.4% (90.7% males;
96.1% females)

Best accuracy:
Average
(male;female splt)

Appendix 4 (Continued): Detailed information on all direct morphological sex estimation techniques using the pelvis, per continent and per population.
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Bruzek, J. (2002)

Dry bone

Dry bone

Kenyhercz, M. W., et al.
(2017)

France and
Protugal
Pooled

Dry bone

Gomez-Valdes, J. A., et al.
(2017)

Mexico

Modality

Author (s) and Year

Country/
Population
Group

n= 402 (204:198)

n= 48 (24:24)

n= 146 (84:62)

Sample size:
Total
(male:female)

French skeletal collections (Carre,
1978; Olivier, 1972) and Portuguese
skeletal collection (Bocquet et al.,
1978)

Unidentified border crosser (UBC)
sample was collected at the Forensic
Anthropology Center at Texas State
University. The UBC sample consists
of unidentified migrants who died
crossing the U.S.–Mexico border.
The demographic information
for these individuals was inferred
based on a number of variables.
Sex was determined via DNA or
visual assessment of genitalia. For
the remaining individuals, sex was
estimated based on artifacts and
metric analyses

Mestizo individuals from Mexico City
from the Osteological Collection of
the National Autonomous University
of Mexico (UNAM-Collection), in the
Physical Anthropology Laboratory,
Department of Anatomy, School of
Medicine

Collection

No

No

No

No

Yes

No

CrossIntra-/intervalidation observer
analysis

94.4% (95.4% males;
93.3% females)

98.6% (95.8% males;
87.5% females)

100% (100.0% males;
100.0% females)

Best accuracy:
Average
(male;female splt)

Author (s) and Year

Kenyhercz, M. W., et al.
(2017)

Country/
Population
Group
Global

Dry bone

Modality

n= 1915
(1092:823)

Sample size:
Total
(male:female)

Hamann-Todd Human Osteological
Collection housed at the Cleveland
Museum of Natural History, the
Robert J. Terry Anatomical Skeletal
Collection from the Smithsonian
Institute, the William M. Bass
Donated Skeletal Collection at the
University of Tennessee, Knoxville,
identified forensic cases from the
Department of Applied Forensic
Sciences at Mercyhurst University,
and the Hartnett–Fulginiti Pubic Bone
Collection at the Maricopa County
Office of the Medical Examiner in
Phoenix, Arizona, unidentified border
crosser (UBC) sample was collected
at the Forensic Anthropology Center
at Texas State University and Pretoria
Bone Collection at the University of
Pretoria, South Africa

Collection

No

Yes

CrossIntra-/intervalidation observer
analysis

95.9% (96.8% males;
94.8% females)

Best accuracy:
Average
(male;female splt)

* = cross-validated, Yes # = cross-validated using DFA or logistic regression, Yes ^= cross-validated using Test Population, Yes ± intra-/inter- observer error assessed in previous
publication with same author

Continent

Appendix 4 (continued): Detailed information on all direct morphological sex estimation techniques using the pelvis, per continent and per population.
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56
Australia

Australia

Johnstone-Belford, E., et
al. (2018)

Author (s) and Year

CT
Scans

Modality

n= 448 (226:222)

Sample size:
Total
(male:female)
Various Western Australian hospitals
pelvic clinical evaluations

Collection

No

Yes

CrossIntra-/intervalidation observer
analysis

92.4% (87.6% males;
97.3% females)

Best accuracy:
Average
(male;female splt)

* = cross-validated, Yes # = cross-validated using DFA or logistic regression, Yes ^= cross-validated using Test Population, Yes ± intra-/inter- observer error assessed in previous
publication with same author

Country/
Population
Group

Continent

Appendix 5: Detailed information on all indirect morphological sex estimation techniques using the pelvis, per continent and per population.
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Dutch population specific sex estimation formulae using the proximal femur

INTRODUCTION
Sex estimation is an important part of creating a biological profile, and ultimately
assisting in creating a presumptive identification of unidentified skeletal remains.
The use of morphological characteristics for sex estimation has proven favourable
in accurate sex estimation across populations and time (1-7) and is reported as
the most commonly employed approach in forensic practice (8). Sex estimations
generated through osteometric evaluation are considered more objective and
considered the second best indicator to use for sex estimation (9), but they are
known to be population-specific and are therefore less accurate when applied
outside the population group from which the method was derived (10-15).

ABSTRACT

Currently, no osteometric sex estimation methods for the Dutch population exist
and the development of such a method is hindered by the absence of a skeletal

Sex

forensic

population to act as an appropriate reference sample. Archaeological populations

anthropological analyses of unidentified human skeletal remains. While

estimation

techniques

are

frequently

applied

in

exist but cannot be used due to the presence of secular trends, such as in the

morphological sex estimation methods are able to endure population

considerable increase in stature observed in the Dutch population from 1880

differences, the classification accuracy of metric sex estimation

onwards (16). While academic body donation programmes from Dutch Universities

methods are population-specific. No metric sex estimation method

can provide access to contemporary variation in skeletal remains, these samples are

currently exists for the Dutch population. The purpose of this study is to

unsuitable because of the extreme overrepresentation of elderly individuals (17, 18).

create Dutch population specific sex estimation formulae by means of

A solution to the lack of a representative skeletal reference population is

osteometric analyses of the proximal femur. Since the Netherlands lacks

possibly presented by the vast amount of computed tomography (CT) data that

a representative contemporary skeletal reference population, 2D plane

is generated on a daily basis by clinical radiology departments. Previous studies

reconstructions, derived from clinical computed tomography (CT) data,

have demonstrated that 2D and 3D reconstructions of CT images are accurate

were used as an alternative source for a representative reference sample.

representations of a wide range of dry skeletal elements and therefore the modality

The first part of this study assesses the intra- and inter-observer error, or

should be usable in the development of methods for use on both dry and virtual

reliability, of twelve measurements of the proximal femur. The technical

skeletal remains (19-22). While there is a wide range of imaging variables that may

error of measurement (TEM) and relative TEM (% TEM) were calculated

alter the precision of virtual bone elements created from CT data, Colman et al. (23)

using 26 dry adult femora. In addition, the agreement, or accuracy, between

indicated that variation in the type of CT-scanner used, slice thickness, and exposure

the dry bone and CT-based measurements was determined by percent

level do not have a significant impact. Therefore, data from numerous hospitals and/

agreement. Only reliable and accurate measurements were retained for

or departments can be used without concern regarding the precision of the virtual

the logistic regression sex estimation formulae; a training set (n = 86)

models generated.

was used to create the models while an independent testing set (n = 28)

The aim of this study was to develop sex estimation formulae for the

was used to validate the models. Due to high levels of multicollinearity,

contemporary Dutch population using clinical CT data. The study focusses on the

only single variable models were created. Cross-validated classification

proximal femur, which has consistently reported high levels of sexual dimorphism

accuracies ranged from 86% to 92%.The high cross-validated classification

(10, 12, 24-31). However, the use of clinical CT data as an alternative source of

accuracies indicate that the developed formulae can contribute to the

osteometric population data requires that the femoral measurements are reliable

biological profile and specifically in sex estimation of unidentified human

and that there is substantial agreement between the dry bone- and CT-based

skeletal remains in the Netherlands. Furthermore, the results indicate

measurements. Therefore, the first aim of this study tests the reliability (i.e. intra-

that clinical CT data can be a valuable alternative source of data when

and inter-observer variation) and accuracy of the of various dry bone and CT-based

representative skeletal collections are unavailable.
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femoral measurements. Only the reliable and accurate femoral measurements are

respective means (34). Plots with a scatter around zero indicate that the dry bone

used for the second aim of this study, which is to develop sex estimation forumulae

and CT-based measurements agree; an increase in disagreement will also increase

using clinical CT data.

the width of the scatter.
The agreement between the dry bone and CT-based measurements was evaluated
by calculating the percentage of the CT-based measurements that agreed with the dry

MATERIALS AND METHODS
Part 1: Reliability and Accuracy
Materials

bone measurements. This was done at two levels, namely with a maximum difference
of 1 mm and 2 mm. Only reliable (TEM <1 mm, and a %TEM< 2%) and accurate (>75%
percent agreement on the 2 mm level) measurements were used for the second part
of the study. All statistical analyses were done using R, version 3.3.0 (35).

Twenty-six dry adult femora were obtained from the body donation program of the
Department of Medical Biology of the Academic Medical Center (AMC), University
of Amsterdam, the Netherlands. Because the first aim is directed towards reliability
of measurements, demographic statistics and age/sex distributions were not taken
into account.

Methods
All femora were scanned with a Philips Brilliance 64 CT scanner (Philips Medical
Systems, Best, The Netherlands) with a slice thickness of 1 mm. Using standard
imaging reconstruction software and AGFA-Impax (6.4.0 Agfa, Mortsel, Belgium),
three 2D planes were reconstructed: the transverse oblique plane (Fig. 1A) was
reconstructed running along the neck axis; the coronal oblique plane (Fig 1B)

Fig.1. Schematic depiction of the three 2D planes used for the digital measurements of the proximal
femur: A) transverse oblique plane; B) coronal oblique plane; C) sagittal oblique plane.

was reconstructed along the middle of the femoral head, neck and trochanter,
perpendicular to the transverse oblique plane; and the sagittal oblique plane (Fig

Table 1: Measurements and their associated abbreviations and definitions.

1C) was reconstructed perpendicular to the transverse oblique plane. In these three
planes, a total of twelve CT-based measurements were collected by two observers.
Corresponding dry bone measurements were performed using a digital sliding calliper

Measurement

Abbreviation

Definitions of osteometric measurements (comments relating to CTmeasurements in italics)

Vertical head
diameter

VHD

Maximum rectilinear vertical femoral head diameter measured
perpendicular to the neck axis1.
No. 18 according to Knußmann (44).
Measured in the coronal oblique plane3.
(Fig. 3, measurement A).

or measurement tape and collected by the same two observers. Each dry bone and
CT-based measurement was taken four times: twice by each observer. Observer 1 was
inexperienced, but received an extensive demonstration at the start of the study from
Observer 2 (an experienced biological anthropologist). All measurements along with

Transverse head THD
diameter

Maximum rectilinear transverse femoral head diameter measured
perpendicular to the vertical head diameter1.
No. 19 according to Knußmann (44).
Measured in the transverse oblique plane3.
(Fig. 4, measurement E)

Maximum head
diameter

MHD

Maximum diameter of the femoral head1.
No. 5 according to Bass (45).
Same as either VHD or THD; choose the largest value 3.

Head
circumference

HC

Largest circumference of the femoral head2.
No. 20 according to Knußmann (44).
Measured in the sagittal oblique plane.

Head-neck
length

HNL

Distance between the crista inter-trochanterica and the most medial point
of the femoral head parallel to the neck axis. Avoid the fovea capitis1.
No. 14a according to Knußmann (44).
Measured in the transverse oblique plane3.
(Fig. 3, measurement F)

their abbreviations and definitions can be found in Table 1, and dry bone and CT-based
measurements are visualized in Figures 2 and 3, respectively.

Statistical analysis
Intra- and inter-observer variation of the dry bone and CT-based measurements was
evaluated by calculating the absolute technical error of measurement (TEM) and
relative TEM (%TEM) (32). In accordance with previous forensic anthropological
literature (33), values below 1 mm for TEM and 2% for %TEM were considered
acceptable. The agreement was visualized with a Bland-Altman plot, which plots
differences between the dry bone and CT-based measurements against their
1
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Using sliding calliper; 2 using measuring tape; 3 at the level of the neck axis.
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Table 1 (continued).

1

Measurement

Abbreviation

Definitions of osteometric measurements (comments relating to CTmeasurements in italics)

Vertical neck
diameter

VND

Minimum rectilinear cranio-caudal diameter of the neck1. Number 15
according to Knußmann (44).
Measured in the coronal oblique plane 3.
(Fig. 2, measurement B)

Transverse
neck diameter

TND

Rectilinear anterior-posterior diameter of the femoral neck at the level of
and perpendicular to VND1.
No. 16 according to Knußmann (44).
Measured in the transverse oblique plane3.
(Fig. 3, measurement G)

Neck
circumference

NC

Circumference of the femoral neck at the level of the VND2.
No. 17 according to Knußmann (44).
Measured in the sagittal oblique plane.

Upper
epiphyseal
length

UEL

Maximum upper epiphyseal length measured along the elongated neck
axis from the most medial point on the femoral head to the lateral surface
of the femur1. Avoid the fovea capitis.
No. 13 according to Knußmann (44).
Measured in the coronal oblique plane3.
(Fig. 3 measurement C)

Frontal head
length

FHL

Distance between the most medial point on the femoral head along the
elongated neck axis to the intersection between the neck axis and the
articular brim. Measured on the ventral surface of the femoral head,
avoiding the fovea capitis1.
No. 14b according to Knußmann (44).
Measured in the transverse oblique plane. Taken from the most medial
point on the femoral head to the articular brim (as defined in the coronal
oblique plane) on the anterior surface of the femur. 3
(Fig. 4, measurement H)

Neck length
(1)

NL1

Distance between the articular brim edge and the intersection point
between the neck axis and the femoral shaft axis1.
No. 14c according to Knußmann (44).
Measured in the coronal oblique plane3.
(Fig. 3, measurement D)

Neck length
(2)

NL2

Distance between the articular brim and crista inter-trochanterica parallel
to the neck axis1.
No. 14d according to Knußmann (44).
Measured in the transverse oblique plane. Taken from the crista intertrochanterica to the articular brim (as defined in the coronal oblique
plane) on the posterior surface of the femur3.
(Fig. 4, measurement I)

3

Fig.2. CT measurements (indicated in black lines) and reference lines (indicated in dashed white lines)
in a coronal oblique plane: A= Vertical head diameter; B = Vertical neck diameter; C = Upper epiphyseal
length; D = Neck length (1); x = Neck axis; y = Shaft axis; z = Articular brim.

Using sliding calliper; 2 using measuring tape; 3 at the level of the neck axis.
Fig.3 CT measurements (indicated in black lines) and reference lines (indicated in dashed white lines)
in a transverse oblique plane: E = Transverse head diameter; F = Head-neck length; G = Transverse neck
diameter; H = Frontal head length; I = Neck length (2); x = Neck axis; y = Shaft axis; z = Articular brim.
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Part 2: The development of sex estimation formulae for the proximal
femur

RESULTS
Reliability and accuracy

Materials and Methods

Due to damage to landmarks, it was not possible to perform all the required

CT scans of 114 proximal femora (57 male, 57 female) were retrieved from the

measurements on all femora. The number of femora ultimately included in each

database of the Department of Radiology of the AMC. The scans were randomly

measurement is listed in Table 2 and 3, respectively

selected from a larger cohort of Dutch individuals between 20 and 40 years of age.

3

In this context, Dutch individuals are represented by those that visited the AMC for

Intra- and inter-observer variation

CT-imaging of the proximal femur, of which the vast majority are members of the

The intra- and inter-observer variation for each of the dry bone measurement is listed

Dutch population. Only femora without fractures or pathology, and scans of good

in Table 2. Transverse head diameter (THD) had the lowest intra-observer variation

quality were included. The scans were performed between February 2000 and May

(TEM 0.13-0.19 mm; %TEM 0.28-0.42%), and inter-observer variation (TEM 0.16

2013 and anonymised prior to the study.

mm; %TEM 0.37%). Neck length 1 (NL1) had the highest intra- and inter-observer

The scans were generated on either a Philips MX-8000, Philips Brilliance 64, Philips

variation (TEM 2.31-2.36 mm; %TEM 4.90-6.85%). In all measurements, inter-

Elcint Twin (Philips Medical Systems, Best, the Netherlands) or a Siemens Sensation

observer variation tended to be larger than intra-observer variation. Only MHD, VHD,

64 (Siemens Healthineers, Erlangen, Germany) using comparable standard patient

THD, head circumference (HC), head-neck length (HNL), and neck circumference

scanning protocols. Slice thickness of the images ranged from 0.9 to 3.2 mm. The

(NC) had acceptable TEM and %TEM values (less than 1 mm and 2%, respectively)

reconstructions were performed per the original CT scan slice thickness, using

The outcome for CT-based measurements was very similar to the dry bone

AGFA-Impax (6.4.0 Agfa, Mortsel, Belgium) and standard image reconstruction

measurements (see Table 3). THD had the lowest intra-observer variation (TEM

software.

0.21-0.24 mm; %TEM 0.49-0.53%), and inter-observer variation (TEM 0.21 mm;

By default, measurements were taken from the left femur. In eleven cases (six
males and five females) the right femur was used.

%TEM 0.47%). NL1 had the highest intra- and inter-observer variation (TEM 1.243.19 mm; %TEM 2.72-7.27%) and inter-observer variation was generally larger than
intra-observer variation. MHD, VHD, THD, HC and NC had acceptable TEM and %TEM

Statistical analysis
The mean and standard deviation (SD) of each measurement was calculated for
males and females. The difference between the male and female mean value was

values (less than 1 mm and 2%, respectively).
The Bland-Altman plots in Figure 4 illustrate the most reliable (THD) and least
reliable (NL1) measurement.

evaluated with an independent-sample t-test. Statistical significance was defined as
a p-value < 0.05.
Because all of the measurements were localized and related to the head of

Table 2: Intra- and inter-observer variation in dry bone measurements of the proximal femur
Intra-observer 1

Intra-observer 2

Inter-observer

Measurement*

(VIF). Logistic regression was then used to model the measurements as predictors

TEM
(mm)

%TEM
(%)

TEM
(mm)

%TEM
(%)

TEM
(mm)

%TEM
(%)

VHD

0.33

0.74

0.30

0.66

0.45

0.99

of sex. The logistic regression score (P), which always lies between 0 and 1, is

THD

0.19

0.42

0.13

0.28

0.16

0.37

used to classify the unknown individual as either female or male. Scores >0.5 are

MHD

0.13

0.29

0.33

0.73

0.49

1.07

HC

0.41

0.29

0.69

0.48

0.76

0.54

HNL

1.03

1.44

0.85

1.18

0.93

1.29

VND

0.77

2.38‡

0.32

1.00

0.71

2.22‡

training set (n=86) was used to create the model, while an independent testing set

TND

0.69

2.55‡

0.54

2.01‡

0.84

3.13‡

(n=28) was used to validate the model. The training and testing sets were created

NC

0.60

0.60

0.71

0.71

0.87

0.87

UEL

0.83

0.87

1.32†

1.36

1.99†

2.07‡

FHL

1.64†

4.27‡

1.03†

2.55‡

2.11†

5.36‡

NL1

2.31†

4.90‡

2.55†

5.21‡

3.26†

6.85‡

NL2

1.21†

3.22‡

1.86†

4.64‡

1.94†

5.03‡

the femur, multicollinearity was tested by calculating the variance inflation factor

classified as male and scores <0.5 are classified as females. Additionally, the value
of P provides a probability allocation for the classification (36). For each model, a

by randomly sectioning the data. All statistical analyses were done using R, version
3.3.0 (35).

*For used abbreviations see Table 1; † TEM> 1mm; ‡ %TEM>2%.

66

67

Dutch population specific sex estimation formulae using the proximal femur

Table 3: Intra- and inter-observer variation in CT-based measurements of the proximal femur
Intra-observer 2

Inter-observer

TEM
(mm)

%TEM
(%)

TEM
(mm)

%TEM
(%)

TEM
(mm)

%TEM
(%)

VHD

0.22

0.49

0.24

0.53

0.45

0.99

THD

0.24

0.54

0.21

0.46

0.21

0.47

MHD

0.26

0.56

0.28

0.61

0.37

0.80

HC

0.47

0.33

0.77

0.54

0.63

0.44

HNL

0.70

0.97

0.62

0.85

1.02*

1.41

VND

0.41

1.28

0.67

2.07‡

0.77

2.42‡

TND

0.75

2.76‡

0.45

1.64

1.16†

4.25‡

NC

0.57

0.59

0.84

0.85

0.81

0.83

UEL

0.91

0.93

1.42†

1.49

2.64†

2.74‡

FHL

0.76

1.93

0.72

1.81

0.96

2.43‡

NL1

1.24†

2.72‡

2.26†

5.37‡

3.19†

7.27‡

NL2

1.63†

4.31‡

1.48†

3.96‡

1.90†

5.06‡

*For used abbreviations see Table 1; † TEM> 1mm; ‡ %TEM>2%.

Table 4: Percentage agreement between dry bone and CT-based measurements of the proximal femur.
Maximum difference
Measurement*

1 mm

2 mm

VHD

69.3

97.1†

THD

100.0†

100.0†

MHD

78.3†

100.0†

HC

67.7

95.9†

HNL

35.0

67.0

VND

57.0

89.0†

TND

59.4

85.4†

NC

21.9

60.4

UEL

25.0

44.0

FHL

39.1

68.5

NL1

9.5

19.1

NL2

33.3

43.8

*For used abbreviations see Table 1;
†Agreement level of more than 75%

68

Fig.4. Bland-Altman plots illustrating the difference between the least and the most reliable and accurate measurements. For
transverse head diameter (A), the differences between repeated measurement for dry bone and digital measurements, and between
the dry bone and digital measurements are very small (A). Conversely, these differences are substantial for neck length 1 (B).

Intra-observer 1
Measurement*
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Accuracy
The percentage agreement between dry bone and CT-based measurements at a 1
mm level exceeded 75% for MHD and THD; THD had a percent agreement of 100%

70

71%
71%
51% - 87%
Y=0.36264(HC)-53.00252
6

71%

79%

86%
86%

79%
59% - 92%

67% - 96%
86%

79%

Y=0.8290(VHD)-26.0587

Y=1.2076(THD)-55.6142

4

5

85%

79%
79%

80%
63% - 94%

59% - 92%
79%

82%

Y=0.2383(THD)+0.2392(HC)-0.0397(VHD)-43.9213

Y=0.9583(MHD)-44.9696

2

3

79%

Male
Female

79%
59% - 92%

95% CI
Overall

Y=0.9409(THD)+0.2243(HC)+0.3132(VHD)-0.5552(MHD)-64.8997
1

Tested accuracy
Formulae*
Model no.

Table 6: Classification accuracies using a testing set of 28 individuals

*For used abbreviations see Table 1; n = number of measurements; SD = standard deviation; †one-sided T-test

79%

<0.001
121.80 - 151.20
137.05 / 7.11
57
134.00 - 172.40
57
HC

155.61 / 7.99

<0.001

<0.001
38.40 - 47.90
43.17 / 2.17
57

<0.001
38.80 - 48.70

38.00 - 48.50
43.25 / 2.35

Range (mm)
Mean / SD(mm)

44.05 / 2.29
57

57
41.40 - 54.60

41.40 - 55.50

40.70 - 55.40
49.01 / 2.71

males and 92% for males). Table 6 lists all formulae and their respective accuracies.

57

females), and THD and HC was more positively biased towards females (87% for

THD

The VHD was more positively biased towards males (92% for males versus 87% for

49.06 / 2.65

achieved by VHD, THD, and HC, however sex bias was present with these variables.

49.98 / 2.79

with an overall accuracy of 86%, with no sex biases. Overall accuracies of 90% were

57

validated overall accuracies of 86% to 92%. Specifically, MHD performed the lowest

57

logistic regression models were considered. The single variable models resulted in

n

The VIF values of 13.28, 9.42, 8.53 and 11.79 for the MHD, VHD, THC and HC,
respectively, indicate high levels of multicollinearity. Therefore, only single variable

Range (mm)

was significantly larger in males than in females (p < 0.001).

Mean / SD (mm)

shown in Table 5. The t-tests indicated that the mean value of every measurement

n

formulae. The descriptive statistics of the reliable and accurate measurements are

Females

study: to collect these measurements on 114 individuals to develop sex estimation

Males

MHD, VHD, THD, and HC. Therefore these were selected for the second aim of the

Measurement*

The only variables that met the requirements for both reliability and accuracy were

Table 5: Descriptive statistics of MHD, VHD, THD and HC, as taken from 114 patient-based CT-scans.

THE DEVELOPMENT OF SEX ESTIMATION FORMULAE
FOR THE PROXIMAL FEMUR

VHD

diameter (TND), with an agreement level of 100% for MHD and THD.

MHD

p-value†

measurements was above 75% for MHD, VHD, THD, HC, VND and transverse neck

*To calculate the probability of a female individual (Pf): Pf = 1/(1 + e (Y)); to calculate the probability of a male individual (Pm): Pm
= 1- Pf

(Table 4). At the 2 mm level, percentage agreement between dry bone and CT-based

3
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DISCUSSION

unacceptable descrepancies (>2 mm maximum difference) between dry bone- and
CT-based measurement were observed for NC. This finding has broader implications

Accuracy and population specificity of osteometric methods has always been

in the context of the recent increase of papers applying virtual anthropology.

an important issue in forensic anthropology. Even more so since the increasing

It should be noted that the intra- and inter-observer variation and the accuracy of

popularity of the ‘Daubert standard’ for the admissibility of expert witness’ testimony

CT-based measurements were based on dry bone scans, whereas the sex estimation

in the court of law. This standard dictates that, among others, a method must have

formulae were based on clinical CT scans. The presence of soft tissue in the patient

a known ‘rate of error’ (i.e. accuracy) to be eligible for expert testimony (37). To be

CT scans could add noise to the CT scan, which theoretically could negatively affect

admissible in court, an osteometric forensic anthropological method thus must be

the accuracy of the CT-based measurements. This effect is however anticipated to

tested in a representative skeletal reference population.

be minimal. Additionally, intra- and inter-observer variation in the reconstruction of

This paper presents the first population-specific osteometric sex estimation

the 2D planes was not tested, but the high accuracy in the measurements included

method for the contemporary Dutch population with a known ‘rate of error’.

in our formulae, suggests that this variation is limited. Still, while intra- and inter-

The classification accuracies achieved in the current study, are similar to the

observer variation in the reconstruction of the 2D planes remains unknown, we

performance reported for other osteometric sex estimation techniques using the

advise that our method is only used for sex estimation from dry bone material.

proximal femur (26, 27, 38) and other elements of the appendicular skeleton (9, 39-

2D plane reconstructions limits inter-landmark measurements between

42). While the performance of these models are comparable across populations, the

anatomical landmarks that can be reconstructed into a single 2D plane, and

actual values of the used measurements are not. For instance, the mean male and

measured on only 1 CT slice, such as MHD or THD. Inter-landmark measurements

female dimensions in the current Dutch sample are larger than the mean male and

that involve anatomical landmarks spanning across multiple CT slices would require

female dimensions described for contemporary American black males and females,

a more advanced mathematical or 3D reconstruction approach. Ultimately, 3D

American white females and South African black and coloured populations (9, 15).

reconstructions facilitate one being able to study the entire shape of the bone and

This substantiates the need for population specific approaches. White females

thus the overall shape differences that exist between males and females. Therefore,

and males in both South Africa and the United States, express the most similar

osteometric sex estimation methods developed from precise and accurate 3D

measurements to the Dutch sample. This is expected considering the population

reconstructions, using inter-landmark distances not represented on 2D plane

history and European colonization patterns across the world (43).

reconstructions, may potentially result in higher sex estimation accuracy than the

The formulae proposed in this manuscript have been developed by using 2D
plane reconstructions derived from clinical CT data, as an alternative representative

ones reported here. The precision and accuracy of 3D reconstructions for forensic
anthropological use is currently under investigation (19, 21, 23).

source of osteometric data. Measurements derived from clinical CT scans and used
in the development of sex estimation formulae should only be included when the
measurements are reliable and the agreement between the actual dry bone- and

CONCLUSION

CT-based measurements is sufficient. As expected, both the dry bone and CT-based
measurements were most reliable when they were based on well-defined landmarks,

This study provides forensic anthropological sex estimation formulae for the

or a maximum circumference or diameter (e.g. MHD, THD and HC). Alternatively,

femoral head. Logistic regression calculations resulted in an average overall correct

measurements whereby landmarks were of a more subjective nature proved to be

sex classification of over 86%. In the absence of a skeletal reference population, the

less reliable (e.g. FHL, NL1, and NL2).

formulae in this study are derived from clinical CT scans as a representative source

The use of 2D plane reconstructions makes landmark recognition and measuring

of Dutch population data.

fairly straightforward, thus reducing the intra- and inter-observer variation in CT-

Besides providing the first population specific sex estimation formulae for a

based measurements. However, this study shows that it cannot be readily assumed

Dutch population, this study adds to the growing body of literature that shows that

that measurements derived from CT scan sources and those derived from dry

clinical CT data can be a valuable alternative source of contemporary osteometric

bone measurements are interchangeable. For example, in this study, despite

population data.

the measurements being reliable when measured on both dry bones and CT,
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The geometrical precision of virtual bone models derived from clinical computed tomography

INTRODUCTION
The development and validation of forensic anthropological methods relies on the
availability of contemporary, population specific skeletal collections of considerable
size (1-5). Examples hereof are skeletal collections such as the Bass-, Terry-,
Hamman Todd-, Pretoria Bone- and Raymond Dart collection (6-10). Each of these
collections suffers from its unique blend of selection bias. For instance, the Bass
collection holds predominantly white males between the ages of 35 and 85 years
(11), while the Pretoria Bone Collection holds a majority of black males between the
ages of 30 and 80 years (6). Additionally, in most skeletal collections, females are
underrepresented and the collection’s demographics are not reflective of the larger
population (12, 13). Despite these biases, these skeletal collections serve as modern
collections from which biological profile methods are developed.

ABSTRACT

The vast majority of European countries lack modern skeletal collections (1423). Many European institutions have a rich collection of archaeological specimens,
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Almost all European countries lack contemporary skeletal collections

but secular changes disqualify archaeological material and cemetery populations,

for the development and validation of forensic anthropological methods.

in general, as reference populations (24). Furthermore, the development of modern

Furthermore, legal, ethical, and practical considerations hinder the

representative skeletal collections is hindered by legal, ethical, and practical

development of skeletal collections. A virtual skeletal database derived

considerations (25).

from clinical computed tomography (CT) scans provides a potential

A possible solution to this problem is provided by the vast amount of data that

solution. However, clinical CT scans are typically generated with varying

is routinely generated in the hospital setting by medical imaging techniques, such

settings. This study investigates the effects of image segmentation and

as computed tomography (CT) scans. Such patient-derived CT scans could form

varying imaging conditions on the precision of virtual modelled pelves.

the basis of a virtual skeletal database. Patient-derived, anonymized CT images

An adult human cadaver was scanned using varying imaging conditions,

are available in abundance, and a large, representative skeletal collection could

such as scanner type and standard patient scanning protocol, slice

thus be developed in a relatively short period of time. In addition, a virtual skeletal

thickness, and exposure level. The pelvis was segmented from the

database does not require time-consuming and labour-intensive skeletal processing

various CT images resulting in virtually modelled pelves. The precision

techniques (e.g. maceration) or physical storage space.

of the virtual modelling was determined per polygon mesh point. The

The success of a virtual skeletal database depends on the precise modelling of

fraction of mesh points resulting in point-to-point distance variations of

virtual skeletal elements from the CT images, and the accuracy with which virtually

2mm or less (95% confidence interval, CI) was reported. Colour mapping

modelled skeletal elements represent their dry bone counterparts. Previous studies

was used to visualise modelling variability. At almost all (>97%) locations

have investigated the accuracy of virtual bones, using CT images of cadavers or

across the pelvis, the point-to-point distance variation is less than 2 mm

dry bone elements, with promising results (26-29). However, the CT scans in these

(CI = 95%). In >91% of the locations, the point-to-point distance variation

studies are typically conducted under ideal conditions. For example, protocols

was less than 1 mm (CI = 95%). This indicates that the geometric

were not limited by exposure level (mAs) restrictions and, in the case of dry bone

variability of the virtual pelvis as a result of segmentation and imaging

elements, without surrounding soft tissue. Both exposure level (mAs) and the

conditions rarely exceeds the generally accepted linear error of 2 mm.

biological composition of the scanned subject influence the quality and noise level

Colour mapping shows that areas with large variability are predominantly

of the CT image and therefore theoretically could affect the modelled virtual bone

joint surfaces. Therefore, results indicate that segmented bone elements

(30). Conversely, patient-derived CT scans are conducted under varying imaging

from patient-derived CT scans are a sufficiently precise source for

conditions, such as variations in the acquisition parameters (i.e. exposure level, slice

creating a virtual skeletal database.

thickness, increment level, reconstruction filter) and in the type/brand of scanner
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used. These variations may influence the geometric variability of the virtual skeletal

Creating a Virtual Pelvis Model from CT Images

elements. Also intra- and inter-observer variation in the segmentation process, which

The pelvic bone was segmented out of each CT image using in-house segmentation

provides the virtual models, may add geometric variability to the virtual model.

software (36). Image segmentation is a semi-automatic procedure that results in

Knowledge on the extent to which these sources of variability affect the geometric

a polygon mesh, consisting of thousands of points representing the virtual bone

variability (i.e. precision) of the virtual model, serves as a basis for the inclusion and

model. Segmentation starts with a threshold-connected region-growing algorithm

exclusion criteria of CT scans for setting up a virtual skeletal database. Also, this

(37) in which the user can interactively adapt the threshold until an optimal number

knowledge may facilitate an increase in research using 3D models from patient-

of bone voxels are selected that gives no or minimal leakage to neighbouring

derived CT scans for the development of forensic anthropological methods (31-35).

structures. Structures that are missed in this procedure can then be added manually

Therefore, this study aims to investigate the effects of image segmentation (intra-

using an on-screen brush. A binary closing algorithm (38) helps to fill residual holes

and inter-observer variability) and varying imaging conditions, such as scanner type

and to close the outline. Next, a Laplacian level-set growth algorithm (37) is used

with the associated standard patient scanning protocol, slice thickness, and exposure

to advance voxels toward the edges of the bone. A distance map is finally used to

level on the geometric variability of 3D virtual models of the human pelvis. The pelvis

extract a polygon mesh at the zero-level using a marching cubes algorithm (39).

was specifically selected because of its multifaceted morphology, its relevance in
forensic anthropological sex estimation techniques, and for its low signal-to-noise

Sources of Variability

ratio in CT scans, which adds complexity to the virtual modelling process.

The following two scanners with their standard clinical scanning protocols, and
variations thereof, were used to study the effects of the various sources of variability:

MATERIALS AND METHODS

1. Scanner type: Philips Brilliance 64 (Philips Medical Systems, Best, The
Netherlands). Standard scanning protocol: 120kV, 150mAs, slice thickness

The current study consists of several imaging experiments, all using the same

0.9mm, increment 0.45mm, reconstruction kernel D.

embalmed human cadaver (63-year-old male) from the body donation program in

2. Scanner type: Siemens Sensation 64 (Siemens Healthineers, Erlangen,

the Department of Anatomy, Embryology and Physiology of the Academic Medical

Germany). Standard scanning protocol: 120kV, 200mAs, slice thickness 1mm,

Centre (AMC), University of Amsterdam, the Netherlands. The cadaver was scanned

increment 1mm, reconstruction kernel B60f.

multiple times on two comparable CT scanners, a Philips Brilliance 64 (Philips
Medical Systems, Best, the Netherlands) and a Siemens Sensation 64 (Siemens

The sources of variability, associated experiments, and the scanning protocols are

Healthineers, Erlangen, Germany), using variations of standard patient imaging

listed in Table 1.

protocols. To include variability in the scanning process, including the random effect
of Poisson noise, quintuplicate CT scans of the same pelvis were made, without
repositioning the pelvis between subsequent scans. In each experiment only one
source of variability was altered at a time, enabling the interpretation of each
parameter’s influence compared to the other varying imaging conditions. While the
imaging settings of the CT scanner remain constant except for the one variable
being evaluated, there are some imaging parameters, such as scanner type, that
are always incorporated into the overall variability. Image segmentation of the five
CT images yielded five virtually modelled pelves of the same physical pelvis, for
each source of variability. A total of five sources of variability were studied, namely
intra-observer variability, inter-observer variability, scanner type, slice thickness and
exposure level.
Each source of variability was evaluated by comparing two quintuplicate sets of
virtual bone models, derived from the CT images.
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Table 1: Sources of variability, the associated experiments, and the scanning protocols used
Source of Variability

Experiments

Image Segmentation
Intra-observer variation:

Round 1 vs Round 2(a)

Inter-observer variation:

Observer 1 vs. Observer 2(a)

Imaging Conditions
Scanner type:

Philips(a) vs. Siemens(b)

Slice thickness:

0.9 mm(a) vs. 3.0 mm*

Exposure level (mAs):

100%(a) vs. 50%*
100%(b) vs. 50%**

(a) Philips Brilliance 64 standard patient protocol (120kV, 150mAs, slice thickness 0.9mm, increment
0.45mm, reconstruction kernel D)
(b) Siemens Sensation 64 standard patient protocol (120kV, 200mAs, slice thickness 1mm, increment
1mm, reconstruction kernel B60f)
* Changes with respect to the Philips Brilliance 64 standard patient scanning protocol
** Changes with respect to the Siemens Sensation 64 standard patient scanning protocol
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Geometric Variability due to Image Segmentation:

mesh used as a reference. These balanced single-point SD-values were used for

Intra-observer variability. One observer segmented the same set of the quintuplicate

further statistical analysis and to visualize regions of high and low variation using

CT images twice (Round 1 and Round 2). The CT images were acquired by the

colour mapping.

Philips Brilliance 64 using its standard patient protocol. A two-month gap between
each segmentation session was used to try eliminate recognition.

It should be noted that all segmentations result in different polygon meshes,
with different numbers of points. This means that there are no real “corresponding”
points available to determine SD-values. Selecting the nearest-neighbouring points

Inter-observer variability. Two observers each segmented the same quintuplicate

in this study as an alternative to find a distance measure, may reduce the variability

CT images acquired by the Philips Brilliance 64 using its standard patient protocol.

and may therefore underestimate the SD-value per point, especially if the polygon
surface is influenced by noise. Since the level-set segmentation growth algorithm

Geometric Variability due to Varying Imaging Conditions:

features image filtering, and therefore smoothing of each neighbouring polygon

Scanner type with their associated standard patient scanning protocol. One observer

surface, this effect is considered to be too small to affect the outcomes of the study.

segmented two sets of quintuplicate CT images that were acquired by the Siemens
Sensation 64 and the Philips Brilliance 64, using their standard patient imaging

Statistical Analysis

protocols. Note that the differences in the standard patient imaging protocols

The distributions of SD-values obtained from the virtual models, for each source

include exposure level (mAs), slice thickness, increment level and reconstruction

of variability, were compared using a Kolmogorov–Smirnov test. A Kolmogorov–

filter.

Smirnov test quantifies the difference of the SD distributions by determining the
largest distance between the cumulative distributions of the two evaluated sources

Slice thickness. One observer segmented two sets of quintuplicate CT images that

of variability. The test results in a D-value, which represents the single, largest

were acquired by the Philips Brilliance 64. One set with standard slice thickness (0.9

geometric variability between the cumulative SD distributions of two sets of pelves,

mm) (standard for bone scans) and one set with an increased slice thickness (3.0

and at which SD level this occurs. The D-value ranges between 0 and 1, with 1

mm) (standard for abdominal scans).

indicating a maximal difference and 0 indicating no difference. For the associated
p-value, a value of <0.05 is used to indicate a significant difference between the

Exposure level (mAs). For each scanner type, one observer segmented two sets of

distributions.

quintuplicate CT images acquired with full exposure levels (100%) and with halved
(50%) exposure levels.

Quantifying and Visualizing Geometric Variability

Geometric Variability of the Virtual Model
Traditional anthropology considers a threshold of 2 mm an acceptable measurement
error for linear measurements (26). Virtual models cannot exceed this level of error

The variability in the process of virtual modelling, due to image segmentation and

in order to be considered suitable replacements or substitutes for skeletal remains.

imaging conditions, results in small differences between the points of each set of

In order to achieve this, the point-to-point distance variation of two polygon mesh

polygon meshes that make up the virtual model. To quantify the geometric variability

points should have a 95% confidence interval (CI) of 2 mm or less. Specifically, the

between these polygon meshes in each quintuplicate set of models, the standard

error propagation for difference in distances of two measurements indicates that

deviation (SD) for each single-point was calculated.

each single-point should not have an SD-value exceeding 0.7 mm.

To calculate the single-point SD-value, one of the five polygon meshes served as

While 2 mm is the upper limit for point-to-point distance variation for forensic

a reference while the nearest-neighbour distance to a corresponding point in each of

anthropological purposes, other values are important for interpretation. Specifically, a

the other four polygon meshes was determined. These four distances were used to

balanced single-point SD-value of 0.35 mm, 0.175 mm and 0.07 mm result in a point-

calculate the single-point SD-value. Since the selection of the reference pelvis model

to-point distance variation with a 95% CI of 1 mm, 0.5 mm and 0.25 mm, respectively.

may influence the single-point SD-value, this procedure was repeated with every

The precision of the virtual model, per source of variability, was determined by

polygon mesh acting as a reference, which yielded five single-point SD-values per

categorizing the fractions of balanced single-point SD-values of each polygon mesh.

mesh point location. The five single-point SD-values per mesh point were averaged

Virtual models with larger regions of high single-point SD-values (>0.7 mm) are

to obtain balanced single-point SD-values that were independent of the polygon

considered to be less precise.
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Practical Significance for Forensic Anthropological Purposes
Statistical significance is required to establish differences. However, these differences
may occur in locations of limited importance for forensic anthropological purposes.
We illustrate the practical significance of our results for forensic anthropological
purposes by colour maps. These visualize the modelling variation by colour mapping
the balanced single-point SD-values of each polygon mesh. When creating the
colour map the first reference mesh was selected for visualization and a balanced
SD-value was assigned to each mesh point. The computation of the SD-values was
calculated per source of variability; therefore, there are two colour maps, one per
the two sources of variability being compared. The colour thresholds are 0.07 mm,
0.175 mm, 0.35 mm, 0.7 mm and >0.7 mm.

Fig.1. Difference in the cumulative distribution of single-point SD-values, due to intra- and inter-observer
variability. Visible in red is the location of the largest distance between the two cumulative distributions.
The distances D=0.107 and D=0.067 corresponds with a point-to-point distance variation of less than
0.25 mm (CI = 95%).

RESULTS
Statistical Analysis
The cumulative distributions of the single-point SD-values obtained from the
Kolmogorov–Smirnov test are visualized in Figures 1-3. From a statistical point
of view, the cumulative distribution per source of variability differ significantly (all
p-values <0.001). However, the figures demonstrate that the largest differences
(D-values) occur at single-point SD-values that correspond to a point-to-point
distance variation well below the 2 mm (CI = 95%) threshold. The largest D-value
(0.284), associated with the scanner type with their standard patient scanning
protocols, occurs at an SD-value that corresponds to a point-to-point distance
variation of less than 0.5 mm (CI = 95%). The smallest D-value (0.013) is associated
with the difference in exposure levels (100% vs 50%) for the Siemens Sensation 64,
and occurs at an SD-value that corresponds to a point-to-point distance variation of
less than 0.25 mm (CI = 95%).

Fig. 2. Difference in the cumulative distribution of single-point SD-values, due to scanner type with
their associated standard patient scanning protocol, and slice thickness variability. Visible in red is the
location of the largest distance between the two cumulative distributions. The distances D=0.2084 and
D=0.096 corresponds with a point-to-point distance variation of less than 1 mm and 0.25 mm (CI =
95%), respectively.

Geometric Variability of the Virtual Model
For all sources of variability, more than 97% of the single-point SD-values lie below
the threshold of 0.7 mm and thus result in point-to-point distance variation of 2mm
(CI = 95%) or less (Figures 1 – 3, Table 2). Additionally, more than 91% of the singlepoint SD-values lie below the 0.35 mm threshold, resulting in point-to-point distance
variations of less than 1 mm (CI = 95%), which is well below the accepted error level
of 2 mm in traditional forensic anthropology.
On average, half of the polygon mesh points have a point-to-point distance
variation of 0.25mm (CI = 95%) or less. This is with exception of CT images generated
with the Siemens Sensation 64 scanner and its standard patient scanning protocol,
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Fig. 3. Difference in the cumulative distribution of single-point SD-values, due to exposure level
variability. Visible in red is the location of the largest distance between the two cumulative distributions.
The distances D=0.137 and D=0.013 corresponds with a point-to-point distance variation of less than
0.25 mm (CI = 95%).
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where this only holds true for 30% of the mesh points. As expected, as the point-to-

Fig. 4. Colour maps showing geometric variability due to intra-observer variability and inter-observer

point distance variation decreases, the fraction of polygon mesh points within that
increment also decreases.

Practical Significance for Forensic Anthropological Purposes
Figures 4-6 and supplemental material 1-12 display the distribution of the single point
SD-values, per source of variability, on a reference pelvis. Each colour map displays a
similar pattern. Joint surfaces (i.e. the sacro-iliac joint and the pubic symphysis), the
posterior surface of the sacrum, the tip of the coccyx, and areas typically associated
with osteophytes have single-point SD-values larger than 0.7 mm. Moreover, colour

4

maps created from CT images acquired by the Siemens Sensation 64 scanner
show a slightly larger region with single-point SD-values larger than 0.7 mm. These
areas are specifically in the acetabulum and the anterior surface of the sacrum, as
visualized in Figure 6.
Table 2: Fractions of SD-values (mm) that fall below each single point SD threshold, per source of
variability.
Point-to-point distance (95% CI)

0.5 mm

1 mm

2 mm

>2mm

<0.07 mm

<0.175 mm

<0.35 mm

<0.7 mm

>0.7 mm

Philips observer 1*

.564

.893

.975

.993

.007

Philips observer 2

.626

.901

.973

.993

.007

Philips round 1*

.626

.901

.973

.993

.007

Philips round 2

.708

.916

.972

.994

.006

Philips Brilliance 64*

.564

.893

.975

.993

.007

Siemens Sensation 64**

.285

.735

.924

.981

.019

Philips 0.9mm*

.564

.893

.975

.993

.007

Philips 3mm

.588

.835

.935

.975

.025

Philips exposure 100%*

.564

.893

.975

.993

.007

Philips exposure 50%

.468

.878

.953

.980

.020

Siemens exposure 100%**

.285

.735

.924

.981

.019

Siemens exposure 50%

.290

.726

.919

.973

.027

Single-point SD threshold

0.25 mm

Intra-observer Variability

Inter-observer Variability

variability. Single-point SD-values of 0.07 mm, 0.175 mm, and 0.35 mm result point-to-point distance
variations of 0.25 mm, 0.5 mm and 1 mm (CI = 95%), respectively. The maps were obtained by
segmenting quintuplicate CT scans of the pelvis from different scans and by quantifying the variability
in point positions along the pelvic surface.

Scanner Type

Slice Thickness

Philips Exposure Levels

Siemens Exposure Levels

*Repeated data used for multiple Philips comparisons
** Repeated data used for multiple Siemens comparisons
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Fig. 5. Colour maps showing geometric variability due to slice thickness. Single-point SD-values of
0.07 mm, 0.175 mm, and 0.35 mm result point-to-point distance variations of 0.25 mm, 0.5 mm and 1
mm (CI = 95%), respectively. These maps were obtained by segmenting quintuplicate CT scans of the
pelvis from different scans (one observer) and by quantifying the variability in point positions along the
pelvic surface.
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Virtual models created from CT images with full exposure levels or minimal slice
thickness produce virtual bone models that are more precise, as seen by the higher
fraction of lower single-point SD-values. Lower exposure levels result in higher
noise levels and lower image quality, which influences the precision of the image
segmentation process and ultimately yields larger variability in specific regions after
virtual bone modelling. However, the difference between these virtual models and
those produced with halved exposure levels or increased slice thickness are below
the above-mentioned 2 mm threshold and are therefore considered negligible.
The variability incorporated in this study is believed to be representative of a
worst-case scenario, both for biological and radiographic aspects. For example,
pelvic scans are hampered by image noise due to a relatively large amount of
attenuation by surrounding soft tissue. Additionally, the cadaver used in this study
was of an older individual and subsequently probably had a lower bone density and
more osteophytes than a young- or middle-aged individual. Considering all of the
above, the authors agree that images generated of other skeletal elements as part
of standard clinical CT scanning will likely yield virtual bone models with a higher
precision than that presented in this study.
The use of only one pelvis in this study could be perceived as a limitation, however,
by only incorporating one pelvis into the research design, additional sources of error,
which may result from variation in body composition, were excluded. This allowed
to unobscured analysis of the geometrical precision of the virtual bone model which
was the aim of this study.
Fig. 6. Colour maps showing geometric variability due to scanner type with their associated standard
patient scanning protocol and exposure levels. Single-point SD-values of 0.07 mm, 0.175 mm, and 0.35
mm result point-to-point distance variations of 0.25 mm, 0.5 mm and 1 mm (CI = 95%), respectively.
These maps were obtained by segmenting quintuplicate CT scans of the pelvis from different scans
(one observer) and by quantifying the variability in point positions along the pelvic surface.

Surface modelling rather than volume rendering techniques were applied in this
study. This technique allows for the conversion of volume data into polygon mesh
points that accurately represent the anatomical surface of an object (40). By
quantifying the error in the polygon mesh points, a foundation was laid for researchers
to incorporate different and innovative techniques/methodologies to continually
enhance the field of forensic anthropology. For example, the lack of measurement
error in the polygon mesh points permits the possibility to conduct shape-fitting

DISCUSSION

analyses and automate measurements on patient data. Shape fitting is considered
less sensitive to small modelling variations (intra-/inter-observer, noise), which

Our results show that despite image segmentation and varying imaging conditions,

ultimately increases the distinctive power of detecting morphological features (41).

all virtual models were sufficiently precise in most surface regions of the pelvis. At
almost all (>97%) locations across the pelvis, the point-to-point distance variation
is less than 2 mm (CI = 95%). Additionally, in more than 91% of the locations, the
point-to-point distance variation is less than 1 mm (CI = 95%). This indicates that the
geometric variability of the virtual pelvis as a result of segmentation and imaging
conditions rarely exceeds the generally accepted point-to-point threshold of 2 mm
[26]. Importantly, human error in segmentation is likely playing more of a role in
imprecision than the varying imaging conditions.
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APPLICATION TO FORENSIC ANTHROPOLOGY
The findings from this research add to the current shift in forensic anthropology
towards using virtual skeletal databases and virtual methods. ‘Virtual anthropology’
might facilitate an increased understanding and appreciation of the range of
human variation than possible with traditional skeletal collections and traditional
methodologies, such as classic osteometric parameters.
This
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The accuracy of 3d virtual bone models of the pelvis for morphological sex estimation

INTRODUCTION
Sex estimation is a key component for creating a forensic anthropological biological
profile, as the estimation of the other biological profile elements (age at death,
stature, and ancestry) relies heavily on the accurate estimation of sex. Mainly due to
differences in reproductive function, the pelvis is considered to be the most sexually
dimorphic skeletal element in humans, and therefore the most reliable skeletal
element for sex estimation (1-7). Both metric and morphological sex estimation
methods exist, but the latter is often favoured because of the ease of application
and applicability across populations and time (8-10).
In order to be considered acceptable as evidence in the court of law, the accuracy
of forensic anthropological sex estimation methods need to be known (11, 12).
For this, they should be derived from or tested on large and representative skeletal

ABSTRACT

populations. Large skeletal populations exist in numerous parts of the world
(i.e. the United States of America, South Africa, Thailand) and have been used in

98

It is currently unknown whether morphological sex estimation traits

development and validation studies (13-15). However, in most European countries

are accurately portrayed on virtual bone models, and this hampers the

no contemporary collections exist (16-21). Specifically in the Netherlands, due to

use of virtual bone models as an alternative source of contemporary

legislation and the high mean age of bodies donated to the body donation programs

skeletal reference data. This study determines whether commonly used

in medical schools (22, 23), it is impossible to compile a skeletal collection that is

morphological sex estimation traits can be accurately scored on virtual

representative of the current population in the Netherlands.

3D pelvic bone elements. Twenty-seven intact cadavers from the body

Radiological data, such as computed tomography (CT) scans, derived from

donation program of the Amsterdam UMC, University of Amsterdam,

a clinical/hospital setting might be used as a proxy, since the number of scans

were CT scanned; this data was used to produce virtual bone models.

generated on a daily basis guarantees a large, contemporary, and representative

Thereafter, the dry bones were obtained. Three traits by Klales (2012)

source of data. Data acquired from a clinical radiological setting is actually a more

and five traits from the Workshop of European Anthropologists (WEA)

accurate representation of the current population than most body donation programs

(1980) were scored on the virtual bone models and their dry skeletal

since it is less affected by secular trends and age bias. Furthermore, reconstructions

counterparts. Intra- and inter-observer agreement and the agreement

that are based on the CT scan data can provide a precise 3-dimensional (3D) model

between the scores for each virtual bone model-dry bone pair were

that represents the original skeletal element (24). However, in order for CT scans to

calculated using weighted Cohen’s Kappa (K). For all Klales (2012) traits,

be a feasible alternative to traditional skeletal collections, the morphological traits

intra- and inter-observer agreement was substantial to almost perfect

indicating sex also need to be accurately portrayed in the 3D reconstructions and

for the virtual- and dry bones (K=0.62-0.90). The agreement in scores

their associated sex estimation scores need to correspond to the scores recorded

in the virtual-dry bone pairs ranged from moderate to almost perfect

on the dry skeletal element.

(K=0.58-0.82). For the WEA (1980) traits, intra-observer agreement

Some studies have already explored whether morphological methods can be

was substantial to almost perfect (K=0.64-0.91), but results were less

applied on radiological data sources, however the traits investigated were primarily

unambiguous for inter-observer agreement (K=0.24-0.88). Comparison

scored on a binary scale (i.e. absent/present scores) (25, 26). It therefore remains

of the scores between the virtual bone models and the dry bones yielded

uncertain if the often-subtle morphological features defined on ordinal scales (scales

kappa-values of 0.42-0.87. On one hand clinical CT-data is a promising

of 1 to 5 or -2 to 2) can be scored accurately on virtual bone models. Consequently,

source for contemporary forensic anthropological reference data, but the

one cannot readily assume that morphological sex estimation methods that are

interchangeability of forensic anthropological methods between virtual

traditionally applied to dry skeletal remains perform equally when applied to virtual

bone models and dry skeletal elements needs to be tested further.

3D skeletal elements.
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The current study aims to determine whether commonly used morphological

Morphological sex estimation traits, namely the ventral arc (VA), subpubic concavity

sex estimation methods that utilize ordinal scales can be accurately scored on

(SPC), and the medial aspect of the ischial pubic ramus (MA), three Phenice traits,

reconstructed virtual 3D pelvic bone elements.

expanded to an ordinal scale as described by Klales (2012) (28), and the pre-auricular
sulcus (PAS), greater sciatic notch (GSN), pubic angle (PA), arc compose (AC), and the
ischial body (IB) as described by the Workshop of European Anthropologists (WEA) (1980)

MATERIAL AND METHODS

(29, 30) were selected for investigation. These five WEA (1980) traits were selected due
to the range of complexity that they provide. In addition, the selected traits are amongst

Twenty-seven (13 males, 14 females) fully intact cadavers were randomly selected

the ones most commonly used for sex estimation in the anthropological community

from the body donation program of the Amsterdam Universitair Medische Centra

(14, 31-33). All selected traits, both Klales (2012) and the specific WEA (1980) traits,

(UMC),Sex
University
of Amsterdam,
Department of Medical Biology, section Clinical
and Age Distribution
of the Sample

were scored on both the virtual bone models and the dry bones. Scoring was performed

Anatomy and Embryology. The mean age at death was 78 years (range 52-94 years)

using a 5-tier hyper- feminine to hyper- masculine scale ranging between -2 and 2 for

for males
80 years
(range
64-100
Sex and
and Age
Distribution
of the
Sampleyears) for females (Figure 1).

the WEA (1980) characteristics and 1 to 5 for the features as described by Klales (2012).
See WEA (1980) and or Klales (2012) for detailed descriptions associated with each

Sex and Age Distribution of the Sample

score. The virtual bone models were scored using the aforementioned dedicated inhouse research software, as well as MeshLab (34), an open source online commercial

Male

Sex

viewing software, to determine whether differences in software packages would result in
Male

different scores or accuracies. Scoring took place twice by two independent observers,

Male

with a minimum of one-week lapse between repeat observations.
Intra- and inter-observer agreement for scores on the virtual bone models and the

Sex

Sex

dry bone counterparts (i.e. reliability), as well as the agreement between the scores for
each virtual bone model-dry bone pair (i.e. accuracy) were calculated using Cohen’s
Female

(1968) weighted Kappa (K) (35). Levels of agreement were interpreted according to the
thresholds defined by Landis and Koch (1977) (36): K < 0 indicates less than chance

Female

agreement, K = 0.01 to 0.20 indicates slight agreement, K = 0.21 to 0.40 indicates fair

Female

agreement, K = 0.41 to 0.60 indicates moderate agreement, K = 0.61 to 0.80 indicates
50

60

70

80

90

100

Age
50

60

70

substantial agreement, and K = 0.81 to 1.0 indicates almost perfect to perfect agreement.
All statistical analyses were done using R, version 3.3.0.

80

90

100

Age
Fig.1. Demographic profile of the twenty-seven (13 males,
14 females) fully intact cadavers included
50
60
70
80
90
100
in this study.
Age

All cadavers were CT scanned while fully fleshed using a standard patient scanning

RESULTS
Sex estimation features based on the Klales (2012) traits

protocol (120 kV, 150 mAs, slice thickness 0.9 mm, increment 0.45 mm, reconstruction
kernel D (bone filter)) on a Philips Brilliance 64 (Philips Medical Systems, Best, The

Intra- and inter-observer agreement

Netherlands). The scan data were used to segment 3D virtual bone models of the os

Cohen’s weighted Kappa (K) values indicate substantial to almost perfect agreement

coxae using dedicated in-house research software. Specifics regarding this software

for the intra- and inter-observer agreement for the three Klales (2012) traits when

package and segmentation process can be found in Dobbe (2011) (27) and Colman

scored in isolation on the dry bones (K = 0.78-0.89 and 0.61-0.77), as well as on the

(2017) (24). Following CT scanning, the bodies were macerated to obtain the dry os

virtual bone models using both software packages (in-house software K = 0.78-0.84

coxae, by using a straightforward yet effective method of removing the majority of

and 0.62-0.72; MeshLab K = 0.84-0.90 and 0.62-0.80). See Table 1 for the scores per

soft tissue and then submerging the os coxae into boiling water.

trait and modality.
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Table 1: Cohen’s weighted Kappa (K) values for the levels of intra- and inter-observer agreement for
Klales (2012) traits when scored on dry bones and virtual bone models.
VA

SPC

MA

0.89

0.81

0.78

Kappa-values for intra-observer agreement
Dry Bone
Virtual Bone In-house software

0.84

0.84

0.78

Virtual Bone MeshLab

0.90

0.86

0.84

0.67

0.77

0.61

both software packages) substantial to almost perfect interobserver agreement
was found for the PAS, GSN and PA (in-house software K = 0.65-0.83, MeshLab K =
0.68-0.83), while the scores for AC indicated moderate agreement (K = 0.54 and K =
0.55). The IB performed worst with Kappa-values of 0.33 and 0.05 for the in-house
software and MeshLab, respectively (see Table 3).

Kappa-values for inter-observer agreement
Dry Bone

was moderate (K = 0.51) and for the IB fair (K = 0.24). In the virtual models (using

Virtual Bone In-house software

0.72

0.69

0.62

Virtual Bone MeshLab

0.80

0.68

0.62

Table 3: Cohen’s weighted Kappa (K) values indicating levels of intra- and inter-observer agreement for
WEA (1980) traits when scored on dry bones and virtual bone models.

VA= Ventral Arc, SPC = Sub-pubic concavity, MA = Medial Aspect Ischial-Pubic Ramus.

PAS

GSN

PA

AC

IB

Dry Bone

0.93

0.76

0.80

0.88

0.80

Virtual In-house software

0.71

0.91

0.80

0.81

0.64

Virtual MeshLab

0.86

0.82

0.84

0.83

0.40

Dry Bone

0.88

0.51

0.76

0.70

0.24

Virtual In-house software

0.65

0.83

0.82

0.55

0.33

Virtual MeshLab

0.80

0.68

0.83

0.54

0.05

Kappa-values for intra-observer agreement

Agreement between the virtual bone models and their dry bone
counterparts
The agreement between the Klales (2012) traits scored on the virtual bone models
and their dry bone counterparts indicate substantial to almost perfect agreement for
all features (K = 0.74-0.82) when using the in-house research software. The level of
agreement was slightly less with moderate to substantial agreement (K = 0.58-0.76)

Kappa-values for inter-observer agreement

PAS= Pre-auricular Sulcus, GSN = Greater sciatic notch, PA = Pubic Angle, AC = Arc Compose, IB =
Ischial Body

when using MeshLab (see Table 2).
Table 2: Cohen’s weighted Kappa (K) values indicating levels of agreement for Kales (2012) traits
between virtual bone models and their dry bone counterparts.
VA

SPC

Table 4: Cohen’s weighted Kappa (K) values indicating levels of agreement for WEA (1980) traits when
scored on virtual bone models and their dry bone counterparts.

MA

Kappa-values virtual bone model vs. dry bone

PAS

GSN

PA

AC

IB

Kappa-values virtual bone model vs. dry bone

Virtual In-house software vs. Dry Bone

0.74

0.84

0.82

Virtual In-house software vs. Dry Bone

0.42

0.80

0.85

0.68

0.50

Virtual MeshLab vs. Dry Bone

0.58

0.76

0.70

Virtual MeshLab vs. Dry Bone

0.81

0.74

0.87

0.80

0.33

VA= Ventral Arc, SPC = Sub-pubic concavity, MA = Medial Aspect Ischial-Pubic Ramus

PAS= Pre-auricular Sulcus, GSN = Greater sciatic notch, PA = Pubic Angle, AC = Arc Compose, IB =
Ischial Body

Sex estimation features based on the WEA (1980) traits
Agreement between the virtual models and their dry bone counterparts
Intra- and inter-observer agreement

The agreement between the virtual bone models and their dry bone counterparts

The intra-observer agreement for the dry bone elements for all five WEA (1980)

for the five WEA (1980) traits indicate substantial to almost perfect agreement (K =

traits was substantial to almost perfect (K = 0.76-0.88). Similar values were found

0.68-0.85) for three of the five traits, namely the GSN, PA and AC when using the in-

on the virtual bone models, using the in-house research software (K = 0.64-0.91 for

house research software (see Table 4). PAS and IB showed moderate agreement (K

all five traits). Using MeshLab, the scores of all but one trait (the IB) indicated almost

= 0.42-0.50). Using MeshLab, the scores of all but one trait (IB) indicated substantial

perfect agreement (K = 0.82-0.86). The intra-observer agreement for the ischial body

to almost perfect agreement (K = 0.74-0.87). IB showed fair agreement (K = 0.33).

was ‘fair’ (K = 0.40).

An example of the differences/similarities observed when comparing the dry

Results were less unambiguous for the inter-observer agreement. In the dry bone

bone- and virtual 3D models is demonstrated in Figure 2, exemplifying a trait that

elements, Cohen’s weighted Kappa values indicated substantial to almost perfect

scored well (pubic angle), and Figure 3, illustrating the differences observed in a

agreement for PAS, PA and AC (K = 0.70-0.88). Inter-observer agreement for the GSN

feature that performed poorly (pre-auricular sulcus).
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Fig. 2. A male and female example of a trait that performed reliably: the pubic angle on dry bone (A)
and in two virtual 3D models: the in-house research software package (B) and MeshLab (C). The pubic
angle is indicated by the lines in (A).

104

Fig. 3. A male and female example of a trait that performed poorly: the pre-auricular sulcus, on dry bone
(A) and in virtual 3D models: the in-house research software package (B) and MeshLab (C). The arrows
indicate the region of interest with the sulcus being present (*) on the female pelvis. Note that the preauricular sulcus is clearly visible on the dry bone, but invisible when viewed with the in-house software
and poorly defined when looking at the reconstruction with MeshLab.
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DISCUSSION

package is used). However, only the PA can be used interchangeably between virtual
models and dry skeletal elements, since the GSN and AC are disqualified on the

Intra- and inter-observer agreement results indicate that all three Klales (2012) traits

basis of their lack of inter-observer agreement.

can be scored reliably on both the virtual bone models (regardless of which viewer

Although the PAS performed reliably (i.e. intra- and inter-observer agreement),

software package is used) and on the dry bone counterparts. Notable is that the

conflicting accuracy (i.e. virtual bone model-dry bone pair agreement between

intra- and inter-observer agreement found in this study were comparable to those

scores) results were found when using different viewing software packages.

in the original Klales (2012) publication (28). Furthermore, the results from this

Apparently, the use of a specific viewer software package has a substantial effect

study are in line with previous research conducted by Johnstone-Belford (2018) (25),

on the visualization of this trait (Figure 2). A potential explanation might be that

which found that the intra-observer variation is limited when the binary Phenice traits

the scoring of the PAS on dry bones traditionally involves palpating the region of

(37) are scored on virtual bone models. Additionally, scores assigned for all three

interest and using a slanted light source to view the depth of the sulcus. The in-

Klales (2012) traits on the virtual bone models showed acceptable accuracy scores.

house research software does not provide an artificial light source to visualize the

VA shows slightly reduced accuracy when viewed in MeshLab, but the Kappa-value

sulcus, thereby hampering the sex estimation. In contrast, the agreement scores

of 0.58 is still considered acceptable by the authors. Based on these results, the

increased when using MeshLab, which does provide a light source.

authors conclude that the Klales (2012) morphological sex estimation technique can

For the WEA (1980) traits it can be concluded that only the PA can be scored

be used interchangeably between virtual bone models and dry skeletal elements.

reliably and accurately on virtual bone models, regardless of the viewing software.

Consequently, classification accuracies of the published method should be valid on

If MeshLab is used as a viewing software, then PAS also performs reliably and

virtual bone models and additionally, virtual data from clinical CT scans can be used

accurately. This means that the classification accuracies of these traits can be

to determine population specific accuracies.

applied to virtual bone models, and that clinical CT-scans can be used as a source

The same does not hold for all selected traits incorporated in the WEA (1980)

for the development of their population specific accuracies.

morphological sex estimation technique. The IB scored poorly overall and proved

In this study a single segmentation method was used, which may be considered a

to be a difficult trait to score on both the virtual bone models and the dry bones.

limitation since a different segmentation method may result in slightly different virtual

In this study the IB was found to be neither reliable (i.e. lack of intra- and inter-

bone models (38). Since these differences are generally small it is unlikely that this

observer agreement) or accurate (i.e. lack of agreement between the scores in the

would have an effect on scoring morphological traits. It is important to note that this

virtual bone model-dry bone pair), thus the authors feel that this should prompt a

study focusses on the reliability and accuracy of the sex estimation traits, and not on

reconsideration of the IB as a sex estimation trait.

the reliability and accuracy of sex estimation itself. The latter would require a much

Intra-observer agreement for the four remaining WEA traits was substantial for both

larger study population with a less skewed age distribution. The skewed age distribution

the virtual bone models (regardless of which viewer software package is used) and dry

might initially be viewed as a limitation of the study. However, this is nullified by the aim

bone counterparts. However, inter-observer agreement scores showed that only the PAS

of the current study. As a matter of fact, the relatively old age of the used population

and the PA show acceptable inter-observer agreement on the dry bone counterparts,

presents somewhat of a ‘worst case scenario’ since the ageing effect on joint surfaces

and on both the virtual bone models (regardless of which viewer software package is

and areas of muscle attachments might interfere with the segmentation process and

used). Inter-observer agreement levels were not acceptable for the GSN on dry bone,

consequently the anthropological analysis. It is therefore expected that the studied traits

and for the AC on virtual bone models (using both viewer software packages). Due to

will perform similar or better in younger individuals. Another limitation may be the use of

the lack of literature in which the intra- and inter-observer errors for each WEA (1980)

only five WEA traits, however as previously mentioned, these 5 were chosen specifically

trait is reported individually, the authors were unable to compare the presented results

for the range of complexity that they provide.

to previous reliability performances of the separate traits.

This study assumes that the maceration process did not influence the morphology

Based on the agreement of scores between the virtual bone model-dry bone pairs,

of the scored Klales (2012) and WEA (1980) traits. This is based on a total lack of

the sex estimation scores on virtual bone models for the GSN, PA and AC accurately

published data on a potential change in these traits due to the maceration process.

correspond to those on the dry skeletal element (regardless of which viewer software

Also, since the dry bone elements were taken as the golden standard to which the
virtual bone models were compared, this potential change in shape does not influence
the results of this study.
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The findings in this study further support the recently initiated and progressing
shift towards virtual forensic anthropology, but also reveals limitations regarding the
applicability of certain traits to virtual models. To our knowledge, this is the first study
that investigates the accuracy of individual morphological traits on virtual bone models
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Virtual forensic anthropology

INTRODUCTION
In many countries, especially in Europe, contemporary skeletal collections do not

ABSTRACT

exist and therefore development and further validation of forensic anthropological
methods for contemporary populations is impossible. In search of a solution, several

Clinical radiology is increasingly used as a source of data to test or

researchers have used radiological data, such as computed tomography (CT) scans,

develop forensic anthropological methods, especially in countries where

as an alternative source for skeletal data (1-9). By generating 3D virtual bone models

contemporary skeletal collections are not available. Naturally, this requires

from clinical scan data, contemporary virtual skeletal population samples can be

analysis of the error that is a result of low accuracy of the modality (i.e.

created for the development and/or testing of methods. However, before 3D virtual

accuracy of the segmentation) and the error that arises due to difficulties

bone models derived from clinical CT scans can be considered a reliable alternative

in landmark recognition in virtual models. The cumulative effect of these

source of population data, more information is needed regarding the accuracy of

errors ultimately determines whether virtual and dry bone measurements

these models. Specifically, the degree to which 3D virtual bone models derived from

can be used interchangeably. To test the interchangeability of virtual and

clinical CT scans agree in shape and size to their dry skeletal counterparts.

dry bone measurements, 13 male and 14 female intact cadavers from

While some studies have explored the accuracy of 3D virtual bone models and

the body donation program of the Amsterdam UMC were CT scanned

produced favorable results, these virtual models were based on postmortem CT

using a standard patient scanning protocol and processed to obtain the

data (10) or CT scans of dry skeletal- (11-15) or partially decomposed remains (16).

dry os coxae. These were again CT scanned using the same scanning

Scans of such elements likely result in a better image quality because higher levels

protocol. All CT scans were segmented to create 3D virtual bone models

of radiation can be used, and there is a reduced amount of soft tissue to contend

of the os coxae (‘dry’ CT models and ‘clinical’ CT models). An Artec

with (17). The optimistic findings in these studies may be biased if using clinical CT

Spider 3D optical scanner was used to produce gold standard ‘optical

scans. Therefore, the accuracy of 3D virtual bone models derived from clinical CT

3D models’ of ten dry os coxae. The deviation of the surfaces of the 3D

data is still largely unknown.

virtual bone models compared to the gold standard was used to calculate

Moreover, the aforementioned accuracy studies all used standard linear

the accuracy of the CT models, both for the overall os coxae and for

measurements as a means to identify differences in dimensions (referred to as size

selected landmarks. Landmark recognition was studied by comparing

differences) between the modalities (the actual dry skeletal elements vs. 3D virtual

the TEM and %TEM of nine traditional inter-landmark distances (ILDs).

bone models). Although linear measurements may be a gauge for the accuracy of

The percentage difference for the various ILDs between modalities was

a 3D virtual bone model, these measurements incorporate both the observer error

used to gauge the practical implications of both errors combined. Results

as well as the actual size differences. This means that the differences observed

showed that ‘dry’ CT models were 0.36-0.45 mm larger than the ‘optical

between measurements taken from dry skeletal elements and 3D virtual models

3D models’ (deviations -0.27 mm to 2.86 mm). ‘Clinical’ CT models

may not only be the result of size differences/similarities between the modalities but

were 0.64-0.88 mm larger than the ‘optical 3D models’ (deviations -4.99

may also be from difficulties associated with landmark recognition.

mm to 5.00 mm). The accuracies of the ROIs were variable and larger

Optical scanning may offer an approach to remove observer error and/or

for ‘clinical’ CT models than for ‘dry’ CT models. TEM and %TEM were

landmark recognition, thereby ensuring differences between the models is purely

generally in the acceptable ranges for all ILDs whilst no single modality

due to imaging. Optical scanning has less than a 0.05 mm difference between

was obviously more or less reliable than the others. For almost all ILDs,

the true and virtual objects, which is an accuracy that far exceeds the virtual

the average percentage difference between modalities was substantially

reproductions that a CT scanner can achieve (18). Therefore, by comparing the

larger than the average percentage difference between observers in ‘dry

clinical CT derived 3D bone models to the 3D bone models generated by optically

bone’ measurements only. Our results show that the combined error of

scanning the dry bone counterparts, the accuracy can be quantified without the

segmentation- and landmark recognition error can be substantial, which

influence of landmark recognition.

may preclude the usage of ‘clinical’ CT scans as an alternative source for
forensic anthropological reference data.
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In this study we aim to evaluate the accuracy of 3D virtual models derived from

left to air dry. Following maceration, a ‘dry’ CT scan was made of the resulting dry os

clinical CT data using optical scans and to investigate the influence of landmark

coxae (further referred to as the ‘dry bones’) using the same scanning protocol as

recognition from these models. The implication of the compounded effect of the

mentioned above.

two aforementioned sources of variation (virtual modeling by segmentation of the

Both sets of scan data (i.e. the ‘dry’ CT and ‘clinical’ CT) were segmented using

bone, and landmark recognition) will be investigated and discussed from a forensic

dedicated in-house research software to create 3D virtual bone models. These two

anthropological point of view.

sets of 3D virtual bone models will further be referred to as the ‘dry’ CT models and
‘clinical’ CT models, respectively. More in depth information regarding the software
package and the segmentation process can be found in Dobbe et al. (2011) (19),

MATERIALS AND METHODS

Dobbe et al. (2018) (20) and Colman et al. (2017) (21).

The complexity of creating 3D virtual models from CT data varies per skeletal element.

optical scanner (Artec 3D, Luxembourg) to investigate the accuracy of the CT based

In order to ensure that the results obtained in this study can be representative of the

3D virtual bone models. Given the optical scanner’s documented minimal error (<0.05

most complex modelling processes, a decision was made to focus on the pelvis.

mm) and high resolution (~0.1 mm), the 3D bone models (further referred to as the

Its low signal-to-noise ratio in CT scans adds complexity to the virtual modelling

‘optical 3D’ models) produced from optically scanning the dry bone elements are

process and thus represents a ‘worst-case scenario’.

considered to be the gold standard (22). The ‘optical 3D’ models can subsequently

Five sets of dry os coxae bones (n=10) were scanned using an Artec Spider 3D

Twenty-seven (13 male, 14 female) randomly selected, fully intact cadavers

be used as a reference to effectively evaluate the accuracy of the ‘dry’ CT models

obtained from the body donation program of the Amsterdam UMC, location

and the ‘clinical’ CT models without compounding the results with human error via

Academic Medical Center (AMC), University of Amsterdam, Department of Medical

landmark recognition.

Biology, section Clinical Anatomy and Embryology were included in the study.
Donation and use of cadavers were done in accordance with Dutch legislation and

Part A: Accuracy of 3D virtual modelling

the regulations of the medical ethical committee of the Amsterdam UMC, location

The ‘optical 3D’ models were virtually superimposed on both of the ‘dry’ and

AMC. All individuals were older than 50 years of age at the time of death with an age

‘clinical’ CT models using GOM Inspect® software (GOM Inspect® v8, GOM mbH,

range of 52-94 years for males and 64-100 years for females.

Braunschweig, Germany) to study the accuracy of the ‘dry’ CT models and the

Virtual bone models were created and compared to their dry bone counterparts,

‘clinical’ CT models, without the influence of error due to landmark recognition.

either by models created through optical scanning or by means of direct comparison

Superimposition was achieved by using a Gaussian best-fit approach, which is done

through linear measurements to investigate: A) the accuracy of clinical CT derived

by minimizing the sum squared deviations between selected points and the given

3D virtual bone models in comparison to their dry skeletal counterparts, B) the

surfaces of the polygon meshes.

influence of the aforementioned models on landmark recognition, and C) the

Additionally, regions of interest (ROI) were selected at the sites of eight well

practical implication of both errors combined (virtual modeling by segmentation of

described landmarks (LMs) (Table 1)(23, 24). These LMs were chosen based on two

the bone, and landmark recognition).

criteria: 1) they are commonly used in traditional metric analysis of the os coxa (23,

To obtain the dry skeletal counterparts and their 3D virtual bone models, the
following procedures were followed. A CT scan was made of the pelvis of all cadavers

25) and 2) they represent areas with variant levels of 3D virtual bone model precision
as previously described by Colman et al. (2017) (26).

while fully intact using a standard patient scanning protocol (120 kV, 150 mAs,

The ROI were manually selected in the software program on each of the ‘optical

slice thickness 0.9 mm, increment 0.45 mm, reconstruction kernel D) on a Philips

3D’ models using a sphere that measured 4 mm in diameter. The centroid of the mesh

Brilliance 64 scanner (Philips Medical Systems, Best, The Netherlands). These are

points enclosed by the spherical ROI was recorded and was used for comparison

hereafter referred to as the ‘clinical’ CT scans. Thereafter, the pelves were macerated

with the corresponding ‘dry’ and ‘clinical’ CT models.

by removing the majority of the soft tissue and letting the remains simmer in warm
water (80°C) for approximately 12 hours. After which the dry skeletal remains were
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Table 1: Description of the eight pre-selected landmarks (LM) from which nine inter-landmark distances
(ILD) were measured (as shown in Figure 1) (23). In brackets: the category/type of landmark according
to Bytheway et al. (2010) (24). These are used to investigate the influence of CT derived virtual bone
models on landmark recognition.

with previous forensic anthropological literature, acceptable values for TEM were
set at <2 mm (28) and for %TEM at <1.5% for intra-observer error and <2% for interobserver error (29).

Number Definitions of Landmarks (LM) (23, 24)
LM 1

Apex of the posterior superior iliac spine (Traditional/Type 2)

LM 2

Apex of the posterior inferior iliac spine (Traditional/Type 2)

LM 3

Farthest point of ischial curve from the centre of the obturator foramen (Extremal-Fuzzy/Type 3)

LM 4

Most superior point on the superior edge of the medial aspect of the pubic symphysis
(Traditional/Type 2)

LM 5

Most posterior point of the obturator foramen (Constructed)

LM 6

Apex of the anterior inferior iliac spine (Traditional/Type 2)

LM 7

Apex of the anterior superior iliac spine (Traditional/Type 2)

LM 8

Most superior point of the iliac crest, in measuring position (Traditional/Type 2)

The agreement between each CT-derived 3D virtual bone model (‘dry’ CT- and ‘clinical’

6

CT) and its corresponding gold standard (‘optical 3D’ model) was represented by a
distance map, showing the perpendicular distance from the CT-derived model to
the gold standard model. The distribution of this parameter, the arithmetic mean (in
mm) is calculated for each distance map in both a negative and positive direction.
These were calculated for the overall os coxae (left and right combined, sacrum
excluded) and for each manually selected region of interest (ROI).

Part B: Landmark recognition

Fig. 1. Graphic illustration of the eight (numbered 1 to 8) pre-selected landmarks (LM), as defined in
Table 1 of this paper and the associated inter-landmark distances (ILD) measured to investigate the
influence of clinical CT derived virtual bone models on landmark recognition. ILD 1 = LM 3 to 8, ILD 2
= LM 1 to 7, ILD 3 = LM 7 to 4, ILD 4 = LM 1 to 4, ILD 5 = LM 2 to 6, ILD 6 = LM 2 to 4, ILD 7 = LM 3 to 5,
ILD 8 = LM 1 to 3, ILD 9 = LM 3 to 4.

To assess the human error component associated with landmark recognition (i.e.
intra- and inter-observer error), nine inter-landmark distances (ILDs) were measured
(Figure 1) using the aforementioned selected LMs (Table 1 and Figure 1) (24).

Part C: Practical implications within forensic anthropology
Up until this point the focus has been to individually explore the two types of error

All ILDs were measured on the left os coxa from the ‘dry bones’, as well as on the left

inherent in the use of virtual models. However, this is not realistic for routine practice.

element in the corresponding sets of ‘dry’ CT- and ‘clinical’ CT virtual bone models. ‘Dry

Therefore, the practical implication was determined based on the combination of

bone’ measurements were performed using a digital sliding caliper. Measurements

the two errors combined.

on the 3D virtual bone models were taken using an integrated measuring tool in the

First, any ILD that had unacceptable results in TEM and %TEM, in the ‘dry bone’

in-house research software (19). All measurements were rounded off to one tenth

measurements in Part B, were excluded from this analysis; their unreliability could

of a millimeter. Each measurement was taken twice by two independent observers,

skew the results. Second, the percentage difference was calculated for the ILDs

both with equal experience in the field, with a minimum of one-week lapse between

between ‘dry bones’ and ‘dry’ CT models, and ‘dry bones’ and ‘clinical’ CT models. To

repeated measurements. Measurements could be obtained on all 27 left os coxae.

do this, the mean ILDs were calculated for each of the predefined ILDs based on the

The intra- and inter-observer error was evaluated for each ILD by calculating

measurements of the total sample (n = 27) as performed by observer 1, per modality

the Technical Error of Measurement (TEM) and the percentage TEM (%TEM) per

(‘dry bones’, ‘dry’ CT models, and ‘clinical’ CT models). These modality specific

modality (‘dry bones’, ‘dry’ CT models and ‘clinical’ CT models) (27). In accordance

mean ILDs were used to calculate the percentage difference between the ‘dry bone’
measurements and ‘dry’ CT models, and between the ‘dry bone’ measurements and
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‘clinical’ CT models, for each ILD respectively. Third, the percentage difference was
calculated for ILDs between observers for ‘dry bone’ measurements only. To do this, a
mean ILD per observer was calculated for each of the predefined ILDs as performed
by observer 1 (round 1) and observer 2 respectively. These observer specific mean
ILDs were used to interpret the percentage difference between modalities for each
ILD.
The percentage difference between modalities was considered acceptable if the
percentage difference did not exceed the percentage difference between observers
for the ‘dry bone’ measurements only.

RESULTS
Part A: Accuracy of 3D virtual modelling
Based on the calculated arithmetic mean for the overall os coxae, the surface of the
‘dry’ CT models deviated, on average, -0.36 mm to +0.45 mm from the ‘optical 3D’
models. The minimum and maximum deviations of the models were -0.27 mm to
+2.86 mm (Table 2 and Figure 2). The surface of the ‘clinical’ CT models deviated,

Fig. 2. Example heat maps showing the overall deviation (represented by the arithmetic mean and
indicated with a red line on the histogram) in model surfaces between the segmented bone model and
its optically scanned reference model. The colours represent varying degrees of accuracy: < - 2mm
(white), -2 mm (dark blue), 0 mm (green), 2 mm (red) and > 2 mm (black).

on average, 0.64 mm to 0.88 mm from the ‘optical 3D’ models. The minimum and
maximum deviations of the models were -4.99 mm to +5.00 mm (Table 2 and

Left: The smallest (A) and largest (B) deviation when comparing surfaces of the ‘dry’

Figure 2).

CT models to the actual bone as represented by the ‘optical 3D’ model.

Table 2: Overall size differences between 3D virtual bone models (‘dry’ CT models and ‘clinical’ CT
models). These 3D virtual bone models are compared to the actual dry bones, as represented by the
‘optical 3D’ models. (Left and right os coxae combined)

comparing surfaces of the ‘clinical’ CT models to the actual bone as represented by

Right: The smallest (C) and largest (D) deviation of the overall os coxa when

‘Dry’ CT models versus ‘Optical 3D’ models

‘Clinical’ CT models versus ‘Optical 3D’ models

Pelvis
number

Minimum
deviation
(mm)

Maximum
deviation
(mm)

Arithmetic
mean (mm)

Minimum
deviation
(mm)

Maximum
deviation
(mm)

Arithmetic mean
(mm)

1

-1.87

2.64

0.37

-4.99

5.00

0.70

2

-1.18

2.28

0.36

-3.18

4.79

0.64

3

-1.32

2.86

0.40

-4.70

4.98

0.85

4

-2.87

2.33

0.45

-3.82

4.99

0.88

5

-0.80

1.86

0.40

-2.62

4.79

0.70
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the ‘optical 3D’ model.
As can be seen in Figures 3 and 4, the arithmetic means for the ROIs associated
with each LM varied per ROI. The arithmetic means were consistently smaller for
‘dry’ CT models than for the ‘clinical’ CT models, with the exception of the LM 5 ROI.
LM 3 showed the highest mean deviation for the ROI when comparing both the ‘dry’and ‘clinical’ CT models to the ‘optical 3D’ models.
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Fig. 3. Boxplot showing the variation (minimum, median and maximum) per region of interest (ROI)
associated with the various landmarks (LM 1 to 8 as defined in Table 1), when comparing the ‘dry’ CT
models (left) and the ‘clinical’ CT models (right) to the ‘optical 3D’ models. (Results of five os coxae,
left and right combined)

Part B: Landmark recognition
The intra-observer errors (TEM and %TEM) calculated for ILDs 1-6 were all within the
generally acceptable ranges, irrespective of modality (‘dry bones’, ‘dry’ CT models,
and ‘clinical’ CT models) (Figure 5). This was not the case for the TEM of ILD 8 when

Fig. 4. Example diagram of one os coxae showing the regions of interest associated to the various
landmarks (LM) (as defined in Table 1), as well as the variation between the surfaces when comparing
the ‘dry’ CT models ((A) anterior view and (B) posterior view) and ‘clinical’ CT models ((C) anterior view
left and (D) posterior view) to the actual bone as represented by the ‘optical 3D’ model.

measured on the ‘dry bones’ and ‘clinical’ CT models and ILD 9 when measured
on the ‘clinical CT’ models. Additionally, the %TEM of ILD 7 when measured on
‘dry bones’ and ‘clinical’ CT models, ILD 8 when measured on the ‘dry bones’, and

The inter-observer errors (TEM and %TEM) were in the acceptable range across all

ILD 9 when measured on ‘dry’ CT models and ‘clinical’ CT models all exceeded the

modalities (‘dry bones’, ‘dry’ CT models and ‘clinical’ CT models) for ILD 2-6. The TEM

acceptable levels. Despite the TEM and %TEM being within acceptable limits for

for ILD 1 (in all modalities), ILD 8 (on ‘dry’- and ‘clinical’ CT models) and ILD 9 (on

the majority of ILD measurements, some differences were noted when considering

‘clinical’ CT models) were not in the acceptable range. The %TEM of ILD 7 (across all

the different modalities. The intra-observer error was generally larger on ‘dry bones’

modalities), ILD 8 (on ‘dry’ CT models), and ILD 9 (on ‘clinical’ CT models) were also

when compared to similar measurements on both ‘dry’- and ‘clinical’ CT models

beyond the acceptable limits. In contrast to the intra-observer error, the inter-observer

(with the exception of ILD 1, 3, and 9). Additionally, the TEM and %TEM of all ILD

error on ‘dry bone’ was only larger for ILD 2 when compared to measurements

measurements were consistently smaller on ‘dry’ CT models than on ‘clinical’ CT

performed on both the ‘dry’- and the ‘clinical’ CT models. Furthermore, the trend of

models. The intra-observer error was consistently lower than the inter-observer

lower TEMs and %TEMs on ‘dry’ CT models when compared to ‘clinical’ CT models

error, for all ILDs, across all modalities.

was not as distinct.
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Overall, there seemed to be no trend or pattern with more or less reliability being

Part C: Practical implications within forensic anthropology

associated with any single modality. Furthermore, it is important to note that the

When comparing measurements collected on ‘dry bone’ to measurements collected

ILDs with the highest intra- and inter-observer error (ILD 1, 7, 8 and 9), all included

on the ‘dry’ CT model, the average percentage difference for ILDs (2-6, and 9) combined

LM 3, the ischial tuberosity.

was -0.90%, with a range from -0.39% (ILD 5) and -2.72% (ILD 9) (Table 3). The average
percentage difference was generally larger than the average percentage difference
between observers for the ‘dry bone’ measurements only, which was 0.37% (ranging
from 0.22% to 0.91%). Exceptions to this trend are ILD 3 and 6, in which the percentage
differences were smaller in this particular comparison (Table 3).
The average percentage difference when comparing measurements collected
on ‘dry bone’ to measurements collected on ‘clinical’ CT model measurements was
-2.73%, with a range from -1.60% (ILD 5) and -4.05% (ILD 9). Again, the average
percentage differences were larger than the average percentage difference
between observers for the ‘dry bone’ measurements, albeit to a substantially higher
magnitude than when comparing measurements from ‘dry bone’ with ‘dry’ CT models
measurements (Table 3).
Table 3: Percent differences between the ‘dry bone’ measurements and the ‘clinical’ CT models, and
between the ‘dry bone’ measurements versus the ‘dry’ CT models (for observer 1 only), for each interlandmark distance (ILD). Additionally, the percentage difference between observers (round 1) based on
the ‘dry bone’ measurements only, considered the standard to which the percentage difference between
modalities could be compared. Only ILDs with acceptable TEM and %TEM for ‘dry bone’ measurements
as found in Part A are included. (The ILDs are defined in Table 1 and illustrated in Figure 1)
Percentage Difference
Inter-landmark Distances

‘Dry bones’
versus ‘Dry’ CT models

* ‘Dry bones’
Versus ‘Clinical’ CT models

ILD 2

-0.66%

-3.20%

-0.22%

ILD 3

-0.40%

-1.72%

0.50%

ILD 4

-0.63%

-3.93%

0.22%

ILD 5

-0.39%

-1.60%

-0.06%

ILD 6

-0.59%

-1.88%

0.91%

ILD 9

-2.72%

-4.05%

0.84%

Average for all ILDs

-0.90%

-2.73%

0.37%

#

§’

Dry bone’ between
two observers

#
Observer 1 ILDs on ‘dry bones’ versus Observer 1 ILDs on ‘dry’ CT models
*Observer 1 ILDs on ‘dry bones’ versus Observer 1 ILDs on ‘clinical’ CT models
§
Observer 1 ILDs on ‘dry bones’ versus Observer 2 ILDs on ‘dry bones’. Used as the standard to which
the percentage difference between modalities could be compared.

Fig. 5. TEM and %TEM for intra- observer error (A: top) and inter-observer error (B: bottom) for all
inter-landmark distances, as defined in Table 1 and illustrated in Figure 1, per modality (‘dry bones’,
dry’ CT models and ‘clinical’ CT models’). The red line indicates the acceptable ranges of TEM (<2mm
for intra- and inter-observer error), and %TEM (<1.5% for intra-observer error and <2% for interobserver
error) (24, 25)).
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DISCUSSION

to do so. For example, Stull et al. 2014 (10), mainly ascribed the variation between
measurements from different modalities to errors in measurement repeatability.

‘Clinical’ CT scans prove to be consistently larger in overall size when compared

Based on the current study, it is reasonable to see how they came to this conclusion

to their ‘dry bone’ counterparts. The same holds for the 3D virtual bone models

considering they used post-mortem CT images, which are less affected by image

derived from the ‘dry’ CT scans, albeit to a consistently lesser extent. On average, the

noise and thus have a lower segmentation error.

arithmetic mean difference was less than 1 mm, however, specific landmarks could

In summary, our study results show that the presence of soft tissue is a critical factor

have up to a 5 mm difference. The largest differences in size in both modalities

in the accuracy of virtual modalities. Additionally, the variation observed between

was largely focused on the anteromedial pubic bone, specifically the ischio-pubic

ILDs in different modalities are ILD-specific. This means that interchangeability

ramus, the pubic symphysis, and the ischial tuberosity, though other areas, such

between dry bones and 3D virtual bone models generated from clinical CT data

as the iliac crest were also problematic. Any ROI in the areas that displayed the

cannot be assumed, and that to develop or test forensic anthropological estimation

largest differences between modalities resulted in a subsequently greater error

methods, the accuracy of every measurement of interest needs to be established

in measurements. The observed differences between the modalities could have

for all modalities. Additionally, when the differences between the modalities are too

significant practical implications when constructing ILDs, since ILDs taken from

large, the modality on which the method was developed should be the only modality

ROIs with large (>1 mm) variability can result in a measurement error larger than the

to which the method is further applied.

generally accepted 2 mm error. In general, ROIs on ‘dry’ CT models showed variation
5 (‘most posterior point of the obturator foramen’), which showed variation smaller

Influence of soft tissue presence and imaging parameters on
accuracy

than that of ‘dry’ CT models.

The differences in size found between the dry bones and the ‘clinical’ virtual models

<1 mm, while ROIs on ‘clinical’ CT models showed variation >1 mm, except for LM

In terms of reliability of each LM, results from this study confirm that the error

generated from clinical CT data are most likely associated with image noise

rates of almost all ILDs (ILD 2-6) were acceptable, however, the precision with

produced by the presence of soft tissue. Attempts by previous studies to describe

which LMs can be recognized or identified differs per LM and per modality. This is

the accuracy of 3D virtual bone models also did so by measuring predefined ILDs

because each LM suffers from its own combination of errors (i.e. the ability/inability

(10, 11), and reported little to no differences between the actual dry bones and their

to manually palpate the ROI, the reconstruction error during the 3D segmentation

3D virtual model counterparts. Unfortunately, with these studies, there were either

process, and the measurement protocols performed on different modalities).

small sample sizes or they used dry/skeletonized- or partially decomposing remains

Discerning which error(s) influence(s) each LM proved to be complex and all in all, it

(11, 16), and/or higher radiation dosages (10) (480 mA) (30), which explains why

was impossible to come to a general conclusion of whether one modality is more or

there were minimal size differences between objects. CT scans of a skeletonized

less precise (in terms of intra- and inter-observer error) with regard to LM recognition

bone (as performed by for example Franklin et al. (2013) (11)) or a single leg (as

or identification. The question of whether any of the studied ILDs in the current study

was performed by Robinson et al. (2008) (16)) would be scanned with a higher dose

can in fact be used interchangeably between the different modalities could only be

of radiation than a CT scan of whole body, therefore resulting in improved image

answered positively for ILD 3 and 6, between measurements on ‘dry bone’ versus

quality. This especially holds true for reconstructions of the pelvis derived from a

from ‘dry’ CT virtual models. None of the ILDs presented in this study can be applied

total body CT scan; the pelvis is known for having high levels of attenuation and

interchangeably between ‘dry bone’ and ‘clinical’ CT.

image noise (17).

Percentage differences of measurements between modalities far exceeded the

Additionally, the influence of radiation dosage was previously studied by Oka et

percentage difference between observers for dry bone measurements. This means

al. (2009) [14] using CT scans of 12 dry forearm bones, acquired with two different

that the variation in size found among measurements taken from dry bones and

radiation doses (50 mA and 10 mA). The 3D reconstructions of CT scans derived from

3D virtual bone models are not only influenced by measurement- and/or landmark

both radiation doses showed the same level of accuracy. This could be explained

recognition error, but that the modality in which the measurements are taken plays a

by the lack of soft tissue present and the use of a single (non-complex) bone. It is

significant role. This is an expected result, given the size differences found in the first

known that the segmentation process of bones with complex structures and joint

part of this study. It however is in contrast to statements made by other authors that

surfaces is more difficult and would thus influence the accuracy of the virtual bone

previously attempted to answer a similar question but used postmortem CT scans

model [21].
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The results of previous studies are therefore not representative for 3D reconstructions

measurement protocols of the dry bones and 3D virtual bones were identical and

based on clinical data.

no cross-sectional- or transparent views were used to locate the landmarks. The

Factors influencing landmark recognition
Three possible factors may have influenced the precision with which some LMs
could be recognized or identified in the various modalities: the ability/inability to

authors thus feel that the errors presented are representative of the precision
with which landmarks can be identified across modalities, rather than due to the
differences in measuring protocols.

manually palpate the ROI, the reconstruction error during the 3D segmentation

Limitations of the study

process, and the measurement protocols performed on different modalities.

The use of a single segmentation method may be considered a limitation, as

Firstly, the ability to manually palpate a LM is considered to increase its

different segmentation methods may result in slightly different virtual bone models

identification (10, 11, 31). This may suggest that LM recognition would potentially

(32). Therefore, the variability between segmentation methods, per landmark, should

be more precise on ‘dry bones’ than on 3D models. However, the current study

be tested before methods are used interchangeably between the actual dry bones

shows that the precision differed per LM and modality, which suggests that a

and 3D virtual bone models.

possible improvement of manual palpation is LM specific. For instance, the intra-

Despite the ROIs being manually selected and thus introducing a potential for intra-

and interobserver error for ILD 2 were highest for ‘dry bone’ and lowest for ‘dry’ CT

observer error, the x,y,z coordinates of each ROI was recorded and used to recreate

and ‘clinical’ CT respectively.

the ROI on the corresponding models. This means that the selection process only

Secondly, the quality of the segmentation will influence the precision of virtual

took place once per ‘optical 3D model’, and thus the authors believe that the ROIs

modelling and consequently detection of the LMs of interest. Based on previously

sufficiently represents the landmarks without including landmark recognition error.

published literature (21), anatomical regions such as joint surfaces and areas

Additionally, the 4 mm sized sphere, with a radius of 2 mm from the center point of

typically associated with enthesophyte development are less precise. However, in

the sphere, represents the acceptable 2 mm error that is reported within traditional

this study, the precision of the LM did not necessarily influence the ability to identify

forensic anthropological research.

the LM. This is demonstrated by LM 3 (‘farthest point of ischial curve from the center

The use of only eight landmarks in this study may be considered a limitation.

of the obturator foramen’). The geometrical region associated with this landmark

However, these landmarks were carefully selected: a) to represent various levels

has proven to be an area with high precision (21). Despite the high precision of the

of segmentation error, and b) to include landmarks generally used in forensic

landmark, four inter-landmark distances that could not be measured reliably on one

anthropology estimation techniques. Therefore, the authors feel that the number of

or more of the modalities included LM 3. Error associated with this landmark is

landmarks allow for useful and valid results.

therefore not an artefact of the reconstruction process but rather stems from the
ability to correctly identify this specific landmark.

The older age of individuals included in this study, and consequently the presence
of enthesophytes, may have influenced landmark recognition. This is a possible

Thirdly, performing measurements on dry bones is a fairly straightforward

explanation for the errors associated with LM 3. However, the use of older individuals

procedure of manually locating the landmark and measuring the ILD with a caliper.

represents a worse-case scenario and the reported results are considered to be a

Measurement protocols on 3D virtual bones are often more complicated, which

reflection hereof.

may also influence the precision of measurements. Previous studies have used
a combination of line tools and cross-sectional views (11) or transparent bone
algorithms (16) to be able to locate landmarks on 3D reconstructions. However,

CONCLUSION

the same measurement protocol may not always be used for two different
measurements of the same bone (as indicated by Franklin et al. (2013) (11)). It is

This is the largest study to date where the accuracy of virtual bone models

therefore imperative that the measurement protocol has clear descriptions on how

compared to their dry bone counterparts is quantified. Previous studies have

landmarks should be located and measured in order for the resulting measurements

investigated accuracy in a different way, for example; using TEM and %TEM, as well

to be reliable across observers. To overcome the possible influence of different

as percentage difference. Both techniques include the compounded error associated

measuring protocols and the associated errors, the presented study treated and

to size differences and landmark recognition. The cumulative effect of these errors

measured the 3D virtual bones as if they were ‘dry bones’. This means that the

is partially predictable, i.e. larger error between ‘dry bone’ and ‘clinical’ CT versus ‘dry
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bone’ and ‘dry CT’ due to the presence of soft tissue, and also partially unpredictable,
i.e. ability to precisely locate landmarks across different modalities. Each landmark
and subsequent inter-landmark distance therefore results in different degrees
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Chapter 7
SUMMARY AND DISCUSSION

Summary and discussion

TOWARDS VIRTUAL FORENSIC ANTHROPOLOGY:
METHODOLOGICAL AND PRACTICAL ISSUES RELATED
TO THE USE OF CLINICAL COMPUTED TOMOGRAPHY
DATA

due to (a combination of) various reasons, for example; ethical and legislative
restrictions and the often-considerable bias in body donation programmes (10-13).
Also in the Netherlands, such restrictions make the creation of a contemporary
skeletal reference database unfeasible.
While the development of skeletal collections in the countries encountering these

Forensic anthropology, a specialization within the field of physical/biological

difficulties is unlikely, new digital sources of skeletal data acquisition are being

anthropology, can best be described as the application of physical anthropological

investigated as possible alternatives. Medical imaging techniques are routinely used

knowledge and expertise for the purpose of supporting medico-legal investigations.

in almost all hospital settings. Therefore, the use of clinical radiological data, such

One of the main roles of a forensic anthropologist is the compilation of a biological

as computed tomography (CT) scans, has been proposed as a virtual substitute for

profile (describing the estimated sex, age-at-death, ante-mortem stature and ancestry

actual skeletal reference collections. Amongst others, the use of clinical CT scans is

of an unidentified victim) to assist with possible identification. The estimation

advantageous as the data acquired is of known demographics, representative of a

methods used to develop a biological profile are known to be largely population

contemporary, residing population, and is immediately available.

specific (1-6). This implies that the application of methods on individuals originating

An explorative study of how clinical CT scans can be used to develop and test

from population groups other than the group(s) from which a method was derived,

sex estimation methods was presented in Chapter 3. During this pilot study, twelve

could result in an unreliable biological profile, thereby negatively influencing the

standard osteometric measurements of the proximal femur were performed on

identification process (7, 8). This is especially relevant with the increased scrutiny of

2D clinical CT images. This data was used to develop sex estimation formulae,

forensic science over the past decades, as illustrated by the Daubert v. Merrell Dow

specifically for the current Dutch residing population. Cross-validated classification

Pharmaceuticals 1993 ruling which stated that “any and all scientific testimony or

accuracies of 79% and 82% were achieved for multivariate and univariate models,

evidence admitted [should] not only [be] relevant, but [also] reliable” (9).

respectively. This study confirmed the hypothesis that clinical CT data can be

In order to get a general idea of the diversity of population specific techniques
available to forensic anthropologists, to investigate trends in the variety of sources

a valuable alternative to skeletal collections. However, multiple challenges and
limitations were observed during the study.

used to gain access to population data and to evaluate to what degree techniques

One of the larger shortcomings involved the complexity of measuring the

comply with forensically desirable standards, a systematic review was conducted.

distance between two points across different planes when using 2-dimensional (2D)

The accurate estimation of sex is essential to maximise the reliability of a biological

plane reconstructions. As a result, inter-landmark distances between anatomical

profile, as all other estimation methods (age-at-death, ante-mortem stature and

landmarks which could not be reconstructed in a single plane, were not included

ancestry estimation) are known to be sex dependent. The pelvis is known as the

in the study. Since the impact of this restriction was already evident on a relatively

most sexually dimorphic skeletal element (8). Sex estimation on the pelvis was

uncomplicated skeletal element such as the proximal femur, it will pose even larger

therefore the element of choice for this review.

problems in more morphologically complex skeletal elements. This limitation could be

The results of this review, presented in Chapter 2, identified a relatively low

circumvented by performing measurements on 3-dimensional (3D) reconstructions.

number (n=21) of publications describing methods that stood up to the rigorous, but

The required reconstruction process, known as segmentation, is however sensitive to

necessary scientific standards of cross-validation and the assessment of intra- and

image noise and hampered to an unknown degree by the morphological complexity

inter-observer error. These studies are representative of various population groups

of the skeletal element of interest. Consequently, the need to study the reliability and

deriving from a limited number of countries (Australia, China, Colombia, France,

accuracy of segmentation using clinical CT scans was identified. The pelvis was

Greece, Italy, Japan, South Africa, Spain, Switzerland, Thailand and the USA). The

selected due to its high morphological complexity and the increased noise-level as

classification accuracies of these methods ranged from 65.8% - 100%. From this

a result of the high attenuation rates. Both of the aforementioned would contribute

review, it became evident that many countries lack valid sex estimation methods,

to determining the precision and accuracy of virtual bone models in a ‘worst case

using the pelvis, for their specific populations.

scenario’.

One of the most likely reasons for this, is the lack of large contemporary skeletal

Previous studies using CT data have done so by using post-mortem CT scans (14)

collections from which these countries can develop or test new methods. The ability

or scans of partially decomposed/skeletonized remains (e.g. 15, 16). These CT scans

to create and maintain representative skeletal collections is not always possible

are normally associated with high levels of exposure (mAs) and a reduced amount
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of soft tissue. Conversely, clinical CT scans are known to have low exposure levels

between 3D virtual bone models and the actual dry bones. However, the results

and increased noise added by the presence of soft tissue, both which contribute

also showed that this cannot be readily assumed for all morphological methods/

to decreased image quality. Additionally, the conditions under which clinical CT

features.

scans are conducted are rather inconsistent, e.g. due to changes in the acquisition

Chapter 6 investigated the possible size difference between the virtual bone

parameters (i.e. exposure level, slice thickness, increment level, reconstruction filter)

models and their dry bone counterparts. The results hereof can be used to gauge

and in the type/brand of scanner used. As a result, the quality of the 3D virtual bone

the effect of using virtual bone models for developing/testing osteometric methods;

models derived from clinical CT scans could therefore be less than those from post-

these use measurements between specific anatomical landmarks to categorize

mortem scans. Ultimately, this could lead to reduced reproducibility of the virtual

individuals. To interpret any difference in size correctly, it is important to distil whether

bone (i.e. precision), and a possible inaccurate representation (i.e. accuracy) of the

the variation arises due to the result of segmentation error or due to difficulties in

actual dry bone, for both shape (morphology) and size (osteometry). Knowledge on

landmark recognition. This study established that 3D virtual bone models derived

the extent to which the sources of variability affect both the precision and accuracy

from clinical CT scans are in fact larger in size than the actual dry bones. Despite

of the 3D virtual bone models is therefore needed as a basis for the in- and exclusion

the size differences, landmarks of interest were generally still recognizable, although

criteria of CT scans for setting up a virtual skeletal database.

there was a variation in the reliability hereof. Possible reasons for this include the

The effects of varying imaging conditions normally associated with clinical CT
scans, on the geometric variability (i.e. precision) of 3D virtual bone models was

increased segmentation error due to the presence of soft tissue or the complexity of
the skeletal element used.

assessed in Chapter 4. This was achieved by comparing the virtual bone models

All in all, this thesis investigated the possible use of 3D virtual bone models

created from multiple CT scans, of a single adult human cadaver, conducted under

derived from clinical CT scans in forensic anthropology as an alternative to skeletal

varying image conditions (i.e. different scanner types, standard patient scanning

collections. Through this, various considerations were identified that should be

protocols, slice thicknesses and exposure levels). The results of this study indicated

taken into account when using 3D virtual bone models. Firstly, the quality of the

that the geometric variability of the virtual bone models are within acceptable

3D reconstruction process is influenced by numerous variables, most prominent

ranges and thus are precise, even when the conditions under which the CT scan is

being the presence of soft tissue, which influences the accuracy of the virtual bone

performed changes. This is promising for the use of clinical CT scans in a forensic

models. Secondly, the ability to manually palpate the skeletal element impacts the

anthropological setting.

correct scoring and identification of morphology/landmarks.

The conclusion that the variability of clinical CT scans on virtual bone models has

Lastly, the use of different segmentation softwares and methodologies may result

no practical influence in regard to the precision of the virtual model, does not imply

in slightly different virtual bone models (19). With this in mind, the fact that only one

that the virtual bone models accurately represent the actual dry bone. To test the

segmentation program was used during the studies presented in this thesis may

interchangeability of virtual and dry bones, both morphological traits (shape) and

be considered a limitation. Despite this we find the results presented in this study

osteometric analysis (size) were compared in Chapter 5 and 6, respectively.

to be valid concerning the precision and accuracy of virtual bone models, derived

Chapter 5 explored whether morphological sex estimation traits are accurately

from clinical CT data, as a suitable alternative to physical skeletal collections. Our

portrayed on 3D virtual bone models. This was tested by scoring the commonly used

findings suggest that before developing methods with the intention of using them

morphological traits incorporated in sex estimation methods described by Klales

across different modalities, the ability to score each trait and recognize the various

(2012) (17) and the WEA (1980) (18), on the virtual bone models as well as on the

anatomical landmark needs to be established for every single anatomical area of

actual dry bones. The results showed varied outcomes between the two methods.

interest. Only once the variability in terms of precision and accuracy for each region

All of the Klales (2012) traits could be scored reliably on both modalities (virtual- and

of interest is known, can the method be used interchangeably.

dry bone), while this was only possible for some of the WEA (1980) traits. These
discrepancies could be the result of factors that influence the ease with which some

Future Perspectives

traits are scored; namely 1) the ability to correctly position the skeletal element, 2)

The findings in this thesis open many doors other than the already mentioned

the ability to manually palpate the anatomical landmark and 3) the availability of

benefits of being able to develop credible estimation methods. As virtual bone

a visible light source which aids in the clear definition of a landmark. The findings

models consist of hundreds-of-thousands of data points, new methods using non-

from this study showed that the Klales (2012) method can be used interchangeably

standard measurement techniques (i.e. shape fitting and artificial intelligence)
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Summary and discussion

become feasible. Given the potential to acquire more detailed information, new
approaches are expected to result in forensic anthropological estimation methods
with higher accuracy rates, especially in populations with a large range of human
variation, influenced by the high rates of migration. Adopting novel, quicker and more
accurate methodologies will help forensic anthropology to remain relevant in a day
and age in which the increased implementation of for instance DNA investigation
poses an alternative for anthropological biological profiling.
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Chapter 8
SAMENVATTING EN DISCUSSIE

Samenvatting en discussie

METHODOLOGISCHE EN PRAKTISCHE ASPECTEN
VAN HET GEBRUIK VAN KLINISCHE CT DATA IN
DE ONTWIKKELING VAN VIRTUELE FORENSISCHE
ANTROPOLOGIE

de Verenigde Staten, Zuid-Afrika en Zwitserland). De nauwkeurigheden van deze
methodes varieerden tussen de 65.8% tot 100%. In deze review werd duidelijk
dat er in veel landen voor hun specifieke populatie een gebrek is aan geldige
geslachtsbepaling methodes op basis van het bekken.
Een van de meest voor de hand liggende redenen voor dit feit is het gebrek aan

Forensische antropologie is een specialisatie binnen het veld van de fysische en

grote hedendaagse skeletcollecties waarmee nieuwe methodes ontwikkeld en/of

biologische antropologie en kan het best omschreven worden als de toepassing

getest zouden kunnen worden. Om uiteenlopende redenen is het vaak niet mogelijk

van fysisch- antropologische kennis en expertise met als doel het ondersteunen

representatieve skelet- collecties te verzamelen en te behouden, bijvoorbeeld door

van juridisch-medische zaakonderzoek. Een van de belangrijkste taken van een

ethische of wettelijke beperkingen en de vaak aanzienlijke selectiebias in materiaal

forensisch antropoloog is het samenstellen van een biologisch profiel (bepalen van

verkregen via lichaamsdonatieprogramma’s (10-13). Ook in Nederland maken deze

leeftijd, geslacht, lichaamslengte en afkomst) van het ongeïdentificeerde slachtoffer

beperkingen het realiseren van een referentiecollectie en database van hedendaagse

om daarmee bij te dragen aan een mogelijke identificatie. Van de methodes die

skeletten onhaalbaar.

worden gebruikt om een biologisch profiel te bepalen is bekend dat ze specifiek zijn

Aangezien het realiseren van skeletcollecties in de landen die deze moeilijk-

voor een gegeven populatie (1-6). Dit houdt in dat het toepassen van de methodes

heden ondervinden onwaarschijnlijk lijkt, wordt als mogelijk alternatief gekeken

op individuen met een andere afkomst dan de groep(en) waarop de methode is

naar digitale bronnen voor het verzamelen van deze skeletdata. Medische

gebaseerd, kan resulteren in een onbetrouwbaar biologisch profiel hetgeen het

beeldvorming wordt routinematig toegepast in nagenoeg alle ziekenhuizen. Klinisch

identificatieproces negatief kan beïnvloeden (7, 8). Dit is vooral relevant in verband

radiologische data, zoals die verkregen met computed tomography (CT) scans,

met de toegenomen kritische blik op forensisch wetenschappelijk onderzoek, die

zouden daarom wellicht gebruikt kunnen worden als virtuele vervanging van fysieke

zich de laatste tientallen jaren ontwikkeld heeft , zoals geïllustreerd door de uitspraak

referentiecollecties. Eén van de voordelen van het gebruik van geanonimiseerde

in Daubert v. Merrell Dow Pharmaceuticals 1993 waarin gesteld werd, dat “any and

klinische CT data is, dat hiervan het demografische profiel bekend is, en er dus direct

all scientific testimony or evidence admitted [should] not only [be] relevant, but

een representatieve en hedendaagse collectie van de desbetreffende populatie

[also] reliable [Elke wetenschappelijke verklaring of bewijs (zou) niet alleen relevant

beschikbaar is.

(moeten zijn), maar (ook) betrouwbaar]” (9).

Een verkennend onderzoek over hoe deze klinische CT-scans gebruikt kunnen

Om niet alleen meer inzicht te krijgen in de diversiteit van de beschikbare

worden om geslachtsbepalingsmethodes te ontwikkelen en te testen, wordt

populatie- specificatie onderzoekstechnieken, maar ook om trends te onderzoeken

beschreven in Hoofdstuk 3. Tijdens dit pilot-onderzoek zijn twaalf standaard

in de verscheidenheid aan bronnen die gebruikt worden om toegang te verkrijgen tot

osteometrische metingen van het proximale femur uitgevoerd op 2-dimensionale

populatie- data en om te evalueren in hoeverre onderzoekstechnieken voldoen aan

(2D) klinische CT beelden. Deze data zijn gebruikt om een geslachtsbepalingsformule

forensisch- wetenschappelijk aanvaardbare standaarden, werd een systematische

te ontwikkelen, specifiek voor de huidige Nederlandse populatie. Er werden

literatuur review uitgevoerd. Een nauwkeurige bepaling van het geslacht is essentieel

gekruisvalideerde classificatienauwkeurigheden van 79% en 82% behaald van

om de betrouwbaarheid van een biologisch profiel te optimaliseren, aangezien de

respectievelijk multivariate en univariate modellen. Dit onderzoek bevestigde de

andere profielbepalingen (leeftijd, lichaamslengte en afkomst) hiervan afhankelijk

hypothese, dat klinische CT-data een waardevol alternatief voor skeletcollecties

zijn. Het bekken staat bekend als het meest seksueel dimorfe onderdeel van het

kunnen zijn. Echter, gedurende het onderzoek zijn meerdere moeilijkheden en

menselijk skelet (8). Bepaling van het geslacht aan de hand van het bekken is daarom

tekortkomingen vastgesteld.

gekozen als onderwerp voor dit review.

Een van de grotere tekortkomingen betrof de complexiteit van het meten van

In deze review, beschreven in Hoofdstuk 2, zijn een relatief klein aantal (n=21)

de afstand tussen twee punten op verschillende vlakken wanneer er gebruik wordt

publicaties geïncludeerd. Deze publicaties hadden methodes die voldeden aan de

gemaakt van een 2D reconstructie. Als gevolg hiervan konden afstanden tussen

rigoureuze maar benodigde wetenschappelijke standaarden van kruisvalidatie en de

anatomische oriëntatiepunten waarvan geen reconstructie in één vlak gemaakt

beoordeling van intra- en inter-observer fouten. De onderzoeken zijn representatief

kon worden, niet opgenomen worden in dit onderzoek. Omdat de impact van deze

voor verschillende populatiegroepen afkomstig uit een beperkt aantal landen

beperking bij een relatief laag-complex skeletdeel zoals het proximale femur al

(Australië, China, Colombia, Frankrijk, Griekenland, Italië, Japan, Spanje, Thailand,

zichtbaar was, is de verwachting dat zich grotere problemen zullen voordoen in
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morfologisch complexere skeletdelen. Deze beperking zou omzeild kunnen worden

De conclusie dat de variatie in klinische CT scans in de praktijk geen invloed heeft

door gebruik te maken van 3-dimensionale (3D) reconstructies. Het toegepaste

op de precisie van het model houdt echter niet in, dat het virtuele model ook

reconstructieproces, bekend als segmentatie, is echter gevoelig voor beeldruis

daadwerkelijk een accurate weergave is van het gedroogde skeletdeel. Om de

en is tot op zekere hoogte beperkt door de morfologische complexiteit van het

uitwisselbaarheid van virtueel en gedroogd bot te testen, zijn zowel morfologische

desbetreffende skeletdeel. Dat maakte het noodzakelijk de betrouwbaarheid en

eigenschappen (vorm) als osteometrische parameters (afmetingen) vergeleken,

nauwkeurigheid van segmentatie van klinische CT-scans te onderzoeken. Het

hetgeen beschreven is in respectievelijk hoofdstukken 5 en 6.

bekken is gekozen vanwege de hoge morfologische complexiteit en de toegenomen

In Hoofdstuk 5 is onderzocht of de morfologische geslachtskenmerken accuraat

beeldruis als gevolg van de hoge signaalverzwakking. Beide beperkingen zullen

bepaald kunnen worden op 3D virtuele modellen. Dit werd getest aan de hand van

bijdragen aan de precisie en juistheid van virtuele skeletmodellen in een dergelijk

het vaststellen van gangbare morfologische kenmerken zoals die gebruikt worden

“worst-case scenario”.

in de methode van Klales (2012) (17) en de Workshop of European Anthropologists

Eerdere onderzoeken, waarbij gebruik werd gemaakt van CT-data, hebben

(WEA) (1980) (18) op zowel virtuele als gedroogde botten. De resultaten van dit

dit gedaan op basis van postmortale CT-scans (14) of scans van gedeeltelijk

onderzoek toonden een verschil tussen beide methoden. Alle kenmerken van Klales

ontbonden/geskeletteerde overblijfselen (bijv. (15, 16)). Deze scans worden

(2012) konden betrouwbaar worden vastgesteld op zowel virtuele als gedroogde

normaal gesproken vervaardigd met een hoge stralingsdosis en bij een beperkte

botten, terwijl dit alleen mogelijk was voor bepaalde kenmerken van de WEA. Deze

hoeveelheid zacht weefsel. Dit in tegenstelling tot klinische CT-scans die gekenmerkt

discrepantie kan het gevolg zijn van factoren die het gemak waarmee bepaalde

worden door een lage stralingsdosis en een toename van ruis ten gevolge van de

kenmerken op het gedroogde bot vastgesteld kunnen worden, te weten: 1) de

aanwezigheid van zacht weefsel; beide factoren dragen bij aan een verminderde

mogelijkheid om het bot goed te positioneren, 2) de mogelijkheid om te palperen en

afbeeldingskwaliteit. Daarnaast variëren de instellingen waarmee klinische CT

3) de beschikbaarheid van een lichtbron om bepaalde anatomische markeringen te

scans worden gemaakt, bijvoorbeeld door verschillen in de scanparameters (t.w.

detecteren. Het onderzoek toonde aan, dat de methode van Klales (2012) toegepast

stralingsdosis, coupedikte, coupe-afstand en reconstructiefilter) en het type/merk

kan worden op zowel het virtuele als het gedroogde bot. Echter, we hebben ook

van de scanner dat is gebruikt. Het resultaat is, dat de kwaliteit van de 3D virtuele

aangetoond, dat niet aangenomen mag worden dat dit voor alle kenmerken /

botmodellen verkregen van klinische CT scans hierdoor minder kan zijn dan de

methoden geldt.

modellen verkregen uit postmortale scans. Uiteindelijk zou dit kunnen leiden tot een

In Hoofdstuk 6 is het mogelijke verschil in grootte tussen het virtuele en het

afgenomen reproduceerbaarheid van de virtuele botreconstructie (d.w.z. precisie),

gedroogde bot onderzocht. De resultaten van deze studie kunnen gebruikt worden

en een mogelijk minder juiste weergave (d.w.z. accuratesse) van het werkelijke

om het effect te bepalen, wat het toepassen van virtuele modellen heeft op het

droge bot, zowel voor vorm (morfologie) als grootte (osteometrie). Kennis van de

ontwikkelen en uittesten van osteometrische methoden, die afstanden tussen

variabelen, die de precisie en juistheid van het 3D virtuele botmodel aan kunnen

anatomische markeringen gebruiken om individuen te categoriseren. Om eventuele

tasten en de mate waarin, is daarom noodzakelijk opdat de in- en exclusiecriteria

verschillen tussen beiden goed te kunnen interpreteren, is het noodzakelijk om

voor CT scans voor een virtuele skeletdatabase bepaald kunnen worden.

te weten of die het gevolg zijn van het segmentatieproces of van het moeilijk

Het effect van het variëren van de omstandigheden die normaal geassocieerd

herkennen van anatomische meetpunten. Dit onderzoek toonde aan dat de virtuele

zijn met klinische CT-scans op de geometrische variabiliteit (d.w.z. precisie) van

3D modellen verkregen op basis van klinische CT scans daadwerkelijk grotere

3D virtuele botmodellen is beschreven in Hoofdstuk 4. Dit is gedaan door het met

afmetingen hebben dan gedroogd bot. Ondanks de verschillen in grootte waren de

elkaar vergelijken van virtuele botmodellen, gebaseerd op meerdere CT scans,

anatomische meetpunten over het algemeen nog herkenbaar, hoewel dit wel per

van één mannelijk stoffelijk overschot, die verkregen werden onder gevarieerde

meetpunt verschilde. De mogelijke oorzaak in dit verschil ligt in de hogere kans op

scanomstandigheden (d.w.z. verschillende scannertypes, scanningprotocollen,

segmentatiefouten door de aanwezigheid van zacht weefsel op de CT scan en de

coupediktes en stralingsdoses). De resultaten van dit onderzoek wijzen uit, dat de

complexiteit van het onderzochte bot.

geometrische variatie van de verkregen virtuele botmodellen binnen acceptabele

In dit proefschrift is het mogelijke gebruik van 3D virtuele skeletmodellen

grenzen valt, zelfs wanneer de omstandigheden waarmee de CT-scan zijn gemaakt

verkregen met behulp van klinische CT data onderzocht, niet alleen voor de

veranderen. Dit maakt het gebruik van klinische CT-scans in een forensisch-

toepassing in de forensische antropologie maar ook als een alternatief voor

antropologische setting veelbelovend.

fysieke skeletverzamelingen. In dit onderzoek zijn verschillende parameters

146

147

8

Samenvatting en discussie

geïdentificeerd waar rekening mee gehouden moet worden bij het gebruik van 3D
virtuele skeletmodellen. Ten eerste blijkt de kwaliteit van het segmentatieproces
beïnvloed te worden door meerdere variabelen, waarvan de aanwezigheid van weke
delen de belangrijkste is. Ten tweede blijkt de mogelijkheid het skeletdeel te kunnen
palperen van belang voor het correct identificeren en beoordelen van anatomische
meetpunten. Tot slot zou het gebruik van verschillende segmentatiemethoden
en softwarepakketten kunnen leiden tot minieme verschillen in het eindresultaat
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