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
Other 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

Chapter 3
DUTCH POPULATION SPECIFIC
SEX ESTIMATION FORMULAE
USING THE PROXIMAL FEMUR

Kerri L Colman

Roelof-Jan Oostra

Marloes C Janssen

Hans H de Boer

Kyra E Stull

Alie E van der Merwe

Rick R van Rijn

Forensic Science International.
2018 May 1;286:268-e1
DOI: 10.1016/j.forsciint.2017.12.029

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

62

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.

64

65

Dutch population specific sex estimation formulae using the proximal femur

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%.
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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*

69
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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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