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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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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.

REFERENCES
1.
2.
3.
4.

With this in mind, we hope that the findings of this thesis encourage the use of
virtual skeletal databases to continue in the endeavour of continuously improving the
field of forensic anthropology, not only within in the Netherlands but also throughout
the world.

5.
6.
7.

8.
9.
10.
11.
12.

13.
14.
15.

16.

17.

18.
19.

140

Iscan MY, Steyn M. Sex. The human skeleton in forensic medicine: Charles C Thomas Publisher;
2013. p. 143-93.
İşcan MY, Miller-Shaivitz P. Discriminant function sexing of the tibia. Journal of Forensic Science.
1984;29(4):1087-93.
Steyn M, Patriquin ML. Osteometric sex determination from the pelvis-Does population specificity
matter? Forensic Science International. 2009;191(1-3):113.e1-.e5.
Walrath DE, Turner P, Bruzek J. Reliability test of the visual assessment of cranial traits for sex
determination. American Journal of Physical Anthropology: The Official Publication of the American
Association of Physical Anthropologists. 2004;125(2):132-7.
Loth S, Iscan M. Sex determination, Encyclopedia of forensic Sciences. Academic Press, San Diego;
2000.
Spradley MK, Jantz RL. Sex estimation in forensic anthropology: skull versus postcranial elements.
Journal of Forensic Sciences. 2011;56(2):289-96.
Christensen AM. The impact of Daubert: Implications for testimony and research in forensic
anthropology (and the use of frontal sinuses in personal identification). Journal of Forensic
Sciences. 2004;49(3):427-30.
Grivas CR, Komar DA. Kumho, Daubert, and the nature of scientific inquiry: implications for forensic
anthropology. J Forensic Sci. 2008;53(4):771-6.
Farrell MG. Daubert v. merrell dow pharmaceuticals, Inc.: epistemilogy and legal process. Cardozo
L Rev. 1993;15:2183.
Brickley M, Ferllini R. Forensic anthropology: Case studies from Europe: Charles C Thomas
Publisher; 2007.
Maat G, Mastwijk RW, Jonker MA. Citizens Buried in the’Sint Janskerkhof’of the’Sint Jans’ Cathedral
of’s-Hertogenbosch in the Netherlands Ca 1450 and 1830-1858 AD: Barge’s Anthropologica; 2002.
Maat GJ, Maes A, Aarents MJ, Nagelkerke NJ. Histological Age Prediction from the Femur in a
Contemporary Dutch Sample* The decrease of nonremodeled bone in the anterior cortex. Journal
of forensic sciences. 2006;51(2):230-7.
Bolt S, Venbrux E, Eisinga R, Kuks JB, Veening JG, Gerrits PO. Motivation for body donation to
science: more than an altruistic act. Annals of Anatomy-Anatomischer Anzeiger. 2010;192(2):70-4.
Stull KE, Tise ML, Ali Z, Fowler DR. Accuracy and reliability of measurements obtained from
computed tomography 3D volume rendered images. Forensic Sci Int. 2014;238:133-40.
Franklin D, Cardini A, Flavel A, Kuliukas A, Marks MK, Hart R, et al. Concordance of traditional
osteometric and volume-rendered MSCT interlandmark cranial measurements. International
journal of legal medicine. 2013;127(2):505-20.
Robinson C, Eisma R, Morgan B, Jeffery A, Graham EA, Black S, et al. Anthropological measurement
of lower limb and foot bones using multi‐detector computed tomography. Journal of forensic
sciences. 2008;53(6):1289-95.
Klales AR, Ousley SD, Vollner JM. A revised method of sexing the human innominate using
Phenice’s nonmetric traits and statistical methods. American journal of physical anthropology.
2012;149(1):104-14.
Workshop of European Anthropologists. Recommendations for age and sex diagnoses of skeletons.
Journal of Human Evolution. 1980;9(7):517-49.
van Eijnatten M, van Dijk R, Dobbe J, Streekstra G, Koivisto J, Wolff J. CT image segmentation
methods for bone used in medical additive manufacturing. Medical engineering & physics.
2018;51:6-16.

141

7

