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Abstract

Human skeletal remains are a crucial source for understanding biocultural and evolu-
tionary processes. Yet, their study and management are challenged by social, religious,
and political factors, placing them in a ‘grey area” within cultural heritage. Human skele-
tal collections often carry colonial legacies, raising ethical concerns and new challenges
for research, curation, and public engagement in academic and museum institutions. In
this context, digitization offers expanding opportunities for public exhibition and defi-
nition of human remains as part of our culture, while ensuring long-term preservation.
Virtual approaches serve also as a useful tool to investigate human variability from evo-
lutionary, bioarchaeological, and forensic perspectives. Moreover, digital access fosters
interdisciplinary collaboration and research by enabling global scholarly engagement
beyond physical limitations. Through the CHANGES project, we have initiated the dig-
itization of the Documented Human Osteological Collections (DHOC) of the University
of Bologna—one of Italy’s largest collections—making these resources available via the
3D data repository MorphoSource. This contribution provides updates on newly digitized
material and reports on access requests received to date. We conclude by considering the
emerging responsibilities of anthropologists in the use of virtual human skeletal collections,
promoting best practices for the management of the anthropological digital twins.
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1. Introduction

Human skeletal collections play a pivotal role in anthropological research, providing
valuable insights into evolutionary, bioarchaeological, and forensic contexts by reconstruct-
ing the biology, behaviour, and cultural practices of past populations (e.g., references [1-3]).

Among these resources, documented human skeletal collections (for sex, age-at-death,
cause of death, etc.) hold particular scientific significance alongside important ethical
considerations. They were massively assembled primarily in anthropological and anatom-
ical museums and laboratories between the mid-19th and 20th centuries, when Physical
Anthropology was born in Europe, pursuing a classificatory and racial approach [4]. Still,
documented human skeletal collections continue to be assembled and expanded world-
wide [5-7]. The provenance of these skeletal remains is varied, including exhumations,
scientific expeditions, exchanges, and donations, but also involving more problematic
practices such as looting, theft, plunder, and, in some cases, homicide [6,8,9]. In western
contexts, many of these collections were formed through cemetery exhumations or by
collecting unclaimed human remains [10]. The latter is the case of the human skeletal
collection held at the University of Bologna (Italy), recently designated as the Documented
Human Osteological Collection (DHOC) [11,12].

In Italy, in the last years, the management of human skeletal collections—across
research, education, and museum display—has presented a series of critical issues that
place these remains within a complex and contested “grey area” [4].

Several interrelated factors contributing to this problematic status are common to the
scientific community:

e  The skeleton, in its materiality, often evokes immaterial and symbolic meanings, as
evidenced by the diverse cultural practices associated with death and commemoration,
since prehistoric times [13].

e  Human remains represent the identity and collective memory among the living [14-16].

. These collections were often gathered within a scientific framework shaped by racial,
Eurocentric, and colonialist paradigms, when museum institutions facilitated the
diffusion of a Western-centred world view interest for the “others” [14—16]—a phe-
nomenon defined as “helicopter science” [16-22]—resulting in the provenance of
many collections from non-Western contexts.

e In Italy, in particular, the definition of human remains as cultural heritage remains
ambiguous [23], leaving unresolved issues concerning ownership and stewardship.

In Europe, the transformative impact and democratization of cultural heritage were
promoted by the Faro Convention of the Council of Europe (2005) [24] ratified in Italy in
2020 (https:/ /www.gazzettaufficiale.it/eli/id /2020/10/23/20G00152/sg; accessed on 28
August 2025). The Faro Convention involves people recognizing the cultural heritage, as
reflective of their identity and memory, and remembrance are intended as an evolving
social and cultural process [25]. These principles are well-expressed in the conceptual lens
of the Authorized Heritage Discourse (AHD) [26] that renounces elitist cultural narratives
and draws attention to the notions and conceptions of heritage held by marginalized
peoples, communities and cultures [27], while challenging traditional models of heritage
governance and demanding new ethical and methodological approaches within national
and international frameworks, including those set by UNESCO.
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As a result, the study, management, access, and display of human remains have
become central issues in both academic research and museum practice, calling for new
ethical standards and interdisciplinary collaborations. The debate over these issues had
already emerged in northern Europe, especially during the 1990s, concerning the repa-
triation of human remains and cultural items to Indigenous communities (e.g., after the
enactment of the federal law NAGPRA in 1990 concerning the Protection and Repatriation
of cultural items and human remains of the Native Americans). Indeed, several post-
colonial countries began to advocate for the right to curate and protect their own heritage
and cultural identity as early as the late 1960s and 1970s [26]. This debate has prompted
a critical re-evaluation of the origins, uses, and ethical implications of historical skeletal
collections. Increasing attention has been directed toward questions of provenance, consent,
and cultural sensitivity, particularly in relation to collections assembled during colonial and
post-colonial periods [27]. Italy engaged later and more gradually in the debate over those
issues ([28] and references herein). Recent efforts have been made by the Italian Ministry of
Culture (MiC 2022) [29], as well as by the Italian Anthropological Association (AAI) that was
equipped with an interdisciplinary thematic working group in 2023. The reason for this delay
can be explained based on some widespread traditions in Italy, such as the Catholic church
not being concerned with the archeological excavation of necropolises, the practice of visiting
and viewing human relics in churches, making them familiar to the majority of Italian people
(although unverified) [4]. We can also factor in the underestimated responsibility of the Italian
colonial policies and the low social awareness of the meaning of colonial science [30].

In the late 1990s, the onset of Virtual Anthropology (VA) opened a new scientific
landscape offering unprecedented opportunities in both anthropological research and
museum contexts. Even though the theoretical bases of the geometry of nature were laid by
D’Arcy Wentworth Thompson (1860-1948), VA represented a sort of scientific revolution,
parallel to the one of paleogenomics to study the past human genetic variability, occurring
in the same years. The application of VA has enabled researchers to go beyond what
was observable through traditional morphometry alone, supporting the development of
geometric morphometrics, which quantifies shape differences among organisms [31-35].
Besides biological anthropological studies, this new approach was rapidly applied to the
context of virtual restoration, conservation, and museum display and exhibition.

Within this framework, and thanks to the CHANGES project (Cultural Heritage Active
Innovation for Sustainable Society, Recovery and Resiliency Plan Italian project CHANGES),
financed by the European Union, we initiated the digitization of the DHOC to ensure its
virtual conservation and accessibility, while raising new management reflections on its
future role [36]. Particularly, Spoke 6 (https://www.fondazionechanges.org/spoke-6/;
accessed on 14 November 2025) focuses on sustainable and participatory management of
cultural heritage, promoting knowledge sharing and innovative conservation practices. It
integrates scientific and humanistic methods to analyze and manage complex heritage data,
fostering a virtuous cycle between historical analysis and conservation actions. The digitisa-
tion of the DHOC at the University of Bologna falls under these objectives, contributing to
digital documentation, accessibility, and sustainable management of bio-cultural heritage.
In addition, the virtual DHOC is the unique collection having both the original skeletons
and their digital copy—a few other collections of complete skeletons (NMDID and SVAD)
are only virtual [37,38].

Previous independent research focusing on human evolution and modern human vari-
ability has generated hundreds of virtual acquisitions of the bones from the DHOC [39-49].
Either recent project funded by the European Union Horizon Europe research and inno-
vation programme—Marie Sklodowska-Curie Actions (H2020-MSCA-IF-GF-2019, BABY
PACE, grant agreement: n.886380, P.I. Antony Colombo; HORIZON-MSCA-2022-PF-GF,
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RISEN, grant agreement: n.101108385, P.I1. Carla Figus; HORIZON-MSCA-2024-PF-01-01,
STAND UP, grant agreement: 101203131, PI. Annalisa Pietrobelli) have created DHOC’s an-
thropological digital replicas. However, data collected previously were not made available
online to facilitate scientific reuse and, more importantly, were not systematically accompa-
nied by metadata. Within the CHANGES project, we created a digitization community to
collect and archive the already digitized bones, while providing relevant biological and
scanning information of the related individuals/scanned bones.

Then, here we present the updated digitization project of the “Virtual database of the
DHOC of the Certosa Cemetery of Bologna” (Virtual DHOC), which now includes addi-
tional entries, and provide an assessment of the impact resulting from the dissemination of
already available 3D data on a broad scientific audience.

DHOC

The DHOC comprises 425 mostly complete and well-preserved human skeletons,
belonging to individuals of known sex and age-at-death (from fetus to 91 years), in-
cluding name, birth and death dates (between 1898 and 1944) and locations, occu-
pation, cause of death, and information about relatives and spouses, when available.
Records indicate that these skeletons mainly belong to less affluent citizens whose re-
mains were unclaimed by their families for a period of ten years [11,50]. It is housed
at the Department of Biological, Geological and Environmental Sciences of the Univer-
sity of Bologna, incorporated within the newly established Museum System of the Uni-
versity of Bologna (SMA—https://sma.unibo.it/en/the-university-museum-network/
anthropological-collection/anthropological-collection, accessed on 28 August 2025) as part
of its scientific collections. The collection has long constituted a foundational resource in
anthropological research and has been extensively employed in teaching and educational
contexts, especially after the paradigmatic shift in anthropology refuting typological and
racial models toward more holistic, biocultural, and population-based approaches. It
has significantly contributed to advancing knowledge of functional and adaptive skeletal
anatomy within evolutionary and biocultural frameworks [39-44].

The dual status—as both a scientific and educational resource and a museum
asset—requires particular attention for its preservation [51] and offers a critical opportunity
to translate and disseminate research developments within the public sphere, fostering en-
gagement with a broad and diverse audience through the application of virtual approaches.
Nonetheless, the creation of anthropological virtual twins also entails considerable chal-
lenges and responsibilities, particularly in balancing scholarly and public-facing objectives,
ensuring the long-term maintenance of the virtual collection.

2. Materials and Methods

A subset of the physical human remains of the DHOC has been selected to be digitized
and included in the Virtual DHOC. This digital data, together with detailed metadata
(both biological information and virtual acquisition parameters), were made available on
the online repository MorphoSource under the project “Virtual database of the DHOC
of the Certosa Cemetery of Bologna”. MorphoSource (based at Duke University, in the
United States) was selected because it provides a reliable and stable platform for uploading,
storing, and maintaining databases of 3D models, all managed under the guidance of
the collection’s institutional and scientific overseers. Its popularity within the research
community, combined with dependable data storage, guaranteed long-term access and
management, made it an ideal choice. Additionally, the platform does not charge any fees
for data storage or access.
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2.1. Virtual Acquisition

Anthropological digital replicas of DHOC consist of Computed Tomography (CT)
scans, micro-Computed Tomography (microCT) scans, 3D models derived by micro-CT or
Ct scans or acquired through structured light scanning.

Data were generated thanks to a partnership with several facilities: Laboratory of Bi-
ological Anthropology, Department of Biological, Geological and Environmental Sciences,
University of Bologna (Artec Space Spider structured light scanner, manufacturer: Artec 3D,
Senningerberg, Luxembourg); BONES Lab, Department of Cultural Heritage—University of
Bologna (Artec Space Spider structured light scanner, manufacturer: Artec 3D, Senningerberg,
Luxembourg); X-ray computed tomography lab, Department of Physics and Astronomy,
University of Bologna (microCT scanner assembled in-house); Radiology Unit and Surgi-
cal Sciences and Technologies Complex Structure, IRCCS Istituto Ortopedico Rizzoli—IOR,
Bologna, Italy (GE Revolution Discovery CT dual energy, manufacturer: GE Medical Sys-
tems, Waukesha, United States; high resolution X-ray microtomograph Skyscan 1176,
manufacturer: SkyScan, Kontich, Belgium); Department of Diagnostic Imaging, Santa
Maria delle Croci Hospital, Ravenna, Italy (Philips Medical System, Brilliance CT 64,
manufacturer: Philips Medical Systems, Cleveland, OH, USA); Center for Quantita-
tive Imaging, The Pennsylvania State University, USA (General Electric vjtomejx L300
nano/microCT, manufacturer: Waygate Technologies, Wunstorf, Germany); TomoLab,
Elettra Sincrotrone, Trieste, Italy (microCT scanner assembled in-house); Center for Clini-
cal and Surgical Experimental and Molecular Anatomy (Anatomy Center), Department
of Biomedical and Neuromotor Sciences—Universita di Bologna (Philips Incisive CT
128 scanner, manufacturer: Philips Italia, Milano, Italia).

2.2. Access to the Virtual DHOC

Within this project, we have established a comprehensive framework for managing
these sensitive digital materials, developing best practices for data sharing in collaboration
with the legal office of the University of Bologna. Together with our institutional partners,
we have tailored user agreements that clearly define expectations regarding the use of
DHOC’s anthropological digital twins. MorphoSource supports complex management
requirements, including restricted access governed by contract law.

Our user agreements explicitly address issues related to ownership and access rights
concerning the digitized human skeletal remains [52-54]. The management of the Virtual
DHOC strictly follows the principles and guidelines of modern research ethics for the study
of human remains, as recommended by national and international authorities [29,55-59].
Therefore, the handling and study of the Virtual DHOC are conducted with a respectful and
ethically conscious approach, acknowledging the scientific, cultural, and social significance
of these human remains.

Given that the individuals died approximately a century ago and their remains were
collected decades later through routine cemetery procedures, the project recognizes the
impossibility of contacting living descendants [11]. Considering the impossibility of ob-
taining informed consent—as promoted by the Nuremberg Code (1947) and later codified
as a norm—stringent protocols, aligned with international ethical standards and guide-
lines [9,29,55-59], are rigorously applied to ensure that the remains receive the profound
respect and meticulous care. These measures regulate physical access and the protection of
sensitive personal information.

Recognizing that digitized human skeletal remains lack individual ownership, curators
assume responsibility for making these resources openly accessible under non-commercial
licenses (e.g., CC BY-NC).
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Terms of use include conditions for image reproduction, and restrictions on 3D printing
limited exclusively to educational and scientific purposes. The project team remains fully
committed to handling human remains, guaranteeing that all research activities comply
with the highest ethical and scientific standards.

3. Results
3.1. Virtual DHOC Data to Date

To date (September 2025), Virtual DHOC consist of 641 media representing 172 indi-
viduals of the Certosa Cemetery of Bologna, Italy (Supplementary Table S1), which update
those presented in [36]. Particularly, a total number of 421 surface 3D models, 17 CT scans
and 203 micro-CT scans are now in Morphosource. In detail:

e N°49 surface 3D models of crania of adult individuals (CHANGES project);

e N°53 surface 3D models of mandibles of adult individuals (CHANGES project);

e N°77 surface 3D models of coxal bones of adult individuals (CHANGES project;
MSCA RISEN);

N°7 surface 3D models of femurs of adult and adolescent individuals (CHANGES project);
N°44 surface 3D models of fibulae of adult individuals [41,51];

N°50 surface 3D models of tali of adult individuals [47];

N°52 surface 3D models of naviculars of adult individuals [50];

N°51 surface 3D models of calcanei of adult individuals [49];

N°27 surface 3D models of ilium of non-adult individuals (MSCA RISEN);

N°11 surface 3D models of femur (diaphysis) of non-adult individuals (CHANGES project);
N°17 CT of skulls (cranium and/or mandible) of non-adult individuals;

N°8 micro-CT of tali of adult individuals [47];

N°14 micro-CT of tali of non-adult individuals [44];

N°11 micro-CT of calcanei of non-adult individuals [48];

N°50 micro-CT of femur distal metaphysis of non-adult individuals (MSCA BABY PACE);
N°43 micro-CT of radii distal metaphysis of non-adult individuals (MSCA BABY
PACE; [43));

N°5 micro-CT of naviculars of non-adult individuals;

N°29 micro-CT of ilium of non-adult individuals (MSCA RISEN);

N°25 micro-CT of ischium of non-adult individuals (MSCA RISEN);

N°18 micro-CT of pubis non-adult individuals (MSCA RISEN).

3.2. Report on the Access Requests Received to Date

Since the beginning of 2025, we have received access requests for over 500 media
for the DHOC's anthropological digital twins hosted on MorphoSource. These requests
came from a diverse group, including undergraduate and graduate students (n = 18),
postdoctoral researchers (1 = 5), university or museum faculty /staff (n = 8), private indi-
viduals (n = 2), and artists (1 = 5). Access was granted by the curators who can manage the
number of requests; if this number would rise, a larger committee might be appointed. In
addition, access was granted only when the proposed projects fully complied with ethical
principles and relevant national, EU, and international legislation. This includes adherence
to the Charter of Fundamental Rights of the European Union, the European Convention
on Human Rights, and the General Data Protection Regulation (GDPR—Regulation EU
2016/679). In line with the principle of data minimization, all individuals’ data remain
completely anonymous. Applicants were also required to follow national and international
scientific guidelines for respectful handling of human remains (BABAO Guidelines, AAPA,
2003: [57,58]). Each research proposal underwent evaluation to ensure compliance with
relevant scientific standards, as outlined in the Horizon Europe guidance on research
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ethics in ethnography and anthropology [59]. To avoid conflicts of interest, requests from
researchers working on overlapping or competing projects were carefully reviewed. For
example, external researchers seeking access to identical collections for similar purposes
were subject to additional scrutiny. Access was denied in cases where DHOC data (such
as images, 3D models, or scans) were intended for commercial use or had the potential
for such use. Requests for artistic purposes were also declined due to the current lack of
clear regulatory frameworks. Additionally, access was not granted when data would be
distributed to students without an associated research project, thereby ensuring responsible
and ethical use of the resources.

4. Discussion

Current anthropological research and museum exhibitions have been enriched by
advanced 3D technologies and the application of virtual methods, valuable non-destructive
techniques for the morphological and structural analysis of human remains, allowing
their study without compromising their physical integrity. This non-invasive approach
guarantees the reconstruction of anthropological digital twins allowing morpho-functional
analyses of extinct and extant hominins [60-65], digital conservation of human remains in
institutional repositories (e.g., Smithsonian 3D collections, Musée de I'Homme-MNHN)
and 3D data archives (e.g., MorphoSource, The Human Fossil Record), data sharing and
collaboration within the international research community [66,67], virtual exhibitions
(e.g., the ‘Gebelein Man’at the British Museum, ‘In search of life” at the Museo Egizio in
Turin) and wide accessibility to a wider audience, in further attempt to promote partici-
pative culture [54,68]. Within this context, the virtual acquisition of DHOC of the Certosa
Cemetery of Bologna contributes to open science practices in anthropology, answering to
the call for digitizing cultural heritage in European and Italian programmes [69,70].

Besides the advantages of the virtual technologies, their use does not completely over-
come some ethical and legal issues considering the still open questions about the use and the
fate of the anthropological ‘digital twins” (Italian term commonly used to refer to digitized
items, meaning digital replicas) [71,72], due to the absence of ethical and legal frameworks to
date [54,73,74]. Some researchers discuss the ethical considerations and ownership of these
new datasets, pointing out the lack of a consolidated agreement on essential topics like data
rights and access control for digitized human skeletal remains through clearly defined terms
of use agreements [54,72,73,75]. In regard to the ownership issue, there are no specific rules
in Italy that regulate access to anthropological digital twins. To ensure the highest level of
transparency, access to the virtual DHOC is governed by an official request in consultation
with the legal offices of the University of Bologna. It has been designed to promote the
sustainability of research and the appropriate use of digital specimens [36].

In addition, the handling of physical collections is not significantly different. The
human skeletal remains are not clearly defined as cultural heritage. In Italy, their manage-
ment is regulated by the Italian Code of Cultural and Landscape Heritage of 2004 [23] and
the cemetery legislation [76]. The latter refers to the involvement of exhumed individuals
in research, with restrictive procedures that may vary from one municipality to another.
Collection, study, and preservation are permitted in limited cases, ensuring that respect for
the deceased is prioritized over other competing interests, including the scientific ones [77].

These considerations raise important questions on how such remains should be de-
fined, managed, and displayed within the framework of cultural heritage, both in a physical
and virtual context. In this regard, current international standards—such as the ICOM Code
of Ethics for Museums (2004) [78] and the UNESCO Universal Declaration on Bioethics
and Human Rights (2005) [79]—emphasize the need for respectful treatment of human
remains, the involvement of communities of origin, and the development of culturally
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sensitive policies. These guidelines call for transparency, informed consent where possible,
and dialogue with descendant or stakeholder communities, especially in cases involving
colonially acquired or unethically sourced remains. For instance, the National Museums
of Scotland and the British Museum have published their human remains policy, includ-
ing legal procedures to transfer and retain human remains, demonstrating community
involvement and sensitivity toward these materials.

The musealization practices are therefore being redefined, not only to ensure the
scientific value of the collections but also to respond to broader ethical imperatives and to
promote inclusive, responsible forms of heritage interpretation. Nevertheless, the public
responses to the use of digital artefacts and human skeletal remains in museum settings are
still being tested and evaluated [54,80,81].

In addition to museum exhibitions, the issue is central to the research field. The
ethics surrounding the sharing of digitized human remains require a defined resolution
of ownership and access rights. The protocols for data sharing, user permissions, and
acceptable uses remain ambiguous, leading to varied practices among researchers managing
digital skeletal collections [54,80]. In the case of the Virtual DHOC, user agreements
specifically address these concerns by regulating access and protecting sensitive personal
information within the framework of national and international scientific guidelines for the
handling and use of human remains.

The high volume of access requests for DHOC's anthropological digital twins under-
scores the significant interest and growing recognition within the research and educational
communities in utilizing digital technology to advance anthropological and cultural her-
itage studies, highlighting its crucial role in enabling innovative, ethical, and collaborative
scientific inquiry.

The anthropological community is thus called upon to respond not only to longstand-
ing questions but also to the emergence of new ones, taking responsibility for addressing
the ethical implications of new technologies and advocating for appropriate professional
codes of conduct.

Given the complexity and the need to safeguard DHOCs against emerging challenges,
digitization represents an effort to apply best practices in the use and management of
digital twins of human skeletal remains. This respectful approach highlights the ethical,
cultural, scientific, and social dimensions of the human skeletal collections.

5. Concluding Remarks

This contribution shows the advancement of the ongoing digitization project of DHOC,
which takes into consideration aspects ranging from the legal and ethical dimensions of the
human skeletal remains within the scientific and museum contexts.

By virtually sharing the DHOC data, our driving mission is to contribute to the
development of anthropological research, while also ensuring the long-term preservation
and accessibility of this collection.

Thus, as biological anthropologists, who inherited this asset as others in this scientific
field, we have many obligations to ensure the integrity, dignity, and privacy, and avoid
their undue exploitation, guaranteeing the collection for future scholars [81]. We also still
have to overcome the lack of open communication with a large audience [15,82]. We are
aware that a connection between the general public and science is increasingly in crisis,
posing doubts on already well-acquired knowledge (non-existence of human races, climatic
crisis) and suspicions about the application and use of science and technology to health
and medical treatment. The social networks largely amplify this issue.
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Thus, the science and scientists are under social scrutiny, and our responsibility is to
recognize past mistakes but also to affirm the evolution of science and technology that
allows rectifying those failures and opening new frontiers.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/heritage8110488/s1. Table S1: List of adults and non-adults of the DHOC
from the Certosa Cemetery of Bologna available on MorphoSource.
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