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Abstract: Computed Tomography (CT), mostly used in the medical field, has also recently been
involved in Cultural Heritage studies, thanks to its efficiency and total non-invasiveness. Due to the
large variety of sizes and compositions typical of Cultural Heritage objects, different X-ray sources,
detectors, and setups are necessary to meet the different needs of various case studies. Here, we
focus on the use of micro-CT to explore the morphology and shape of a small, neglected bone
found inside the clitoris of non-human primates (the baubellum), which we obtained by accessing
two prestigious primatological collections of the American Museum of Natural History (New York,
NY, USA) and the National Museum of Natural History (Washington, DC, USA). Overcoming
methodological limits imposed by the absence of homologous landmarks, we combined the use of
the non-invasive 3D micro-CT and a recently released landmark-free shape analysis (the alpha-shape
technique) to objectively describe and quantify the shape complexity of scanned primate baubella.
Micro-CT provided high-resolution results, overcoming constraints linked to museum policy about
non-disruptive sampling and preserving samples for future research. Finally, it proved appropriate
as post-mortem sampling had no impact on protected wild primate populations.

Keywords: clitoral bone; micro-CT; alpha-shapes; 3D rendering

1. Introduction

Nowadays, among a variety of diagnostic imaging tools in the medical field, the use
of Computed Tomography (CT) has been shown to be the most widely used. Recently, its
importance and potential have become increasingly evident even when applied to other
areas, such as industry and Cultural Heritage [1]. A growing number of authors have
reported the successful use of CT as an efficient and non-destructive tool for the study of,
for example, archaeological findings and works of art [2-15].

CT can be considered the natural evolution of radiography, being capable of providing
both morphological and physical information on the inner structure of the objects. In fact,
in conventional radiography, the 3D structure of an object is projected onto a 2D detector,
and each point of the resulting image provides a measure of the overall attenuation of
the X-ray beam as it crosses through the subject. Consequently, while the specimen’s
lateral dimensions (height and width) are retained on the radiograph, the third dimension
(depth) is lost. In general, in the case of essentially bi-dimensional works of art, such
as paintings, this is not a crucial issue, but it may create problems when a case study
is a tri-dimensional object [16]. The 3D reconstruction of the objects makes it possible
to obtain a large amount of information not only on the conservation status and inner
morphological features (e.g., useful for conservation and restoration purposes) but also
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on the manufacturing and construction technique of a specific artifact (e.g., of a work of
art). Information can be retrieved as either 2D cross-section images (the so-called slices) or
3D full-volume images, thus allowing for the inspection and classification of the different
materials making up the object studied. Thanks to the use of sophisticated computer
programs, it is possible to manipulate the 3D renderings, by making virtual cuts on the
reconstructed volume or selectively removing some layers to reveal additional information.
Moreover, by processing tomographic data, a 3D numerical model of the sample can be
obtained for either virtual reality applications, digital archive storage, or the creation of
replicas using 3D printing [17,18].

Due to the large variety of sizes and compositions of the target tissues/materials this
technique can be applied to, different X-ray sources, detectors, and setups are necessary
to meet the different needs of various case studies. The geometrical setup and X-ray
beam energy of medical CT scanners, for example, are optimized for the human body,
so their application in areas different from the medical field is characterized by strong
constraints about the size, shape, and density of the object to be analyzed [16]. This
has been the case when medical scanners have been used for the analysis of human
mummies [19-26], human and animal bone fossil materials [27,28], and clay/ceramic
archaeological artifacts [29-31]. As for size, whereas traditional CT scanners target medium-
sized objects (Whose minimal voxel size is usually not lower than 0.5 mm—but see [32] for
special CT scanners up to 0.2-0.3 mm), large works of art, or else extremely small objects,
must rely on specifically enhanced scanners, such as CT systems, which use X-ray sources
of up to 200 kV [6], and micro-CT systems, respectively. Micro-CT is a versatile technique
that can be successfully applied to different materials, such as small metal objects, jewelry,
ceramics [33], prehistoric pottery, stone [34], and organic material, such as wood [35],
charcoal [36], textiles, and archaeological food remains [37], insect museum samples [38],
fossil and non-fossil teeth [39,40], and bones [41,42].

Non-human animal bones are used by scholars interested in evolutionary history
research through the study of bone morphological variation. This kind of study usually
requires the collection of a large number of bone samples, and natural history museums all
over the world may represent an essential and extraordinary source of specimens. Nev-
ertheless, especially for studying museum samples, it is necessary to apply non-invasive
methodologies of investigation that allow both preserving sample integrity and follow-
ing strict museum rules about manipulation and non-destructive sampling. Spani and
colleagues [42] established a highly reliable methodological protocol for obtaining high-
resolution images of primate small bones (i.e., genital bones, known as baculum in males
and baubellum in females) by applying micro-CT on museum specimens. The use of micro-
CT allowed us to overcome museum policy constraints and to investigate both anatomy
and morphology while keeping samples fully preserved for future research. Although
the study of genital bones in primates has always suffered a widespread omission of both
occurrence and morphology data in both sexes, a notable bias disproportionally favors
male data, making the study of baubella even more urgent (see [43] for more details). In this
study, we apply micro-CT focusing on primate baubella to contribute to investigating the
morphology and shape variation of this neglected bone.

Bone morphology is made up of size, shape, structure, and patterns. The shape has
traditionally been the subject of controversial studies (not limited to bones) because it is hard
to reliably quantify it objectively. This is, in fact, the assumption of morphometry for reading
shape as a set of all geometric information contained in it, after eliminating any distortion
effects, such as position and orientation in space, and scale [44]. Shape quantification,
not just description, is fundamental to studying its variation in an evolutionary context
and to better understand the diversity of life and phenomena, such as adaptation and
speciation [45,46]. Thanks to the progress made in the digitization of samples, a variety of
new methodologies have been developed to analyze and quantify biological data from 3D
shapes. By quantifying the variation of the shape based on multivariate methods, the study
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of the covariation either between forms or between forms and extrinsic factors has been
carried out (e.g., [47]).

Over the last decade, geometric morphometric (GMM) techniques have radically
changed the analysis of shape and form. The GMM techniques analyze coordinates of
homologous reference points (i.e., landmarks) that are identified on every specimen studied.
When this is possible, GMM has proved extremely useful in the study of morphology
in a variety of structures, such as vertebrate skulls [48,49], brachyuran claws [50] and
carapace [51], molluscan shells [52-54], insect wings [55], and tree leaves [56]. On the
contrary, however, the application of GMM is hard when landmarks are lacking, such
as in anthropological artifacts [57], seeds [58], otoliths [59], ribs [60], diaphysis of long
bones [61], and genital bones [62,63]. In this respect, therefore, the study of shape variation
of genitals in general, and genital bones in particular, represents a challenge, and GMM
techniques have been successfully applied only to specific cases (e.g., comparisons among
morphologically very similar either conspecific [64-68] or congeneric individuals [69,70]).

In this stimulating methodological scenario, we aimed to investigate morphology and
shape variation of primate baubella, taking advantage of the primatological collections of
two of the most prestigious natural history museums, the American Museum of Natural
History (NY, USA) and the National Museum of Natural History (Washington, DC, USA).
In particular, our goals were: (1) collecting and visualizing 3D baubella volumes by using
the non-invasive micro-CT technique, which allows the preservation of sample integrity,
following museum rules on non-destructive sampling, and (2) by overcoming constraints
imposed by the use of GMM techniques, objectively describing and quantifying shape by
applying for the first time on baubella a recently proposed landmark-free method known as
alpha-shapes [62].

2. Materials and Methods
2.1. Female Genital Bone Sampling

Two types of samples were used to analyze the female genital bone occurrence and
morphology: (1) a fresh sample and (2) museum samples.

2.1.1. Fresh Sample

The fresh sample of baubellum was supplied by Istituti Zooprofilattici Sperimentali
(I. ZZ. SS.) which in Italy are responsible for receiving primate corpses (dead for natural
causes or trauma/disease) from zoos and/or research institutes and carrying out necropsy
investigations aimed at identifying possible risks of zoonoses. To maximize chances to
gather samples for our project, an agreement between the Department of Sciences (Roma
Tre University) and the Ministry of Health (as the referent for all Italian I1.ZZ.SS.) was
signed. Thanks to this agreement, whenever a primate cadaver of either sex was available
at an IZS, the Authors (FS, MS, MC) were notified, and the sample was obtained. To
standardize the section of the external genitals by the IZS veterinarians, a protocol was
provided by the Authors (FS, MC) to the II. ZZ. SS., including a sample preservation method
(70% ethanol). Samples would later be stored at the Department of Sciences until dissection
and bone extraction.

2.1.2. Museum Samples

Museum samples were selected by exploring some of the widest wet museum collec-
tions (70% ethanol) of primates belonging to the American Museum of Natural History
(AMNH, New York, NY, USA Vertebrate Collection Database available at http:/ /sci-web-
001.amnh.org/db/emuwebamnh/index.php, accessed on 1 March 2018) and National
Museum of Natural History (Washington DC, USA, Mammal Collection Database available
at https://collections.nmnh.si.edu/search/mammals/, accessed on 2 April 2019). Museum
samples were either whole bodies or external genitals only. Neither skins nor skeletons
were considered in the present study because the taxidermic preparations they are subjected
to usually result in a definitive loss of soft tissue (in the former), and a high probability of
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loss of smaller skeletal components (such as genital bones) during the boiling process (in
the latter).

2.2. Anatomical Data Collection and 3D Morphological Data Acquisition

As part of a wider study of primate genital bones, a 3-step methodological protocol
was applied (palpation, X-rays, micro-CT [42]) to obtain a set of data on bone occurrence,
anatomical position, and external and internal morphology. Depending on sample type
(fresh/museum) and origin (Italy/USA), slight variations to this protocol have been made
for (a) micro-CT scanner models and (b) a few necessary methodological adjustments, as
reported in Table 1 (see also Table 2 for the micro-CT scanning settings).

Table 1. The methodological protocol followed for each specimen (both fresh and museum) aimed at
obtaining both anatomical and 3D morphological data for the baubellum.

. Micro-CT
Samples Manual Palpation X-rays Bone Extraction
Sample Preparation Scan
(1st step [42]) (2nd step in [42]) (3rd step in [42]) (3rd step in [42])
The fresh sample was
immobilized in small
. pieces of polystyrene
Ste;lmple posmvi to and placed on the
2D projectional o prosence o2 high-precision rotary Tomographic system
di hy (X genital bone was table to be scanned. * bled at th
) radiography ( -ray selected for manual The previous bone assembled at the
Double palpation plates) shot with dissection. For bone extraction Department of
al'ong both Arcom Simplly cleaning (tissues guaranteed optimal Physics and
Fresh sample (Italy) mediolateral and system for veterinary leftovers) and 3D results (bones Astronomy of

anteroposterior axes
performed by two
operators (FS, MC)

radiodiagnostics (20
ma—40 kV setting)

(available at “Enrico
Fermi” veterinary

whitening, extracted
bones were boiled for
30 min into a solution
made of 50% oxidane

scanned directly
without any
surrounding soft
tissues), and the 3D

Bologna University

(Italy). The settings

used for micro-CT
setup are reported in

clinic, Rome, IT) . é‘iﬂ?ﬁ ?1;?1 r500g°§n pOStﬁpmcesmg Table 2
carbonate (NHCO3) phase was
subsequently
simplified (see
below)
Each sample was
packed into plastic
bags and PHOENIX

i ili VITOME | XS;
immobilized by 4
Museum wet Same (performed dﬁ_er;%’; E;ig;:;ie Extraction not using various kinds v ﬁ%?fg I)?M.

samples (USA) only by FS)

micro-CT scanner

allowed

of supports for
avoiding sample
movements during
scanning time due to
alcohol evaporation

Settings used for
micro-CT setup are
reported in Table 2)

* Same used by Spani et al. [42]. More information is available at the following link: http:/ /www.fisica-astronomia.
unibo.it/it/dipartimento/servizi-e-strutture/strutture /laboratori-di-ricerca-1/indagini-con-i-raggi-x/radiografia-
digitale-e-tomografia-3d (accessed on 8 October 2020).

Table 2. Micro-CT scanners’ settings used for either Italian fresh or USA museum samples
(auto = automatically set).

Settings
Parameters (Italy) (USA)
Voltage (kV) 60-100 auto
Beam current (1LA) 80-200 auto
Al filter (mm) no/1 no/2
N° projection 900 1500-1800
Total rotation angle 360° 360°
Exposure time (s) 0.7-1 1
Voxel size (num) 9.16-14 18

The final phases of reconstruction, segmentation, and post-processing were performed
by using different software depending on sample type/origin: the proprietary software
PARREC for the Italian/fresh sample and the Datos software for USA/museum samples,
both followed by rendering with VGStudioMax 3.1 (see details in [42]). The total average
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time needed to detect and visualize genital bones differed between fresh and museum
samples (4 h 50’ and 1 h 30, respectively, see Table 3). For USA samples, no dissection was
performed since it did not fit with museum destructive sampling requirements (Table 3 for
museum samples).

Table 3. Total time (T) required to identify, and 3D visualize bones located in the female external
genitalia of non-human primates (both fresh and museum specimens).

Fresh Samples Museum Samples
Step T (min) T (min)
Manual Palpation 5 2
X-rays 10 3
Dissection 60 n/a
Micro-CT 215 65-95
a alignment 60 5
b scan 75 30-60
C reconstruction 60 20
d 3D rendering 10 10
T total 290 70-100

2.3. Morphological Analysis and Form Variation
2.3.1. Qualitative Analysis

Overall evaluation of baubellum external morphology has been made based on both
actual bone appearance (i.e., dissections and extractions, applied only to the fresh sample)
and 3D scans. The internal morphology of scanned baubella has been investigated only after
the scan process, thus allowing the examination of inner parts, preserving sample integrity,
and making it available for future studies.

2.3.2. Quantitative Analysis

To study shape variation, it was necessary to overcome the difficulties related to the
extreme morphological variability that affects the baubellum and that did not allow the
identification of homology points and the use of spatial landmarks (i.e., anatomical loci
recognizable in all samples) necessary to analyze geometric morphometry. Thus, to quantify
the 3D morphological complexity and obtain a continuous variable summarizing the 3D
surface shape variation of scanned baubella, we applied a recently established landmark-
free technique known as “alpha-shapes’ analysis [62,63]. ‘Complexity’ was measured as the
degree of sophistication required for the volume of an appropriately fitted “alpha’ shape to
match the 3D model of a baubellum. The procedure used is summarized below:

1. The product of segmentation (see ‘Anatomical data collection and 3D morphological
data acquisition’ section) was extracted either as a 3D polygonal volumetric model
(file format: ply) or mesh. The polygonal models were post-processed with Amira
and Geomagic Studio 2014 software.

2. The total number of polygons was taken down to 250,000 in Amira, and the extracted
surface, loaded into Geomagic Studio 2014, was corrected by deleting (automatically
and manually) computational errors in the mesh, such as non-manifold edges, self-
intersections, highly creased edges, spikes, small components, small tunnels, and
small holes. Only the external surface of bones was kept, by emptied 3D models, to
avoid anatomical non-homologies in the bone’s internal structure. In addition, each
baubellum length was measured by using the distal and proximal ends of the bones as
reference points. The length was recorded 3 times by the same operator (FS), and the
mean was calculated.

3. The mesh was converted to a point cloud with Meshlab software, and the total number
of points making up the cloud was set to 100,000.

4. An ‘alpha-shape’ is formed by the boundary of an alpha complex, which, in turn,
is a sub-complex of the Delaunay triangulation for a given set of points [71]. For a
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given set of points in space, a family of ‘alpha-shapes’ can be defined, ranging from a
conformation that fits the set of points very coarsely (forming a convex ‘shell” around
the points) to a conformation that fits very finely around the points. The following
equation was used to calculate the typical radius o for each individual:

oc:kxlref

where « is the radius, k is the refinement coefficient, and I, is the reference length
(for more details see [62,63]).

5. Since the present study is only interested in quantifying shape complexity regardless
of size, all a-rays were scaled to the overall mesh size summarized by the /¢ factor.
The size factor was then calculated as the average of the average distances of each
point of the cloud from the 100 closest ones.

6.  The complexity of the baubella shapes analyzed in 3D was visualized by graphing the
trend of a curve (representative of this morphological complexity) given by the ratio
of the variables k to the percentage of the CT volume as described by the volume of
the alpha-shapes; furthermore, morphological complexity was also quantified by the
1/k ratio, as suggested by Brassey and collaborators [63].

Steps 4 through 6 were performed in R software, and scripts are available under
motivated request to the Author (FS).

3. Results
3.1. 3-Step Protocol and baubellum Occurrence Data

Six samples of female external genitalia (including 3 clitoris and 3 whole bodies,
based on the availability of both museum and fresh samples) were analyzed using the
methodology proposed by Spani and collaborators ([42]; 3-step protocol) and the results
are summarized in Table 4 (including comparison with available scientific literature).

All 3 clitoral samples belonged to adult specimens: (1) Cebus capucinus (capuchin
monkey, museum collection of the NMNH); (2) Varecia variegata (black-and-white ruffed
lemur, museum collection of the AMNH); (3) Lemur catta (ring-tailed lemur, fresh sample
from the I.Z.S. di Lazio e Toscana). The first two specimens proved positive at all steps
of the 3-step protocol [42] (Figure 1A,F), while the third one proved negative at the first
step (i.e., palpation) and then positive at the last 2 (Figure 1C). Three whole bodies scanned
belonged to 3 adult specimens (1) Galagoides demidoff (Demidoff’s galagon), (2) Otolemur
crassicaudatus (giant brown galago), and (3) Propithecus verreauxi (Verreaux’s sifaka; all
specimens from the museum collection of the AMNH). All these samples tested positive
for baubellum presence at all steps of the 3-step protocol (Figure 1B,D,E).

Table 4. List of samples (alphabetic order for genera) of female external genitals analyzed for this
study (N = 6 specimens representing 6 genera and 6 species). Information provided for each specimen:
source (AMNH—American Museum of Natural History, USA; NMNH—National Museum of Natural
History, USA; IZSLT—Istituto Zooprofilattico Sperimentale Lazio e Toscana); identification number (ID);
updated taxonomy; age class; specimen type (whole body or clitoris); data available in the literature (Lit.;
DD = Data deficient, data not available in the literature; 1 = baubellum presence; 0 = baubellum absence);
data of the present study obtained by applying the methodological 3-step protocol shown in Table 1
(Palp. = palpation; X-Ray = radiography; micro-CT = micro-computed tomography).

Present Study Data

Source ID Taxonomy Age-Class Specimen Lit. (lsIt)aSIFe'p) @ n)il-lg‘t}; ) %’[:;rg;f};l)‘
NMNH 257679 Cebus capucinus Adult Clitoris 1 1 1 1
AMNH 50984 Galago demidoff Adult Whole-body 1 1 1 1
1ZSLT 22899 Lemur catta Adult Clitoris 1 0 1 1
AMNH 202613 Otolemur crassicaudatus Adult Whole-body 1 1 1 1
AMNH 31256 Propithecus verreauxi Adult Whole-body DD 1 1 1
AMNH 170786 Varecia variegata Adult Clitoris 1 1 1 1
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Cebus Galagoides Lemur
capucinus demidoff catta

di

Otolemur Propithecus Varecia
crassicaudatus verreauxi variegata

Figure 1. 3D visualization of 6 baubella belonging to 6 different primate species with respec-
tive proximal-distal lengths (di—distal; pr—proximal). Images not to scale. (A) Cebus capucinus,
(B) Galagoides demidoff, (C) Lemur catta, (D) Otolemur crassicaudatus, (E) Propithecus verreauxi, (F) Vare-
cia variegata.

3.2. Anatomical and 3D Morphological Data

Two-dimensional data revealed that all baubella are located at the distal end of the
clitoris, and bone length (measured from distal to proximal end) ranged from 0.5 mm in
O. crassicaudatus to 5.55 mm in L. catta (Figure 1). Three different morphologies appear:
(1) the stick shape (the most common), straight in G. demidoff, V. variegata, and L. catta
(Figure 1B,C,F), and curved in C. capucinus (Figure 1A); (2) the Y-shape in P. verreauxi
(Figure 1E); (3) the extremely small and rounded baubellum in O. crassicaudatus (Figure 1D).
Internally, the bony tissue appeared compact overall, and numerous canals (likely Haver-
sian channels) ran through it (see some examples of baubellum internal morphology in
Figure 2).

3.3. Analysis of a-Shapes

The alpha-shape methodology shows and summarizes the complexity of the 3D shape
of the scanned baubella in a single curve representative of each sample (Figure 3). As
the value of the refinement coefficient (k) (in abscissa) decreases, the percentage of the
alpha-shape volume that intersects the CT volume also decreases. Below 100%, the alpha-
shape “decomposes” and traverses the point cloud. The “optimal” refinement (indicated
in Figure 3 as optima) corresponds to the value of the parameter 1/k that describes a
continuous variable of the morphological complexity; the optimal value of k is reached
when the volume of the alpha-shapes is exactly equal (100%) to the CT volume. On the
contrary, excessively high k values correspond to highly coarse alpha-shapes that wrapped
the cloud of points adapting only to the outermost points of the cloud itself. Figure 4
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shows all the curves obtained as described by a single parameter, the refinement coefficient
(k), which facilitates further and subsequent comparative analyses and represents the
morphological complexity of the scanned baubella.

B

893898~ % & o

C

89380M s~ % 6 o

Figure 2. 3D visualization of baubella belonging to 3 species of non-human primates with relative
2D views of the 3 orthogonal sections: axial, sagittal, and frontal. (A): C. capucinus; (B): L. catta;
(C): V. variegata.
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Figure 3. Alpha-shapes were calculated for each of the scanned baubella. For each sample, 4 different conformations of the alpha-shapes corresponding to different

values of the refinement coefficient (k, in abscissa of all graphs) are shown. From left: the first and second conformation corresponds to values of k such that the

volume of the alpha-shapes does not optimally intersect the CT volume; the third conformation is the one corresponding to an optimal value of k (optima) such
that the volume of the alpha-shapes perfectly intersects the CT volume (intersection of the curves with the black line corresponding to the value of 100%), and the
value 1/k is shown as a descriptor of morphological complexity; finally, the fourth conformation is that corresponding to values of k excessively high, such that the

volume of the alpha-shapes exceeds the volume CT and appears with a shapeless envelope that wraps the outermost points of the cloud.
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Figure 4. Profiles of alpha-shapes displayed in a single graph: close curves with similar trends describe similar morphological complexities.
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4. Discussion

In compliance with the museum’s non-destructive sampling rules, anatomical and 3D
morphological data were obtained thanks to the application of non-invasive micro-CT. The
micro-CT followed by the alpha-shapes analysis proved appropriate to describe a variety
of traits (i.e., shape, surface, length, internal structure) in the museum (and fresh) baubellum
specimens, both at the specific and the comparative inter-specific level, disentangling
morphological differences among species. All samples of the clitoris revealed a baubellum
inside regardless of specimen type (i.e., either museum/fresh or clitoris/whole body). For
almost all species (C. capucinus, G. demidoff, L. catta, O. crassicaudatus, and V. variegata), our
occurrence data confirmed the literature data ([72-76] respectively). More importantly, for
P. verreauxi no information is available in the literature so far; thus, our datum of baubellum
presence represents the first report for the species.

Overall, forms reconstructed and visualized in 3D appeared rather variable both
in size (length ranging from less than a millimeter to little more than 5 mm) and shape.
Three different shape types were unfolded that we defined as ‘stick’ (more or less curved),
Y’, and rounded type. According to the only one scanned sample of primate baubellum
previously described [42], the surface of our baubellum samples appeared smooth and
coherent (also compared with the rough and jagged surface described for the baculum of
Mandrillus sphinx [42]. In all samples, the internal morphology showed a very similar
internal arrangement, including the Haversian channels, as already observed in Sapajus
apella baubellum (Linnaeus, 1758) [42].

Alpha shape profiles of scanned 3D surfaces allowed us to characterize and finally
quantify baubellum shapes. Specifically, similar/dissimilar external morphologies were
marked out by comparing (a) the trend of the curves (qualitative evaluation) and (b) the
optimal refinement coefficient “1/k” (quantitative evaluation). As shown in Figure 4, all
baubella recognized as a morphological type similar to a ‘stick’ (i.e., C. capucinus, gray line;
G. demidoff, blue line; L. catta, yellow line; V. variegate, red line) are described by profiles with
a similar trend. Accordingly, the values of k at which the volumes of the alpha-shapes reach
100% of the CT volumes were close, as the corresponding values of the 1/k parameters
showed in Figure 3 (C. capucinus = 0.15; G. demidoff = 0.13, L. catta = 0.11; V. variegata = 0.13).
On the contrary, alpha shape profiles of the other two morphological types showed different
trends (both between them and also in comparison with the ‘stick’ types), as shown by
the green line of the rounded baubellum type (i.e., O. crassicaudatus) and the orange line of
the ‘Y’ type (i.e., P. verreauxi). As expected, 1/k parameters resulted far from each other
(1/k =0.049 and 1/k = 0.082, respectively) and from those of the ‘stick” type. It is, therefore,
appropriate to affirm that for baubella that are externally very similar (or dissimilar) to each
other, the relationship between the percentage of CT volume (described by the volume of
the alpha-shapes) and the refinement coefficient (k) is characterized by very similar (or
dissimilar) profiles, with close (or far) values of the parameter 1/k.

We aimed to obtain quantitative data about shape description and variation on a
challenging bone by accessing precious museum reserves and by applying a combination
of non-invasive data acquiring techniques and landmark-free techniques. Although overall
research on genital bones is still far from being exhausted, no quantitative study about
their morphological evolution, however, has ever tried to investigate the evolution of
shape in such diverse bones, but has rather focused on size only, even represented by a
very simple estimate such as length [77-81]. One crucial reason that explains the focus
on length rather than on shape may lie in the difficulties of finding, on bone surface, the
homologous references (landmarks) at the interspecific level, which are essential to apply
the appropriate geometric morphometrics. The development of automated landmark-
free methods has recently been stimulated by the necessity of quantifying shape in all
those biological structures that are deficient in homologous points, and the alpha-shapes
method [62] proved extremely useful for our specific aim. An alternative landmark-free
method proposed by Pomidor and colleagues [82] is the Generalized Procrustes Surface
Analysis (GPSA). However, the GPSA technique could not be applied to the present study
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due to the impossibility of controlling the superimposition process (i.e., the centering,
rotating, and scaling of all surfaces at the same point in the space, in the same orientation,
and at the same dimension, respectively [72,83,84]). Specifically, if applied to our scans, the
distal end of a baubellum could theoretically be erroneously aligned in the space onto the
proximal end of another bone due to dummy homologies. The alpha shape methodology
allowed us to overcome the problem of uncontrolled alignment by comparing several
surfaces independently.

In addition, our focus centered on the shape quantification of the most neglected
primate genital bone, the baubellum. Based on the bias found in the literature about vari-
ation in genital morphology, which returns data and discussions mostly limited to the
male’s genital external and internal features (e.g., penile length and complexity of distal
morphology, the size, and shape of keratinized spines, baculum occurrence, length, and
width, descriptive morphology [85,86]), we considered it mandatory (and fair) to enhance
and initiate implementing the literature status of the baubellum (as for occurrence, external
and internal morphology, length, and shape quantification data). The paucity of studies on
the baubellum (as well as the clitoris) is even more striking by considering that: (a) it is not
limited to the primate order but it also applies to upper taxonomic levels (i.e., mammals)
and (b) although baculum (and penis) and baubellum (and clitoris) are homologous struc-
tures (i.e., they share ontogeny), most scientific efforts have been always and unjustifiably
focused on just the male counterpart ([73,86-91], but see the most recent [43,92,93]).

Most of the world’s population of primate species are threatened by extinction [94],
therefore the invasive level of analysis usually required for anatomical studies [95] is inap-
propriate and unacceptable, especially for the primate order. Therefore, data acquisition
from museum collection specimens represents a kind of post-mortem sampling that pre-
vents the depletion of protected wild primate populations. In addition, museum collections
are even more valorized when non-disruptive 3D scanning is applied since it allows both
to produce advanced data from historic material (either exhibited or hidden in basements)
and also to protect the integrity of samples thus available for future research to come [42,43].
The baubellum still represents a wide and worthy topic to investigate. We believe that a
systematic study building up a dataset on quantitative data about shape description and
variation would contribute with a refreshingly novel perspective to shed light on the evolu-
tionary history of baubella in primates. We hope this study will encourage and open up new
opportunities for research about primate baubellum phylogenetic distribution (i.e., by filling
occurrence gaps), evolutionary developmental biology (i.e., by studying shared ancestry
and ontogeny), and adaptive meaning (i.e., by hypothesizing and investigating “mysteri-
ous” function(s)), especially taking into account the huge and unexploited materials still
available in museums all over the world.

In conclusion, we have been able to overcome methodological limits imposed by the
absence of homologous landmarks on baubella, and we objectively described and quantified
shape complexity by combining the use of the non-invasive 3D micro-CT and the alpha-
shape technique. Micro-CT provided high-resolution results, overcoming constraints
linked to museum policy about non-disruptive sampling and preserving samples for
future research, and it proved appropriate as post-mortem sampling has no impact on
protected wild primate populations. By quantifying baubellum morphological complexity
and variability, we aimed to take the study of the anatomy and morphology of baubellum
to a higher level to fill knowledge gaps in its evolutionary development, phylogeny, and
function(s).
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