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Abstract

Background: The purpose of this study is to characterize a full-term conjoined twins’ cadaver
curated by Dr. Jacob Henle sometime between 1844 and 1852 and demonstrate digital distribution
of an old and rare medical museum specimen using an extended reality (XR) model workflow.

Methods: The cadaver (Preparation 296) is in the Department of Anatomy and Cell Biology at
the University of Heidelberg. An XR display workflow comprises image capture, segmentation,
and visualization using CT/MR scans derived from the cadaver. Online radiology presentation to
medical students focuses on diagnostic characteristics of anatomical systems depicted with XR
models.

Results: Developmental defects in Preparation 296 include duplicated supradiaphragmatic
structures and abnormal osteological features. Subdiaphragmatically, the gut is continuous on the
right, but terminates at the distal esophagus on the left. One large liver occupies the abdomen with

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

"Corresponding author. Department of Anatomy, Biochemistry & Physiology, John A. Burns School of Medicine, 651 llalo Street,
Honolulu, HI, 96813, USA. mikamib@hawaii.edu (B.S. Mikami).

CRediT authorship contribution statement

Brandi S. Mikami: Conceptualization, Formal analysis, Writing, Methodology. Thomas E. Hynd: Writing, Supervision. U-Young
Lee: Visualization, Formal analysis. J. DeMeo: Formal analysis. Jesse D. Thompson: Data curation, Methodology. Roman
Sokiranski: Visualization, Validation. Sara Doll: Resources, Data curation. Scott Lozanoff: Conceptualization, Writing, Supervision.

Editor conflict of interest statement

Given Dr. Scott Lozanoff’s role as Editorial Board Member/Associate Editor/Editor-in-chief, had no involvement in the peer-review of
this article and has no access to information regarding its peer-review.

Declaration of competing interest

There are no other financial interests or COl among all other authors.

Ethical statement

IRB exemption was applied (University of Heidelberg) based on the rationale that the identity of the twins could not be ascertained
since personal identifiable information does not exist.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mikami et al.

Page 2

one spleen located on the left side. Observations suggest duplication of the primitive streak and
separate notochords rostrally. Duplication occurs near the yolk sac and involves midgut formation
while secondary midline fusion of the upper extremities and ribs likely results from the proximity
of the embryos during development. Medical students access the model with device agnostic
software during the curricular topic “Human Body Plan” that includes embryology concepts
covering mechanisms of twinning.

Conclusions: The workflow enables ease-of-access XR visualizations of an old and rare
museum specimen. This study also demonstrates digital distribution and utilization of XR models
applicable to embryology education.
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1. Introduction

Cadaveric specimens of conjoined twins are important in anatomical collections since they
provide historical, medical, social, and esthetic value to a medical museum [1,2]. Utilization
of these museum specimens arise, in part, from the usefulness for understanding the adult
body plan and deficiencies that result from morphogenetic dysregulation and birth defects
[3]. Limited access to museum specimens can result due to fragility, as well as geographical
restrictions. Efforts to increase access to museum specimens through online distribution are
reported [4-6]. Various workflows for creating online models of museum specimens are
particularly useful for 3D imaging [7-11]. However, hardware or software requirements
impose limitations. Application of electronic visualization for depicting developmental
abnormalities in anatomical specimens housed in medical museums and delivered through
hardware independent methods has received little attention.

Extended reality (XR) visualization is a generalized term applied to immersive technology
that merges physical and virtual experiences. The global augmented and virtual reality
healthcare market size is expected to reach $9.5 billion (USD) by 2028 [12]. XR

is particularly attractive for understanding anatomy and embryology since the user

can manipulate complex three-dimensional relationships [13]. Problem based learning
pedagogy utilizes and delivers XR models online [14-16]. Revealing concealed anatomical
information contained in old and rare museum specimens with online educational delivery
platforms utilizing XR technology should evoke student interest and engagement.

The University of Heidelberg represents one such setting and houses an extensive collection
of extremely unique fetal cadavers with rare developmental abnormalities. One cadaver in
particular, Preparation 296, is of considerable interest. Dr. Friedrich Gustav Jacob Henle
(1809-1885), a former Professor of Anatomy at the University of Heidelberg and whose
name is applied to the renal tubules that he discovered, i.e., Henle’s loop, or ansa nephroni
[17], curated the cadaver sometime between 1844 and 1852. Thus, this parapagus dicephalus
tribrachus dipus cadaver has existed in the collection for over 150 years. Old and rare
museum specimens link past and present and support learning topics surrounding historical
figures in medicine. Specimens facilitate critical examination of anatomical normalization
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that serves as a rationale to surgically separate conjoined twins regardless of family
or patient preferences [18]. These topics extend beyond the obvious tuition concerning
anatomy and embryology.

The overall purpose of this study is to implement a workflow for digital distribution of XR
models derived from museum specimens using device agnostic software. To achieve this
objective, a rare, conjoined twins’ cadaver (Preparation 296, Anatomy Museum, University
of Heidelberg) is subjected to biomedical imaging and a detailed anatomical analysis of
developing systems is performed. A novel workflow facilitates creation of ease-of-use XR
models digitally distributed as a case report. Parameters necessary for online delivery,

as well as a trial of visualization platforms as a means of communicating case-based
embryology instruction is determined.

2. Materials and methods

This study utilizes a single parapagus dicephalus tribrachus dipus conjoined twins’ cadaver
from the Anatomy Museum, University of Heidelberg. The fixative likely consisted of a
high alcohol concentration liquid called “Weingeist,” which was commonly used to store
specimens in the 19th century, then transferred to formaldehyde in the 20th century. There
is no indication of perfusion fixation. Dr. Henle curated the specimen while he was a
professor at the University of Heidelberg sometime between 1844 and 1852 (Fig. 1A)

and documentation is present in the historical archives (Fig. 1B). Personal identifiable
information does not exist, and this study is IRB exempt (University of Heidelberg). The
analysis applies a novel graphics workflow (Fig. 2) consisting of 1) Image Capture; 2)
Segmentation and Modeling; and 3) XR Visualization followed anatomical analysis of the
developing systems. A case presentation included this information and was distributed
digitally in the “Human Body Plan” that is a 2-h online presentation in the anatomy block
for first year medical students.

2.1. Graphics workflow

Image Capture: The cadaver, enclosed in a glass container, was photographed from all
sides and labeled. The cadaver was prepared for scanning by removal from the formalin-
filled container, cleaned under running tap water, and carefully inverted to remove any
additional liquid. Following the measurement of vertex-breech and crown-heel lengths, the
cadaver was placed in the supine position in a Styrofoam holder. MR scanning utilized a
head coil with high-resolution sequences with a 1.5 T scanner and Siemens MAGNETOM
Aera.l A Siemens dual-source CT scanner SOMATOM Force? enabled the CT examination.
The cadaver was immediately placed into the container to prevent desiccation during
transport and was subsequently placed back in storage. Uploading of files comprising the CT
and MR datasets used a secondary mass storage device.

Lvariable slice thickness from 0.5 to 1.5 mm.

2Tube 2 x Vectron™ X-ray tube; 2 x Stellar Infinity detector with 3D anti-scatter collimator; Number of shifts acquired 384 (2 x
192); Rotation time up to 0.25 s1; Temporal resolution up to 66 ms1; Generator power 240 kW (2 x 120 kW); kV values 70-150 kV,
adjustable in steps of 10 kV; Spatial resolution 0.24 mm1; Max. Scan speed 737 mm/s1 with Turbo Flash.
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Segmentation and Modeling: Thresholding and selected tools (region growing, smart
split, and Boolean operators) from the Mimics toolbox (version 21.0, Materialise, Belgium)
facilitated extraction of relevant tissue borders. Whole-body CT images provided skin
surface and osteological feature extraction. Assessment of vertebral variations and the
fusion of the upper limb bones also used CT scans while the T1 MRI images enabled
sufficient resolution to segment internal organs. Negative airspace opacification in the CT
scans enabled extraction of tissue borders for the nasal cavity, oral cavity, pharynx, larynx,
trachea, esophagus, part of the digestive tract, umbilical cord, vagina, and rectum. The

MR scans provided visualization of internal organ boundaries for segmentation of hearts,
lungs, thymuses, aorta, liver, portal veins, hepatic veins, spleen, kidneys, vagina and urinary
bladder.

Polymesh segments were exported as .STL format from each modality (MRI, CT) and
imported into Pixologic Zbrush while the ribcage and skulls served as landmarks for
alignment and scaling. Sculpting brushes corrected other misalignments between each
series of poly meshes. Models were retopologized projecting the surface information from
the original data to subdivided models, and a surface polishing algorithm was applied to
retain landmarks but remove noise and faceting from corresponding segmentations. Manual
editing, where necessary, removed areas with excessive noise or distortion.

Textures received additional processing to achieve high surface fidelity. Decimation was
performed in Zbrush to reduce vertex counts to below 75,000 per structure, but occasionally
as low as 5000 enabling accelerated rendering. Re-topology in quad geometry and UV
unwrapping facilitated increased levels of surface detail for procedurally generated models.
Normal, Albedo, Ambient Occlusion, Metallic, and Gloss textures maps achieved high-
density surfaces for use with lower density UV unwrapped models. Texture “baking”

with Adobe Substance Painter provided a final surface wrap. Models and texture exports
were uploaded to Sketchfab (www.sketchfab.com) where additional material properties,
lighting, and annotations were defined and applied. Transfer of models to Unity facilitated
visualization with XR hardware systems including Hololens, zSpace and WebGL apps.

2.2. Anatomical analysis

The image files and models of each anatomical system (General Findings, Osteology,
Cardiopulmonary, Digestive, Urogenital) were visualized and assessed for presence/
absence of developing features. If present, the quantity and quality of development was
characterized. Age estimation utilizing the dentition followed Schour & Massler [19], Eli et
al. [20], Proffit et al. [21], and AlQahtani et al., [22].

2.3. Presentation

MR and CT uploads placed the datasets in the University of Heidelberg organizational
workspace within the Rad3D platform. Students access the datasets using a beta web
browser to load the real time volume models as WebGL2 and WebVR libraries. Thus,
online collaborative web accessibility achieves interactive volumetric scan visualization on
zSpace computers. Models are simultaneously viewable on a Hololens head-tracking 3D
XR display. Complex spatial relationships were viewable in multidimensional space. The
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radiology report viewed by the students used case information and categorized as Subject,
History, Causes, and Complications. Embedded links directed students to the XR models of
the conjoined twins visualized with Sketchfab or zSpace computers as well as other external
links related to conjoined twinning.

An introductory online module presented the models as a case report within the context

of the “Human Body Plan” topic. The live streaming system used Open Broadcasting
Software (OBS) in conjunction with HDMI capture cards. Audio was captured via a Yamaha
audio mixing board and Rode wireless microphones. The primary video input employed

a Sony A7 series mirrorless camera system with aftermarket variable zoom lenses and
accessories including a teleprompter. Chroma-key paint covered a wall in the dissecting
laboratory and softbox lights evenly exposed the green screen. Live streaming with chroma-
key compositing integrated physical and virtual teaching models into online instruction.

3. Results

3.1. Anatomical analysis

General features: Duplication of the upper portion of the body results in two distinct

left and right arms and normal heads (Fig. 3). However, the two upper thoraces merge
subcranially resulting in one shared upper midline extremity. The shared hands join at the
fifth digit. There is duplication of thoracic structures that merge subdiaphragmatically into a
single abdomen, pelvis, and perineum and set of lower extremities.

Osteology: Both twins exhibit a full complement of independent axial skeletal elements
(not including ribs, see Table 2) but only a single, shared sternum and lacking observable
coccygeal segments (Table 1). Each spine possesses at least a full complement of vertebrae
affected by scoliosis (Fig. 4A). Osteological anomalies are widespread in the thoracic region
with vertebral bodies showing duplication or absence. Several of the contiguous ribs are
fused at the midline or absent (Table 2). Upper limbs are mostly complete and independent
except for a shared midline humerus and ulna (Table 2).

Closer inspection of the thoracic regions reveals multiple defects in the bodies and ribs
(Table 2; Figs. 4A and 5). The right individual possesses a half T4 vertebral body on the
right side resulting in discontinuity in rib attachments so that the fourth rib on the left side
articulates with the T5 vertebral body. The left half of the T4 vertebra is absent so the fourth
rib articulates with T5. The right individual also possesses T7 with a half-body duplicated
on the left side causing discontinuity in rib sequence with the sixth rib articulating with the
upper T7 body while the seventh rib articulates with the lower half T7 body. The vertebral
column of the right twin includes a total of thirteen vertebrae with twelve ribs on the

right side and thirteen ribs on the left side. Rib sequence on the right side shows a full
complement of twelve ribs articulating with the corresponding vertebral bodies. However,
the rib sequence of the right individual is highly irregular on the left side. In this case, fusion
of ribs 6-13 forms a complicated arrangement with the right side of the left individual.

The left twin displays the absence of the right half of the T10 vertebral body as well as its
corresponding rib, but a half body at T10 on the left side that articulates with a tenth rib
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(Table 2; Figs. 4A and 5). The left twin possesses a duplicated right half body at T12, but
this extra osseous structure lacks a corresponding rib. Rib sequence on the left side is normal
showing a full complement of twelve ribs. However, the first rib articulates with C7 while
ribs 4 and 5 as well as ribs 7-11 are all fused with ribs of the right individual.

Four clavicles and scapulae are present (Fig. 4A, Table 2). The medial arm displays

a singular ulna, humerus with a post-mortem break, fused metacarpals, and proximal,
intermediate, and distal phalanges in each fifth phalanx while the carpals lack ossification
(Table 2). The shared humerus displays double shafts proximally and a fused distal end. Two
bilateral innominate bones and corresponding lower extremities are similar in presence and
degree of development (Fig. 4A; Table 3).

Cardiopulmonary: Both individuals display a set of bilateral lungs (Fig. 4B). Three lobes
are present in the right lung of the right twin while the left lung of the left individual
possesses two lobes. The two midline lungs display size reduction without clear demarcation
of lobes. Two thymuses are well defined and present bilaterally (Fig. 4B). Two hearts are
present with the left individual’s heart displaying dextrocardia (Fig. 4B). An ascending

aorta arises from each heart, forms an aortic arch and, as they descend, join at the midline
subdiaphragmatically at the L1 level of the right individual (Fig. 4C). The venous system
displays a single, large umbilical vein entering the abdomen and then courses into the

large liver and contributing to a single portal vein (Fig. 4C). A series of hepatic veins are
observable and coalesce from right and left sides of the liver to join the portal vein (Fig. 4C).

Digestive System: The twins display a shared digestive system with one large liver that
lacks clearly definitive lobulation (Fig. 4D). Foreguts are present but the left individual
shows truncation rostral to the diaphragm. The right individual possesses midgut and
hindgut structures with a single stomach that displays situs inversus while a single spleen is
present on the left. Other peritoneal organs are not clearly visible (Fig. 4D).

Urogenital System: A single urogenital system contains two kidneys with two ureters,
one urinary bladder, and one uterus and vagina (Fig. 4E). The kidneys are difficult to discern
since they display abnormal rostral-caudal orientations.

Dentition: The dentitions provide a dental age estimation of between eight months in utero
and birth based on the amount of incisor and first primary molar calcification, but without
any root development for the incisors or calcification of the first permanent molar. (Fig. 4F;
Table 4). Thus, the dental eruption pattern corresponds with full term development.

3.2. Case presentation

Rad3D software enables student access to the case presentation for Preparation 296 (Fig. 6).
The composite volume model utilizes both transfer function and iso-surface rendering that
is observable with a custom WebGL2 Javascript application that downloads and displays
models in a compatible browser. Cross sectional radiological planes are selected with
observations of either MR or CT images. Previous settings for contrast and rendering
tolerance are set by instructors. Embeds, such as streaming videos, 3D models, images,
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and links, are optional selections within the report page. Files are accessible using zSpace
computers for AR visualization (Fig. 7).

4. Discussion

Preparation 296 is historically relevant, in part, because Dr. Jacob Henle curated the
cadaver and students are familiar with the “Loop of Henle” based on their experiences

in renal physiology. Background information is provided to the students [23], indicating
that Dr. Henle was a charismatic scholar born in Furth, Germany (1809) and matriculated
in Medicine at the University of Bonn in 1828. In 1840, he received the appointment

of Professor and Director of the newly founded Institute of Anatomy at the University

of Zurich in Switzerland. Dr. Henle returned to Germany and accepted a position in the
Department of Anatomy at the University of Heidelberg where he significantly contributed
to the development of pathology as a scientific discipline and assisted in the establishment
of the university’s Pathological Institute. Dr. Henle became a prominent academic figure as
he assumed the role of Director of the Anatomy Institute and University of Heidelberg after
Institute Director Friedrich Tiedemann. He also performed autopsies for clinicians and was
one of the first instructors to integrate histology into the anatomy curriculum [24]. However,
Dr. Henle departed from Heidelberg in 1852 regarding the area as too provincial and moved
to the University of Gottingen where he discovered and described the renal tubules (ansa
nephroni) to which his name was subsequently attributed [23].

Conjoined twinning is a rare occurrence with a frequency ranging from approximately
1:50,000 to 1:100,000 live births [25]. Approximately 35% of all conjoined twin cases result
in death within the first 24 h after birth, and 40-60% are stillborn [2]. Classification systems
exist, and parapagus conjoined twins have an incidence of 28% of the conjoined twins
categories [26]. The underlying mechanism was difficult to comprehend during the mid-19th
century when Preparation 296 was curated and examples, such as the craniopagus conjoined
twins, did not fit well into concepts of embryology and speciation prior to Darwinian

theory [27]. The underlying mechanism remains elusive with various hypotheses proposed
[2,28-30]. Renewed interest in this subject occurs due to medical advances, particularly in
biomedical imaging, facilitating presurgical planning that increases survival [31,32].

Monozygotic twinning occurs at three critical points [33,34]. First, at the 2-cell or

late precompaction stage (4-16 cells), division results in two separate entities including
extraembryonic tissues that form separate dichorionic and diamniotic fetuses. This form of
twinning occurs in approximately 30% of the monozygotic twinning cases [35]. Second,
splitting of the blastocyst results in separate amnions but shared chorions (diamnionic/
monochorionic), which is most common and occurs with an incidence of approximately
66%. The least common event occurs later in embryogenesis following the formation

of the ectoplacental cone [36] when the fetuses share both the chorion and amnion. In

the case of Preparation 296, conjoined twinning could have occurred between 14 and 16
days post-conception due to incomplete separation and duplication of the primitive streak.
This observation is based on the presence of double vertebral columns, but a singular

large umbilical vein that deviates toward the left individual. The proximally double-shafted
and distally fused shared humerus suggest that secondary fusion occurred following the
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original conjoined twinning event. Defects in the vertebrae occur more frequently along the
medial axis suggesting the occurrence of interactive aplasia [28,37] further supported by the
presence of only one spleen on the left side.

The establishment of left-right asymmetry occurs in response to complex expression
sequences of several morphogenetic pathways occurring in gastrulation [38]. In mice, nodal
cilia establish a leftward cardiac flow [39]. In its absence, cardiac looping reverses, resulting
in dextrocardia [40]. The meiosis specific nuclear structural 1 protein (MNS1) is identified
as an important factor in establishing left-right asymmetry and may play a key role in situs
inversus in humans [41]. In the left individual, dextrocardia affects the left heart while

the apex of the right heart displays a typical direction. The incidence of situs inversus is
approximately 1 in 8000 [42]. Yet, situs inversus occurs up to 50% in conjoined twins [43].
This high percentage is unlikely if fusion at gastrulation is the underlying event.

The use of VR technology is an efficient method for remote education [14-16]. Conjoined
twins provide a useful topic for case-based learning activities consistent with competency-
based learning in embryology [44,45]. Manipulation of 3D anatomical models permit
complete visualization of structures from various perspectives and depths. VR technology
platforms enable visualization of anatomy that are not available through alternate methods
[46,47]. This type of technology provides information on specific internal organ structure
and development, e.g., observation of the shared digestive system with a foregut that
terminated at the diaphragm only in the left individual. VR technology also allows for
study and examination at a location and time that is convenient to the student while 3D
printing is also possible for further understanding of complex spatial relationships [12].
Limitations may include prohibitive cost and restricted access to electronic equipment and
devices. However, the system described here is viewable using a browser and phone readily
available to most students. Another limiting factor could be differential shrinkage of the
museum specimen occurring because of the fixative used in collection.

Utilization of an online and remote approach is highly convenient for study and analysis
of anatomical structures [48]. A variety of virtual platforms allow for collaboration and
visualization of structures. Rad3D is a DICOM viewer accessible from mobile devices.
Sketchfab is also a virtual platform that is emerging as a hub for sharing 3D anatomical
models. Online platforms allow for more accessibility to information by a wider audience
range while Creative Commons access for academic applications. The use of augmented
reality technology based on medical museum collections is becoming a reality [49].

This provides a unigue opportunity for collaborative research and ethical post-mortem
examination. In-person instructional limitations, such as those imposed by the COVID-19
pandemic, can be overcome through online student collaborations ensuring safe educational
experiences.

In conclusion, the described workflow provides an effective approach for generating
ease-of-use XR models of historically relevant museum specimens. Digital distribution

of visualizations occurs using device agnostic software achieving widespread availability.
Sufficient anatomical detail is present, enabling online case presentation within the medical
curriculum. Anecdotal student comments indicate that case presentation is engaging and
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thought provoking, although instructional effectiveness is not assessed. Future work will
focus on the development of a case-based library of old and rare museum specimens that
students can access to explore topics involving developmental, anatomical, and public health
concepts.
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Fig. 1.
A) Portrait of Dr. Henle circa 1844 (courtesy of Ms. Tina Henle). B) Description of

the conjoined twins’ cadaver in his Journal for Pathological Preparations under entry
Preparation 296: “Mit der Brust verwachsene Zwillinge mit verschmolzenen hinteren Armen
und einfachen unteren Ende” (Twins with merged breasts and fused back arms and simple
lower end).
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Fig. 2.
Workflow for image capture (yellow), segmentation and modeling (red), and XR

visualization (blue). The online case is compiled and distributed using Rad3D software
(green).
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Fig. 3.
The parapagus dicephalus tribrachus dipus conjoined twins’ cadaver visualized with a

photograph (A) and computer model (B) showing a high degree of surface consistency
between images.
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Fig. 4.

Xlg models of the developing systems used in the case study including osteology (A),
cardiopulmonary (B, C), gastrointestinal (D), urogenital (E) and dental (F). Interactive
models are accessible using the QR codes or links.

A) https://sketchfab.com/3d-models/osteology-of-parapagus-conjoined-
twins-84b414f05ac54d9f8173fca017d7c78

B) https://sketchfab.com/3d-models/pulmonary-system-dicephalic-parapagus-
twins-1f3f36b287084e31ad97e444ab467e0b
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C) https://sketchfab.com/3d-models/cardiovascular-system-of-parapagus-
twins-3645181d719d4b4f94d4285fd02924f7

D) https://sketchfab.com/3d-models/gi-system-or-dicephalic-parapagus-conjoined-
twin-72932b457cd749e79dffea54285e43d2

E) https://sketchfab.com/3d-models/ug-system-for-dicephalic-parapagus-
twins-42ch6313a3fc460f9aea02f85d679cfc

F) https://sketchfab.com/3d-models/conjoined-twins-
teeth-59cd79a578164678%eeacd6b624e9fdf.
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Fig. 5.

Schematic comparison of vertebrae and rib anomalies in the conjoined twins.
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# A Heidelberg University ) dicephalic parapagus conjoined twins

30 < SHARE Q
X

NOTIFICATIONS CHAT REPORT SETTINGS

dicephalic parapagus conjoined /' 4
twins

Subject

« Neonatal dicephalic parapagus conjo
shared abdomen, pelvis and lower ex
upper extremity and classified as a dicephalic parapagus
conjoined twin (Kaufman (2004). This anatomical specimen
was obtained by Dr. Jacob Henle sometime between 1844-
1852 while he was a Professor of Anatomy at the University of
Heidelberg

vins born with a
ies and one shared

History

« Identical twinning event is not complete and the single
epiblast likely remain unseparated resulting in a
monochorionic and monoamniotic twin. Only partial
separation of the embryonic axes occurs typically at the
primitive streak stage of development (13-14 days post-
fertilization). The majority of conjoined twins are united at the
thoracic (thoracopagus) suggesting that the caudal and rostral
portions of the embryonic axes separate first followed by the
central region. In the parapagus case, the caudal region fails to
completely separate. Several epidemiology studies have been
reported, but one of the most extensive reported an incidence
of conjoined twinning at 10.25/1x106 or .001% births (Birth

WL:280.37 WW:1946.67 (-692.96..1253.71) min:-2048 max:1769 il Defects Monitoring Program (Edmonds & Layde, 1982)

Min:

Window Level -3956.5 6] 3677.5 Causes and Complications
S MaC1Te L owwidth 0 ———— @ 7634

« Causes and risk factors are unclear due the low incidence of

Fig. 6.

RgdSD user interface for the embryological case presentation. DICOM slices are rendered as
a volumetric in the workspace while the user simultaneously views the cross sections. The
report is presented in the right frame and provides radiological, pathological, and anatomical
information as well as external links. Rad3D interface is accessible using the QR code or
link.

https://rad3d.com/a/view/E870EB90-19A8-46E2-B035-906 A409986CE.
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Fig. 7.
The DICOM viewing software is viewed on a zSpace computer to provide XR

visualizations. The video demonstration is accessible using the QR code or link. https://
youtu.be/GYOUw2fOhrc.
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Developmental assessment of axial skeletal elements (not including ribs, see Table 2). Right (R), Left (L),
Present (+), Absent (-).

Region Bone R Twin Fused L Twin
Skull Cranium + - +
Mandible + - +
Hyoid Hyoid bone  + - +
Cervical C1 + - +
Cc2 + - +
C3 + - +
C4 + - +
C5 + - +
C6 + - +
C7 + - +
Thoracic T1 + - +
T2 + - +
T3 + - +
T4 + - +
T5 + - +
T6 + - +
T7 + - +
T8 + - +
T9 + - +
T10 + - +
T11 + - +
T12 + - +
Lumbar L1 + — +
L2 + - +
L3 + - +
L4 + - +
L5 + - +
Sacrum-Coccyx  S1 + - +
S2 + - +
S3 + - +
S4 + - +
S5 + - _
Coccyx - - -
Sternum Sternum - + -
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Developmental assessment of the Ribs and Upper Extremity. Right (R), Left (L), Present (+), absent (-).

Table 2

Region Bone R Twin  Fused L Twin
R L R L

Rib 1st + o+ + o+
2nd + o+ + o+

3rd + o+ + o+

4th + + R6-L4 +

5th + + R7-L5 +

6th + + o+

7th + R8-L7 +

8th + R9-10-L8 +

9th + R11-L9 +

10th + R12-L10 +

11th + R13-L11 +

12th + + o+

Shoulder girdle Clavicle + o+ - + o+
Scapula + o+ - + o+

Arm Humerus + R-L +
Radius + o+ - + o+

Ulna + R-L +

Carpals Scaphoid - - - - -
Lunate - - - - -

Triquetral - - - - -

Pisiform - - - - -

Trapezium - - - - -

Trapezoid - - - - -

Capitate - - - - -

Hamate - - - - -

Metacarpals | + R-L + o+
1 + o+ - + o+

1 + + - + +

v + + - + +

V + o+ - + o+

Proximal phalanges | + o+ - + o+
1 + + - + +

1l + o+ - + o+

[\ + + - + +

\Y + + - + +

Middle phalanges 1l + o+ - + o+
1 + + - + +

v + + - + +
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Region Bone R Twin  Fused L Twin
R L R L

\Y% + + - + o+

Distal phalanges | + o+ - + o+
Il + + - + +

1 + + - + o+

\Y + o+ - + o+
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Developmental assessment of the Hip and Lower Extremity. Right (R), Left (L), Present (+), absent (-),

undetermined (?).

Table 3

Region Bone RTwin L Twin
R L R L

Hip Hium + +
Pubis + +

Ischium + +

Thigh & Leg Femur + +
Patella - -

Tibia + +

Fibula + +

Tarsals Cuboid - -
Talus + +

Calcaneus + +

Navicular - -

Metatarsals

Foot proximal phalanges

Foot middle phalanges

Foot distal phalanges

Medial cuneiform - -
Intermediate cuneiform - -

Lateral cuneiform - -

| + +
1 + +
1 + +
[\ + +
\Y4 + +
| + +
I + +
11 + +
v + +
Vv + +
1 + +
1 + +
[\ + +
\Y4 ? ?
| + +
I + +
11 + +
v + +
\Y% ? ?
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Fraction (%) of the dental crown calcification for age estimation. Right (R); Left (L).

Table 4

% of Crown Calcification

Tooth R Twin L Twin
A 1/8 1/8
B 1/2 1/2
C 1/3 1/3
D 1/2 1/2
E 3/4 3/4
F 3/4 3/4
G 1/2 1/2
H 1/3 1/3
| 1/2 12
J 1/8 1/8
K 1/8 1/8
L 1/4 1/4
M 1/3 1/3
N 1/2 1/2
o 1/2 12
P 1/2 1/2
Q 1/2 12
R 1/3 1/3
S 1/4 1/4
T 1/8 1/8

Age Estimate

8 months in utero to birth
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