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a b s t r a c t
Anatomy educators have an opportunity to teach anatomical variations as a part of medical and allied
health curricula using both cadaveric and three-dimensional (3D) digital models of these specimens.
Beyond published cadaveric case reports, anatomical variations identiﬁed during routine gross anatomy
dissection can be powerful teaching tools and a medium to discuss several anatomical sub-disciplines
from embryology to medical imaging. The purpose of this study is to document how cadaveric anatomical variation identiﬁed during routine dissection can be scanned using medical imaging techniques to
create two-dimensional axial images and interactive 3D models for teaching and learning of anatomical
variations. Three cadaveric specimens (2 formalin embalmed, 1 plastinated) depicting anatomical variations and an embryological malformation were scanned using magnetic resonance imaging (MRI) and
micro-computed tomography (CT) for visualization in cross-section and for creation of 3D volumetric
models. Results provide educational options to enable visualization and facilitate learning of anatomical
variations from cross-sectional scans. Furthermore, the variations can be highlighted, digitized, modeled
and manipulated using 3D imaging software and viewed in the anatomy laboratory in conjunction with
traditional anatomical dissection. This study provides an example for anatomy educators to teach and
describe anatomical variations in the undergraduate medical curriculum.
© 2016 Elsevier GmbH. All rights reserved.

1. Introduction
Since the 17th century, anatomy museums have been invaluable resources housing collections of human and animal tissues
(Cole, 1944). In modern times, anatomy museum collections often
contain specimens displaying pathologies, embryological malformations and anatomical variations of educational value for students
of medicine, pathology and graduate research (Marreez et al., 2010).
The role and presence of the anatomy museum is diminishing due
to advances in digital technologies, departmental prioritization
toward biomedical research, and curricular reform in anatomical
education (Drake et al., 2009; Marreez et al., 2010; Waugh, 1990),
which impacts medical education by limiting the opportunity for
students to observe and appreciate normal and variant human
anatomy in the anatomy laboratory (Willan and Humpherson,
1999). Exposure to anatomical variations in the anatomy laboratory
promotes recognition and differentiation of normal and abnormal
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structures; an important skill for clinicians and surgeons (Willan
and Humpherson, 1999). As the focus of anatomy in medical and
allied health education continues to change, exploration into alternative means of cadaveric specimen preservation can be useful in
maintaining rare historical specimens, anatomical variations, and
others of interest and intrigue for anatomy education when cadaveric specimen storage is no longer feasible.
Nieder et al. (2004) proposed the preservation and online
dissemination of anatomical variations using photorealistic virtual reality learning objects to create a virtual anatomy museum.
Although this photographic method is practical and reasonable for
the creation of virtual three-dimensional (3D) resources, on-going
technological advances and improvements in computer software
enable improved image interaction and manipulation that cannot
be obtained from photographic images of anatomical variations
alone. Alternative methods of digital preservation using magnetic
resonance imaging (MRI) and computed tomography (CT) can be
applied to digitize anatomical specimens whether preserved using
traditional formalin or plastination methods. Thus, the purpose
of this study is to explore the digitization and 3D modeling of
embalmed and plastinated cadaveric specimens to create models
of anatomical variations for teaching and research purposes.
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2. Materials & methods

3. Results

Three cadaveric specimens were selected for morphological
investigation using imaging modalities. Two formalin-embalmed
male cadaveric specimens (ages: 93 years and 83 years) depicting
anatomical variations (infero-medial humeral head (iHH) of the
biceps brachii and tendinous elevator of the latissimus dorsi, tLD)
were identiﬁed during routine prosection of cadaveric upper limbs
for use in the medical curriculum. Secondly, a plastinated teratological specimen (dibrachius dicephalic conjoined twins) was selected
from an historical specimen collection housed in the anatomy
department at the University of Western Ontario. Use of cadaveric
material for research purposes was approved by the Committee
for Cadaver Use in Research at the University of Western Ontario
(REF#: 21082015). High-resolution digital images of the upper
limbs and the conjoined twin specimen were recorded using an
Apple iPad and labeled using Adobe Photoshop Software (Release:
2015.1.1). The teratological specimen had not been dissected prior
to plastination.

3.1. Axial images
When compared to the cadaveric specimens, the muscular
anatomical variations (iHH, tLD) could be located on axial MRI
and CT images throughout their course from origin to insertion,
despite the removal of the skin and intermuscular fat (Figs. 1–3).
The MR images were valuable in discerning the neurovascular
structures in addition to the muscular structures. The color contrast
between the fat, muscle and connective tissue facilitated the recognition of fascial planes separating the muscles in the MR images.
Although the iHH could be located on the CT scan, the ability to
discern the fascial planes and boundaries between muscles was
more difﬁcult with the lack of signal contrast compared to the MR
images. Despite the contrast limitation, our approach with CT and
small slice thickness compared to MR, provided good identiﬁcation.
In both imaging modalities, the ability to cycle sequentially through
the image series using the respective imaging software facilitated
the recognition of the iHH, tLD and other musculature throughout
their course.

2.1. Imaging & 3D segmentation
2.1.1. Magnetic resonance imaging & micro-computed
tomography
The cadaveric upper limbs were scanned using a 3T Siemens
mMR Biograph magnet with a T1-weighted turbo spin echo
sequence (slice thickness: 5 mm, repetition time: 610 ms, echo
time: 26 ms, ﬁeld of view: 120 × 120, Matrix: 512 × 512) to acquire
80 axial images from the shoulder to the elbow joint. Osirix imaging
software (version 6.5.2, Geneva, Switzerland) was used for visualization of the axial images. A moistening solution was liberally
applied to the embalmed specimens to prevent drying of the tissues and helped remove blood clots in the triceps brachii that
could disrupt the signal recording during MR imaging. The plastinated specimen was not suitable for MR imaging as the specimen
contained no mobile water to generate an MR signal due to the plastination process. Additionally, all specimens were scanned using a
GE locus ultra CT scanner (slice thicknesses: 154 m (accessory
biceps specimen), 308 m (plastinated and shoulder specimen)).

2.1.2. Segmentation & 3D volume rendering
Three-dimensional images were generated from CT data using
a combination of manual and semi-automatic segmentation methods and software described previously in the literature (Adams and
Wilson, 2011; Tam, 2010). Volume renderings of the musculature
were displayed in conjunction with the CT scans and could be
manipulated in the orthogonal space of the scanned volume using
the visualization software program (Amira 5.3.3, Mercury Computer System Inc., Chelmsford, MA). The 3D representations were
processed using the volume rendering technique specular shading
option. To view the 3D bone morphology in the plastinated specimen, a maximum intensity projection was used in conjunction with
a masking window to ﬁnd the appropriate threshold where the soft
tissues were removed. Volume renderings of the plastinated and
shoulder specimen were achieved using a similar threshold method
until only the surface structure was visible in the 3D rendering.
The digital 3D model of the arm region consisted of segmentation and reconstruction of the following structures: biceps brachii
(long, short, and infero-medial humeral heads), biceps tendon,
brachialis, humerus, median nerve and brachial artery. Similarly,
the digital 3D model of the shoulder consisted of segmentation and
reconstruction of the latissimus dorsi, tendinous levator of the latissimus dorsi, subscapularis, teres major, brachial artery, axillary and
radial nerves, humerus, clavicle and the scapula.

3.2. 3D modeling
Three-dimensional models of the cadaveric upper limbs were
generated from the CT images of the anterior compartment of
the arm and shoulder, respectively (Figs. 1–3). Using a combination of manual and semi-automated segmentation enabled realistic
3D depiction of the variant musculature (iHH and tLD) and typical
neurovasculature identiﬁed in the cadaveric specimens. The large
diameter nerves and blood vessels such as the terminal branches
of the brachial plexus and the brachial artery could be easily segmented and visualized in the 3D models. The variant innervation
pattern identiﬁed in the cadaveric arm (nerve to the iHH and communicating branch) could not be conﬁdently segmented from the
axial scans for 3D visualization (Fig. 1). Thus, the manual segmentation method may be better suited for visualizing larger gross
anatomical variations rather than nerves and vessels of small diameter.
The small slice thickness (308 m) achieved with CT allowed
for visualization of ﬁne surface details of the shoulder and conjoined twin specimens when using volume rendering (Figs. 3 and 4).
The volume rendering technique was excellent for visualizing
superﬁcially located structures from the prosected cadaveric shoulder specimen including the small nerves and blood vessels present
in addition to those of larger diameter (Fig. 3). The ﬁne surface
details such as skin folds could be observed on the conjoined twin
specimen when volume rendered (Fig. 4). Furthermore, the bone
morphology could be visualized clearly despite alternations in soft
tissue density associated with the plastination processes (Fig. 4).
The volume renderings allow for excellent visualization of the
cadaveric specimens, but the ability to remove or add individual
structures is not possible with this technique.
The software enabled manipulation of the models in 3D virtual space such as 360◦ rotation, magniﬁcation and reduction, and
movement of the raw axial and reconstructed virtual slices in the
coronal and sagittal planes. Individual slices could be visualized
individually, or placed in the same 3D space as the anatomical segmentation in the native scan axial slices (XY transverse plane), or
any other orthogonal axis with great resolution (XZ sagittal or YZ
coronal planes). Furthermore, any segmented structure that was
created could be removed to facilitate viewing other structures
(Figs. 1 and 2). The models generated can be viewed online at
the following web address: http://www.anatatorium.com/CRIPT/
Variation.html.

C.W. Moore et al. / Annals of Anatomy 209 (2017) 69–75

71

Fig 1. (A) Cadaveric specimen depicting an accessory head of the biceps brachii, the infero-medial humeral head. Note the aberrant innervation pattern where a communicating
branch connects the musculocutaneous and median nerves; (B) Axial MRI and (CT images of the cadaveric specimen depicting the infero-medial humeral head of the biceps
(red outline) *Median nerve, **Brachial artery; (C) 3D Images of the cadaveric specimen using specular shading volume rendering technique. Superior views (left upper & lower
panels), medial view (upper right panel), infero-medial view depicting the anatomical planes (lower right panel). Biceps brachii tendon (grey), brachialis (maroon), brachial
artery (red), infero-medial humeral head of the biceps brachii (dark blue), long head of the biceps brachii (light blue), short head of the biceps brachii (green), median &
musculocutaneous nerves (yellow).

4. Discussion
The goal of the current study was to explore the digitization and
3D modeling of embalmed and plastinated cadaveric specimens to
create models of anatomical variations for teaching and research
purposes. Successful identiﬁcation was achieved on both the iHH
of the biceps brachii and the tLD on the two-dimensional axial

scans using both imaging modalities despite the cadaveric material
being dissected previously (Figs. 1 and 2). It is widely believed that
anatomy educators can use MRI and CT images to develop student
competency in identifying anatomical structures from radiological
images while simultaneously referring to the physical cadaveric
specimens from which the images were derived (de Barros et al.,
2001; Khalil et al., 2005b). Although the variant innervation pattern
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in the arm could not be accurately segmented using the manual
approach, visualization of small nerves and vessels could still be
achieved using a volume rendering technique in the shoulder specimen (Fig. 3). Therefore, small clinically relevant nerves and vessels
can be visualized using a volume rendering technique if manual surface segmentation method is not successful. Compelling 3D images
of variant bone morphology could be isolated and visualized from
the undissected plastinated specimen (Fig. 4). For emotionally sensitive cadaveric materials such as fetal or teratological specimens,
students may prefer to learn about embryological events using digital versions of the specimens, which 3D rendering makes ideal for
surface and bone reconstruction.
Although we employed a CT scanner to acquire images of
small slice thicknesses (154–308 m), scanning cadaveric specimens using clinical scanners capable of achieving larger slice
thicknesses can still be sufﬁcient for 3D segmentation (Nguyen and
Wilson, 2009). Choosing the appropriate image modality depends
largely on the structures to be modeled; as image slice thickness
ultimately determines the ability to deﬁne ﬁner details of chosen
structures, these details may be lost due to the increased voxel
size and the inability to differentiate tissue borders with clinical
scanners. Despite the technological limitations of replicating slice
thicknesses comparable to CT, the segmentation method can still
be used by anatomists using clinical scanners available in teaching
hospitals and imaging research facilities.
Institutions with smaller anatomy programs and limited access
to numerous cadaveric specimens would beneﬁt from 3D digital
models of anatomical variations associated with a given anatomical region. Digital images and software manipulation programs
can make these specimens more accessible and easily disseminated
online (Nieder et al., 2004). Medical schools with satellite campuses
may beneﬁt by having digital models of their specimens available
when transport of physical cadaveric specimens is not possible. For
institutions lacking the cadaveric resources and infrastructure of a
traditional anatomy laboratory, a digital database of 3D cadaveric
specimens would provide an enrichment opportunity for teaching
and learning of diverse anatomical variants. Although use of 3D and
plastic models are advantageous for those institutions with limited
cadaveric resources, the haptic learning experience achieved with
traditional cadaveric dissection is still regarded as the gold standard. Therefore, these 3D models of anatomical variations should
act as a supplement to traditional cadaveric dissection where possible.
4.1. 3D models in the anatomy curriculum

Fig. 2. (A) Cadaveric dissection depicting the tendinous elevator of the latissimus
dorsi (tLD), a rare coracobrachialis brevis variant. (B) Axial MRI appearance of the
tLD in (i) proximal and (ii) distal segments. (C) Virtual dissection of the cadaveric
shoulder depicting the tLD (blue). Note the presence of the tLD located superﬁcial to
the nerves of the posterior cord of the brachial plexus—a potential source of nerve
compression. P. Minor: pectoralis minor, L. Dorsi: latissimus dorsi. *Axillary nerve
**Radial nerve. Arrows indicate course of the tendinous insertion of the tLD.

Miller (2000) suggested an alternative approach called syncretion where structures were added to the body rather than removed
in dissection. Although not easily undertaken in the classic anatomical lab, the digital potential presented here offer that ability. The
interactive 3D models of the two anatomical variants and a teratological specimen allow learners to visualize, explore, and digitally
manipulate the cadaveric specimens. Using CT for creating 3D
digital models of anatomical variations can be a valuable teaching
resource as students often have difﬁculty conceptualizing anatomical 3D structure from 2D textbook images. Interactive 3D teaching
models of complex regions such as the pelvis, ventricular system, and the laryngeal apparatus have been successfully developed
from MRI and CT data using similar segmentation methods (Adams
and Wilson, 2011; Sergovich et al., 2010; Tan et al., 2012). When
compared to 2D images alone, some 3D animations aid student
performance on questions requiring spatial ability by improving
the students’ capacity to mentally rotate and conceptualize the
structure in multiple planes (Hoyek et al., 2014). Although most
studies report that overall learning outcomes are similar irrespective of whether 2D or 3D learning methods were used (Hoyek et al.,
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Fig. 3. Volume rendering of the cadaveric shoulder specimen with corresponding axial CT images. Note the tendinous elevator of the latissimus dorsi (blue) can be observed
in the axial images throughout its course.

2014; Khalil et al., 2005a; Tan et al., 2012), a 3D model is likely an
advantageous adjunct that is complementary to traditional dissection enabling mental visualization and assimilation of anatomical
knowledge (Hopkins et al., 2011). Inclusion of anatomical variations
in anatomy practical examinations would be a beneﬁcial assessment tool, because recognition of an anatomical variation requires
a student to have a comprehensive understanding of typical human
anatomy. Our study highlights the important role of 3D models
of anatomical variation and proposed integration into curricula to
supplement learning. Having established the utility of these 3D
interactive approaches, both in this study on anatomical variations
and prior studies on normal complex anatomy (Adams and Wilson,
2011; Sergovich et al., 2010; Tan et al., 2012) future research can
formally assess these adjuncts as a learning tool.
4.2. Anatomical variations in the medical curriculum
By integrating physical or 3D models of anatomical variations
into the undergraduate medical curriculum, students can learn
more about the diverse forms of anatomical structures beyond what

a general anatomy text can confer. Texts like Moore’s Clinicallyoriented Anatomy (Moore et al., 2014) and specialty textbooks
describing human anatomical variations (Bergman et al., 1988;
Tountas and Bergman, 1993) are available, but their use in assessment and teaching of anatomical variations is relatively unknown
(Raikos and Smith, 2015). Institutions that integrate study of
anatomical variations in their medical curriculum likely exist, but a
description of their prevalence, content, and time devoted to variant anatomy remains scarce in the literature. Preliminary results
from a national survey on the integration of anatomical variations
in the undergraduate medical curricula suggest that anatomical
variations are formally assessed at 52% of the schools surveyed;
however, these results are currently only based on 29 of 119
respondents (∼25%) (Goldberg and Royer, 2016). A survey of surgical and radiological residency programs suggested that anatomical
variation should be emphasized earlier in the medical curriculum (Raikos and Smith, 2015). It was reported that experienced
surgeons and radiologists encounter a wide variety of anatomical
variations routinely on a monthly, weekly and daily basis with a
frequency of ∼40, ∼25 and ∼21%, respectively (Raikos and Smith,

74

C.W. Moore et al. / Annals of Anatomy 209 (2017) 69–75

Fig. 4. Visualization of variant bone morphology isolated from a plastinated dicephalus dibrachium conjoined twin specimen using CT 3D volume rendering techniques.
Note: bright artifact around the head was due the specimen exceeding the bore limits of the CT scanner.
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2015); therefore, it would be beneﬁcial for medical students to
have an appreciation and awareness of anatomical variation prior
to discipline speciﬁc competency that is gained during residency
training. This could be achieved through integration of physical
and 3D-models of anatomical variations described herein into the
medical curriculum.
5. Conclusions
As institutions continue to reevaluate the role of traditional
cadaveric anatomy in medical and allied health curricula, it is
important to preserve anatomical variations for students to appreciate the diversity of variant structures that may be encountered
clinically. Preserving rare or clinically relevant anatomical variations using 3D modeling methods (CT, MRI) can provide an
opportunity for anatomy educators to incorporate variant anatomy
into the undergraduate medical curriculum when cadaver access
is limited. These models can stimulate student interest and foster
pertinent discussions of anatomical disciplines ranging from gross
anatomy and embryology to medical imaging that can beneﬁt students prior to postgraduate training and future careers as medical
professionals.
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