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Preface

This Special Issue deals with one of the most important disciplines in the medical area: anatomy.
The morphological investigation represents the most ancient approach to the study of living beings.
The purpose of this issue is to examine the great value of this long history. At the same time,
it also considers the importance of evaluating the role of this discipline in modern medicine. In
this respect, new technological approaches are challenging the classic morphological methods for
studying anatomical structures. In line with this, anatomical education is changing, as well, and new
tools are needed to face modern demands. This collective work is addressed to all people who are
interested in a new vision of anatomy: physicians, surgeons, technicians, nurses, historians, teachers,
and students. A special acknowledgement must be addressed to the numerous contributors to this
Special Issue.

Gianfranco Natale and Francesco Fornai
Editors
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1. Introduction

Anatomy is still considered the most ancient and basic discipline in the medical
sciences. Since the work of Andreas Vesalius (1514-1564), anatomy has played a strong role
in both medical research and education, being the main axis of medical research over the
centuries, to foster novel findings about human bodies and shape the education provided
at medical schools. In the second half of the last century, this trend was slightly modified
while gross anatomical observations reduced, and education became the primary purpose
of anatomy institutes [1,2]. There is also a conservative tendency in anatomic descriptions,
with a seeming reluctance among acknowledged anatomists to explore new theories by
returning to direct studies of gross anatomy. Although this discipline is considered an
undisputed core component of the medical curriculum, anatomical research and education
have been reduced in scope and status to accommodate other disciplines [3].

This occurred despite the fields of microscopic and ultramicroscopic anatomy under-
going expansion to explore the micro-world at the molecular level. This has happened
despite gross anatomy, which is still recognized as a fundamental discipline, appearing
quite obsolete. Such a scenario emerges when shallow perspectives are applied; in fact, in
the last few years, some gross anatomical discoveries have been reported, which overturned
the long existing dogmas about morpho-functional aspects. For instance, the anatomy of a
previously unrecognized, though widespread, macroscopic, fluid-filled space within and
between tissues represents a widened and in-depth focus on the classic concept of the hu-
man interstitium. The mesenteric continuity, as well as the novel concept of the glymphatic
system, have been reported [4,5]. The gross anatomy of myofascia is terminologically evolv-
ing through the work of the Fascia Nomenclature Committee [6]. A new field of research
is exploring how gut microbiota acts as an “invisible organ” to modulate gastrointestinal
functions, as well as the general homeostasis of the body [7]. Apart from the sensational
discovery of “new organs”, gross anatomy research remains an important tool to correct or
redefine classic concepts and ascertain anatomical varieties. Independently of the approach
used (ex vivo dissection or in vivo imagining techniques), it represents a unique way to
explore the human body. Cadaveric dissection has several advantages: (i) gross anatomy
research; (ii) the development of new dissection and preservation techniques; (iii) forensic
medicine research; (iv) planning virtual anatomy software; (v) surgical training and simula-
tion; (vi) the enrichment of anatomic museums with specific preparations (third mission of
the university).

This was the opinion of the Irish anatomist Alexander Macalister (1844-1919): Practical
anatomy was considered a discipline of incalculable value, for not only was the knowledge
acquired an end in itself, but the method through which it was gained was the most
valuable part of a student’s entire medical training. Anatomy occupied a unique position
in the curriculum. In all other departments, the student had no alternative but to accept the
dictum of their teacher or textbook. Here, the student was trained to use their eyes and
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hands, as well as educated to translate the impression made by the objects of study on their
senses into words. This enabled students to check the descriptions in their book or those
taught in the lecture room by comparing practical experience with the verbal accounts
given by teachers. In the dissecting room, every student could be an investigator [8].

In this respect, the Special Issue Advances in Anatomy and Its History represents the
best way to inaugurate the new scientific journal Anatomia as it provides a broad view on
this topic and considers both holistic and humanistic perspectives, taking into account the
innumerous connections between the history of anatomy and its recent advances.

All multidisciplinary approaches related to anatomy besides morphological techniques
lie within the scope of this Special Issue, including anatomical education. Comparative and
veterinary anatomy were also included. At the same time, this Special Issue looks back to
the past of this discipline and focuses its attention to the history of anatomy to rediscover a
long tradition of morphological investigation from an integrated perspective.

2. An Overview of Published Articles

This Special Issue includes 12 original research articles, 9 articles dealing with anatom-
ical variations, and 8 review articles. This Special Issue captures the diversity of the studies
that focus on the anatomical field. The diversity of articles, the depth of the topics, and the
relative geographical reach of the authors in this Special Issue confirmed the continued
interest of researchers in anatomy.

It is not the purpose of this Editorial to elaborate on each of the articles but rather
to encourage the reader to read them. These articles encompass a diverse range of study
methods and topics, elucidating the richness of this research field.

Original Research Articles represent the most numerous group included in this Special
Issue. Four articles consider the important topic of anatomical education. In one Communi-
cation, a study provides preliminary data regarding the use of immersive virtual reality with
3D holography to improve learning of the anatomy of the heart, concluding that anatomical
classes that make use of this technology, although attractive for medical students, are not
superior to traditional learning in terms of knowledge retention if such classes are not
precisely designed or strictly supervised by academic teachers and the students do not
become familiar with the use of virtual reality goggles before anatomical classes (Czaja’s
article, contribution 22). In another attempt to improve anatomy teaching and learning,
the use of virtual anatomy and histology and small portable autostereoscopic 3D screens
was beneficial for anatomical education, and the increasing availability of such systems
and reduced costs will allow this technology to have a significant impact in the coming
years (Otoo’s article, contribution 19). In a further study, the educational value and the
students’ perceptions of the effectiveness and usefulness of surgical and bioengineering
technologies’ integration into the anatomy course are evaluated, and the authors show that
students appreciate in-depth surgical integration much more than in-depth engineering
integration, even if those who prefer in-depth surgical studies also appreciate in-depth
engineering studies (Miglietta’s article, contribution 17). Finally, one study is dedicated to
the relationship between neuroanatomy and the evolution of human brain atlases, as well
as the impacts of these atlases on the understanding, presentation, and advancement of
neuroanatomy, demonstrating that they are excellent ways to represent, disseminate, and
support this discipline (Nowinski’s article, contribution 16).

Two works deal with animal anatomy. The rostral epidural rete mirabile structure in
giraffes (Giraffa camelopardalis) is recognized as an essential blood flow regulatory mecha-
nism balancing physiological difficulties arising due to the extensive heart-to-head distance,
and it might fulfill the same function in other long-necked artiodactyls (van der Walt’s
article, contribution 22). In one Communication, the transition from wolf to dog is observed
through the study of skeletal features, accompanied by a series of parameters useful for
understanding this evolutionary shift. A diminution in size occurs early in the process of
animal domestication; this phenomenon is characterized in many animal species rather
than just dogs. This study suggests that in order to differentiate between ancient wolf skele-
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tal specimens of Canis lupus L. and similar specimens of Canis familiaris L., it is necessary to
carry out several morphological studies, since there is not one single significant parameter
that can be used alone for this investigation (Coli’s article, contribution 18).

The pathological investigation is the topic of other two studies. This first study
evaluates ultra-low-dose computed tomography protocols regarding the detectability of
pulmonary nodules. The impacts of tube current settings, kernels, strength levels of third-
generation iterative reconstruction algorithms, and pitch are investigated. A chest phantom
with artificial spherical nodules of different densities and diameters is examined using
a third-generation dual-source CT. Scanning and post-processing protocols, tube current
levels, and ultra-high and non-high pitch modes are applied. This chest phantom study
shows no difference in nodule detection when using ultra-high pitch protocols compared
to a regular pitch mode (Leitzig’s article, contribution 15). The second study investigates
the diagnostic and prognostic value of different quantitative analysis methods assessing
adrenal gland parameters on contrast-enhanced CT scans in patients bearing septic shock
conditions, demonstrating that there is no additional diagnostic value in performing time-
consuming semi-automated whole-organ adrenal gland segmentation analyses (Milberg’s
article, contribution 1).

The other three relevant studies refer to pure anatomical studies. One study details
the morphology of the incisive or naso-palatine canal, showing that there are different
anatomical features, including the absence of this canal (Iamandoiu’s article, contribution 5).
Another study examines, via a cross-sectional analysis, the development of hippocampal
dentation in healthy children and adolescents, considering that it is associated with episodic
memory in healthy adults. This is the first study indicating wide variability in the degree
of hippocampal dentation (Beattie’s article, contribution 3). The third study investigates
three-dimensional variations in the shape of the volar rim of the distal radius with the
aim of proposing a personalized implant shape design corresponding to the individual
morphology for the treatment of fractures. The authors find individual differences in the
shape of the radius epiphysis and suggest the development of several types of semi-custom
plates with correlated sagittal and transverse bending angles. This allows for osteosynthesis
with minimal soft tissue invasion while accommodating the anatomical diversity of the
volar rim (Yoneda's article, contribution 10).

Moreover, in a historical article, the medical pictorial cycle devised in the annex of the
villa of Flaminio Rota, a 16th century anatomist who worked the University of Bologna,
is examined, revealing an interesting cultural dimension that provides new information
about Rota’s academic life (Armocida’s article, contribution 14).

Nine original articles are dedicated to anatomical variations. Seven of them are Case
Reports. Three articles explore blood vessel variations in greater depth: a rare bilateral
variation in the branches of the internal thoracic artery (Hawi's article, contribution 27), a
duplicated inferior vena cava (Klansek’s article, contribution 21), and a rare configuration
origin of the superior thyroid, lingual, and facial arteries in a pentafurcated common
carotid artery (Zaccheo’s article, contribution 12). These studies emphasize that such
unexpected variations may be asymptomatic, as well as associated with severe symptoms
and complicated surgical procedures.

The nervous tissue is the topic of two articles: they cover a very rare anatomical variation,
namely the anastomosis between the median and musculo-cutaneous nerves (Barone’s article,
contribution 4), and an unusual morphologic variant related to the clinical pathological
features of neuroblastoma-like schwannoma (Mortazavi’s article, contribution 13).

Another two articles focus their attention on the muscular tissue: the presumed very
uncommon presence of extensor indicis and digiti medii communis muscles (Penkwitz’s
article, contribution 20) and the distribution and appearance of the arrector pili muscle in
the skin of the faces of Rhesus monkeys, showing regional differences in the distribution of
hair follicles and associated arrector pili muscles (May’s article, contribution 2). A similar
matter is discussed in an Opinion article, where the authors propose a new classification of
the variant cleido-occipital muscle (Silawal’s article, contribution 7).
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In a Technical Note, the author identifies and correlates oro-facial anatomy discrepancies
as biometric data and the impact of its rehabilitation as an educational, forensic approach
for human identification (Corte-Real’s article, contribution 9).

Finally, eight Review articles complete the issue. Four reviews provide informative
biographies of eminent figures in the field of anatomy. The first article delves into the life
and accomplishments of the Spanish anatomist Juan Valverde de Amusco (1525-1587),
with a special focus on his masterpiece titled Historia de la composicion del cuerpo humano,
written in the Castilian Spanish language This book provides the first accurate description
of pulmonary circulation, the vomer bone, and four extraocular rectus muscles and corrects
several of Vesalius” anatomical observations. In this respect, Juan Valverde de Amusco
pioneers the implementation and transfer of post-Vesalian anatomical scientific knowledge
(Arraez-Aybar’s article, contribution 29). Another article focuses on Jean Cruveilhier
(1791-1874) and his book titled Anatomie descriptive, which was a great success during the
author’s lifetime. The masterpiece deals with the anatomy of the human body in a way
that can be applied by both students and medical professionals. Due to his scientific rigor,
Cruveilhier always investigates the anatomic changes linked to pathological processes,
and for this reason, he could certainly be considered a predecessor of evidence-based
medicine (Arrdez-Aybar’s article, contribution 25). Ludwik Henryk Bojanus (1776-1827),
the anatomist and co-founder of Polish veterinary education, is also discussed. His most
important achievements include the organization and launch of the first veterinary school
in Polish lands in 1823, the compilation of a monograph about the anatomy of the European
pond turtle “Anatome testudinis europaeae” between 1819 and 1821, and the development
of methods for dealing with infectious diseases in animals. He is considered one of the
most important evolutionists before Darwin (Sobolewski’s article, contribution 26). The last
biography refers to the Swiss naturalist René-Edouard Claparéde (1832-1871), a pioneering
protozoologist and comparative anatomist. He made important contributions to diverse
areas of natural science, biology, and comparative anatomy, including the structures of
infusoria, annelids, and earthworms; the evolution of arthropods; the embryology of
spiders; and observations about marine invertebrates (Kollarou’s article, contribution 24).

Two of the review articles concern vascular anatomy. The first article considers the
anatomy of cerebral arteries with clinical aspects in patients with ischemic stroke. Com-
puted tomography angiography is the main method for the initial evaluation of cerebral
circulation in acute stroke, and a comprehensive examination allows for the identification
of most abnormalities and normal variants. Anatomical knowledge of the presence of any
normal variants, such as fenestration, duplications, and persistent fetal arteries, plays a
crucial role in the diagnosis and therapeutic management of acute stroke. Sometimes, it is
the clinical picture that allows us to weigh the relevance of an alteration (Barbato’s article,
contribution 8). The second article explores common anatomical variations in neurovas-
cular canals and foramina that are relevant to oral surgeons. In this respect, all health
professionals must continually challenge themselves to learn more about the different
anatomical variations that the human body presents and how these may variations affect
clinical practice to perform a surgery that is as safe and minimally invasive as possible
(Sferlazza’s article, contribution 6).

Another review discusses the recent topic of microbiota and refutes the notion that it
should be considered an organ, given that an organ comprises tissue of similar or different
embryological origins, while the microbiota is a pool of different microbial species originat-
ing individually from single replications rather than a common ancestral cellular element.
Conversely, the authors present the muco-microbiotic layer as a novel morphofunctional
structure (Fucarino’s article, contribution 11).

Finally, a very long review in the form of a mini-book addresses the role of chemi-
cal communication in mammals, giving special attention to the vomero-nasal system in
pheromone-mediated interactions. This intricate sensory system profoundly influences
several aspects of social and sexual interactions, encompassing reproductive processes, the
formation of hierarchies, maternal bonding, and intraspecies recognition. Furthermore, it is
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evident that there is a noticeable range of variability resulting from evolutionary adapta-
tions within this particular system, surpassing the documented variants in the olfactory
system. This study opens the doors to the use of innovative approaches for enhancing the
well-being and health of both animals and humans (Torres’s article, contribution 28).

3. Conclusions

The present Special Issue Advances in Anatomy and Its History aimed at reinforcing
the attention paid to this basic medical discipline. Indeed, anatomy is still considered a
fundamental pillar to understand other medical fields, including pathology, physiology, and
surgery. Furthermore, morphological notions are essential for better interpreting the origin,
development and resolution of diseases. For these reasons, clinical and functional anatomy
have great importance [9]. The advancements in imaging techniques and the availability of
modern digitalized devices allow researchers to revive anatomy in living beings. These
strategies represent an opportunity to innovate and integrate classic dissection and improve
educational anatomy [10-12].

This Special Issue includes several articles that cover the main aspects of the anatomical
discipline. A large body of work deals with classic anatomical issues in humans and
animals. Cadaver dissection or novel in vivo imaging techniques provide useful original
information about anatomical variations that must be taken into account during the clinical
and surgical activities. Another group of articles considers the need to propose new
educational strategies. Modern technological devices and digitalized data will allow us
to improve anatomical teaching. The integration of medical imaging into anatomical
education provides advantages in understanding and learning about the human body.

Finally, this Special Issue represents a constructive incitement to preserve the memory
of this ancient discipline and, at same time, stimulate innovation and improve strategies to
connect anatomy to new fields of research. It is also important to continue teaching anatomy
as part of the modern medical curriculum. The integration of novel teaching modalities and
modern technologies will encourage interest in and the retention of anatomical knowledge
and its clinical relevance.
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Abstract: Immersive virtual reality with the use of 3D holography is a new method that is being
currently introduced for teaching anatomy, yet the actual educational benefits associated with its use
remain unclear. Here, we present our preliminary observations and conclusions after the pilot phase
of the study on a 3D holographic human heart. The study was conducted on a group of 96 students
of medical faculty. Students were randomly divided into two groups: 57 students who were taught
anatomy using traditional methods (plastinated human hearts, anatomical models, and atlases) and
39 students who were taught using 3D holographic hearts. Assessment of knowledge retention of the
heart anatomy comprised 3 tests, which were performed 1 week and 3 and 6 months after the classes
on heart anatomy. We have found that although anatomical classes with the use of immersive virtual
reality were attractive for students; still, unsupervised teaching with the use of 3D holograms was
not superior to traditional medical education. Differences between the groups in terms of anatomical
knowledge retention were not statistically significant. Results of this pilot study suggest that in order
to achieve better knowledge retention and understanding of the anatomy of the heart, classes should
be precisely planned and strictly supervised by academic teachers. Moreover, students should get
familiar with the use of virtual reality goggles before the classes.

Keywords: heart; teaching of anatomy; virtual reality; 3D holography

1. Introduction

Although cadaveric dissections are still regarded as the basis of teaching anatomy at
medical universities, nowadays this method is increasingly displaced by other educational
tools. This is primarily associated with less time allocated by current curricula to teaching
gross anatomy, in favor of clinically oriented education. The virtual immersive reality,
which is a new and rapidly progressing educational method, has already been introduced
with some success into postgraduate medical education, primarily associated with invasive
procedures [1-7]. Similarly, this new method is currently being introduced for teaching
anatomy at some medical universities throughout the world. Attractiveness for medical
students, as well as no need for cadavers, appears to be the main benefit of such a teaching
method. However, at the moment, virtual immersive reality as an educational tool is at its
experimental stage and the benefits associated with the use of 3D holography for teaching
anatomy remain unclear [8-11], even if preliminary reports are encouraging [9,12-16]. Our
digital project was aimed at the evaluation of the educational value of an immersive virtual
reality with the use of 3D holography of the human heart. In this paper, we present our
preliminary observations and conclusions after the pilot phase of this study.
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2. Materials and Methods
2.1. Digital Design of the Heart Holograms

Unlike typical 3D medical holograms that utilize anatomical 3D images that are
derived from artist’s drawings, or—in the case of 3D holograms of the brain—basing it on
MRI images of this organ, in our project 3D images of the heart were created using a genuine
porcine heart as a digital framework. Fresh animal hearts were scanned as whole organs
and also after trans-sections at different levels. Thereafter, scans of the heart were digitally
modified in order to create a more human appearance of the organ (Figure 1), although
morphologically human and porcine hearts are very similar. Large vessels, such as the
aorta and the pulmonary trunk, were digitally added and movements of heart chambers
and heart valves were generated by a special software. Then, anatomical descriptions of
the particular parts of the heart were embedded into the final 3D hologram. The final
digital product comprised a 3D hologram of a beating heart, which exhibited a real-life
appearance. Our digital heart consisted of the musculature of all four heart chambers, of
the heart valves and also of the proximal part of the aorta with its major branches, the
pulmonary trunk with proximal parts of the pulmonary arteries, the superior and inferior
vena cava, and proximal parts of the pulmonary veins. Three-dimensional holograms of
the heart could be displayed using special goggles for immersive virtual reality. These
3D holograms of the heart could be enlarged, moved, rotated, or seen from the inside
of heart chambers. Additionally, the digital heart could be virtually cross-sectioned at
different levels in order to better visualize its structures, particularly those situated inside
the ventricles (Figures 2 and 3). Using special commands on the goggles, the descriptions
of anatomical details could be displayed on the side of a 3D hologram. Simultaneously,
these details were marked with color dots and could also be heard by a student through
the headphones of the goggles (Figure 4).

Figure 1. Our holographic 3-dimensional heart. This figure shows 2-dimensional representation of
the view. Actually, with the use of goggles, it was possible to see 3-dimensional and moving heart.
Color dots point to anatomical structures of the heart and their names can be heard through the
headphones of goggles when these virtual structures are “touched” by student’s sight.
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Figure 2. Three-dimensional hologram of the longitudinally cross-sectioned heart. Similarly to
Figure 1, all structures were 3-dimensional, were moving, could be rotated around any axis, and
could be cross-sectioned through several preset planes. Color dots point to structures located inside
heart chambers.

Figure 3. Three-dimensional hologram of the transversally cross-sectioned heart.
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Figure 4. Using special commands on the goggles, the descriptions of anatomical details could be
displayed on the side of the hologram. Manipulation of the images and anatomical descriptions is
either using the sight of the user (looking at the detail activates the function) or using the remote
control. Similarly to the previous figures, these written descriptions are also 3-dimensional; thus, in
this 2-dimensional figure, they seem distorted. In this figure anatomical terms in the Polish language
are visible. With the buttons (+) and (—), it is possible to enlarge or reduce the hologram; button (A)
leads to the previous menu.

2.2. Study Design

The study was conducted on a group of 96 students of the medical faculty. The primary
endpoint of this educational study was the assessment of the value of this e-learning tool
in terms of:

Improvement of short-term anatomical knowledge retention;

Improvement of long-term anatomical knowledge retention.

Secondary endpoints of this study comprised:

Prevalence of adverse events associated with an immersive virtual reality (such as

headache, vertigo, or nausea);

Attractiveness of anatomical classes with the use of 3D holography;

e Identification of problems associated with teaching anatomy using this particular
method.

For the purpose of this study, we used the Samsung Gear VR goggles for immersive
virtual reality (Samsung Electronics, Suwon, Republic of Korea) and our digital heart
software. The entire study has been approved by the Committee on Ethics of Scientific
Investigations of our university.

L]
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Students were randomly allocated into two groups. Group 1 consisted of 57 students,
who were taught the anatomy of the heart using traditional methods (plastinated human
hearts, anatomical models of the heart, and anatomical atlases). Academic teachers su-
pervising the classes in Group 1, similarly to their students, had no previous contact with
the 3D holographic heart. Group 2 comprised 39 students who were taught using our
3D holographic heart. In both groups, the classes on heart anatomy were performed in
8-10 person subgroups and lasted 3 h. It should be emphasized, however, that in Group
2 the use of goggles was not strictly supervised by academic teachers, and students were
allowed to study 3D holograms on their own, while the teachers helped them to use the
goggles properly, but did not focus on anatomical aspects of the holograms. This primarily
resulted from the fact that this e-learning tool was new, both for the students and academic
teachers, and at that time it remained unclear how such teaching should be conducted
to achieve the desired educational effects. After the classes students from Group 2 were
asked if there were any unpleasant sensations associated with the use of goggles. Of note
is that the above-described classes on heart anatomy, both with the use of 3D holography
and the traditional ones, were performed a few weeks after standard anatomical classes
on this topic and were seen as additional ones. At our medical university, the approach to
anatomical curriculum is the regional one. The anatomy of the heart is taught within the
block dedicated to chest anatomy.

An assessment of anatomical knowledge retention by the students consisted of four
standard anatomical tests; each of them consisted of 40 questions that evaluated students’
knowledge. The first test regarded anatomical knowledge not associated with the heart
(anatomy of the extremities). It was conducted about one month before the classes on
the anatomy of the heart and served the purpose of comparing the groups. Then, there
were three tests assessing knowledge of heart anatomy. The first one was conducted one
week after the classes and served the purpose of the assessment of short-term knowledge
retention. Other tests, utilizing the same questions, were performed 3 and 6 months after
the classes on heart anatomy. They were aimed at the assessment of long-term anatomical
knowledge retention. After 6 months the students from both groups were also asked about
their opinions on the benefits and obstacles associated with the use of 3D holograms.

For the assessment of the results of this study, another test evaluating students” knowl-
edge, which initially was not a part of the protocol, was also utilized. It was a test com-
prising 100 questions regarding the entire human anatomy, which was performed about
3 months after the classes on heart anatomy. The reason why the results of this test were
also taken into account will be discussed in the Results section of this paper.

2.3. Statistical Analysis

The two-sample t-test was used to test the null hypothesis that the anatomical knowl-
edge retention in both groups of students was equal, against the alternative hypothesis that
there were significant differences between study groups. In addition, the F-test was used to
find out whether there was a significant difference between variances within the groups.
The significance of the p values was set at p < 0.05. This statistical analysis was performed
using the PAST data analysis package (version 2.09; University of Oslo, Oslo, Norway).

3. Results

The results of the tests performed are presented in Table 1. While all students (i.e.,
57 students from Group 1 and 39 students from Group 2) were present during the first test
on heart anatomy, for different reasons some students were missing during other tests. Still,
the number of missing students was not high (see: Table 1). The internal consistency of the
test on heart anatomy was assessed with Cronbach’s Alpha index, and the average value of
the three examinations performed was 0.89, indicating its good consistency.

12
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Table 1. Results of anatomical tests; p values considered statistically significant if <0.05.

Gro.u'p 1 Group 2 3D p Value p Value
(Traditional Holography) (Two-Sample (F-Test)
Teaching) graphy t-Test)
number of students 56 36 - -
Test not associated with mean result 78 73 0.72 B
heart anatomy ’ ’ ’
95% confidence interval 26.0-29.7 24.9-29.7 - 0.95
number of students 57 39 - -
Test on heart anatomy mean result 25.1 204 0.02 -
after 1 week
95% confidence interval 22.5-27.8 17.6-23.1 - 0.34
number of students 55 38 - -
Test on heart anatomy mean result 245 206 0.02
after 3 months
95% confidence interval 22.8-26.3 17.2-23.9 - 0.002
number of students 46 34 - -
Test on heart anatomy mean result 224 185 0.01 -
after 6 months
95% confidence interval 20.1-24.7 16.7-20.4 - 0.03

An initial test on the anatomy of the extremities revealed similar anatomical knowledge
in both groups (Table 1), which indicated that the groups were comparable. Regarding
further tests, unexpectedly, the students who were taught using 3D holography performed
significantly worse than those who had their classes on heart anatomy with the use of
traditional educational tools. These worse results were seen during all three tests on heart
anatomy. However, statistical analysis of the results with the F-test has also revealed
significant differences between the groups regarding variances. Consequently, the results
of another test that was performed about 3 months after the classes on heart anatomy
were also taken into account. This test, consisting of 100 questions on the entire human
anatomy, revealed a trend (p = 0.06) towards worse results in Group 2. The mean difference
in students’ performance during this test was at the level of 10%, in favor of Group 1. Since
this statistical analysis suggested that the groups were not actually equal (on average, there
were stronger students in Group 1 and weaker ones in Group 2), we adjusted the results of
the tests on heart anatomy, taking into account the difference revealed by the test on entire
human anatomy. After this adjustment, there were no statistically significant differences
between the groups (Table 2).

Analysis of the secondary endpoints of this study revealed that only one student from
the Group 2 (2.6%) complained of a headache during the use of goggles. This symptom,
although mild, was likely to be associated with immersive virtual reality. There we no
other adverse events reported by students. All students found the 3D holography as an
attractive educational method. The possibility to study the organ in three dimensions, to
rotate it, or to cross-sect the heart, was particularly seen as an advantage of this learning
tool. However, some students found the navigation of holograms difficult. It was especially
troubling for those presenting with mixed astigmatism, where the proper use of immersive
virtual reality goggles was not possible. In addition, students felt that in order to fully
benefit from this new educational method more time than just a 3 h class was needed.
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Table 2. Results of the tests on heart anatomy after adjustment according to the results of the test on
the entire human anatomy.

Group 2 p Value

Group 1 (Adjusted (Two-Sample TFT?:SS
Results) t-Test)
number of students 57 39 - -
Test on heart anatomy mean result 25.1 224 0.17 -
after 1 week
95% confidence interval 22.5-27.8 19.4-254 - 0.75
number of students 55 38 - -
Test on heart anatomy mean result 245 226 0.29
after 3 months
95% confidence interval 22.8-26.3 18.9-26.3 - 0.0002
number of students 46 34 - -
Test on heart anatomy mean result 224 204 0.20 -
after 6 months
95% confidence interval 20.1-24.7 18.3-22.4 - 0.09

4. Discussion

In this pilot study, it has been demonstrated that although anatomical classes with
the use of immersive virtual reality can be attractive for students, unsupervised teaching
with the use of 3D holograms was still not superior to traditional medical education. We
have also found that this educational method was relatively safe, but in some individuals,
adverse events, such as headaches, can occur. In addition, some students with astigma-
tism could not fully benefit from this method, at least using currently available virtual
reality goggles.

In spite of the possible great potential of immersive virtual reality in the medical
curriculum, currently, this educational method is used by a minority of medical universi-
ties. It is primarily related to the lack of evidence demonstrating its educational efficacy.
Unfortunately, at the moment only a few studies comparing traditional teaching with new
3D modalities have been published [13,17]. Moreover, the results of these studies are not
congruent. Moro et al., who compared virtual reality with augmented reality and 3D tablet
application for teaching the anatomy of the skull, did not reveal significant differences be-
tween study groups in terms of anatomical knowledge retention, although students found
virtual reality to be a very attractive method [18]. Additionally, these authors found quite a
high prevalence of adverse events (headache, drowsiness, fatigue and general discomfort)
associated with the use of virtual reality. Similarly, Stepan et al. found the 3D virtual
reality to be equally effective as the traditional methods during learning neuroanatomy [19].
Hackett et al. demonstrated a better approach to learning heart anatomy after the classes
with the use of 3D holograms, in comparison with monoscopic 3D visualizations and 2D
printed images of the heart [12]. This study, however, was conducted on a group of nursing
students. Thus, detailed knowledge of heart anatomy (at the level required from future doc-
tors) was probably not evaluated. In another study, Weinman et al. found that traditional
teaching of the female pelvis with the use of physical anatomical models was better than
3D visualizations [20]. Yet, in this study 3D images were displayed on computer screens;
thus, it was not a real 3D immersive virtual reality method. Of note is that it has already
been revealed that 3D computer models projected on flat screens are actually perceived
by students as two-dimensional images. Consequently, learning anatomy using such 3D
models can be inferior to learning by utilizing anatomical models or cadaver specimens,
which are really three-dimensional [14]. In this context, it remains unclear whether 3D
holograms are actually perceived by students as 3D objects since holograms cannot be
touched, but touch is probably an important part of learning. An interesting observation
comes from the study performed by Miller. He found that the learning benefits associated
with the use of 3D holography were primarily regarding weak students, while there was
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no additional benefit of this method among strong students [21]. He suggested that this
educational tool can be of particular value for those medical students who are challenged to
learn a lot of material using traditional methods, and consequently, are performing worse
in comparison with their better-skilled peers.

Our preliminary educational study on the use of our 3D holographic heart for teaching
anatomy indicates that in order to achieve better knowledge retention and understanding
of the anatomy of this organ by students, anatomical classes should probably be strictly
supervised by academic teachers. The same conclusion comes from the pilot study by
Fairén et al. [11]. They found that the real-time interplay between medical students and
teachers is of crucial importance while studying anatomy using this new educational
tool. Consequently, in the context of the study by Miller [21], perhaps this novel didactic
modality should be primarily offered to weaker students, though not for them to perform
at home, but rather under the supervision of the academic teachers.

Of note is that students should get familiar with the use of goggles for immersive
virtual reality before anatomical classes. They should learn how to move, rotate and in-
crease objects, or activate special functions of the virtual application. Testing a simpler
virtual anatomical application could probably serve this purpose. Additionally, classes
on heart anatomy with the use of virtual reality should be precisely planned. Anatomical
problems that could be easier explained with 3D holograms in comparison with traditional
educational methods should be identified, including, for example, the shape and topogra-
phy of coronary arteries in relation to the topography of heart chambers, or blood supply
provided by a particular coronary branch in relation to its topography. Hopefully, such
designed anatomical classes, with the participation of students who are familiar with the
goggles, would result in better learning of human anatomy. Yet, whether such a goal is
actually achievable should be validated by the next phase of our study.

We acknowledge that there are some limitations to our study. Firstly, the number of
our students was not very high. Secondly, in our study, students” anatomical knowledge
was assessed through tests. A practical examination of gross anatomy, as well as the
radiological anatomy of the heart, would undoubtedly provide more information on the
actual didactic value of 3D holography. Thirdly, in this study, the use of 3D holography
was not supervised and moderated by academic teachers. Such a moderation of a new
didactic modality is desirable and should be included in future studies on this method.

5. Conclusions

Anatomical classes with the use of 3D immersive virtual reality, although attractive for
medical students, are not superior to traditional learning in terms of knowledge retention, if
such classes are not precisely designed, not strictly supervised by academic teachers and the
students did not get familiar with the use of virtual reality goggles before anatomical classes.
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Abstract: The distinctive long neck of the giraffe (Giraffa camelopardalis) entails functional difficulties
brought about by the extended distance between the heart and the head. Blood must be circulated
over 2 m from the heart to the brain against gravitational force. The natural movement of the head
to ground level would result in a large volume of blood moving toward the brain with the force
of gravity. Large blood volumes also rush to the brain during bulls’ fighting (necking), rendering
the giraffe susceptible to possible brain damage. The natural movement of the head from ground
level to fully erect would result in blood moving away from the brain with gravitational force. The
lack of blood perfusing the brain can cause fainting. The giraffe, however, suffers neither brain
damage nor fainting. What adaptations do giraffes have to counteract these challenges? The aim
of this study was to investigate the functionality of the rostral epidural rete mirabile situated just
beneath the brain and its possible contribution to successful circulation in long-necked giraffes. The
unique rostral epidural rete mirabile structure significantly contributes to counteract physiological
challenges. Turns and bends characterize this structural arterial meshwork and subsequently an
increased artery length through which blood flow must proceed before entrance into the brain,
exerting resistance to blood racing to the brain when the head is lowered to the ground. The brain is
supplied mainly by the maxillary artery through the carotid rete, with a rudimentary basilar artery
not contributing to the brain’s blood supply. The resistance to blood flow due to the structure and
position of the rostral epidural rete mirabile when the head is in the upright position is counteracted
by the unique carotid-vertebral anastomosis allowing immediate cerebral blood supply. The rostral
epidural rete mirabile structure in giraffes is an essential feature balancing physiological difficulties
arising due to the extensive heart-to-head distance and might fulfill the same function in other
long-necked artiodactyls.

Keywords: giraffe; cerebral blood supply; rostral epidural rete mirabile

1. Introduction

Pragmatically, we can assume giraffes (Giraffa camelopardalis) experience several physio-
logical challenges due to their extraordinary build. Detailed tests on captive giraffes showed
that these animals have a very high blood pressure of approximately 200400 mmHg [1-3].
At this pressure, certain key physiological issues arise. For instance, the heart must pump
blood to the brain against gravitational pressure and would encounter vascular friction
towards the brain, situated approximately 2 m above the heart. Some studies have investi-
gated possible adaptations to the physiological challenges of giraffes [2,4,5]. Few studies
describe the unified function of how giraffes successfully circulate blood, avoid fainting
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and blackouts, escape brain damage and prevent oedema in the legs. A unique anatomi-
cal structural differentiation called the rostral epidural rete mirabile [4,6-9] is present in
Cetartiodactyla, including giraffe. The rostral epidural rete mirabile is absent in Perisso-
dactyls, but cats and dogs also have a rostral epidural rete mirabile [10-15]. The rostral
epidural rete mirabile is described as a complex network of arteries and veins situated at
the base of the cranium [8,9,16,17]. The entire rete in Artiodactyls is situated intracranially,
within the cavernous venous sinus, which is different from other species, such as cats and
certain primates that also have a rostral epidural rete mirabile [8,15,16,18]. Alteration of
the intracranial segment of the internal carotid artery developing into the rostral epidural
rete mirabile network structure occurs in the embryo. In Artiodactyls, the common carotid
artery transitions into the maxillary artery, from where it enters the skull through the
carotid foramen and transitions into the network of the rostral epidural rete mirabile. The
brain blood supply is thus different from the supply via the internal carotid and basilar
artery, as in other species [6,8], to the maxillary artery connecting to the carotid arterial
network in giraffes. The rostral cerebral artery and the caudal communicating artery are
responsible for the main supply to the cerebral arterial circle. In giraffes, the basilar artery
is undeveloped and therefore does not form part of the pathways through which blood can
be supplied to the brain [7,8,19]. The basilar artery in sperm whales (Physeter macrocephalus)
is similarly non-functional concerning the blood supply to the brain [12]. The basilar artery
is prominent in dromedary camels (Camelus dromedarius) and other ruminants and services
the medulla oblongata, pons, and cerebellum [20]. The maxillary artery is dominant in
its blood supply to the circle of Willis. Still, the basilar artery in these species is directly
connected to the circle of Willis, with the course of flow directed caudally and not ros-
tral [21]. Extending from the retial meshwork, the intracranial maxillary artery branch
configures into the brain’s arterial circle, also known as the circle of Willis [6,17,19]. The
intracranial maxillary artery segment emerging from the rete forms a split with the caudal
intracranial carotid artery [15]. The arterial circle of the brain receives blood predominantly
from the maxillary artery with a non-functional basilar artery that cannot be utilized to
supply any substantial amount of blood to the cranium in giraffes [8,15,19,21,22]. The study
of [7] on Old and New World camelids showed that the cerebral arterial blood supply origi-
nates directly from the rostral epidural rete mirabile and the basilar artery. Additionally,
in contrast to an artiodactyl’s, the rostral epidural rete mirabile of camelids anastomose
with branches of both the maxillary and internal carotid artery. [18] have suggested three
functions of the rostral epidural rete mirabile: the regulation of blood flow and pressure
to encephalic circulation, temperature regulation and the movement of pheromones from
venous blood originating from the nasal mucosa to the hypophysis. [23] focused on the
rostral epidural rete mirabile functioning to regulate blood flow in the average bodily
environment. [10,14,24] described the rete to allow adequate brain perfusion in instances
of break-in blood flowing towards the brain as a direct result of the various anastomoses
between the two sides of the rete. The rete thus acts as a protective measure preventing high
perfusion pressure with the facilitation of increased blood flow during unusual conditions.
Furthermore, the rostral epidural rete mirabile allows for adequate blood flow necessary
for brain function concurrently with reducing high systolic blood pressure, influencing
mean perfusion pressure minimally [24], and the lack of valves within the cranial cavity
support venous blood resuming from the brain. The morphology and structural function
of the rostral epidural rete mirabile may vary in different species, with a distinction in the
main blood suppliers to this meshwork [25].

This study points out the structure of the rostral epidural rete mirabile and its function
in the long-necked giraffe. Furthermore, this study is part of a more significant study that
aims to describe the combined features that allow giraffes to successfully circulate blood to
the brain, avoid fainting, escape brain damage and prevent oedema in the legs.
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2. Materials and Methods

Ethics approval nr. UFS-AED2020/0083. Approval was obtained from the Animal
Ethics Research Committee at the UFS, SPCA and DESTEA.

2.1. Experimental Model and Subject Details

Samples were attained from animals culled by several nature reserves in South Africa
and thus on an ad hoc basis. Unfortunately, the giraffe is culled by these reserves due to
overstocking concentrations and diet shortages. The study samples were opportunistically
gathered when these culling operations were conducted. The researchers were not involved
in organizing or carrying out the culling procedure. As part of sustainable habitat use, most
game ranches manage the number of animals conferring to the farm’s carrying capacity
(available diet) that gets evaluated yearly. This annual management procedure includes
live trade, translocations or culling the excess animals. This process is a well-thought-out
recurrent management method used in the Southern Africa Wildlife Industry to maintain
herbivore numbers applicable to the carrying capacity of the farm or reserve and to evade
death due to starvation [26].

2.2. Animal Sources

Five giraffes (G. camelopardalis), female n = 3 and male n = 2, were included in this
study. Giraffe males weigh around 1200 kg with a total height of approximately 5.5 m. The
female giraffe weighs around 830 kg with a total height of about 4.5 m [27]. Sample animals
were obtained opportunistically on an ad hoc basis.

2.3. Method Details

A giraffe head severed between C3 and C4 cervical vertebrae was obtained. The
vascular system was physically washed out with warm water. The specimen samples were
raised with the nose pointing down and washed until the water was clear.

2.4. Dissection

Four giraffe heads were used for latex infusion. The latex mixture combinations used
for the arterial and venous systems varied. The basic ingredients included: Barium sulphate
(BaSOy) (X-ray grade, Kyron Powder, Kyron, SA, and Latex moulding rubber (A. Shak
(Pty) Ltd., Durban, South Africa). Additionally, to distinguish and differentiate the arteries
from the veins, a red (Stamp ink, Office Mate, South Africa) pigment was used to infuse
arteries, and a blue pigment (Print ink, Treeline, SA) was used in combination to infuse the
veins. Arteries were infused with BaSO4 powder at a forty percent volume, sixty percent
latex volume and two percent volume red ink. Veins were infused with BaSO, powder
of a twenty percent volume, eighty percent latex volume and two percent volume of blue
ink. The vascular system was thoroughly rinsed with lukewarm water and subsequently
filled with the different latex mixtures. A tube (10-mm PVW piping) was positioned 2 m
above the vascular system to be able to use gravitation force to aid adequate latex infusion.
Sutures (Catgut 3 Kyron, South Africa) and strings were utilized to keep the tubing in
place. The common carotid artery was infused with the red combination latex, and the
jugular vein with the blue combination latex. The infused arteries and veins were closed
with catgut (Catgut 3 Kyron, SA). To encourage latex to set, the specimens were positioned
ata 30° angle for 24 h. After the latex had been set, the specimens were separated at the
midpoint between the ossicones with a Recipro saw (Makita). Care was taken to divide the
specimens into identical halves through the skull and neck vertebra. Dissection originated
at the C3 cervical vertebra trailing the arteries and veins up to the rete mirabile and the
brain. BaSO4 was included in the latex mixture for future radiographic imaging, as part of
a dissertation.
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2.5. Brain Endocast

Two giraffe heads were used to determine brain volume. Most of the skin and meat
were removed from the skulls. The skulls were then buried and left to decay naturally, al-
lowing a completely clean skull. The two halves of each head were filled with latex molding
rubber (A. Shak (Pty) Ltd., SA) and allowed to set. Each latex cast was removed and paired
with the correct other halves. Brain volume was determined by submerging the endocast
in a measurement jug filled with water and measuring the amount of water displaced.

2.6. Histology Sample

One giraffe head was used for dissection to obtain histological samples of the carotid
rete, the artery at the origin of the carotid rete and the artery at the exit of the carotid rete.
The head was divided into two symmetrical halves, cut along the midline from the middle
point between the two ossicones through the skull and neck vertebra with a Makita Recipro
saw. The rostral epidural rete mirabile was located above the brain plate in the cranium
and then photographed with a Canon 7D camera and a 24-105 mm lens. A sample of the
rostral epidural rete mirabile was taken, as well as a sample at the origin before branching
into the rostral epidural rete mirabile network. A sample was also taken at the exit of the
rostral epidural rete mirabile network.

The samples were then placed in a 10% buffered formalin (10% aqueous solution and
4% formaldehyde). The formalin-fixed tissue was processed overnight in a VIP6 tissue
processor and was embedded manually in wax blocks. Following embedding, 2—4 pm
thick sections were cut, placed on glass slides, and stained with haemotoxylin and eosin
(H&E) and Masson'’s Trichrome (for muscle and collagen fibers) and Verhoeff-Van Gieson
(for elastic fibers) using standard methods. The stained slides were then covered, slipped
and evaluated. Pictures were taken from the section pre-carotid rete, post-carotid rete
and sections within the rostral epidural rete mirabile at a 2.5x magnification with a Leica
DM750 microscope with a Leica ICC50 W camera. The Tunica media of the arteries were
measured using the microscope.

2.7. Pressure and Flow Tempo Experiment

We mimicked a basic rete network to determine what influence the number of turns
or spirals in the rostral epidural rete mirabile structure might have on flow tempo. The
serial setup of the experimental flow test, even though a limitation to the actual anatomy
of the carotid rete, is utilized to represent the influence of the rete structure. A rostral
epidural rete mirabile network was mimicked using 4-mm diameter plastic fish tank air
pump tubing. The tubing was measured into 0.5 m, 1 m, 2 m, 3 m, 4 m, 5 m and 6-m lengths
and then winded around a standard 25-mm diameter plastic pipe to imitate the rostral
epidural rete mirabile (Figure 1a,b). Plastic fish piping was fixed against a wall, giving a
length of 4750 mm. Water, at room temperature, was used. Connections were constructed
in a manner so that water could be opened with a switch and for the water to be pumped
through the rostral epidural rete mirabile and upwards to the height of 4750 mm. The water
flow was opened for one minute. The amount of water that ran through the system was
measured. The change in water level before and after the rete mirabile was measured after
the minute (Figure 2A). The experiment was repeated five times for each of the different
lengths that simulated the carotid rete.

Flow per minute was calculated by averaging the five measurements for each rostral
epidural rete mirabile length. The pressure was calculated by using the same experimental
setup. A pressure meter (Yoto PG802C-3-10KPA,2017101312,0-10KPA,0.25%FS) was in-
serted after the rostral epidural rete mirabile to measure pressure. The pressure difference
was calculated using the pressure measured before the flow entered the rostral epidural
rete mirabile network and after the flow through the rete mirabile network. The pressure
measured post flow through the rostral epidural rete mirabile was subtracted from the
pressure measured prior to entering the rete. The pressure before 4750 mmH;O measured
height gives the water column in meters, from where the pressure was calculated and
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expressed in mmHg. The five pressure measurements were again averaged for each rostral
epidural rete mirabile length (Figure 2B).

(b)

Figure 1. (a). Mimicked rostral epidural rete mirabile structures. (b). Mimicked rostral epidural rete

mirabile network with pressure meter attached. Pressure is measured at the point indicated by the
blue arrow.
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Pressure
gauge

Figure 2. Schematic illustration of water flow (A) and pressure (B) experiment. Pressure is measured

at the point indicated by the orange arrow.

3. Results
3.1. Dissection

During the dissection procedure, we first identified the exact location of the ros-
tral epidural rete mirabile within the giraffe’s skull. The location of the rostral epidural
rete mirabile is in the cavernous venous sinus, above the brain plate within the cranium

(Figure 3a,b).

Figure 3. Cont.
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(b)

Figure 3. (a). The rostral epidural rete mirabile network is located in the cavernous venous sinus,
above the brain plate within the cranium illustrating the rostral epidural rete mirabile (RM), the
maxillary artery (MA) and the common carotid (CC). Notable bend towards the RM indicated by
a yellow star. (b). Image illustrating rostral epidural rete mirabile (RM) structure below the giraffe
brain, the maxillary artery (MA) and the common carotid (CC).

Upon dissection of the latex-filled arteries, the arterial pathway was followed from the
C3 cervical vertebra to where the maxillary arteries enter the brain via the carotid foramina.
The internal carotid artery forms the rostral epidural rete mirabile, the external carotid
artery transitions into the maxillary artery. The pathway of the common carotid artery,
with its transition to the external carotid artery and transition to the maxillary artery, is
observed as a relatively straight pathway without bends. An interesting sharp bend is
present before the entrance of the maxillary artery into the rostral epidural rete mirabile
network (Figure 3a). Even though the latex injection did not perfuse much of the rostral
epidural rete mirabile network, the network could clearly be identified, irrespective of size
limitation, as visible in Figure 3b. Having access to the complete giraffe, we observed that
the heart is situated anteriorly in the chest compared to the heart of other ruminants, such
as elephants and sable antelope (Figure 4). The pathway of the blood from the heart to the
brain is straight to allow for the easy and quick transport of blood without the resistance
exerted by a curve or bend in the pathway.

Figure 4. Cont.
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Figure 4. Position of the heart in a sable antelope (Hippotragus niger), elephant (Loxodonta africana) and
giraffe (G. camelopardalis), with the blood flow pathway illustrated by the blue arrows, emphasizing
the giraffe heart situated anteriorly in the chest.

We also confirmed that the basilar artery in the giraffe, unlike in other mammals, does
not offer a second supply of blood to the brain [8,15,19,22]. The maxillary artery supplies
the circle of Willis via the rostral epidural rete mirabile in the giraffe.

3.2. Brain Volume Endocast

The brain endocasts revealed that the male giraffe’s volume was 900 mL and the
female giraffe’s 700 mL. In most mammals, the total volume of blood is 5.5-8% of body
mass [28]. For our calculations, we will use an average of 6.75%. In humans, the total blood
volume in the body is 5.7 L of body mass in males and 4.3 L in females on average [29]. The
human brain weighs about 1500 g with 100-130 mL of blood present at any moment in the
brain [30]. We used the average of 115 mL of blood at a specific time in a 1500-g brain for
our calculations. Blood flow through the brain is thus 60 mL of blood /100 g/min, with a
total of 900 mL of blood per minute in the brain of humans. In humans, blood needed in
the brain equates to 2.02% of the total blood volume.

In this study, we found that for giraffes, the males have 69 mL of blood, and the
females have 43 mL of blood present at any moment in the brain. This is notably a small
volume compared to humans and other mammals. However, blood flow is relatively high,
with 540 mL of blood per minute in the brain of a male giraffe and 420 mL of blood per
minute in the brain of a female giraffe. If the brain’s blood percentage is calculated in
male (0.089%) and female (0.077%) giraffes, it equates to less than 0.01% of the total blood
volume. Giraffes thus need an average of 24.46 times less blood in the brain, as a proportion
of the total supply, compared to humans. Therefore, only a small amount of blood, 0.01%,
must be present in the giraffe’s brain at a specific time. Consequently, the physiological
stress of large amounts of blood that need to be moved over the long head-to-heart distance
to supply to the brain in the giraffe is reduced.

3.3. Histology

In Figure 5, an illustration of the section of the pre-carotid rete, within the carotid rete,
and post-rostral epidural rete mirabile is shown. Pictures were taken from the Verhoeff-Van
Gieson-stained sections at a 2.5x magnification with a Leica DM750 microscope with a
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Leica ICC50 W camera. Measurements with the Leica DM750 microscope of the Tunica
media of each of the sections are shown in Table 1.

Figure 5. Section of the maxillary artery before entrance into the rostral epidural rete mirabile (a)
showing the rostral epidural rete mirabile arteries (b) and the intracranial maxillary artery (c) with
the T. intima (blue line), T. media (red line) and T. adventitia (green line).

Table 1. Measurements of the Tunica media, T. intima and T. adventitia of the sections before the
carotid rete, in the carotid rete and after the rostral epidural rete mirabile and the thickness of the T.
media as a percentage of the total thickness of the vessel.

. . T. Media
T. Media T. Media + T. Intima T-Media + T. I'n 'tlma * Thickness: Total
T. Adventitia .
Thickness (%)
Pre-carotid rete 0.53-0.60 mm 0.55-0.63 mm 0.63-0.73 mm 83%
Carotid rete 0.09-0.18 mm 0.10-0.19 mm 0.15-0.28 mm 62%
Post-carotid rete 0.28-0.33 mm 0.30-0.35 mm 0.43-0.68 mm 54%

From Table 1, it is evident that the Tunica media of the maxillary artery before it enters
the rostral epidural rete mirabile and the tunica media of the intracranial maxillary artery
at the exit of the rostral epidural rete mirabile are approximately three times thicker in
comparison to the T. media of the rostral epidural rete mirabile arteries. We expected that
the pre-carotid vessel’s tunica media would be larger than the T. media of the rete for more
regulation pre-rete.

3.4. Pressure and Flow Experiment

Flow rate:

The average flow rate of water through each different length of simulated rostral
epidural rete mirabile is shown in Table 2. This table clearly illustrates that the flow rate
decreased when the rostral epidural rete mirabile length increased. Table 3 confirms this by
linear regression statistics through various lengths of the carotid rete network.

Table 2. In one minute, the average flow rate through the simulated rostral epidural rete mirabile
network of varying lengths expresses as milliliters per minute.

CR Length (m) mL Per Minute (mL/min)
6 275.00
5 400.00
4 400.40
3 428.00
2 510.40
1 575.00
0.5 647.80
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Table 3. Linear regression statistics for flow rate through variable lengths of rostral epidural

rete mirabile.

Term Estimate Std. Error t-Statistic p-Value
Intercept 643.347 9.682 66.450 p <0.001
Length —58.922 2.682 —21.97 p <0.001

Linear regression was performed through the measurements. The fit of the measure-
ments is illustrated in Figure 6.
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Figure 6. Linear regression through measurements illustrating flow rate decreasing with an increase
in rostral epidural rete mirabile length. The shaded area indicates the 95% confidence region of the
regression line, and the outer lines indicate the 95% prediction interval for observations.

The average pressure of water through each different length of rostral epidural rete
mirabile is shown in Table 4. Pressure decreased as the rete length increased.

Table 4. Average pressure measured post the rostral epidural rete mirabile network of varying lengths
in one minute, expressed as millimeters of mercury, at the head-up and head-down positions.

Average Pressure (mmHg) Average Pressure (mmHg)
Rete Length (m) ® Head-Up ® gHead-Down ®
6 313.53 157.51
5 298.52 150.01
4 286.52 142.51
3 277.52 136.51
2 264.02 133.51
1 256.52 127.51
0.5 238.52 120.01

Linear regression was performed through the measurements. The fit of the measure-
ments is illustrated in Figure 7a,b. Table 5 illustrates linear regression statistic of pressure
at variable lengths of rostral epidural rete mirabile, for the head-up position, with pressure
starting at 330.027 mmHg. Table 6 illustrate linear regression statistic of pressure at variable
lengths of rostral epidural rete mirabile, for the head-down position, with pressure starting
at 180.015 mmHg.

From the data obtained in the experiment, we found that both the flow rate and
pressure were indirectly proportional to rete length. The meshwork structure of numerous
arteries of the rostral epidural rete mirabile reduces the flow rate of blood and blood
pressure as it moves through the network to subsequently enter the brain.
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Figure 7. (a). Linear regression through measurements illustrating pressure decreasing with an
increase in rostral epidural rete mirabile length, with head-up, with pressure measured post the
rostral epidural rete structure. The shaded area indicates the 95% confidence region of the regression
line, and the outer lines indicate the 95% prediction interval for observations. (b). Linear regression
through measurements illustrating pressure decreasing with an increase in rostral epidural rete
mirabile length, with head-down, with pressure measured post the rostral epidural rete structure.
The shaded area indicates the 95% confidence region of the regression line, and the outer lines indicate
the 95% prediction interval for observations.

Table 5. Linear regression statistic of pressure at variable lengths of rostral epidural rete mirabile, for
the head-up position, with pressure starting at 330.027 mmHg.

Term Estimate Std. Error t-Statistic p-Value
Intercept 91.650 1.451 63.184 p <0.001
Length —12.396 0.402 —30.856 p <0.001

Table 6. Linear regression statistic of pressure at variable lengths of rostral epidural rete mirabile, for
the head-down position, with pressure starting at 180.015 mmHg.

Term Estimate Std. Error t-Statistic p-Value
Intercept 60.963 0.756 80.668 p <0.001
Length —6.243 0.209 —29.825 p <0.001

The implication is that the structure of the rete only functions when blood flows. The
pressure before, within, and after the rete is equal if there is no flow. Pressure decrease
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occurs due to (a) a decrease in the diameter of the vessel it flows through and (b) resistance
against the inside area of the vessel it flows through. The resistance depends on the
(a) change in vessel wall diameter and (c) the change in momentum of laminar flow.

In the rete, the resistance does not change due to a decrease in vessel wall diameter, as
shown in Table 1. An example of a pressure drop due to a decrease in vessel wall diameter
is in the tibialis artery, where the pressure drops due to the reduction in flow. We calculated
the area of a 10-mm vessel (Table 7) by the following equation:

A= r?
where:
A = Area
=314
r = radius

Table 7. Area of a 10 mm-vessel with a constant radius.

Radius Area (mm?) Number of Vessels Total Area (mm?)
5 78.54 1x10 78.54
2.5 19.64 2x5 39.28
2.5 19.64 4x5 78.56

We can confidently say that the rete arteries bifurcate in such a way that the total area
of each vessel increases; the pressure drop and then the volume or flow does not change
(Figure 8a,b).

The following equation was used to calculate the circumference of the artery (Table 8):

C =2mr?
where:
C = circumference
=314
r =radius

Table 8. The circumference of a 10-mm vessel with a constant radius.

Radius Circumference Number of Vessels Total Circumference
5 31.42 x1 31.42
2.5 15.70 x4 62.80

These data suggest that, consequently, the resistance due to the friction of the vessel
wall is double in the bifurcation. An area offers resistance in the vessel through which
blood flows, doubles and thus gives the friction coefficient, resulting in a pressure drop.

This, in turn, would mean that the resistance in the rete is influenced by the viscosity
of the blood or fluid and the resistance exerted by the vessel wall.

The rostral epidural rete mirabile structure, with its numerous bends and turns,
influences pressure by the law of laminar flow. The following factors all affect the flow and
thus the pressure in a vessel:

1 5 JIRD .1 2
AP = 2fspu D 6/180° + szpu
where:
fs = Moody friction factor
p = density

u = mean flow velocity
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Rb = bend radius

D = tube diameter

©® =bend angle

Kb = bend loss coefficient

(b)

Figure 8. (a). Schematic presentation of bifurcation of the rostral epidural rete mirabile arteries.
(b). Highlighted arteries of the rostral epidural rete mirabile indicating bifurcation (marked by white
arrows) with arteries splitting into several arteries remaining similar in size.

Centripetal force is the force a rotating object experiences. The path of the centripetal
force is in the direction of the pivot point or inward-directed to the middle of the circle.
The giraffe moves its head from ground level to fully direct it in a circular path (Figure 9),
similar to an object moving in a circle from the bottom to the top of the circle. The head
experiences a centripetal force directed caudally along the atlanto-occipital joint. Blood that
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moves towards the head as it is moved to ground level experiences a centripetal force away
from the head. The blood is forced to remain towards the head area, instead of flowing
back towards that heart as expected due to gravity.

Figure 9. Illustration of movement of giraffe head from ground level to erect in a circular path towards
the head area, instead of flowing back towards that heart as expected due to gravity. Centripetal force
is calculated as per the below formula (Photo: F. Deacon).

The speed at which the giraffe moves its head from ground level to fully erect is
currently unknown and, unfortunately, not documented anywhere. Therefore, we can only
speculate on the additional effect of the centripetal force on the cerebral blood supply in
the giraffe.

4. Discussion

Our study on the blood supply from the heart to the brain in the physiologically
challenged giraffe (G. camelopardalis) reveals the unique functional significance of the rostral
epidural rete mirabile.

Ref. [31] showed that the rostral epidural rete mirabile arteries in dromedary camels
(C. dromedarius) measured 305 £ 9.7 cm, indicating the importance of the length and
increased surface area for influencing the regulation of blood flow and, subsequently, blood
pressure. Unfortunately, the latex mixture in our study did not fill the rete structure. Due
to its extremely fine and interconnected network structure, we could not dissect the rostral
epidural rete mirabile and measure its length. However, observing the rete structure closely
revealed the network of numerous bends, suggesting a definite influence on blood flow
through resistance exerted by bends in arterial walls [32,33]. The interconnected meshwork
of arteries adds an overall significant enlargement of the cross-sectional area in vessels,
resulting in reduced resistance as conferred using Poiseuille’s Law [9,32]. The structure
will subsequently also reduce pressure [34]. In a study on the cerebral arterial blood
flow in the Yak (Bos grunniens), the rostral epidural rete mirabile was found to be highly
developed compared to the rostral epidural rete mirabile in Chinese cattle (Bos taurus). In
the Yak, the rete enables more efficient blood exchange and fulfills the critical function of
a blood reservoir for blood supply to the brain [14]. Yak are well known to reside at high
altitudes with characteristically low oxygen availability. This species’ rostral epidural rete
mirabile is essential to efficiently shield, transport and stabilize blood flow and oxygen to
the brain [14].

Similarly, the alpaca (Vicugna pacos) resides at high altitudes with low oxygen avail-
ability and endure extreme ambient temperature variability. It is speculated that the rostral
epidural rete mirabile in the alpaca might aid in coping with hypoxia and extreme environ-
mental temperature fluctuations [9]. This brings us back to our initial research question:
Does the rostral epidural rete mirabile similarly fulfill this function in the giraffe, with its
extreme head-to-heart distance aiding as a reservoir for brain perfusion and buffering blood
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rushing to the brain at the different head positions? This deduction was verified by our
experiment, showing that rostral epidural rete mirabile length is indirectly proportional to
both blood flow and pressure. The rostral epidural rete mirabile is, therefore, automatically
altering the hemodynamics of cerebral blood flow using its structure.

Studies conducted on selective brain cooling in artiodactyls by [17,21,35] describe the
inimitable position of the rostral epidural rete mirabile where it lies in the cavernous sinus,
at the base of the brain; indeed, it is positioned below the brain, within the cranium [4,36].
The position of the rostral epidural rete mirabile in the brain is significant regarding brain
cooling and supplying blood efficiently to the brain [14,17,36]. Correspondingly, this
position in the giraffe further supports the idea that the rostral epidural rete mirabile
influences blood flow and pressure to and from the brain, which is especially important
with the quick movement and position change of the head to ground level and again to
a fully erect position. In a giraffe, the alternative pathway of blood to the brain via the
vertebral arteries and the basilar artery that enters the circle of Willis in other animals
does not exist. The basilar artery in the giraffe does not assist in the blood supply to
the brain [8,19,21]. The maxillary artery through the rostral epidural rete mirabile is the
dominant vessel supplying blood to the brain in giraffes.

Another observation in a giraffe that differs from other Artiodactyls and Perissodactyls
is the heart’s position concerning the brain. The pathway from the heart to the brain is
notably straight, lowering resistance to flow and relieving pressure from the heart pumping
2 m against gravity to the brain. In a study on giraffes, [5] measured carotid blood flow
and calculated the resistance to flow at head-up and head-down positions. Their results
showed that when the head is raised, extracranial vasoconstriction takes place to prevent
fainting. When the head is down, they suggest that blood flow to the brain is unrestricted.
When looking at the position of the heart and the pathway from the heart to the brain, a
notable straight path can be observed in comparison to other animals in which the heart
is situated at an angle to the brain. The angle creates a bent path for blood flow from the
heart to the brain, increasing arterial resistance [32,37,38]. The 2-m head-to-heart pathway
of blood in giraffes has less resistance than, for example, sables and elephants’ pathways
due to the straight pathway. This supports the idea of little or no control of blood flow
to the brain in the head-down position. The observed notable bending of the maxillary
artery before entering the rostral epidural rete mirabile in an otherwise straight pathway
creates additional resistance to blood flow rushing to the brain when the head is lowered.
The twisted arteries of the rostral epidural rete mirabile, the significant length of the rete
arteries and the notable bend at the maxillary before entrance into the rete all in conjunction
provide resistance to flow and therefore aid in the prevention of brain damage with the
quick bending down from a fully erect to a ground position.

Histologically, the maxillary artery prior to entering the rostral epidural rete mirabile
structure and the intracranial maxillary artery post the rete are characteristically thicker-
walled than the rete arteries. The muscular content of the rostral epidural rete mirabile
arteries enables a greater extent of control. Again, resistance against blood flow is exerted
by structural features, with blood moving from a thicker maxillary to the thinner rete
arteries and again through the thicker intracranial maxillary into the circle of Willis. The
rostral epidural rete mirabile arteries contain dense, smooth muscle indicating its ability
to contract and expand. Expansion of the rostral epidural rete mirabile arteries will be
restricted due to the limited space where it lies within the cavernous sinus, enclosed by
bone. However, contraction of the rostral epidural rete mirabile network arteries will be
possible due to the high muscular content. The ability of a large thick artery to contract in a
limited space is restricted; however, the contraction ability of a network of various small
arteries is more remarkable [39].

We suggest that the pool of blood present within the rostral epidural rete mirabile
meshwork, situated just beneath the brain, helps prevent the giraffe from fainting together
with the carotid-vertebral anastomotic connection when the head is moved in a quick
motion from ground level to fully erect. It is essential that the brain receives a continuous
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flow of blood and thus oxygen [10,24,33]. The blood in the rete can be pushed via the
contraction of the rostral epidural rete mirabile arteries into the circle of Willis. Additionally,
when the head is moved from ground level to fully erect, the force of gravitation pulls
blood away from the brain, and the carotid artery enlarges with a parallel drop in pressure.
The vertebral arteries are neighbored by connective tissue and back muscles as it courses
through the transverse foramina and through the axis and atlas, avoiding enlargement.
At this point, the vertebral arteries connect to the anastomotic artery that subsequently
connects to the carotid artery. During the loss of pressure in the carotid artery, blood can be
moved from the vertebral arteries via the anastomotic artery into the carotid artery that
transitions into the maxillary artery, pushing blood into the rostral epidural rete mirabile
and the circle of Willis. This pathway requires less pressure to be generated by the heart
to supply adequate blood quickly to the brain during the movement of the head to a fully
erect position. Fainting due to a loss of continuous blood flow to the brain is negated by
the immediate source of blood to the cerebral arterial circle originating from the vertebral
artery via the anastomotic artery into the carotid artery, as well as a small volume of blood
contained within the rete arterial structure. The retained blood volume in the rete and the
vertebral blood supply contributes to and ensures the crucial continuous flow of blood and
thus oxygen to the brain to prevent fainting or even an ischemic cascade, owing to too little
blood present in the brain [40]. This pathway of cerebral blood supply aid in temporary
relief during the split seconds time-lapse, allowing the nervous system to instigate the
heart to pump blood against gravity to reach the brain. Even though nervous stimulation
is instant, a time-lapse of a few seconds occurs before the heart can pump blood to the
brain in a fully erect position. A study by [40] on blood flow circulation in intracranial
networks showed that due to the elasticity and subsequent cross-sectional area of arterial
blood vessels, a relative blood volume is partly retained, slowing the pulsatile flow. The
retained blood is released using blood vessel contraction [40]. The centripetal force exerted
on the blood accumulated towards the head also adds to blood availability to the brain
during the movement of the head from ground level to fully erect, at a critical moment,
i.e., milliseconds.

Additionally, [35] investigated selective brain cooling and the influence of the rostral
epidural rete mirabile in sheep. They concluded that brain blood flow and brain metabolic
heat production differed contrary to the expected close relationship, as previously verified
by [41]. Can this variation to the desired close relationship be due to the effect exerted by
the rostral epidural rete mirabile structure on blood flow?

The combination of the results in our study gives a clear indication of the functional
significance and efficiency of the rostral epidural rete mirabile in giraffes, as follows:
(a) the structural arterial meshwork with characteristic turns and bends, and subsequently
increased artery length through which blood flow must proceed before entrance into
the brain, exert resistance to blood racing to the brain when the head is dropped to the
ground; (b) the rostral epidural rete mirabile structure is positioned just beneath the brain,
retaining a minimal amount of blood; (c) the brain is supplied mainly by the maxillary
artery through the rostral epidural rete mirabile, with a rudimentary basilar artery not
contributing to the brain blood supply and (d) the resistance to blood flow due to the
structure and position of the rete when the head is in the upright position is counteracted
by the unique carotid-vertebral anastomosis allowing an immediate cerebral blood supply.

5. Conclusions

The structure, function and position of the rostral epidural rete enable adequate
circulation to the brain in the long-necked giraffe. Future research can focus on determining
its functionality in other long-necked artiodactyls such as the llama (Lama glama), vicuna
(Vicugna vicugna) and alpaca (V. pacos). Additionally, do fossil giraffids, although with
characteristically shorter necks, also have a rostral epidural rete mirabile to assist with
physiological challenges associated with a long head-to-heart distance? The rostral epidural
rete mirabile in the giraffe is one of a collection of features that, in combination, enable
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efficient brain perfusion and prevention of brain aneurisms despite its peculiar build
resulting in numerous physiological challenges.
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Abstract: Conventional anatomical models and cadaveric specimens can be time-consuming and
resource intensive for any anatomical institute. In recent years, there has been a push for more flexible
and varied approaches to teaching, including problem-based and computer-aided learning, which
includes web-based anatomical models or the use of three-dimensional visualization technology.
With advances in hardware, autostereoscopic (AS) 3D screens have become more affordable, portable,
and accessible to individuals, not just institutes. At King’s College London (KCL), we developed the
Virtual Anatomy and Histology (VAH) platform—an online resource which focuses on perspective
volumetric 3D viewing of medical scan data and 3D models to facilitate the online teaching and
learning of anatomy. This paper presents the features of VAH and details a study that was conducted
in 2022, to evaluate the VAH 3D AS viewer configured with The Looking Glass Portrait (TLG)
(Looking Glass, New York, NY, USA) 8-inch AS display. We tested the hypothesis that using an AS
display can improve spatial understanding of cardiovascular anatomy. A cardiovascular 3D textured
model was used from our gallery to carry out a spatial test. Twenty current healthcare students at
King’s participated in the study and completed a structured questionnaire. Results showed that
47.6% and 52.4% of participants agreed and strongly agreed, respectively, that identifying anatomical
structures was easier in 3D compared to 2D. Qualitative feedback was positive as most students found
King’s VAH and TLG display “useful for people who need help with spatial understanding” and
that “it was a good tool to test your anatomical knowledge”. In conclusion, based on the quantitative
results and feedback, we are optimistic that King’s VAH and portable AS displays can be beneficial in
anatomy education. With the increasing availability of such systems and competitive pricing, this
technology is likely to have a significant impact in education in coming years.

Keywords: anatomy education; 3D model; medical imaging; 3D autostereoscopic display; online learning

1. Introduction

There is a consensus that knowledge of gross anatomy is fundamental in medical
education and professions [1]. Understanding the relationship between the structure and
function of the human body under normal and pathologic circumstances creates a solid
foundation in all healthcare specialties. Moreover, with the growing prominence of medical
imaging and minimally invasive therapy, the need to interpret images and anatomical
pathways is increasingly important [2].

The long-standing format of many institutions’ anatomical education can be categorized
into lectures, practical sessions, and assessments. However, with the rapid development
of technology, and in turn medical imaging, there has been a significant paradigm shift in
medical education from passive and informative lectures centered around the teacher to a
more active and clinical-based student approach. Therefore, the demand for practical sessions
has gained more precedence in anatomical education. Practical examinations were identified
as the most recommended method of assessment in anatomical education in the Rowland
et al. (2011) study by medical students (59.1%), trainees (all stages combined; 54.2%), and
specialists (51.7%). This further supports the need for practical educational sessions [3].
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1.1. Issues Facing Current Implementation of Practical Anatomy

Historically, cadaveric dissection has been the most significant aid in teaching gross
anatomy in conjunction with textbooks. A study conducted by Azer and Eizenberg (2007)
found that some students feel at a disadvantage without dissection classes [4]. Their study
also found that cadaveric dissection was twice as useful as a teaching resource for learning
gross anatomy compared to textbooks alone. Cadaveric dissections are impractical at
times due to their time constraints, because there is a set number of accessible hours in a
dissection theater. Additionally, cadavers are in short supply. Both the UK and the US have
been increasing medical student placements to match population demands, but donation
numbers are not increasing proportionately [5-7]. Cadavers have high costs too; in the
UK, cadavers are not freely bought or sold, but institutes must pay for transportation,
embalming, and maintaining dissection labs that store the donated cadavers, which all
increase cost. In the US, donated human bodies can be sold for around $3000 to $5000,
though prices sometimes reach $10,000 [8-10].

The coronavirus (COVID-19) pandemic was an unprecedented emergency which had
massive economic and social repercussions, and the education sector was not immune to its
ramifications [11]. The implementation of social distancing and isolation protocols to curb
rising COVID-19 infections within the population meant that more than 1.5 billion students
worldwide were affected by closures of schools and universities [12]. Educational institutions
around the world were faced with the challenge of teaching and learning in a distant manner.

For teaching, this had instant consequences, which included the cessation of or limited
access to conventional anatomy education pedagogies, such as cadaveric dissection and access
to non-digitized textbooks. Therefore, many medical institutions were forced to adopt a
blended learning or a full e-learning approach. Blended learning involves the integration
of online learning and face-to face teaching, which includes online lectures, pre-recorded
dissection, and computer-based 3D platforms. While e-learning is fully online, where students
interact with learning materials and receive feedback on an online platform, designing an
online platform that replicates the visuo-spatial and social interaction of traditional teaching is
a unique and growing challenge for educational developers and facilitators [13].

A recurring obstacle among some medical students is the capability to grasp the necessary
spatial understanding of 3D anatomy when learning from static 2D illustrations in textbooks
and medical imaging [14,15]. Visuo-spatial or spatial ability (SA) is the cognitive capacity to
understand and perform mental manipulation, such as object rotation and folding to imagine
different perspectives of objects and memorize a spatial representation of the object that
includes the relationships among their parts and surroundings [16-18]. Preece et al. (2013)
and Marks (2000) drew similar conclusions that a poor visuo-spatial ability can compromise
students’ abilities to keep up with advancing medical imaging in clinical practice [19,20].

One way to reduce some of the visuo-spatial information lost when one is unable to
perform in-person cadaveric practical dissection is to use 3D visualization technologies
that have gained momentum in the technological boom in the last couple of decades.

1.2. 3D Displays

3D display technologies are split into two categories. First, there are stereoscopic display
technologies that require special glasses or headwear to create the 3D sensation. Second are
autostereoscopic 3D display technologies that are glasses-free 3D displays and can be viewed
with the naked eye. Stereoscopic and autostereoscopic (AS) displays are groups of 3D displays
that only use binocular disparity out of all of the possible physical depth cues.

Stereoscopic displays require 3D glasses to be worn, which can make them a more
solitary learning style as they immerse but also isolate the viewer from the world around
them. AS displays, on the other hand, can cater to other learning styles, such as social
learning, and do not require a headset that can be uncomfortable to wear.

Some AS displays work by using a lenticular lens, such as The Looking Glass (TLG)
(Looking Glass, New York, NY, USA) displays, shown in Figure 1a below. In these devices,
an array of lenticular lenses is attached to the top of the screen. The lenticular array
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Hardware Specifications

distributes the pixels of the display to multiple viewpoints. Each lens behaves like a tiny
magnifying glass, inflating one of the sub-pixels and hiding the remaining ones. However,
depending on the angle of view, each inflated sub-pixel is different. Since both eyes watch
the screen from slightly offset angles, they both see different sub-pixels in any given location
of the screen, creating binocular disparity, as shown in Figure 1b [21]. Figure 1c showcases
the TLG's simultaneous 45 viewpoints/images rendered to create its 3D visualization.
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Figure 1. Diagrams demonstrating how the TLG display works: (a) is an image that shows what is
viewed on the TLG display at different positions. The numbers in the scene showcase the different
views/ perspective of the scene as the viewer moves from one edge to the other [22]. (b) is a top-down
ray diagram of the parallax used to create the 3D visualization at different positions. The bold lines
show the eye positions needed to see the viewpoint shown in (a) [22]. It also shows the zero-parallax
plane (the thin red line) where objects are the sharpest in the scene. (c) is known as the ‘quilt’, which
displays the 45 views simultaneously on TLG [22].

Dedicated holographic devices are markedly expensive. Depending on size of the
display, a standard device used to price at a minimum of $3000. However, with recent
advances in hardware capabilities and a growing market, now more affordable, portable,
and accessible systems are available, such as TLG Portrait (displayed in Figure 2) which
is $399, and the Leia Inc. (Leia Inc., Menlo Park, CA, USA) Lume pad tablet, which is

$650 [23,24]. This accessibility opens up more opportunities for educators and students to
use these devices in anatomical teaching and learning.

Weight:
Mate
Viewing con:
No. of views
Input Resolution: 1B38px x
Aspect Ratio: 4:3:2 (Height

(@ (b)

Figure 2. (a) The hardware specification of TLG portrait [25]. (b) An image of TLG portrait in quilt
mode showing an X-ray textured model [23].
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1.3. 3D Displays in Anatomical Education

There is some evidence in anatomical education literature showing the application
of autostereoscopic displays in the medical field. In a few studies, AS has been used for
training surgeons. Narita et al. (2014) studied twenty neurosurgeons and asked them
to identify blood vessels using a 2D screen and an autostereoscopic screen. They found
significantly more correct answers were attained using the 3D autostereoscopic screens,
with 91.7% correct responses compared to 56.7% with the 2D screen [26]. This shows that
AS gives the viewer a higher sense of realism and accuracy, therefore enhancing their
performance in identifying key anatomical structures. Silvestri et al. (2011) also found that
AS enhanced the viewers’ performance. They found that the fifteen participants, who were
physicians, were able to carry out the five assigned tasks faster on the autostereoscopic
screens compared to the 2D monitor [27].

The benefits of this system and the studies carried out on the training of surgeons mean
that there is some promise in using AS to teach anatomy. Luursema et al. (2011) studied
stereoscopic screens that utilized glasses and showed that students with low visuospatial
ability benefitted more from making use of the screen than students with higher spatial
abilities, as students were able to visualize abdominal structures more easily than with 2D
models [28]. Although this study was conducted with a stereoscopic screen, the results
are likely to be replicated with AS, as they are more user-friendly. Di Natale et al. (2020)
have also identified that using immersive VR in teaching promoted experiential learning,
intrinsic motivation, and engagement, and supported the transfer of knowledge [29]. Sinha
et al. (2022) evaluated a 42-inch AS display for anatomical education and found that the
AS display promoted 3D stereoscopic viewing in a group setting for collaborative learning
that a single-user VR headset could not [30]. This type of social learning and the other
promoted attributes mentioned are all key psychological factors that support deep learning
and teaching. Therefore, in this study, we will explore the use of the portable 3D AS display
we configured to be compatible with our online learning resource.

2. Materials and Methods

We proposed a 3D visualization system that incorporates volumetric 3D medical data
and 3D models with the capabilities of displaying these on 3D displays.

2.1. System Overview

Virtual Anatomy and Histology (VAH) is a university-based online learning web-
based application, shown in Figure 3 below, and was developed to allow students to study
and interact with anatomy through 3D models, histological images, and 3D imaging scans
that the different King’s College London (KCL) departments and museums possessed.
The departments and museums had numerous subscriptions for anatomical software. It
was decided that an in-house all-in-one online anatomical learning platform or tool could
reduce costs, as the new cost would go towards cloud and web app hosting. It also provides
a more bespoke solution, for example, by allowing educators and students to design and
save their own 3D annotated anatomical scenes for lessons and private study. VAH has
volumetric datasets, 3D anatomical models, and histology slides from a cloud-based gallery
which can be accessed by users to view and interact with.

The TLG Portrait 8-inch AS display was configured to be compatible with VAH’s
model viewer. From this point onwards, we will be focusing on the VAH TLG viewer,
which creates a popup window that can be dragged onto the TLG's screen, to allow models
to be viewed in 3D mode or 2D mode. The viewer can load 3D models from the site
catalogue or from the user’s personal computer files. The VAH TLG viewer was now ready
for usability testing.
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Figure 3. Shows King’s VAH Home Page with its different features, such as Histology (slide) viewer,
3D model viewer, 3D scans (volumetric) viewer, augmented reality (AR) viewer, and TLG Viewer.

2.2. Study Design
2.2.1. Participants

Ethics approval was obtained via the Institutional Review Board (or Ethics Committee)
of the KCL Research Ethics Office (MRSP-20/21-21158). Participation in the study was
anonymous and voluntary. Information sheets about the study were provided during
recruitment via cohort mailing lists, as required by the ethics committee. As explained in
the information sheet and discussed in person, students who completed and submitted the
survey, had provided informed consent for their data to be used. Inclusion criteria included
being a current healthcare student in the Faculty of Life Sciences and Medicine. Exclusion
criteria included if the user had photosensitive epilepsy or cybersickness. Ultimately,
twenty current healthcare students at KCL were recruited to participate in the study via this
strategy. Their level of education ranged from 1st year undergraduates to Ph.D. candidates,
with 10 undergraduates (UG) and 10 postgraduates (PG).

2.2.2. Procedure

The study was conducted in 2022, with the aim to assess the use of VAH in anatomical
education and to test the hypothesis that visuospatial understanding of cardiovascular
anatomy was improved by using TLG display. The cardiovascular 3D textured model from
our gallery that was used in the spatial test can be seen in Figure 4a.

The assessment used a repeated measures study design, where participants were
asked to describe the spatial relationship between two anatomical structures in a heart
model in both 3D and 2D. The two anatomical structures were selected randomly when
the spatial test button was pressed, with their names also on display. The rest of the model
structures were textured with an “X-ray”-style shader to highlight the positions of the
selected structures, as shown in Figure 4b. The spatial relationship had to be described
using anatomical orientations and directional terms with the use of the reference diagram
shown in Figure 4c. For example, in the case of Figure 4b, the papillary muscles and the
aortic valve are the selected /highlighted test objects 1 and 2. Therefore, participants were
asked to describe the relationship of object 2 with respect to object 1 with the diagram
Figure 4c as a reference while they interact with the viewer through orbiting, rotating,
translation, and zooming. There were 4 parts to an answer:

Superior or inferior or in the same transversal plane;

Anterior or posterior or in the same coronal plane;

Left or right or in the same sagittal plane;

Proximal and distal or lateral and medial or on the same medial line.
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Each correct response was worth 0.25, amounting to a total mark of 1 for a perfect
score. We rated the performance by comparing our version, which we made from analyzing
the anatomical model we used in the assessment. We calculated the centroid and the
bounding box of each of the objects and compared them in the different planes. Therefore,
someone who scored 0 was interpreted as having little spatial understanding of the physical
relationship between the anatomical objects when using 3D or 2D display mode. On the
other hand, someone who scored 1 was interpreted as having a high understanding of the
spatial relationship between the anatomical objects.

Sagittal plane Coronal plane

Posterior
Anterior

Transverse plane [ Superior

l Inferior
Proximal

Lateral

Distal Medial

(b) ©

Figure 4. Shows some of the scenes throughout the experiment. (a) Shows the normal textured heart
model used in the assessment through a 2D display. (b) Shows one of the randomized spatial test
scenes in 3D mode. (c) Shows the anatomical orientation and the reference diagram participants
used [31].

Volunteers performed the activity three times, with an initial attempt in 3D mode using
the 3D display. The initial attempt was used as practice to get used to VAH and to confirm
that they were able to perceive the 3D visuals of the screen, and to allow the users to adjust
the settings of the viewer to best enhance the 3D visualizations (i.e., background color,
directional lighting, model size, and model position). We allowed participants autonomy
to choose the order they wanted to complete their assessed 2D and 3D tries, which were
all conducted on the TLG display. All results were filled in and collected using an online
Microsoft form (Microsoft, Redmond, WA, USA), for the possibility of remote participants.
However, in the end, all the 3D TLG assessments ended up being completed in person on
campus in a classroom, and not remotely. Consequently, there was an additional in-person
supervisor who provided initial assistance when participants used the 3D screen for the
first time. A paired t-test analysis was performed comparing the overall 2D mode (“before”)
vs 3D mode (“after”) test scores, to establish statistical significance at p = 0.05. Participants
were also asked to complete a questionnaire on the form containing a series of Likert scale
user experience questions and statements such as “How likely are you to recommend
King’s VAH to someone else?”, or grading their agreement with the statement “Identifying
anatomical structures was easier in 3D compared to 2D”. There were also some additional
open-ended questions, such as “Based on today’s session, to what extent do you think
King’s VAH might impact your future anatomical learning?” and “Do you have any final
feedback regarding the King’s VAH website?”. All these helped to collect feedback about
the site, the 3D display, and the tools which the volunteers found particularly useful.

3. Results

Figure 5 shows the anatomical spatial test scores for 3D and 2D viewing.
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Figure 5. Shows box and whisker plots of the anatomical spatial relation scores different level of
education (undergraduates—UG, postgraduates—PG and All). The cross indicates the mean, and the
medium line has been highlighted blue.

The 3D-All score had a first quartile (Q1 = 0.875) and a third quartile (Q3 = 1) with
an interquartile range (IQR = 0.125) and a median = 1. While the 2D-All score had a first
quartile (Q1 = 0.5) and a third quartile (Q3 = 1) with an interquartile range (IQR = 0.5) and
a median = 1. In terms of the mean (M) and standard deviation (SD), the 2D display had
a score of (M = 0.73, SD = 0.34) and the 3D display one of (M = 0.90, SD = 0.20). For the
paired t-test, f and p-values were £(19) = 2.37 and p = 0.028, which is less than a = 0.05. The
3D-All mean score was higher than the mean score of the 2D-All, and the results of the
paired t-test indicated there was a significant difference between the two groups. If we
separate the groups into level of education, UG and PG scores, we still see similar trends
between 2D and 3D groups. The 3D groups have lower IGRs than 2D, 3D-UG = 0.313 and
3D-PG = 0.062 vs. 2D-UG = 0.563 and 2D-PG = 0.500. In terms of medians, both 3D-PG =1
and 2D-PG = 1 were the same, but for undergraduates, 3D-UG = 1 had a higher median
than 2D-UG = 0.5. The 2D-UG score had the most evenly distributed test scores, while
3D-UG had a more positively skewed score.

Figure 6 shows the agreement level of participants based on the Likert scale for the
statement “Identifying anatomical structures was easier in 3D compared to 2D”.

Identifying anatomical structures was easier in 3D &
compared to 2D

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

mStronglyagree M Agree M Neitheragree or disagree  ® Disagree M Strongly Disagree

Figure 6. A stacked bar graph showing the Likert scale results for participant responses to the
statement comparing 2D and 3D.

From Figure 6, we can see that 47.6% and 52.4% of participants agreed and strongly
agreed, respectively, that identifying anatomical structures was easier in 3D compared to
2D. The results show an extreme positive skew.

Figure 7 displays participants’ responses to two further questions asked in the ques-
tionnaire. Both results are skewed to more positive responses.
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How did you find using the spatial test mode How likely are you to recommend King's VAH

to work on your spatial understanding? to someone else?
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Figure 7. Pie charts of two user experience Likert scale results. (a) The figure shows a pie chart of
the results to the question “How did you find using the spatial test mode to work on your spatial
understanding?”. (b) The figure shows a pie chart of the results to the question “How likely are you
to recommend King’s VAH to someone else?”.

Qualitative Results

The most common themes that appeared in the responses to the question “Based
on today’s session, to what extent do you think King’s VAH might impact your future
anatomical learning?” were ‘helpful” or ‘useful’. Visualized in a word cloud in Figure 8, the
words helpful or useful appeared in 45% of people’s responses.

spatial relationship Useful tool great resource  future courses

helpful for students ez learning anatomy anatomy easier remote learning

anatomy help spatial understanding

helpful 4 .
anatomical parts anatomical learning P .deflmtely help

spatial relati =

useful for people spatial

Figure 8. Shows a collection of responses to the question “Based on today’s session, to what extent
do you think King’s VAH might impact your future anatomical learning?”.

When asked the question “Do you have any final feedback regarding the King’s VAH
website?”, 30% of users suggested they would have liked an anatomical position reset
button in the spatial test.

4. Discussion and Conclusions

Most participants that used the 3D visualization system with the 3D display performed
better than in the 2D display. Both the 2D and 3D test scores had a median of 1, but the
interquartile range of 0.5 for the 2D was 4 x larger than the 0.125 of the 3D, shown in
Figure 5. This shows that both sets of data are left skewed, but 2D has a higher variability.
The positive skew of both datasets could be related to the freedom of VAH as an interactive
viewer to allow for explorative spatial understanding, through orbiting the model. From the
less variability of the 3D results, we can infer that the AS screen further enhances anatomical
spatial understanding through the visualization of depth information in a natural way for
participants. This is further reinforced by looking at UG scores alone, as 2D-UG had the
most normal distribution. However, when participants used the 3D display, 3D-UG scores
were more positively skewed. We can also analyze the different group means, where 2D-All
had a lower mean (M = 0.73, SD = 0.34) than 3D-All (M = 0.90, SD = 0.20). In addition, the
paired t-test results indicate that the mean difference between 3D and 2D datasets were
different enough to support the hypothesis that “visuospatial understanding of cardiovascular
anatomy was improved by using the TLG display”. The hypothesis is further supported by
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the fact that 47.6% and 52.4% of participants agree and strongly agree, respectively, that
identifying anatomical structures was easier in 3D compared to 2D. This is particularly
positive, because it suggests that portable and affordable AS screens can provide the
necessary stereo depth to assist with spatial understanding, which could enhance remote
learning. However, n = 20 is a small sample size for an educational assessment and in
future work we would like to increase the cohort size.

An observation throughout the study was that all participants chose to complete
the 3D assessment first. A probable reason may have been the excitement related to a
new technology. As all participants ended up choosing 2D mode display last, we can ask
whether there was any brain fatigue that affected the scores. It may have been better to
have randomized the order of the tests.

A limitation of the spatial test was that pairing selection of the organ structures were
chosen at random and therefore, a few combinations of test objects had easier spatial
relationships to describe than others. The supervisors during the experiment did allow
for additional randomizer selection tries, if the relationship was too easy, to balance out
the difficulty. However, anatomical names generally do provide some prior information
of the anatomical position of an object, for example, middle cardiac vein. Therefore, part
of the spatial relationship between structures could be deciphered before visualization.
Nevertheless, as the focus was on learning, we still provided the names of the anatomical
parts, to help them match names and characteristics of model structures, such as positional
information, which is good for learning and is one of our aims.

One of the main critiques and feedback provided was the need for an anatomical reset
button. This is very reasonable as the 3D scene itself is rotatable because we can orbit
around the model even in 2D. We anticipated that if resolved, this would reduce the time
taken to manually reset the orientation. Since the writing of this paper, the button has been
added. In addition, the toolbar was also mentioned as something to improve.

Helpful or useful appeared in 45% of people’s responses when describing the fu-
ture impact of VAH in anatomical learning. We can infer that VAH has a place in the
future of anatomical learning, especially as 95% of participants would likely or very likely
recommend VAH to someone else.

In conclusion, based on the quantitative and qualitative results and feedback, we are
optimistic that King’s VAH and small portable AS displays can be beneficial in anatomical
education. There are improvements to be made to the controls and additional features.
With the increasing availability of such systems and reducing costs, this technology is likely
to have a significant impact in education in coming years.
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Abstract: A morphological study of the skeletal specimen of Canis lupus L. from an archeological
dig of Agnano (Pisa) (Fauna Laboratory, Department of Archaeological Sciences, University of Pisa,
Italy) that is chronologically placed in the Wurm period (last glaciation) was done to perform an
anatomical comparison between this wild ancestor and osteological specimens of Canis familiaris L.
present in the Veterinary Anatomy Museum (University of Pisa). Marked morphological differences
in the splanchnocranium (nasal bone, zygomatic arch and orbital angle), neurocranium (sagittal
crest) and temporomandibular joint (due to different developments of the masticatory muscles) are
highlighted on the wolf specimen compared to those in the domestic dog specimens present in
Museum. The appendicular skeletal bones of the wolf show anatomical features similar to those of
dog bone specimens, confirming their belonging to the same family (Canidae). This result confirms
that domestication has almost exclusively affected the anatomical features of the skull that have
changed due to the difference in dietary approach between wolves and dogs.

Keywords: domestication; skeleton; morphological study; Canidae

1. Introduction

The wolf (Canis lupus L., 1758) belongs to the Canidae family, whose main morphologi-
cal characteristics are a long dental row, a large number of teeth (42), a long tail, digitigrade
limbs and four fingers in the hind limb. The wolf is considered to be the wild ancestor of
the domestic dog (Canis lupus familiaris L., 1758). The anatomical similarity between wild
and domesticated species is actually considered important in the study and monitoring
of infectious diseases’ spread [1]; for instance, the domestic dog is actually considered to
be the main reservoir of the Canine Distemper Virus (CDV) [2], thanks to epidemiological
monitoring using Geographical Information System (GIS) [3].

In Italy, Altobello [4] highlighted characteristics to distinguish the Italian wolf from
the populations of other European wolves, regarding it a subspecies of the gray wolf
(Canis lupus L., 1758) and calling it “Apennine wolf”. Recent genetic investigations have
confirmed this statement by elevating the Apennine wolf to subspecies (Canis lupus italicus),
thus distinguishing it, by morphological and genetic characteristics, from the remaining
populations of European wolves [5]. From a genetic point of view, the gray wolf represents
the original dog line in Asia and Europe. A case of hybridization between wolf and dog
was reported in Europe, and its occurrences were well analyzed by genetic analysis of
the wolf-dog hybrids in several European countries [6]. The Apennine wolf represents
a wolf colony that recolonized the western Italian Alps, as reported [7] by analyzing the
DNA extracted from Apennine wolf tissue samples and genotyping at 12 microsatellite
loci. From this genetic study, it can be stated that the Apennine wolf has a significantly
higher heterozygosity than the those in the wolves from the Alps. Currently the wolf
distribution affects the whole Apennine chain with branches in Lazio and Tuscany, which
has a total population estimated at 400-500 individuals [8]. The explanation for where and
when this animal domestication took place remains surprisingly inaccurate [9]. Scientific
studies show that it was not man who sought the wolf, transforming it into a dog, but

Anatomia 2023, 2, 78-87. https:/ /doi.org/10.3390 / anatomia2010007 46

https:/ /www.mdpi.com/journal /anatomia



Anatomia 2023, 2

the exact opposite; the wolf approached human settlements to eat the remains of meals,
losing fear of man over time and making itself tamable [10]. It is therefore a process of
“self-domestication”, wherein wolves and men shared an ecological niche, allowing the
wolf to become domesticable and showing changes in the behavioral and morphological
features [11]. In fact, the bones can show the morphological and structural transformations
due to the domestication process that occurred over 14,000 ears ago, for instance, in the
bones of the primitive Canis lupus familiaris that were found in a Pleistocene archaeological
excavation in a human burial. However, results based on the study of mitochondrial DNA
have suggested that the domestication process can be traced back as early as 40,000 years
ago [12].

From the literature, the study of the wolf skeleton was particularly focused on the
morphological features of the skull; it reached a length of about 23-27 cm and a width
of about 15-18 cm, while the dog skull has a different length and width in relation to
the breed.

A long splanchnocranium, large zygomatic arches and a developed external sagittal
crest are particularly developed in the wolf skull [13]. The angle formed by the intersection
between the straight-line tangent to the top of the skull and the tangent line to the zygomatic
arch, or “orbital angle”, is a parameter showing distinction between the wolf skull and the
dog skull, especially in dogs of similar morphology (e.g., German Shepherd dog). This
angle is taken into account for the distinction between the two types of animals; it measures
39-46° in the wolf and 49-55° in dogs [14,15] (Figure 1).

a. b. Orbilalebene,
Hund. . d. Frontalebene, Woll.
e. & Augenwinkel.

Figure 1. Orbital angle as depicted in the original Studer publication (1901).

The orbital angle justifies the different development of chewing musculature in the
wolf, which has its own attachment between the considered bones.

The angle between the nasal and frontal bones, or “frontal stop”, is a parameter that
helps in the identification of the skull specimens; in the wolf, a flatter frontal angle than
that in the dog is present (Figure 2).

Slightly angled

\

\ Much

\'"\ marked
A frontal stop

Figure 2. Drawing of “frontal stop” of the wolf skull (left) and the dog skull (right). Copyright ©
Davide Prinetto.
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The wolf adult dental formula is the same as that of the dog, but the canines and “feral”
or “carnassial” teeth (PM4/M1) stand out in respect in comparison to those of the dog [16].
An earlier review showed that [17], compared to a wolf of the same size, the dog shows a
lighter skull, smaller teeth, wider palate but larger neurocranium. These propositions can
be explained by artificial selection.

Currently, there is no motivation related to domestication regarding the shape of the
coronoid process of the jaw (on which the temporal and masseter muscles are inserted),
which is curved backwards along the ascendant branch in the dog skull (Figure 3).

r&d&’—lﬁ&y,ﬁ)ﬁ?
-\-‘-‘_-_\_‘_‘—‘—-———
Wolf jaws

Loar

HY

Dog jaws

Figure 3. The coronoid process of the wolf jaw and the dog jaw. (left), Drawing Copyright © Davide
Prinetto; (right), bone findings (Veterinary Anatomy Museum, University of Pisa).

This study has the purpose of carrying out a morphological investigation of bone
specimens of the ancient Italian wolf and dog bone specimens from the Veterinary Anatomy
Museum (University of Pisa) to check for significant variables in the two types of bone
specimens, as described in the literature.

2. Materials and Methods

The authors performed a comparative study on the bone specimens of Canis lupus L.,
chronologically placed in the Wurm period (last glaciation) that were recovered from the
archeological dig of Agnano (Pisa) and four osteological skeletal specimens and ten skulls
of Canis lupus familiaris L. that were kept in the Veterinary Anatomy Museum (University of
Pisa), datable around 1850 and of which, in the museum archives, there is no documentation
regarding the breed.

The wolf specimen included the skull with the jaw, segments of thoracic and pelvic
limbs with a part of the coxal. In the skull, the profile of the nasal bone, the development
and profile of the sagittal crest, the measure of the orbital angle, the position of the orbital
cavity with respect to the median plane of the skull, the extension of the zygomatic arch, the
length of the cranial cavity and the jaw bone processes (jaw body and coronoid process), the
width of the cranial cavity (widest interparietal distance) and the depth of the masseteric
pit were studied and were compared with the same bone processes of the dog specimens.
The morphology of the wolf teeth was compared to that of the dog specimens.

The bone segments relating to the appendicular skeleton of the wolf include the fore-
limb bones (humerus, radius and ulna, carpal bones, five metacarpal bones and phalanges
of the hand) and the hindlimb bones (tibia, fibula, tarsal bones, five metatarsal bones and
phalanges of the foot) and were comparatively evaluated with the same topographical
findings of the four dog skeletons kept in the Museum.
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3. Results

The structure of the wolf skull shows the typical features of a predator; the sagittal
crest is very well developed to allow a broad attachment of the temporal muscle, which is
more developed in carnivores (Figure 4).

Figure 4. The wolf skull (Department of Archeological Sciences, University of Pisa), lateral view.

The dog skulls found housed in the Museum show sagittal crests that are less devel-
oped than that of the wolf, and they tend to decline gradually in mesaticephalic breeds and
disappear in brachycephalic ones (Figure 5).

Figure 5. Dog skulls (Veterinary Anatomy Museum, University of Pisa).

Due to this, the temporal muscle has a lower efficiency of contraction in some dog
breeds due to domestication.

The wolf nasal bone is long and wide and is continuous with the frontal bone, com-
pressed dorso-ventrally (Figure 6).

With the progressive shortening of the splanchnocranium, due to domestication, the
dog nasal bone shows an obtuse angle with the frontal bone (called “stop”) in dolicho-
cephalic breeds, and it tends to change to an acute angle in mesaticephalic and brachy-
cephalic breeds (Figure 7). The sagittal crest disappears in brachycephalic breeds.

In the wolf skull, the acute orbital angle, between the tangent line to the top of the
skull and the zygomatic orbital line, measures 40°. The orbital cavity is more open in the
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frontal position because the ventral zygomatic margin of the orbit, which is almost straight,
is seen higher than and close to the zygomatic process of the frontal bone (Figure 8).

Figure 7. Angle between the nasal and frontal bones (“stop”) in dolichocephalic (A), mesaticephalic
(B) and brachycephalic breeds (C) (Veterinary Anatomy Museum, University of Pisa).

The zygomatic process of the frontal bone expands on the lateral plane. The cranial
cavity, measured by a line between the orbital cavity and the occipital bone, is 125 mm in
length and 60 mm in width.

In the dog skull, the orbital cavity has a more rounded shape since the ventral zygo-
matic edge has a more concave profile, allowing a position that is more lateral to the eyeball
(field of view less than 180°). The zygomatic process of the frontal bone progressively
reduces until it disappears in brachycephalic breeds (Figure 9).

The orbital angle is measured to be between 53° and 60° in the examined bone speci-
mens. The cranial cavity’s length and width are 97-99 mm and 53-56 mm for brachycephalic
breeds, 101-103 mm and 56-57 mm for mesaticephalic breeds and 123-124 mm and 57-62
mm for dolichocephalic breeds, respectively.

In the wolf jaw, the masseteric pit (point of insertion of the masseteric muscle) is deep
and the profile of the jaw body is linear with the coronoid process (point of insertion of the
temporalis muscle); it is broad and rounded at its apex, which diverges laterally, and is in
connection with the breadth of the zygomatic arch. Due to shortening of the splanchnocra-
nium during domestication, the profile of the dog jaw body becomes progressively more
convex, with the maximum degree present in brachycephalic breeds (Figure 10).
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Figure 8. Ventral zygomatic margin of the wolf orbit (inserted line) (Department of Archeological
Sciences, University of Pisa).

Figure 9. Ventral zygomatic margin of the dog orbit (inserted line) (Veterinary Anatomy Museum,
University of Pisa).

Figure 10. Dog jaws in dolichocephalic (up) and brachycephalic (down) skulls (Veterinary Anatomy
Museum, University of Pisa).
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The masseteric pit is shallower than that in the wolf, and the coronoid process is more
slender and caudally curved in the profile of the jaw body.

The wolf teeth are typical of a carnivore, with very well developed canine teeth and
“feral” or “carnassial” teeth, suitable for slicing and keeping the prey firmly in the mouth.
The process of domestication has not resulted in profound changes in the dog teeth; they
are typical of a carnivore, with a lateral overlap of the maxillary teeth over the mandibular
ones during occlusion.

A deviation in the placement of the teeth results as the sizes of the teeth do not decrease
proportionately with a reduction in the length of the jaw; as a result of the shortening of
the two bone arches in brachycephalic breeds, the teeth appear closer together, reducing
the sizes of the canines and feral teeth, due to a different food supply compared to the wild
progenitor [18] (Figure 11).

Figure 11. Wolf teeth (left) (Department of Archeological Sciences, University of Pisa) and brachy-
cephalic dog teeth (right) (Veterinary Anatomy Museum, University of Pisa).

The appendicular skeleton, which includes the wolf forelimb and hindlimb, shows
bone segments similar to those in dog skeletons of comparable size; the epiphyses and
diaphyses of long bones and the hand and foot bones have the same anatomical features for
muscle and ligament attachment and for the joint surfaces for diarthrosis
(Figures 12 and 13).

Figure 12. Wolf humerus (A) and femur (B) (Department of Archeological Sciences, University of
Pisa). Dog humerus (C) and femur (D) (Veterinary Anatomy Museum, University of Pisa).
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D

Figure 13. Wolf distal forelimb (A) and hindlimb (B) (Department of Archeological Sciences, Univer-
sity of Pisa). Dog distal forelimb (C) and hindlimb (D) (Veterinary Anatomy Museum, University
of Pisa).

4. Discussion

The transition from wolf to dog is observed by the study of skeletal features, ac-
companied by a series of parameters useful in understanding this biological passage. A
diminution in size occurs early in the process of animal domestication; this phenomenon is
characterized in many animal species, not just the dog.

This work suggests that, in order to differentiate ancient wolf skeletal specimens of
Canis lupus L. and similar specimens of Canis familiaris L., it is necessary to carry out a series
of morphological investigations, since there is not one single significant parameter that can
be used alone for this investigation.

In the skeletal study, the skull features of the splanchnocranium and neurocranium
bones are more interesting than the skeletal features in relation to the appendicular skeleton
detected in the lupine subject of the archaeological excavation. In the wolf skull, almost
all of the studied anatomical parameters show different features with respect to the same
features in the dog specimen. In particular, the morphology of the sagittal crest and the
nasal bone, the position of the orbital cavity and the measurement of the orbital angle and
the morphology of the masseteric pit proved to be valuable features in differentiating the
wolf skull from the dog skull.

The similar features in the wolf and dog teeth indicate that the domestication process
did not change the approach to food, which remains typical of a carnivorous animal even
after the transformation of the dog into an omnivorous animal. The teeth are therefore
more conservative and remain large. Crowding of the teeth and overlapping of cheek teeth
is diagnostic of the early domesticated dog compared to wolves [18].

Different developments of the previous parameters consequently indicate a modifica-
tion in the development of the neurocranium. The analysis of cranial length and width,
in the different types of breeds of the analyzed dog skulls, is a useful parameter for dis-
criminating the wolf and dog skulls; indeed it is pointed out that in a dog that is also
dolicocephalic, the neurocranium is generally wider and shorter in size, in accordance with
some studies in the literature [19] that refer to this feature as being related to the reduction
in the development of the limbic system and rhinencephalon during domestication. The
morphological differences highlighted could also be attributed to the phenomenon of
neotenic pedomorphism, i.e., the conservation in adult dogs of morphological and behav-
ioral traits typical only of different juvenile stages of wolf development, as a result of the
selection processes following the domestication process.

Instead, the anatomy of the appendicular skeleton does not vary in the organization
of the long or short bones that characterize it; beyond the variable length and morphology
of the diaphysis in different dog breeds, domestication has not led to structural variations.
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The lack of evidence of remarkable changes in skeletal anatomy from Pleistocene (the
geological time to which the examined wolf skeleton belongs) to Upper Paleolithic suggests
that no dependent relationship has yet been established between wolves and humans.
Casual association must have occurred if a wolf puppy would sometimes be kept by a
human family [18].

The only skull differences found might derive from the different types of lives of
wolves that would have approached humans; an animal integrated into the world of
humans does not need to kill for autonomous survival, leading to a reduced brain capacity
and therefore to a change in the morphology of the skull. Since these conclusions are valid
only for the small group of subjects included in this work, further studies are needed to
validate these conclusions.
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Abstract: The Locomotor System Anatomy (LSA) course, placed in the first semester of the first
year of the new Master’s degree in Medicine and Surgery High Technology (MSHT) at the Sapienza
University of Rome, was integrated with surgical and bioengineering content. This study investigated
the educational value and the students’ perceptions of the effectiveness of these two types of integra-
tion, comparing surgical integration (SI) with engineering integration (EI). Anatomy knowledge and
students’ opinions attending the LSA course in MSHT degree (n = 30) were compared with those of
students (n = 32) attending another medical and surgery course not comprising EI. Data show that
students in the MSHT course like in-depth SI much more than in-depth EI. However, those who like
in-depth SI also like in-depth EI. Significant differences were in anatomy knowledge between the two
groups in the three sections of the test. There was no significant correlation between the three test
scores and the levels of liking, while there was a significant correlation between students liking SI
and those liking EI. A statistically significant correlation was also found in students who correctly
responded to questions on the head and trunk, with students responding correctly to questions on the
upper limbs. This study will be important in optimizing the deepening of SI and EI in the LSA course.

Keywords: human anatomy; anatomical sciences education; gross anatomy teaching; locomotor
system; neurosurgery; orthopedics; surgical integration; bioengineering integration; technical
physician; technical medicine

1. Introduction

The extreme dynamism and continuous introduction of new technologies that improve
patient care and preventive health care characterize modern medicine; thus, the implemen-
tation of the educational curriculum of medicine and surgery with bioengineering contents
is fundamental. Such educational curriculum modernization is aimed at creating future
physicians with skills for digital health and quality improvement, a mindset for precision
and personalized medicine. Health professionals, informed about the advantages of artifi-
cial intelligence, machine learning, medical robotics, network medicine, big data analysis,
genomics, omics, and all other technologies related to bioengineering, bioinformatics, and
bioelectronics will be introduced in this work [1-4]. The first Master’s degree course in
Medicine and Surgery High Technology (HT) in the Italian State University system was
activated at the Sapienza University of Rome in the academic year 2020-2021 [5,6]. Strong
vertical integration of basic and clinical sciences characterizes this degree course [5,7];
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thus, the Human Anatomy course (placed in the first and second years) is integrated with
surgical and bioengineering content. In particular, the Human Anatomy 1 module (focused
on the locomotor system) is articulated with anatomy lessons interspersed with surgical
lessons (given by orthopedists and neurosurgeons, who collaborate in subsequent modules
of the anatomy course [8]) and is further implemented with a module on biological systems
mechanics and biomechanics of the locomotor system (this module is carried out by an in-
dustrial bioengineering teacher). While the integration of anatomy with the clinical sciences
is now well established in anatomy teaching [9,10], the integration with a bioengineering
discipline is a major pedagogical innovation. Therefore, in this study, we investigated the
educational value and the students’ perceptions of the effectiveness and usefulness of this
new type of integration compared to surgical integration.

2. Materials and Methods
2.1. The Undergraduate Course of Medicine and Surgery HT at Rome Sapienza University’s
Medical School

The undergraduate course is held at the Policlinico Umberto I Hospital associated with
the faculty; the biomedical-technological training program consists of a 6-year curriculum,
designed in collaboration with the Faculty of Medicine and Engineering, and trains students
in both technological and bioengineering skills [6].

This new undergraduate curriculum was activated in the academic year 2020-2021
and was divided into 12 semesters and included 36 integrated courses with related exams.
Bioengineering sciences are added to the vertical and horizontal integration of basic and
clinical sciences during the six years of the degree program. This curriculum organization
reduces the emphasis on teacher-centered lectures and focuses on a more student-centered
learning model. For this purpose, activities, including practical integrated experiences and
tutorials or seminars, were introduced since the first-year course [5,6,8].

2.2. The Course of the Locomotor System of Medicine and Surgery HT at the Sapienza University
of Rome

The locomotor system course is a part of the initial stage of the human anatomy
curriculum taught during the first-year’s first semester of the undergraduate course. It
comprises face-to-face lessons as well as practicals when students in small groups use
plastic models, histology slides, and interactive multimedia tools proposed by the teacher.

Clinically-integrated lectures were organized as a presentation of clinical cases by an
orthopedic surgeon or a neurosurgeon in the presence of an anatomy teacher, who actively
contextualizes the presentation of surgical cases.

Surgical integrated lessons consisted of the clinical case presentation: the orthopedic
surgeon illustrated cases of the shoulder, hip, and knee joint surgery, emphasizing the
technical aspects of the operative procedures, including robotic surgery (examples of the
orthopedic surgeon’s teaching activities are shown in Figure 1).

The neurosurgeon presented the cases of brain and spinal cord surgery, describing the
particular operative techniques of intervention, such as the different types of craniotomies
and the different surgical approaches to the spine. Special emphasis was given to illus-
trating the advantages of innovative neuronavigation techniques concerning traditional
approaches (examples of neurosurgeon’s activities are shown in Figure 2).

As a further activity in addition to the lectures, small groups of students were or-
ganized to train their technical and surgical skills by simulating both orthopedic robotic
surgery (Mako robotics-Stryke®, Kalamazoo, MI, USA) and neurosurgery with the aid of
3D simulation and neuronavigation tools (Brain-Lab®, Munich, Germany).

The bioengineering-integrated lectures, given by a teacher in industrial bioengineering,
were intended to provide fundamental knowledge about the study of motion and stresses
in biological systems to forces caused by biomechanical phenomena. The basic principles
of computational biomechanical analysis of a multi-link model of the human body were
also explained. Frontal teaching was devoted to the reference system for biomechanical
analysis, degrees of freedom of joints, elementary movements and kinematic models of
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limbs, and geometry of masses. The hands-on exercises used specific platforms to illustrate
the principles of numerical and computational methods for biomechanical analysis and
were devoted to the modeling of the limb to analyze and simulate muscle actions and
exchanged forces. Examples of the bioengineering teacher’s teaching activities are shown
in Figure 3.

Figure 1. (A) Knee joint prosthetic implant surgery using the Mako robotics-Stryker® robotic system.
Note the presence of the navigation system applied to the patient’s leg. (B) Control monitor of Mako
robotics-Stryker® robotic system. During knee joint implant surgery, the surgeon can observe the
removed bone surface while performing the procedure and placing the prosthesis.

Figure 2. (A) Separation of the craniotomy bone operculum from the dura mater during decompres-
sive craniotomy surgery for the evacuation of acute subdural hematoma. (B) BrainLab® neuronaviga-
tion monitor during neurooncological surgery. The 3D reconstruction of the intra-axial neoplastic
lesion: axial, sagittal, and coronal of the tumor lesion inside the skull.

2.3. Student Sampling

Students (n = 62) who attended at least 67% of the mandatory locomotor system
anatomy course during the academic year 2021-2022 were the subject of this study. The
ages of the students ranged between 19 and 20; 65.6% of them were female, and 34.4% were
male. Students (n = 30) from the first year of the course degree in medicine and surgery
HT (Faculty of Medicine and Dentistry) were considered the study group, while students
(n = 32) attending at least 67% of the mandatory anatomy course of the locomotor system
and belonging from the first year of another degree in medicine and surgery course degree
not comprising engineering integration (Faculty of Medicine and Psychology), acted as the
control group. The anatomy and clinical teachers were the same in both the HT Medicine
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course at the Faculty of Medicine and Dentistry and the Medicine and Surgery course at
the Faculty of Medicine and Psychology.

Figure 3. (A) Illustration of the coordinate systems of human skeletal structures: torso coordinate
system X0Y0Z0 with origin coincident with the barycentre of the body, hip joint coordinate system
X1Y1Z4, knee joint coordinate system X,Y»Z5, and ankle joint coordinate system X3Y3Z3. Vectors oy,
11, and 13 connect the coordinate system [i-1] with the system [i], where i = 1,2,3. The coordinate
system (1) is obtained from the translation of the coordinate system(0)in the center of the hip joint
and the subsequent rotation around the Y; axis by an angle 3. (B) Kinematic analysis of the lower
limb using a simplified model composed of two segments of length (1, and /5, respectively, knowing
the system configuration through the angles « and the joint angular velocities w.

2.4. Students’ Views

The questionnaire used in this study was adapted from a questionnaire previously
used in our study dealing with the integration of neurosurgery in neuroanatomy, where the
Cronbach alpha was 0.9707 [8]. It was administered after the last lecture on the locomotor
system course to all Medicine and Surgery HT students (n = 30) who attended the entire
cycle of lessons. The students were asked to fill out the questionnaire anonymously.
Informed consent to participate was obtained from each student after explaining the
objective and purpose of the study.

The questionnaire was divided into two sections, A and B.

Section A of the questionnaire was designed to gather data concerning the didactic
usefulness of clinically-integrated or engineering-integrated learning. Subsection Al evalu-
ated the usefulness or the uselessness of the surgical integration, whereas Subsection A2
evaluated the usefulness or the uselessness of the engineering integration.

Section B of the questionnaire was designed to collect data on the didactic usefulness of
clinical case presentations or principles of computational biomechanical analysis modeling.
Subsection B1 evaluated the usefulness or the uselessness of the lessons, including orthope-
dic and neurosurgical case presentations, while Subsection B2 evaluated the usefulness or
the uselessness of the lessons in which modeling computational biomechanical analysis
principles have been presented.

Each Subsection, A1/A2 and B1/B2, contained four topic-related items. Two of these
items were positive, while the other two were negative, in agreement with a twofold
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cross-check. A Likert scale was applicated to each item to test the agreement of the
students. Respondents were invited to indicate their agreement on a five-point Lik-
ert scale (1 = strongly disagree, 2 = disagree, 3 = neither agree nor disagree, 4 = agree,
5 = strongly agree).

2.5. Data Analysis of Students’ Views

Individual responses obtained using the Likert scale were treated as variables mea-
sured at the level of equivalent intervals, and then mean standard deviations were com-
puted being an adequate statistic for this measurement level [11] (regarding treating Lik-
ert scales at the level of equivalent intervals, see also [12]). Pairwise comparisons of
sections Al vs. A2 and B1 vs. B2 were performed using the t-student test. Statistical signifi-
cance was established at p < 0.05. The internal consistency of the data was assessed using
Cronbach’s Alpha calculations. A Cronbach’s Alpha value higher than 0.70 is considered
adequate for the internal consistency of the questionnaire [13]. Data were analyzed using
IBM-SPSS 27.

2.6. Assessment of Students” Knowledge of Locomotor System Anatomy

The students” knowledge of the functional anatomy of the locomotor system was
assessed using a test containing 30 questions on the functional anatomy of the locomo-
tor system taken from a human anatomy text containing a collection of multiple-choice
questions for testing and self-testing of learning used by Italian students [14]. The test was
structured into 30 questions, out of which 11 concerned the functions of the muscles of the
head and neck, another 11 pertained to the functions of the muscles of the upper limb, and,
finally, eight questions were inherent to the actions of the muscles of the lower limb. The
same test was administered, after the last lecture on the locomotor system anatomy course,
to students belonging to the Medicine and Surgery HT degree (study group, n = 30) and to
students belonging to another degree in medicine and surgery at Sapienza University of
Rome (control group, n = 32). The 30 test questions are provided as material in Appendix A
of this scientific article.

2.7. Data Analysis of the Assessment of Students” Knowledge of Locomotor System Anatomy

The sum of the correct answers in the three sections of the administered test questions
on locomotor system anatomy was considered a measure of learning. Differences between
traditional and HT students in these three scores were analyzed using the ANOVA test.
Statistical significance was established at p < 0.05. Data were analyzed using IBM-SPSS 27.

2.8. Correlation Analysis between Student Opinions and Anatomy Knowledge Results
Correlation analysis among students’” opinions on the usefulness of clinical integration
or engineering integration and results obtained in the assessment test of students’ functional
anatomy knowledge was performed using the Bravais—Pearson coefficient. Statistical
significance was established at p < 0.05. Data were analyzed using IBM-SPSS 27.

3. Results
3.1. Students” Opinions
3.1.1. Evaluation of the Usefulness of Clinically-Integrated versus Engineering-Integrated
Lessons in Learning Functional Anatomy

Data are presented in Table 1 in two distinct subsections: Subsection Al contains data
concerning the usefulness or the uselessness of surgical integration, whereas Subsection A2
presents data on the usefulness or the uselessness of the bioengineering integration.
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Table 1. Student view of didactic usefulness of surgical vs. bioengineering integrated class usefulness
in learning functional anatomy.

Subsection A1
Surgical Integration:

Mean (£SD) 2 Subsection A2 Mean (£SD) 2
Min-Max Bioengineering Integration: Min-Max

It is useful to improve general
knowledge of locomotor system
functional anatomy (A1.1)

It is useful to improve one’s
4.33 (+0.884) general knowledge of 3.70 (+0.750)
2-5 locomotor system functional 2-5
anatomy (A2.1)

Makes the lessons dynamic and 4.50 (+0.572) Makes the lessons dynamic 3.20 (£0.925)
interesting (A1.2) 3-5 and interesting (A2.2) 1-5
It is totally useless for improving one’s [tis completely useless for
y proving 1.70 (+1.022) improving general knowledge 2.07 (£0.785)
general knowledge of the locomotor 15 £l 14
system functional anatomy (A1.3) a of locomotor system
Y ’ functional anatomy (A2.3)
. 1.43 (+£0.568) Makes lessons hard and 2.60 (£0.894)
Makes lessons hard and boring (A1.4) 13 boring (A2.4) 14

2 Likert scale: 1 = strongly disagree, 2 = disagree, 3 = neither agree nor disagree, 4 = agree, 5 = strongly agree;
Cronbach’s alpha = 0.876.

As shown in Table 1, the answers to statement Al.1 (opposite A1.3) showed that a
very high number of students stated that clinical integration of the locomotor system was
useful for improving one’s general knowledge of locomotor system functional anatomy.
Even responses to statement A2.1 (opposite A2.3) showed that a high number of students
stated that the engineering integration of the lessons from the locomotor system lessons
was useful for improving general knowledge of locomotor system functional anatomy.

In Table 2, the results of the paired f-test with comparisons between statements of
Section A1 and Section A2 are presented. Data revealed that student satisfaction was higher
for surgical integration compared to satisfaction for engineering integration.

Table 2. Paired t-test results with comparisons between statements of Sections Al and A2.

Statements Mean Difference T
Al.1vs. A2.1 positive 0.633 3471 **
Al.2vs. A2.2 positive 1300 7208 ***
Al1.3 vs. A2.3 negative —0.367 —1690
Al.4vs. A2.4 negative —1167 —7000 ***

The degrees of freedom are 29 for all tests. ** p < 0.01, ** p < 0.001.

Furthermore, the answers to statement A1.2 (opposite to Al.4) revealed that a very
high number of students stated that the surgical integration of the locomotor system makes
the lessons dynamic and interesting. The answers to Statement A2.2 also reflected students’
positive assessment of engineering integration, although this evaluation was significantly
lower than the evaluation of surgical integration evaluation.

However, the responses to the questions about the perceived lack of usefulness or
boringness of these lessons show very low values, although, in this case, there is a statistical
difference in the difficulty of engineering integration, which prevails over the difficulty
found in surgical integration. In contrast, there were no statistically significant differences
in perceived low usefulness for surgical or engineering integration, both of which show
very low values.

3.1.2. Evaluation of Clinically-Integrated or Engineering-Integrated Lessons’” Usefulness in
Learning Morphological Anatomy

Data are presented in Table 3 in two distinct subsections: Subsection B1 contains data
concerning the usefulness or the uselessness of lessons, including surgical cases, whereas
Subsection B2 contains data on the usefulness or the uselessness of the lessons, including
modeling computational biomechanical analysis principles.
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Table 3. Students’ views of the didactic usefulness of surgical case presentations or principles of
modeling the computational biomechanical analysis.

Subsection B2
. Lessons Including
Subsection B:l Mean (+£SD) ? Modeling Mean (£SD) 2
Lessons Including . . .
. Min-Max Computational Min-Max
Surgical Cases: . . .
Biomechanical Analysis
Principles:
B1.1 improve one’s B2.1 improve one’s
general knowledge of 4.30 (£0.794) general knowledge of 3.90 (£0.662)
locomotor system 3-5 locomotor system 3-5
morphodynamics morphodynamics
B1.2 are totally useless for B2.2 are totally useless for
improving one’s general 1.53 (£0.629) improving one’s general 1.97 (+0.669)
knowledge of locomotor 1-3 knowledge of locomotor 1-3
system morphodynamics system morphodynamics
B1.3 are dynamic and 4.33 (+0.711) B2.3 are dynamic and 3.23 (£1.135)
interesting 3-5 interesting 1-5
B1.4 are hard and boring 160 (1:|_:§ 675) B1.4 are hard and boring 237 (1:3’066)

2 Likert scale: 1 = strongly disagree, 2 = disagree, 3 = neither agree nor disagree, 4 = agree, 5 = strongly agree;
Cronbach’s alpha = 0.876.

As shown in Table 3, responses to statement B1.1 (opposite B1.2) showed that a very
high number of students stated that lessons, including clinical cases related to orthopedics
and neurosurgery, improve general knowledge of locomotor system morphodynamics.
Even answers to statement B2.1 (opposite B2.2) showed that a high number of students
stated that lessons incorporating modeling computational biomechanical analysis principles
improve one’s general knowledge of locomotor system morphodynamics.

In Table 4, the results of the paired f-test with comparisons between statements of
section B1 and section B2 are presented. Data revealed that student satisfaction was higher
for the lessons that included clinical cases compared to satisfaction for the lessons that
included computational biomechanical analysis principles.

Table 4. Paired t-test results with comparisons between statements of Sections B1 and B2.

Statements Mean Difference T
B1.1vs. B2.1 positive 0.149 2.693 *
B1.2 vs. B2.2 negative 0.141 —3.067 **
B1.3 vs. B2.3 positive 0.216 5.086 ***
B1.4 vs. B2.4 negative 0.207 —3.699 ***

The degrees of freedom are 29 for all tests. * p < 0.05; ** p < 0.01, *** p < 0.001.

Additionally, the answers to statement B1.3 (opposite B1.4) revealed that a very high
number of students stated that the lessons, including clinical cases, were dynamic and
interesting. A positive student lesson evaluation of the lessons that included modeling
computational biomechanical analysis principles was also reflected by statement B2.3, even
if this evaluation was lower than the evaluation of the surgical presentation.

However, the responses to the questions about the perceived low usefulness or bor-
ingness of these lectures show very low values, although, in this case, there is a statistical
difference in the difficulty of the engineering lectures, which prevails over the difficulty
found in the clinical integration lectures. There are statistically significant differences
regarding perceived low usefulness for the clinical or engineering classes. Both show very
low values but are significantly different from each other.

The Cronbach’s alpha index value (0.876) revealed a good internal consistency for
Sections A and B of the questionnaire.
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3.2. Assessment of Student Knowledge of Locomotor System Anatomy

As shown in Table 5, results obtained in the assessment test of students” knowledge
of the functional anatomy of the locomotor system showed differences between the two
groups of students in the three sections of the test.

Table 5. Results obtained in the assessment test of students” knowledge of the functional anatomy of
the locomotor system (Ns = number of students; Nq = number of questions).

Test Students Ns Nq Mean (£SD) 95% CI Min Max ANOVA

Head and HT 30 11 7.0667 (£2.0833)  6.2887-7.8446 2 11 E7oqy

Trunk Control 32 11 5.4688 (+£2.3689) 4.6147-6.3228 1 10 .

UPPer HT 30 11 5.1000 (£1.5833) 4.5088-5.6912 0 8 F o334

Limb Control 32 11 4.2188 (£1.9299) 3.5229-4.9146 0 8

Lower HT 30 8 2.5000 (£1.3582) 1.9928-3.0072 0 5 F 451 %

Limb Control 32 8 3.7188 (£1.7271) 3.0961-4.3414 0 7 .

“p < 0.01.

In fact, in the 11 questions related to the functions of the head and trunk muscles,
students in the HT course obtained significantly better results than students in the control
course in terms of the number of correct answers.

In the 11 questions related to upper limb muscle functions, HT students also obtained
better results, bordering on statistical significance, than control group students in terms of
the number of correct answers (note that the significance level is only very slightly above
the significance level of 0.05).

In contrast, the opposite result was obtained in the responses to eight questions related
to lower limb muscle function. In fact, in this case, there was a significant prevalence
of correct answers in the control medicine and surgery students compared to the correct
answers given to the HT medicine and surgery students.

3.3. Correlation Analysis between Students” Views and Anatomy Knowledge Results

As shown in Table 6, there is a significant correlation between the evaluation of the
usefulness of the two different types of clinical and engineering integration. Instead, these
two values did not show any significant correlation with the three subtests measuring
knowledge of the topic thought. A significant positive correlation emerged between the
“head and neck” and “upper limb” subtests.

Table 6. Pearson correlation coefficients between the usefulness of surgical integration or bioengi-
neering integration and the results obtained in the assessment test of students’ functional anatomy
knowledge (head and trunk, upper limb, lower limb).

el Wi Hod i pper i
Bioengeneering Integration 0.491 **
Head and Trunk —0.197 —0.168
Upper Limb —0.980 0.038 0.408 **
Lower Limb —0.039 0.302 0.171 0.032

N = 30. ** Correlation significance < 0.01 (two-tails).

4. Discussion
4.1. Curricular Integration in Medical Schools

The educational curricula of Italian medical schools are characterized by the pres-
ence of horizontal and vertical integration through the use of different interactive and
multidisciplinary pedagogical approaches [5,7,9,15]. These innovative curricula can be
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represented by a Z shape or as an inverted triangle structure, where students are intro-
duced to clinical sciences at the beginning of the curriculum [5,7,9,15]. From a broader
perspective, Italian curricula are now adapting to a general definition of vertical integration,
allowing for a gradual involvement of students and young physicians in the professional
community. This happens through a gradual increase in responsibilities in patient care,
crossing the boundaries among undergraduate, postgraduate, and continuing medical
education [5,16,17]. In the new Medicine and Surgery HT courses in international universi-
ties [1-3] and Italy, at Sapienza University of Rome [6], the curriculum is fully embedded
with the disciplinary scientific field of biomedical engineering. This new curriculum needs
new forms of integration with the human anatomy course, involving, for the first time,
biomedical engineering.

4.2. New Curricular Integration in the Human Anatomy Course: Students’ Views

In this general context, the surgical integration of human anatomy lectures, which
usually occur in the first and second years of the degree program, as well as the presence
of in-depth human anatomy lectures in later years within integrated clinical courses,
represent long-recommended goals for improving human anatomy teaching and learning,
contextualizing its learning concerning the procedures and clinicafsl skills to be acquired by
the student [9,10,18-22]. Therefore, the clinical integration of anatomy is not new but has
been established for many years in medicine and surgery Master’s degree courses.

Anatomical knowledge is the basis of clinical procedures and the focus of the
anatomy program should be centered on being propaedeutic to the clinical sciences [19].
The current trend is also to increase clinical integration in the human anatomy course
to provide students with a stronger motivation to learn and understand every single
topic [9,23,24]. In addition, this integration with technology provides students with a
guiding principle for the problem-solving process that underlies the reasoning of a physi-
cian with technological expertise. The expertise that must underlie the problem-solving
of this technological physician is precise and involves an integrated analysis of anatomy,
physiology, pathophysiology, and technology [1]. The aim of integrating biomechanic
skills into the human anatomy of the locomotor system course is to help students under-
stand and apply robotic technologies related to joint surgery or spinal surgery, robotic
surgery being an increasingly used technique in current surgical practice [25-29].

Our data showed that students like in-depth surgical integration much more than
in-depth engineering integration. However, those who like in-depth surgical studies also
like in-depth engineering studies. There was no significant correlation between the three
test scores and levels of liking, while there was a significant correlation between students
who liked clinical integration and those who liked engineering integration. A statistically
significant correlation was also found in students who correctly answered questions on the
head and trunk, with students answering correctly to questions on the upper limb.

The international literature lacks reports on this type of transdisciplinary teaching
integration; our data are the first from an Italian HT Master’s degree program in medicine
and surgery and provide interesting insights. The greater preference for clinical integration
vs. engineering integration is not surprising. The lectures given by the orthopedic surgeon
and neurosurgeon showed clinical cases easily understandable even by the first-year
students. In the surgically-integrated lectures, the anatomical aspects were emphasized,
creating a strong link between surgery and anatomy. This had two effects: on the one hand,
the students were motivated; on the other, they were allowed to contextualize the complex
topics of the locomotor system anatomy. This was important to increase the otherwise
misperceived usefulness of some topics in the anatomy program. Engineering-integrated
lectures were also appreciated, even if to a lesser extent, being perceived as more complex
lectures of the first year; this was due to a deeper knowledge of mathematics and calculus
required to fully understand the usefulness of this type of lecture. Based on the results
obtained in this study, the engineering-integrated lectures will be calibrated in the next
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year of the course to delve into aspects of biomechanics at a level more appropriate for
medical students.

4.3. New Curricular Integration in the Human Anatomy Course: Students” Knowledge of
Functional Anatomy

Data obtained in the test of knowledge of the functional anatomy of the locomotor
system showed significant differences in the higher number of correct answers given by
the students in the HT course, compared with the students in the control group, in the
head and trunk and upper limb sections of the test, while students in the control group
significantly better answered the lower limb questions. The administered test contained
no specific questions on the engineering topics covered in class, partly because the same
test was administered to students from the other medical and surgical courses at Sapienza,
where this type of integration was not present, and the questions were standard questions
taken from a text used by all Italian medical students [14]. The addition of questions more
relevant to engineering topics would probably have resulted in a better learning outcome
but introduced a bias in the analysis on the actual usefulness of this type of integration.

The difference in results found in the different sections (or sub-tests) of the test may
be because, in the HT medicine course, four fewer hours of lecture on the lower limb
were provided (12 percent less than the total hours), compared to the hours of the lecture
provided to the students in the control group, who thus had the opportunity to study this
part of the program in greater depth. Another possible cause of these differences may be
due to the personal preference in studying a specific topic, but unfortunately, preference
for a specific topic was not asked about, so this could be an object of new studies. Further
analysis on this point will help to specifically define the actual usefulness of engineering
integration within the anatomy of the locomotor system course in the HT Master’s degree
program in medicine and surgery.

4.4. Study Limitations and Strengths

The limited number of students who participated in the study represents a limitation
of the research, even though this new degree program has fewer students enrolled, and
almost all of them have been involved in the study itself. Further analysis is needed to
explain the differences in locomotor system anatomy test knowledge between the two
groups of students analyzed.

4.5. Conclusions

This study, and the other in-depth analyses that will follow, are important in recalibrat-
ing and optimizing new modalities for curricular integration in human anatomy courses of
the new Master’s degree courses of Medicine and Surgery HT recently activated in Italy for
the training of physicians with technological skills.
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Appendix A

Table Al. Anatomy test questions. Locomotor system Anatomy—Functional Anatomy.

The interspinal muscles’ actions: (a) flex the cervical spine
(b) extend the spine
(c) head on the neck rotation
(d) flex the cervical and lumbar spine
(e) contributes to respiratory movements

External oblique muscle action: (a) bilaterally lowers the ribs and increases abdominal pressure
(b) unilaterally flexes and rotates the trunk homolaterally
(c) unilaterally rotates the thorax on the same side
(d) bilaterally raises the ribs and increases abdominal pressure
(e) bilaterally rotates the thorax on the opposite side

The coracobrachialis muscle: (a) rotates the shoulder joint medially
(b) extends the shoulder joint
(c) adducts the shoulder joint
(d) adducts the shoulder joint
(e) laterally rotates the shoulder joint

Which of these statements is correct? (a) the deltoid muscle is the main flexor of the arm
(b) the deltoid muscle is the main adductor of the arm
(c) the deltoid muscle is the main lateral rotator of the arm
(d) the deltoid muscle is the main medial rotator of the arm
(e) the deltoid muscle is the main abductor of the arm.

These statements are all true for the muscles  (a) they are responsible for the extension of the toes

of the anterior ligament of the leg except for  (b) they are responsible for the dorsal flexion of the ankle

one. Which one? (c) they are innervated by the deep peroneal nerve
(d) they are innervated by the femoral and saphenous nerves
(e) they are responsible for the inversion/eversion of the ankle

Which of these statements is incorrect? (a) the quadratus femoris muscle is considered an adductor muscle
(b) the gracilis muscle is considered an adductor muscle
(c) the pectineus muscle is considered an adductor muscle
(d) the long adductor muscle is considered an adductor muscle
(e) the short adductor muscle is considered an adductor muscle

Which of these statements is incorrect? (a) the coracobrachialis muscle adducts the shoulder joint
(b) the coracobrachialis muscle flexes the shoulder joint
(c) the great round muscle rotates the arm medially
(d) the deltoid muscle flexes the arm
(e) the infraspinatus muscle rotates the arm medially

The semimembranosus muscle is (a) lateral rotator of the thigh
(b) flexor of the leg and extensor of the thigh
(c) thigh flexor
(d) extensors of the leg
(e) adductor of the thigh

Which of these statements is incorrect? (a) the great round muscle flexes the arm
(b) the coracobrachialis muscle flexes the shoulder joint
(c) the coracobrachialis muscle adducts the shoulder joint
(d) the infraspinatus muscle rotates the arm medially
(e) the great round muscle rotates the arm medially
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Table A1. Cont.

Which of these muscles are the external
rotators of the hip?

(a) the external obturator muscle
(b) the gluteus medius muscle
(c) the great gluteus muscle

(d) the gluteus minimus muscle
(e) the tensor fascia lata muscle

Which of these muscles are the internal
rotators of the hip?

(a) the great gluteus muscle

(b) the quadratus femoris muscle
(c) the internal obturator muscle
(d) the gluteus medius muscle
(e) the external obturator muscle

The long head of the triceps brachii muscle is
a:

(a) supinator of the forearm
(b) extensor of the elbow

(c) flexor of the elbow

(d) pronator of the forearm
(e) abductor of the shoulder

Which of these statements is correct?

(a) the teres minor muscle rotates the arm laterally.
(b) the teres minor muscle adducts the arm

(c) the teres minor muscle adducts the arm

(d) the teres minor muscle flexes the arm

(e) the teres minor muscle rotates the arm medially

The brachialis muscle is a:

(a) supinator of the hand
(b) elbow flexor

(c) pronator of the hand
(d) extensor of the elbow
(e) wrist abductor

Bilateral contraction of the splenius cervicis
muscles:

(a) flexes the neck

(b) tilts the neck laterally

(c) tilts the neck laterally from the opposite side
(d) extends the neck

(e) rotates the neck

The action of the medial rectus muscle results
in the following:

(a) abduction of the eye

(b) adduction of the eyes

(c) looking up and medially at

(d) looking down and laterally
(e) looking down and medially

The rectus abdominis muscle:

(a) flexes the trunk forward

(b) with a fixed point on the trunk, acting individually, rotates the pelvis
(c) with a fixed point on the trunk flexes the lower limb on the pelvis

(d) acting individually, flexes the trunk laterally

(e) contributes to inhalation

The coccygeal muscle determines

(a) elevation and support of the pelvic floor
(b) extension of the coccygeal joints

(c) retroposition of the anal canal

(d) depression of the pelvic floor

(e) nutation of the sacrum

Which of these statements is correct?

(a) the gastrocnemius muscle extends the leg

(b) the gastrocnemius muscle is an extensor muscle

(c) the gastrocnemius muscle extends the ankle

(d) the gastrocnemius muscle is one of the extrinsic muscles of the foot
(e) the gastrocnemius muscle is one of the intrinsic muscles of the foot
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Table A1. Cont.

The levator muscle of the upper eyelid
determines

(a) closing of the eyes

(b) lifting of the eyebrow

(c) elevation of the lower eyelid
(d) elevation of the upper eyelid
(e) wrinkling of the forehead

Which of these statements is correct?

(a) the iliopsoas muscle flexes the lumbar spine

(b) the iliopsoas muscle adducts the lumbar spine

(c) the iliopsoas muscle extrude the lumbar spine

(d) the iliopsoas muscle adducts the lumbar spine

(e) the iliopsoas muscle is an internal rotator of the lumbar spine

Which of these statements is correct?

(a) the piriformis muscle adducts the lumbar spine

(b) the psoas major muscle flexes the lumbar spine

(c) the iliopsoas muscle intrudes the lumbar spine

(d) the long adductor muscle extends the lumbar spine
(e) the iliopsoas muscle adducts the lumbar spine

Which of these muscles extends the femur

(a) the gluteus minimus muscle
(b) the tensor fascia lata muscle
(c) the piriformis muscle

(d) the gluteus maximus muscle
(e) the gluteus medius muscle

Which of these statements is correct?

(a) the subscapularis muscle adducts the arm

(b) the subscapularis muscle flexes the arm

(c) the subscapularis muscle rotates the arm laterally
(d) the subscapularis muscle adducts the arm

(e) the subscapularis muscle rotates the arm medially

The medial head of the triceps brachii muscle
is a:

(a) supinator of the forearm
(b) extensor of the elbow

(c) elbow flexor

(d) pronator of the forearm
(e) abductor of the shoulder

Which of these statements is incorrect?

(a) the coracobrachialis muscle flexes the shoulder joint
(b) the coracobrachialis muscle adducts the shoulder joint
(c) the teres major rotates the arm medially

(d) the subscapularis muscle rotates the arm medially

(e) the coracobrachialis muscle adducts the shoulder joint

The action of the palatine veil elevator and
palatine veil tensor muscles is to:

(a) elevates the soft palate

(b) constrict the pharynx

(c) elevate the pharynx

(d) constrict the isthmus of the jaws
(e) elevate the larynx

The piriform muscle:

(a) extends the femur

(b) intrarotates the hip

(c) adducts the hip

(d) flexes the lumbar spine
(e) flexes the femur

The extensor digitorum communis muscle:

(a) flexes all fingers

(b) has a common origin with the extensor carpi radialis brevis muscle
(c) flexes the wrist

(d) flexes the thumb

(e) extends the thumb

The external anal sphincter muscle:

(a) raises the anal canal

(b) narrows and lowers the anal canal

(c) closes the anal canal and the anus

(d) narrows and lifts the anal canal

(e) provides involuntary control for defecation
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Abstract: Human brain atlases are tools to gather, present, use, and discover knowledge about
the human brain. The developments in brain atlases parallel the advances in neuroanatomy. The
brain atlas evolution has been from hand-drawn cortical maps to print atlases to digital platforms
which, thanks to tremendous advancements in acquisition techniques and computing, has enabled
progress in neuroanatomy from gross (macro) to meso-, micro-, and nano-neuroanatomy. Advances
in neuroanatomy have been feasible because of introducing new modalities, from the initial cadaveric
dissections, morphology, light microscopy imaging and neuroelectrophysiology to non-invasive
in vivo imaging, connectivity, electron microscopy imaging, genomics, proteomics, transcriptomics,
and epigenomics. Presently, large and long-term brain projects along with big data drive the de-
velopment in micro- and nano-neuroanatomy. The goal of this work is to address the relationship
between neuroanatomy and human brain atlases and, particularly, the impact of these atlases on the
understanding, presentation, and advancement of neuroanatomy. To better illustrate this relationship,
a brief outline on the evolution of the human brain atlas concept, creation of brain atlases, atlas-based
applications, and future brain-related developments is also presented. In conclusion, human brain
atlases are excellent means to represent, present, disseminate, and support neuroanatomy.

Keywords: neuroanatomy; human brain atlases; neuroeducation; brain research; brain atlases in
clinics; large brain projects; big brain data

1. Introduction

For centuries, the human brain has been an enormous challenge for scientists and
an abundant inspiration for artists. However, the great importance of the brain has not
always been fully understood. In Ancient Egypt, for instance, the brain was considered
a rather useless organ with no need to be mummified. In Ancient Greece, Herodotus
advising on the mummification process recommended removing as much of the brain as
possible and mixing any remains of it with drugs, implying the brain was toxic. One of
the greatest philosophers of Antiquity, Aristotle, who also substantially contributed to
natural sciences, viewed the brain as a cooling mechanism for blood, while the heart
was the seat of intelligence. Toward the end of Antiquity, St. Augustine, considered the
father of psychology, demonstrated a better understanding of the brain by dividing it
into three compartments, the environment with the senses, the movement environment,
and the seat of memory. Then, after one thousand years of stagnation, Leonardo da Vinci
created beautiful images, though not always anatomically correct, of the brain capturing its
anatomy, by bridging art and science. It was however Vesalius, universally considered to
be the most important anatomist and the founder of modern anatomy, who started a new
era of anatomical investigation ending its dependence on Greek and Arabic authorities,
often erroneous and based upon animal rather than human studies [1]. Vesalius also
made a substantial contribution to neuroanatomy by providing the first description of
the human corpus callosum linking two halves of the brain, putamen, globus pallidus,
caudate nucleus, pulvinar, midbrain, pineal body, and internal capsule, among others.
Willis introduced a new level of neuroanatomical accuracy and reclassified the cranial
nerves. Neuroanatomy advancements through brain gross dissections were accomplished
by 19th-century neuroanatomists including Arnold, Burdach, Foville, Gratiolet, Mayo,
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and Reil as it was illustrated and reviewed by Schmahmann and Pandya [2]. One of the
first maps of the human cortical surface based on cytoarchitectonics was created in 1909 by
a German neurologist named Korbinian Brodmann [3]. Brodmann postulated that areas
differing in structure perform different functions. Brodmann'’s areas are still in use today in
neuroeducation and research.

Since then, there has been a tremendous development of human brain maps and
atlases in terms of concept, content, functionality, applications, and availability. T have
earlier distinguished four generations of brain atlases: early cortical maps, print stereotactic
atlases, early digital atlases, and advanced brain atlas platforms [4].

Neuroanatomy, as the study of the structure and organization of the nervous system,
and human brain atlases, as tools to gather, present, use, and discover knowledge about
the human brain, are obviously linked. The goal of this work is to address the relationship
between neuroanatomy and human brain atlases and, particularly, the impact of these
atlases on the understanding, presentation, and advancement of neuroanatomy. To better
illustrate this impact, a brief outline about the evolution of the human brain atlas concept,
creation of brain atlases, atlas-based applications, and future brain-related developments is
also presented.

2. Evolution of Brain Atlas Concept

The concept of the brain atlas has been evolving together with the tremendous progress
in neuroanatomy thanks to imaging and computing. It should be noted that various authors
consider or define the brain atlas differently as briefly overviewed below. Traditionally,
the brain atlas is considered a collection of brain maps or a database. Here, there are a few
examples. Roland and Zilles define brain atlases as collections of micrographs or schematic
drawings of brain sections with identified anatomic structures [5]. Evans et al. treat brain
atlases as large-scale neuroimaging databases providing the mean and variance in the
population [6]. Mori et al. consider the brain atlas a tool for image structurization via
atlas-based image subdivision to exploit a great amount of imaging information offered
by medical systems [7]. Amunts et al. regard brain atlases as central for integrating
diversified information about various aspects of the brain [8]. Kuan et al. consider the brain
atlas a tool aiming to integrate diverse information, understand complex brain anatomy,
localize experimental data, and plan experiments [9]. Costa et al. consider the atlases
the means able to produce specific, testable hypotheses about circuit organization and
connectivity [10]. Chon et al. find anatomical atlases in standard coordinates to be necessary
for the interpretation and integration of research findings in a common spatial context [11].
Hence, despite some minor differences, what is common for all these approaches is that
they mainly reflect a research usefulness of brain atlases in human and/or animal studies.

I proposed a different concept of the human brain atlas by extending its standard
imaging content with a knowledge database, tools for content processing and analysis,
and means to broaden this content with the user’s data [12]. This concept has been cus-
tomized to stereotactic and functional neurosurgery as a population-based, self-growing,
and structural-functional multi-atlas. Subsequently, based on the atlas evolution review [4]
and considering various perspectives and applications, my latest definition of the human
brain atlas has evolved as follows: “the reference human brain atlas is a vehicle to gather,
present, use, and discover knowledge about the human brain with a highly organized con-
tent, tools enabling a wide range of its applications, massive and heterogeneous knowledge
database, and means for content and knowledge updating and growing by its user” [13].
Correspondingly, an architecture embodying such a brain atlas is proposed along with a
method of its implementation [13].

3. Creation of Human Brain Maps and Atlases

The evolution of brain fixation techniques combined with optical microscopy enabled
neuroanatomy advancement beyond gross anatomy toward microanatomy. Several early
cortical maps were created from microscopy in the first three decades of the 20th cen-
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tury encapsulating new knowledge about the human brain. Early brain mappers include
Brodmann [3], Campbell [14], Flechsig [15], Vogt and Vogt [16], and Von Economo and
Koskinas [17]. Their maps were made for a single modality, cytoarchitectonics [3,17] or
myeloarchitectonics [15,16], and varied in the number of parcellated cortical areas. This de-
velopment was a substantial step forward in comparison to examining gross neuroanatomy
from cadaveric studies.

To localize cerebral structures in neurosurgery in the pre-tomographic imaging era,
stereotactic brain atlases were developed. These, initially print, atlases represented a
significant step forward in atlas development both in terms of atlas content and concept.
In the 1950s, stereotactic brain atlases were created by Speigel and Wycis in 1952 [18],
Talairach et al. in 1957 [19], and Schaltenbrand and Bailey in 1959 [20], followed by Andrew
and Watkins in 1969 [21], Van Buren and Borke in 1972 [22], Schaltenbrand and Wahren
in 1977 [23], Afshar et al. in 1978 [24], and Talairach and Tournoux in 1988 [25] and
1993 [26]. The contents of these atlases vary covering deep gray nuclei (by Talairach et al.,
1957), the thalamus and adjacent structures (by Andrew and Watkins, 1969), variations
and connections of the thalamus (by Van Buren and Borke, 1972), deep structures and the
whole brain (by Schaltenbrand and Wahren, 1977), the brainstem and cerebellar nuclei
(by Afshar et al., 1978), the whole brain (by Talairach and Tournoux (1988), and brain
connections (by Talairach and Tournoux, 1993).

Besides stereotactic, other print atlases were published for neuroradiology, neuro-
surgery, neuroscience, and neuroeducation, including a brain atlas for computed tomog-
raphy [27], an atlas of the hippocampus [28], an atlas of the cerebral sulci [29], an atlas of
brain function [30], an atlas of the brainstem and cerebellum [31], an atlas of morphology
and functional neuroanatomy [32], an atlas of the brainstem and cerebellum with magnetic
resonance 9.4 Tesla (T) images [33], and the Netter’s atlas of neuroscience [34].

As print atlases had several limitations, including static content, sparseness of image
plates, limited functionality, and difficulty in mapping into patients” scans, electronic and
interactive brain atlases have been developed. Initially, these were digitalized versions of the
stereotactic print atlases followed by their enhancements and extensions as reviewed in [4,35].

In particular, two stereotactic brain atlases are of great importance, “Atlas of Stereotaxy
of the Human Brain” by Schaltenbrand and Wahren [23] and “Co-Planar Stereotactic Atlas
of the Human Brain” by Talairach and Tournoux” [25]. The Schaltenbrand and Wahren atlas
is based on 111 brains and comprises photographic plates of macroscopic and microscopic
sections through the hemispheres and the brainstem. The macroscopic plates provide
the extent of variation in the brain structures. The microscopic myelin-stained sections
demonstrate in great detail cerebral deep structures which usually are not well visible
on brain scans. This atlas is available in most surgical workstations. The Talairach and
Tournoux atlas presents the cerebral structures as colored drawings through axial, coronal,
and sagittal sections of a single, normal brain specimen. It is applied in neurosurgery and
brain research reaching over 22,000 citations.

Because of the importance of these two brain atlases, we have developed their en-
hanced and extended electronic versions, and the applied processing was explained in
detail in [36]. These electronic atlases are fully parcellated which enables their automatic
labeling. This parcellation is by unique coloring and closed contouring (a contour represen-
tation is additionally useful for atlas-to-data registration as the contours do not block the
actual patient data); see Figure 1. These electronic atlases have been embedded into atlas-
assisted stand-alone applications [37-40] and plug-in libraries licensed to 13 companies
and integrated with major surgical workstations [41].
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Figure 1. Electronic brain atlases: (left) Talairach and Tournoux axial fully color-coded plate 4 mm
above the intercommissural plane; (right) Schaltenbrand and Wahren coronal microscopic plate in
contour representation 4 mm behind the posterior commissure (note that all the contours are closed).

Enormous advancements in imaging, brain mapping, and computing drive the de-
velopment of human brain atlas platforms. I have specified 23 directions in the evolution
of brain atlas content development grouped into eight categories by employing various
criteria, including scope, parcellation, plurality, modality, scale, ab/normality, ethnicity,
and a combination of them [4]. I briefly overview these brain atlas categories and provide
some examples of brain atlases from numerous centers.

The scope of brain atlases ranges from structural neuroanatomy [42-45] to connectional
neuroanatomy [46-51] to vascular neuroanatomy [52,53] including cerebral variants [54]
to cranial nerves and nuclei [55] to gene expression [56] including gene expression in
brain development [57].

In general, the human brain can be parcellated into numerous anatomically and/or
functionally distinct cortical regions and subcortical structures based on macrostructural,
microstructural, functional, and /or connectional features. The parcellation category repre-
sents novel and/or finer parcellations of brain structures and surfaces based on various
modalities and approaches. The developments here are from classic gross anatomy, cy-
toarchitecture, and myeloarchitecture to functional magnetic resonance imaging (fMRI)
exploiting resting-state and task-based sequences [58], chemoarchitecture [59], vascular
territories [60], anatomic connectivity based on diffusion tensor imaging [48] and diffusion
spectrum imaging [61], anatomic-functional connectivity based on diffusion and resting-
state MRI [62], electroencephalography [63], (multi)receptor architecture [64], and/or
multiplicity of them [50,65]. Both the size and the number of the parcellated regions can be
variable; for instance, a multi-modal MRI-based parcellation of the cerebral cortex results
in 180 variable-size areas per hemisphere [65], the Brainnetome atlas is parcellated into
210 various cortical areas and 36 subcortical regions [62], and the Yale Brain Atlas consists
of 690 same-size one-square centimeter parcels [63].

Parcellation not only introduces subdivision but also enables systematization, localiza-
tion, and comparison, ideally making the brain “addressable”. Parcellated regions can be
named based on some existing nomenclatures, such as Terminologia Anatomica [66] which
is an international standard for the whole body or Terminologia Neuroanatomica targeting
the central nervous system, peripheral nervous system, and sensory organs [67]. Several
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nomenclatures have been introduced for research applications, such as NeuroNames support-
ing synonyms and multiple languages [68], Uberon [69] supporting single- and cross-species
queries, Foundation Model of Anatomy (FMA) providing a structure-based template from
the molecular to the macroscopic levels for representing biological functions of the human
body [70], and Common Coordinate Framework (CCF) ontology to define positions in the
body down to individual cells [71]. Alternatively, parcellation-related identifiers are used,
such as numbers in naming Brodmann’s areas [3] or parcel unique names with a gyrus
code and a letter indicating the parcel position within the gyrus in the Yale Brain Atlas [63].

Within the plurality category, probabilistic brain atlases provide novel neuroanatomi-
cal information in terms of statistical distributions of the studied entities. For instance, these
atlases may contain the mean values, standard deviations, moments, and other quantifiers
of volumes (e.g., for the entire brain [72], white matter [73], cerebellum [74], or subcortical
structures [75]), areas (such as cortical surface regions [76]) or distances (e.g., the thickness
of the cortical mantle). Multi-atlases can illustrate neuroanatomy over the lifespan. For
instance, a mega multi-atlas [77] comprises 90 component brain atlases with the brain
specimens ranging from 4 to 82 years of age.

In the modality category, the major advancement has been from postmortem to in vivo
data enabled by neuroimaging allowing to accomplish a “living neuroanatomy”. Fur-
thermore, more detailed neuroanatomical images with better quality are feasible in brain
atlasing due to the increased teslage of the acquired MRI neuroimages, namely, from
1.5T [78] to 3T [45,53] to 7T [52,79-83] to 9.4T [84].

The scale category includes brain atlases with various temporal, spatial, and combined
spatiotemporal scales. Several temporal scale-related brain atlases aggregate age-dependent
neuroanatomical changes ranging from pediatric to geriatric populations [85-87]. Other
relevant works include a dynamic 4D atlas of the developing brain [88] and a temporal cell
atlas of gene expression in brain development [57].

The spatial scale of brain atlases ranges from macro- to meso- to micro- to nano-
scale, including the integration of atlas data across multiple scales. The developments
in this area include the BigBrain with a 20-micrometer resolution [89], a comprehensive
cellular-resolution (of 1 um/pixel) atlas linking macroscopic anatomical and microscopic
cytoarchitectural parcellations [90], a whole-brain cell atlas integrating anatomical, physio-
logical and molecular annotations for a complete characterization of neuronal cell types,
their distributions, and patterns of connectivity [91], a genomics brain atlas [56], an atlas of
brain transcriptome [92], an atlas of serotonin [93], and a proteomic brain atlas [94].

Several disease-specific atlases have been created, e.g., for Alzheimer’s disease [95],
dementia [96], stroke [97,98], brain tumors [99], and epilepsy [100]. Some of them en-
able the quantification of brain structural deficits in epilepsy, depression, schizophrenia,
Alzheimer’s disease, autism, and bipolar disorders [101]; others include the Probabilistic
Stroke Atlas [98] which facilitates outcome prediction, the Virtual Epileptic Patient atlas which
provides an automated brain region parcellation and labeling for epileptology and func-
tional neurosurgery [100], and the Probabilistic Atlas of Diffuse WHO Grade II Glioma Locations
which identifies the preferential locations of these gliomas in the brain [99]. A different
way of atlas use is presented in [102] to investigate genetic correlations between brain
phenotypes (attained as cortical surface area and thickness) and psychiatric/neurological
disorders by means of genetically informed brain atlases. This study revealed the asso-
ciation between global surface and fronto-parietal thickness with attention-deficit hyper-
activity disorder, temporal area with schizophrenia and autism spectrum disorder, and
fronto-occipital morphology with neurological disorders.

Ethnicity-based brain atlases enable comparison of neuroanatomy between various popu-
lations, such as Chinese and Caucasian [103] and Indian with Chinese and Caucasian [104].

The design, development, and validation of a human brain atlas is a painstaking
and time-consuming process that requires high attention to detail. The design principles
of a holistic and reference brain atlas are formulated in [105], computational methods
employed in brain atlas development are addressed in [106], visualization and interac-
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tion are discussed in [107], and a user-centric and application-balanced architecture cum
implementation of a reference human brain atlas is proposed in [13].

4. Brain Atlas-Assisted Applications

The human brain atlases are employed across education, research, and clinics [4]. In
neuroeducation, the brain atlas assists students and educators as a visual and interactive
tool with parcellated and labeled virtual brain models, equipped with an intuitive and
friendly user interface, able to communicate cerebral complexity in a more convenient
and comprehensible manner. In research, brain atlases focus predominantly on how to
integrate and openly share massive amounts of heterogeneous experimental data in a
common reference atlas space and to relate these data across scales. In clinics, brain atlases
are valuable computer-aided tools to support and enhance screening, diagnosis, treatment,
and prediction.

4.1. Education

The history of neuroanatomy over the centuries has been linked to the teaching
methods employed, including cadaveric dissection, plastination, observation of live models,
live surgery, animal dissection, synthetic models, bibliographic sources, radiology, and
audiovisual virtual reality including stereoscopy [108]. Electronic and interactive brain
atlases may be embedded in synthetic models, radiology, audiovisual virtual reality, and
computer-aided live surgery.

Several standard neuroeducational brain atlases have been developed, such as Digital
Anatomist [109], A.D.A.M. [110], The Electronic Clinical Brain Atlas [37], Voxel-man [78], The
Cerefy Atlas of Brain Anatomy [39], Primal’s Interactive Head and Neck [111], and The Cerefy
Clinical Brain Atlas [40].

In comparison to the standard brain atlases, advanced atlases provide novel features
in neuroeducation facilitating brain exploration and understanding. Examples of such
atlases are The Cerefy Atlas of Cerebral Vasculature [53], The Human Brain in 1492 Pieces [43],
The Human Brain in 1969 Pieces: Structure, Vasculature, Tracts, Cranial Nerves, Systems, Head
Muscles, and Glands [44], and The Human Brain, Head and Neck in 2953 Pieces [81]. These novel
features include continuous navigation and exploration, free composing and decomposing
of a 3D explorable scene (see Figure 2), joint surface and sectional anatomy, presentation in
context, correlation of anatomy and terminology, simultaneous presentation of multiple
systems, wide scope of presentations (from local to global neuroanatomy), virtual dissec-
tions, quantification, and generation of teaching materials [112,113] as well as automatic
testing and assessment of neuroanatomy knowledge [114] available, e.g., in The Cerefy Atlas
of Cerebral Vasculature [53].

Technology advancements open new avenues in brain atlasing, although on the
other hand, they may cause an increased cost and decreased accessibility of brain atlas
applications, especially for users in less privileged countries. To address this issue, I
have created the NOWinBRAIN 3D neuroimage public repository at www.nowinbrain.org.
NOWinBRAIN is a large (the largest so far), systematic, comprehensive, extendable, spatially
consistent, easy to use, long-lasting, and beautiful repository of 3D reconstructed images
of a living human brain extended to the head and neck populated with over 7800 images
(version 3.1) organized in 10 galleries. The design, development, and content of the
primary and multi-tissue galleries are addressed in [115], the combined planar—surface
gallery in [116], the dissection gallery in [117]; and the gallery of dual white matter—cortical
surfaces with the cerebral sulci in [118]. Note that despite the tremendous development of
various brain-related resources, such a repository is not yet available. This systematically
designed repository is empowered with many novel features, such as multi-tissue galleries,
the use of various spatially co-registered image sequences, and unique image-naming
syntax. It is freely available and easily accessible as a web resource without any password
or registration. These features make NOWinBRAIN valuable for neuroeducators, medical
students, neuroscientists, and clinicians, especially, in less privileged countries. The current
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users are from over 75 countries on six continents. Most users are from Europe and the
United States including the technologically advanced Silicon Valley. Frequent users are
from India, China, and Egypt. There are also visitors from Nepal, Afghanistan, Sudan,
Tanzania, Brazil, Argentine, and Peru.

Figure 2. Neuroanatomy composed of 3D pieces (such as Lego blocks) and parcellated by unique
color coding. The composed 3D scene contains the brain with the left hemisphere removed and the
right hemisphere parcellated into gyri and sulci, cervical spine, deep gray nuclei, cerebral ventricles,
intracranial and extracranial vasculature on the right, cranial nerves on the left, and the visual system
(an antero-left lateral view).

4.2. Research

Brain atlases are widely applied in research for various purposes and play a key role
in modern neuroimage analysis [119]. One of the main areas of brain atlas applications
is human brain mapping. Then, the brain atlases, such as the BrainMap [120] or the
Brain Atlas for Functional Imaging [38], provide the underlying neuroanatomy enabling
the activation loci in functional images to be automatically labeled with cortical areas
and stereotactic coordinates. Brain atlases are widely applicable for fast, automatic, and
robust segmentation of neuroimages [121-126]. Brain atlases are central tools for data
integration [127] enabling combining various brain-related information, such as micro- and
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macrostructural parcellation, connectivity, temporal dynamics, and regional functional
specialization [8]. The brain atlas also serves as a tool for localizing experimental data and
planning experiments [9] as well as to generate hypotheses about brain organization [10]. In
addition, brain atlases enable knowledge discovery; for instance, Makowski et al. employed
genetically informed brain atlases to determine the impact of genetic variants on the brain
in genome-wide association studies of regional cortical surface area and thickness in about
40,000 adults and 9000 children [102]. These studies uncovered 440 genome-wide significant
loci (largely acquired in childhood) related to early neurodevelopment and associated with
neuropsychiatric risk.

4.3. Clinics

The first clinical application of human brain atlases has been stereotactic and functional
neurosurgery. Initially, a digital atlas, such as The Electronic Clinical Brain Atlas [37], was
employed offline in the operating room to aid neurosurgery. Subsequently, the brain atlas
libraries derived from our brain atlas database [36] were directly incorporated into several
surgical workstations, including the StealthStation (Medtronic) [41], to assist neurosurgery.
In general, the brain atlas provides pre-, intra-, and post-operative support [128]. Pre-
operatively, the atlas assists to plan the target and trajectory as well as provides a list
of structures intersected by the trajectory. The usage of multiple brain atlases improves
the planning quality and surgeon’s confidence [129,130]. Intra-operatively, the brain atlas
specifies the structures already traversed by the electrode, identifies the actual structure
where the electrode tip is located, measures distances to important structures, and provides
the neuroanatomic and vascular context [130]. Post-operatively, the atlas enables the
examination of the precision of placement of the stimulating electrode or a permanent
lesion. Other atlas-assisted applications in neurosurgery include atlas-guided do-it-yourself
neurosurgery [41] and an atlas-enhanced operating room for the future [131].

Several brain atlas-aided proofs of concepts (prototypes) have been developed in some
other areas. Namely, in neuroradiology, brain atlases can assist in neuroimage interpretation
by segmenting and labeling brain scans including pathological, template-based reporting,
dealing with data explosion by facilitating processing multi-detector (especially 320-raw
computed tomography) scans, and communication for both doctor-to-doctor and especially
doctor-to-patient [132]. Multiple brain atlases have the potential in stroke management
including prediction, diagnosis, and treatment by providing automated processes ensuring
fast decisions [60,98,133]. In neurology, the 3D Atlas of Neurologic Disorders [134] demon-
strates various locations of brain damage, including local neuroanatomy, cranial nerves,
and cerebrovasculature, along with the resulting neurologic deficits, bridging in this way
neuroanatomy, neuroradiology, and neurology [135]. Finally in psychiatry, a brain atlas
allows for the automatic generation of neuroanatomic volumes of interest for statistical
analysis, e.g., to study schizophrenic patients and controls [136].

5. Future Developments

There has been an enormous explosion of human brain-related endeavors in the
last few years. These are advanced, big, government-led, and/or well-funded projects,
initiatives, and/or national brain programs, such as The Human Connectome Project to map
structural and functional connections to investigate the relationship between brain circuits
and behavior [51]; The Allen Brain Atlas to map gene expression [56]; The Big Brain to acquire
ultra-high resolution neuroimages [89]; The CONNECT project combining macro- and micro-
structure [137]; the Brainnetome project to understand the brain and its disorders, develop
methods for multi-scale brain network analysis, and create the Brainnetome atlas [138];
The BRAIN Initiative (Brain Research through Advancing Innovate Neurotechnologies) [139]
to develop technology to advance neuroscience discovery [140]; The Blue Brain Project to
simulate neocortical micro-circuitry [141]; The Human Brain Project to create a research
infrastructure to decipher the human brain, reconstruct its multiscale organization, and
develop brain-inspired information technology [142]; the Chinese Color Nest Project to
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study human connectomics across the life span [87]; the Japanese Brain/MINDS (Brain
Mapping by Integrating Neurotechnologies for Disease Studies) project to better understand
the human brain and neuropsychiatric disorders through “translatable” biomarkers [143];
and SYNAPSE (Synchrotron for Neuroscience—an Asia-Pacific Strategic Enterprise) to map the
entire human brain at sub-cellular level by employing synchrotron tomography [144]—a
proposal of how to build a corresponding human brain atlas I have recently presented at the
SYNAPSE 2022 meeting; https:/ /www.slri.or.th/th/index.php?option=com_attachmentsé&
task=download&id=4493 (28 December 2022).

These and other efforts have resulted in the acquisition of big data and the develop-
ment of diverse brain-related databases, such as BigBrain, Allen Brain Atlas, HCP (Human
Connectome Project) database and HCP Young Adult Data, BIRN (Biomedical Informatics Research
Network) MRI and fMRI data, OpenNEURO, OASIS (Open Access Series of Imaging Studies)
Brains Project, ABCD (Adolescent Brain Cognitive Development) Data Repository, BCP (Baby
Connectome Project) database, BP (bipolar disorder) neuroimaging database, and the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) as overviewed in [145]. Moreover, the BRAIN Initia-
tive resulted in the development of the Neuroscience Multi-Omic Archive repository contain-
ing transcriptomic and epigenomic data from over 50 million brain cells [146]. In addition,
the online community repository NeuroMorpho.Org contains more than 140,000 neural re-
constructions (including glia) consisting of 3D representations of branch geometry and
connectivity in a standardized format, and for each reconstruction, a set of morphometric
features is extracted [147].

The abovementioned large-scale endeavors and big data empowered with high-
performance computing at peta- and exascale will enormously increase our knowledge and
understanding of the human brain at various scales and will propel the development of
novel and more powerful brain atlases.

6. Summary and Conclusions

Neuroanatomy, as the study of the structure and organization of the nervous system,
and human electronic brain atlases, as tools to gather, present, use, and discover knowledge
about the human brain, are naturally linked. Consequently, this work addresses this human
brain atlas—-neuroanatomy mutual relationship.

Brain atlasing has progressed from the initial brain drawings and hand-drawn cor-
tical maps to advanced brain atlas platforms. Presently, human electronic brain atlases
have been advancing tremendously in terms of content, functionality, and applications.
The advancement is empowered by software engineering methods and tools, such as
databases, image processing, computer graphics, and virtual and augmented reality. This
advancement spreads in multiple directions which can be grouped with respect to scope,
parcellation, plurality, modality, scale, ab/normality, ethnicity, and combination of them.

Neuroanatomy has also been transformed enormously. From gross neuroanatomy
facilitated by cadaveric dissections to micro-neuroanatomy enabled by brain fixation tech-
niques combined with optical microscopy to nano-neuroanatomy empowered by modern
electron microscopy, genomics, proteomics, transcriptomics, and epigenomics, and also
from cadaveric neuroanatomy to living neuroanatomy enabled by modern imaging of struc-
ture, function, vasculature, structural and functional connectivity, and molecular processes.
Moreover, imaging offers new acquisition methods, ever-increasing spatial and temporal
resolutions, a better quality of images, and shorter acquisition times, all supported by
artificial intelligence.

This ever-growing neuroanatomical knowledge enables the creation of human elec-
tronic brain atlases. These atlases mirror the advances in neuroanatomy capturing the
dramatically increasing knowledge about the human brain in health and disease. Numer-
ous centers contribute to neuroanatomy and brain atlasing advancements from various
perspectives as briefly outlined here.

Furthermore, reciprocally, the developments in brain atlasing impact neuroanatomy
enabling the use, presentation, mining, dissemination, and growth of this knowledge as
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well as facilitating learning, understanding, exploring, researching, diagnosing, screening,
decision making, outcome prediction, and treatment of the human brain. In addition,
because of remarkable progress in brain atlasing, these atlases are able to more accurately,
realistically, and completely represent and present this neuroanatomical knowledge and
better disseminate and use it. In my opinion, human brain atlases are the best means to
represent, present, disseminate, and support neuroanatomy.

Finally, the impact on neuroanatomy and brain atlasing by the ongoing large brain
projects and acquired big data may be expected to be enormous.
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Abstract: This study evaluates ultra-low-dose computed tomography (ULDCT) protocols concerning
the detectability of pulmonary nodules. The influence of tube current settings, kernels, strength
levels of third-generation iterative reconstruction algorithms, and pitch was investigated. A chest
phantom with artificial spherical nodules of different densities and diameters was examined with a
third-generation dual-source CT. Scanning and post-processing protocols, tube current levels, and
ultra-high and non-high pitch modes were applied. Images were reconstructed with filtered back-
projection (FBP) or advanced model-based iterative reconstruction (ADMIRE) algorithms. Sharp
(B157) or medium-soft (Br36) convolution kernels were applied. The reading was performed by
an experienced and an inexperienced reader. The highest observer sensitivity was found using a
non-high pitch protocol at tube currents of 120 mAs and 90 mAs with the sharp kernel and iterative
reconstruction level of 5. Non-high pitch protocols showed better detectability of solid nodules.
Combinations with the medium-soft kernel achieved slightly higher observer sensitivity than with
the sharp kernel. False positives (FP) occurred more often for subsolid nodules, at a tube current level
of 120 mAs, and with the sharp kernel. A tube current level of 90 mAs combined with the highest
iterative reconstruction level achieved the highest accuracy in lung nodule detection regardless of
size, density, and reader experience.

Keywords: anthropomorphic chest phantom; detectability; iterative reconstruction; pulmonary
nodules; ultra-low-dose CT

1. Introduction

Lung cancer has been an important topic in medicine for a long time and is still one of
the biggest challenges for medical doctors and scientists worldwide [1-3].

In Europe, a total of 4,042,263 new cases were diagnosed in 2020 and 1,942,552 deaths
were attributed to lung cancer. It is the second most common cancer in men and the third
most common cancer in women. It also ranks first as the cause of cancer deaths for men
and ranks second for women. For both sexes and all ages, the mortality rate is 54.2, which
is by far the highest mortality rate of all cancers in European countries [2].

Treatment outcome is significantly better in the early stages of the disease [4]. However,
three-quarters of lung cancer diseases are only diagnosed after they reached a point beyond
curative treatment [5].

Chest X-ray has been the method of choice to investigate lung cancer in patients, but
due to its limited sensitivity, it could not be used for screening. In previous studies using
X-rays as a screening method, lung cancer was diagnosed more often, but mortality was not
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affected [6]. In the randomized PLCO (Prostate, Lung, Colorectal, and Ovarian) screening
trial, lung cancer screening involved four annual chest radiographs for up to four years.
There was no evidence of a shift in stage at diagnosis, nor of significantly lower lung cancer
mortality [7].

In 2011, the National Lung Screening Trial (NLST) was the first to show a significant
20% reduction in lung cancer mortality through annual computed tomography (CT) screen-
ing of high-risk patients compared to chest radiography resulting in earlier detection of
cancer lesions [8].

In 2012, the Lung Cancer Screening Panel of the National Comprehensive Cancer
Network in the USA was the first to officially recommend annual LDCT screening for
high-risk individuals, and in 2013, the American Cancer society published lung cancer
guidelines including LDCT screening [9].

In 2017, a European interdisciplinary consensus statement named CT the best method
available to date for lung cancer screening and recommended planning the implemen-
tation of lung cancer screening in high-risk individuals throughout Europe at certified
multidisciplinary medical centers [9].

When The Nederlands-Leuvens Longkanker Screening Onderzoek (NELSON) results
were published in 2020, they reported a 26% reduction in lung cancer mortality in men and
a 36% reduction in mortality in women after a 10-year follow-up. The screening was found
to result in a systematic shift and earlier diagnosis at a lower stage [10,11].

To date, however, there is no established low-dose CT screening for lung cancer in
many European countries. Critical points are a high rate of over-diagnosis, a bad risk—
benefit ratio concerning radiation exposure of asymptomatic individuals in the screening
situation, and missing guidelines and standardized protocols for the different CT scanners
available [11-13].

Due to the constant and fast technological advances in the field of radiology, the
possibilities for screening are also constantly improving. As screening is implemented
in more countries, radiologists will need data to rely on when optimizing their setup for
screening. There have been few approaches to optimizing CT protocols so far.

In 2020, a study evaluated nodule visibility using different effective mAs levels. They
concluded that a high detection rate can be achieved at low mAs if the other detection
parameters are set as best as possible [14].

We raised the general question about which settings contribute best to improving
screening. In this study, we investigated dedicated ultra-low dose CT (ULDCT) protocols
using a third-generation dual-source CT with ultra-high pitch and different post-processing
settings to evaluate their impact on the observer sensitivity for the detection of pulmonary
nodules at different reader experience levels using an anthropomorphic phantom.

2. Materials and Methods
2.1. Phantom and Setup

The anthropomorphic chest phantom used in this study was life-sized and equipped
with an artificial thoracic wall, heart, mediastinum, diaphragm, and lung with pulmonary
vessels (Figure 1). The soft tissue was made of polyurethane resin, and for bone structures,
epoxy resin was used.

Artificial spherical nodules with a density of 100 Hounsfield units (HU) were made of
polyurethane resin to represent the more common but also often benign solid pulmonary
nodules. To represent the rare, but often malignant, subsolid nodes, nodules with densities
of —630 HU and —800 HU were made of polyurethane foam resin. There were five different
diameters: 3, 5, 8, 10, and 12 mm (Figure 2).

A third researcher who was not involved in the readout randomly distributed the
nodules in both lobes of the lung so that their position would remain unknown to the
readers. The artificial nodules adhered to the artificial bronchovascular structures inside
the phantom. This was repeated 13 times to generate 13 different settings.
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Figure 1. Anthropomorphic chest phantom.

Figure 2. Artificial nodules with diameters of 3, 5, 8, 10 and 12 mm in 3 densities (from left to right
solid +100, subsolid —630 and —800).

2.2. Data Acquisition and Post-Processing

The phantom was scanned with different ultra-low-dose protocol combinations using
a third-generation dual-source CT scanner system (2 x 192 slices; Somatom Force, Siemens
Healthineers, Forchheim, Germany). The protocol parameters were a tube voltage of
100 kVp with a tin filter (100 kVp/Sn), four different tube current levels of 30 mAs, 60 mAs,
90 mAs, and 120 mAs, a rotation time of 0.25 s, detector collimation of 192 x 0.6 mm, and a
matrix size of 512 x 512.

Each of the setups created was scanned with a non-high pitch of 1.2 and an ultra-high
pitch of 3.2. The slice thickness was constantly kept at 1.5 mm, along with an increment of
1.0 mm throughout all study post-processing.

Filtered back-projection reconstruction (FBP) and advanced model-based iterative
reconstruction (ADMIRE) at the strength levels of 1, 3, and 5 were applied. All scans were
reconstructed once with a lung kernel BI57 (“sharp”) and once with a medium-soft kernel
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Br36 (“soft”) for the study read-out (Table 1). Due to the use of an artificial chest phantom,
IRB approval was not required for this study.

Table 1. Reading overview.

Reconstruction Kernel

Pitch mAs (3rd Generation Iterative
Reconstruction Strength)
non-high pitch (1.2) 120 Br36(3)
ultra-high pitch (3.2) 90 Br36(5)
60 BI57 (FBP)
30 BI57(1)
BI57(3)
BI57(5)

2.3. Data Analysis

The reconstructed images were archived in the hospital’s research Picture Archiving
and Communication System (PACS). For image analysis, dedicated software was used
(Osirix DICOM viewer Version v.11.0 64-bit, Pixmeo, Geneva, Switzerland). The maximum
intensity projection (MIP) was set to 10.

A total of 221 datasets were evaluated by two readers. One was an experienced
radiologist with over 15 years of experience in thoracic CT imaging. The other one was
an inexperienced reader—with no relevant experience in chest CT evaluation so far—who
received basic training before the evaluation. Both readers were blinded to the number,
location, and size of nodules within each of the nodule settings. To check the visibility
of the nodules a control scan outside the chest phantom was performed for all protocols
(Figures 3 and 4). Records were kept on the number of nodules found in every setup and
their measured density.

Figure 3. Test scan, 12 mm nodules of all densities.
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Figure 4. Test scan, 3 mm nodules of all densities.

2.4. Statistical Analysis

The statistical analysis and the creation of graphs were performed by a professional
statistician from the Department of Medical Statistics, Biomathematics, and Information
Processing of the University Medical Centre Mannheim. The dedicated software used was
SAS v9.4. 64-bit, SAS, Cary, NC, USA.

Observer detection sensitivity was calculated per setup as a percentage of true posi-
tives out of all findings. The Kruskal-Wallis test and the Mann—Whitney U-test for uncon-
nected samples were performed.

Results are presented as the mean + standard deviation. False positives (FPs) are
presented as an absolute number and relative percentage.

3. Results
3.1. Observer Sensitivity

The highest observer sensitivity for both readers irrespective of nodule density was found
in the non-high pitch protocols ADMIRE 5 sharp-120 mAs and ADMIRE 5 sharp-90 mAs
with an observer sensitivity of 76.7% each (Table 2). The lowest observer sensitivity of 54.7%
was achieved with protocol FBP sharp-30 mAs using an ultra-high pitch. The readers achieved
a mean overall observer sensitivity of 68.5% =4 20.6 (p = 0.02).

Table 2. Observer sensitivity of both readers, overall densities.

Reconstruction
Kernel (3rd Generation mAs 120 mAs 90 mAs 60 mAs 30
Iterative Reconstruction Strength)
Br36(3) 66.7 60.7 69.4 68.0
Br36(5) 70.7 60.0 72.0 68.7
non-high pitch BI57 (FBP) 69.4 66.7 60.7 59.4
BI57(1) 71.3 67.4 62.7 62.0
BI57(3) 74.7 734 714 68.7
BI57(5) 76.7 76.7 75.4 71.4
Br36(3) 68.0 70.7 68.7 67.4
Br36(5) 67.4 69.4 70.0 66.0
ultra-high BI57 (FBP) 66.7 65.4 63.4 54.7
pitch BI57(1) 65.4 66.0 64.7 56.0
BI57(3) 66.0 69.4 66.0 56.0
BI57(5) 72.0 72.7 66.7 62.7
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For nodule densities of 100 HU, the highest observer sensitivity was measured for
ADMIRE 3 sharp-30 mAs with 90% at the non-high pitch. The lowest sensitivity was 68%
and was achieved in the protocols ADMIRE 5 soft-120 mAs and FBP sharp-30 mAs with
ultra-high pitch and ADMIRE 3 soft and ADMIRE 5 soft at 90 mAs with non-high pitch.

For nodule densities of —630 HU, the best results in detection were achieved with
ADMIRE 5 sharp-120 mAs with an 80% observer sensitivity at the non-high pitch. The
highest results were obtained with ADMIRE 1 sharp-120 mAs at the ultra-high pitch and
FBP sharp at 60 mAs and 30 mAs at non-high pitch (58%).

For nodule densities of —800 HU, ADMIRE 5 sharp-120 mAs showed a sensitivity
of 72% at the non-high pitch. Only 34% was achieved with ADMIRE 1 sharp-30 mAs
and ADMIRE 3 sharp-30 mAs at the ultra-high pitch and FBP sharp-30 mAs at the
non-high pitch.

3.2. Pitch

Non-high pitch protocols showed significantly better results for the nodule densities
of 100 HU and overall compared to ultra-high pitch protocols. The experienced reader
achieved a mean observer sensitivity of 77.8% =4 35.8 with non-high pitch vs. 59.4% =+ 40.2
with ultra-high pitch at 100 HU (p < 0.01). For all nodule densities, he reached 70.0% =+ 20.4
with non-high pitch and 62.1% =+ 22.5 with ultra-high pitch (p < 0.01).

The highest observer sensitivity for both readers combined was achieved with the
non-high pitch for nodule densities of 100 HU with 80.4% =+ 34.5 (p < 0.01). The lowest was
achieved for nodule densities of —800 HU at non-high pitch (58.5% =+ 36.3).

3.3. Tube Current Level

From 30 mAs-120 mAs, the observer sensitivity increased steadily. The lowest observer
sensitivity was obtained at 30 mAs (64.6% =+ 21.2).

The inexperienced reader obtained the highest accuracy over all densities at the
highest tube current setting at 120 mAs (73.5% =+ 17.6; p = 0.03) (Figure 5), while the
experienced reader achieved the highest observer sensitivity with 68.8% + 20.5 at 90 mAs
and 67.9% =+ 25.4 at 120 mAs (p = 0.07) (Figure 6).
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Figure 5. Observer sensitivity vs. mAs, all densities—inexperienced reader.
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Figure 6. Observer sensitivity vs. mAs, all densities—experienced reader.

For nodule densities of —800 HU, both readers combined achieved the best observer
sensitivity at 120 mAs (65.6% =+ 35.29) and the lowest results at 30 mAs (49.2% =+ 35.9).

The dose decreased from a DLP of 14.31 at 120 mAs to 11.00 at 90 mAs and 7.15 at
60 mAs to 3.69 at 30 mAs. The conversion factor from DLP to mSv was 0.015.

3.4. Kernel

There was a tendency for the highest observer sensitivity to occur for all images
combined with the soft kernel for both readers together (68.8% + 20.8, p = 0.60) as well as
for each alone (71.0% =+ 18.9, p = 0.80 and 66.6% =+ 22.3, p = 0.64). However, these results
were not significant. Nevertheless, the results of both kernels were close to each other
(Figures 7 and 8).
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Figure 7. Observer sensitivity vs. kernel, all densities—inexperienced reader.
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Figure 8. Observer sensitivity vs. kernel, all densities—experienced reader.

There was an improvement in observer sensitivity with increasing nodule density for
both kernels and both readers. The highest observer sensitivity was achieved with the
sharp lung kernel at —800 HU (58.5% = 36.5).

3.5. False Positives

The protocol with the most FPs was ADMIRE 3 soft-120 mAs at non-high pitch (4 of
40 FP; 10%). For nodule densities of 100 HU, there were only 6 FPs (15%), for —630 HU,
there were 15 FPs (38%), and the most false positives occurred at —800 HU (19 FPs, equal
to 48%).

Considering the mAs level, the most FPs occurred for a mAs setting of 120 (15; 38%).

Furthermore, 24 FPs (60%) occurred with the sharp kernel and 16 (40%) with the
soft kernel.

4. Discussion

There have not been many trials using third-generation dual-source CT for lung ex-
aminations. A study from 2019 compared a dual-source CT of this generation with a
16-row Light-speed CT in the examination of pediatric oncology patients. They unsurpris-
ingly achieved significantly lower tube voltage and tube current with better image quality
with the dual-source scanner. Moreover, a reduction of motion artefacts was apparent [15].

In 2020, another group investigated the sensitivity of multidetector CT for the detection
of interstitial lung disease. They measured a high sensitivity of 91.4% [16].

In our study, dual-source CT images reconstructed with ADMIRE 5 were found to
give better results than lower ADMIRE settings or FBP.

While ADMIRE 5 sharp-30 mAs at non-high pitch reached an observer sensitivity of
71.4%, a tube current of 60 mAs was needed to reach the same value as ADMIRE 3 sharp at
the non-high pitch. ADMIRE 1 sharp required 120 mAs to achieve 71.3%, and FBP sharp
only reached 69.4%, even at 120 mAs (Table 2). This shows how iterative reconstruction
algorithms can reduce the dose while obtaining high observer sensitivity rates using the
manual readout.

Several trials support this evidence. The previously mentioned study from 2019 proved
similar to another iterative reconstruction mode, adaptive statistical iterative reconstruction
(ASIR-V, GE Healthcare, Chicago, IL, USA), which was also able to improve image quality
in ULDCT compared to FBP in a lung phantom [17].
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As early as 2011, another study showed a dose reduction of 40% for second-generation
dual-source CT while applying iterative reconstruction in images space (IRIS, Siemens
Healthineers, Erlangen, Germany) to result in the same noise as FBP at a 100% dose in a
phantom [18].

While the efficacy of iterative reconstruction is not unheard of, it is of interest for the
clinical routine to know what level of reconstruction might achieve the best results. In 2015,
a study compared FBP to ADMIRE 3 and 5 while reducing the radiation dose in a similar
setting using a chest phantom and artificial lung nodules on a third-generation dual-source
CT. They noted significantly lower image noise and fewer false positives of nodules using
ADMIRE 5 [19].

In line with that, our findings showed ADMIRE 5 as the best choice for all reconstruc-
tion modes for the detection of lung nodules.

Furthermore, ultra-high pitch and non-high pitch were compared. For the inexperi-
enced reader, there was no significant difference (p = 0.06). The experienced reader showed
a significantly higher observer sensitivity for non-high pitch protocols in the U-Test for the
densities of 100 HU (p < 0.01) and overall (p < 0.01). This result indicates that radiological
practices that only have standard equipment can also offer screening with their equipment
as many scanners only provide pitch levels up to 1.5. The experience of the reader seems to
be of greater importance here than the advantage of the pitch.

From our point of view, there is no apparent explanation for these results. However, a
research group evaluated the influence of high pitch on the accuracy of volumetry for solid
pulmonary nodules using a second-generation CT in a similar setup in 2015 [20]. They also
concluded that the accuracy was comparable to those of conventional pitch but also found
high-pitch protocols to be less accurate for the volumetry of smaller nodules. This might be
dependent on the use of an artificial phantom thorax with no breathing. In reality, ultra-
high pitch is primarily a method to reduce radiation dose and motion artefacts. Especially
in screening, the patient should be exposed to as little harmful radiation as possible so that
the benefit outweighs the risk of the examination. Therefore, ultra-high pitch, which is
expected to be of great benefit under real conditions, might not provide an advantage here.
In 2018, another group of researchers demonstrated on a second-generation dual-source
CT that ultra-high pitch improves image quality and lowers radiation exposure at the
same time when used for coronary angiography [21]. With this, image quality was mainly
determined by motion artefacts.

Keeping this in mind, the setting should still be useful for lung screening in a clinical
routine, when the patient is breathing, and radiation dose needs to be considered.

Results show that a higher tube current equals a higher observer sensitivity. In 2010,
a study showed a diagnostically relevant decrease in quality below 60 mAs in a dose
simulation study of lung parenchyma at a high-resolution kernel [22]. This lines up with
the findings of our study. Especially with low-density nodules, choosing the right tube
current can improve the reader’s detection rate. With high-density nodules, only the
inexperienced reader had a significant benefit.

The number of false-positive nodules was at its maximum across all densities at the
mAs setting of 120 (15; 38%), while 90 mAs showed the lowest number (4; 10%) and 60 mAs
showed 6 FPs (15%). This could be an indication that 90 mAs would be the best compromise
between observer sensitivity and false positives. The cause of this difference should be
evaluated in more detail in further studies.

Another outstanding result is that the kernels do not make that much of a difference.
The soft kernel is normally applied to soft tissue and is often excluded from studies on
the lung. Although the best observer sensitivity for both readers combined was achieved
with a sharp kernel at 100 HU (76.6% =+ 36.6), there has been a tendency toward better
detectability with the soft kernel across all nodule densities combined, as well as for the
subsolid nodules (p = 0.60).

Additionally, the sharp kernel showed more false positives across all densities than
the soft kernel (24; 60% vs. 16; 40%). In total, it not only shows more false positives but also
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insignificantly worse results than the soft kernel. Considering this, the habit of including
only the sharp kernel in studies and its status as the standard lung kernel might need to be
reconsidered, especially given the number of FPs occurring.

With decreasing nodule density, the number of FPs increased. As mentioned before,
at 100 HU, only 15% of all FPs occurred, while at —630 HU, it was already 38%. Almost
half of the false positives occurred at —800 HU (48%). This illustrates the often-mentioned
issue of overdiagnosis. The NELSON trial showed an overdiagnosis rate of 19.7% in real
patients within ten years and 8.9% after eleven years, claiming that a longer screening
interval can reduce false positives [10]. This was not possible to include in our phantom
study. However, it can be seen clearly that the overdiagnosis rate is much lower for solid
nodules and increases with diminishing density.

Limitations

The use of a phantom causes some limitations. First, it does not breathe. Second, it
shows factory-caused irregularities, which might feign nodules. Furthermore, the nodules
inevitably adhere to the structures of the phantom and cannot be located freely in the
parenchyma. This makes measurement more difficult for the readers and might have
increased the number of false positives.

Another limiting factor was the use of spherical nodules only. There is no information
on whether these correlations also apply to spiculated or lobulated nodules.

There was no semi-automated software involved in the assessment. A complementary
phantom study focusing on the possible advantages of using computer-aided detection
(CAD) can be found by the same institution with an identical chest phantom setting and
similar scan parameters [23].

Furthermore, it cannot be ruled out that the inexperienced reader benefits even from
a small training effect. To minimize this influence, a two-week briefing and practice time
was allowed to become accustomed to the data analysis course.

Thirteen different setups were scanned for each protocol. Both assessors were com-
pletely blinded to the number and location of nodules. Moreover, they had no information
if the enumeration of setups was changed in between. This ought to avoid a recognition
effect. The tube voltage and current levels, kernels, and reconstruction settings were mixed
so that they would not become familiar with one setting.

As can be seen, a high standard deviation was determined. To increase the sharpness
of the results, the number of assessors and readings should be expanded further in future
studies.

5. Conclusions

Overall, this chest phantom study showed no difference in nodule detection when
using ultra-high pitch protocols compared to a regular pitch mode. The same applies
to the sharp kernel and soft kernel. We found the highest nodule detectability with an
increasing tube current and at high iterative reconstruction levels. A protocol containing
third-generation iterative recon algorithms at high strength and 90 mAs appears to provide
the best balance between observer sensitivity and false positives in the detection of solid
and subsolid nodules from 3-12 mm.
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Abstract: Flaminio Rota was a 16th century anatomist and medical figure at the University of Bologna.
He was highly praised, despite his poor scientific production. As a matter of fact, Rota competed with
scientific activities in different anatomical arguments, but he did not publish any important research.
Nevertheless, we know the principal results of his scientific activity because indirect information can
be found in other publications, where some of his studies were emphasized by his contemporary
colleagues. Henning Witte even mentioned Rota as a very famous Italian medical figure, together with
Galilei and Santorio. On the other hand, Rota was a highly esteemed teacher. The best evidence of
his recognition is well-documented in the Palace of Archiginnasio in Bologna, where Rota’s teaching
activity was praised with six memorial epigraphs. In the south-eastern outskirts of Bologna, there
is an 18th century villa, including a more ancient annex, that belonged to Rota. At this location,
the upper parts of the walls and the ceiling are decorated with a pictorial cycle illustrating medical
scenes. In this paper, we theorize regarding his scientific thinking by analyzing the pictorial cycle
he commissioned.

Keywords: Flaminio Rota; University of Bologna; anatomy; university teaching; university research

1. Introduction

Flaminio Rota (1555-1611) was a 16th century anatomist and medical figure at the
University of Bologna. Rota’s career was influenced by the fame of his father, Giovanni
Francesco Rota (1520-1558). From 1546-1547, Giovanni Francesco graduated in Philosophy
and Medicine at the University of Bologna, becoming a professor of anatomy and surgery.
His works were particularly appreciated, including his most important book, De bellicorum
tormentorum vulnerum natura et curatione liber (A Book on the Nature and Treatment of Artillery
Wounds in War), written on the basis of his experience as a military surgeon, describing
the effects of contusions and shell explosions. Gunshot wounds were a very new field
of research at that time. A bust was placed inside the famous anatomical theater of the
Archiginnasio of Bologna in his memory [1].

Flaminio followed the career of his father. He graduated in Philosophy and Medicine
at the University of Bologna on 8 March 1577, and he enrolled in all of the most important
medical institutions in the city. Since 1579, he was a lecturer (Ad lecturam chirurgiae), and
from 1589-1590, he also taught anatomy (Ad anathomiam), until his death (16 January
1611). Although the chairs of anatomy and surgery were separated at the behest of Aranzio
in 1570, there was certainly still a strong affinity between the two disciplines [2-5]. Lectures
in surgery were based on Galen’s tripartite work: (1) De tumoribus praeter naturam (Unnat-
ural Tumors); (2) De ulceribus (Ulcers); and (3) De vulneribus (Wounds) [6]. Rota’s famous
colleagues were Giulio Cesare Aranzio (1530-1589), pupil of the famous Flemish anatomist
Andreas Vesalius (Andreas van Wesel; 1514-1564), Gaspare Tagliacozzi (1545-1599), a
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pioneer in plastic surgery, Girolamo Mercuriale (1530-1606), who renewed the therapy
of syphilis, and Giovanni Battista Cortesi (c. 1553-1634), known for his pharmacopeia
and anatomical studies on the central nervous system [1]. In 1595, Rota enrolled in the
prestigious Collegio di Filosofia e Medicina, an important status symbol in Bologna, which
allowed special contact between political and economic circles [7].

Rota was also an appreciated surgeon and physician. From 1576 to 1580, he was a
student assistant (a so-called astante) at the Hospital of Santa Maria della Morte in Bologna.
The student assistant fed the sick and poor according to the dietetic prescriptions indicated
by the physicians. Rota also needed to visit the sick several times a day, checking medica-
tions and reporting on patient pain levels. From 1578 until his death, Rota was active as a
surgeon at the Hospital of Saint Job of the Incurable, one of the first hospitals specialized
in venereal diseases. In 1585, he was named “supernumerary surgeon” at the Hospital of
Santa Maria della Vita [6,8].

Medici [3] evidenced that some historians neglected Rota’s memory, very likely be-
cause he never published his scientific research. In the past centuries, the modern aphorism,
“publish or perish,” was not so compulsory and determinant. In the time of Rota, only the
lower-status learned surgeons were really moved to publish their anatomical and surgical
practical activities to gain advancement and to establish their names. An example of such
a situation can be found at the University of Bologna, where five surgeons had different
backgrounds. Giulio Cesare Aranzio and Gaspare Tagliacozzi came from the artisanal class,
whereas Giovanni Battista Cortesi was born into poor conditions. On the contrary, Rota and
Angelo Michele Sacchi (1538-1611) were part of medical families of collegiate physicians.
Therefore, not surprisingly, both Rota and Sacchi were the only ones to not publish. As a
matter of fact, Rota competed with scientific activities in different anatomical arguments,
but he did not publish any important research. Nevertheless, we know the principal
results of his scientific activity because indirect information can be found in other publi-
cations. Some of his studies were admirably mentioned by his contemporary colleagues,
including Ulisse Aldrovandi (1522-1605), Vincenzo Alsario dalla Croce (1576 ca-1632),
Giovanni Battista Codronchi (1547-1628), Daniel Sennert (1572-1637), and Giovanni Zecchi
(1533-1601) [1]. In Memoriae medicorum nostri seculi clarissimorum renovatae decas prima
(Memoirs of the Most Famous Physicians of our Century, Renewed in the First Decade), Henning
Witte (1634-1696) even mentioned Rota as a very famous Italian medical figure, together
with Galileo Galilei (1564-1642) and Santorio Santorio (1561-1636) [9].

The memory of Flaminio Rota was guaranteed by his teaching ability. Thus, “Rota built
his career upon his ability as a teacher, both in private and in public, and by exploiting the
social prestige he inherited from his family tradition” [8]. Indeed, Rota was undoubtedly a
praised teacher. The Palace of Archiginnasio in Bologna preserves the best evidence of the
recognition of his teachings [3,10,11]. This palace was the seat of Bologna University, where
today, visitors can still appreciate a remarkable collection of coats of arms referring to the
different colleges, as well as marble epigraphs, in memory of professors particularly praised
by students. In this context, when alive, Rota was celebrated with six memorial epigraphs.
To have an idea of the value of this recognition, the previously mentioned anatomist,
Aranzio, deserved eight epigraphs. Rota’s success was due to the radical innovation he
provided in anatomical teaching, with interactive lectures and open discussions, and, in the
course of public anatomy lectures, he was quick to provide solutions to “the very difficult
objections raised extemporaneously by distinguished scholars” [11]. It is solely for this
reason that he is regarded as a celebrated anatomist [1].

Other than his teaching ability, what do we know about Rota? In this paper, we try to
theorize regarding his scientific thinking by analyzing the pictorial cycle he commissioned
in his Bolognese country house.

2. Rota’s Life on the Walls

Although he never published his scientific works, Flaminio Rota’s fame has become
known to us thanks to the epigraphs that his students left on the walls of the Archiginnasio,
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which are still visible to everyone, to celebrate his teaching skills. Less visible is the direct
testimony from Rota that would likely represent his scientific thoughts.

In the south-eastern outskirts of Bologna, there is an 18th century villa realized by
the architect Angelo Venturoli (1749-1821). It includes a more ancient annex that is likely
to be the country estate of Flaminio Rota—the presence of his heraldic crest makes this
hypothesis very plausible—whose intended use has not yet been recognized with certainty.
After many years of neglect, the villa, known as Villa Rivalta or Villa Negri, was restored in
the 2000s and is currently a privately inhabited property (Figure 1).

Figure 1. Villa Rivalta today. On the left, covered by trees, is Rota’s ancient annex building that is
decorated with a pictorial cycle illustrating medical scenes.

Inside the annex, the upper parts of the walls and the ceiling are decorated with a
pictorial cycle illustrating medical scenes. Here, archives witness that Rota hosted students,
as it was the custom at that time. For example, the official biographies of Cesare Magati
claim this [3,12]. Thus, it is likely that the building was intended both for professional
and educational activity. The frescoes are attributable to the school of Cesare Baglione
(1550-1615), who was very active in Bologna at the end of the 16th century. The pictorial
cycle may have been made between 1580 and 1610. A stone architrave placed under
the frescoes, engraved with MDCIX (1609), suggests that this year corresponds with the
pictorial realization. The work was likely commissioned before Rota’s second marriage in
1610 [13].

The decoration of the ceiling (Figure 2), implanted on very curled cartouches and
grotesques, with figures of birds, presents a human figure at the center of each background,
delimited by the joists. Among these, pagan divinities (Mars, Venus, Diana, Minerva,
Mercury, and another disappeared due to the collapse of a portion of the canopy that
supports the painted surface) (Figure 3) alternate with putti. The heraldic symbol of the
wheel (in old-fashion Italian, Rota means wheel) appears in badges that accompany the
mythological figures, and it is also found in the hand of one of the putti, who is playing
with it.
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Figure 2. General view of the decoration of the ceiling of Rota’s annex.

Figure 3. Ceiling details of Rota’s annex. From left to right: Mars, Mercury, Venus, and Diana.

For the purposes of this study, the most interesting images are undoubtedly those
painted on the upper parts of the walls of the room. In fact, the room is frescoed with a
series of oval paintings, two on each wall, which depict scenes that recall the fundamen-
tal disciplines of medical practice and well-known characters in the history of medicine.
This was likely to be considered the most relevant by the client. In each oval painting,
explicit writings identify the discipline and the characters depicted, leaving no interpreta-
tive doubts.

It is very likely that the pictorial cycle was inspired by the title page of the Hippocratis
Coi opera, that is, the publication of the writings of Hippocrates in Venice by Giunti printers
in 1588 and supervised by Girolamo Mercuriale [14]. It was engraved with a burin by the




Anatomia 2023, 2

Italian engraver and publisher by Giacomo Franco (1550-1620), as attested by the signature
“Tacobus Francus f.” affixed to the lower right corner. It was later used until 1609 by the
same publishers for the editions of scientific works in folio format (for example, Avicenna’s
Canon) [15] (Figure 4).

HIPPOCRATIS
Cc o1

OPERA QVAE EXTANT
GRAECE ET LATINE

\&| MEDICORVM PRINCIPIS-

Clﬂﬂl‘l N i’,‘xlh’!;v,;

QVO PNIVERSd ME-|f
dends feientia pulcherrima, €5 brewi
methodo planisfime explicatur.

HI1ERON, MERCVRIALL
FOROLIVIENSL

Eiufdem

T &
O Ly Bompiy o

Figure 4. Frontispieces of Hippocrates’ [14] and Avicenna’s [15] works, published by Giunti. Permis-
sion was granted by the Ministero dei Beni Culturali (commons license CC BY-NC-SA 3.0 IT).

Mercuriale is remembered as one of the fathers of dermatology. His De morbis cutaneis
et omnibus corporis humani excrementis (Diseases of the Skin, and All the Wastes of the Human
Body) in five volumes, collected around 1572, is considered the first treatise on dermatology.
In 1587, Mercuriale left the chair of Padua to move to Bologna. At that time, Rota was
already a lecturer in anatomy and surgery and a surgeon at the Hospital of Saint Job, set up
for the treatment of syphilitics. It is conceivable to think that the two physicians met and
confronted each other on scientific issues.

3. About the Frescoes

On the eastern wall, the first oval painting is dedicated to CHIRVRGIA (surgery),
where a scene of the trephination of the skull is depicted. The operation is being performed
by Podalirius and Machaon (the names of the two surgeons appear near their feet as
“PODALIRIVS” and “MACHAON”), who are supported by two assistants. Podalirius
and Machaon were doctors from Greek mythology. Tradition has it that they were sons of
Asclepius (god of medicine) and Epione (princess of Kos). They learned their healing arts
from their father and the centaur Chiron [16,17]. This image is also found in the title page
of Giunti’s edition, supervised by Mercuriale (Figure 5).

102



Anatomia 2023, 2

Figure 5. Left: Oval painting dedicated to surgery, where Podalirius and Machaon are depicted.
Right: A similar detail taken from the frontispiece of Giunti’s edition.

The next oval painting represents the “distillery” (at the bottom, there is the inscription
DESTILATORIA), where a figure with the explanatory inscription MESVES approaches
a colossal support full of stills. The distillery also appears in the frontispiece but with no
characters nearby (Figure 6).

Figure 6. Left: The oval painting represents the “distillery,” where Mesue is the protagonist of the
scene. Right: The distillery in the frontispiece of Giunti’s edition.

Distillery, and in particular, the use of alcohol, is attributed to the Arab tradition.
However, it is curious to note that to represent this practice, Rota did not use the much
better-known Avicenna (represented in another oval painting) or Rhazes, remembered
in the history of medicine for his pioneering alchemical studies based on distillation.
Mesue is known as Mesue senior, that is, Yuhanna Ibn Masawaih (777-857). He became a
knowledgeable physician and anatomist, and he was appointed as director of a hospital in
Baghdad. He was the personal physician to four caliphs. He composed medical treatises
on a number of topics, including ophthalmology, fevers, leprosy, headache, melancholia,
dietetics, and medical aphorisms. One of Mesue’s treatises concerns aromatics, entitled
On Simple Aromatic Substances. It was reported that Mesue regularly held an assembly
of some sort, where he consulted with patients and discussed subjects with pupils. He
apparently attracted considerable audiences, having acquired a reputation for repartee. He
translated various Greek medical works into Syriac, but wrote his own works in Arabic.
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Apes were supplied to him by the caliph al-Mu’tasim for dissection. Many anatomical and
medical writings are credited to him, notably the Disorder of the Eye (Daghal al-"ain), which
is the earliest systematic treatise on ophthalmology extant in Arabic, and The Aphorisms,
the Latin translation of which became very popular in the Middle Ages [18]. Mesue
was representative of a transition period in Arabic medicine, when physicians no longer
limited themselves to translations but also began to develop original medical studies and
practices [19]. In his works, there were many innovations that would provide the basis for
the theory and practice of pharmacy for centuries and arguably formed part of the artisanal
epistemological influence on the scientific revolution [20].

In the first oval painting of the southern wall, there is a scene where a sick person,
naked on a bed, is visited by Aulus Cornelius Celsus and Nicola Fiorentino (as reported
in the captions CORNELIVS CELSVS and NICOLAVS FLORENTINVS). At the bottom,
there is the inscription TUTO CITO IVCVNDE (Figure 7). Cito tuto iucunde (meaning
to treat patients “swiftly, safely, and sweetly”) was a motto of Asclepiades of Bithynia
(c. 130-40 BC). He opposed the humoral conception of Hippocrates and affirmed the
atomistic doctrine, believing that all the phenomena of life must be attributed to mechanical
laws, considering that diseases reside in the atoms, which live in continuous movement
among them and are joined by channels, the so-called pores. As a skilled surgeon, he
was certainly the first doctor who came to Rome to practice medicine based on scientific
concepts [17,21].

o Tuts Ciro tucunde

Figure 7. Left: Oval painting on the southern wall depicting Aulus Cornelius Celsus and Nicolo
Falcucci at work. Middle: Herophilos seated in front of a table on which the dissection instruments
are exhibited; on the floor of the room where he sits is the inscription Tuto Cito Iucunde (frontispiece
of Giunti’s edition). Right: Galen intent on dissecting a corpse under the gaze of Eudemus and
Alessandro Damasceno (frontispiece of Giunti’s edition).

However, this fresco can raise doubts concerning its interpretation [13]. Indeed, in
Giunti’s edition, the motto is associated with another scene, which depicts the anatomist,
Herophilos, seated in front of a table with dissection instruments. It is evident that the
artist’s intentions were to depict an anatomical dissection exercise. In fact, on the fron-
tispiece, this vignette is in the right column, where surgery scenes are depicted. Further-
more, Giunti’s frontispiece features Galen (ca. 129-ca. 200) intent on dissecting a corpse
under the gazes of the philosopher Eudemus, who benefited from his care, and Alessandro
Damasceno, who, according to the tradition, was skeptical of the experiments carried out by
Galen [22,23]. On the other hand, in the oval painting, the three figures were reinterpreted
to feature Aulus Cornelius Celsus (c. 25 BC—. 50 AD) and Nicolo Falcucci (also known
as Nicolo Nicolai), who was a Florentine doctor who died in 1412, while the figure in the
middle is just an unnamed bystander.

The Roman Celsus, a profound connoisseur of Hippocrates, certainly had contacts
with Alexandrian medicine and with some Greek doctors transferred to Rome. He wrote a
general encyclopedia (De Artibus), including some medical arguments (De Medicina), and
two books of surgery. Following Hippocrates’ tradition, it can be considered the most
significant medical work, and it had a great diffusion in Roman medical teachings until
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the arrival of Galen. Forgotten for several centuries, it was rediscovered in 1443 by Pope
Nicolas V, and it was the first medical and surgical book to be printed. It is a matter of
debate as to whether Celsus actually practiced as a surgeon or simply collected the medical
knowledge available at that time [24].

Even the fame of Nicolo Falcucci, more than to the practice of the medical profession, is
linked to his remarkable work (Sermones medicinales), which, according to many historians,
was for several decades an obligatory point of reference for students in medicine. This
was a handbook and a summary of the medical science of the time. He provided detailed
indications on how medicine could be taught to medical students, and the book was
to be an educational tool to improve the skills and knowledge of physicians. In this
formation, theoretical and doctrinal competence and operative skill must support each
other. This peculiar feature of medicine implied that the education of a physician must
follow a unified course of study but according to a composite pattern of competence,
in which “to know” and “to do” are integrated. In his book, Falcucci also introduced
the good student and the good teacher of medicine. He prescribed that the student of
medicine must be willing to learn (disciplinabilis), must not show off, and should attend
the Studia. Above all, the pupil must love his teacher as a father, praise him, and defend
his fame. To the master, on the contrary, he assigns more specific tasks. He affirmed,
indeed, that the physician who is doctoratus must transform himself into a teacher and
transmit whatever he has learned. We recognize here, translated in terms of educational
relations and forms of writing, the two main divisions of medical knowledge: the theoretic
part, with the techniques of transmission of commentary, and the practical part, which
is better transmitted in the form of compendia and collections. We can also recognize
three institutional characteristics imposed on medicine, as on every other discipline, by
university structure: 1) The importance of the written text; 2) the role of authoritative texts
in defining the scope and the identity of a discipline; and 3) the general need that what has
been acquired by experience should be checked by comparison with authoritative texts and
should be transformed by means of writing into doctrine that is thus rendered valid and
transmissible [25].

The second oval painting of the southern wall depicts a scene that takes place com-
pletely outdoors: in a countryside not far from a city, two men are burning infected materials
according to the directives of a doctor, whose name can be read below: HIPPOCRATES.
In the cartouche below, the inscription PESTIS, FVGA clearly explains the meaning of the
representation. It should be remembered that Hippocrates acquired great fame in ancient
times by eradicating the great plague of Athens in 429 BC [26]. In Giunti’s frontispiece,
there is a similar vignette to that of the oval painting just described (Figure 8).

Figure 8. Left: The second oval painting of the southern wall, showing two men who are burning
infected materials according to the directives of Hippocrates. Right: Vignette of Giunti’s edition that
can be associated with the oval painting.
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On the western wall, the first painting shows the two figures of ARISTOTELES and
AVICENAS in the act of scrutinizing the skies, the air, and the countryside. The caption
below reports CAVSARVM INVESTIGATIO (Figure 9). In Giunti’s frontispiece, there are
no vignettes similar to that of the oval painting just described. Rota entrusted the search
for the causes of the diseases to two philosophers, Aristotle and Avicenna, respectively,
exponents of Greek and Arab culture.

Figure 9. The oval painting depicting Aristotle and Avicenna in the act of scrutinizing the skies.

Avicenna reworked and updated all the Aristotelian sciences (with the addition of
mathematics) to conform them to the criteria of demonstration that Aristotle outlined in
the Posterior Analytics. In the Avicenna’s system of science, metaphysics has to provide the
foundation of all special sciences [27].

The next depiction of the western wall is incomplete, due to a window being open on
the wall after the completion of the fresco. The oval painting shows a man holding a bunch
of freshly picked medicinal herbs. At the man’s feet, there is the following inscription:
DIOSCORIDES. In Giunti’s frontispiece, there is a similar scene, where Dioscorides is in
the company of Theophrastus in a botanical garden (Figure 10). Pedanius Dioscorides
(c. 40-90 AD) was a Greek surgeon and military physician for the emperor Nero; he was
also a pharmacologist, botanist, and the author of De materia medica, an encyclopedia about
herbal medicine and related medicinal substances. More than 600 plants and 1000 drugs
were described in this pharmacopeia, which remained the standard medical text until the
17th century. His notes on the plants include their habitats, methods of preparation, and
medicinal uses of the drugs they contained [17,28]. With regard to Western materia medica,
through the early modern period, Dioscorides’ text eclipsed the Hippocratic corpus.
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Figure 10. Left: The oval painting shows Dioscorides holding a bunch of freshly picked medicinal
herbs. Right: Vignette of Giunti’s edition that can be associated with the oval painting, where
Dioscorides is in the company of Theophrastus in a botanical garden.

On the fourth and last wall, the northern one, the first oval painting is dedicated to
dietetics: a messenger wrapped in a large cloak receives a book entitled DIETETICA from
the hands of GALENVS, while HEROPHILVS and ORIBASIVS are present behind him. It
is interesting to note that a very similar image is present in Giunti’s frontispiece, but the
book is in the hands of Hippocrates (Figure 11).

Figure 11. Left: In the oval painting, a messenger receives the book entitled Dietetica from the hands
of Galen, while Herophilos and Oribasius are present behind him. Right: Vignette of Giunti’s edition
that can be associated with the oval painting, but the messenger receives the book from the hands
of Hippocrates.

Hippocrates (5th century BC), the father of medicine, emphasized the concept that the
diet is the best way to treat a disease. In the following centuries, Herophilos (3rd century
BC), Galen (2nd century AD), and Oribasius (4th century AD) produced many writings on
dietetics [17,29].

Herophilos (335-280 BC) was a Greek physician regarded as one of the earliest
anatomists. He was the founder of the great medical school of Alexandria in Egypt
and the first scientist to systematically perform scientific dissections of human cadavers.
Herophilos believed that exercise and a healthy diet were integral to an individual’s quality
of life [17,30].

The aforementioned Galen was a Greek physician, surgeon, and philosopher in the
Roman Empire. He is considered one of the most accomplished of all medical researchers
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of antiquity, and his doctrine in medicine and science became law for the following twelve
centuries. He was one of the believers in diet, stating that health depended chiefly on the
choice of food [17,31].

Oribasius (c. 320-403) was a medical writer and the personal physician of the Roman
emperor Julian. He was the most famous doctor of Byzantium. In his works, he discussed
hygiene and dietetics. According to Oribasius, the physician must pave the way for new
research by drawing lessons from the clinical observations and experimental methods of
the great masters of the classical era. This figure also represents an important step on the
path of Galenism, since he was the first to attribute a relevant part to the work of Galen,
considering it as fundamental for the progress of medicine [17,32].

The second oval painting of the northern wall, the last of the series, depicts the interior
of a pharmaceutical workshop with a large number of jars of various shapes and sizes, a
mortar, a scale, and other objects; in the foreground, two large vessels bear the name of the
medicaments they contain: THERIACA MAGNA and MITRIDATYVS. Near these jars, on
the sides of a counter cluttered with preparations, are the inventors of the two remedies. In
this scene, however, the painter was the victim of a misunderstanding because under the
figure of Mithridates, clearly recognizable by the dress and the crown he wears, he wrote
ANDROMACVS REX, and under the figure of Andromachus, he wrote MITRIDATVS,
thus exchanging one character with another. Below is the title of the representation:
PHARMACEVTICA. A very similar scene is depicted in Giunti’s frontispiece (Figure 12).

Figure 12. Left: The oval painting depicts Mithridates and Andromachus in a pharmaceutical
workshop. Right: A very similar scene is present in Giunti’s frontispiece.

Mithridates, king of Pontus in the first century BC, was famous for taking poisons in
small doses to be immunized against their effects, and the property of a universal antidote
against poisoning was attributed to the drug that bears his name [17].

Andromachus lived during the first century and was Nero’s physician. He came from
the island of Crete, where herbs were gathered by “botanical persons” in the service of
the emperor and placed in knitted pots, which were sent not only to Rome but also to
other countries. The vast knowledge of botany by Andromachus helped him “provide
the requisite medicines for mankind” [33]. Andromachus took a great deal of Mithridates’
ingredients and produced a new antidote. The most important alteration of Andromachus
to the Mithridatium antidote was the replacement of an African lizard, called skink, with
the viper, which created a new antidote: the Theriac. This remedy continued to be used
in Western medicine until the 17th century [17,33]. The composition of the Theriac was a
controversial topic in 16th century Bologna, and the college of doctors was also consulted a
few decades before Rota joined [34].
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4. Conclusions

This paper examined the medical pictorial cycle realized in the annex of the villa of
Flaminio Rota and revealed a very interesting cultural aspect that added new information to
a previously published article dealing with the biographical knowledge and the academic
life of this intriguing 16th-century anatomist [1]. In detail, this additional research allowed
us to reach some considerations.

The first consideration is of an artistic nature. It is clear that the pictorial cycle
attributed to the school of Cesare Baglione painted in the annex that belonged to Rota was
inspired by the frontispieces of Hippocratis Coi and Avicenna’s Canon published by Giunti
and not vice versa.

By analyzing the differences rather than the similarities, between the pictorial cycle
and Giunti’s editions, it is possible to outline the intellectual and scientific profile of
the Bolognese anatomist. In fact, it is assumed that the differences are the result of the
client’s preferences.

For example, in the frescoes, there are no scenes dealing with medical treatments
(present in Giunti’s editions), an activity not practiced by Rota. In the oval painting
representing dietetics, Rota preferred Galen surrounded by the greatest exponents of the
Alexandrian school (Herophilos and the Byzantine Oribasius), rather than Hippocrates.
Galen paved the way for progress in medicine by combining the anatomo—physiological
method of the school of Alexandria in Egypt with the Hippocratic tradition. Similarly, in
another oval painting, Rota decided to support Aristotle with Avicenna to represent the
passing of the baton of medical knowledge directed towards progress [35].

The scene dedicated to anatomy from the analysis is perhaps the most significant,
considering Rota’s career. At the dissecting table, he decided to put Celsus and Nicolo
Falcucci. They are not famous anatomists, such as Herophilos or Galen, but didactic inno-
vators or, better said, clarifiers and interpreters of already existing theories. Furthermore,
in the figure of Celsus, there is the intention to honor the memory of his father, Giovanni
Francesco Rota. Celsus attended valetudinarians, was a classifier of skin pathologies, and
became appreciated as an elegant writer. Giovanni Francesco was a doctor of the papal
army, professor of anatomy, a scholar of gunshot burns, and was remembered as an elegant
writer. Even the choice of enhancing the figure of Mesue is perhaps attributable to his skills
as an anatomist and teacher.

In summary, from the pictorial cycle, it is evident that Flaminio Rota was a doctor
open to scientific progress and a supporter of experimental research based on the study
of anatomy, which is capable of improving knowledge of Hippocratic origin. From the
university point of view, it can be thought that Rota was attentive when teaching, which
he carried out in a clear and concise but, at the same time, exhaustive and elegant way.
Furthermore, his tendency to combine academic teaching with practical teaching clearly
emerged. This tendency can be confirmed by the documentary biographical information
known so far.

At the same time, thanks to the biographical information we know about Rota, it is
possible to recognize him as the client of the pictorial cycle and to consolidate the hypothesis
that the annex belonged to him.

Finally, regardless of the artistic value of the pictorial cycle and the biography of
Flaminio Rota, questioning the meaning of the proposed images allows the reader to have
an overview of the medical knowledge in the late 16th century.
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Abstract: The distal radius, one of the frequent sites of upper extremity fractures, includes unique
anatomy referred to as the volar rim. Few studies have addressed its interindividual differences.
Additionally, implants for osteosynthesis must match the anatomical structures to prevent soft tissue
invasion, but no implants have focused on that so far. In this study, three-dimensional surface models
were created from CT images of 101 cases. Analysis of the distal radius, including the volar rim
anatomy, was performed to design plates to minimize the discrepancy between the bone anatomy
and the implant. The results showed that there were considerable interindividual differences in the
morphology of the distal radius, particularly in the degree of palmar protrusion of the volar rim.
A moderate correlation between the width of the distal radius and the shape of the volar rim was
demonstrated. Considering that variations in plate width are available for treatment of normal distal
radius fractures and that the shape of the volar rim changes in correlation with the width of the bone,
we infer that simply adding volar rim shape information to the current variations should suffice in
preventing complications. We conclude that individualized design according to the shape of the volar
rim is unnecessary in fracture surgery.

Keywords: interindividual difference; distal radius fracture; tree-dimensional analysis; osteosynthesis
with anatomical plate

1. Introduction

The anatomical morphology of bones is determined by various parameters such
as height, weight, sex, age, nutritional status, and systemic diseases. The diaphysis is
generally similar in shape [1], although there are variations in width and length [2], and
the epiphysis and metaphysis near the joints show variations in three-dimensional shapes
between individuals.

The volar rim, a characteristic morphology of the distal radius, is a structure with
significant individual anatomical variation [2]. The volar rim projects palmarly, shifting
the load-bearing axis from the lunate in the sagittal plane volarly, thus, transmitting the
load of the hand to the elbow. This occurs largely through the palmar cortex, where the
bone strength is high (Figure 1) [3]. The proximal part of the volar rim is covered with the
pronator quadratus and the distal part is covered with fibrous tissue, forming the sliding
floor of the flexor tendon located just above the rim [4,5].

The metaphyseal and epiphyseal areas of the radius, including this volar rim, are the sites
where fractures frequently occur [6]. It is the area where strong forces are exerted during load
transmission. Hence, a strong plate is used to maintain the restored position of the fracture.
Since most plates used are >2 mm thick and are placed between the flexor tendon and bone
where there is not much space, the influence on the flexor tendon and other soft tissues on the
palmar side is substantial. Plates placed distally across the watershed line, the most prominent
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part of the volar rim, and plates that protrude more than 2 mm palmarly in the sagittal plane
have been reported to be at risk for flexor tendon injury [7,8].

Figure 1. (a) Metaphyseal anatomy of the distal radius: The ulnar part of the distal radius, including
the lunate fossa, constitutes the volar rim; the most prominent part is referred to as the watershed
line (arrow). (b) In lateral view, the distal end of the bone, including the volar rim, is shifted palmarly,
and the load from the lunate is mainly received by the palmar cortex of the bone (dotted line) rather
than the center of the bony axis.

In recent years, plates designed to have a smaller palmar protrusion than the volar rim
protrusion and ones with three-dimensional bending to match the shape of the volar rim
have been introduced to reduce this effect on the palmar soft tissue (Figure 2) [4]. However,
the only option for plates for osteosynthesis is bone width, which does not correspond to
the anatomical variation of the volar rim.

Figure 2. A plate with flat distal portion (a) and a plate bent to match the rim shape (b).

Few studies have investigated individual variations in the volar rim. Sometimes plates
with shapes significantly different from the anatomical shape are placed and can cause
the rupture of the flexor tendon [2,9-12]. In this study, we examined three-dimensional
variations in the shape of the volar rim. Additionally, we discussed whether a personalized
implant shape design corresponding to the individual morphology of the volar rim is
necessary for the treatment of fractures.

2. Materials and Methods

This study was performed after the approval of the institutional review board of
our hospital. The patient age and gender were extracted from the medical records. We
used computed tomography (CT) images of the wrist taken at our hospital over the past
10 years. The CT scanner was an Acquilion (Canon Medical Systems, Tokyo, Japan) and the
image data were outputted with a slice thickness of 0.4 mm, segmented using Mimics 21.0
(Materialise, Leuven, Belgium), and then again outputted as a 3D surface model (Standard
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Triangulated Language, STL file) of the bone. Patients with inflammatory diseases such as
rheumatoid arthritis or osteoarthritis of the hand and patients with a history of fractures
were excluded from the analysis. Patients younger than 20 years of age were excluded. The
surface models with less than 7 cm were excluded.

Measurements were performed using the 3D analysis software Rhinoceros 6.0 (Robert
McNeel & Associates, Seattle, WA, USA). Concentric circles were created at 4 cm and 6 cm
from the articular surface and the line connecting the centers of the circles was defined as
the Z-axis (Figure 3). If the Z-axis was apparently different from the long axis of the radius,
the Z-axis was adjusted to match its long axis. The distal radioulnar joint was identified
in a cross-section perpendicular to the Z-axis and included the most proximal part of the
radiocarpal joint. In the joint, the X-axis was defined as the line connecting the two points
on the palmar and dorsal sides of the articular surface. The Y-axis is the axis perpendicular
to it in the cross-section. The planes perpendicular to the X-, Y-, and Z-axes were defined as
coronal, sagittal, and transverse planes, respectively.

Figure 3. Schemas of measurement axes (X-, Y-, and Z-axes) and coronal, sagittal, and transverse planes.

The tangent line of the bone cortex at the most prominent part of the palmar side in a
transverse section, 4 cm from the articular surface, was set as the U-axis (Figure 4). The
T-axis was then defined as a straight line passing through the most prominent part of the
palmar volar rim and the prominent part of the palmar cortex of the scaphoid fossa in a
transverse section passing through the most prominent part of the volar rim (Figure 4).
The angle between the T-axis and the U-axis was measured as the angle of rotation of the
metaphysis relative to the diaphysis [13].

U-axis ) ) T-axis

Figure 4. Measuring of the angle of rotation in the metaphysis: The angle of rotation of the metaphysis
was measured as the angle between the tangent line (U-axis) of the most prominent part of the palmar
cortex in a transverse section, 4 cm from the articular surface, and the line connecting the volar rim at
its central level of it and the prominent part of the palmar cortex of the scaphoid fossa (T-axis).

Measurements for the quantitative analyses were performed in the transverse and
sagittal planes. In the transverse plane, we measured the angle of metaphysis rotation as
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described above and the bone width of the radius in the S plane. We also measured the
angle between the Y-axis and the tangent line of the most prominent part (axial angle) and
the prominent distance from the concave surface of the palmar side to the most prominent
point of the volar rim (Figure 5). In the sagittal plane, as per the method of Yoneda et al.,
the angle of the inflection point on the cortex was taken as the teardrop inclination angle
and the distance to the inflection point as the teardrop length (Figure 6) [2]. The teardrop
inclination angle cannot be used for designing plates because the position of the inflection
point varies in each case (Figure 7). To design the plate, the distance between the watershed
line and inflection point was set to the average of the teardrop length and the sagittal angle,
which corresponds to the bending angle of the plate in the sagittal plane, was measured.
Finally, the transverse section was tilted based on the sagittal angle and the axial angle was
measured as the modified axial angle.

. Axial Angle |
Bl

| Bone Width

.:.'................_.. i : Y

B
3
HE
H
H
H

s -
Prominence Distance

Figure 5. Measurements of bone width, axial angle, and prominence distance: They were measured
in transverse section including the base of the subchondral bone forming the radiocarpal joint. The
bone width was the longest length parallel to Y-axis and the axial angle was the angle between the
Y-axis and the tangent line through the palmar projection of the volar rim. The prominence distance
was the protrusion of the lunate fossa relative to the scaphoid fossa, measured on the X-axis.

| i Teardrop Inclination Angle
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Figure 6. Measurement of teardrop inclination angle and teardrop length: In the sagittal plane
passing through the center of the volar rim, draw a shaft line through the palmar aspect of the radius
and parallel to the bony axis. Drag a line segment AB connecting point A, where the palmar cortex
separates from the shaft line, and the inflection point B of the cortex. Then, determine the point C on
the ulnar cortex farthest from AB. The teardrop inclination angle is measured as the external angle
created by the two lines, AC and BC, and the length of BC is the teardrop length.
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a I l The Cross section
e perpendicular to the line BD

‘= Modified Axial Angle

Figure 7. Measurement of sagittal angle and modified axial angle: (a) The same method was used to
determine points A and B, as in Figure 6. Point D on the palmar cortex is plotted in the sagittal plane
so that the length of D is the determined value of the teardrop length. The angle between AD and BD
is measured as the sagittal angle. (b) The plane perpendicular to BD is the modified transverse plane
and the axial angle is measured on that plane.

3. Results

The number of cases for image analysis was 108, of which seven were excluded
based on the exclusion criteria. Ultimately, surface models for the analysis were created
using CT images of 101 cases (50 males and 51 females). A summary of the quantitative
measurements is shown in Table 1. In the transverse section, the bone width averaged
27.1 mm (SD 2.8), the rotation angle averaged 8.8° (SD 6.0), and the axial angle was 16.4
(SD 8.3). The mean teardrop inclination angle was 22.8 (SD 6.2) and the mean teardrop
length was 12.1 (SD 2.7). Then, when the teardrop length was set to 12 mm, the average
sagittal angle was 26.6° (SD 6.5) and the modified axial angle was 12.0° (SD 2.8). The
coefficients of variation were more than 0.2 except for the bone width, suggesting individual
differences in the anatomical morphology of the radius.

Table 1. Summary of the quantitative measurements.

Average £ SD (CV)

Male Female Total
Number of patients 50 51 101
Age [yl 58.9 +14.0 61.1 +12.0 60.0 +13.0

Bone width [mm] *
Rotation of metaphysis [°]
Teardrop inclination angle [°]
Teardrop length [mm] *

Sagittal angle [°] *
Prominence distance [mm] *

Axial angle [°]

Modified axial angle [°]

29.1 & 1.6 (0.05)
8.8 4 6.1 (0.69)
252 4 4.7 (0.19)
11.7 £ 2.7 (0.23)
28.9 £ 4.5 (0.16)
6.2 4 1.4 (0.47)
17.9 + 8.4 (0.22)

25.2 4 2.3 (0.09)
8.8 459 (0.67)
204 + 6.7 (0.33)
12,5 +£2.7(0.22)
24.4 £ 7.4 (0.30)
5.3 4 1.6 (0.30)
14.9 £ 8.0 (0.10)

27.1 4 2.8 (0.10)
8.8 % 6.0 (0.68)
22.8 £ 6.2 (0.27)
12.1 £ 2.7 (0.23)
26.6 + 6.5 (0.24)
5.76 + 1.6 (0.27)
16.4 + 8.3 (0.51)

12.0 £ 2.9 (0.24) 11.8 £ 2.7 (0.23) 12.0 £ 2.8 (0.23)

SD, standard deviation; CV, coefficient of variation. * Significant difference between males and females by Welch
test (p < 0.05).

Among the measured items, the mean values of bone width, teardrop inclination angle,
sagittal angle, and prominence distance differed between males and females (Table 1). No
correlation with age was observed for any of the items. There was no correlation between
bone width and angle of rotation, but moderate correlations were found between the
sagittal angle, teardrop inclination angle, and axial angle (Table 2). Moderate correlations
were also observed between modified axial angles.
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Table 2. Correlations between measured parameters.

Parameters Coefficient of Correlation
Age—Bone width —0.27
Age—Rotation of metaphysis —0.18
Age—Teardrop inclination angle —0.13
Age—Teardrop length 0.09
Age—Sagittal angle —0.09
Age—Axial angle —0.23
Age—Prominence distance —0.28
Age—Modified axial angle —0.19
Bone width—Rotation of metaphysis 0.16
Bone width—Sagittal angle 0.46 *
Sagittal angle—Axial angle 0.53 *
Teardrop inclination angle—Axial angle 0.53 *
Sagittal angle—Modified axial angle 0.46 *
Teardrop inclination angle—Modified axial angle 0.44 *

Tp<0.05.

The subgroup analysis was performed by dividing all models into three groups based
on the bone width: lower 1/3 (range from 21.3 to 25.6 mm; small), middle 1/3 (range from
25.7 to 28.0 mm; medium), and upper 1/3 (range from 28.1 to 35.3 mm; large) with 33,
35, and 33 cases in the small, medium, and large groups, respectively. In the small and
medium groups, a moderate correlation was observed between the sagittal and modified
axial angles. However, the correlation between the sagittal and modified axial angles was
lower in the large group (Figure 8). These results indicate that in bones with moderate
or smaller widths, it is possible to create implants that match the shape of the rim. This
can be achieved by preparing several variations correlating the angle of bending in the
sagittal plane with the angle in the transverse plane. Conversely, in bones with large
widths, the variation of the volar rim in the transverse and sagittal planes is large, causing
it to be difficult to design an implant matching the shape of the volar rim even if multiple
variations can be prepared. Possibly, the ulnar distal part of the plate should be adjustable
to match the anatomy of the individual volar rim.

Distribution of Small size bones Distribution of Medium size bones Distribution of Large size bones
20 20 20
& 2 & B
H 2 . g
<1 ° 20 210
= ° k] e =
< ° S 2 ° 2
2 ) 3 H
T s T 5 3
o o [
3 10 2 30 40 0 0 20 0 a0 o 10 2 20 0
Sagittal Angle (Degrees) Sagittal Angle (Degrees) Sagittal Angle (Degrees)
R =0.60 (p < 0.05) R =0.52 (p < 0.05) R =0.39 (p < 0.05)

Figure 8. Distribution of sagittal angle and modified axial angle in subgroup analysis.

4. Discussion

It is widely known that there are individual differences in the morphology of the volar
rim that cannot be explained by gender, extension, or weight alone. Several quantitative
reports have been published previously and implants have been developed based on these
findings. Oura et al. found that the amount of palmar protrusion in the transverse section
was maximized at 4-6 mm from the articular surface, corresponding to the volar rim
area [13]. In an analysis of reconstructed images from CT images, Andarmahr et al. found
that the volar rim protrusion averaged 6 mm in the sagittal plane and Yoneda et al. showed
that the angle between the protruding portion in the sagittal plane and the bone axis was
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29° [2,14]. Kwon et al. found that the slope of the volar rim in the sagittal plane is steeper
in males than in females [9].

A variation in the amount of palmar projection of the volar rim is one of the factors
that concerns surgeons during plate placement in distal radius fracture surgery. Suppose
the palmar protrusion of the volar rim is extensive, in that case, the plate may protrude
similarly, preventing reconstruction of the flexor tendon gliding floor, and cause irritation of
the flexor tendons or the median nerve. Therefore, the current treatment consensus requires
that the plate not be placed distal to the watershed line and that it should not protrude
palmarly more than 2 mm beyond the palmar aspect of the volar rim in the sagittal plane.
Although it is desirable to use implants designed for individual geometries, current fracture
implants offer only options for width and length and few implants offer possibilities for
the bending angle of the plate that considers the shape of the volar rim.

The use of angularly stable locking plates to assemble fractures using implants as
templates has become common [15,16]. In contrast, osteotomies for malunions are being
performed based on preoperative planning using 3D image analysis technology and im-
plants have been introduced that are placed according to the individual geometry of the
osteotomy [17]. For fracture treatment, the use of implants that match the individual anatomy
is ideal because a large discrepancy between the anatomical shape to be restored and the
shape of the plate can cause malunion. However, because fractures are operated on a semi-
emergency basis, individualized treatment is usually not feasible. Therefore, it is realistic
to prepare multiple variations of implants and semi-customize the selection at the time of
surgery and it is necessary to clarify the shape of the implant to accommodate these variations.

This study exhibited that gender is a factor that can affect bone width and volar rim
anatomy, but age is unrelated to it. Previous studies have reported an effect of gender on
fracture plate fit and the findings of this study support this [18]. The sagittal and trans-
verse protrusions of the volar rim are moderately correlated. Furthermore, the individual
differences in volar rim shape were found to be significant for bones with large widths.
These results suggest that for bones with bone widths approximately less than 28 mm,
plates should be designed with bending angles in the transverse plane that correlate to the
bending angle in the sagittal plane. In bones with large bone widths, the variation in the
shape of the volar rim tends to be significant, so it is desirable to be able to individually
adjust the shape of the plate to match the rim shape. We conclude that for most bones, a
plate with minimal soft tissue invasion can be designed using the above information and
that custom-made plates are not necessary for treating fractures.

Next, the same investigation should be performed for other metaphyseal sites, such as
distal femoral, proximal tibia, and distal tibia fractures. Similar to the distal radius fractures,
the fixation strength of fractures with implants has been generally satisfactory in these
sites and the next issue to be solved is the prevention of soft tissue problems caused by
discrepancies between bone anatomy and implant shape [19,20]. The need for semi-custom
implant design for fracture treatment based on individual bone anatomy for the treatment
of any epiphyseal fractures needs to be clarified as well.

5. Limitation

This study had some limitations. First, because the analysis was limited to the bones of
Asians, the external validity of the results for other races is uncertain. Second, the number
of bones examined was small and multivariate analysis could not be performed to identify
the factors affecting shape. Third, the thickness of the plate was not considered in this
study, so the invasion of soft tissue could not be accurately predicted.

6. Conclusions

In conclusion, there are individual differences in the shape of the radius epiphysis and
for bones of moderate or lower grade the size of the volar rim has a moderate correlation
with the bone width in both the sagittal and transverse planes. As per the results of this
study, we propose the development of several types of semi-custom plates with correlated
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sagittal and transverse bending angles. This allows for osteosynthesis with minimal soft
tissue invasion while accommodating for the anatomical diversity of the volar rim.
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Abstract: (1) Background: The nasopalatine canal (NPC), or the incisive canal (IC) of maxilla, unites
the anterior nasal floor with the anterior palatine region. Different morphological variables of the NPC
were investigated, indicating it is either anatomically variable or constant. It was therefore decided
to perform an additional study of the NPC. (2) Methods: A retrospective cone beam computed
tomography (CBCT) study was performed on 89 patient files: 38 males and 51 females. The study
documented the presence or absence of a well-defined NPC, the number of openings, and the
anatomic variables of the canal (number, course, and secondary canaliculi). (3) Results: the NPC/IC
in the coronal plane was classified into five types: (I) NPC present with two superior, nasopalatine
foramina (NPFs) (66.29%); (I) NPC absent with two NPFs (2.25%); (II) NPC present and single
NPF (17.98%); (IV) NPC present with three NPFs (3.37%); (V) both absent NPC and NPF (10.11%).
(4) Conclusions: The anatomical possibilities of the NPC are numerous and diverse; they include the
absence of the canal. Therefore, a standardized description of this canal could not be assumed and a
radiological assessment is recommended before surgical treatment in the premaxilla area.

Keywords: maxilla; cone beam computed tomography; hard palate; incisive canal; anatomic variation

1. Introduction

The nasopalatine canal (NPC), or the incisive canal (IC) of maxilla, unites the anterior
nasal floor with the anterior palatine region. It is commonly described as consisting of two
upper canals (proper NPCs/ICs) that join inferiorly to form the common NPC/IC opening
at the incisive foramen (IF) of the hard palate [1]. This results in a “Y” morphology of the
canal. The two proper NPCs/ICs are separated by the nasomaxillary, or septo-premaxillary
crest [2]. It is commonly assumed that the NPC is traversed by the nasopalatine nerves and
arteries. However, histologically, the NPC content is represented by numerous small veins,
arteries, and nerve bundles [3].

While the inferior opening of the NPC/IC is indicated as the incisive foramen, the
superior openings of that canal are not named in Terminologia Anatomica and may be suitably
regarded as nasopalatine foramina [4].

Song et al., (2009) invariably found two superior foramina (nasopalatine foramina)
and one inferior foramen (incisive foramen) of the NPC/IC while studying 56 anterior
maxillae in computed tomography (CT) [3]. We were intrigued by such constant mor-
phology. Abrams et al., (1963) discussed that although the location of the NPCs/ICs is
quite constant, their anatomy is not [5]. The large spectrum of anatomical variations of the
NPC was confirmed by later studies [6]. Anatomical variations of the NPC remain poorly
documented [7].

The topography and morphology of the NPC may impact surgical treatment planning,
be it implant restorative treatment, congenital defects repair (cleft palate, congenital syn-
dromes like Down syndrome or cleidocranial dysplasia), traumatic lesions repair, or in
orthodontic purpose (orthognathic treatment, palate expanding).
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It was therefore decided to perform a cone beam CT (CBCT) retrospective study to
check whether or not the morphology of the NPC/IC is constant or variable.

2. Materials and Methods

A retrospective CBCT study on 89 patient files was performed (38 males, 42.69%
and 51 females, 57.3%). The patients were all adults who had undergone different dental
procedures that required a maxillary CBCT analysis. None of the patients presented
maxillary pathological morphology signs (no trauma, congenital defects, or tumor-like
lesions) and all the CBCT scans were accurate without signs of distortion.

The subjects were positioned according to the manufacturer instructions and had been
scanned using an iCat CBCT machine (Imaging Sciences International (Hatfield, PA, USA))
with the settings at resolution 0.250 pixels/inch, field of view 130 mm, and image matrix
size 640 x 640 pixels. The CT data were analyzed using the iCatVision software. The CBCT
files were exported as DICOM files, which were additionally analyzed with the Planmeca
Romexis Viewer 3.5.0.R software as in other previous studies [8-10]. The two-dimensional
multiplanar reconstructions (MPRs) were evaluated in sagittal and axial anatomical planes;
coronal slices through the NPCs were used to determine the morphological variables that
were aimed. Three-dimensional volume renderings of specific areas were also evaluated.
Relevant anatomical features were exported as image files (*.tif).

The patients have given written informed consent for all radiological data to be used
for research and teaching purposes, provided the protection of the identity and personal
data is maintained. The study was approved (no. 456/04.05.2021) by the responsible
authorities (2nd affiliation of the 2nd author).

During the study, the following variables were assessed: (a) the presence or absence
of a well-defined NPC/IC; (b) the number of the nasopalatine foramina (NPFs); (c) the
number of incisive foramina; (d) the variables of the proper (superior) NPCs/ICs: number,
course, parallel or convergent, and intrinsic septa determining secondary canaliculi.

The NPC/IC was classified into 5 different types according to the morphological
findings: (I) NPC present with 2 NPFs; (II) NPC absent with 2 NPFs; (III) NPC present with
single NPF; (IV) NPC present with 3 NPFs; (V) both absent NPC and NPFE.

Subtypes of the NPC/IC classification are presented in Table 1.

Table 1. Characteristics and numbering of the types and subtypes of the nasopalatine/incisive canal.

Type of the NPC/IC

Characteristics of Types Subtypes Characteristics of Subtypes

Ta “Y”-shaped NPC/IC, with no secondary canaliculi
“Y”-shaped NPC/IC, with secondary canaliculi

b .

separated by a sagittal septum
?azgé;ﬁg;isfe;téiina Ie “Y”-shaped NPC/IC, with unilateral secondary

canaliculi separated by a coronal septum

d “Y”-shaped NPC/IC, with bilateral secondary
canaliculi separated by a coronal septum

Ie “Y”-shaped NPC/IC, with an added superiorly
blind-ended median canal

If parallel proper NPCs/ICs separated by septum

Ig parallel proper NPCs/ICs unseRarated by' septum
(NPC/IC unique, two nasopalatine foramina)

NPC/IC absent, 2
nasopalatine foramina

NPC/IC unique, 1 Illa
nasopalatine foramen

unique median nasopalatine foramen, inferior to the
nasomaxillary crest
unique median nasopalatine foramen, on one side of

i the nasomaxillary crest

NPC/IC present, 3
nasopalatine foramina, 1
median and 2 lateral
NPC/IC proper absent,
absent nasopalatine foramina
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3. Results

Within the study, all types of NPC/IC were found in variable proportions. The incisive
foramen was invariably unique in all cases that presented an NPC.

Within the 89 cases that were investigated, Type I of NPC was found in 59 cases
(66.29%), Type Il in 2 cases (2.25%), Type Il in 16 cases (17.98%), Type IV in 3 cases (3.37%),
and Type Vin 9 cases (10.11%).

In the male lot, the NPC/IC distribution was as follows: Type I in 26 cases (68.42%),
Type Il in 2 cases (5.26%), Type III in 8 cases (21.05%), and Type V in 2 cases (5.26%). In
the female lot, there were no Type II NPC/IC cases found and the other variants were as
follows: Type I 'in 33 cases (64.71%), Type IIl in 8 cases (15.69%), Type IV in 3 cases (5.88%),
and Type V in 7 cases (13.73%).

Type I of NPC/IC had various morphologies (Table 1). In the general lot of 89 cases,
we found Subtypes Ia (Figure 1A) in 17 cases (28.81%), Ib (Figure 1B) in 2 cases (3.39%),
Ic (Figure 1C) in 7 cases (11.86%), Id (Figure 2) in 1 case (1.69%), Ie (Figure 3A) in 1 case
(1.69%), If (Figure 3B) in 19 cases (32.2%), and Ig (Figure 3C) in 12 cases (20.34%). In males,
Subtypes I were found as follows: Ia in 10 cases (38.46%), Ib and Ie in one case (3.85%) each,
Icin 5 cases (19.23%), If in 7 cases (26.92%), and Ig in 2 cases (7.69%). We found in females
Subtypes: Ia in 7 cases (21.21%), Ib and Id in one case (3.03%) each, Ic in 2 cases (6.06%), If
in 12 cases (36.36%), and Ig in 10 cases (30.3%).

In 2 out of 89 cases, both male, Type II (Figure 4) of NPC/IC was found.

Type Il of NPC/IC was also divided into Subtypes Illa (Figure 5A), found in 10 out of
the 16 Type III cases, and IIIb (Figure 5B), found in the remaining 6 cases. Seven males and
three females presented Subtype Illa, while Subtype IlIb was found in one male and five
female patients. Type IV of NPC (Figure 5C) was found only in female patients. Type V
NPC/IC—absent nasopalatine canal and NPFs (Figure 6)—was discovered in two male
and seven female patients.
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Figure 1. (A) Coronal CBCT slice through Type Ia of nasopalatine/incisive canal. The canal is
“Y”-shaped, with two superior (nasopalatine) foramina (arrowheads) and one inferior incisive fora-
men (arrow). The incisive fossa is indicated (double-headed arrow). (B) Coronal oblique CTCB
slice through Type Ib of nasopalatine/incisive canal. The canal is “Y”-shaped, with two superior
(nasopalatine) foramina (arrowheads). A sagittal septum (arrow) separates two secondary canaliculi.
(C) Coronal CBCT slice through Type Ic of nasopalatine/incisive canal. The canal is “Y”-shaped
with two superior (nasopalatine) foramina (arrowheads). A coronal septum (arrow) is found in the

right side.
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Figure 2. Axial (A), right paramedian (B), and left paramedian (C) CBCT slices through Type Id of
nasopalatine/incisive canal. The canal is “Y”-shaped with bilateral secondary canaliculi separated by
coronal septa, right (arrow) and left (arrowhead).
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Figure 3. (A) Coronal CBCT slice through Type Ie of nasopalatine/incisive canal. The canal is “Y”-
shaped with two superior (nasopalatine) foramina (arrows). A superiorly blind-ended median canal is
added (arrowhead). (B) Coronal CBCT slice through Type If of nasopalatine/incisive canal. The canal
has parallel proper NPCs/ICs (arrowheads) separated by a septum (arrow) that open info the incisive
fossa (double-headed arrow). (C) Coronal CBCT slice through Type Ig of nasopalatine/incisive canal.
The upper proper canals (arrowheads) are not separated by septum. Only the nasopalatine foramina
(arrows) are separated between by the inferior end of the nasomaxillary (septo-premaxillary) crest.
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Figure 4. Coronal (A) and axial (B) CBCT slices through Type II of nasopalatine/incisive canal.
Although the nasopalatine foramina can be distinguished ((A) arrows), a morphologically configured
canal lacks ((B) arrowhead).
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Figure 5. (A) Coronal CBCT slice through Type Illa of unique nasopalatine/incisive canal (arrow)
opened superiorly at the nasopalatine foramen (arrowhead) and inferiorly at the incisive foramen
(double-headed arrow). (*): nasal septum (B) Coronal CBCT slice through Type IIIb of unique
nasopalatine/incisive canal (double-headed arrow) opened superiorly at the nasopalatine foramen
(arrowhead) located on the left side of the nasomaxillary crest (arrow). (C) Axial CBCT slice through
Type IV of nasopalatine/incisive canal at the level of the nasal floor. There are three nasopalatine
foramina, two lateral (arrows), and one median (arrowhead).
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Figure 6. Axial (A) and coronal (B) CBCT slices through the hard palate in two different cases. Absent
nasopalatine/incisive canal proper ((A) arrowhead) and nasopalatine foramina ((B) arrows) (Type V).
The incisive fossa ((B) double-headed arrow) is anatomically blind superiorly.

4. Discussion

According to Radlanski, the literature describing the prenatal development of the
NPC “is contradictory and partly even bizarre” [11]. This is because different authors
indicate that the NPC courses at the border of the primary and secondary palate, which is
erroneous [11]. The NPC is formed in the posterior part of the primary palate [12].

The edentulous anterior maxilla is a preferred site for complete maxillary rehabilita-
tion by dental-implant surgery. Therefore, the amount of available bone, as well as the
topography and morphology of the NPC, determine the personalized therapeutic plan.
These variables are evaluated by CBCT. The resorption of the buccal alveolar plate in the
anterior maxilla occurs after tooth extractions, local trauma, periodontal and periradicular
pathology, as well as due to cysts or tumors [13]. Dental-implant rehabilitation of the
anterior maxilla serves a double purpose: aesthetic and phonetic [14]. Insertion of implants
in the vicinity of the NPC may jeopardize a successful procedure [7].

The NPC courses through the premaxilla, or the anterior maxilla. It is traversed by the
nasopalatine nerves and arteries. Therefore, injuries to the nasopalatine nerve may result in
hypoesthesia, paresthesia, or pain within the premaxilla area (palate buccal and nasal floor
mucosa) and the superior frontal teeth [15]. Hemorrhage may result if the nasopalatine
artery is damaged, which can lead to local hematoma and compression on the nasopalatine
nerves [15]. Such unwanted events could occur during dental-implant rehabilitation of the
anterior maxilla or other surgical interventions in the area.

Different previous studies evaluated the NPC by means of CBCT [13,14,16-25]. Some
of these did not make the distinction between the proper and common NPCs [7], others
did [25]. The authors determined different anatomical variables of the NPC: (a) the diameter
of the NPF [14,16-21,23]; (b) the diameter of the IF [14,16-21,23]; (c) the length of the
NPC [14,16-24]; (d) the sagittal thickness of the buccal alveolar plate at different height
levels (upper, middle, lower) of the NPC [14,16,19,21]; (e) the diameter of the NPC [7,22-24];
(f) the angulation of the NPC [13,18,20]; and (g) the number of NPF and IF [16,17,20]. The
course of the NPC in sagittal slices is also variable: (a) vertical-straight; (b) vertical-curved;
(c) slanted-straight; and (d) slanted—curved [13,25].

The shape of the NPC was previously determined on axial slices, being classified in six
groups: (1) round with separation; (2) round without separation; (3) oval with separation;
(4) oval without separation; (5) heart-shaped with separation; (6) heart-shaped without
separation [14]. However, as we observed in the figure depicting those shapes (Figure 1
in [14]), there were interpreted axial CBCT slices taken at different heights of those NPCs.
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In sagittal slices, the anatomic variants of the NPC shape were classified by Jain into
four groups: (1) funnel; (2) cylindrical; (3) hourglass; and (4) banana-like [20]. Sekerci
distinguished six different sagittal shapes of the NPC: (1) hourglass; (2) cone; (3) fun-
nel; (4) banana-like; (5) cylindrical; and (6) tree branch-like [26]. Gorurgoz and Ostas
created nine groups of sagittal shapes of the NPC: (1) hourglass; (2) spindle; (3) cone;
(4) funnel; (5) banana-like; (6) cylindrical; (7) tree branch-like; (8) kink; and (9) other [18].
Other authors found just four of these types of the NPC: cylindrical, funnel, spindle,
and hourglass [25,27]. In dry skulls the morphology of the NPC was either conical or
cylindrical [6].

Commonly, the superior openings of the NPC are located on each side of the nasal
septum [11]. More exactly, they are on each side of the nasomaxillary crest [2]. Their
number is individually variable. Numerous authors indicate these NPFs as the foramina of
Stensen/Stenson [12,13,17,25-27]. However, as documented by Bahsi et al., Niels Stensen
described the IF and not the NPF [4].

The NPC was also evaluated on coronal slices through the premaxilla and was clas-
sified in three main types: (1) single canal; (2) two parallel canals; and (3) variations of
the Y-type canal in which there was always found a single IF, but the NPF were either
two, three, or more than three [13,16,20]. When comparing those three types with our
findings, it results that another anatomic possibility should be considered additionally: the
absent NPC with or without NPE. An absent NPC does not mean that the minute vessels
and nerve bundles are lacking, but that they traverse minute canaliculi of the premaxilla
without being gathered within a canal with well-defined boundaries. As the premaxilla is
an anatomical situs for implant placement, the absence of the NPC should be of benefit as
it increases the amount of bone available for implant placement.

5. Conclusions

The anatomical possibilities of the NPC/IC are numerous and diverse. Therefore,
a standardized description of this canal could not be assumed, especially during dental
medical anatomical training. The current study adds novelty to the existing scientific
literature by including the variant of an absent maxillary incisive, or nasopalatine canal.
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Abstract: The degree of hippocampal dentation, a morphologic feature of the inferior surface of
the human hippocampus, has been positively associated with episodic memory performance in
healthy adults. This study examined hippocampal dentation in healthy children and adolescents.
The Cincinnati MR Imaging of NeuroDevelopment (C-MIND) dataset was used to examine the
relationship between age and hippocampal dentation in 90 healthy children, age < 1 to 18 years old,
using T1-weighted MPRAGE scans. Hippocampal dentation was assessed by counting the number of
dentes for the left and right hippocampi. Participants had slightly more left than right hippocampal
dentes, on average. Dentation did not differ significantly between males and females. Correlational
analyses revealed that the numbers of left, right, and total dentes were positively associated with age
in this sample. Interestingly, these data highlight the wide variability of dentation in older age groups.
While younger children tended to have absent or few dentes, a range of dentation was present in
older children and adolescents (ranging from absent to numerous, bilaterally). This is consistent with
previous research in a healthy adult cohort, where a range of dentation was also observed. This study
is the first to examine hippocampal dentation in children.

Keywords: hippocampus; neurodevelopment; hippocampal anatomy; hippocampal dentation

1. Introduction

Human hippocampal anatomy is particularly complex, given its unique shape and
layered cellular structure. A large portion of this structural development occurs during
gestation, and by 34 weeks gestational age, hippocampal subfields (i.e., subiculum, CA1,
CA2, and CA3) are distinguishable and the dentate gyrus has developed an adult-like
appearance [1,2]. Postnatal change includes decreases in cell density [1] and myelination
of the hippocampal formation, continuing well into adulthood [3]. Regarding volume,
several studies indicate a non-linear relationship between hippocampal volume and age
in children [4-6], with increases early in childhood followed by relative stability later
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in childhood [6] and during adolescence [6]. Despite reported changes in volume, no
significant morphological changes are known to occur from childhood into adulthood [1].

Hippocampal dentation is an aspect of hippocampal morphology that has not been pre-
viously examined in children. Hippocampal dentation, present on the inferior surface of the
hippocampus (primarily CA1/subiculum layer), has been described in few existing studies
in adults [7-10], and has been mentioned only briefly in anatomical references [11-13]. This
region has only recently been the target of morphological measurement via high-resolution
neuroimaging techniques [14]. Hippocampal dentation has been referred to variously as
“folds of CA1” [11], and “digitations” or “digitationes hippocampi” [8,12]; however, we
differentiate hippocampal dentation, which is a ridged contour on the inferior aspect of
the hippocampus that varies considerably across individuals [7], from digitation, which is
seen ubiquitously on the anterior superior aspect of the hippocampal head [15]. Research
has shown that healthy adults exhibit wide variability in the quantity and prominence of
hippocampal dentation, including the complete absence of any observable dentation in 9%
of a healthy adult sample. Hippocampal dentation has also recently been shown to be asym-
metrically associated with hippocampal sclerosis in temporal lobe epilepsy (TLE), with
70% of the affected hippocampi showing nearly complete loss of dentes [10]. Interestingly,
loss of dentation was associated with the epileptic hippocampus, even after correcting for
volume loss, suggesting that loss of dentation in TLE is part of the pathologic process and
not simply a secondary effect of hippocampal volume loss. Additionally, hippocampal
dentation was associated with aspects of both verbal and visual memory performance in a
healthy adult cohort, highlighting the functional significance of this structural feature [7].
The present study is the first to examine the development of hippocampal dentation in
children and adolescents. Given that (1) postnatal change has been documented within the
hippocampus and (2) an increase in cortical gyrification has been observed during child-
hood and adolescence [16], we hypothesized that hippocampal dentation would increase
during this developmental period (i.e., birth to 18 years old).

In addition, given that previous research has shown gender differences in the total
volume and developmental trajectory of the hippocampus in males and females [5,17,18],
and that males had a greater degree of dentation than females in a healthy adult cohort [7],
this study also examined whether hippocampal dentation differs between males and
females in a younger age group.

2. Materials and Methods
2.1. Data Acquisition (C-MIND)

The data presented in this work were obtained from the Cincinnati MR Imaging of
NeuroDevelopment (C-MIND) database, provided by the Pediatric Functional Neuroimag-
ing Research Network at https:/ /research.cchmc.org/c-mind/ (accessed on 16 March 2017).
This Network and the resulting C-MIND database were supported by a contract from the
Eunice Kennedy Shriver National Institute of Child Health and Human Development
(HHSN275200900018C). Participants were native English speakers with no history of neu-
rological or psychiatric disease in the child or first-degree relatives. Exclusionary criteria
included the following: gestation outside 37 to 42 weeks, birth weight less than the 10th
percentile, body mass index outside the 5th to 95th percentiles, chronic illness, a school
grade average of D+ or below, special education placement based on ability or behavior,
previous head trauma, abnormal neurological examination, head circumference outside
the 5th to 95th percentiles, and abnormal MRI findings. Please see the C-MIND User
Manual, available online at https:/ /research.cchmc.org/c-mind /manual-project-overview
(accessed on 16 March 2017), for more information on the study protocol and data collection,
which were approved by the Institutional Review Board at Cincinnati Children’s Hospital
Medical Center (CCHMC). Data were used in the current study with permission from the
Pediatric Neuroimaging Research Consortium, as well as the Institutional Review Board at
the University of Alabama at Birmingham.
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2.2. Sample Demographics

Ninety healthy, right-handed children, between birth and 18 years old were ran-
domly selected from the C-MIND database (age rangesmpie: 0 years, 9 months to 18 years,
10 months). Scan quality was rated 0-3 by researchers at the C-MIND Consortium (0 = perfect
and 3 = poor). For this study, only scans of quality 0 (“perfect data”) or 1 (“good image
quality and contrast”) were considered for inclusion in order to adequately visualize hip-
pocampal dentation (see Section 8: Quality Assurance Procedures of the C-MIND User
Manual at https:/ /research.cchmc.org/c-mind/8-quality-assurance-procedures (accessed
on 16 March 2017) for more information).

The sample size was based on feasibility and scan quality, with up to five participants
selected at each age, from birth to 18 years old. Scan quantity and/or quality were limited
in several age groups, including less than one year of age (2 scans available), 17-year-olds
(4 scans), and 18-year-olds (4 scans). For all other age groups, random selection was used
to identify five participants for inclusion. The sample included 50 females (56%) and
40 males. Of note, the database uses the term “gender” and does not differentiate gender
from biological sex, therefore the data and results are presented using the term gender.
Parent race was reported as follows: 66% of mothers in the study were Caucasian, 29%
were African American, 1% were Asian, 1% were biracial, and 3% were not reported;
fathers’ race included 62% Caucasian, 32% African American, 1% Asian, and 4% not
reported. Participant ethnicity included 6% Hispanic or Latino. Annual household income
was reported in ranges ($0-5000 to over $150,000) and median household income was
$50,000-75,000 in this sample. For more information on sample household income as well
as parental education level, see Tables A1 and A2.

2.3. Neuroimaging

Neuroimaging data included an anatomical MRI scan (acquisition time: approx-
imately 38 min). The protocol included a desensitization period to acclimate partici-
pants to the scanning environment, described previously [19,20] and outlined online at
https:/ /research.cchmc.org/c-mind/visitors/ preparing (accessed on 16 March 2017). A
Philips 3T Achieva scanner with 32-channel head coil was used to acquire 3D T1-weighted
anatomical MPRAGE scans (1 x 1 x 1 mm?®). Scans were visualized using 3D Slicer
software, Version 4.5.0.

2.4. Dentation Assessment

Hippocampal dentation, present in the CA1/subiculum of the human hippocampus,
was assessed in this study by counting the number of hippocampal dentes for the left and
right hippocampus of each participant individually (Figures 1-3). Hippocampal dentation
was visualized in the sagittal plane, using all available sagittal slices to determine the total
number of dentes for each hippocampus. Hippocampal dentation was described previously
in adults using ultra high-resolution structural neuroimaging (HR-MICRA technique with
0.5 x 0.5 x 0.75 mm? resolution) [7]. While a previous study described hippocampal
dentation in terms of both quantity and prominence, in this study, dentation was measured
by quantity only, adapted due to the reduced visibility of dentation and the SRLM layer
(stratum radiatum, lacunosum, and moleculare) in this scan resolution. See Beattie and
colleagues (2017) for more detailed methodology on the previous study. In the current
study, right and left hippocampal dentes were counted for all participants by a researcher
trained in hippocampal anatomy (J.E.B.). The main analyses were conducted using these
results. Approximately 25% of scans (n = 24) were counted by two additional trained
researchers (T.A.C. and R.Q.].) to assess inter-rater reliability. All raters were blinded to
participant variables, including age, while counting dentation.
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Figure 1. Hippocampal dentation visible in a 7-year-old participant. (A) Sagittal view, with the left
hippocampus shown in the black box. (B) Coronal view, with corresponding sagittal placement of the
viewing panes in (A,C). A larger image of the hippocampus is visible in (C), with black arrowheads
indicating three dentes visible in this sagittal slice. All available sagittal slices were used to count the
dentes for each hippocampus.

Figure 2. (A) Sagittal view of the left hippocampus of a 9-month-old participant. The black box
highlights the location of the hippocampus in this view. (B) Coronal view indicating the lateral
placement of the sagittal plane seen in (A,C). (C) A more detailed view of the left hippocampus
for this participant, with no visible dentes and the smooth contour of the inferior aspect of the
hippocampus traced.
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Figure 3. Both (A,B) show sagittal views of left hippocampi from two different 18-year-old partici-
pants. (A) A hippocampus with multiple dentes (indicated by black arrowheads), and (B) a relatively
flat hippocampus, with the inferior surface traced by the black dotted line. This highlights the vari-
ability in hippocampal dentation observed among healthy individuals of the same age. Hippocampal
dentation is pictured here in a single representative sagittal slice for each participant.

2.5. Experimental Design and Statistical Analysis

Visual inspection of bivariate scatter plots revealed a linear trend between the number
of dentes and age. Independent and dependent variables had skewness and kurtosis
values less than the absolute value of 2.0. No multivariate outliers were found for the
relationships between demographic variables (i.e., age, height, and weight) and left, right,
or total number of dentes (Mahalonobis’ Distance of less than 15.0 and Cook’s Distance less
than 1.0). The independence of residuals was observed, based on a Durbin-Watson test
statistic close to 2. Normality of residuals was assessed for the relationship between age and
number of left, right, and total dentes using the Kolmogorov-Smirnov test for normality.
Normality was violated for the relationship between age and number of left dentes, but the
null hypothesis of a normal distribution was retained for the relationship between age and
number of right dentes and number of total dentes. Visual inspection of bivariate scatter
plots of the residual and predicted data points revealed mild heteroscedasticity in the data.
Square root and logarithmic transformations were explored; however, homoscedasticity
was not achieved with these transformations, therefore, the data were analyzed in their
original form to preserve interpretation. Implications were considered. Statistical analysis
was performed in SPSS.

There were no missing data for the primary variables of interest, including hippocam-
pal dentation (right, left, and total) and participant age. Birth weight, current height, and
current weight were not available for a small number of individuals (see Table 1); however,
the number of individuals with missing data points was small and scattered among age
groups (<3% of individuals with missing data; see Table 1); therefore, the impact of these
missing data was considered minimal [21].

Table 1. Pearson correlations: hippocampal dentation and demographics.

Number of Hippocampal Dentes

Left Right Total
Birth weight (Ib) & 0.07 (p = 0.54) —0.10 (p = 0.36) —0.02 (p = 0.89)
Height (cm) B 0.29 (p = 0.006) ** 0.27 (p =0.01) * 0.31 (p = 0.004) **
Weight (kg) B 0.21 (p = 0.052) 0.13 (p = 0.23) 0.19 (p = 0.08)

Note: statistics reflect r-value (p-value), * denotes significance at p < 0.05, ** denotes significance at p < 0.01,
A n = 89; 1 unreported birth weight, 8 n = 87; 3 unreported height and weight.
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Reliability of dentation assessment at this age and scan resolution was measured using
an intra-class correlation coefficient ICC (3,1) to assess the absolute agreement for two
additional raters (T.A.C. and R.Q.].) with the dentation counts used in the main analyses
(J.EB.), according to methods reported elsewhere [22]. The analysis included left and
right dentes, considered together. Agreement between all three raters was 0.53, with
a 95% confidence interval (CI) (0.29, 0.70), and was considered fair. When considered
individually, ICCs between rater J.E.B. and raters T.A.C. and R.Q.]. were 0.62 and 0.70,
which is considered to be a good reliability [23].

3. Results

A range of dentation was observed for left (range: 0-8, X=2.82, s = 1.79), right (range:
0-7,x = 2.44,5 = 1.69), and total dentes (range: 0-14, X = 5.27, s = 3.17). Two-tailed Pearson
correlational analyses were conducted to examine the relationship between hippocampal
dentation and age in this sample. Analyses revealed a significant positive association
between age and number of left (r = 0.34, p = 0.001), right (r = 0.31, p = 0.003), and total
dentes (r = 0.36, p = 0.001) (Figures 4 and 5). The means and standard deviations for number
of hippocampal dentes by age group are included in Table A3.
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Figure 4. The relationship between total number of hippocampal dentes and age (1 = 90), with a
linear trend line (p = 0.001). Of note, the variability in number of dentes is high, particularly in older
age groups. Individuals with few or no dentes are also seen across the age range.

Visual inspection indicated that variability in dentation appeared to increase with age,
such that there was more variability in number of dentes in older children and adolescents
when compared with infants and young children. Given the increasing variability in the
number of dentes with participant age noted in bivariate scatter plots (Figure 4), an addi-
tional analysis was conducted to determine whether there was a significant relationship
between variability in hippocampal dentation (i.e., standard deviation) and age group. This
analysis, consisting of a two-tailed Pearson correlation, revealed a significant positive asso-
ciation between the age group and standard deviation of the number of total hippocampal
dentes (r = 0.56, p = 0.01) (Figure 5).
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Figure 5. Scatter plot showing the correlation between standard deviation of the number of total
hippocampal dentes and age group. The larger standard deviation among older age groups indicates
greater variability in the number of hippocampal dentes among older children/adolescents. A
significant positive association was found between age group and standard deviation (p = 0.01).
The range in variability for older age groups may be observed due to the small sample size in each

age group.

A paired samples t-test was conducted to determine whether there was a significant
difference between the number of left and right hippocampal dentes in the sample. Indi-
viduals in this sample tended to have more left than right dentes (difference score (L-R):
X =0.38, 5 =1.44), t(89) = 2.49, p = 0.02 (Figure 6).

9

8 °

7 ° *

6 O o & e

5 60 & e O e o o» ® #LDentes
© #RDentes

4 0O 000 XMoo OO

Linear (# L Dentes)

3 adKsed 0@ 000 O

Number of Dentes

........ Linear (# R Dentes )

OB S oabe OO 0000 o e

1 {606 0O e Co @) 00O G0 e O O

10
Age (years)

5 20

Figure 6. Association between number of left and right dentes individually with age, displayed with
linear trend lines. Paired samples t-test revealed a greater number of left dentes for participants,
on average.

Two-tailed Pearson correlations were conducted to examine the relationship between
the number of hippocampal dentes and demographic variables, including birth weight,
current height, and current weight. Analyses revealed significant associations between the
number of left, right, and total dentes with height (p < 0.05), but not with current weight or
birth weight (p > 0.05) (Table 1).

Independent samples t-tests were conducted to determine whether hippocampal
dentation differed between males and females. No significant differences were observed
between groups, including the number of left dentes between males (x = 3.05, s = 1.77) and
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females (X = 2.64, s = 1.80); t(88) = 1.08, p = 0.28, number of right dentes between males
(¥ =2.75,s = 1.79) and females (¥ = 2.20, s = 1.58), t(88) = 1.55, p = 0.13, or number of total
dentes between males (X = 5.80, s = 3.17) and females (x = 4.84, s = 3.13) in this sample,
t(88) = 1.44, p = 0.15 (see Figure 7).

Variation in dentation between males and females

Female Male

14 R

Total number of dentes

2
o

Figure 7. The range of hippocampal dentation among males and females. No significant gender
differences were observed (p > 0.05).

4. Discussion
4.1. Hippocampal Dentation and Age

Based on a sample of healthy children and adolescents (age 9 months to 18 years
old), hippocampal dentation showed a small positive correlation with age, such that older
children had a larger number of dentes, on average. This does not appear to directly
mirror volumetric changes, which broadly exhibit relative stability following early child-
hood [17,24]. This differential developmental pattern between hippocampal dentation
and volume appears to be generally consistent with past research in adults, which found
no association between hippocampal dentation and hippocampal volume [7]. Overall,
hippocampal dentation describes shape of the hippocampus rather than the size, and does
not appear to be a redundant or surrogate measure of volume. In addition, this finding
of a greater number of hippocampal dentes with age introduces a potential form of mor-
phological change that occurs during childhood and adolescence, previously believed to
be minimal in the human hippocampus [1]; however, conclusions here are limited by a
cross-sectional study design. Given the functional significance of hippocampal dentation
in adults, it is important to describe the typical developmental trajectory of dentation—that
is, describing when dentation first develops and whether this continues throughout the
lifespan. At the same time, there seems to be a significant degree of individual variability,
such that not all adults show visible dentation.

4.2. Variability of Hippocampal Dentation by Age

While primary analyses revealed a significant positive association between age and
number of hippocampal dentes, visual inspection of the data (see Figure 4) indicated
that while younger children tend to have fewer hippocampal dentes, older children and
adolescents display wide variability in the number of hippocampal dentes. This was
supported by a post-hoc analysis, which revealed a positive association between age group
and variability in hippocampal dentation (i.e., standard deviation). The observed degree
of variability found in our current study is consistent with a previous finding in a healthy
adult cohort, where a wide range of hippocampal dentation was observed [7]. In a study
examining volume, substantial variability in hippocampal volume was observed in healthy
children aged 4-18 years old; however, the results did not indicate whether the distribution
of hippocampal volume varied with age [17].
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4.3. Hippocampal Dentation and Gender

Previous research varies in both methodology and reporting when analyzing sex
and/or gender differences [5,17,18]. No gender differences were observed between males
and females in the right, left, or total number of hippocampal dentes in this sample. Gender
differences were previously observed in healthy adults, with males having a greater degree
of right and left hippocampal dentation [7]. Observed differences in the two studies could
be attributable to age, with gender differences emerging during adulthood. Alternatively,
both prominence and quantity were examined in the previous study, thus it is possible that
males have a tendency to have more arciform (prominent) dentes, where females have a
higher rate of sinusoidal dentes, leading researchers to detect gender differences using one
methodology (i.e., the rating system in the previous study) and not the other (i.e., counting
dentes used in the present study). More research is needed to elucidate sex and gender
differences in hippocampal dentation across the lifespan.

4.4. Hippocampal Dentation and Demographics

In addition to showing a positive relationship with age, the quantity of hippocampal
dentes (right, left, and total) was associated with height in this sample. This is not surprising
given the strong correlation between age and height in children. No significant correlation
was found with weight (current nor birth weight).

Interestingly, prematurity and extremely low birth weight have been associated with
memory difficulties during childhood [25,26], which may persist into adulthood [27], justi-
fying an investigation of hippocampal dentation related to birth weight or gestational age.
In our study sample, there was no relationship between birth weight and hippocampal den-
tation; however, due to the study aims of investigating typical development, children with
birth weight less than the 10th percentile, as well as those born prematurely (<37 weeks),
were excluded from the study. The resulting data were therefore truncated in these parame-
ters. This could lead to limited power to detect an effect related to hippocampal dentation.
Future research may examine this relationship in a sample of individuals who were born
prematurely and/or at a very low or extremely low birth weight.

4.5. Reliability of Dentation Assessment

Reliability analysis was conducted to determine the consistency of counting dentes at
this resolution and in this age range. In a previous study with healthy adults [7], reliability
was excellent, ICC (3,1) = 0.94, 95% CI (0.89-0.96). Based on non-overlapping confidence
intervals, we can deduce that the ICC in the previous adult study was higher than the
current study. While the reliability in this study was good, the ICC values may be relatively
lower when compared to the previous study due to the decreased scan resolution and
contrast, as well as the younger age range. Given that dentation is associated with age,
it is possible that dentation “emerges” during childhood. That is, the prominence of
dentes may increase over time (although the current study did not address this hypothesis),
making it difficult to distinguish when to “count” a dente (i.e., a threshold). This could
contribute to less absolute agreement between raters when counting hippocampal dentation.
Additionally, a fixed voxel size appears relatively larger compared to overall hippocampal
size in a smaller brain (e.g., infants), making visualization of hippocampal dentation more
difficult, assuming the size of the dentes is proportional to the overall hippocampal size.
Finally, the methodology differed between the two studies (counting dentes vs. rating
quantity and prominence). Reliability in this study was classified as “fair” to “good” and
was considered acceptable for measuring this construct; however, the lower reliability
in this sample provided support for developing more objective techniques to measure
hippocampal dentation.

4.6. Limitations

The limitations of this study included a lower scan resolution compared to previous
work examining hippocampal dentation. This presented methodological challenges; how-
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ever, this scan resolution was determined to be acceptable for viewing the quantity of
hippocampal dentes and provided significantly more generalizability for studying hip-
pocampal dentation. Scan acquisition time for an ultra-high resolution neuroimaging
session may present substantial barriers, particularly in studying a population of infants
and young children. Examining dentation in this image resolution also allows for more
readily available clinical use and the interpretation of this construct, in addition to larger
sample sizes in research.

Although this study had a relatively large sample size and was well-powered to detect
a main effect of age, this sample included a relatively small number of individuals in each
age group, particularly in very young children (i.e., less than 12 months of age). Due to
rapid brain development during the first years of life, it would be interesting to study addi-
tional individuals in this age range so as to better describe characteristics of hippocampal
dentation in the early years of life. Sample diversity was generally representative of the
region; however, increasing the sample diversity would help detect potential differences
in development across groups. The cross-sectional design of this study limits conclusions
about developmental trajectory over time.

Participant gender was one of the demographic variables collected in the data set
utilized in this study, but was not differentiated from biological sex. As sex (biological
descriptive term) and gender (socially-defined construct) are not synonymous, we were
unable to explore the nuances of these relationships as part of this study. While we saw no
significant gender differences in hippocampal dentation, we cannot definitively rule out
sex differences within this sample. This should continue to be explored in future research.

4.7. Future Directions

Future work should examine the development of dentation in longitudinal samples to
better assess stability and/or development of this construct over time within individuals.
Furthermore, the quantity of hippocampal dentation was related to age in children and
adolescents, but not in adulthood, when focusing on early to middle adulthood [7]. It
would be interesting to examine this relationship in older adults to determine whether loss
of hippocampal dentation occurs during healthy aging, or whether this construct is stable
after initial development early in life.

Thus far, hippocampal dentation has been examined primarily in healthy populations
to describe the typical development and course of this morphological feature. Important
future directions include examining this construct in individuals with neurological con-
ditions, including those where memory impairment is pronounced (e.g., temporal lobe
epilepsy, Alzheimer’s disease), such as the work recently established by Ramaniharan
and colleagues [10]. Additionally, the examination of this feature in individuals with
neurodevelopmental differences may shed light on whether this feature plays a role in
neurodevelopmental disorders.

Future work should also explore genetic and/or environmental contributors to the
development of dentation, including factors such as family socioeconomic status, par-
ent educational attainment, and variables exploring quality of education, as well as
parental dentation.

Finally, future directions include the development of a more objective and less time-
intensive method to assess hippocampal dentation. Ideally, this measure would incorporate
both quantity and prominence, and would be available for use in a relatively accessible
scan resolution (e.g., MPRAGE). Recent work towards this effort has been reported [14].
The lower ICCs in this study, while still acceptable, suggests that objective methods would
be particularly beneficial for infants and young children, where hippocampal dentation
could be more subtle and voxel size appears to be relatively larger.

5. Conclusions

This study provides the first examination of hippocampal dentation in children and
adolescents, to the best of our knowledge. The aim was to describe the development of
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hippocampal dentation in this age range. The results revealed that there is a significant
positive association between age and number of hippocampal dentes (left, right, and total).
Hippocampal dentation was not related to gender in this sample. Individuals had slightly
more left than right dentes. Interestingly, variability in the number of dentes increased
significantly with age, such that older children and adolescents displayed a wide range
in number of hippocampal dentes, ranging from absent to numerous in both the left
and right hippocampi. These results are consistent with a description of hippocampal
dentation in a sample of healthy adults, which indicated wide variability in the degree of
hippocampal dentation.
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Appendix A

Table Al. Parents’” educational attainment.

Mothers Fathers
Less than high school 4% (n=4) 7% (n = 6)
High school 17% (n = 15) 23% (n =21)
Some college 19% (n =17) 24% (n = 22)
College 30% (n =27) 27% (n = 24)
Some graduate level 6% (n =5) (n=0)
Graduate level 21% (n=19) 13% (n = 12)
Not reported 3% (n=23) 6% (n=5)
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Table A2. Annual household income.

Percent of Sample

$0-$5000 12%
$5000-$10,000 1%
$10,000-$15,000 6%
$15,000-$25,000 8%
$25,000-$35,000 8%
$35,000-$50,000 10%
$50,000-$75,000 14%
$75,000-$100,000 21%
$100,000-$150,000 11%
Over $150,000 4%
Not reported 4%

Table A3. Descriptive statistics: hippocampal dentation by age group.

Number of Dentes

Age Group (Years) Frequency Left Right Total
<1 2 0.50 (0.71) 1.00 (0.00) 1.50 (0.71)
1 5 2.40 (0.55) 1.80 (0.84) 4.20 (1.10)
2 5 2.00 (0.71) 1.80 (0.84) 3.80 (1.10)
3 5 2.00 (1.00) 1.40 (1.14) 3.40 (1.95)
4 5 240 (1.82) 1.80 (0.84) 4.20 (2.39)
5 5 2.60 (1.67) 2.00 (1.87) 4.60 (3.29)
6 5 1.80 (1.30) 1.60 (1.67) 3.40 (2.88)
7 5 3.00 (1.22) 3.20 (1.64) 6.20 (2.77)
8 5 2.60 (1.52) 2.60 (1.95) 5.20 (2.59)
9 5 3.20 (2.68) 3.00 (1.73) 6.20 (3.90)
10 5 3.40 (0.89) 3.00 (1.58) 6.40 (2.07)
11 5 3.20 (2.59) 2.60 (2.51) 5.80 (4.92)
12 5 3.40 (1.82) 2.80 (1.30) 6.20 (3.11)
13 5 240 (1.14) 2.00 (0.71) 4.40 (1.52)
14 5 1.80 (1.92) 1.80 (1.79) 3.60 (3.51)
15 5 3.60 (3.05) 3.40 (2.19) 7.00 (4.64)
16 5 4.20 (1.30) 2.80 (2.28) 7.00 (3.08)
17 4 4.75 (0.96) 4.50 (1.73) 9.25 (1.26)
18 4 3.50 (3.00) 3.00 (2.45) 6.50 (5.32)
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Abstract: The aim was to prospectively evaluate the diagnostic and prognostic value of different
quantitative analysis methods assessing adrenal gland parameters on contrast-enhanced CT scans
in patients with septic conditions. Seventy—six patients (49 men, 27 women) received CT scans for
focus search. Adrenal glands were analyzed by means of three different methods: subjective region
of interest (ROI) measurement, organ segmentation and histogram analysis using semi-automated
software. Univariate analyses with multiple testing thresholds and receiver operating characteristic
curves were performed. Clinical endpoints were 8-days, 28-days and 6-months mortality. Forty-four
CT scans were analyzed (ground truth: patients with no sepsis: n = 6; patients with sepsis: n = 15;
patients in septic shock: n = 21). Left adrenal gland (LAG) values were analyzed and compared, as
data variation was lower than in the right adrenal glands. In patients with septic conditions, the
combination of high LAG and Inferior Vena Cava (IVC) density values was highly specific for septic
shock with all three methods. Only segmentation values were significantly different between the
sepsis and septic shock groups after confounder correction (p = 0.048). Total adrenal gland volume
was 20% higher in the septic shock patients while a relatively small LAG volume within the septic
shock subgroup was associated with higher mortality at day 8 (AUC = 0.8; p = 0.006) and at 6 months
(AUC = 0.7; p = 0.035). However, time-consuming density analysis methods assessing adrenal glands
do not provide additional diagnostic value in patients with septic conditions. The combination of
high LAG and IVC attenuation values seems to be highly specific for septic shock, regardless of the
analysis type. Adrenal gland volume reveals short- and long-term prognostic capacity.

Keywords: sepsis; adrenal glands; computed tomography; ROI; semi-automated segmentation;
histogram

1. Introduction

According to the German Centre for Sepsis Control and Care, approximately
154,000 patients are in-patients due to septic conditions throughout Germany every year,
with a mortality as high as 50% and sometimes more [1,2]. Sepsis is—even today—a leading
cause of critical illness and hospital mortality and remains a major challenge for modern
medicine. Responsible for every third death in Germany, it is the main cause of death in the
non-coronary intensive care unit (ICU). In addition, expenses for ICU patients represent
about 30% of the overall ICU costs in Germany and amount to approximately 1.77 billion
euros. Indirect economical costs are estimated at about 3.5 times as high as direct expenses,
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caused by work stoppage or early retirement and overall costs are estimated to be around
6.3 billion euros annually [1,3-6].

In 2016, as a result of the release of the Third International Consensus Definitions for Sepsis
and Septic Shock, new sepsis definitions (“Sepsis 3”) were issued by a task force formed by
members of the Society of Critical Care Medicine and of the European Society of Intensive
Care Medicine [5].

Now, sepsis is defined as a life-threatening organ dysfunction caused by a dysregu-
lated host response to infection. The term also comprises physiological, pathological and
biochemical abnormities induced by infection. Organ dysfunction can be represented by
an increase in the Sequential (Sepsis-related) Organ Failure Assessment (SOFA) Score of
two or more points, which reflects an in-hospital mortality risk of greater than 10%. This
score, designed to monitor patients’ status and disease development during the stay in
ICU, includes six different sub-scores: One for each the respiratory, cardiovascular, hepatic,
coagulation, renal and neurological systems.

Septic shock is defined as sepsis in combination with cardiovascular failure resulting
in an inadequate tissue perfusion and metabolic dysfunction. Furthermore, patients with
septic shock are required to meet the following Sepsis-3 criteria: need of vasopressors to
maintain a mean arterial pressure of 65 mmHg or higher and serum lactate level greater
than 2 mmol/L (>18 mg/dL) in the absence of hypovolemia [5,7].

Although our understanding of the pathophysiological mechanisms of sepsis has
evolved over recent decades, with new therapy regimes being implemented, such as the
approach of early goal-directed therapy, timely administration of antibiotics or use of
modern ventilation systems, mortality rates remain high [8].

For ICU patients with a suspected septic condition, contrast-enhanced computed
tomography (CT) is a fast, cost-efficient, non-invasive and widely available imaging pro-
cedure, mostly applied for detecting a possible focus of the infection as well as assessing
the patients’ clinical course. In this context, the hyperenhancement of adrenal glands
is known as a CT sign associated with the “hypoperfusion complex”, as described by
O’ Hara et al. [9] in children with post-traumatic shock, indicating poor prognosis. For
adults with intense adrenal enhancement, previous studies indicate poor clinical outcome
and high mortality rates in polytraumatized patients and in patients with hypovolemic
or septic shock. Additionally, adrenal enhancement may serve as a predictor for organ
failure [10,11]. Another recent study by Peng et al. [12] described a new special enhancing
pattern (HAGS) of the adrenal glands on dual-phase contrast-enhanced CT in the arterial
phase in patients with septic shock, indicating poor prognosis.

Relative adrenal insufficiency (RAI) regularly occurs in patients with septic conditions
and describes the body’s incapacity to provide the required hormonal response to infection,
although the adrenal glands function at their full capacity [12]. The fast response of these or-
gans to stress during septic conditions is vital for survival. The response is mediated by the
activation of the hypothalamic-pituitary-adrenal axis (HPA), preventing an over-activation
of the immune response [13,14]. The HPA is initiated by cytokines and other inflamma-
tory mediators that trigger the activation of the corticotropin releasing hormone (CRH)
from the hypothalamus and leads to the subsequent release of the adrenocorticotropic
hormone (ACTH) from the pituitary gland during infection [15]. ACTH then binds to
the melanocortin-2 receptor on cells of the adrenal cortex, mediating synthesis of steroids.
This feedforward mechanism of cortisol genesis is balanced through a negative feedback
interaction by cortisol with ACTH and CRH, inhibiting their release [16,17]. The higher
metabolic demand for cortisol and the compensatory mechanism for hypovolemia in pa-
tients with septic shock leads to an increased blood flow to the adrenal glands and to their
subsequent enlargement, which is seen radiologically as intense adrenal enhancement in
contrast-enhanced computed tomography in patients with sepsis and septic shock [9,18,19].

In this study we want to leave behind the approach of qualitative and semiquantitative
evaluation of hyperattenuating adrenal glands. Our aim is to assess quantitative data and
derive cut-off values in order to distinguish sepsis stages and predict patients” outcomes.
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With these endpoints in mind, the authors compared three more or less time-consuming
methods of adrenal gland analysis. First, the fast and subjective method of ROI, second, the
more elaborate semiautomated quantification of adrenal gland volume and, third, organ
segmentation with subsequent histogram analysis. Previous studies have used histogram
analysis for adrenal mass characterization, however, to the best of our knowledge, it has
never been used for adrenal glands in patients with sepsis and septic shock [20,21].

2. Materials and Methods
2.1. Study Protocol

This prospective single-center study conducted at the University Medical Centre
Mannheim (UMM), Germany, was approved by the local ethics committee. A total of
seventy-six patients were prospectively enrolled. Informed consent was obtained from all
participating patients or their legal representatives. This study was performed according
to standards of the Health Insurance Portability and Accountability Act (HIPAA) and the
Declaration of Helsinki. Criteria for patients to be included into the study were non-surgical
admission to an internist-led ICU and a suspected septic condition as well as performance
of a whole-body CT scan for focus search, with i.v. contrast media application via the upper
extremities or the internal jugular veins. From all the patients included in the study, venous
blood samples for testing parameters known to be associated with a septic condition were
collected within 24 h after they had received the contrast-enhanced CT scan. In light of the
complete clinical course, the laboratory results and the radiological findings, a baseline
could be established, dividing patients into the different study groups at the time-point of
CT imaging. Outcomes were determined on day 8, after 28 days and after 6 months.

2.2. CT-Data Acquisition

A clinically indicated contrast-enhanced CT scan was performed on all patients partici-
pating in the study and the day of the CT-scan was determined as day 1 regarding outcome
analysis. CT data was acquired on a 16-slice single-source CT scanner system (Somatom
Emotion, Siemens Healthineers, Erlangen, Germany). In an average-weighted patient,
90 mL of iodinated contrast material was applied with a flow rate of 2.5 mL/s followed by
a saline chaser bolus of 20 mL of the same flow rate. The scan protocol consisted of a chest
scan acquired during the arterial phase, optionally a neck scan acquired 40 s after the start
of contrast material application and an abdominal scan acquired during the portal-venous
phase 70 s post contrast material application. The start of the scan was triggered by bolus
tracking within the aortic arch. The abdominal portal-venous phase was acquired at a peak
tube voltage of 130 kVp, and reference tube current of 110 mAs, pitch of 0.95. CT raw data
were reconstructed with a slice thickness of 1.5 mm, slice increment of 0.9 and transferred
to our PACS system.

2.3. Clinical Parameters

All collected medical patient data from the internal ICU stay were reviewed by in-
spection of paper files or by inspection of digital stationary ICU patient files within the
hospital’s management software SAP. Parameters of interest were basic patient data such
as age, previous diseases, cause for admission and days spent on the ICU, as well as sepsis-
associated-parameters obtained from the day of the contrast-enhanced CT scan. These
included basic vital parameters like breathing rate and systolic blood pressure as well as
Glasgow Coma Scale values (GCS), necessary for a SOFA score assessment. To determine
sepsis stages according to the “new” Sepsis 3 criteria using the SOFA score, namely paO2,
FiO2, flow of catecholamine, creatinine, urinary excretion and lactate were used. If possible,
APACHE II-, and SAPS II-scores were assessed as well.

2.4. CT-Image Analysis

“Aycan OsiriX” is an open source Digital Imaging and Communications in Medicine
(DICOM) archiving and distribution system that was used to assess CT images and import
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data for further processing [22]. After the portal-venous abdominal CT scan was imported
into the local database, the Aycan-Eclipse-Tool was used to determine a region of interest
(ROI) with a target size of 0.1 cm? (between 0.08 and 0.34 cm?).

The following parameters were assessed in duplicate measurements: mean and stan-
dard deviation of both adrenal glands and the inferior vena cava and aorta at the level of
both adrenal glands within the ROI, as well as the area (cm?) of the ROI itself.

For the purpose of organ segmentation, “The Medical Imaging Interaction Toolkit
(MITK) was used. This is a free open source software system for the development of
interactive medical image processing software, that provides image-guided procedures
and image analysis with interaction features to correct results from (semi)automated
computation, if necessary [23]. DICOM-portal-venous phase abdominal images of patients’
whole-body CT scans were imported into the MITK for segmentation of the adrenal glands.
Slice thickness was 1.5 mm and CT scans were either reformatted in the axial or coronal
plane depending on the best delineation of the left and right adrenal gland.

3D- or 2D segmentation tools with 3D interpolation were used for the segmentation of
adrenal glands. Morphological operations such as “dilation”, “closing” or “filling holes’
were used, if necessary, for refining automatic segmentation as well as manual segmen-
tation depending on the patients” image. In addition, tumors, blood vessels, fat tissue,
calcifications or infarcted areas of the gland were manually excluded from segmentation.
The following parameters were assessed separately for both adrenal glands: mean density
in Hounsfield Units (HU), median, standard deviation, maximum, minimum, number
of voxels (1) and volume of voxel (V in mm?). Furthermore, histogram data were used
by using the “copy-to-clipboard” function of the statistics” tool. Negative pixels were
eliminated in order to avoid inclusion of surrounding retroperitoneal fat tissue or small
adenomas within the gland and consecutively false-low HU mean values. The histogram
data provided pixel attenuation (HU) along the x axis versus the frequency of pixels at each
attenuation value along the y axis [20].

”

’

2.5. Statistical Analysis

Statistical analysis and graphical representation were performed using dedicated
software: R (Version 3.6 for mac); SigmaPlot (Version 14.0); Excel (2019, MSO).

For quantitative data derived from CT scans, the median and interquartile ranges (IQR)
were calculated for mean attenuation values. Other quantitative data regarding baseline
characteristics are presented as mean + standard error of the mean (SEM). Categorical
variables were reported as numbers and percentages. The Pearson correlation for all
variables of interest and analysis of variance wase used (with subsequent Bonferroni
correction for multiple testing where appropriate) for comparison of numerical data. To
identify combinations of markers predictive of death or sepsis classification at various
timepoints, elastic net regression for endpoints and sepsis classification was used, chemical
markers were log2 transformed and data was divided into training (80%) and testing
(20%) sets for all available data points per outcome. Receiver operating characteristic
curves were used to illustrate various cut-offs for mortality risks associated with adrenal
gland volume. Attenuation values were corrected for the confounders’ age, sex, evidence of
presence of germs, APACHE-score and SOFA-score. The sepsis groups were compared with
the use of the Mann-Whitney U test for numerical data again with subsequent multiple
testing Bonferroni correction. Boxplot diagrams and Pearson correlations were used for all
radiological data.

3. Results
3.1. Final Cohort

Baseline characteristics are given in Table 1. From 76 patients included from the
internist-led ICU, 54 patients could be assigned according to the new sepsis classification.
There were 7 patients (4 male, 3 female) in the non-sepsis group, 23 patients (16 male,
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7 female) in the sepsis group and 24 patients (12 male, 12 female) in the septic shock group.
Twenty-two patients could not be classified due to early transfer or discharge.

Table 1. Baseline characteristics.

No Sepsis (1 = 6) Sepsis (1 = 16) Septic Shock (n = 22)
Age, years (mean, range) 74 (33 to 89) 67 (19 to 87) 63 (15 to 82)
Gender, 1 (%)
Male 3 (50) 11 (69) 10 (46)
Female 3 (50) 5(31) 12 (54)
Site of infection, 1 (%)
Lung 4(67) 10 (63) 15 (68)
Abdominal 1(33) 2(13) 2
Urinary tract - 1(6) 1
Skin - - 1
Heart - 1(6) 1
Neck - 1(6) -
Blood - - -
Others - 1(6) -
Laboratory values, mean = SEM
White blood cells, 10° /L 110+ 1.6 115+ 1.7 181 +£32
Platelets, 10° /L 1752 £ 39.8 175.6 + 26.4 199.1 £ 30.2
Creatinine, mg/dL 140 £0.3 20+04 8.4+ 6.6
C-reactive protein, mg/L 152.2 +30.2 188.4 £ 28.5 153.8 £29.8
pCO,, mmHg 341+6.1 443 +23 439+28
Lactate, mmol/L 14+02 1.3+02 454+ 04
Positive blood cultures, 1 (%) 2 (33) 10 (63) 9 (41)
ICU parameters, mean + SEM
ICU days 15+ 6.5 20+ 4 13+3
Ventilation days 13+64 10+4 11+3
Catecholamine days 11+5.6 11+£3 10+3
Antibiotic treatment days 12£43 17 £ 4 12£3
Renal replacement therapy days 5+41 2+1 3+1
GCs 1242 7+1 6+1
APACHE II, mean 4+ SEM 18+ 4 2242 28+1
SAPSII, mean £+ SEM 36 £6 40£5 49+3
SOFA score, mean + SEM 7+2 9+1 12+1
All-cause mortality, 1 (%)
8 days
Death 0(0) 4 (25) 10 (46)
Survivor 6 (100) 12 (75) 12 (54)
28 days
Death 2(33) 6(38) 14 (64)
Survivor 4 (66) 10 (62) 8 (36)
6 months
Death 2(33) 6 (38) 15 (68)
Survivor 4 (66) 10 (62) 7 (32)

SEM: Standard error of the mean; GCS: Glasgow Coma Scale; APACHE II: Acute physiology and chronic health
evaluation II; SAPS: Simplified acute physiology score II; SOFA: Sepsis related organ failure assessment.

In our final patient cohort, we were able to perform image analysis with all three
methods in a total of 44 patients assigned to the three sepsis 3-classification groups for
both adrenal glands. A total of 10 patients had to be excluded a posteriori. Reasons
included poor image quality and organ demarcation, partially due to poor circulatory
function, malformed glands due to tumors, respiration-induced artifacts, foreign material
artifacts, i.v. contrast material administration via lower extremity veins and individual
anatomical variations, e.g., of suprarenal blood vessels. As for the method of segmentation,
in five patients only the left adrenal gland (LAG) and in two patients only the right adrenal
gland (RAG) was successfully segmented, respectively. Figure 1 presents a flowchart of the
formation of the final study cohort.
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76 patients included with
non-surgical ICU admissions
between 08/2016 and 01/2018

22 patients not classified due to
early transferring or discharge

54 patients classified

no sepsis (n=7); sepsis (n=23);
seplic shock (n=24)

10 a posteriori dropouts due to
insufficient image quality

44 patients fit for image analysis

no sepsis (n=6); sepsis (n=15);
septic shock (n=21)

Figure 1. Flowchart of the final study cohort.

3.2. Correlation of HU Attenuation Values for Right and Left Adrenal Gland

Radiological results showed a strong correlation between both adrenal glands for
all methods of image analysis. The correlation coefficients (R) for the mean (HU) values
for different imaging methods were as follows (that is, for mean (median)): ROI: 0.87;
semi-automatic segmentation: 0.88 (0.89); segmentation with histogram analysis: 0.78 (0.77)
with all p < 0.001. The variation of mean HU values for adrenal glands was higher for
RAG (R =0.59; p < 0.001) than for LAG (R = 0.71; p < 0.001) for inter-methodical correlation
of both ROI and Histogram values, as presented in Figure 2. Due to less data variation,
but excellent correlation between both adrenal glands, we then solely focused on the LAG
when comparing absolute attenuation values between sepsis groups.

R=0.72; p < 0001 R=0.71;p < 0.001 150 R=0.71; p < 0.001
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Figure 2. Variation of mean HU values for the left- (A—C) and right adrenal gland (D-F) comparing
inter-methodical correlation of image analysis (HU: Hounsfield unit; ROI: Region of Interest).
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3.3. Method of Region of Interest (ROI)

Attenuation values (rounded values) from a ROI (range 0.08 to 0.34 cm?, average
0.27 cm?) for the LAG (HU) were as follows (that is, median (IQR)): no sepsis 97 (85 to 111);
sepsis 72 (61 to 84); septic shock 91 (77 to 112). The values corrected for the confounders age,
sex, evidence of presence of germs, APACHE score and SOFA score were (median (IQR)):
no sepsis 24 (10 to 34); sepsis —9 (—17 to 0); septic shock 2 (—15 to 25). Figure 3A illustrates
the distribution of absolute mean (HU) values for the LAG according to the different groups
of sepsis severity at day 1 of their ICU stay. Between the groups for sepsis (2) and septic
shock (3), there was a significant difference with higher attenuation values for patients with
septic shock (p = 0.0020), which was also significant after multiple testing (ANOVA with
subsequent Bonferroni, p = 0.023). The differences in between the other groups were not
significant (p > 0.05).
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Figure 3. Boxplot diagrams of absolute mean LAG attenuation values (A) for the method of ROI for
patients not classified with sepsis (1), sepsis (2) and septic shock (3). Mean values were significantly
different between sepsis (2) and septic shock (3) (p = 0.0020), also significant after multiple testing
(p = 0.023); Boxplot diagrams for same values corrected for confounders * (B), showed differences
between groups 2 and 3 (p = 0.022) and between groups 1 and 3 (p = 0.044), which were no longer
significant after multiple testing (p = 0.104). (ANOVA: Analysis of Variance; LAG: Left adrenal gland;
ROL: Region of Interest; * age, sex, evidence for presence of germs, APACHE and SOFA score).

Figure 3B illustrates the distribution of the corrected ROI (HU) values for the LAG,
respectively. There were significant differences between the sepsis group (2) and septic
shock group (3) (p = 0.022), and between the “no sepsis” and sepsis group (2) (p = 0.044),
which were no longer significant after multiple testing correction (p = 0.104).

3.4. Method of Semi-Automated Organ Segmentation

Attenuation values (rounded) for segmentation with manual adjustments were as
follows (that is, median (IQR)): no sepsis 76 (59 to 84); sepsis 49 (32 to 64); septic shock 69
(52 to 81). These values corrected for confounders were (median (IQR)): no sepsis 15 (2 to
26); sepsis —11 (—18 to 3); septic shock 5 (-7 to 16).

Figure 4A illustrates the distribution of absolute segmentation (HU) values for the
LAG according to the different groups of sepsis severity at day 1 of their ICU stay. Between
the groups for sepsis and septic shock—as demonstrated for the method of ROI—there
was a significant difference in attenuation values for patients with septic shock (p = 0.0035),
which remained significant after multiple testing correction (p = 0.013). The significant
difference between groups 1 and 2 (p = 0.036) was no longer significant after multiple
testing correction (p = 0.074).
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Figure 4. Boxplot diagrams of absolute mean LAG attenuation values (A) for the method of segmen-
tation for patients not classified with sepsis (1), sepsis (2) and septic shock (3). Significant difference
between sepsis (2) and septic shock (3) (p = 0.0035), also significant after multiple testing (ANOVA,
p = 0.013). Same mean attenuation values corrected for confounders * (B). The difference between sep-
sis (2) and septic shock (3) remained significant (p = 0.018) after multiple testing (ANOVA, p = 0.048).
(ANOVA: Analysis of Variance; LAG: Left adrenal gland; ROI: Region of Interest; * age, sex, evidence
for presence of germs, APACHE and SOFA score).

Figure 4B illustrates the distribution of the corrected segmentation HU values, respec-
tively. After correcting for confounders, the difference between mean attenuation values for
the sepsis (2) and septic shock group (3) remained significant (p = 0.018), also after multiple
testing correction (p = 0.048).

Adrenal segmentation volumes for both genders are presented in Table 2. Total adrenal
gland volume on average increased around 20%, both between the “no sepsis” and septic
shock group, and between the sepsis and septic shock group, but not between the no sepsis
and sepsis group. The highest increase was around 26% for LAG volume between the “no
sepsis” and septic shock group. RAG volume remained unchanged (+4—6%).

Table 2. Adrenal volumes (cm?).

All Patients No Sepsis Sepsis Septic Shock
n=42 n==6 n=15 n=21
LAG 43+15 45+19 58 £20
RAG 47+11 42+17 45+19
Total 9.0+ 1.3 91+1.9 10.8 +2.1

LAG = Left adrenal gland; RAG = Right adrenal gland.

A small adrenal gland volume of the LAG in the septic shock group was associated
with higher mortality, significant for the endpoints day 8 and 6 months. Figure 5A illus-
trates the receiver operating characteristic curve (ROC) correlating LAG volume and ICU
mortality at day 8. A cutoff value of 4.7 cm® provided a sensitivity of 70% and a specificity
of approx. 82% for the risk of mortality during ICU stay. The likelihood ratio (LR) for
death with a LAG volume of less than 4.7 cm3 was 3.85 (AUC = 0.80; p = 0.006). Figure 5B
presents the ROC for LAG and mortality at 6 months with a sensitivity of approx. 73%
and a specificity of around 83% at a cutoff value of 5.4 cm®. The LR for death with a LAG
volume of less than 5.4 cm? was 4.40 (AUC = 0.744; p = 0.035).
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Figure 5. Receiver operating characteristic curve (ROC) between the left adrenal gland volume (NNL)
and mortality at day 8 (A), showing a sensitivity of 70% and a specificity of around 82% with an
AUC = 0.80 (p = 0.06) for a cutoff at 4.7 cm3. ROC for 6 months (B), with a sensitivity of 73% and a
specificity of 83% with an AUC = 0.744 for a cutoff at 5.4 cm® (p = 0.035).

3.5. Histogram Analysis

Positive attenuation values for LAG (rounded) for histograms subsequent to organ
segmentation were as follows (median (IQR)): no sepsis 106 (91 to 113); sepsis 91 (80 to
100); septic shock 102 (91 to 115). These values—corrected for confounders—were (median
(IQR)): no sepsis 12 (—6 to 15); sepsis —6 (—11 to 2); septic shock 3 (-7 to 12).

Figure 6A illustrates the distribution of absolute histogram HU values (negative pixels
excluded) for the LAG according to the different groups of sepsis severity at day 1 of
their ICU stay. As with the methods of ROI and Segmentation, histogram attenuation
values likewise showed a significant difference of mean attenuation values between the
sepsis (2) and septic shock (3) group with higher attenuation values for patients with septic
shock (p = 0.0021), which remained significant after multiple testing correction (ANOVA,
p = 0.0010). The difference between the patients not classified with sepsis (1) and sepsis was
also significant (p = 0.018) with higher attenuation values for the no sepsis group, which
remained significant after multiple testing correction (p = 0.042). There was no difference
between group 1 and 3 (p = 0.71).

Figure 6B illustrates the distribution of the corrected histogram HU values, respectively.
The significant difference between mean attenuation values for the sepsis- (2) and septic
shock (3) group (p = 0.040) was no longer significant after multiple testing (p = 0.079). There
was no significant difference between the other groups (p = 0.079, p = 0.88).

The histograms grouped by septic condition are presented in Figure 7A-C. Histograms
for the groups were the following: the no sepsis group had a range from —139 to 248 HU,
mean attenuation of 72 HU, the sepsis group had a range from —171 to 221 HU, mean
attenuation of 49 HU and the septic shock group had a range from —185 to 317 HU, mean
attenuation of 71 HU.
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Figure 6. (A) illustrates the distribution of absolute histogram HU values (negative pixels excluded)
for the LAG according to the different groups of sepsis severity at day 1 of their ICU stay. As with
the methods of ROI and Segmentation, histogram attenuation values likewise showed a significant
difference of mean attenuation values between the sepsis (2) and septic shock (3) group with higher
attenuation values for patients with septic shock (p = 0.0021), which was still significant after multiple
testing correction (ANOVA, p = 0.0010). The difference between the patients not classified with
sepsis (1) and sepsis was also significant (p = 0.018) with higher attenuation values for the no sepsis
group, which remained significant after multiple testing correction (p = 0.042). There was no difference
between group 1 and 3 (p = 0.71); (B) illustrates the distribution of the corrected histogram HU values,
respectively. The significant difference between mean attenuation values of the sepsis (2) and septic
shock (3) group (p = 0.040) was no longer significant after multiple testing correction (p = 0.079).
There was no significant difference between the other groups (p = 0.079, p = 0.88).
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Figure 7. Histograms separated by groups: no sepsis (A); sepsis (B); septic shock (C). Two patients
with hyperattenuating glands show high frequencies with high attenuation values.

3.6. Comparison of Image Analysis Methods

Considering the significantly lower range of data variation in LAG analysis, Table A1l
(see Appendix A) presents the absolute and corrected mean attenuation values, as well
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as significant p-values for LAG for the three different methods of image analysis and the
different groups classified by the Sepsis 3-criteria.

All of the methods showed a significant difference between attenuation values of the
sepsis (2) and septic shock group (3), histogram analysis also between the no sepsis (1)
and sepsis group (2) (p < 0.05). After correction for confounders, only the method of semi-
automated segmentation remained significant (p = 0.048). None of the three image analysis
methods performed in this study was able to differentiate between the groups, no sepsis (1)
and septic shock (p > 0.05). For the comparison of goodness criteria, scatterplots of mean
LAG density values in combination with mean density values of the IVC are presented for
all methods of image analysis.

3.6.1. Region of Interest

A scatterplot of LAG uncorrected mean HU values assessed by ROI and the corre-
sponding mean HU values of the inferior vena cava (IVC) for the sepsis and septic shock
groups is illustrated in Figure 8A. Patients without septic conditions are excluded from this
figure. The first cut-off-value of LAG mean values with a threshold of 90 HU or higher (a)
resulted in a sensitivity of 55% with a specificity of 94% for patients with septic shock, with
a positive predictive value (PPV) of 92% and a negative predictive value (NPV) of 60%.
The second cut-off with a threshold of 112 IVC mean HU values or higher (b) provided
a sensitivity of 82% and a specificity of 75%, with a PPV of 82% and a NPV of 75%. The
combination of a and b (blue area) resulted in a sensitivity of 50% with a specificity of 100%
(PPV = 100%; NPV = 59%). Twelve out of twenty-two (55%) patients with septic shock
showed attenuation values of the LAG equal or above 90 HU. Nine of these twelve patients
(75%) died (within a range of 1 to 55 days, mean 11 days).

3.6.2. Segmentation

A scatterplot of LAG uncorrected mean segmentation values HU and the correspond-
ing mean values HU of the inferior vena cava (IVC) for the sepsis and septic shock groups
is illustrated in Figure 8B. Patients without septic conditions are excluded from this figure.
The first cut-off-value of LAG mean values with a threshold of 70 HU or higher (a) pro-
duced a sensitivity of 52% with a specificity of 92% for patients with septic shock, with a
positive predictive value (PPV) of 92% (PPV = 92%; NPV = 58%). The second cut-off with a
threshold of 112 IVC mean values HU or higher (b) provided a sensitivity of 81% and a
specificity of 73% (PPV = 82%; NPV = 73%). The combination of a and b (blue area) resulted
in a sensitivity of 48% with a specificity of 93% (PPV = 91%; NPV = 56%). Eleven out of
twenty-one (52%) patients with septic shock showed attenuation values of the LAG equal
or above 70 HU. Seven of these eleven patients (64%) died (within a range of 1 to 55 days,
mean 12 days).
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Figure 8. (A) A scatterplot of LAG uncorrected mean values HU assessed by ROI (A) and the corre-
sponding mean values HU of the inferior vena cava (IVC) for sepsis and septic shock groups. Patients
without septic conditions are excluded in this figure. First cut-off-value of LAG mean values with a
threshold of 90 HU or higher (a) with a sensitivity of 55% and a specificity of 94% for patients with
septic shock, with a positive predictive value (PPV) of 92% and a negative predictive value (NPV) of
60%. The second cut-off with a threshold of 112 IVC mean values HU or higher (b) with a sensitivity
of 82% and a specificity of 75% (PPV = 82%; NPV = 75%. The combination of (a) and (b) (blue area)
resulted in a sensitivity of 50% with a specificity of 100% (PPV = 100%; NPV = 59%); (B) A scatterplot
of LAG uncorrected mean segmentation values (B) HU and the corresponding mean values HU of the
inferior vena cava (IVC) for sepsis and septic shock. Patients without septic conditions are excluded in
this figure. The first cut-off-value of LAG mean values with a threshold of 70 HU or higher (a) produced a
sensitivity of 52% with a specificity of 92% for patients with septic shock, with a positive predictive value
(PPV) of 92% (PPV = 92%; NPV = 58%). The second cut-off with a threshold of 112 IVC mean values
HU or higher (b) provided a sensitivity of 81% and a specificity of 73% (PPV = 82%; NPV =73%). The
combination of (a) and (b) (blue area) resulted in a sensitivity of 48% with a specificity of 93% (PPV = 91%;
NPV =56%); (C). A scatterplot of LAG uncorrected positive histogram attenuation values HU and the
corresponding mean values HU of the inferior vena cava (IVC) for sepsis and septic shock groups is
illustrated in (C). Patients without septic conditions are excluded in this figure. The first cut-off-value of
LAG mean values with a threshold of 75 HU or higher (a) produced a sensitivity of 52% with a specificity
of 93% for patients with septic shock (PPV = 92%; NPV = 58%). The second cut-off with a threshold of
112 IVC mean values HU or higher (b) provided a sensitivity of 81% and a specificity of 67% (PPV = 77%;
NPV = 71%). The combination of (a) and (b) (blue area) resulted in a sensitivity of 48% with a specificity
of 93% (PPV = 91%; NPV = 56%).
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3.6.3. Histogram

A scatterplot of LAG uncorrected positive histogram attenuation values HU and the
corresponding mean values HU of the inferior vena cava (IVC) for the sepsis and septic
shock groups is illustrated in Figure 8C. Patients without septic conditions are excluded
from this figure. The first cut-off-value of LAG mean values with a threshold of 75 HU or
higher (a) produced a sensitivity of 52% with a specificity of 93% for patients with septic
shock (PPV = 92%; NPV = 58%). The second cut-off with a threshold of 112 IVC mean
values HU or higher (b) provided a sensitivity of 81% and a specificity of 67% (PPV = 77%;
NPV =71%). The combination of (a) and (b) (blue area) resulted in a sensitivity of 48% with
a specificity of 93% (PPV = 91%; NPV = 56%). Eleven out of twenty-one (52%) patients with
septic shock showed attenuation values of the LAG equal or above 75 HU. Nine of these
eleven patients (82%) died (within a range of 1 to 55 days, mean 11 days).

4. Discussion

The aim of our study was to evaluate three different quantitative HU density anal-
ysis methods as well as the use of volumetry of adrenal glands, which could possibly
provide quantitative values with discriminatory power allowing to differentiate between
patients either with sepsis, with septic shock or not classified with sepsis and predicting
their outcome.

The main findings of our study are three-fold: first, high mean density values of the
left adrenal gland (LAG) alone or in combination with high mean density values of the
Inferior Vena Cava (IVC) are highly specific for septic shock regardless of the method of
image analysis (ROI, Segmentation, Histogram). Second, semi-automated segmentation
of the LAG due to least data variation seems to have the highest discriminatory power to
differentiate between sepsis and septic shock. It furthermore seems to provide additional
short- and long-term prognostic value. Finally, and thirdly, we concluded that none of the
three quantitative adrenal gland HU density analysis methods investigated in patients with
septic conditions is capable to clearly differentiate between all sepsis stages.

Data variation between ROI and Histogram method was higher for RAG. Therefore,
we limited analysis on LAG and suggest doing so when gathering quantitative data. Less
HU value variation in LAG may be due to the anatomical proximity of the RAG to the liver,
with consequently especially in slim or cachectic patients problems to avoid measuring
liver density as partial volume. Another explanation of the differences between LAG and
RAG would be due to the fact that the left adrenal veins drain into the left renal vein, while
the RAG directly drains into the IVC. As a result, the LAG might be exposed to a higher
pressure, thus be more prone to hyperplasia or adenomatous change [24].

4.1. Hyperattenuating Adrenal Glands and Sepsis

According to the definition of hyperattenuating glands by O” Hara et al. [9] (adrenal
density HU equal or greater than the inferior Vena Cava), only 2 out of our 44 patients (5%)
showed hyperattenuating glands assessed by ROI. They both died after 1 and 4 days of
ICU treatment. In our study population due to ROI analysis, 12 out of 22 (55%) patients
with septic shock showed attenuation values of the LAG equal or above 90 HU. This cut-off
was highly specific for septic shock (94%). Nine out of these twelve patients (75%) died.
As for the methods of Segmentation and Histogram, numbers were similar (52% of septic
shock patients above cut-offs, with 84%, respectively, 62% mortality). Therefore, we draw
the conclusion that adrenal enhancement is an insensitive but highly specific CT sign in
patients with septic shock, indicating poor prognosis, even if adrenal HU values are lower
than those measured in IVC.

Several previous studies and case reports have described similar phenomena of hyper-
attenuating glands in severely ill patients, such as the fluctuating occurrence, its prognostic
value and the issue of a generally admitted definition.

Rotondo et al. [25] retrospectively reviewed abdominal CT scans from 15 adult pa-
tients with clinical hypovolemia suffering from mostly blunt abdominal trauma. In this
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case study, none of these patients—of whom, all died within 24 h—showed increased
adrenal enhancement. However, the definition of abnormal enhancement was subjective
and the pathogenesis between their patient cohort with hypovolemic shock and our co-
hort with septic shock is different. Hence, patient populations and conclusions may not
be comparable.

Cheung et al. [26] reported two patients with septic shock and adrenal enhancement
with one of these two patients showing no other signs of visceral hypoperfusion. They
concluded that persistent adrenal enhancement may only be observable in the early stages
of septic shock, due to the initial adrenal stress response, but diminishes within its course
due to circulatory failure worsened by vasoconstriction. However, they evaluated abdom-
inal CT scans acquired during the arterial, and not during the portal-venous, phase for
hyperenhancement and only had a small series of patients, so data are too limited to draw
definitive analogies.

Bollen et al. [11] observed intense adrenal enhancement—defined as enhancement
greater than adjacent vascular structures such as the inferior vena cava—in three out of
thirty-eight (8%) patients with acute pancreatitis with early organ failure, proposing that
hyperenhancing adrenals may be a new prognostic indicator for poor prognosis. The
patients in this study represent a subgroup of our patient cohort, hence, study results are
comparable.The shortcoming of their study is, again, the small series of patients, making
data too limited to draw firm conclusions.

4.2. Adrenal Gland Volume and Septic Shock

Besides the qualitative or semiquantitative CT attenuation assessment of adrenal
glands, the diagnostic and prognostic value for quantitative adrenal gland-derived data has
been described, namely for adrenal gland volume assessed by segmentation in CT images.
In the most severely affected patient group with septic shock, adrenal gland volume seems
to be increased significantly and the absence of this enlargement in this subgroup, on the
contrary, is associated with an even higher mortality [18,27,28].

One of the mechanisms involved in contributing to better outcomes for patients in
septic shock that show adrenal gland enlargement, may be explained by the increased
adrenal blood flow in septic conditions in combination with reduced venous drainage,
resulting in an increased adrenal volume with a subsequent elevated hormonal response
crucial to fight critical illness. However, this effect may only last for a limited time and
be dependent on various individual conditions, since other studies have also shown that
adrenal gland swelling may be caused by ischemia, edema, microbleeds or necrosis of
adrenal glands and that only the early phase of sepsis may be associated with abnormal
enlarged adrenals [12,18]. Additionally, Jung et al. [27] showed in their study that the
enlarged adrenal glands of some septic shock patients were able to fully reover from their
morphologic changes and others did not, underlining the importance of individual factors
yet to be assessed in further studies. Although adrenal gland volume, according to our data,
seems to be a promising prognostic factor in patients with septic shock, another recently
published study by Mongardon et al. [29] suggests that adrenal gland volume is not an ade-
quate surrogate for the outcome of patients with successful cardiopulmonary resuscitation
after cardiac arrest, a state sometimes described as a “sepsis-like syndrome” [30].

To inquire about the correlation of hyperattenuating glands and circulatory failure,
we plotted patients’ absolute mean values of the LAG with the corresponding values of the
IVC. Our results showed that any of our image analysis approaches (ROI, Segmentation,
Histogram) showed high specificity for the high mean values of the LAG, alone or in
combination with the high mean values of the IVC for patients with septic shock. However,
this seemingly only holds true when patients with severe courses of diseases other than
septic shock are excluded. In our study population, the combination of ROI and IVC
values seemed to provide the highest specificity for patients with septic shock with the least
amount of time and effort spent on image analysis. However, this may not seem surprising,
as patients with septic shock suffer from circulatory backward heart failure, resulting in
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retrograde accumulation of the i.v. contrast medium in the IVC with subsequent high
attenuation values.

The results furthermore show a significant difference between LAG mean values of
sepsis and septic shock groups, which remained significant after correction for confounders
only for the analysis approach of AdSegmentation. However, we doubt that this promising
finding could become relevant in daily clinical routine, as semi-automated segmentation is
time-consuming and, at least in our study, no clear cut-offs could be determined. Surpris-
ingly, the group with no septic conditions showed very high attenuation values, comparable
to those of patients with septic shock. This, on the one hand, might be explained by the
small number (n = 6) of patients not classified with sepsis, making it difficult to draw
firm conclusions. On the other hand, these patients had severe courses of disease other
than septic (e.g., myocardial infarction, central pulmonary embolism) with high adrenal
attenuation values underlining once more the low sensitivity of adrenal hyperenhancement
for septic conditions.

The lack of clear discrimination between the groups may be explained by the very
dynamic nature of septic conditions as the maybe most important limiting factor of all:
intense adrenal enhancement in adults may only be apparent in the early stages of shock,
as vasoconstriction in subsequent stages of septic shock may not cause abnormal enhance-
ment [26]. This would have ruled out our very severely affected patients with prolonged
septic shock from positive correlation with high adrenal attenuation values, as overall
adrenal enhancement decreases in late stages of circulatory failure.

Lastly, increased density values in adrenals are also measured during acute adrenal
hemorrhage [31].

4.3. Limitations

The study design included a follow-up of six months, so a relatively high number of
patients dropped out of this endpoint subanalysis, because the follow-up calls failed. These
circumstances led to our final rather small study cohort of 44 patients. A larger number of
study patients, in particular for the group without sepsis with six patients in it, would have
been required to guarantee sufficient statistical power.

Each of our three different image analysis approaches had its pitfalls and limitations.
First, drawing a ROI has the advantage of being a fast technique, easily avoiding partial
volume effects or organ areas with artefacts [32]. The drawbacks are its high subjectivity
and variability.

Second, semi-automatic whole-organ segmentation and volumetry is less subjective
and more representative, but a time-consuming method, because of necessary manual
adjustments. Among these were the removal of vascular structures, fatty tissue or the
manual accurate demarcation of adjacent anatomical structures.

Third, while the main advantage of histogram analysis might be its objectivity, it is
prone to deterioration of CT image quality and increased image noise. Several factors may
have impacted image quality in our cohort, e.g., patients’ body physique and breathing
artifacts, but also the parameters of tube voltage and tube current, collimation, slice thick-
ness, reconstruction kernel, intravenous contrast medium injection flow rate and CT scan
delay [20] are known to influence image quality. In our study, however, these limitations
only applied to several patients in our study and led to study dropouts or influenced image
quality, since not all of these parameters were standardized.

A major finding of our study is that the total adrenal volume computed by semi-
automated segmentation seems to be increased by about 20% for patients with septic shock,
and LAG volume even increased by around 26% percent. Furthermore, adrenal gland
enlargement seems to provide prognostic value for patients with septic shock. We could
replicate similar findings of previous studies [18,27,28] and even expand its prognostic
value, suggesting that adrenal gland volume could serve as a surrogate for long-term
mortality. In our study population, septic shock patients with no increase in LAG volume
were approximately four-times more likely to die within eight days and even six months.
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Interestingly, the LAG volume of patients not classified with sepsis in comparison to those
in septic shock, showed the highest difference in LAG volume (26%), although mean
attenuation values were comparably high. Therefore, we assume that adrenal enlargement
could be a pathomechanism specific for septic shock, not occurring in circulatory failure of
another cause (e.g., coronary failure).

Nougaret et al. [28] made a similar assumption and hypothesized that increased
adrenal gland volume could be a surrogate for a rather vital response during sepsis,
unlike edema or necrosis of the gland. This phenomenon may be explained by the higher
metabolic demand for cortisol and the compensatory mechanism for hypovolemia in
patients with septic shock, that led to an increased blood flow to the adrenal glands and to
their subsequent enlargement [9,18,19].

Jung et. Al [27] showed that in septic shock, total adrenal gland volume was an
independent prognostic factor for 28-day mortality. Their adrenal gland volume was nearly
doubled in the septic shock groups in comparison with the nonseptic ambulatory group,
and increased by 35% in comparison to the nonseptic ICU group. Viewing this data, we
showed similar enlargement values (20%) for our septic shock group compared to the
nonseptic ICU group and extended prognostic value of adrenal gland volume to long-term
mortality for our follow-up of six months.

However, some limitations should be acknowledged. First, adrenal gland volume may
be affected by factors like gender, weight, body surface area, race or even geographical
regions. We did, however, not include any of these factors in our calculations. Furthermore,
pre-existing conditions like depression and Cushing’s disease are also known to increase
adrenal gland volume [12,24,28,33-37]. However, within our study population gender
distribution was nearly equal and there were no patients with Cushing’s disease and only
two patients with depression, one each from the sepsis and septic shock group, so that
systematic bias seems unlikely.

5. Conclusions

This study demonstrates that there is no additional diagnostic value in performing
time-consuming semi-automated whole-organ adrenal gland segmentation analysis in
patients with sepsis or septic shock. High absolute CT density values assessed by simple
ROI analysis—alone or in combination with IVC CT density assessemnt—may provide
a high specificity for patients with septic shock, which could be used as an additional
decision-making support in evaluating their health status and prognosis. A more time-
consuming segmentation image analysis may deliver, however, additional prognostic value,
as the adrenal gland volume in our cohort was generally increased in patients with septic
shock whilst a smaller volume was associated with a higher mortality within the subgroup,
even for the long-term survival of six months. For the method of histogram analysis of
adrenal glands in patients with septic conditions, we do not see any diagnostic and/or
prognostic value justifying time and effort in clinical routine. However, further studies
with larger series of patients will be needed, to determine if these encouraging findings
will find their way into clinical practice.
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Appendix A

Table A1. CT attenuation values HU of the left adrenal gland (LAG) for all methods of image analysis.

No Sepsis (1) Sepsis (2) Septic Shock (3)
Methods Groups
n==6 n =16 (15) n=22(21)

mean 90 14* 71 -10* 96 5%
Region of median 97 24 72.0 —-9* 90 2*
Interest (ROI) IQR 26 23 % 23 17+ 39 39 %

p-value ! <0.05 p=0.023
mean 72 12* 49 —-10* 71 5*
Segmentation median 76 15* 49 —11* 69 5%
IQR 25 24 % 32 21 29 23 %

p-value ! < 0.05 p=0.013/0.048 *

mean 101 6* 90 —6* 105 3%
Histogram median 106 12* 91 —6* 102 3%
IQR 21 21* 21 13* 25 3*

p-value ! <0.05 p=0.042 p=0.010

* = Corrected for confounders: age, sex, evidence for presence of germs, creatinine, APACHE-Score, SOFA-Score;
1 = Bonferroni correction for multiple testing; IQR = Interquartile Range.
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Abstract: This article delves into the life and accomplishments of Juan Valverde de Amusco
(c. 1525—c. 1587), a Spanish anatomist. Specifically, it focuses on his book titled HISTORIA de la
composicion del cuerpo humano. The book was the first anatomy opus published after Andreas Vesalius’
De humani corporis fabrica libri septem, written in a Romance language, the Castilian Spanish language,
making it the most renowned post-Vesalian anatomy book in Europe and beyond during the 16th
and 17th centuries. Compiling complete editions and reproductions of figures, it had 19 editions and
several translations. One of its principal contributions was the initial graphical representation of the
stapes ossicle. It provided the first accurate description of the pulmonary circulation, vomer bone,
and four extraocular rectus muscles. Throughout the book, Valverde corrected numerous of Vesalius’
anatomical observations. HISTORIA de la composicion del cuerpo humano was the first anatomy book
to use chalcographic illustrations, which are of superior anatomical quality than those printed from
engraved wood in Andreas Vesalius’ book. Next, many anatomy textbooks of that time incorporated
Valverde’s book illustrations. Valverde’s book was practical, timely, and well referenced, making it a
valuable resource for scholars and non-scholars. The conclusion is that Juan Valverde de Amusco

merits a place as a pioneer in scientific knowledge transfer.

Keywords: renaissance anatomy; 1l6th-century anatomists; history of anatomy; anatomical
terminology; carotid circulation; extraocular rectus muscles; oculomotor muscles; pulmonary

circulation; stapes ossicle; vomer bone

1. Context

Century XVI was the starting point of the Renaissance, the European cultural move-
ment that determined the modern conception of nature and human beings. The Renais-
sance began in Florence, and its first expansion was in Northern Italy. Gutenberg’s printing
(c. 1440), universities, and patronage of kings, popes, and prominent families (e.g., such as
those of the House of Medici in Florence and the Colonna family in Rome) prompted its
development. Humanism was a foundation for Renaissance intellectual thought, derived
from significant translations of Greco-Latin Antiquity and Islamic Golden Age authors
in the late Middle Ages [1]. New conceptions led to the Protestant Reformation. Then,
Pope Paul III (papacy period: 1534-1549) established the Roman Inquisition (1542) and
the Council of Trent (1545-1563) as part of the Counter-Reformation, the Catholic answer
to Protestantism.

Even though experience and inductive reasoning were gaining impetuses among the
learned scholars of Christendom, the early Renaissance was the last and most magnificent
phase in the history of Galen medicine [2]. Under Galenism, function, form, and finality
are complementary parts. The form turned out to be the basis of the anatomy of the
Renaissance at the beginning of the Modern Era. The human body and its parts became
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a distinctive object of study, not only for medicine and surgery, but also for revealing the
implications intertwined with nature, humans, and divinity. Since objective knowledge
of the human body was the goal for constructing modern anatomy, the dissection of the
human body was preferred [3,4].

An osmosis was established between the fields of art and anatomy. Italian Renaissance
artists, including Antonio Polliauolo (1433-1498), Leonardo da Vinci (1452-1519), Michelan-
gelo Buonarroti (1475-1564), and Baccio Bandinelli (1493—shortly after 1560) dissected
human bodjies. Pope Sixtus IV (papacy period: 1471-1484), who had studied at the Medical
School of Bologna, granted permission to carry out human body dissections, subject to the
condition that the dissected corpses were buried afterward in a dignified manner. Again,
Pope Clement VII (papacy period: 1523-1534) endorsed the teaching of anatomy through
dissection in 1531. The practice of dissecting human bodies was also prompted by the cus-
tom of stuffing and embalming the remains of individuals who distinguished themselves
through their examples and doctrines (since Pope Paul IV (papacy period: 1555-1559)
until the present day) [3-6]. On the other hand, the Reformation favored the emergence of
modern anatomy by allowing for the dissection of human bodies, at least as early as 1540,
in London and other cities [7].

Alessandro Benedetti (1450?-1512), a professor at Padua and a prominent figure
in Renaissance humanism, proposed in his book Anatomice, published in 1502, the first
anatomical theater, which may have been in operation in 1522 [4]. Other prominent
humanists who were anatomists as well were Jacques Dubois (latinized as Jacobus Sylvius)
(1478-1555), Johann Winter von Andernach (1505-1574), and Miguel Servet (latinized as
Michael Servetus) (1511-1553)—who, parenthetically, were teachers of Andreas Vesalius
(1514-1564) (Vesalius herein). Among other locations, the private practice of human
dissection gained momentum in Paris and Italy. The initial printed work that came into
view from that environment is Anatomica methodus by Andrés Laguna (1510-1559), which
was published in 1535 (Table 1). Andrés Laguna influenced Vesalius’ formation [8].

Table 1. Published anatomy books by Spanish anatomists during the XVI century (Spanish
Golden Age).

Year Author Title (Place of Publication: Publisher)
1535 Andrés Laguna Anatomica methodus seu de sectioni humani corporis
(c. 1510—c. 1559) contemplatio (Paris: Ludouicum Cyaneum)
Luis Lobera de Avila Libro de Anatomia, es primera pu.rte ﬂ{e Remedio de
1542 cuerpos humanos y silva de experiencias y otras cosas

(c. 1480-c. 1551) utilisimas” (Alcala de Henares: Juan Brocar)

. Dialogus de re medica, compendiaria ratione, praeter
Pedro Jimeno 8 ’ P P

1549 (c. 1515—. 1551) quaedqm alia, universam anatomem humani corporis
perstringens (Valencia: Juan Mey)
Bernardino Montana de Libro de Ia Anathomia del hombre (Valladolid:
1551 Monserrate Sebastian Martinez)
(c. 1480—c. 1558)
1555 Luis Collado Cl. Galeni Pergameni Liber de Ossibus ad tyrones. . .
(c. 1520—c. 1589) enarrationibus illustratus (Valencia: Juan Mey)
Juan Valverde de Amusco HISTORIA de l'u composicion del cuerpo humano
1556 (Roma: Antonio Martinez de Salamanca y
(c. 1525—c. 1587) . .
Antoine Lafréry)
In pluribus ex iis quibus Galenus impugnatur ab
Alfonso Rodriguez de Andrea Vesalio Bruxelensi in de constructione et usu
1559 Guevara partium corporis humani, defensio: et nonnullorum
(c. 1520—c. 1587) quae in anatome deficero videbantur supplementum.

(Coimbra: Juan Barreiro)

Two pivotal works of the scientific revolution of the Renaissance appeared in the year
1543: De revolutionibus orbium coelestium by Nicolaus Copernicus (1473-1543) and De humani
corporis fabrica libri septem (“.. Fabrica...” henceforth) by Vesalius. The latter conveys the
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perception that, in anatomy, only what can be seen and shown is correct. Vesalius dedicated
his monumental work to Charles (reigning period: 1520-1558) (King Carlos I of Spain and
Emperor Carolus V of the Holy Roman Empire, among many other titles). Vesalius served
as Charles’s physician and surgeon. Next, Vesalius likewise served Charles” son Philip
(reigning period: 1556-1598) (King Felipe II of Spain and I of Portugal, King of Naples and
Sicily, Duke of Milan, Lord of the Seventeen Provinces of the Low Countries, and King
iure oxoris of England and Ireland, among other titles). Philip designated Vesalius as Conde
Palatino (Count Palatine) [9].

During the Spanish Golden Age (1492-1659), Spain was the dominant potency in
Europe and beyond. The Castilian Spanish language spread. King Charles I of Spain
established the initial universities in the Americas: Santo Domingo (Royal and Pontifical
University of Saint Thomas Aquinas, 1538); Lima (Royal and Pontifical University of the
City of the Kings of Lima, 1551, currently known as National University of San Marcos),
and México (Royal and Pontifical University of Mexico, 1551) [10].

However, there was an intense relationship between Spain and Italy regarding artistic,
political, and military affairs, human interchanges and humanistic knowledge, not the
least that of medicine. The cultural infrastructures of Italy, including the Roman heritage,
numerous art collections, universities, printing houses, and libraries, particularly the
Biblioteca Apostolica Vaticana, served as further incentives for such an exchange. Many
Spanish physicians traveled to Italy to find their way into the medical marketplace at the
papal, cardinal, and other courts, as well as the numerous hospitals and other medical
institutions [11], or to complete their education with the finest anatomists, as the instruction
in anatomy and surgery at Spanish universities was somewhat lacking. Sephardi Jewish
physicians who had come to Rome from Spain played a significant role in translating
medical classical books in the city, often with papal and other ecclesiastical support [12].

Nevertheless, the dissection of human bodies was documented in Spain from an
early age. The monks of Guadalupe (Crown of Castile, presently Spain) obtained a papal
privilege as early as 1322, which allowed them to open the bodies of deceased pilgrims and
investigate their causes of death. The dissection of human bodies received a significant
boost owing to King Ferdinand II of Aragon (1452-1516), also known as the Catholic
Monarch (who was also King of Sicily, Naples, Navarre, and King iure oxoris of Castile).
In 1488, King Ferdinand II of Aragon granted a privilege to the physicians of Saragossa
(Crown of Aragon, presently Spain), allowing for the dissection of human bodies [13].
Following that, King Charles I of Spain and the fifth emperor of the Holy Roman Empire, as
a champion of the Catholic faith, sought the faculty of the Salamanca University (Crown of
Castile, presently Spain) for their opinion about human dissection. The faculty responded
that it was permissible under the Catholic Church’s edicts [6]. The initial autopsy conducted
on American soil occurred between 1520 and 1530 by a bachelor of medicine with the
surname Barreda [10]. The twins Joana and Melchiora Ballestero were also autopsied in
La Hispaniola (at present, this island splits between Haiti and the Dominican Republic) in
1533 to determine whether they shared a heart and, consequently, a soul [14].

Spanish universities were among the first to accept the Vesalius anatomy, thanks to
Pedro Jimeno (c. 1515—c. 1551) and Luis Collado (1520-1589). Both were direct disciples of
Vesalius at Padua and later held chairs of anatomy and surgery at Valencia University [15].
At Valencia University (Crown of Aragon, presently Spain), a series of structured lectures on
surgery (in the year 1501) and anatomy (1549) had been established, marking the inaugural
edition of these courses in Spain. These courses served as models for the subsequent
courses established at other Spanish universities, including Valladolid in 1550, Salamanca
in 1551, and the initial Complutense at the town Alcala de Henares in 1560. In 1559, King
Philip II of Spain signed a royal provision so that bodies of unclaimed dead people would
be given to the university for the study of anatomy.

In the same year, a Royal Pragmatic (a royal decree) signed by King Philip II and
dated 22 November 1559, prohibited the enrollment of subjects from the Spanish Empire
in foreign universities—an exception was made to this prohibition with the universities
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of Bologna, Rome, and Naples [16]. The Royal Pragmatic had two purposes. Initially, the
defense against the contamination of the Catholic faith with Reformation ideas. Moreover,
it may have served as a shield of contemptuous pride against the Black Legend. The
Black Legend is a skewed collection of narratives and literary works that were initially
disseminated by the affluent editorial establishment of the Seventeen Provinces (currently
the Netherlands, Luxembourg, Belgium, and certain territories of northwestern France)
and Italy during and after their rebellion against Spanish rule. The purpose of the Black
Legend was to tarnish the image of the Spanish Empire, its people, and their culture [17].
The Royal Pragmatic of 22 November 1559, and the subsequent one signed by King Philip
III of Spain on 7 November 1617, were turning points in the isolation of Spanish universities
from Europe and the consequent scientific decline of Spain.

Despite the turmoil of that era, Spanish anatomists produced numerous anatomy
books. Those published between 1535 and 1559 are listed in Table 1. Of particular impor-
tance, among them, is the HISTORIA de la composicion del cuerpo humano by Juan Valverde de
Amusco. No anatomy book written in Spanish was to be translated into another language
until 1793, when Antonio de Gimbernat y Arbés published Nuevo Método de Operar en la
Hernia Crural, translated into English by Thomas Beddoes two years later [18]. Valverde’s
life and work reflect the cultural upheavals occurring during the Renaissance.

2. Life

Juan Valverde de Amusco (J. Valverde henceforth) (Figure 1) was born in 1525 in
the town of Hamusco (now Amusco) in the shire of Tierra de Campos (Crown of Castile,
presently Palencia, Spain). There are few precise records of his life. The safest ones come from
small comments disseminated throughout his books. The details regarding his childhood and
youth remain unconfirmed. His probable Jewish origin has been suggested [19,20].

Figure 1. Line drawings of the two known portraits of Juan Valverde de Amusco (c. 1525-c. 1587).
(A) The original portrait, painted by Gaspar Becerra [21], is exhibited in the Walters Art Museum of
Baltimore, U.S.A. Available at https:/ /bancodeimagenesmedicina.com/imagen/valverde-de-amusc
o-hamusco-juan-2/ (last time consulted, 15 October 2023). (B) The original portrait is in the book
Anatomia del corpo umano, Venetia, Giunti (1586), the first Italian edition of Valverde’s HISTORIA de la
composicion del cuerpo humano.

In the year 1542, J. Valverde was around 17 years old when he left for Italy. J. Valverde
might have resided briefly in Perugia, but this is not supported by clear evidence [21].
Though it is not known where he obtained his medical degree, J. Valverde studied in
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Padua, Pisa, and Rome, under the guidance of (Matteo) Realdo Colombo (1516-1559) and
Bartolomeo Eustachi (1500 up to 1510-1574). It is assumed that Valverde’s move to Padua
was due to the renowned Studi Paduani (currently known as the University of Padua), where
anatomy and surgery were taught by Vesalius. A further highlight was the clinical teaching
provided by Giovanni Battista da Monte (1489-1551) at the Ospedale di San Francesco Grande.
G.B. da Monte introduced clinical medicine into the curriculum to integrate theory and
practice. Thanks to him, medical undergraduates and physicians could acquire knowledge
at the patient’s bedside, perhaps for the first time in Christian Europe [22]. In Padua,
G.B. da Monte established the first permanent anatomical theater and botanical garden
in 1545 [23].

J. Valverde was interested in Vesalius but met R. Colombo in Padua. At that time—the
academic course of 1542-1543 was beginning—Vesalius was involved in the composition of
the .. .Fabrica...” and was ready to move to Basel to prepare the printing with publisher
Johannes Oporinus (1507-1568). For the duration of the course, the chancellor of Studi
Paduani arranged for Pamphilius Montius to be the reader of Mondino de Luzzi’s Anathomia
corporis humani (a book written in 1316), R. Colombo to be the sector (i.e the surgeon in
charge of dissecting the human body), and Paulus de Crassis to be the ostensor responsible
for displaying the organs of the human body [24].

Vesalius resigned his chair at Padua after publishing “. . .Fabrica. ..” to become Emperor
Charles V’s archiater. He followed his father, the Emperor’s pharmacist, in such a move [25].
R. Colombo officially assumed the Vesalius’ chair of surgery and anatomy at Studio Paduani
during the academic years 1543-1544 and 1544-1545. For the subsequent courses (1545 up
to 1548), the Duke of Tuscany, Cosimo I de Medici, appointed R. Colombo as the chair of
surgery and anatomy at Pisa University [23]. ]. Valverde, who always acknowledged R.
Colombo as his exemplary teacher, was at Colombo’s side as a student and, presumably,
as an assistant dissector [26]. At Pisa, J. Valverde assisted R. Colombo in investigating
the minor (pulmonary) circulation of blood, among other matters [27]. With J. Valverde,
R. Colombo dissected not only human bodies but also vivisected animals to study the
functioning of the voice; the movement of the lungs, heart, and arteries; the dilation and
contraction of the brain; variations in pulse; and other physiological functions [28]. Because
of his discoveries, R. Colombo criticized Vesalius, and they engaged in resentful polemics
with each other.

On the other hand, R. Colombo became a member of the School of Artists and de-
veloped a friendship with Michelangelo [29]. In August 1547, R. Colombo requested a
license from the Duke of Tuscany and relocated to Rome, where Michelangelo had to
illustrate R. Colombo’s book, De re anatomica libri XV [30]. The book came out in 1559, but
without images. However, R. Colombo and Michelangelo came together to share a great
friendship. During R. Colombo’s stay in Rome, Pope Paul IIl appointed R. Colombo to chair
the anatomy course at the Archigimnasio della Sapienza (also named Studium Urbis; presently,
Sapienza-Universita di Roma). In the year 1548, R. Colombo made a lasting move to Rome.
Gabriele Falloppio (1523-1562) succeeded him in Pisa. In 1549, Pope Paul III designated R.
Colombo as archiater, and after the Pope’s death, he was appointed surgeon of the conclave
that elected Pope Julius III (papacy period: 1550-1555). This year, R. Colombo diagnosed
and administered treatment to Michelangelo for nephrolithiasis [31]. R. Colombo became
the first Chair of Anatomy at the Studium Urbis in 1552 [11]. He probably obtained the
Degree of Philosophia et Medicina at the Studium Urbis around that time [32]. R. Colombo had
been initially a sector, but later he became a physician of prestige, protected by Cardinal
Girolamo Verallo (1497-1555), prefect of the Supreme Tribunal of the Apostolic Signature
and member of the Roman Court of the Holy Office of the Inquisition. R. Colombo then
served Juan Alvarez de Toledo (1488-1557), a son of the second Duke of Alba and a Cardinal
and General Inquisitor in Rome himself.

While assisting R. Colombo in Rome, J. Valverde actively participated in the cultural
and scientific life of the Metropolis. Relevant personalities of the ample Spanish colony
and others met in academia and salas, such as the one at Palazzo Colonna. It included artists
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such as Michelangelo, Gaspar Becerra, and Pedro Rubiales; cardinals such as G. Verallo and
J. Alvarez de Toledo; humanist physicians such as Juan Aguilera (?-1560) (who was at the
service of Cardinal J. Alvarez de Toledo and physician of Pope Paul III), and Andrés Laguna
and Luis de Lucena (1491-1552), who were both serving Pope Julius III [33]. J. Valverde and
J. Aguilera were part of a scientific social group around Cardinal J. Alvarez de Toledo [11].
Thanks to the recommendation of Cardinal J. Alvarez de Toledo, J. Valverde was appointed
physician at the Ospedale di Santo Spirito in Sassia in Rome in 1555. By that time, J. Valverde
was thirty years of age. At the Ospedale di Santo Spirito in Sassia (Rome), he honed his
clinical skills and devoted himself to teaching and conducting anatomical research. He
also embalmed human bodies in Rome, first with R. Colombo, then by himself. Under
Colombo’s direction, J. Valverde autopsied Cardinal Innocenzo Cybo (1550) and Ignatius
of Loyola (1556) [26]. ]J. Valverde was a highly esteemed physician among the nobility and
the affluent. Discrepancies exist regarding whether he was a physician at the court of Pope
Paul IV [34]. In the final months of 1557 or early in 1558, J. Valverde acted as a private
messenger between King Philip II of Spain, who at that time was residing at Brussels, and
Duke Cosimo I de Medici at Firenze, possibly in connection with the invasion of the Pope’s
states by the King Philip II of Spain [34] (see also the “Dedicatory” subheading below).

In the year 1558, ]J. Valverde may have returned briefly to his home place in Spain
carrying with him a papal bull given by Pope Paul IV for the Cofradia-Hospital de San
Sebastidn (“Brotherhood-Hospital of Saint Sebastian”) in Amusco [35]. J. Valverde’s date of
death is unknown, but he died in Rome, probably circa 1587.

3. Scientific Work

J. Valverde published two books, one in 1552 and another in 1556. He was aged 27 and
31 years, respectively. Both books were intended to disseminate medical and anatomical
knowledge to scholars and non-scholar people. One of the books was titled De animi
et corporis sanitate tuenda libellus and focused on hygiene. The other is HISTORIA de la
composicion del cuerpo humano and targeted on anatomy.

3.1. De animi et Corporis Sanitate Tuenda Libellus (“A Pamphlet on the Preservation of Mental
and Physical Health”)

This book deals with hygienic and sanitary issues frequently discussed by medical
writers during the 16th century. The book is a work in the Latin language, printed in Paris
in February 1552. Two editions were published (Figure 2). The initial edition was prepared
in Octavo by Charles Estienne, a renowned printer and physician also known as Carolus
Stephanus (1504-1564). In 164 pages, the book proposes secrets for health conservation and
illness evasion. The book’s small format, and therefore probable low-cost selling, possibly
favored rapid dissemination among scholars but also those affluent curious who paid in
exchange for learning the secrets of human nature.

The book’s second edition was released in Rome the following year and printed at
Domenico Giglio’s print house in Venice (also known as Dominicus Lilius). This edition
features updates such as a new frontpage, an index, a revised pagination system, and a
list of typos. The author dedicated the book to Cardinal Girolamo Verallo (1497-1555),
expressing gratitude with the words “Vale mi Princeps studiosorum Patrone”, which translates
to “Farewell, my Prince, Patron of the studious”.
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Figure 2. Frontpages of the two editions of De animi et corporis sanitate tuenda libellus by Juan Valverde
de Amusco.

3.2. HISTORIA de la Composicion del Cuerpo Humano (“HISTORY of the Composition of the
Human Body”)

It is an opus written in the Castilian Spanish language. It provides accurate descrip-
tions of human anatomy and explains the functions of the body and its parts. The overall
organization of the book responds to a strict functional (Galenic) criterion [36]. The author
aimed to not only educate on human anatomy but also to make the information widely
available. HISTORIA de la composicion del cuerpo humano (“HISTORIA. ..” henceforth in the
present article) was the most broadly distributed anatomical publication after Vesalius dur-
ing the Cinquecento [37]. It was the culmination of Valverde’s research and the knowledge
he acquired from R. Colombo and collaborators. The opus includes a cover, dedication,
preface to readers, two indexes (one of the chapters and one thematic), seven books (each
divided into chapters), and forty-two illustrated plates with figures. Following the princeps
edition, many more editions were published (Table 2).

Table 2. Editions and reprinting of Valverde’s HISTORIA de la composicion del cuerpo humano, according
to Lopez Pifiero [38] and Hernandez-Mansilla [34].

Year Language Title Print House/Publisher Place
1556 *1 Spanish HISTORIA de la composicion del cuerpo  A. Martmez/de Salamanca Rome
humano and A. Lafréry

1559 *2 Italian Anatomia del corpo umano Nicolo6 Bevilacqua Venice
1560 “ “ Giunta “
1586 " u “ “
1596 " u “ “
1606 " u “ u
1607 “ “ “ u
1608 “ u “ u
1657 “ “ “ "
1682 “ “ Giunta/Niccolo Pezzana “
1589 *3 Latin Anatome corporis humani Michele Colombo Venice
1607 “ u “ “
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Table 2. Cont.

Year Language Title Print House/Publisher Place

1566 ** Latin L . . Christophe Plantin Antwerp

1572 P Viua imdgenes partium corporis " "

1579 " humanieereis formis expressa " Y
Anatomie, oft levende beelden vande

1568 Dutch deelen des menschelicken lichaems: met de  Christophe Plantin Antwerp
verclaringhe van dien, inde

1583 ” Neder-duytsche spraecke “ “

1583 Dutch Bedieninghe der anatomien David van Mauden Antwerp

1646 “ P “ “

I Available at https:/ /books.google.es/books/ucm?vid=UCM5320265722&amp;printsec=frontcover&amp;re
dir_esc=y#v=onepage&amp;q&amp;f=false (accessed on 4 December 2023); ** Available at https://collecti
ons.nlm.nih.gov/catalog/nlm:nlmuid-9617625-bk (accessed on 4 December 2023); *3 Available at https://bo
oks.google.nl/books?id=x_72RuDANkYC&amp;hl=es (accessed on 4 December 2023); *4 Available at https:
/ /patrimoniodigital.ucm.es/s/patrimonio/item /578975 (accessed on 4 December 2023). To view the book’s
contents, please ignore the pop-up and scroll down the websites.

3.2.1. Princeps Edition

The opening publication of “HISTORIA. . .” originated from the presses of the Spaniard
Antonio Martinez de Salamanca (c. 1478-1562) and the Frenchman Antoine Lafréry or
Lafrerij (1512-1577) in Rome in the year 1556. A. Martinez de Salamanca was instrumental
in spreading Spanish culture in Rome. He was concurrently a partner in the printing of
“HISTORIA...” and Lafréry’s primary adversary in the Roman publishing industry [26].

Frontpage and Imprimatur. The first word of the book title is HISTORIA [sic]
(Figure 3). Valverde gave the book explicit meaning by emphasizing the parallelism be-
tween the description of natural facts of the human body through experience and the story
of human events [34]. There is printing permission granted by Pope Paul IV. It also includes
a warning of automatic excommunication and a fine of 100 gold ducats for those who
copy the book without the author or editors’” permission during the next 10 years after
that edition.

Dedicatory. After initially considering dedicating “HISTORIA. ..” to Pope Paul IV [26],
J. Valverde decided to dedicate the book to his protector, Cardinal J. Alvarez de Toledo, who
was Pope Paul IV’s confessor. The precise cause of this shift remains uncertain. Nonetheless,
it might be associated with the ongoing conflict between Pope Paul IV and King Philipp
IT of Spain, a component of the Italian War of 1551-1559. Chiefly, it can be attributed to
Pope Paul IV’s unsuccessful attempt, with King Henry II of France, to remove King Philip
II of Spain as king of Naples in 1556, and to the sub-sequent preparations for the arrival of
King Philip II's troops in Rome. This entry fi-nally took place in 1577 and was commanded
by Fernando Alvarez de Toledo, third Duke of Alba, and nephew of Cardinal J. Alvarez
de Toledo.

The dedicatory provides a clear picture of Valverde’s position regarding Vesalius. J.
Valverde, acknowledging Vesalius as the master whom he would always follow, “except
for certain instances where he exhibited less diligence than necessary (presumably due to
fatigue from the arduous task at hand), which I shall note”. (Without further comment,
this quote and similar ones that follow in this article are translations of Valverde’s original
Spanish text.)

Preface to Readers. Once again, there is an explicit eulogy for Vesalius” authorship
and merit. J. Valverde wrote, “Even though some friends of mine thought I should make
new figures, without using the ones from Vesalius, I haven’t done it because I want to
evade confusion [...] and because his figures are so well-made that it would be, to me,
envy or meanness not making use of them”.

Next, J. Valverde explained that all Figures belonging to any of the seven “HISTORIA. ..”
books are put at the end of the corresponding book because, “being printed from copper
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engravings, they could not be mixed with it [the main text] without producing confusion”.
J. Valverde also offered a lengthy explanation about the letters and end notes that appear
in each of the legends to the figures [39]. By placing all images at the end of the books, he
made the final format smaller to make it less expensive than other anatomical books like
Vesalius’ “. . .Fabrica...” [32].

Lmprefia por Antomo Salamanca,y Arcnio Lafre
En Rgma. Ay de M.D.LVI,

Figure 3. Frontpage of the princeps edition of HISTORIA de la composicion del cuerpo humano by
Juan Valverde de Amusco. It is according to the symbolic custom of the time. At the center of the
composition, two telamons hold the coat of arms of Cardinal Juan Alvarez de Toledo, protector of
Juan Valverde de Amusco. The coat of arms features a checked vertical oval surrounded by nine
pennants that represent the possessions and titles of the Alba family, including manors, counties,
marquessates, and duchies. Topping the coat of arms is a cross with trefoil endings and two putti
holding the cardinal hat. Below the telamons’ feet, the title and author of the book stand within a
horizontal oval surrounded by four shells (two representing birth and life; the third one is the head
of a gargoyle sited there to ward off demons and evil spirits; the fourth item is the skull of a ram,
symbolizing the transience of life).

Books and Chapters. According to Renaissance criteria, “HISTORIA. ..” is divided
into books, each divided into chapters. “HISTORIA. ..” encompasses seven books, akin
to Vesalius’ “.. .Fabrica...”, but the topics of the books are different in the two opuses
(Table 3). “HISTORIA. ..” and “. . .Fabrica. ..” do not share either the descriptive order or the
conceptual idea instilling it. “.. .Fabrica...” clearly demonstrates a constructing sequence
comprising supporting structures, union elements, organs, and entrails, according to their
importance categorization. The order in “HISTORIA. ..” varies from book to book. It
is imperative to emphasize again that “HISTORIA...” is an opus that served as both an
anatomy book and a popularizing science book, with a significant degree of overlap; in it,
there are chapters intended for general notions, such as Book I, Chapter I; Book II, Chapters
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I-IT and IV; Book VI, Chapters I-II; Book VII, Chapter I. J. Valverde constructed the general
notions produced in “HISTORIA. . .” by abstracting from observation as detailed as possible
of anatomical structures, with a rigorous realist criterion. Such a criterion is like that of
Vesalius, but distinct from that of Galen and their followers, for whom the form, function,
and teleological reasons of the form regarding function are inseparable [40].

Table 3. Book content in Valverde’s HISTORIA de la composicion del cuerpo humano and Vesalius’ De
humani corporis fabrica libri septem.

Book Valverde’s “HISTORIA. . .” Vesalius’ “. . .Fabrica...”
. Huesos y ternillas -
First (bones and cartilages) Bones and joints
Ligamentos y miisculos Ligaments, muscles,
Second . .
(ligaments and muscles) and integumentum
Third Miembros de la digestion y la generacion Veins, arteries, and glands

(digestive and reproductive organs)
Fourth Mzembms dela vida Nerves and spinal cord

(life members (lungs and heart))

Miembros necesarios al movimiento y
Fifth sentido (members needed to sense and ~ Organs of nutrition and generation
movement; encephalon)
Venas y arterias
(veins and arteries)
Nervios

Seventh (cranial and spinal nerves) Encephalon

Sixth Heart and associated organs

Books I and II are concerned with body structure, and their descriptive order is
morphological. In Books III-V, however, following the Platonic doctrine, the organic
cavities are categorized according to their functional order, specifically the rational/cranial,
vital/thoracic, and vegetative/abdominal, which would be the respective locations of
the three souls: immortal (to logistikon), irascible (to thymoeides), and concupiscible (fo
epithymetikon) [41]. In Books VI-VII, ducts, which include veins, arteries, and nerves, are
elucidated. Here, . Valverde disagreed with Galenic theory. Galen’s theory correlates veins,
arteries, and nerves with the three spirits (pneuma natural, pneuma vital, and pneuma
animal) and the spirit generator organs (liver, heart, and encephalon). Galen’s theory
proposes that pneuma flows mixed with blood through the pulmonary artery and veins. J.
Valverde adhered to Colombo’s concepts, positing that only blood flows through arteries
and veins [42]. Precisely, J. Valverde described the pulmonary circulation of blood (while
acknowledging R. Colombo as the author of the discovery). J. Valverde considered that
the function of the lungs is to receive air and obtain it for the fabrication of life spirits.
Furthermore, the lungs refresh the heart of excessive heat by blasting fresh air. In 1553,
three years before the publication of “HISTORIA...”, the Aragonese Michael Servetus
(Villanueva de Sigena, Crown of Aragon, presently Spain; 1511-1553), in his theological
treatise Christianismi restitutio, had described, for the first time, the pulmonary or minor
circulation in the Christian West [43,44].

J. Valverde was not interested in the philosophical discussion of nature, even though
Galen’s theory was a part of his physiological thinking. He was interested in revealing the
body structures that serve as a substrate for the function and its diffusion throughout the
body. This view distinguished ]. Valverde from other anatomists and medicine theorists
—for instance, Thomas Willis (1621-1675), the great experimentalist physician [45]—who
often entangled in theoretical disputes about the nature of the spirits, their origin, and the
action mechanism of animae (movements).

Ilustrations. “HISTORIA. ..” was the first anatomy book to use illustrations created
with a burin-over-copper technique, which allowed for increased precision and elegance in
tracing [46]. The opus contains 42 anatomical plates consisting of 214 numbered images
that have caught the attention of historians for their beauty and execution. While some
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argue that these illustrations tarnish Valverde’s reputation for originality, he publicly ac-
knowledged that he derived complete inspiration from “...Fabrica...” for their conception.
Nonetheless, the opus includes 15 new illustrations, 42 corrections, and 9 clarifications
to “...Fabrica...” [47]. The artists in charge of drawing and engraving the illustrations in
“HISTORIA. ..” are not credited in the opus.

Novel anatomical contributions.

Osteology and Myology. J. Valverde initially described the vomer bone in a written
textin “HISTORIA. ..”. The discovery probably came out from dissections performed by
Colombo’s school members, of which J. Valverde was part. J. Valverde states in Book I of
“HISTORIA. . .”, “The vomer is between the cuneal bone and the palate bones. This bone
looks like a plow, Vesalius does not mention it because it lacked, to him, momentum”. In
the Castilian Spanish language, the term “Arado”, or “Reja del Arado”, refers to the plow. In
the Latin language, vomer means plow. R. Colombo wrote about this bone in his book De
re anatomica libri XV (1559) [48].

J. Valverde presented a detailed analysis of the teeth and their supporting structures,
vascularization, and innervation in “HISTORIA...”. He also described techniques for
reducing mandibular dislocation [49].

The print of the stapes ossicle appeared in “HISTORIA. ..” for the first time. J. Valverde
wrote of it, “...which nobody before me has even mentioned” (Book I, Table V, Figure
IIII) (Figure 4). It appears that Giovanni Filippo Ingrassia (1510-1580) was the first to
name stapes this ossicle as early as 1546, but this remained unknown until the publication
of In Galeni librum of doctissima ossibus et expertissima commentaria in 1603. B. Eustachi
(c. 1500-1574) also named stapes the ossicle in his magnificent book titled Tabulae anatomicae
(completed in 1552 yet published in 1714). However, in any case, the first published book
in which the term stapes appears for naming the ossicle is the book CI. Galeni Pergameni
liber de ossibus ad tyrones [. . .] Medicae doctore (1555) by L. Collado (Table 1).

Figure 4. On the left side of this figure is the copy of Table V from Book I
of HISTORIA de la composicion del cuerpo humano by Juan Valverde de Amusco (available
at: https:/ /books.google.es /books /ucm?vid=UCM5320265722&amp;printsec=frontcover&amp;re
dir_esc=y#v=onepage&amp;q&amp;f=false; please, ignore the pop-up and scroll down the website;
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the last time consulted was 4 December 2023). It displays various bones, including the auditory
ossicles. On the right side is a magnification of Figure IIII from Table V of the same book. Letters
L-M indicate the first ossicle (the malleus), while N-O represents the second ossicle (the incus). The
letter R indicates the third ossicle (the stapes, pointed at by an arrow). Importantly, this is the first
instance that the stapes appears illustrated in an anatomy book.

Regarding muscles, there are thirty-two corrections to Vesalius in “HISTORIA. ..”.
They concern oculomotor muscles, facial muscles, throat muscles, and muscles of the palm
and plant [50]. In Book II, Chapter VII, Valverde wrote, “The eye muscles are four in number,
with a fine consistency, and arranged in four directions. This allows the eye to move in four
directions.”. J. Valverde categorically affirmed the nonexistence of what Vesalius calls the
“coanoid muscle” or retractor bulbi. Galen also mentioned this muscle. Valverde argued that
Vesalius found this muscle in dissections of animals, but not human bodies [51].

Neurology and Angiology. In Table I of Book V, the brain is depicted together with
the dura mater. The name dura mater originates from the Greco-Latin Antiquity and
Islamic Golden Age literatures, but it was first used in Christendom in “HISTORIA. ..”.
In addition, J. Valverde elucidated, for the first time, the commencement of the intracra-
nial course of cerebral arteries. He, however, maintained that there is minimal distinc-
tion between arterial vessels and veins. G. Falloppio later corrected this error in his
Observationes anatomicae (1561) [52].

First post-Vesalian anatomical publication in a Romance language. Terminology
only has value when used [53]. Besides his anatomical contributions, J. Valverde played
a noteworthy role in developing and disseminating anatomical terminologies written in
Castilian Spanish, a vernacular Romance language. Hence, he pioneered this practice,
which remains associated with the official Terminologia anatomica until today [54].

Vesalius” “.. .Fabrica...” was intended for physicians and Latin surgeons and was
written in a dark style of the Latin language that is difficult to comprehend even by scholars.
J. Valverde penned his “HISTORIA. ..” in the Castilian Spanish language of the era. It was
for physicians, Latin surgeons, barber surgeons, midwives, and algebraists (bonesetters) in
Spain and its territories, as well as for paramedic practitioners without university education,
who had difficulty understanding most anatomy texts written in Latin, but who were “those
who most need to understand”, as J. Valverde wrote in “HISTORIA. ..”. Authors suggest
that this must have been under the direction of Cardinal J. Alvarez de Toledo, as the
Cardinal thought the book would be highly convenient for the Spanish nation [11]. Perhaps
this is the rationale, or an additional one, behind the dedication of the princeps edition to
the Cardinal (but also consider the reasons above, in the “Dedicatory” subheading).

It is worth noting that R. Valverde was not the only anatomist to write in Castilian
Spanish in the 16th century. Luis Lobera de Avila (c. 1480—c. 1551), a physician in Emperor
Charles V’s House, had already started that venture a little earlier. L. Lobera studied
anatomy in France and authored several books in Castilian Spanish covering topics such as
medicine, hygiene, and diet and nutrition. One of his works, written in 1542, was the book
Libro de anatomia, es primera parte de “Remedio de cuerpos humanos y silva de experiencias y otras
cosas utilisimas” (“ Anatomy book, it is the first part of ‘Remedy of human bodies and forest
of experiences and other very useful things’”). Another anatomist, Bernardino Montafa
de Monserrate (c. 1480—c. 1558), who also served Emperor Charles V, wrote the Libro de Ia
anathomia del hombre (“Book of the human anatomy”) in 1551 and taught anatomy at the
University of Valladolid (Crown of Castile, presently Spain) [55]. However, J. Valverde
named more parts of the human anatomy in Castilian Spanish than the other authors and
even changed some of the names they used. Many of Valverde’s terms have been used in
classical literary works, such as Don Quixote by Miguel de Cervantes (published in 1605
and the second part in 1615) [56].

J. Valverde was concerned with form, function, and position to coin the Castilian
Spanish term for an anatomical part [40]. In the book “HISTORIA. ..”, Valverde elucidated
anatomical terminologies using words derived from vulgar discourse, including many
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derived from the customary slaughter of pigs [52]. J. Valverde also enriched the anatomical
vocabulary with synonyms. When J. Valverde found the common language insufficient or
inadequate, he used numbers, such as when he talked about the cartilages of the larynx
and wrist bones. Despite losing some rigor, Valverde’s terminology gained much for
paramedic practitioners and the public to understand [40]. It is enticing to consider why
J. Valverde assembled the images of the book from burin-over-copper-engraved plates of
such high quality for the non-scholarly and less affluent public. This would surely have a
high economic cost. It appears that the success of the book was worth the cost and that the
magnificent figures ultimately gave J. Valverde most of his scientific legacy.

3.2.2. Diffusion of the Work

Later editions gave “HISTORIA. ..” and its figures even broader access than that of
the works of Vesalius and R. Colombo to readers in Catholic and Reform countries [37].

Nine complete editions in Italian (1559 up to 1682). “HISTORIA...”, or its figures,
accumulated 18 editions in several languages following the princeps edition (Table 2).
The initial nine were in Italian, translated by Antonio Tabo de Albenga, complete, and
particularly well known. The title was Anatomia del Corpo Umano and the dedication to
King Philip II of Spain. The first one of the nine, although printed in Venice, appeared in
Rome in 1559 from the same publishers as the princeps edition. The 1586 edition was the
most famous of these nine Italian editions. Then, J. Valverde was about 61 years of age, and
his demise was imminent. The frontpage of the 1586 edition has an engraved portrait of
Valverde (Figure 1) achieved between 1561 and 1565 [21]. It is one of the few portraits of
the anatomist that have survived to present day. This 1586 edition has 46 plates with 253
figures, of which 4 are new and interpolated according to the 42 plates of previous editions.
All these new plates depict “muscle men” [57].

Two complete editions in Latin (1589 and 1607). In 1589, Michaele Colombo released
a whole Latin version of “HISTORIA. ..”, reprinted in 1607 (Table 2). M. Colombo was a
son of R. Colombo and physician, philosopher, and translator of some works of Girolamo
Mercuriale. The dedicatory is to the Duke of Savoy in this 1589 edition. Such an honoring
appears to be very unlikely to have occurred in Valverde’s life, which strongly suggests
that Valverde died before 1589 [21,26].

Seven editions of “HISTORIA. ..” figures as a part of other books (1566 up to 1646).
Viuge imagenes partium corporis humani areis formis expressae (“Realistic figures of the human
body parts from brass molds outputs”) is a medley book in Latin published by Christophe
Plantin (c. 1520-c. 1589) in Antwerp three times from 1566 up to 1579. The authorship
of the book is currently credited to J. Valverde de Amusco, J. Grévin, and A. Vesalius,
in that order, as can be seen in https:/ /catalog.nlm.nih.gov/discovery/fulldisplay/al
ma992329263406676 /01NLM_INST:0INLM_INST), or to J. Valverde de Amusco (https:
/ /wellcomecollection.org/works/zyhu6y23) (the last time consulted was 4 December
2023). The figures are from “HISTORIA. ..” by J. Valverde. The main text is from Vesalius’
book Andrea Vesalii suorum de humani corporis fabrica librorum epitome of 1564 (“. . .Epitome”
henceforth). “...Epitome” is an abridged version of “...Fabrica...”. Some short Latin-
language texts and one Table are from Jacques Grévin’s Partium omnium corporis differentiae
(c. 1565). Figure legends were translated from the Castilian Spanish language into Latin
by the French physician J. Thorius. Yet, the medley lacks commentary on the figure
legends that precede every book in whole editions of “HISTORIA...”. No text written
by J. Valverde appears in the miscellany. With this, any of Valverde’s recognition of
Vesalius’ merit as an anatomist, or the initial Vesalius influence of many of the images
in “HISTORIA...” disappears. Valverde’s authorship is not credited on the frontpage
of the Plantin medley. There is also no author list in it. Valverde’s authorship of the
medley images is only recognized in the dedication that C. Plantin makes to the Senate
of Antwerp. Moreover, the medley dedicatory details the steps C. Plantin undertook to
obtain the permission of Andreas Wechelus (died 1581) for reproducing the text of the
Paris edition of 1564 of the Vesalius’ “. . .Epitome” [39]. There is no mention of a printing
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permit issued by J. Valverde or his editors. To the best of the knowledge of the authors of
the present article, it is unknown if this printing had the permission of J. Valverde or his
editors. Perhaps it was not necessary because Plantin’s medley appeared ten years after
the publication of “HISTORIA...” princeps edition (see above, princeps frontpage and
imprimatur subheading), or because the warning issued by Pope Paul IV was improper at
the time of the armed conflict between Flemish Protestants and the Catholic King Philip II
of Spain.

Plantin’s medley featuring Valverde’s “HISTORIA. ..” figures is among the first books
printed with copperplate-engraved figures by Plantin Print House. It was a turning point for
such a renowned print house [58]. Pieter Huys (c. 1519—c. 1584) engraved the copperplates
with his brother Frans. The result was an anatomy synthesis with a practical goal: to satisfy
the demand of physicians, Latin surgeons, and medical students. It is undeniable that
the understanding of the anatomy of the human body possessed and possesses a large
and competitive market. A brief dedicatory from C. Plantin to those who study medicine
(“Artis medicae studiosis”) underlines the utilitarian approach of the edition. There is also the
announcement of a German dictionary, which was in preparation, the Thesaurus Theotonicae
linguae, published seven years later, in 1573 [59].

Anatomie, oft levende beelden vande deelen des menschelicken lichaems: met de verclaringhe
van dien, inde Neder-duytsche spraecke. (“Anatomy, or living images of the parts of the human
body: with the explanation thereof, in the Dutch language”) is the same miscellany as
above, but in Dutch, and published twice (1568 and 1583; Table 2). The favorable recep-
tion received by the publication of the medley Viue imagenes partium corporis humani areis
formis expressae prompted C. Plantin to translate the complete version of the book into the
Dutch language. Current references to this book place J. Valverde de Amusco as the author
(see https:/ /books.google.es /books?id=tiEttw AACAAJ&amp;printsec=frontcover&amp;
hl=es&amp;source=gbs_ge_summary_r&amp;cad=0#v=onepage&amp;q&amp;f=false;
moreover, you can browse the book contents, including the illustrations, in this link (the
last time consulted was 4 December 2023)).

Bedieninghe der anatomien (“Operation of anatomy”) (1583 and 1646; Table 2). Other
medleys of anatomy (collected from texts by Galen, Vesalius, Falloppio, and Arantius and
accompanied by anatomical plates by Vesalius and Colombo) appeared in Antwerp. David
van Mauden (c. 1538—c. 1597) was the author of the book, in Dutch, entitled Bedieninghe der
anatomien, with explicit reference to J. Valverde as the author of Figures [60]. Plantin Print
House published it in 1583 and again in 1646.

Unpublished Greek language complete edition. In the 18th century, Kousis translated the
book “HISTORIA. ..” into Greek, though he did not make it to print [61].

4. Reservations

Due to the wide use of the Castilian Spanish and Italian Romance languages and the
beauty and anatomical detail of the images, Valverde’s “HISTORIA. ..” had a broad impact.
Nevertheless, the images of “HISTORIA. ..” have been regarded as a copying of Vesalius’
“...Fabrica...”. The following examines the authorship of these illustrations to discuss
whether there is innovation or plagiarism in them.

4.1. Illustrations

A highly influential factor in the success of Valverde’s “HISTORIA. ..” was the splen-
dorous 214 numbered figures it contains; furthermore, these images are an essential support
for the main text [46]. Vesalius’ “.. .Fabrica...” has 379 Figures in its princeps edition (1543)
and 4 more in the second edition (1555). The resemblance between the “HISTORIA...”
figures and the “.. .Fabrica...” figures holds the attention of most historians who have
discussed Valverde’s book. Some authors have marked the “HISTORIA. ..” figures with
the stigma of plagiarism.

Comparative studies of “.. .Fabrica...” and “HISTORIA. ..” have shown that many of
the images in “HISTORIA. . .” that are similar to the matching ones in “. . .Fabrica. . .” contain
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significant variations that not only improve the quality and clarity [50] but also illustrate
more anatomy particulars for the first time [62]. Not least, there are, in “HISTORIA. ..”, 15
wholly original anatomy figures [57]. In other words, “HISTORIA. ..” holds 15 plates (out
of 42) that are entirely or partially non-Vesalian [50] (Figure 5).

4.2. Artistic Authorship

Indeed, making artistic illustrations of “HISTORIA ...” exhibits technical superiority
over those produced by Calcar for Vesalius’ “.. .Fabrica. ..” [46,63]. The artists who made the
drawings and copper plate engravings for the images of “HISTORIA. ..” are not mentioned
in full name in the book, as was usual then.

Several artists might be the makers of the “HISTORIA ...” images. Namely, Gaspar
Becerra [64-66], Pedro Rubiales [63], and Nicolas Béatrizet [52]. In Book II, Table III of the
princeps edition, Valverde explicitly referred to P. Rubiales and Michelangelo, of whom he
said, “por haberse dado a la Anatomia juntamente con la pintura han venido a ser los mas excelentes
y famosos pintores que grandes tiempos han visto” (“for having given themselves to the anatomy
along with painting they have become the most excellent and renowned painters who
have seen great times”). However, this reference was a recognition of the artistic and
humanistic qualities of P. Rubiales and Michelangelo but not of authorship in Valverde’s
book. J. Valverde, G. Becerra, P. Rubiales, and Michelangelo were customary of the same
circles in Rome at the time. G. Becerra, who had worked in the studio of Michelangelo,
was the author of Valverde’s portrait at the Walters Art Museum of Baltimore, Maryland,
U.S.A [21]. G. Becerra and P. Rubiales presumably collaborated in the preparatory drawings
of the “HISTORIA. ..” figures. Probably, P. Rubiales drew the sketches for the entirely
original figures or those bearing a more artistic classic theme: for example, those decorating
the anatomical preparations with sculptural naked torsos [67].

The engraver on copperplates would have been N. Béatrizet and the craftsman in
charge of opening the copper leaves Thomas Barlachi [61]. N. Béatrizet worked between
1540 and 1562 for A. Lafréry and A. Martinez de Salamanca; N. Béatrizet’s initials “NB”
appear on several of the figure plates in “HISTORIA...” princeps and subsequent edi-
tions, and as well in Valverde’s portrait incorporated in the “HISTORIA...” edition of
the year 1589.

One of the “HISTORIA. ..” princeps edition’s most striking original figures is that of
an écorché with its skin hanging from its right hand while wielding a dagger with the left,
suggesting the écorché has inflicted upon itself the skinning (Figure 6A). In addition, the
face with the sagging skin has some resemblance to Valverde’s face (Figure 6B).

4.3. Innovation or Plagiarism

The initial opus “HISTORIA...” came out of the presses in 1556. Vesalius accused
“HISTORIA. ..” of plagiarism in a posthumously published book (1564), titled Anatomicarum
Gabrielis Fallopii observationum examen—where Vesalius criticized en passant the scientific
ambiance of Charles V’s court. Vesalius stated in the book that he did not understand
how G. Falloppio could consider J. Valverde a great anatomist. Vesalius added regarding
J. Valverde: “Qui manus sectioni nunquam adhibuit, & medicinae, viti & primarum disciplinarum,
est ignarus, & in Hispanam linguam interpretis tantum in nostra hac arte munus, turpis quaestus
causa obit” (“He, who never used his hands for cutting or for medicine, and not for the
vines, is ignorant of the main disciplines. And he practices the job of translator into the
Hispanic language in this our art only because of filthy lucre”). In the interim, R. Colombo
and Vesalius had become bitter rivals by 1555. R. Colombo had censured Vesalius for the
same thing that Vesalius did later concerning J. Valverde, that is, avoiding the dissection of
human bodies by himself, thus depicting the anatomy of animals instead of humans in his
books [28]. Meanwhile, Vesalius severely criticized the findings and merits of R. Colombo
in the same way and for the same reason. In the book “HISTORIA. ..”,]. Valverde criticized
Vesalius precisely for an equal cause.
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All the above suggests that Vesalius” unforgiving criticism of J. Valverde was plausibly
directed also towards R. Colombo and those who had dissented from some of Vesalius’
findings and techniques. It is reasonable to think too that Vesalius’ hostility was venomously
aimed at J. Valverde because “HISTORIA. ..” was the first post-Vesalius book—one in
which Vesalius’ influence is candidly acknowledged besides—but also the first one that
explicitly corrected Vesalius, and many times. To make matters worse, “HISTORIA. ..” was
a successful book written in a widespread common language and promptly translated into
Italian. All this probably irritated Vesalius because he thought it damaged his authority [46].
It looks like a vicious circle of jealousy caused by public reconnaissance of merit and, not
least, conceivable prospects of bookselling.

Subsequent high appreciation of Vesalius” works by traditional historiography makes
that his critical reference to J. Valverde stays as “the” truth [68]. It might well be that the
Black Legend helped do it. Some factors are to be thought of here, such as (A) Valverde’s
recognition of Vesalius’ initial authorship of many images of “HISTORIA. ..” is suppressed
in the miscellanies published by C. Plantin in Antwerp and (B) the rebellion against the
rule of King Philip II of Spain in the Seven Provinces, and Spain as a global power in many
other places, may have prevented J. Valverde from defending his author’s morality and
copyrights. They were times of war, with all the consequences.

Therefore, Vesalius” derogatory opinion is the one that most frequently has prevailed.
It has even led to extreme positions, from absolute ignorance about Valverde’s works [69,70]
to apologetics defense, even nationalistic [13,71]. Still, consideration of “HISTORIA. ..”
just as a mere translated copy of Vesalius’ “...Fabrica...” [72] or respect for Valverde as a
contributor and diffuser of the Vesalius revolution [73,74] always remained. Thus, Johann
Gottfried von Berger (1659-1736) declared: “Fama itaque meritissima Valverdus frueatur, livore
etiam frustra obnubilante” (“Valverde has great fame, despite envy that in vain beclouds”) [75].
Albert von Haller (1708-1777) asserted: “Minorem sanguinis circulationem non ignoravit” (“He
was not ignorant of minor circulation of blood”) [76]. Frangois-Joseph-Victor Broussais
(1772-1838) acclaimed “HISTORIA. ..” “because it was the only anatomy book published
in Spanish-Castilian during the Renaissance” [77]. An untrue fact, since E-J.-V. Broussais
surely was ignorant of Lobera’s book Libro de Anatomia, es primera parte de “Remedio de
cuerpos humanos y silva de experiencias y otras cosas utilisimas” of 1542 and Montafia de
Montserrate’s book Libro de la anathomia del hombre of 1551 (Table 1). Remarkably, figures
from “.. Fabrica...” and “HISTORIA...” were precedents of equal merit to Figures in
Tesrih-iil Ebdan ve Terciimdni Kibale-i Feylestifan, the first illustrated anatomy book written
in the old Turkish Ottoman language [78]. This book was handwritten in the 17" century
and reproduced many times in the 18th century, always during the long-lasting rivalry
between the Ottomans and Christians. The authorship of Vesalius and J. Valverde is
unacknowledged in the book.

For all the above, plagiarism cannot describe Valverde’s work. Plagiarism applies
to publishing data that belong to someone else—including applications for grants and a
publication submitted in a different language—yet, notably, without precise reference to
the genuine author. Other acts of plagiarism are paraphrasing without crediting the source,
using “blanket” references, “second-generation” references, and duplicating or repetitive
publication of one’s own previously published work [79]. A significant historical example
was the one by the renowned William Cowper (c. 1666—c. 1709) [80]. W. Cowper, a student
in Leiden of Frederick Ruysch (1638-1731), who established the finest anatomical museum
in the 17t century, purchased the copperplates of Govert Bidloo’s anatomical book (1685),
which were prepared by the Belgian painter Gerard de Lairesse (1641-1711) and engraved
by Pieter van Gunst (1658 or 1659-1732). W. Cowper added his improved text but did
not credit the plates to G. Bidloo. The amalgamation of Bidloo’s plates and Cowper’s text
produced “the most elaborate and beautiful of all 17t century English treatises on anatomy
and also one of the most extraordinary plagiarisms in the entire history of medicine” [81].

On the contrary, in the princeps and subsequent full editions of “HISTORIA...” (be-
sides those medleys published by C. Plantin in Antwerp), J. Valverde recognized Vesal-
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ius’ initial authorship and why Valverde wished to take advantage of the images of
“...Fabrica...”. In addition, explicit acknowledgment of the debt of knowledge that the
student (J. Valverde) has with the teacher (R. Colombo) appears in the book. R. Valverde
assigns R. Colombo authorship in discovering pulmonary circulation and other anatomical
and physiological facts. Again, in the dedicatory to King Philip II of Spain in the first Italian
edition of “HISTORIA...” (1559), ]. Valverde states that, “seruitomi in essa per la maggior
parte delle figure del Vessalio, per parermi piii degne d’imitatione, che di biasimo: Successe dapoi,
che molti non intendendo la lingua Spagnuola, & vedendo le mie figure non-molto diuerse da quelle,
cominciarono a dire ch’io hauea tradotta I'historia del Vessalio” (“making the best use of Vesalius’
figures because I find them worthy of imitation more than of censorship, it happened since
that moment that many of those who did not understand Spanish, seeing my figures not
very different from his, started saying that I had translated my history from Vesalius”).

Figure 5. Anatomical illustrations in Valverde’s “HISTORIA de la composicion del cuerpo humano” about
which there is consensus on originality. According to Alberti-Lopez [50]; Meyert and Wirt [57]; Huard
and Imbault-Huart [62] and Skaarup [82]. (A) An écorché with its skin hanging from the right hand
and wielding a dagger with the left as if the écorché has inflicted upon itself the skinning (Book
II, Plate I, Fig I). (B) A Venus with an open abdomen and a detached fetus in the lower right-hand
corner of the same plate (Book III, Plate VI, Figure XXX). (C) A longitudinal section of the urinary
bladder, prostate, urethra, and penis (Book II, Plate XVI, Fig XVIII). (D) Images depicting the opened
heart (Book II, Plate XV, Figure XX to XXIII). (E) A marginal illustration, a diagram, on Book VI,
page 87 (reverse side) of the princeps edition and page 123 (obverse side) of the first Italian edition.
It depicts the origin of great vessels from the heart. (F) An eyeball with its fascial sheath, optic
nerve and palpebral fissure, and the extraocular, recti eye muscles (Book II, Plate XV, Figure XX, and
Figures XXI to XXIII, respectively). (G) Two-skinned standing men (front and back views) with visible
subcutaneous veins (Book VI, Plate I, Figures I and II).

180



Anatomia 2023, 2

Figure 6. (A) This image is from HISTORIA de la composicion del cuerpo humano by Juan Valverde de
Amusco. This image has no relation to those in De humani corporis fabrica libri septem by Andreas
Vesalius. This image shows an écorché with its skin hanging from its right hand while simultaneously
wielding a dagger in his left hand, indicating that the écorché is self-skinned. The face in the
engraving seems to resemble that of J. Valverde de Amusco. (B) There is a similarity between
this écorché depicted in HISTORIA de la composicion del cuerpo humano and the one hanging from
Bartholomew’s hand, as seen on the ceiling of the Sistine Chapel in the Judgment Section Final,
frescoed by Michelangelo between 1536 and 1541. On the other hand, the body posture of the écorché
depicted in HISTORIA de la composicion del cuerpo humano is comparable to that of classical statues,
such as (C) the Apollo Belvedere in the Vatican Museums, which was a source of inspiration for
Michelangelo’s David [83] and (D) the Ephebus of Antikythera in the National Archaeological Museum
of Athens.

5. Conclusions

For everything said so far, the first conclusion is that it is unwise and unfair to say
Valverde’s “HISTORIA. ..” is plagiarism. That the book ended up being a selling success
must be entirely attributed to the science and judgment of J. Valverde, who published with
practical purposes in two widely spoken Romance languages a popularizer anatomical
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work that was well founded, timely, and with appropriate references to authorship of
others. The second conclusion of this article is that, because of his activities as a dissector
and author, Juan Valverde de Amusco pioneered the implementation and transfer of post-
Vesalian anatomical scientific knowledge.

6. Epilogue

During the 15th and 16th centuries, the study of anatomy made significant advances.
The progress was due to observing and interpreting nature directly. From that point
forward, the dissection of human bodies, whether macroscopic, microscopic, chemical,
or using any other technique, was the primary study method in anatomy. During the
Renaissance period, several authors made significant contributions to gross anatomy. These
authors include Jacopo Berengario da Carpi, who wrote Isagoge breves in 1522, regarded as
a turning point by Gabriele Falloppio. Nicolo Massa wrote Anatomiae libri introductorius in
1536, while Charles Estienne authored De dissectione partium corporis humani libri tres [84]
in 1545. Andreas Vesalius contributed highly notably with his work De humani corporis
fabrica libri septem in 1543. Historians consider Andreas Vesalius the epitome of Renaissance
anatomy. At the same time, other notable Renaissance anatomists include Bartolomeo
Eustachi (Tabulae anatomicae, completed in 1552 yet published in 1714), (Mateo) Realdo
Colombo (De re anatomica libri XV, 1559), and Gabriele Falloppio (Observationes anatomicae,
1561) [68]. (Mateo) Realdo Colombo and Andreas Vesalius were known for their public
rivalry. They criticized each other’s findings and merits, like how Andreas Vesalius also
criticized Juan Valverde de Amusco. HISTORIA de la composicion del cuerpo humano (1556)
incorporates knowledge of anatomy with pragmatism. In this book, Juan Valverde de
Amusco used the most advanced techniques of his time, such as the dissection of human
bodies; the best possible illustration techniques; and dissemination in prevalent languages.
Juan Valverde de Amusco wanted to spread the knowledge of modern anatomy. Today,
this multidisciplinary approach is called knowledge management, knowledge transfer, or
knowledge translation [85,86].
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List of Abbreviations (of Book Titles)

“Cl. Galeni Pergameni Liber de Ossibus ad tyrones [...] Medicae doctore”: CI. Galeni Pergameni Liber de
Ossibus ad tyrones; interprete Ferdinando Balamio Siculo; enarrationibus illustratus a Lodouico Collado
Valentino publico artis Medicae doctore. “.. Epitome”: Andrea Vesalii suorum de humani corporis fabrica
librorum epitome. “. . .Fabrica...”: De humani corporis fabrica libri septem. “HISTORIA. ..”: HISTORIA de
la composicion del cuerpo humano.
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Abstract: This review addresses the role of chemical communication in mammals, giving special
attention to the vomeronasal system in pheromone-mediated interactions. The vomeronasal system
influences many social and sexual behaviors, from reproduction to species recognition. Interestingly,
this system shows greater evolutionary variability compared to the olfactory system, emphasizing
its complex nature and the need for thorough research. The discussion starts with foundational
concepts of chemocommunication, progressing to a detailed exploration of olfactory systems. The
neuroanatomy of the vomeronasal system stands in contrast with that of the olfactory system. Further,
the sensory part of the vomeronasal system, known as the vomeronasal organ, and the integration
center of this information, called the accessory olfactory bulb, receive comprehensive coverage.
Secondary projections of both the olfactory and vomeronasal systems receive attention, especially in
relation to the dual olfactory hypothesis. The review concludes by examining the organization of the
vomeronasal system in four distinct mammalian groups: rodents, marsupials, herpestids, and bovids.
The aim is to highlight the unique morphofunctional differences resulting from the adaptive changes
each group experienced.

Keywords: chemical communication; olfactory systems; vomeronasal organ; accessory olfactory
bulb; dual olfactory hypothesis; mammalian evolution

1. Introduction

Mammalian chemical communication, a significant and complex domain of study,
fundamentally hinges upon the vomeronasal system'’s ability to sense pheromone-mediated
interactions. This system, beyond its basal functions, profoundly influences various social
and sexual behaviors such as reproduction, hierarchical dynamics, maternal bonding,
and species-specific recognition. What becomes particularly compelling is the pronounced
evolutionary variability the vomeronasal system displays; more so when juxtaposed against
the variations observed within the olfactory system. Such adaptive diversities present both
challenges and opportunities in research, amplifying the call for an in-depth examination
of its neuroanatomy and the nuances of its functional morphology.

In the following sections, we will discuss the foundational concepts of chemocom-
munication and delve into the olfactory systems. The neuroanatomical intricacies of the
vomeronasal system will be further elaborated upon, drawing parallels with the olfactory
system. Discourse will further encompass the sensory element of the vomeronasal system,
focusing on the vomeronasal organ and the accessory olfactory bulb’s role. This examina-
tion will be augmented by insights into specific models of vomeronasal system organization
across evolutionarily distinct mammalian families. While the current literature provides
extensive knowledge, there remains a plethora of open questions and untapped areas. The
intention of this comprehensive compilation is to serve as both a foundation and a catalyst
for future research endeavors in this domain.

Anatomia 2023, 2, 346—413. https://doi.org/10.3390/anatomia2040031 186 https:/ /www.mdpi.com/journal /anatomia
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In preparing this review, we used a systematic approach. Addressing comprehensive
topics such as chemical communication and the neuroanatomy of the vomeronasal system
required a degree of subjective selection. We focused our analysis on a qualitative synthesis
of articles considered most relevant to the study objectives. While this approach ensures a
thorough overview, the review is not exhaustive or strictly historical. Instead, we aimed for
clarity and relevance, ensuring readers gain a deep understanding of the subject. The search
strategy included standard databases and customary sources in the field. It is pertinent to
note that the images incorporated within this review are original contributions from the
authors, reinforcing the authenticity of the discourse.

1.1. Chemical Communication in Mammals

Throughout evolution, living organisms have developed intricate systems of chemical
communication aimed at interacting with the external environment and enhancing their
survival rate [1]. In doing so, they are able to detect a wide array of chemical signals
and convert them into sensory information [2]. When these chemical cues are exchanged
between different individuals, the substances conveying these messages are termed semio-
chemicals [3]. These semiochemicals are released through urine, feces, saliva, and secretions
from various skin glands, often being deposited in the environment through highly stereo-
typed behaviors [4]. This form of chemical communication holds a pivotal role, influencing
key areas such as social behavior, reproduction, food-seeking, and evasion from potential
predators [5]. This is in part because the chemical detection systems project to the limbic
system, where processes such as emotions, memory, hunger, sexual instincts, and overall be-
havior are regulated [6]. Additionally, these semiochemicals operate in tandem with other
signals perceived by physical senses (auditory, visual, or tactile), conveying information
about species, gender, social status, and physiological and developmental state [7].

Chemical senses emerged in the earliest stages of evolution and are now present in
all living organisms, from bacteria to more complex life forms. Hence, all animals are pre-
adapted to perceive a variety of chemical signals [8]. However, primitive organisms detect
stimuli through specialized cells, while vertebrates have integrated these receptor cells
into highly sophisticated organs. If the perception of a specific chemical stimulus enhances
survival or reproductive success, the adaptation aims to reduce the sensitivity threshold to
this substance and/or increase the expression of genes responsible for its perception [9].
Yet, identifying such a diverse plethora of molecules (essential lipids, lipoproteins, proteins,
steroids, alcohols, etc.), spanning a broad range of volatilities and solubilities, demands
a vast array of chemoreceptors. Among these, olfactory receptors stand out as being
phylogenetically present in the olfactory rosette of fish [10] and being highly conserved
and expanded in mammals [11]. In fact, the largest superfamily of mammalian genes
corresponds to the olfactory receptors. They detect a complex web of odor mixtures,
allowing the creation of a dynamic three-dimensional image of the surrounding world over
time [12]. Depending on the physicochemical characteristics of the detected signals, such
as volatility or spatial dispersion, the captured information will multiply [13].

The olfactory system, recognized as one of the most prominent chemical commu-
nication systems alongside taste, is one of the first senses to activate, even allowing for
prenatal olfactory learning [14]. However, in mammals, odorous chemical signals have the
capability to stimulate various chemosensory structures, extending beyond the olfactory
organ: such as the vomeronasal organ, Masera’s septal organ, Griineberg’s ganglion, and
free nerve endings of the trigeminal nerve, among others.

1.1.1. Types of Chemical Signals

In nature, living organisms maintain a constant degree of communication based
on the exchange of multiple chemical signals [15] due to a variety of reasons, primarily
associated with their need for food, protection, and reproduction. These chemical signals
can be classified into two types: hormones, when they act within the same individual
that produces them; or semiochemicals, when they act in an individual different from
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the signal producer. Hormones are chemical signaling molecules produced by tissues or
endocrine glands that control various physiological processes within an organism [16]. In
parallel, the chemical substances that different organisms use to communicate with each
other and perceive their environment are called semiochemicals, a name derived from the
Greek root semeon, meaning mark or signal [17]. This chemical communication is present
in microorganisms, plants, and insects [18] as well as in vertebrates [19] and requires
specific secretory mechanisms of semiochemicals, which induce changes in the physiology,
metabolism, or behavior of the species that receive the chemosensory signals [20].

Semiochemicals are classified into pheromones, if they act upon individuals of the
same species, or allelochemicals, if they affect individuals of a different species [21]. In both
cases, these chemical signals may consist of a single chemical compound or a mixture of
several. Regarding pheromones, they establish chemical communication among members
of the same species, regulating aspects such as development, physiological state, social
behavior, reproduction, or territorial marking [22]. On the other hand, allelochemicals are
further classified, based on the beneficiary of the interaction, into four types: allomones,
when the sender benefits from the message; kairomones, wwhenhere the receiver is the
beneficiary; synomones, when both species benefit from the communication, and apneu-
mones, when the chemical signal is emitted by inanimate material and evokes an adaptively
favorable behavioral or physiological reaction in the reciever.

Allomones, a term resulting from the combination of the Greek roots allos and hormonas
meaning to excite others, are defined as interspecific chemical signals that give an adaptive
advantage to the species that produce them [23]. Allomones from many organisms have
been described, from lower plants to higher animals, where those emitted by predators pri-
marily attract prey [24,25], and those produced by prey primarily repel predators [26]. For
example, venoms or antibiotics are allomones, as they are chemical compounds produced
by microorganisms with the aim of inhibiting the growth of other microorganism species.
Conversely, a kairomone is an allelochemical that, when in contact with an individual of
another species, evokes an adaptively favorable behavioral or physiological response in
the reciever, while being unfavorable for the sender [3]. A notable feature of the main
categories of chemical messengers is that they are not mutually exclusive, and an example
of this occurs in the predator Elatophilus hebraicus, which uses the sex pheromone of its
prey Matsucoccus josephi as a kairomone, such that, when the predator perceives it, it feels
a strong attraction [27]. Another example is the secretion from the mandibular glands
of many ants when the nest is disturbed, which acts as a social alarm communication
(pheromone), but also has a repelling effect (allomone) against aggressors [28].

Regarding synomones, they can be defined as allelochemicals produced by one organ-
ism that, when in contact with an individual of another species, evoke in the receiver a
behavior or physiological response that is adaptively favorable for both [21]. Some syn-
omones are repellent, and others are attractive [29], such as repellent molecules that warn
of a danger like the toxicity of a plant [30], or chemical signals produced after a parasitic
attack aiming to attract the natural predator of the parasite [31].

Lastly, there is a group of allelochemicals originating from inanimate sources, the
apneumones, a term formed from the Greek root a-prne meaning breathless or lifeless. The
receiver benefits from these molecules, but they differ from kairomones in that the producer
cannot experience any disadvantage [32]. However, these apneumones are related to the
presence of certain prey in specific environments, which is detrimental to organisms of
another species associated with these compounds that might be nearby or on the inanimate
material. For example, parasites and predators are drawn by apneumones to inanimate
substances related to the presence of their hosts or prey [33].

Finally, it is important to emphasize that the exchange of chemosensory stimuli occurs
in both terrestrial and aquatic environments. The most significant physicochemical charac-
teristics of these chemical compounds are their size and polarity, as these are the primary
factors determining their volatility in the air and solubility in water, respectively. Thus, in
terrestrial environments, substances that act at a distance tend to be small and volatile, while
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in aquatic environments, where solubility is most relevant, even high molecular weight
molecules can act at a distance. Therefore, based on their physicochemical properties, which
dictate their potential mobility in different mediums, chemical signals can be classified
into four types of compounds: volatile-soluble, volatile-insoluble, non-volatile-soluble, and
non-volatile-insoluble [13].

Pheromones

Within semiochemicals, pheromones are compounds that allow for chemical signaling
between individuals of the same species. In 1959, the entomologist Martin Luscher and the
biochemist Peter Karlson introduced the term “pheromone” by combining the Greek roots
pherein (to carry) and hormon (to excite). They defined it as a chemical substance or a mix
of chemical substances released by a member of a species that induces specific behavioral
responses or physiological changes in other members of the same species upon percep-
tion [34]. In fact, the first semiochemical to be isolated and characterized was bombykol, the
sexual pheromone of the silkworm moth [35]. Subsequently, two categories of pheromones
were defined based on their effect on the benefiting organism: releaser pheromones and
primer pheromones. Releaser pheromones trigger immediate behavioral effects in the
recipient organisms, whereas primer pheromones induce long-term physiological effects in
the recipient individual [36]. Thus, typical releaser pheromones influence aspects related to
mating, alarms, trails, and territorial marking. On the other hand, compounds determining
the caste of social insects are primer pheromones [37]. Stemming from these discoveries,
pheromones have been extensively studied in insects, primarily for their potential in pest
control [38]. They have also been the subject of numerous studies in mammals [39].

For decades, the existence of pheromones in mammals has been assumed [40], though
some authors have expressed their doubts [41]. Indeed, the concept of a pheromone
derives from studies in insects, and the integration of the term in vertebrates has sparked
controversy due to the complexity of information received simultaneously through other
sensory modalities and the significance of learning in mammals, which can alter behavior,
complicating the specific analysis of chemosensory communication [42]. Specifically, in pigs
(Sus scrofa), male saliva pheromones are essential for courtship and copulation, but physical
stimuli produced by applying pressure on the female back are also necessary [43]. As a
result, five operational requirements have been introduced for a substance to be considered
a pheromone: chemical simplicity of the signal; high stimulus selectivity with its response;
an unequivocal behavioral response from the receiver that is morphologically consistent
and functionally apparent; reception specificity based on species; and an unconditional
linkage between stimulus and response [44]. In their literature review on chemical signals
in terrestrial vertebrates, Apps et al. [45] identified up to 63 mammalian pheromones, such
as those in mice [46-48], hamsters [49], pigs [50], and elephants [51].

Kairomones

Kairomones, a term derived from the Greek root kairo (opportunist), are interspecific
allelochemicals that confer an adaptive advantage to the organism receiving the chemical
signal, while being disadvantageous to the emitter. Therefore, kairomones are semiochemi-
cals emitted by one species to its own detriment [52]. However, even though kairomones
can be detrimental to the emitting organisms, it has been suggested that they could lead
to an evolutionary advantage [53]. Although the term kairomone was controversial when
introduced, it is now widely accepted [54,55].

Due to the diversity of ecological phenomena associated with kairomones, they can be
classified based on various criteria. According to their effect on the benefiting organism,
two classes are distinguished: releaser kairomones, which induce an immediate behavioral
response, and primer kairomones, which lead to long-term physiological responses in the
receiver. They can also be classified based on their function in the receiving individual,
resulting in four main groups: foraging kairomones, anti-predator kairomones, sexual
kairomones, and aggregation kairomones [56]. Accordingly, foraging kairomones are used
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to locate food sources [57], anti-predator kairomones to mitigate the negative impact of a
natural enemy [58], and sexual kairomones to find mates or for other sexual purposes [59].
Lastly, aggregation kairomones are used by both genders of the receiving species to form
aggregations for various purposes, such as optimal exploitation of food resources, mate
searching, or defensive reactions. Examples of foraging kairomones include the substances
produced by the corn earworm (Heliothis zea), used by the parasite Microplitis croceipes to
locate its host [60], or lactic acid emitted by humans, which attracts the mosquito responsible
for transmitting yellow fever, Aedes aegypti [61]. In some cases, kairomones used to find
a host are produced by other microorganisms that develop within the host [62]. In the
aforementioned cases, the chemical signals aid predators in locating their prey or hosts, but
the opposite can also occur. Anti-predator kairomones emitted by predators or parasites
are used as alarm signals, inducing defensive behavior in receiving organisms [63]. This is
the case with certain plants that recognize kairomones produced by herbivores and emit
compounds to repel them or to try to attract their natural enemies [64]. Lastly, sexual
kairomones indirectly influence sexual communication and can be used to find mates, like
the alcohols released by green leaves when female beetles of the Melolontha spp. feed on
them, attracting males of the same species [65].

1.1.2. Responsible Exocrine Organs

The independent evolution of multiple semiochemicals in mammals has resulted in
a vast diversity of produced compounds as well as specialized secretory glands. These
signals are commonly emitted externally via feces, urine, or saliva, but they are also found
in other secretions like tear ducts, vaginal secretions [66], or are produced in specific glands
like perianal ones [7]. Substances excreted through urine or feces can provide information
about the age, identity, or gender of the depositor. In fact, there are body postures or
movement patterns associated with urination and defecation, like scattering motions, that
facilitate this chemical communication [67]. They also provide information about the
location of individuals, especially relevant in various contexts such as social structuring or
territorial distribution.

In this way, feces play a significant role in marking and intraspecific chemical com-
munication in many mammals. Some odoriferous compounds originate from anal sac
secretions [68], but others are a result of bacterial action on food during digestion [69].
In pigs, several semiochemicals present in maternal feces have been detected that attract
piglets, resulting in positive behavioral changes in them, acting as a soothing agent and
improving growth rates [70].

Both volatile and non-volatile substances can also be identified that act as chemical
signals in the urine of most mammals, as it is a fundamental medium used in animal
communication [71]. In guinea pigs, urinary chemical substances are involved in gender
discrimination [41]. Additionally, the amino acid felinine, responsible for the characteristic
odor of urine in this species and implicated in territorial marking, is found in the urine of
domestic cats and other members of the Felidae family [72]. It appears in large amounts
in male urine from six months of age and is believed to be a precursor to a pheromone
attracting females [73].

Multiple semiochemicals are also found in saliva, as in the case of the boar which
has androgenic steroids in its saliva that act as sexual attractants, and can even stimulate
puberty in juvenile females [74]. These compounds are produced in the testicles and
transported by the bloodstream to the submaxillary salivary glands [75] where they are
emitted in large quantities during copulation.

Similarly, in mammals, chemical stimuli related to sexual behaviors are produced
in or near the genitals. For example, the male pig produces a sexual attractant that is
part of the preputial secretions [76], while female hamsters attract sexually experienced
males with their vaginal secretions [49]. Before copulation, males sniff and lick these
secretions since they contain essential chemicals for adequate sexual behavior [77]. A
similar phenomenon occurs in primates, where a chemical compound in female vaginal
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secretions, copulin, triggers copulatory behavior in male conspecifics. Stimulated by
estrogens, this semiochemical enhances sexual responsiveness in rhesus monkeys [78]. In
other species, like canids [79] or bovids [80], sexually attractive molecules have also been
observed in female vaginal secretions.

On the other hand, various cutaneous glands are involved in the production and
emission of chemical signals. These exocrine cutaneous glands release their compounds
through a duct system, and depending on the type of secretion, they are divided into sweat-
producing (sudoriparous) and sebaceous. The sweat glands are related to sweat production
and contain hydrophilic molecules, while the sebaceous glands release sebum and lipophilic
substances. Consequently, the various cutaneous glands can produce a complex mixture
of chemical signals. Moreover, based on the secretion release mechanism, exocrine glands
are also classified as apocrine, holocrine, and merocrine or eccrine. In apocrine glands, a
portion of the cytoplasm of the cells becomes part of the secretion. In holocrine glands,
cells are almost entirely destroyed and become part of the secretion product. Lastly, in
merocrine glands, secretion occurs through an exocytosis mechanism, so there is no injury
to the secretory cells. Examples of apocrine glands include mammary glands; holocrine
examples are sebaceous glands; and merocrine examples include salivary glands.

Several examples of glands producing semiochemicals in mammals are described
below. In rabbits, the apocrine glands of the chin are involved in maintaining social status
and are used to mark territory by dominant males [81]. Male gerbils use the secretion of
an androgen-dependent sebaceous gland to mark territory [82]. Other apocrine sebaceous
glands, the tarsal glands of the male deer (Odocoileus hemionus columbianus), secrete a series
of molecules, including a semiochemical that causes licking by female congeners [83].
In pronghorn males (Antilocapra americana), a compound produced in the subauricular
gland was identified that induces licking, marking, or tapping in other males of the same
species [84]. Another specific sebaceous gland is the morillo gland, found exclusively
on the snout in capybara males, which is related to the production of semiochemicals.
These compounds are produced more by dominant males and are used for territorial
marking when deposited on vegetation [85]. In the case of guinea pigs (Cavia porcellus),
the sebaceous secretion of the perineal gland intervenes in dominance [86]. Similarly, in
sugar gliders (Petaurus breviceps), dominant males have a frontal and a sternal gland, with
which they mark territory and other members of their family group. Both male and female
sugar gliders emit chemical signals through the paracloacal glands [87]. Merocrine or
eccrine glands are abundant in humans and primates, but in the rest of the mammals,
their location is restricted to the palms and soles. For instance, the Madagascar tenrec
(Echinops telfairi) has cutaneous eccrine glands on the footpads, which produce a non-slip
secretion containing semiochemicals that inhibit the growth of microorganisms [88]. Lastly,
glands producing chemosensory stimuli in minks, that become vestigial after weaning,
have been studied. These are apocrine sweat glands located in the neck and in the perineal
and inguinal regions related to maternal recognition of the offspring [89].

1.1.3. Ethology and Scent Marking

In mammals, chemical signals can be emitted passively, without being associated with
specific behavior, or they can involve a display of behavioral patterns that facilitate the
dispersal of such a signal in the environment. For instance, the male pig passively emits a
sexual attractant in its preputial secretions [90]. However, it also exhibits specific behaviors,
such as chewing movements that increase the production of salivary secretion. This contains
semiochemicals like androstenone or androstenol, produced in the testicles and stored in
the parotid gland, which stimulate the immobility reflex in female pigs, facilitating the
adoption of the mating posture [91]. These specific markings, termed “scent marking”,
have been described in numerous mammals, with a wide variety of behavioral patterns
characterized in different species. This diversity arises from the various functions that
chemical communication might entail [92], the multiple deposition sites of the signal [93],
or even the location of the exocrine glands on the body.
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Regarding function, initially, a relationship was established between marking and
territorial defense. However, this behavior can play other roles in communication. In fact,
several authors have proposed various functions for chemical marking [94]. Thus, marking
can act as a deterrent, avoiding aggression by warning about territory occupation; as a
sexual attractant; as an orientation tool; as an indicator of identity, age, or dominance; as an
alarm signal for conspecifics; or even as an indicator of population size.

Regarding the territorial function, chemical marks define a specific area and prevent
intruders from entering or cause their withdrawal, reducing defensive costs. Therefore,
animals deposit these compounds at the boundaries of their territory and at strategic loca-
tions as a method of territorial dominance. This behavior is also reflected in experimentally
studied mice, as subordinate individuals spend less time in parts of a cage treated with
dominant male urine [95]. On the other hand, in rabbits, it has been shown that upon
acquiring a dominant status, a male synthesizes 2-phenoxyethanol in its chin gland, which
acts as a fixative making its secretions persist in the environment without dissipating [96].

Similarly, marking can have a stimulating or attracting function in the opposite sex,
as seen in canids, where females show a higher frequency of urine marking during estrus
to attract males [97]. In the case of the striped mongoose (Mungos mungo), a social and
cooperative herpestid, both males and females increased the marking frequency during the
latter estrus [98]. On the other hand, in rodents, the preputial secretion and urine of males
can induce or suppress estrus and ovulation in females, in addition to accelerating female
sexual maturity [99,100].

Another function of chemical marks is the spatial orientation of the individuals that
produce them within their territory, allowing them to have a better familiarity with the
environment. In this way, species like the slow loris (Nycticebus coucang) use chemical
marks to trace paths [101]. Likewise, other mammals, such as coyotes (Canis latrans), mark
food or hiding places with urine [102].

Marking behaviors are also used to deposit chemical signals that serve as an indicator
of individual identity and provide information about dominance, social rank, sex, or age.
In this way, beavers (Castor canadensis) can discriminate between familiar or unknown
individuals [103], just like the sugar gliders (Petaurus breviceps papuanus), who are not only
able to distinguish both individuals and groups of unknown individuals but also trigger
aggressive behaviors in the receiver [87]. This relationship between individual recognition
and dominance is reflected in marking patterns. Dominant individuals usually mark
more frequently than subdominant or submissive ones and are significantly more likely to
adopt specific marking postures, as seen in canids [104]. Likewise, dominant individuals
frequently mark in situations where they are intolerant. On the other hand, chemical signals
allow recognition between males and females [105] and even induce synchronization of the
reproductive state [106].

On occasion, stressed individuals secrete alarm molecules, keeping the members of
their group alert. Exposure to these signals produces behavioral changes in the receiver,
such as reduced rest, increased heart rate, or stress-induced hyperthermia. This phe-
nomenon has been studied in rats [107]. In cows, the presence of alarm signals in the urine
of stressed congeners triggers an increase in cortisol and fearful behaviors [108].

Finally, in certain animals, scent marking has been observed to act as a population
self-regulation mechanism, limiting the number of inhabitants before food becomes a
limiting factor. This happens in American beavers (Castor canadensis), who communicate
through marking, delineating occupied territory, and preventing further colonization of a
particular area. This prevents the population density from increasing above a limit while
maintaining a balance between the amount of resources demanded by the residents and
the regeneration capacity their habitat can sustain [109].

Regarding the deposition sites of chemical substances, five contexts have been consid-
ered: direct release to the surrounding air, deposition on a specific object in the environment,
deposition on the substrate, marking on a social partner, and self-marking or self-anointing.
We usually associate the emission of chemical signals with specific marking behavior pat-
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terns, but the truth is that mammals also have the ability to release chemical compounds
without any visible sign of it. For example, many mammal species emit chemical signals
when scared, like the black-tailed deer, which secretes chemical compounds in its metatarsal
glands when in situations of fear or stress [83].

On the other hand, marking may be associated with certain objects, so animals de-
posit feces and urine on them or use rubbing movements with their glandular areas to
impregnate them with specific secretions. These marking movements directed at objects
often involve adopting unusual postures and allow depositing chemical signals at a certain
height, improving communicative efficiency [110]. These objects can be part of a complex
communication system between individuals of the same species, as seen in the European
brown bear (Ursus arctos arctos), which exhibits a rubbing behavior against tree trunks. By
standing on their hind legs, they rub their chest, back, and neck while biting and scratching
the bark, depositing chemical signals. Males have preferred marking areas, which can be
used by a single individual or can be communal and used by several males. Places marked
by an unknown adult male are avoided by young bears. On the other hand, females mark
in areas separate from the males but can also mark on communal trunks along with other
males [111]. In the case of goats, when a male reaches sexual maturity he starts rubbing
his head and neck on objects around him as a method to disperse chemical signals with an
attractive effect on females [112].

In addition to the deposition of chemical signals through urine or feces in the substrate,
mammals show specific marking behaviors on the terrain. In particular, desert-dwelling
rodents from the Heteromyidae family perform sand baths [113]. This behavior consists of
digging in the substrate and performing a series of specific rubbing movements depending
on the species. In this way, the animal groom:s itself while spreading chemical secretions
in marking areas of the environment, which are sometimes shared. Other mammals have
behaviors like scratching the ground, which may involve the deposition of chemical signals
produced in the autopodial glands.

Some mammals perform marking on a partner or on conspecific individuals through
characteristic behaviors. These behaviors may involve friction movements of specific
glandular areas on the receiver [87]. The previously mentioned marking of European
rabbits by rubbing their chin on objects or congeners to impregnate them with the secretion
of the chin glands allows them to identify members of their social group to establish their
territory, thus maintaining the social hierarchy [81,114].

Finally, some mammal species use their own or foreign sources of chemical signals to
spread the compounds on their body for various purposes. In this way, the black-tailed
deer extends its hind limb to spread the previously described secretions from the tarsal
glands over its own head [83]. Likewise, spider monkeys exhibit a self-anointing behavior,
rubbing their body with a mixture of saliva and plant material [115]. However, in other
cases, individuals use foreign chemical signals, like rats, who impregnate themselves with
chemical signals from their main predator, the weasel, to mask their own chemical identity
and avoid possible attacks [116].

1.1.4. Chemical Signal Detection Systems

Animals are constantly examining their environment for chemical substances that
guide them to food sources or favorable habitats. They also investigate other substances
that control social interaction and reproductive behavior [117]. These chemical compounds
can be detected through direct contact with salivary or nasal secretions, or by monitoring
the respiratory air stream through the nasal cavity. In both cases, the chemical signals are
perceived by highly specialized detectors, the chemosensory neurons, which are organized
into structurally independent subsystems in the nasal cavity. These olfactory subsystems
can be divided based on the anatomical location of their sensory neurons, the type of olfac-
tory receptors they express, the signaling mechanisms they use to transduce chemosensory
stimuli, the chemical stimuli to which they respond, and the axonal targets of their sensory
neurons in regions of the olfactory forebrain [118].
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Initially, two chemical perception systems were identified with sensory neurons lo-
cated in the nasal cavity: the main or olfactory system and the accessory or vomeronasal
system. The olfactory neurons constitute the main olfactory epithelium, which lines the
convolute surfaces of both the ethmo- and endoturbinates (Figure 1), as well as the caudal
part of the nasal septum (Figure 2) [119]. These neurons send their nerve projections to the
main olfactory bulb [120,121]. On the other hand, the vomeronasal system presents a highly
specialized peripheral sensory structure where the sensory neurons of the vomeronasal
epithelium are located, the vomeronasal organ (VNO). The neurosensory information
travels through the vomeronasal nerves to the accessory olfactory bulb, an independent
structure adjacent to the main olfactory bulb [122,123].

Figure 1. Dissection of the turbinate complex in a dog. The difference between the red respiratory
mucosa (RM) and the brown olfactory mucosa (OM) is observed. 1. Dorsal turbinate; 2. Ventral
turbinate; 3. Endoturbinate; 4. Ectoturbinates; 5. Olfactory bulb; 6. Telencephalon frontal lobe;
7. Frontal sinus.

Figure 2. Lateral view of the nasal septum of a dog showing the projection area of the vomeronasal
organ (open arrowheads) and the vomeronasal nerves (arrows). FS, frontal sinus; 1. Olfactory bulb,
2. Olfactory peduncle; 3. Telencephalon. Scale bar: 5 cm.
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More recently, new sensory systems specialized in the detection of semiochemicals
have been discovered in the nasal cavity of mammals, which together are called olfactory
subsystems [124]. This is the case of the Griineberg ganglion, the septal organ, or the solitary
chemosensory cells. The Griineberg ganglion is a structure formed by specific sensory
neurons located in the anterior area of the nasal cavity, near the nasal vestibule [125]. On
the other hand, the septal organ consists of an isolated area of sensory epithelium located at
the base of the nasal septum, ventral to the olfactory epithelium [126]. Finally, the solitary
chemosensory cells are distributed in the anterior part of the nasal cavity but are also
located in other specific areas such as the entrance of the vomeronasal organ [127]. The
first two subsystems mentioned project their neuronal axons to specific areas of the main
olfactory bulb, while the axons of the chemosensory cells associated with the VNO are
incorporated into the sensitive afferents of the trigeminal nerve [128].

In both the main and the accessory olfactory bulbs, glomeruli are formed in the
confluence area of the axonal terminals of the sensory neurons with the dendrites of the
second-order neurons with which they establish contact. The vomeronasal glomeruli are
part of the accessory olfactory bulb and are clearly differentiated from the glomeruli of
the main olfactory bulb by their smaller size and less defined boundaries. However, the
glomeruli formed by neurons of the Griineberg ganglion or the septal organ do not have a
clearly differentiated boundary within the main olfactory bulb, although specific areas for
each have been described. In fact, a necklace glomerulus complex has been identified in
the caudal region of the MOB, consisting of several specific glomerular groups related to
the innervation of specific neurosensory cells, such as the cells of the Griineberg ganglion
or cells that express the atypical olfactory receptor guanylyl cyclase type D (GC-D) [129].
Additionally, subbulbar formations have been identified ventral to the accessory olfactory
bulb in rats [130], hedgehogs [131], and in lagomorphs—with the latter presenting a
particularly complex organization [132]—that could be related to certain specific sensory
pathways. The recent characterization of the olfactory limbus—the transition zone between
the accessory and main olfactory bulbs—in the fox [133] points to a high morphofunctional
complexity in the central integration of chemosensory information.

This wide range of versatile chemodetectors perceives myriads of chemical compounds
that vary in their physicochemical properties and function, and that may be involved in
controlling multiple behaviors and physiological responses. This multifunctional task
is achieved through orchestrated interactions between the various olfactory subsystems,
each of which specializes in different functions and uniquely contributes to fulfilling the
overwhelming tasks of the sense of smell.

1.1.5. Olfactory Subsystems

In the main olfactory system, molecules are detected through direct contact with the
olfactory mucosa of the nasal cavity. The fundamental component of the olfactory mucosa
is the olfactory neuroepithelium, comprising olfactory sensory neurons. These are bipolar
cells whose dendrites reach the epithelial surface. Here, long cilia embedded in nasal
mucus provide an extensive surface area for interaction with odorants. The process of
neurotransduction occurs within these cilia [134]. The ciliary membrane contains receptor
proteins and elements of the olfactory transduction machinery, allowing these cellular
compartments to act as chemosensory units, initiating signal detection.

Olfactory receptors consist of various specialized receptor proteins coupled to the G
protein (GPCR) [135]. Each olfactory sensory neuron expresses a unique receptor from a
family that encompasses about 1000 genes. In fact, olfactory receptors are associated with
the largest gene superfamily in vertebrates [136]. Additionally, each olfactory receptor inter-
acts with a broad range of chemical compounds, albeit with different affinities. Therefore, a
single olfactory receptor can recognize multiple odorants or olfactory chemical signals, and
conversely, multiple olfactory receptors can recognize a single odorant. This combinatorial
receptor strategy is utilized to encode odor qualities [137].
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The axons of the olfactory neuroepithelial cells converge to form the olfactory nerve
(first cranial nerve) [138], whose fibers pass through the cribriform plate of the ethmoid bone
to establish their first synapse in the glomeruli, spherical structures found on the periphery
of the main olfactory bulbs. Anatomically, the olfactory bulbs are rostral extensions of the
cerebral hemispheres, and as such, belong to the rhinencephalon, the olfactory portion of
the telencephalon. Thus, they constitute the first synaptic and integrative station of the
olfactory system. Notably, from a morphofunctional perspective, all neurons expressing
the same type of olfactory receptor send their axons to common glomeruli in the main
olfactory bulb [139]. From the main olfactory bulbs, information is relayed through the
lateral olfactory tract to deeper brain areas [140].

In contrast to the main olfactory system, molecules stimulating the vomeronasal
system activate the sensory neurons of the vomeronasal organ, a bilaterally symmetrical
tubular structure located dorsally to the floor of the nasal cavity and on both sides of the
base of the nasal septum. The characteristics of the vomeronasal epithelium lining the
inside of the vomeronasal duct resemble those of the main olfactory epithelium. However,
the dendrites of the vomeronasal sensory neurons have microvilli instead of cilia [141].
Both vomeronasal organs are protected by a vomeronasal capsule, which varies in nature
depending on the species and is composed of bone, cartilage, or a mixture of both forming
specific patterns [142,143]. Caudally, the capsule is typically closed; while rostrally, the
vomeronasal organ communicates with the nasal cavity or the nasopalatine canal, depend-
ing on the species. In species like rodents, lagomorphs, or some primates, the vomeronasal
duct directly opens into the nasal cavity [144], whereas in other species like marsupials,
monotremes, or ungulates, the vomeronasal duct opens into the nasopalatine canal, also
known as the incisive canal, which connects the oral and nasal cavities [145]. This topo-
graphical feature is an initial reflection of the existence among different mammalian species
of a wide variability of the vomeronasal organ, at the morphological, topographical, and
functional levels. Parallel to the main olfactory system, the axonal terminations of the
vomeronasal sensory neurons form the vomeronasal nerve. Subsequently, upon leaving
the VNO, they course dorsocaudally to penetrate the cribriform plate of the ethmoid bone
and reach the accessory olfactory bulb, constituting its outermost layer, the vomeronasal
nerve layer. From the accessory olfactory bulbs, information is transmitted to regions of
the central nervous system involved in mediating the pheromonal responses highlighted
earlier in this introduction [146].

It has often been hypothesized that the various olfactory subsystems function in-
dependently. This idea, in the case of the main olfactory system and the vomeronasal
system, is supported by the fact that, while olfactory neurons project to the main olfac-
tory bulb, vomeronasal neurons project to the accessory olfactory bulb. Indeed, highly
specific afferent patterns have been described in both cases. In the vomeronasal system
of rodents, the apical and basal regions of the vomeronasal neuroepithelium project their
axons to the anterior and posterior accessory olfactory bulb, respectively [147]. Similarly,
several distinct areas of sensory neuroepithelium in the nasal cavity have been identified
that correspond to specific regions of the main olfactory bulb. Initially, four zones were
established, with no overlap between them [148], but more recent studies discern up to
nine zones with variable overlap [149]. Currently, the information gathered on the olfactory
and vomeronasal systems supports the notion that they are distinct entities, each with
unique structural characteristics and chemosensory tasks. However, they share a number
of morphofunctional aspects. Among these are the presence of vomeronasal receptors in
the MOE and vice versa [150,151], and the convergence of secondary projections from both
systems in the basal telencephalon [152].

The Griineberg ganglion (Figure 3) consists of a bilateral and compact group of
neurons located in the vestibule of the anterior nasal cavity, in a dorsomedial position
near the opening of the nostrils [153]. The sensory neurons of the Griineberg ganglion
are embedded in a network of fibroblasts between the nasal septum and the keratinized
squamous epithelium that lines the nasal vestibule and is permeable to water [154]. These
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neurons, which possess various receptors, lack prominent dendrites or microvilli and do
not directly access the nasal lumen, though they have numerous cilia that play a role in
sensory transduction [117]. Peripherally, glial cells envelop the neurons, trapping the cilia
within the ganglion. By detecting the expression of the olfactory marker protein (OMP), it
is observed that their axons project along the nasal septum, enter the cribriform plate of the
ethmoid bone, and eventually reach the anterior olfactory nucleus of the telencephalon,
without synapsing in the main olfactory bulb. Another peculiarity of the neurons of the
Griineberg ganglion is the absence of projections to the vomeronasal organ [155]. Though its
function is not yet fully understood, the ganglion could have a role in thermosensation [156].

NVC

Figure 3. Griineberg ganglion of a mouse. Transverse section of the dorsal part of the nasal vestibule
(NV) immunostained with anti-OMP showing immunopositive ganglion cells (arrowheads). NVC,
Cartilage of the nasal vestibule. Scale bar: 100 pm.

The septal organ (Figures 4 and 5) is a bilateral area of sensory neuroepithelium
located at the base of the nasal septum, ventral to the main olfactory epithelium and rostral
to the choanae [157]. Morphologically, it is composed of basal cells, supporting cells, and
ciliated sensory neurons with flattened cell bodies and shortened dendrites [124]. The
septal organ projects its neuronal axons to certain glomeruli located in the posterior region
of the main olfactory bulb, specifically in the ventromedial zone [158].

On the other hand, although the projection pattern of the septal organ is already
defined in newborns during the first postnatal days, there is a significant increase in the
area of the organ [159] and in the number of septal glomeruli [160]. Based on the location
of the septal organ, it has been suggested that it may serve an alert function, detecting
odors in the environment when breathing is relaxed, and the air stream does not reach
the main olfactory epithelium. In fact, the septal organ may respond to some odors with
greater sensitivity than the main olfactory epithelium [161], and both share the main
olfactory signal transduction pathways. Another suggested possibility is that it might play
a role in detecting low-volatility compounds transferred by licking, which reach both the
vomeronasal organ and the septal organ but not the main olfactory epithelium [162]. Thus,
the septal organ could detect both odors and chemical signals with sociosexual influence.
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Figure 4. Septal organ of a mouse. Decalcified transverse section of the nasal cavity immunostained
with anti-OMP. The immunopositive olfactory epithelium (OE) lines the roof of the nasal cavity, the
nasal septum, the dorsal part of the ventral turbinate (VT) and the branches of the olfactory nerve
(nl). On the basal part of the nasal septum a patch of OMP-positive epithelium corresponding to the
septal organ (SO) can be observed. VN, vomeronasal nerves. Scale bar: 1 mm.
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Figure 5. Septal organ of a mouse. Viewed at higher magnification of the septal organ (SO) area
than is shown in the Figure 4. Decalcified transverse section of the nasal cavity immunostained with
anti-OMP. Immunopositive neuroreceptor cells and the branches of the septal olfactory axons (SON)
can be observed. VN, vomeronasal nerves. Scale bar: 100 um.

Finally, another independent olfactory subsystem has been identified, comprising
solitary chemosensory cells. The majority of these sensory cells are located in the anterior
nasal cavity, but there is also a cluster in the entrance duct of the vomeronasal organ [127],
and other populations present in the larynx and in the deeper respiratory tracts [163]. At
the same time, fibers from the trigeminal nerve are observed near the solitary chemosensory
cells, indicating sensory information transmission to these fibers. The upper respiratory
tract is continuously assaulted by harmful substances and xenobiotics carried by the inspi-
ratory air flow that are detected by the trigeminal nerve, which evokes protective reflexes
such as sneezing, apnea, and local inflammation of the mucosa. Likewise, certain inhaled
pathogens and irritants stimulate the solitary chemosensory cells, which help enhance the
chemical response capabilities of the trigeminal nerve. Additionally, solitary chemosen-
sory cells play a significant role in regulating the access of chemical substances to the
vomeronasal organ [128], thus providing a mechanism to identify potential environmental
irritants early. The fact that anosmic individuals or animals lacking functional olfactory
systems still retain the ability to detect a variety of chemical irritants through the trigeminal
system, which confirms the crucial role played by this system in nasal chemosensation [164].

2. Vomeronasal System

The vomeronasal system (VNS) or accessory olfactory system is specialized in detect-
ing chemical signals, primarily pheromones, kairomones, and molecules from the major his-
tocompatibility complex. It consists of a set of anatomically and histologically distinguish-
able structures from the main olfactory system. It is present in most reptiles [165,166] and
amphibians [167], but it is particularly developed in mammals, in which this chemosensory
system comprises three main components: the vomeronasal organ (VNO) (Figure 6), which
acts as the peripheral chemoreceptor organ detecting chemical signals; the vomeronasal
nerve, transmitting information to the brain; and the accessory olfactory bulb (AOB), the
first neural center where vomeronasal afferent information is processed and integrated
before heading to specific areas of the CNS [168].

The significant functional diversity of the vomeronasal system is expressed in the exis-
tence of three distinct subpopulations of vomeronasal sensory neurons. Each is associated
with a specific family of chemosensory receptors: vomeronasal type 1 receptors (VIR),
vomeronasal type 2 receptors (V2R), and formyl peptide receptors (FPR) [169]. However,
it is crucial to note that not all mammalian species have functional receptors in all three
families, indicating a diversity in chemical signal detection and specialized adaptation
based on the biological and ecological needs of each species. This phenomenon under-
scores the richness and versatility of the VNS in detecting and processing chemical signals,
highlighting the importance of chemical communication in mammalian life.
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Figure 6. Vomeronasal organ of a horse. Autofluorescence transversal section of the VNO in
which all components of the organ are identified. Aa, Artery; RE, Respiratory epithelium; RM,
Respiratory mucosa; SE, Sensory epithelium; VC, Vomeronasal cartilage; VG, Vomeronasal glands;
VN, Vomeronasal nerves; Vv, Veins. Nuclear contrast: TOPRO-3 iodide. Scale bar: 250 pm.

Identifying these receptor families was essential, and the study of G-proteins was cru-
cial. Initially, by analyzing the expression of Goro and Gi2 proteins in rats, it was observed
that the nerve endings of the vomeronasal neuroreceptor cells of the AOB were organized
into two complementary regions [170]. Subsequently, both G-proteins’ involvement in
the transduction chain of vomeronasal neurons was determined, and the V1R receptor
family in mice was discovered [171]. At that time, the expression pattern of the VIR re-
ceptors matched that of the Gai2 protein. However, the second family of vomeronasal
receptors was not identified until two years later, when three separate studies examin-
ing the Gao protein expression in the VNO simultaneously demonstrated the existence
of the second vomeronasal receptor family, V2R [172-174]. Finally, the third family of
vomeronasal receptors, formylated peptide receptors (FPR), which coexpress with both G-
proteins (Gai2 and Gxo), was identified [175]. On the other hand, each neuronal population
maintains a specific projection pattern to the AOB. Despite the fewer types of vomeronasal
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receptors compared to olfactory receptors, the vomeronasal receptor neurons’ projection
pattern to multiple AOB glomeruli seems to be more complex than those in the primary
olfactory system [176].

There is a general consensus that the VNS is primarily responsible for perceiving
pheromones, although it also perceives other non-pheromonal chemical signals, such
as kairomones, which mediate defensive behavior [177], and other types of chemical
signals vital for tracking prey and attack behavior, as seen in reptiles [178] and urodele
amphibians [179]. In certain mammals, such as the gray short-tailed opossum, the VNS
also influences food preference [180].

Chemical stimuli found in urine deposits, vaginal secretions, odorous gland secretions,
or saliva can be investigated by direct contact. However, specific behaviors are also used
to facilitate the entry of non-volatile substances into the VNO, such as facial grooming
and “flehmen”. The “flehmen” behavior is seen in ungulates and felines and consists of
adopting a specific facial posture with the head tilted back, the mouth slightly open, the
upper lip everted, and the neck extended for a few seconds [181,182]. It usually occurs
after contact with biological secretions from conspecifics, and males exhibit this behavior
more frequently [183,184].

Historical interest in the vomeronasal system began with the discovery of the VNO by
the Danish anatomist Ludvig Levis Jacobson in the early 19th century, who described its
key macroscopic features in a broad range of non-human mammals [185]. While previous
illustrations showed the supposed location of the VNO in human nasal septum draw-
ings [186], Jacobson reported this structure absence in Homo sapiens. However, the human
VNO was later discovered in embryos [187] and a detailed histological description was
then carried out both in fetuses and adults [188]. Although Jacobson also contemplated
the hypothesis of a possible sensory function of the organ, he mainly suggested a secretory
role. The histological contributions of Balogh [189], Klein [190], and Piana [191] revived
the hypothesis of the sensory function, but only by the end of the 19th century did the
availability of the Golgi technique definitively show the morphological similarity of the
neurons of the olfactory and vomeronasal epithelium of the snake, thus establishing the
sensory function of the VNO [192]. On the other hand, approximately half a century after
the discovery of the VNO, the AOB was identified in sheep by Balogh [189] using traceabil-
ity and dissection of the vomeronasal nerve. However, the term AOB was coined by Von
Gudden [193] following his studies on the vomeronasal nerves in rabbits. Later on, Santiago
Ramon y Cajal provided a detailed, accurate, and specific description of the AOB in various
mammals, revealing its laminar architecture and the presence of different cell types [194]. It
was the North American neuroanatomist Rollo McCotter [122] who established, in a broad
range of species, the different nature of the olfactory and vomeronasal nerves and their
respective destinations in the MOB and AOB. Finally, in the second half of the 20th century,
a clear relationship between the VNS and reproductive behavior was established [195,196]
leading to the seminal work of Powers and Winans [197] which convincingly demonstrated
the critical role that the VNO plays in rodent reproduction.

Evolutionarily, the vomeronasal system has been linked to the transition of vertebrates
to terrestrial environments; however, recent evidence suggests that a precursor VNS exists
in teleost fish and its evolutionary origin predates the divergence between teleosts and
tetrapods [10,198]. Added to this is the unique case of several species of lungfish that
have a vomeronasal system homologous to mammals, showcasing a defined vomeronasal
organ and an accessory olfactory bulb [199-202]. Hence, the significance of chemical
communication has been a constant throughout the evolutionary history of vertebrates,
resulting in significant morphofunctional variations among the chemosensory systems
of different species. Specifically, the shift from aquatic to terrestrial life led to changes
that significantly impacted pheromonal communication in vertebrates. This arose from
the transformation of its key chemical property from solubility to volatility, a process that
altered pheromone release mechanisms, accompanied by morphological and physiological
changes in the sensory organs [203].
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Subsequently, some terrestrial animal species returned to aquatic environments, such
as cetaceans, which underwent drastic changes in their olfactory morphology during this
migration. While their terrestrial relatives, including hippos, exhibit a defined VNO [204,205],
no VNO has been found in any cetacean [206]. In contrast, toothed whales also lost their
main olfactory system [207]. However, sea snakes, which evolved from terrestrial tetrapod
reptiles, feature a functional and well-developed underwater VNS, while losing their main
olfactory system [208]. In snakes, the vomeronasal system is predominantly considered
to be the major chemosensory system [209-212]. The failure of their olfactory system to
adapt to aquatic life, in contrast to the successful adaptation of their vomeronasal system,
underscores the importance and development of the VNS in these reptiles. Other primarily
aquatic reptiles, such as sea turtles, have a well-developed VNS [213]. However, while some
alligator and crocodile embryos show a VNS, it regresses to be absent in adulthood [214,215].
Yet, most reptiles [216] and amphibians [217] have a functional VNS.

Regarding airborne vertebrates, there is no evidence of pheromonal communication
in most birds due to the absence of their VNS [218]. The same is observed in many bats,
though certain species possess a particularly well-developed VNS [219]. Finally, the vast
majority of terrestrial mammals have a functional VNS, and some, like rodents, lago-
morphs, or marsupials, have an especially developed VNS. Semi-aquatic mammals like the
capybara [220], hippopotamus [221], beaver [222], and platypus also exhibit a VNS [223].

Among primates, it is believed that the last common ancestor with a functional
vomeronasal system might have been small, arboreal, and nocturnal [224,225]. Without ad-
equate light, vision is limited, heightening the reliance on olfactory signals [226]. Presently,
primates can be classified into strepsirrhines and haplorhines, based on the presence or ab-
sence of a rhinarium: a moist, hairless skin area around the nostrils seen in some mammals.
Strepsirrhines, which include lemurs and lorises, possess a rhinarium and are nocturnal, in
addition to having a highly developed VNS [227]. On the other hand, haplorhines lack a
rhinarium and are mostly diurnal. They include New World monkeys or platyrrhines, and
Old World monkeys or catarrhines, among which are the great apes and humans. Regard-
ing the vomeronasal system, platyrrhine monkeys have a well-developed VNO [228]. In
parallel, the VNO of catarrhine primates has been generally considered absent; however,
a rudimentary VNO in the postnatal stage has been observed in certain chimpanzee and
human individuals [229]. Postnatal chimpanzees possess bilateral, ciliated epithelial tubes
in the anteroinferior portion of the nasal septum. Both species are similar in possessing
a relatively superiorly positioned VNO, which lacks the clear sensory epithelium seen in
prosimians and New World primates [230]. It is of utmost importance that further investi-
gations ascertain whether the VNO is retained in other apes. In the meantime, the presence
of the VNO in adult Old World primates continues to pose a phylogenetic challenge.

In humans, the VNO undergoes significant development in the early gestational
stages, exhibiting a pronounced neural projection from the organ to the olfactory bulb. A
salient marker expressed during this period is the luteinizing hormone-releasing hormone
(LHRH) [231]. However, a continuous projection from the vomeronasal nerve to the
olfactory bulb beyond the 14-28 week period has not been found [232], rendering the
function of the human VNO ambiguous. In fact, an accessory olfactory bulb has not been
clearly identified since the description by Tryphena Humphrey in 1940 [233], which has
not been replicated.

In adult humans, the proper VNO structure is retained in the majority of individuals.
The bipolar cells within the human VNO exhibit structural similarities to olfactory receptor
cells. Still, there is limited information concerning the histological configuration of its
epithelium (VNE). Electron microscopic observations suggest that sections of the duct have
a highly specialized epithelium similar to a chemoreceptive organ [234,235]. Yet, the epithe-
lium does not appear to express neuronal features like OMP or PGP 9.5 reactivity, leading
to concerns about the functionality of the human VNO. Conversely, the vomeroranasal
epithelium displays a distinct arrangement of cell adhesion molecules, distinct from the
adjacent nasal epithelia, which could indicate specific chemosensory roles [236]. Conse-
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quently, the VNE emerges as a specialized structure with an enigmatic function. Finally, the
presence of a nerve connection from the VNO to a presumptive accessory olfactory bulb in
adult humans has not been detected, so it remains a major issue in this debate [237-239].

2.1. Anatomy of the Vomeronasal Organ

The vomeronasal organ comprises two tubular structures located bilaterally at the
base of the anterior nasal septum. Both organs have a single point of communication with
the exterior which, depending on the species, can either be located in the nasopalatine
or incisive duct—a conduit that connects the oral and nasal cavities through the palatine
fissure—or directly in the nasal cavity [240].

Each organ consists of two clearly differentiated elements: the vomeronasal duct,
which forms the lumen of the organ and is lined by a pseudostratified columnar epithe-
lium, and the vomeronasal capsule, a rigid and protective envelope of either bony or
cartilaginous nature, depending on the species [142]. Associated with the vomeronasal
duct is the parenchyma: a tissue responsible for the organ function, consisting of an ac-
cumulation of soft tissue associated with the duct, rich in glands, vessels, nerves, and
connective tissue [241].

Upon making a transverse cut in the central part of the organ, the typical crescent
shape of the duct lumen at that level is observed. Internally, the duct is lined throughout
its surface by two distinguishable epithelia. On its lateral side, it has a pseudostratified
and ciliated respiratory epithelium, while on its medial part, the vomeronasal sensory
epithelium (Figure 7) is located [242]. This sensory epithelium consists of a thin layer
of basal cells, a broad central layer of bipolar neuroreceptor cells, and an outer layer of
supporting cells that sustain the dendritic processes of the neuroreceptor cells (Figure 8).
These dendritic processes project towards the lumen. At this level, they form microvilli that
contain the vomeronasal receptors, which are responsible for recognizing the molecules
involved in chemocommunication [243,244].

4

PO B s 5303 Ml W S

Figure 7. Sensory epithelium of the dama gazelle vomeronasal organ stained with hematoxylin-
eosin. 1. Basal cells; 2. Neuroreceptor cells; 3. Sustentacular cells; 4. Mucomicrovillar complex;
5. Vomeronasal nerve axons; 6. Veins; 7. Collagen fibers. Scale bar: 50 pm.
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Figure 8. Vomeronasal organ of a horse. Autofluorescence confocal microscopy of the sensory
epithelium (SE) allows for the clear differentiation of the zones corresponding to the main strata:
Basal (1); Neuroreceptor (2); Sustentacular (3); Mucomicrovillar (4). RE, respiratory epithelium; Red
nuclear contrast: TOPRO-3 iodide. Scale bar: 50 pm.

The nerve fascicles of the parenchyma are constituted by the coalescence of the axonal
processes of the neuroreceptor cells into bundles, which converge from the vomeronasal
epithelium. These nerve bundles are located in the dorsal and medial areas of the VNO,
although occasionally they can also run on the ventral or lateral side of the duct. In turn,
these bundles come together to form the vomeronasal nerve, which courses dorsocaudally
in the submucosa of the nasal septum [245]. After passing through the cribriform plate of
the ethmoid on its medial part, the vomeronasal nerve projects towards the anterior area of
the telencephalon to synapse in the accessory olfactory bulb [246].

In the central region of the VNO, both the glandular and vascular components of
the parenchyma are predominantly situated in the lateral portion of the parenchyma.
Meanwhile, the glandular tissue is also concentrated in the caudal part of the VNO. The
vomeronasal glands (Figure 9) are responsible for secreting mucus that is discharged into
the lumen of the duct, either at its commissures or in the central part of the respiratory
epithelium [247]. The mucus facilitates the entry and exit of molecules within the duct, but it
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also plays a crucial role in vomeronasal perireceptor processes. Histologically, these glands
are distinguished by their acinar or tubular morphology, and by their serous or mucoid
secretions, respectively [248,249]. Concerning the vascular tissue of the VNO, only arteries
of significant caliber can be found in its posterior region; however, it has large veins that
run parallel to the vomeronasal duct on the lateral flank [250]. This distinct morphological
organization is important as it is involved in the vascular pumping mechanism that is
activated to allow the entry of chemical stimuli into the organ. Specifically, when the vessels
of the parenchyma contract, the lumen of the duct expands, creating a vacuum effect that
draws chemical molecules into the duct. Similarly, when the vessels dilate, a constriction
of the duct occurs, expelling the content of the duct outward. This vascular pumping
mechanism is known as the vomeronasal pump [251-253].

Figure 9. Vomeronasal gland of a cow stained with PAS-Alcian blue-hematoxylin staining. Both the
glandular acini and the duct are stained. Scale bar: 150 um.
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The vomeronasal capsule provides structural support for the proper functioning of the
vascular pump, counteracting the potential collapse of the parenchyma that the increase
in negative pressure might induce, while simultaneously safeguarding the encapsulated
structures. Its morphology not only varies along the VNO, but there are also notable
differences among various species, both in its nature and its configuration [142]. More
typically, towards the front, the capsule is shaped like an incomplete ring with a lateral
opening associated with the outlet of the vomeronasal duct. In the central region, the ring
becomes complete, but posteriorly the capsule separates again, adopting a “J” shape, with a
dorsolateral slit allowing the passage of the vomeronasal nerves. As we progress caudally,
on occasion, the ring closes entirely. Its nature can be bony, cartilaginous, or a combination
of both in different patterns, making it one of the VNO components with the most diverse
design from a comparative anatomy standpoint.

Regarding the sensory transduction of the VNO, in the most studied model, the
murine, the neuroreceptor cells are organized into different subpopulations throughout
the vomeronasal epithelium, following a clearly defined zoning. In this way, the VIR
receptors, linked to the Gai2 protein, are confined to the neurons whose cell bodies are
located in the apical part of the epithelium, while the neurons expressing the V2R receptors,
linked to the Goo protein, locate their cell bodies in the basal layer of the vomeronasal
sensory epithelium [254]. In both cases, each neuroreceptor cell exclusively expresses a
single receptor among the total population of vomeronasal receptors [173].

Formyl peptide receptors (FPRs) co-express with both G proteins in the two neural
layers of the VNO. FPRs react to products from viruses and bacteria, and they are found
in various tissues and cell types, mainly associated with immune functions [255]. Within
mammals, its expression has only been confirmed in the Muroidea superfamily of rodents
and in Lagomorpha [256]. Seven distinct genes encoding FPRs have been identified in
mice VNOs [175,257]. Some of these genes, like FPR-rs3, FPR-rs4, FPR-rs6, and FPR-rs7,
are specific to the VNO and co-express with Gai2. However, FPRrs1, recently renamed as
FPR3, co-expresses with Goo in vomeronasal sensory neurons and is also transcribed in
immune cells. As there is no evidence that FPRs co-express with VIRs or V2Rs, it is likely
that certain vomeronasal sensory neurons express only FPRs. FPR3 reacts to a limited set
of bacterial peptides crucial for managing infection virulence. This links the behavioral and
immunological functions of the VNO [258].

On the other hand, it has been demonstrated that the peptides of the major histo-
compatibility complex (MHC) can perceive non-volatile molecules, both in the olfactory
and vomeronasal epithelium of mammals. The MHC was first identified as a primary
component in the adaptive immune response, recognizing and presenting antigens to T
cells [259]. MHC is encoded in the highly polymorphic H2 and HLA genes for mice and
humans, respectively. Current research estimates that over 10° distinct MHC antigenic
phenotypes exist in outbreeding mammals, which suggests that MHC alleles might be
crucial for determining genetic uniqueness [260]. In a lab setting, numerous studies indicate
that MHC and its peptide ligands get secreted in animal urine and function as markers
for self-identity during individual recognition [261,262]. Both genders of mice display a
natural inclination to select mates with varied MHC haplotypes [263]. Additionally, when
female mice that have recently mated are introduced to the scent of an unfamiliar male with
different MHC peptides, it can lead to a pregnancy block [264]. In human contexts, there
are various studies suggesting a connection between MHC differences and preferences in
smell and mate selection. Women seem to be drawn to the scent of shirts worn by men who
have different MHC genotypes [263].

Mates with specific MHC variations are viewed favorably because of their increased
resistance to parasites, potentially leading to enhanced reproductive outcomes for their
progeny [265]. Female sticklebacks show a preference for mating with males that exhibit
a broad MHC diversity and have a certain MHC haplotype that wards off infections
from prevalent parasites [266]. While MHC peptides can be found in both VNO and MOE
neurons, they serve different behavioral functions. Specifically, the MOE ability to recognize
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and prefer urine containing unique MHC peptides contrasts with the VNO-driven Bruce
effect, activated with dissimilar MHC peptides. All together suggests a general role of MHC
peptides in chemical communication, even in species lacking a functional VNO [267,268].

The transduction cascade of virtually all vomeronasal neurons converges in most
species on the activation of a member of the transient receptor potential (TRP) channel
family, the TRPC2, which is expressed in both neural layers of the VNO [269]. It was
observed that the protein resides in the microvilli of the sensory neurons and coincides
with the expression of both Gai2 and Gao [244]. In fact, the genomic sequence of the intact
TRPC2 gene is considered to be a predictive marker of the functionality of the vomeronasal
organ [218]. When the Trpc2 gene was knocked out in mice, its pivotal role in vomeronasal-
mediated behavior became evident. These modified mice exhibited reduced aggressive
responses and did not differentiate between males and females, displaying sexual be-
haviors towards both. This suggests that these mice are unable to discern the gender of
their counterparts due to a lack of olfactory signal transduction through VSN [270,271].
The TRPC2 gene is ubiquitous among mammals, reptiles, amphibians, and fish species.
Comprehensive genome studies indicate an absence of TRPC2 genes in avian species [272].
A noted absence of functional TRPC2 in certain primates, such as Old World monkeys,
correlates with the lack of VNO [198,273]; although, orangutans and rhesus macaques
possess three TRPC2 gene copies, which have been suggested to be involved in mediating
the acrosomal response during fertilization [274]. In humans, the loss of a functional TRPC2
gene has been confirmed; however, the presence of functional VIR receptors has been
observed in the olfactory mucosa, embryonic cerebral tissues, and non-neuronal cells [275].
It should also be noted that chemical communication in vertebrates originated long before
the development of the VNO, and pheromone detection can also be mediated by other
olfactory organs [276]. This brings forth questions about the specific impacts of Trpc2—/—
on VNO activity. Mombaerts and colleagues integrated the lacZ gene into the Trpc2 site and
mapped the pathways of Trpc2-active neurons. Their exploration revealed that two distinct
MOE neuron types, which communicate with specific glomeruli on the ventral aspect of the
primary olfactory bulb, expressed Trpc2 [277,278]. These observations indicate potential
broader roles for Trpc2 within the primary olfactory framework and other cerebral regions.
Thus, the behavioral patterns seen in Trpc2—/ — mice might not be exclusively attributed
to VNO disruption.

While initially, it was thought that all mammals expressed both families of vomeronasal
receptors, the absence of the V2R family in the vomeronasal system of various species
was subsequently described. Therefore, based on the presence or absence of the two neu-
ronal subpopulations linked to the VIR and V2R vomeronasal receptors, two vomeronasal
transduction models were identified: the segregated model and the uniform model. In the
segregated model, both types of vomeronasal receptors coexist, while in the uniform model
the V2R receptor is absent, and only V1R type neurons are expressed. Recent research on
the Tammar wallaby (Notamacropus eugenii) concluded that macropods could present a
third vomeronasal transduction model, consisting only of V2R neurons, as they did not
find expression of the Gai2 protein in the VNO or in the AOB [279].

A segregated-type vomeronasal system has been characterized in certain species of
rodents [280], lagomorphs [143], and marsupials [281], while the rest of the studied mammals,
such as ungulates, carnivores, or primates, fall within the uniform model [282-284].

The neurochemical study of the organ allows us to obtain characteristics about its
functionality using G proteins, but other markers are also used that provide specific
information about this structure. The calcium-binding proteins calbindin (CB) and calretinin
(CR) are used to identify neuroactive substances, but also to differentiate cell populations or
to define the morphology of vomeronasal neuroreceptor cells [285]. On the other hand, the
GAP-43 marker shows neuronal growth and is expressed in the nerve bundles present in
the organ [286]. These markers are complemented with routine stains (hematoxylin-eosin)
or specific stains (Gallego trichrome), which display the structural characteristics of the
VNO. Likewise, using PAS (Periodic acid Schiff) and Alcian blue stains, the nature of
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the vomeronasal glands can be identified, staining their secretions with neutral and acid
mucopolysaccharides, respectively [287].

Likewise, in the study of the VNO, lectins such as Ulex europaeus agglutinin (UEA),
Bandeiraea simplicifolia isolectin B4 (BSI-B4), or Lycopersicon esculentum agglutinin (LEA)
have been frequently employed, as some are specific to the vomeronasal and/or olfactory
system in various mammals [288]. Thus, it is possible to differentiate neuronal populations
and study the morphology of the neuroreceptor cells in the sensory epithelium of the VNO.
On the other hand, when expressed in the neuronal axons of these cells, it becomes easier
to identify the nerve bundles of the VNO and track the vomeronasal nerve by analyzing its
topography and anatomical relationships.

Over the past decade, genomic studies have paved the way for groundbreaking
insights into the VNS. To date, only a limited number of links between chemical ligands,
vomeronasal receptors, and behavior have been clarified. This is primarily due to the
challenges encountered when dealing with expansive, homologous gene families that
have a high degree of sequence similarity. Nonetheless, when examining mouse strains
with mutations in genes linked to ligand-VR signal transduction, the role played by the
VNO in various social behaviors can be studied in a more specific way. These behaviors
include male-to-male and maternal aggression, sexual allure, lordosis, selective pregnancy
termination, and interspecies reactions such as aversion and defensive behaviors [289].

One significant discovery has been the broad expansion and diversification of the
vomeronasal receptor gene families, VIRs and V2Rs [273,290]. High-throughput sequenc-
ing methodologies, such as RNA-Seq, have enabled researchers to identify and catalog
an extensive array of VNRs in various species, showcasing a vast diversity that arguably
correlates with species-specific pheromonal communication [11,289,291]. Another ground-
breaking revelation is the functional differentiation of VIR and V2R receptors, elucidated
through transcriptomic analyses. While V1Rs primarily respond to small volatile molecules,
V2Rs are more attuned to larger, peptide-based cues [292].

Comparative genomics indicates that the retention or loss of specific vomeronasal
receptors often aligns with the ecological and social structures of the species in question. For
instance, species with more intricate social hierarchies or mating systems tend to possess
a richer repertoire of functional VNRs [293]. Moreover, the transcriptome analysis of the
VNO in mice under different physiological and environmental conditions showed notable
variations in the expression of vomeronasal receptors even among individuals of the same
species [256,294,295]. For instance, during the final phase of pregnancy, the production
of neural progenitors in the VNO of female mice is notably increased. Transcriptome
analysis comparing pregnant and control female VNOs reveals differential expression of
101 genes, including 24 vomeronasal receptors and other genes related to cell proliferation
and death [294]. Pregnancy or estrogen-driven increases in new chemosensory neurons
have significant functional consequences, especially in maternal behaviors. For instance, the
ability of the VNO to recognize social odors can induce varied behavioral responses based
on the hormonal status, age, gender, or dominance of the individual. In humans, while the
VNO appears non-functional, with VRs and transduction molecules being pseudogenized,
there is still a sensory target for hormone modulation in the main olfactory epithelium.
Further investigations are recommended to discern whether pregnancy also prompts an
increase in neurogenesis in the main olfactory epithelium.

The application of transcriptomic techniques has also made it possible to compare the
expression of VRs in rabbits of different ages. Some VRs are more expressed in juveniles
than in adults [256]. This difference might be attributed to increased exposure to new stimuli
during early life stages. The difference in expression between young and adult animals
could be crucial for innate or unconditioned responses to specific chemical signals. Likewise,
it has been observed that sex-separation induces sex- and stage-specific gene expression
differences in the VNO of male and female rabbits, both in adults and juveniles [295].

The presence of sexual dimorphism in the vomeronasal system is an issue of partic-
ular interest. Although no qualitative histological and immunohistochemical differences
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between sexes in both the VNO and the AOB have been identified, morphometric analyses
have detected subtle yet significant disparities. In the 1980s, Guillamoén and Segovia initi-
ated a series of studies establishing that, in rats, the VNO and the AOB were larger in males
than in females [296,297]. Specifically, male rats exhibited a greater numerical density of
principal cells in the AOB compared to females [297]. Interestingly, in the AOB of rabbits,
the trend was reversed, with females demonstrating higher morphological values [132].
These species-specific manifestations of sexual dimorphism likely reflect the reproductive,
behavioral, and physiological characteristics unique to each species. For instance, while
female rabbits are reflex ovulators, female rats are spontaneous ovulators. Additionally,
there are distinct differences in sexual and maternal behaviors between these species. The
contrasting patterns observed in closely related species like rats and rabbits underscore the
caution needed when extrapolating findings on brain sexual dimorphism from one species
to another.

Sexual dimorphism has also been examined in other mammalian groups. In a study
involving wild voles (Microtus pennsylvanicus and M. ochrogaster), it was found that M. penn-
sylvanicus, which exhibits more pronounced differences in parental behaviors, had larger
VNOs in females than in males [298]. A comparison between the VNO and AOB of the
monogamous mandarin vole, Microtus mandarinus, and the polygamous reed vole, M. fortis,
revealed significant differences only in the reed voles, suggesting that the degree of sexual
dimorphism might be linked to the mating system [299]. Furthermore, a discernable sexual
dimorphism in the rate of neuronal generation in the AOB of rats has been identified, with a
higher proliferation rate in the anterior AOB in male rats compared to female rats [300].The
morphological diversity of the VNO among different orders of mammals is also notable,
and indeed, since the advent of Darwinian theory of evolution, the morphological config-
uration of the VNO has been used as a phylogenetic classification method [301-303]. A
significant portion of the studies on the VNS have been conducted in rodents, specifically
in myomorphic species like the laboratory rat (Rattus norvegicus domestica) or the mouse
(Mus musculus), which have been used as general VNS models in rodents (Figure 10). Both
species display a highly developed vomeronasal organ, with a large neuroreceptor epithe-
lium, of considerable thickness and cell density [304]. The vascular pump consists mainly
of a large central vein, which is surrounded by other smaller-diameter veins [305]. The
vomeronasal capsule is made up of a thin bone layer in adults; however, in newborn rats,
this covering is cartilaginous [241]. A thoroughly investigated aspect of the rodent VNO is
the presence of postnatal proliferation in the vomeronasal epithelium. The distribution of
these proliferating cells varies with age. In neonatal rats, such cells are distributed fairly
evenly across the sensory epithelium. However, starting from P21, the majority of these
cells tend to cluster near the boundaries with the non-sensory epithelium [306]. These
findings have been more recently corroborated in mice using bromodeoxyuridine (BrdU)
immunohistochemistry [307].

Other myomorphic rodents display specific morphological features in their VNO, but
in general, they all show a comparable level of development. For instance, the Gambian rat
(Cricetomys gambianus) displays certain ossification areas in its cartilaginous vomeronasal
capsule [308]. Among the sciuromorphic rodents, the Daurian ground squirrel has an
exceptionally voluminous vomeronasal vein, which, together with other smaller-caliber
veins, constitutes the vascular pump. It also displays a sensory epithelium with significant
thickness, and its vomeronasal capsule is exclusively cartilaginous [309]. In hystricomor-
phic rodents, the long-tailed chinchilla (Chinchilla lanigera) showed considerable variation
in the primary features of its VNO. Its sensory epithelium shifts from a medial location at
the front of the VNO to an entirely dorsal position at the back. Similarly, the vomeronasal
capsule in this species consists of cartilaginous tissue at its anterior level, but this shifts
dorsally as we move caudally, eventually being completely replaced by a bone layer that
encases the VNO at its back [310].
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Figure 10. Sagittal section of the nose of a fetal mouse. The vomeronasal organ is located in the base
of the nasal septum. A functional opening to the nasal cavity (NC) can be observed. The NC is lined
by olfactory epithelium (OE). Hematoxylin-eosin staining. Scale bar: 500 pum.

Concerning the vascular pump, the VNO of the chinchilla has several significant-
diameter veins, but features a dominant central vein [311]. Similarly, within the hystrico-
morphs, African mole rats displayed unique characteristics concerning their vomeronasal
organ. In these eusocial rodents, there is hardly any postnatal growth in their vomeronasal
neuroepithelium [312]; however, all the components of their VNO exhibit significant and
functional development. Thus, it has a sensory epithelium of substantial thickness, and
laterally displays large venous sinuses. Transversely, the vomeronasal duct takes on the
typical “]” or crescent shape. The parenchyma is protected by a cartilaginous capsule and
is also reinforced by an external bone layer that occupies a ventral and/or lateral position
depending on the species [313].

As with rodents, lagomorphs have an extensively developed vomeronasal organ
(Figure 11). The rabbit (Oryctolagus cuniculus) has a double vomeronasal capsule, made up of
an external bone covering and an internal cartilaginous lining [314,315]. Its sensory epithelium
is thick compared to that of rodents, but its vascular pump comprises multiple large-caliber
veins that provide a powerful suction capability to the VNO in this species [143,316].
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Figure 11. The vomeronasal organ of a rabbit. Hematoxylin-eosin staining. Transverse section of the
head showing the nasal septum (1) with the VNOs located over the palatine processes of the incisive
bone (2). The J-shaped cartilaginous envelope of the VNO (3) is covered by a thin bony layer (4). The
ventral recess of the nasal cavity (5) is shaped by the cartilage of the incisive duct (6). (7). Ventral
turbinate; (8). Palate. Scale bar: 500 pm.

Marsupials also display a remarkable development of the vomeronasal organ, sug-
gesting that, as in rodents and lagomorphs, pheromonal communication plays an essential
role in these mammals. The Tammar wallaby (Notamacropus eugenii), a macropodid of the
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order Diprotodontia, sports a complete cartilaginous capsule and a densely populated and
extensive neuroreceptor epithelium. The vascular tissue enabling the pumping mechanism
consists of numerous large-caliber veins, which are mostly distributed on the medial side,
but voluminous veins also appear on the medial face of the vomeronasal duct [317]. In the
order Didelphimorphia, the gray short-tailed opossum (Monodelphis domestica) presents
certain unique features. Its vomeronasal capsule is cartilaginous, although at the caudal
level, it is replaced by a bony capsule, which encircles a parenchyma very rich in glandular
tissue. Its vascular pump is made up of a large main vessel which is located laterally to the
vomeronasal duct, and other smaller vessels in the ventromedial and lateral areas. Its sen-
sory epithelium is very thick and is characterized by a rosette-shaped structure that divides
said epithelium in half at the caudal part of the organ. This configuration corresponds to
the fusion of the main vomeronasal glandular secretion duct with the neuroepithelium,
through its opening into the lumen of the vomeronasal duct [318].

In species of the order Monotremata, the VNO shows notable development. Studies
on newborn individuals of the platypus and echidna determined that both possess a thick
sensory epithelium and a cartilaginous capsule. In contrast, both showed few veins of
modest caliber forming their vascular pump [319,320].

Within the order Eulipotyphla, the studied species display a highly developed VNO.
The African pygmy hedgehog (Atelerix albiventris) has a cartilaginous vomeronasal cap-
sule and a neuroreceptor epithelium of moderate thickness, which extends beyond the
usual boundaries, occupying almost the entirety of the lumen in front of the respiratory
epithelium. The parenchyma contains mucous and serous glands, and a network of venous
sinuses that extend around the entire vomeronasal duct. Through a cross-section, the
lumen of its VNO shows a circular shape at the front, which becomes more oval as we
move caudally [321]. On the other hand, the VNO of the dasyurid marsupial Antechinus
subtropicus displayed significant differences compared to the African pygmy hedgehog. In
this species, the capsule is also cartilaginous, but it features a primary vein lateral to the
vomeronasal duct, along with other secondary veins located both laterally and medially to
it, forming its vascular pump. Additionally, its vomeronasal neuroepithelium has a notably
greater thickness compared to the African pygmy hedgehog; however, its extension in front
of the respiratory epithelium corresponds with the usual pattern, and its lumen shape,
when observed in cross-section, is the typical “]” or crescent shape [322].

Mammals of the order Carnivora, both felines and canines, have shown moderate
development of their VNO (Figure 12). Studies on the dog [283,323], domestic cat (Felis
silvestris catus) [324], brown bear (Ursus arctos) [325], and European ferret (Mustela puto-
rius) [326] revealed that all share the main structural characteristics of the VNO, such as a
cartilaginous capsule, the distribution of vessels around the vomeronasal duct forming the
vascular pump, and a broad sensory neuroepithelium, albeit thinner than mammals of the
orders previously described. However, the red fox (Vulpes vulpes) represents an exception
among domestic canines. In this species, the vomeronasal epithelium is not only more
developed but also displays the expression of G proteins associated with both VIR and
V2R receptors [127].

Artiodactyls exhibit a high level of VNO development. Their cartilaginous capsule is
complex and developed, displaying numerous morphological differences between species.
The length of the sensory vomeronasal epithelium tends to be longer compared to species
of the aforementioned orders; however, its thickness is notably inferior, as seen in carni-
vores. Still, it maintains the three cellular layers that make up the neuroepithelium, which
are organized with a clearly defined boundary. Vessels in the vomeronasal parenchyma
are numerous, of medium caliber, and are uniformly arranged around the vomeronasal
duct [327]. Regarding the morphology that the vomeronasal duct exhibits in cross-section,
artiodactyls usually have an oval shape, unlike the usual crescent or “J” shape. Varia-
tions also exist between different species like cows [145,328], sheep [329], goats [330,331],
deer [332], moose [333], giraffes [334], and duikers [308].
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Figure 12. The vomeronasal organ of a fox. Transverse section of the base of the nasal septum (NS)
showing the topographic relationships of the vomeronasal organs (arrows) with the ventral recesses
of the nasal cavity (arrowheads). CT, canine tooth; SP, soft palate; Vm, vomer bone. Scale bar: 2 mm.

Strepsirrhine primates, which are mostly nocturnal, have a highly developed VNO
compared to haplorhine primates, who tend to be diurnal and have a modestly developed
VNO. Both have a cartilaginous capsule surrounding the vomeronasal parenchyma; how-
ever, the thickness of the vomeronasal epithelium is significantly greater in strepsirrhines.
Similarly, the vascular pump in strepsirrhines has numerous large-caliber vessels around
the entire vomeronasal duct, in contrast to the few vessels typically displayed by the VNO
of haplorhine primates [335].

Among the various bats, the development of the VNO is extremely variable. From
species that show a total absence of their VNO even in the embryonic phase, to other
species that demonstrate astonishing development of this sensitive structure. Likewise,
many other bat groups represent intermediate levels of development [219].

2.2. Neuroanatomy of the Accessory Olfactory Bulb

The accessory olfactory bulb (AOB), the first neuronal integration center of the
vomeronasal sensory system, is located in the olfactory areas of the forebrain of certain
vertebrate species; what we recognize as the basal rhinencephalon. In mammals, it is
usually located in a dorsocaudal position relative to the main olfactory bulb (MOB) [336].

Macroscopically, in most species, the AOB is a relatively difficult structure to discern.
Although in most cases it gives rise to a convex prominence in the dorsal transition between
the main olfactory bulb and the olfactory tract, its boundaries with these structures are very
diffuse. However, histologically, it is easily recognizable due to its laminar morphology.
Although this laminar pattern is essentially analogous to that of the MOB, there are signifi-
cant variations between different groups of mammals. Some species have clearly defined
lamination and high cellularity, while others have much less defined layer boundaries
(Figures 13 and 14). Thus, from superficial to deep, the AOB layers are:

1. Vomeronasal nerve layer: It consists of bundles of unmyelinated fibers, originating
from vomeronasal receptor neurons, surrounded by numerous glial cells, both astrocytic
and ensheathing glia [337,338]. Whereas, in the MOB of mammals, each olfactory axon
projects to a single glomerulus [139,339], in the AOB, fibers branch out and distribute to
more than one glomerulus [340].
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2. Glomerular layer: Comprised of spherical structures called glomeruli, these result
from synaptic contact between axonal terminations of vomeronasal nerve fibers and the
apical dendrites of mitral cells. These glomeruli show a relatively acellular texture rich
in neuropil but are bounded by a narrow band of periglomerular cells, especially in
their deepest part. Their degree of definition is lower than that observed in the main
olfactory bulb.

3. External plexiform/Mitral/Internal plexiform: It is at the level of the three central
layers of the accessory olfactory bulb where the greatest differences lie, both compared to
the MOB and in the interspecific comparisons that can be made at the level of the AOB itself.
The differentiation of an external plexiform layer—formed by the dendrites of the mitral
cells and granular cells, as well as by tufted cells and other neuronal types —a mitral layer—
formed by a linear band that includes the somas of the mitral cells, the second neuron of
the olfactory pathway—and an internal plexiform layer—containing the axons of the mitral
cells—which is constant in the organization of the MOB in mammals. However, in the case
of the AOB, the existence of plexiform layers has only been proposed in those species where
the degree of lamination is highest, mainly rodents, but the issue is controversial. Thus,
Cajal [194] concluded that the plexiform layers were absent; however, classic comparative
studies of the olfactory system [341,342] included the external plexiform in their description
of the AOB but not the internal plexiform. Meisami and Bhatnagar [336] in their exhaustive
bibliographic review state that it is inappropriate to extrapolate data from one species to
another, indicating that, in mammals with large and well-developed AOBs, both plexiform
layers exist; although, it should be recognized that the boundaries of these layers are not
recognizable with Nissl staining, requiring more specific stains such as cytochrome oxidase
or Galyas staining. However, Salazar et al. [245], in their exhaustive study of the mouse
AOB, concluded the impossibility of determining the presence of plexiform layers, as well
as differentiating mitral cells from tufted cells, coining the term mitral/tufted layer. In
their subsequent study of the cat AOB, Salazar and Sanchez-Quinteiro [343] opted for the
term mitral/ tufted /plexiform layer which more accurately encompasses the fusion of the
three AOB structures equivalent to the three inner layers of the MOB. In later works, this
group leaned towards a simpler name: the mitral/plexiform layer, which we have adopted
throughout this work. It is important to clarify that the morphology of the main cells of this
mitral/plexiform layer rarely corresponds to the typically mitral morphology observed in
the mitral layer of the MOB. This has led certain authors to prefer to avoid the term mitral
when describing this layer, as is the case with Larriva-Sahd [344] and Villamayor et al. [132]
in their respective studies of the AOB in rats and rabbits. In both cases, they opted for the
terms “outer cell layer” to designate the set of the mitral/plexiform layer and “principal
cells” to designate the projection neurons that constitute this layer. While undoubtedly a
more accurate name in terms of morphological reality, the direct functional equivalence
between the mitral cells of the MOB and the principal cells of the AOB (projection neurons
in both cases) advises maintaining the term mitral cells to designate the principal cells of
the AOB. Regarding the use of the term plexiform, Larriva-Sahd [344] considers that, in
contrast to the plexus arrangement of the proximal processes of the MOB mitral cells, in
the case of the AOB these processes adopt a radial arrangement, resulting in a dense and
convoluted dendritic frame, very different from the parallel fibrous texture that forms the
plexiform layer of the MOB. The set of radial dendritic arborizations, together with the
proximal processes of granular cells and other interneurons, make up a neuropil rather than
a plexiform layer. Another interesting aspect that affects the stratification of the AOB is the
topography of the lateral olfactory tract (LOT), which can be located either through or below
the accessory bulb. Thus, in broad groups of mammals including rodents, insectivores, and
primates, the broad axonal bundles that make up the dorsal component of the LOT run
through the innermost area of the mitral/plexiform layer or outer cell layer [345].

4. Granule cell layer: It is composed of granular neurons, which lack axons and accu-
mulate compactly. These cells are GABAergic and presumably inhibitory [346]. However,
they are not a homogeneous population in terms of the expression of peptidic neuromodu-
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lators [347]. Their basal dendrites receive centrifugal impulses from the amygdala, whereas
their apical dendrites interact with the basal dendrites of the mitral cells [348]. On the
other hand, it has been observed that the number of granular cells is lower in domestic
animals and animals kept in zoological facilities [349]. Furthermore, neuronal proliferation
has been found in the AOB of adult rats, with most of these new cells being located in the
granular layer [350]. Contrary to what one might assume, most of the proliferating neurons
present in the OB do not derive from the subventricular zone of the olfactory bulb but from
slow-dividing cells that might correspond to the population of resident neural stem cells.
These could generate neurons that are incorporated into the OB circuits in vivo [351].

Projection neurons of the olfactory bulb send axons through the lateral olfactory tract
(TOL), giving it a laminar structure. Thus, in embryonic stages, the TOL consists of three
layers: superficial, middle, and deep. The axons from the BOA are the first to mature, so
they are located in the deep layer, whereas the axons from the MOB constitute the middle
and superficial strata. The middle layer is composed of mature axons, while the superficial
layer consists of newly generated axons that are added, forming a series of stacked axonal
laminae at different maturation stages. Initially, the superficial lamina is proportionally
larger than the middle lamina, but throughout development, the middle lamina increases,
while the superficial lamina drastically decreases [352]. This segregation of both pathways
in the TOL, the vomeronasal and olfactory pathways, can be seen in adult animals like
rabbits or rats [353,354].

Figure 13. The accessory olfactory bulb of a postnatal mouse. Confocal double immunofluorescence
of a sagittal section stained with anti-MAP2 (green) and GFAP (red) showing the lamination of
the AOB. 1. Vomeronasal nerve layer; 2. Glomerular layer; 3. Mitral plexiform layer; 4. Somas of
mitral cells appear as unstained circular structures; 5. Lateral olfactory tract; 6. Granular cells layer.
FL, Frontal lobe. Scale bar: 250 pum.
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Figure 14. The accessory olfactory bulb of a mouse. Immunohistochemical staining against MAP2.
FL. Frontal lobe; GIL, glomerular layer; GrL, granular layer; MPL, mitral-plexiform layer; VNL,
vomeronasal nerve layer; 2. Glomerular layer; 3. Mitral plexiform layer; 4. Somas of mitral cells
appear as unstained circular structures; 5. Lateral olfactory tract; 6. Granular cells layer. FL, Frontal
lobe. Scale bar: 250 pm.

Throughout all the layers that make up the BOA, different cell types coexist. From
superficial to deep, we can find periglomerular cells, superficial short-axon neurons, mitral
cells, round projection cells, tufted cells, external granular cells, dwarf cells, polygonal
neurons, and internal granular cells.

Periglomerular cells (PGs) are small, short-axon neurons found at the base of the
glomeruli in both the AOB and the BOP, although they are more numerous in the latter.
In the AOB, these cells are primarily GABAergic and have inhibitory functions, possibly
playing a modulatory role [355]. There are two classes of PG: amacrine cells, meaning they
lack axons, and interneurons. Both have a small fusiform soma, from which they send one
or two dendrites to one or several glomeruli. In them, their dendrites branch and originate
a dense dendritic plexus. On the other hand, the axon of the interneurons distributes within
the neuropil adjacent to the glomeruli.

Superficial short-axon cells are morphologically similar to PG but have some differ-
ences. They are larger in size and are located superficially in the external plexiform layer.
They have a thick main dendrite that rises to enter a single glomerulus, where it establishes
a dendritic network. They also emit other dendrites that distribute ventrally between the
somas of PG and other superficial short-axon cells. Their axon interacts with the somas of
adjacent PGs [337].

Mitral cells, also called principal cells, are the second neuron in the olfactory and
vomeronasal sensory pathways. In the BOP, they are distributed linearly, forming a dense
layer of mitral cells. In the AOB, this layer transforms into a diffuse mitral cell band
integrated with both plexiform layers, constituting a single mitral-plexiform layer, also
called the external cell layer. The cytoarchitecture of the accessory olfactory bulb has been
addressed in depth in the rat through the study carried out with the Golgi technique
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by Larriva-Sahd [344]. This study shows that mitral cells have two types of dendrites:
glomerular dendrites (thick) and accessory dendrites (thin). Glomerular dendrites are
multiple and extend to the glomeruli located in their respective half of the AOB, according
to the anteroposterior axis [356]. The shape of the soma of the mitral cells depends on the
number of glomerular dendrites it comprises, so its morphology will be oval, triangular, or
polyhedral, presenting two, three, or more primary dendrites, respectively. The axons of
these neurons leave the AOB caudally [344].

Another cell type described in rats are the round projection cells, which have an oval
shape and paired dendrites [344]. Their axon emerges from the base of a proximal dendrite
and extends towards the lateral olfactory tract. In addition, from their axon emerge one or
two extensions that flow into the soma or dendritic processes of a neighboring cell.

Tufted cells are triangular in shape, although they can have a fusiform morphology.
Their size is slightly smaller compared to mitral cells, but they have a similar general
organization of their dendrites. However, tufted cells have a single glomerular dendrite
that attaches to a single glomerulus. In these cells, the axon usually arises from the base
of a non-glomerular dendrite, although it occasionally originates directly from the soma.
Then, the axon descends ventrally, traveling a broad, zigzag path to end near the dwarf
cells, external granular cells, or mitral cells.

In the granular layer, closer to the surface, we find the external granular cells: neurons
with round or elliptical somas that have two or three dendrites. The primary dendrites tend
to be short, while the secondary branches are longer and branch at their ends. Additionally,
their dendrites show the presence of numerous dendritic gemmules. These cells lack an
axon, so they are included in the category of amacrine cells. They sometimes integrate into
the TOL fibers [344].

In the deeper part of the granular layer are the internal granular cells, which have
round or triangular somas and also lack an axon [357]. Their dendritic processes consist of
a thick ascending dendrite and one or two sets of short, thin branches. Like the external
granular cells, they have gemmules on their ascending dendrites. Internal granular cells
communicate with the dendrites of tufted cells and mitral cells but also with the somas of
certain periglomerular cells and short axon surface neurons [344,358].

In a more internal layer of the granular layer, we find the dwarf cells and the polygo-
nal neurons. Dwarf cells are interneurons without axons that have a very small, spherical
soma, and their dendritic tree lacks gemmules [344]. Polygonal neurons are small fusiform
bipolar neurons that have paired dendrites. Their axons branch out, extending through the
neuropil, interacting with external granular cells and dwarf cells.

Moreover, in the accessory olfactory bulb, different types of glial cells can be found.
The radial glia cells, like the olfactory envelope glial cells, are the most common, but
astrocytes and oligodendrocytes are also observed [359].

Regarding the basic circuit that sensory information follows in the AOB, there are
functionally three main neuronal components that are activated sequentially through
vomeronasal stimulation: the axons of the vomeronasal sensory neurons, the mitral cells,
and the granular cells [360]. The axons of the sensory vomeronasal neurons, present
in the apical layer of the vomeronasal epithelium (V1R), are distributed in the anterior
zone of the AOB [361], while the sensory vomeronasal neurons of the basal layer (V2R)
project their axons to the caudal half of it [172]. On the other hand, although mitral
cells receive information from several glomeruli, they connect only with axons of sensory
vomeronasal neurons of the same type (VIR or V2R). Thus, a convergence of specific
sensory inputs occurs in a small population of mitral cells. In the MOB, a much stricter
convergence pattern occurs since the information received by each mitral cell comes from a
single glomerulus [340].

Morphologically, the AOB shows significant differences among the multiple species
of mammals. In those animal groups where this structure is most developed, clear lami-
nation can be identified. However, as we have mentioned, this generally does not allow
differentiation of the external plexiform, mitral, and internal plexiform layers, with these
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forming a broad layer (mitral plexiform/external cellular), consisting of projection cells
(mitral/main) distributed within a neuropil. On the other hand, species with a less sophis-
ticated AOB have a very reduced mitral/plexiform layer in which it even becomes difficult
to discriminate the projection cells.

The case of the platypus (Ornithorhynchus anatinus) is unique among mammals, as in
this species the AOB and MOB are of similar size. Likewise, both the platypus and the
echidna (Tachyglossus aculeatus), both monotremes, have well-differentiated layers forming
the laminar structure of the AOB [320].

Rodents also possess an AOB with a high degree of development; however, as has
been described, both the rat [344,362] and the mouse [245,363] display poorly differentiated
boundaries between the external plexiform, mitral, and internal plexiform layers. Neverthe-
less, both murine species have a thick mitral-plexiform layer containing a dense network
of mitral and tufted cells. In the case of lagomorphs, the AOB has extensive development,
and more specifically, the rabbit (Oryctolagus cuniculus) exhibits a laminar configuration
highlighting a broad mitral-plexiform layer formed by three main types of cells: large,
tufted, and rounded cells [132].

Among the different species of bats, there is significant variability in the development
of their AOB. Generally, they present only four distinguishable layers; however, in some
cases, such as Glossophaga soricina, Frahm and Bhatnagar [364] suggested the presence of
the plexiform layers (internal and external) and the mitral cell layer. The rest of the studied
mammalian orders show the plexiform layers and the mitral layer merged into a single
mitral-plexiform layer. Marsupials possess a sophisticated AOB; however, their lamination
is restricted to four layers. Despite this, their mitral-plexiform layer has a considerable
thickness. These characteristics have been observed in the gray short-tailed opossum
(Monodelphis domestica) [365] and in the Tammar wallaby (Notamacropus eugenii) [279].

Carnivores generally display a surprisingly moderate development of their AOB, with
domestic ones being the most studied (Figure 15). There are notable differences between
felids and canids in this regard. Although both exhibit four layers in their lamination, felids
show a more pronounced development of the mitral-plexiform layer [283,343]. However,
in the red fox (Vulpes vulpes), a higher degree of AOB differentiation than in dogs has
been observed, exhibiting a thick glomerular layer. Additionally, in the latter species, the
imaginary lines separating different strata follow irregular trajectories, to the extent that the
mitral-plexiform layer shows prominent extensions into the glomerular layer [366]. This
raises the hypothesis of a possible involution of the vomeronasal system as a consequence
of selection pressure and crossbreeding associated with the domestication of dogs. Differ-
ences between domesticated and wild canids are not limited to the VNS but also extend
to the olfactory system. In a detailed analysis of the cribriform plate (CP) morphology
across 46 dog breeds, a coyote, and a gray wolf using high-tech CT scans, it was observed
that all dog breeds, even those known for their olfactory prowess, possess a CP surface
area relative to body size that is smaller than in both wild canids [367]. These researchers
previously established a correlation between CP size and the number of OR genes in a
species, proposing that the CP size might represent evolutionary trends in mammalian
olfaction [368].The presence of differences between domesticated animals and their closely
related non-domesticated counterparts is not exclusive to canids. Significant differences
in the expression of vomeronasal receptors have been identified between Mus subspecies
and species. This suggests that these receptors could have a role in guiding behavioral
adaptations. Furthermore, commonly used, highly inbred laboratory strains exhibit a sig-
nificantly diminished capacity for differential pheromone-mediated behaviors [369]. From
a strictly anatomical perspective, it is noteworthy that the differences in the organization of
the olfactory bulb between domestic and wild canids are not so pronounced at the level of
the main olfactory bulb. However, recent neuroanatomical observations have identified
subtle morphological and neurochemical differences between the MOB of wolves and foxes
and the MOB of dogs [370].
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Figure 15. The accessory olfactory bulb of a cat. Nissl staining of a histological transverse section. The
red box shows the topographic relationship of the olfactory bulb and the telencephalon frontal lobe.
At higher magnification the yellow area containing the AOB allows to differentiate the lamination of
the AOB. 1. Vomeronasal nerve layer; 2. Glomerular layer; 3. Mitral-plexiform layer; 4. Granular cell
layer. Scale bar: 250 um.

Despite the presumed regression of the VNS in dogs compared to their wild relatives,
the wolves, there is a growing interest in exploring the clinical implications of the VNO
in domestic dogs. This has been bolstered by the optimization of an MRI protocol for
in vivo visualization of the VNO [371], and the recent identification of a case of canine
vomeronasal agenesis, which manifested significant behavioral disorders, such as an inabil-
ity for sexual discrimination of conspecifics and reduced sexual behavior [372]. Moreover,
the use of pheromonotherapy, like the application of dog-appeasing pheromone (DAP)
to mitigate symptoms of separation anxiety, including house soiling, vocalizations, and
damage [373,374], along with a deepening in the links between VNO inflammation and
aggressive behaviors in canids, felids, and livestock [375-378], has further developed this
interest in the dog VNS.

Within the carnivores, the Mustelidae family has been the subject of extensive study,
as the characterization of its AOB remains unresolved. Whereas the mink (Mustela vison)
shows a well-developed VNO [379], the characterization of its AOB has proved challenging.
Despite efforts, a precise and consistent morphological definition has not been possible
using traditional neuroanatomical techniques [380]. However, the AOB has been studied
more successfully in the ferret using immunohistochemical markers and lectins, which
have revealed a poorly developed AOB [326].

The studied artiodactyls species, such as the sheep (Ovis orientalis aries), the Siberian
roe deer (Capreolus pygargus), or the common hippopotamus (Hippopotamus amphibius),
have a moderate development of the AOB (Figure 16), higher than carnivores, as they also
exhibit four distinct layers forming their laminar organization [325,332,381].
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Figure 16. The accessory olfactory bulb of a sheep. Consecutive Nissl (A) and Tolivia (B) staining
of a sagittal section. The red box shows the topographic relationship of the olfactory bulb and the
telencephalon frontal lobe. At higher magnification the yellow area containing the AOB allows to
differentiate the lamination of the AOB. 1. Duramater; 2. Vomeronasal nerve layer; 3. Glomerular
layer; 4. Mitral-plexiform layer; 5. Lateral olfactory tract; 6. Granular cell layer. Scale bar: 500 um.

Regarding the neurochemical study of the AOB, the use of Gai2 and Gao proteins has
garnered much attention, as both proteins indicate the expression of vomeronasal receptor
families VIR and V2R, respectively, establishing an anteroposterior zonation in species that
exhibit both receptors. This delineates the AOB organization into two areas: an anterior
region rich in Gai2 and a posterior region rich in Gao [169]. Thus, the analysis of both
G proteins allows an assessment if the studied species fits within a uniform model, or
conversely, exhibits a segregated pattern. For the Goi2 marker, labeling is restricted to the
neural and glomerular layers of the AOB, while the Gao marker is expressed in both the
neural and glomerular layers as well as the other strata of the AOB [382].

220



Anatomia 2023, 2

On the other hand, various immunohistochemical markers have been utilized in AOB
studies. Calcium-binding proteins such as calbindin (CB), calretinin (CR), parvalbumin
(PV), neurocalcin (NC), and secretagogin are typically expressed in certain layers and cell
populations, both in the AOB and BOP [365,383,384]. Additionally, CR labels mitral cells
and can be expressed in atypical BOP glomeruli, typically located near the AOB [385]. The
glial fibrillary acidic protein (GFAP) is used to generally identify the glial component of the
AOB, and specifically astrocytes and ensheathing cells [386]. The microtubule-associated
protein 2 (MAP2) is primarily expressed in the dendrites of mitral cells [387], leading to
intense labeling in the external plexiform and mitral layers, but can also be expressed in
the internal plexiform and granular layers. The growth-associated protein 43 (GAP-43),
also termed the plasticity protein, is expressed in neuronal growth cones during develop-
ment [388]. In the AOB, its immunolabeling is restricted to the neural, glomerular, and
granular layers [132]. The olfactory marker protein (OMP) is involved in signal trans-
duction and is used to evaluate neuronal maturity [389] of the olfactory system. In the
AOB the expression of this marker is confined to the vomeronasal nerve and glomerular
layers. Various markers in the OB are also employed to identify neuronal populations
expressing different types of neuronal receptors, such as GABA receptors, dopaminergic
receptors [390], cholinergic receptors [391], adrenergic receptors [392], and serotonergic
receptors [393]. Additionally, immunohistochemical studies of various neuropeptides in
the AOB, such as substance P, cholecystokinin, or neurotensin [394], and neuronal markers
like PGP9.5 [395] or doublecortin (DCX) [396], are commonly conducted.

Another technique commonly used in the characterization of the AOB is histochemical
labeling with lectins. The labeling pattern produced by each lectin may vary between
the different species studied, although the Ulex europaeus agglutinin (UEA), Bandeiraea
simplicifolia isolectin B4 (BSI-B4), and Lycopersicon esculentum agglutinin (LEA) are regularly
expressed in the nervous and glomerular layers. Specifically, UEA allows differentiation of
the anteroposterior zonation of the AOB in species of the segregated model, as it is expressed
more intensely in the anterior region (VR1) [147]. In contrast, Vicia villosa agglutinin (VVA)
shows more intense labeling in the posterior part of the AOB [397]. In this way, different
neuronal populations can be identified. Many other lectins are also used in the study of
the AOB, such as soybean lectin (SBA), wheat germ lectin (WGA), and Dolichos biflorus
agglutinin (DBA) [398,399].

2.3. Olfactory Pathways

Regarding the vomeronasal information flow, vomeronasal sensory neurons send
the sensory information received from the vomeronasal receptor epithelium to the mitral
cells of the AOB [400]. In contrast, olfactory information is captured in the main olfactory
epithelium and later travels through the olfactory nerves to the MOB. Then, these stimuli
are transmitted through various projections to different brain areas.

The application of neuronal tracer studies to the olfactory pathways allowed the
discrimination of the existence of segregated and parallel projections from the main and
accessory olfactory bulbs [401,402]. This was known as the dual olfactory system hypoth-
esis, a formulation demonstrated for the first time using the Fink—-Heimer technique in
rabbits [403]. Although this hypothesis is still currently valid, it has been refined over the
past decades, especially regarding the study of secondary and tertiary projections, proving
the existence of neuronal communication between both pathways.

The efferences of the MOB project ipsilaterally to the anterior olfactory nucleus, tenia
tecta, olfactory tubercle, piriform cortex, lateral and medial areas of the entorhinal cortex,
and lateral amygdaloid nuclei [404,405]. Among the tertiary projections of the pathway,
the communication of the entorhinal cortex with the hippocampus, and the piriform cortex
and lateral amygdala with the hypothalamus and mediodorsal thalamic nucleus, stand
out [406,407]. It has recently been shown that there is a direct projection of olfactory sensory
information to the anterior subdivision of the medial amygdala, a structure traditionally
involved in mediating pheromonal information. This supports the hypothesis that both
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olfactory systems act collaboratively and not differentially in the control of socio-sexual
and anti-predator behaviors [408].

Unlike the main olfactory system, efferent projections from the AOB bypass the tha-
lamocortical axis, distributing ipsilaterally to third-order limbic system nuclei, such as the
accessory olfactory tract nucleus, the terminal stria nucleus, and the medial and posteromedial
cortical amygdaloid nuclei (together forming the vomeronasal amygdala) [402,409-412]. The
medial amygdala is strongly interconnected with other structures that receive vomeronasal
information from the AOB. This suggests that the information detected by the vomeronasal
system undergoes complex intrinsic processing before being transmitted to other struc-
tures [413]. The final processing center between vomeronasal information and effectors
is the hypothalamus [414]. In this way, the VNS is directly involved in the activity of sex
hormones and can facilitate the development of aggressive, defensive, or reproductive be-
haviors [415]. It is important to note that olfactory and vomeronasal projections show some
degree of overlap in the amygdaloid cortex and medial amygdala, suggesting that there
are anatomical pathways that allow extensive integration of olfactory and vomeronasal
information [152,413,416].

Additionally, the MOB and AOB differ in their centrifugal afferent connections [417].
The MOB receives massive cholinergic and GABAergic projections from the basal fore-
brain, which mainly originate in the nucleus of the horizontal branch of Broca diagonal
band and the magnocellular preoptic nucleus [418]. Cholinergic signaling within the OB
modulates olfactory learning and memory, odor discrimination, odor habituation, and
social interactions [419]. From a comparative neuroanatomy perspective, the study by
Liberia et al. [420] indicates that the synaptic connectivity of the afferent cholinergic circuits
is highly conserved in the OB of macrosmatic and microsmatic mammals. Regarding the
GABAergic afferents of the basal forebrain, they innervate all the layers of the MOB at least
as densely as cholinergic axons, but only a few studies have examined their function in
odor processing [421].

The AOB receives significant afferents from a wide range of nerve centers. The bed
nucleus of the stria terminalis and the VN amygdala project reciprocally to the AOB,
thus forming a feedback circuit [422]. Tracer studies have revealed that both feedback
projections to the AOB are topographically organized and use different neurotransmit-
ters [423]. Specifically, GABAergic projections from the bed nucleus terminate in the outer
cell layer, while glutamatergic projections from the amygdala are directed to the inner layer
of granule cells. A significant number of these feedback neurons in both areas express
estrogen receptors ER-«, linking the animal endocrine state with integration in the AOB.
The relevance of this pathway was subsequently confirmed with different morphofunc-
tional approaches [424,425].

Other important afferents for the function of the AOB come from noradrenergic struc-
tures in the brainstem, which play a crucial role in the formation of olfactory memory [426].
This comes into play, for example, during mating, in which stimulation of the vaginocervical
zone leads to sustained increases in the levels of noradrenaline in the AOB, which persist for
about 4 h [427]. This time span establishes a crucial phase in which noradrenaline generates
plastic changes in the intensity of dendrodendritic synaptic connections [428]. Additionally,
the diagonal band of Broca is the origin of numerous cholinergic fibers involved in increas-
ing the excitability of granule cells [429], while from the raphe, abundant serotonergic fibers
are sent to both olfactory bulbs that act similarly to the cholinergic ones [393].

In summary, the olfactory and vomeronasal systems represent two separate sys-
tems which are functionally interconnected and are in charge of processing olfactory and
pheromonal stimuli, respectively. These systems differ in their afferent and efferent con-
nections, morphology, physiology, and functional implications, but both contribute to
the complex sensory processing of olfactory and pheromonal information that leads to
behavior [430]. The increasing evidence suggests the existence of a more complex and
intricate relationship between these systems than previously assumed. Recognizing and
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understanding the complexities of this interaction will provide a clearer picture of how
odors and pheromones shape animal behavior.

3. Specific Study of the Vomeronasal System

The study of the morphological features of the VNS has been utilized as a phylogenetic
classification method at both the neuroanatomical [144] and genetic levels [431]. It is also
indispensable for fully understanding the physiology, evolution, and functional implica-
tions of the VNS in mammals. For this reason, to conclude this review, we have included
a final section where, based on our group observations, we exemplify, in four mammal
species from evolutionarily distinct families, the vast morphofunctional differences among
different mammal groups. This not only pertains to the organization of the vomeronasal
organ and the accessory olfactory bulb but also reveals how each species has adapted to
various environments, social and reproductive behaviors, feeding habits, and predators,
leading to different configurations of the system.

The species selected for this section of the review are the capybara (Hydrochoerus
hydrochaeris), a hystricomorph rodent; the Bennett’s wallaby (Notamacropus rufogriseus),
a macropod diprotodont; the meerkat (Suricata suricatta), a herpestid carnivore; and the
dama gazelle (Nanger dama), an artiodactyl from the bovid family.

3.1. Capybara (Hydrochoerus hydrochaeris)

There is limited information available on the vomeronasal system (VNS) of rodents,
beyond the extensively studied laboratory rodents: rat (Rattus norvegicus domestica) and
mouse (Mus musculus). There is scant data regarding wild rodents. The interest in compara-
tive analysis with wild rodents stems from the fact that most studies on the VNS have been
conducted on laboratory rodent strains, exposed to artificial selection that does not reflect
the selection pressures in the wild. Consequently, these laboratory strains exhibit significant
genetic and behavioral differences compared to wild rodent models [432]. Moreover, these
species can have significant disparities with wild rodents due to the domestication process,
as seen in canids, where artificial selection in domestic dogs presumably plays a pivotal
role in the regression of their VNS [366]. Lastly, the capybara is a semi-aquatic mammal,
and studying it helps expand the limited neuroanatomical information on the VNS in such
species (Figure 17). This characterization is vital since semi-aquatic habits could influence
the organization and functioning of chemosensory systems [433].

A unique feature of the capybara that adds particular interest to its study is the degree
of development its VNS reaches in newborn individuals. While studies like the VNS
examination of the Asian elephant (Elephas maximus) showed that, at 6 weeks of age,
the VNS already has morphological similarities with adults [434], many studies detail the
VNS development throughout the embryonic process without clarifying the maturity and
functionality level of the VNS at birth [435]—a time that implies numerous transformations
involving chemical communication. Hence, the capybara constitutes an excellent model for
studying chemical communication development in precocial species.

The expression of G protein subunits in the adult capybara VNS is relevant for un-
derstanding the VNS role in this early life stage. The capybara aligns with other studied
hystricomorphs like chinchillas, guinea pigs, or degus in having a clear anteroposterior
zoning in the AOB [280,310,436]. However, in these species, unlike laboratory rodents, no
apical-basal zoning has been found at the VNO level. It is striking that other non-rodent
species with a segregated model, like rabbits or wallabies, also lack this apical-basal zoning,
suggesting this is a highly specific trait for laboratory rodents [437]. The immunopositivity
of both G proteins throughout the neuroepithelium of the VNO, the vomeronasal nerves,
and the neural and glomerular layers of the newborn capybara AOB indicates the full
maturity of the VNS at birth [438]. A similar early prenatal development pattern in the
VNS of other precocial mammals, like pigs [439-441] and sheep [381], was found, but it was
determined during the fetal period, and in neither case was the expression of G proteins in
the VNS evaluated. Notably, the anteroposterior zoning is also evidenced with the UEA
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lectin, which stains the anterior area more intensely. Although this pattern aligns with
findings in mice, a recent study on UEA-lectin staining in the mouse olfactory system
could only identify this zoning in three of the sixteen subjects studied [221]. The authors
concluded that these individual differences might be caused by the presence or absence of
signals activating the receptor cells or reflect the difference between wild and laboratory
rodents. The presence of anteroposterior zoning marked by UEA in capybaras appears to
support this theory.

Figure 17. The vomeronasal organ of a capybara. Transverse decalcified histological section stained
with hematoxylin-eosin. RE, respiratory epithelium; SE, sensory epithelium; VC, vomeronasal
cartilage; VD, vomeronasal duct; VG, vomeronasal glands; VD, vomeronasal duct; Vm, vomer bone;
Vv, veins. Scale bar: 500 um.
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Another differential aspect is that the newborn capybara exhibits a bias towards
a more prominent caudal AOB. This characteristic was previously described in adult
individuals [442]. These results, combined with recent observations on the morphometric
parameters of the AOB in two degu species with contrasting social habits, suggest that
some AOB structural features are tied to the species lifestyle and arise during an early
ontogeny stage [443].

The early functionality of the VNO and AOB in capybara was confirmed in the VNO,
where calcium-binding protein markers, calretinin, and calbindin stained the nervous
bundles of the parenchyma and almost all sensory neuroepithelial cells, although different
cell populations were evidenced. Something similar happens in shrews, where calretinin
produces intense staining in almost all receptor cells and vomeronasal nerves of prenatal
individuals [444]. Likewise, the robust expression of GFAP in astrocytes from the neural and
glomerular layers of the capybara AOB contrasts with the reduced astrocytic development
observed at this early stage in other species, like newborn opossums [445]. The expression
of olfactory marker protein (OMP) is, however, very reduced in this species” AOB, especially
when compared to the MOB. This has been observed in rodents like mice or rats [254] and
in marsupials like opossums [389].

In addition to the cited neurochemical aspects, the capybara has exclusive morpholog-
ical features, such as the nature of the capsule protecting both VNOs, the dorsal location
of the VNO in the nasal cavity over the incisive bone palatal process, the high degree of
morphological differentiation of the AOB at this early stage, and finally, the presence of a
migratory stream from the VNO neuroepithelium towards the vomeronasal nerves.

The dorsal location of both VNOs is a result of them resting on the palatine process
of the incisive bone, and not on the vomer bone, as is the case in most species [438]. This
topography is only comparable to that described in rabbits [143], where the organs also
rest on the palatine process, although in this case, the bony projection is smaller, resulting
in a lesser dorsal displacement of both VNOs. While in most species the nature of the
vomeronasal capsule is exclusively cartilaginous, there are species such as the mouse
where the capsule is formed by a thin bony lamina [446] or like lagomorphs that have a
cartilaginous capsule externally reinforced by a bony envelope [143]. In the capybara, the
capsule is initially cartilaginous, but from the central area of the organ it is progressively
replaced from ventral to dorsal by a bony lamina that ends up completely enveloping the
VNO parenchyma in its caudal zone [438].

The secretion from the vomeronasal glands into the vomeronasal duct plays a crucial
role in vomeronasal peri-receptor processes [248]. The capybara VNO shows significant
development of glandular tissue, especially at the caudal end of the organ [438]. However,
in the central part of the duct, the presence of glands is moderate. This pattern is analogous
to that found in other rodents such as rats, guinea pigs [447], or mice [247]. Likewise, the
glandular nature of the capybara VNO is both PAS+ and AA+, contrasting with most of the
studied rodents, which only express positivity for PAS in glandular secretion [310,448,449].
This notable variation in gland characteristics within the same order might be due to the
capybara adaptation to its semi-aquatic nature, which could require a specific pheromone-
receptor interaction environment.

A unique point, for which, to our knowledge, there is no other example in the litera-
ture, is the profuse cellular migration that occurs from the sensory epithelium of the VNO
to the nerve bundles of the vomeronasal nerves (Figure 18) [438]. This cellular migration is
immunolabelled with anti-GAP-43 and histochemically labelled with UEA and LEA lectins,
but immunonegative when labelled with anti-LHRH. This indicates that the migration
is not analogous to that described in prenatal rat and mouse fetuses, which occurs from
the vomeronasal part of the olfactory placode to the hypothalamus and is mainly com-
posed of LHRH positive cells [450—-453]. It is challenging to hypothesize the importance
of these cells in the capybara, as this discovery is unprecedented in both olfactory and
vomeronasal nerves.
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Figure 18. Histological section of a capybara VNO stained with hematoxylin-eosin. A migratory
stream (arrows) departing from the sensory epithelium (SE) to the vomeronasal axons (VN) can be
observed. Scale bar: 100 um.

Regarding the morphology of the capybara AOB (Figure 19), it presents a distinctly
differentiated laminar pattern [438], similar to that found in other rodents [446], lago-
morphs [132], marsupials [454], and prosimians [455]. However, among all these cases, the
capybara is the species that has a more distinctly organized mitral layer.

Figure 19. Immunohistochemical staining of a capybara AOB labelled with anti-GAP43 shows strong
immunolabelling in the superficial layers: vomeronasal nerve (VNL) and glomerular (GIL) layers.
GrL, Granular layer; LOT, Lateral olfactory tract; LV, lateral ventricle; MPL, Mitral-plexiform layer;
WM, White matter. Scale bar: 100 pm.
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3.2. Bennett’s Wallaby (Notamacropus rufogriseus)

The extensive study of the vomeronasal system of the Bennett’s wallaby (Notamacropus
eugenii) conducted by Schneider et al. [279,317,319,456] proposed a new and surprising
processing model in the VNS of mammals. Specifically, the investigation into the presence
of the G protein subunits, Gai2 and Goo, associated with the vomeronasal receptor families
VIR and V2R, respectively [457], concluded that the Tammar wallaby only expresses V2R
receptors, and therefore, does not fit into either of the two existing models: the uniform
model (species that express VIR receptors: Soricidae, Hyracoidea, Perissodactyla, Artio-
dactyla, Carnivora, or Primates; [458]) and the segregated model (species that express both
VIR and V2R receptors: Rodentia, Lagomorpha, Afrosoricida, and Didelphimorphia; [220]).

Aware of the disruption that Schneider et al.’s [279] findings pose to the established
knowledge on vomeronasal transduction, the authors of the study warned that their results
should be taken with caution. In fact, the observation that the anti-Gxo protein was only
expressed in a subpopulation of neuroreceptor cells of the vomeronasal epithelium and
not in the entire population of vomeronasal neurons was somewhat atypical, as, in the
previously described uniform model, all vomeronasal neurons are marked with Gai2. To
explain this low number of Gxo-positive cells, the authors hypothesized a reduced affinity
to the antibody used. However, there are no other examples in the literature of any similar
selectivity deficit in response to the use of anti-Gxo antibodies.

More critically, the immunolabeling of the AOB in the Tammar wallaby with the Goco
marker has only been carried out in this study [279], so there are no other references that
support or refute the results. The staining protocol followed by these authors resulted in a
very weak labeling pattern. It was also restricted to a small area in the superficial layers
of the AOB, where projections from the vomeronasal neuroreceptor cells are received. In
contrast, in all other studied species, both from the segregated and the uniform models,
the Gxo and Goi2 markers are expressed throughout the thickness of the superficial layers.
This includes the neural and glomerular layers. Regrettably, the authors did not specify the
antibody used that showed a negative pattern to the Gxi2 marker both in the VNO and the
AOB; they did not provide information about the commercial source or the batch number
of the antibody, preventing any comparison with other studies on the expression of the
Gai2 protein in the VNS that used the same antibody.

The existence of this third model could only be contrasted with the study of the
VNS of the Bennett’s wallaby (Notamacropus rufogriseus) conducted by Torres et al. [459].
The immunohistochemical study of the G proteins in the VNS of the Bennett’s wallaby
revealed a canonical labeling pattern for both Gai2 and Gxo in the VNO and AOB of all
the samples studied. The labeling pattern observed in the vomeronasal neuroepithelium
of the Bennett’s wallaby using the Goro marker [459] was identical to that described in the
Tammar wallaby [279], in which only a small fraction of neuroreceptor cells was marked.
However, while Schneider et al. did not obtain a positive Gai2 immunolabeling in the VNO,
Torres et al. [459] observed a large number of xi2 immunopositive cells in the vomeronasal
neuroepithelium. Additionally, the strong immunopositivity identified in the vomeronasal
axons, both in the proper lamina and in the nasal mucosa, confirmed the neuroreceptor
nature of these cells [459]. At the AOB level, a clear anteroposterior zoning pattern, typical
of mammalian species belonging to the segregated model, is observed. Vomeronasal axons
reaching the anterior zone of the AOB only expressed Gu«i2, while those reaching the
posterior zone only expressed the Gxo subunit.

The use of the UEA lectin (Ulex europaeus) provided further evidence of the segregation
of vomeronasal information in the wallaby, revealing selective labeling of the anterior zone
of the AOB. The affinity of the UEA lectin for the anterior zone of the AOB has been
reported in all species belonging to the segregation model in which this histochemical
marker has been investigated, including the hamster [398], the mouse [147,446,460,461], the
rat [287], and the capybara [438]. However, studies that employed UEA labeling in species
belonging to the uniform model, including the pig [462], the cat [343], the dog [283], and
the goat [463], have not shown any evidence of zonation in the AOB in any case.
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Beyond the zonation, the main morphological and histological features of the wal-
laby VNS include the opening of the VNO to the nasopalatine duct, the semilunar shape
of the vomeronasal duct, and the stratification and cellularity of the neuroreceptor ep-
ithelium, and the presence of numerous PAS-positive vomeronasal glands in the lateral
parenchyma (Figures 20-23). Likewise, the arrangement of large blood vessels around
the vomeronasal duct along its medial and lateral planes and a profuse, non-myelinated
dorsal, medial, ventral, and ventrolateral innervation [317] responsible for transmitting
the information collected by the vomeronasal sensory neuroepithelium to the AOB is typ-
ical of these species. This arrangement of the vomeronasal axons in the parenchyma is
atypical, as it has not been previously described in the VNO of any other non-macropodid
mammalian species. Another feature common to the VNO of both macropodids, observed
by Schneider et al. [317] and [303] in the Tammar wallaby, is that the caudal vomeronasal
capsule does not enclose the VNO parenchyma, so the posterior portion of the VNO is free
from the surrounding cartilage. A similar finding has been reported in other marsupials,
such as Notoryctes [464] and Caenolestes [465].

TR

Figure 20. Hematoxylin-eosin histological staining of a wallaby vomeronasal duct. RE. Respiratory
epithelium; SE. Sensory epithelium; VN. Vomeronasal nerve. Scale bar: 100 pm.
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Figure 21. PAS staining of the wallaby VNO showing a high density of PAS+ glandular acini (VG)
in the dorsolateral part of the parenchyma. The vomeronasal duct contains PAS+ secretion (*).
RE. Respiratory epithelium; RM. Respiratory mucosa; SE. Sensory epithelium; VN. Vomeronasal
nerve; Vv. Veins. Scale bar: 200 mm.

229



Anatomia 2023, 2

Lya

A &

TR U

Figure 22. Anti-calretinin immunostaining of a wallaby SE of the VNO. Neuroreceptor cells somata
(open arrowheads); Neuroreceptor cells dendritic knobs (arrowheads). Intraepithelial blood vessel
(asterisk). Scale bar: 50 um.

Figure 23. UEA histochemical labelling of a wallaby VNO sensory epithelium. Neuroreceptor cells
somata (open arrowheads); Neuroreceptor cells dendritic knobs (arrowheads). Dendritic processes of
the neuroreceptor cells (arrows); Intraepithelial blood vessel (asterisk). Scale bar: 50 um.

Regarding the lamination of the AOB in macropodids, it is characterized by a well-
defined lamination, with an organization of mitral cells in a distinct mitral/plexiform
layer [459]. Such features appear comparable to those described in species with highly
developed AOBs, as seen in rodents [336] and lagomorphs [132]. The lectin LEA, in contrast
to UEA, yields a non-zonal staining pattern, similar to that observed for OMP, a marker for
mature olfactory and vomeronasal cells [466], and identical to the LEA pattern seen in the
rabbit AOBs [132]. Anti-GAP-43 confirms the presence of growing axons in the Bennett’s
wallaby AOB, with no observed differences between the anterior and posterior zones.
However, anti-GFAP displayed more pronounced staining of the glial components in the
posterior portion of the AOB compared to the anterior segment. Such a pattern has not
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been previously reported in other studies of this marker in the mammalian AOB [245,467],
necessitating further examination in future research to interpret its implications.

Calbindin (CB) and calretinin (CR) are expressed throughout the VNS of the wallaby,
comprising the neuroepithelium of the VNO (Figure 22), vomeronasal nerves, and the
AOB. For both markers, VNO immunostaining encompasses the soma and dendrites in
a pattern akin to that described in mice [285]. The distribution of CB and CR staining
in the Bennett’s wallaby AOB is concentrated in the vomeronasal fibers and glomeruli,
labelling the neural and glomerular layers in a manner analogous to other species, like
the rabbit [132] or capybara [438]. In other marsupials, such as the opossum, significant
differences in CB and CR staining patterns in the AOB were observed when compared to
the Bennett’s wallaby pattern. In the opossum AOB, CB-labeled neurons were present in all
layers, excluding the nervous layer and periglomerular cells. CR in the opossum follows a
pattern similar to that in the wallaby; however, in the opossum, CR also labels mitral cells
and distinguishes an anteroposterior zonation. This is evidenced by the presence of a more
intense staining in the posterior zone of the AOB compared to its anterior part [365].

In short, the VNS of macropods displays a degree of differentiation and histochemical
and neurochemical diversity comparable to species with a more developed VNS. The exis-
tence of the intermediate third type in the processing of vomeronasal information reported
in the Tammar wallaby (Notamacropus eugenii) is not supported by our histochemical and
immunohistochemical findings in the Bennett’s wallaby (Notamacropus rufogriseus).

3.3. Meerkat (Suricata suricatta) (Figure 24)

To the best of our knowledge, there is no existing neuroanatomical information on
the VNO of the Herpestidae family beyond the recent neuroanatomical study of both the
AOB and MOB of the meerkat [468]. Within this group, the meerkat holds an emblematic
position. It is a gregarious species in which marked dominance is evident, as one male
and one female monopolize reproduction in groups of up to forty individuals [469], living
primarily in dark burrows they dig themselves. This likely translates into a heightened
development of their chemical perception senses. In fact, it has been determined that these
animals can recognize kinship through the individual scent of each member [470,471].

The meerkat AOB displays specific inherent features, which is unsurprising consid-
ering the vast genomic and morphological diversity described for this structure in other
mammals [472,473]. It is intriguing to compare the meerkat AOB with that of other Car-
nivora species, such as canids and felids, whose VNOs have been deeply studied. The
cat (Felis silvestris catus) and the dog (Canis lupus familiaris) provide striking examples
of the vast disparity in the degree of differentiation that can exist in the AOB structural
organization. The cat AOB is well developed, macroscopically discernible, and shows
clear layer definition [343]. In contrast, the limited differentiation observed in the dog
AOB is striking [283,467,474]. In the meerkat, similar to canids, the AOB is hard to identify
macroscopically. However, microscopically, the laminar pattern in meerkats is more defined
than in dogs, more closely resembling the pattern described in cats. Moreover, the meerkat
AOB includes well-defined glomeruli, a broad plexiform mitral layer with relatively nu-
merous principal cells, and granular cells organized in clusters. These similarities are not
unexpected since meerkats belong to the Feliformia suborder. However, the layer thickness,
the degree of glomerular differentiation, and the number of cells found in the meerkat AOB
seem to be inferior to those observed in cats.

These observations gain greater significance in the context of the debate over the
taxonomic classification of the meerkat. Its placement within the feliforms has wavered
between the Herpestidae and Viverridae families [475]. Currently, the meerkat is considered
a herpestid, alongside a wide range of mongoose species that share a broad spectrum of
social complexities with it. The extensive morphological diversity observed in the VNO
across species has served as a fruitful tool for establishing phylogenetic relationships
among various mammalian species and identifying evolutionary pathways [476]. Despite
the advent of genomic techniques, which have enabled population-level genetic-variability
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characterization at a resolution previously unimaginable, the study of morphological
features remains a critical element in mammalian taxonomic classification [477]. The
VNO continues to be an important reference for these taxonomic studies [303,478]. Future
research on the neuroanatomical and neurochemical characteristics of the meerkat VNO
and AOB, combined with further observations in other viverrid and herpestid species, may
help clarify this phylogenetic debate.

Regarding the expression of the G protein subunits, Gai2 and Gao, in the AOB, this
aligns the meerkat with the group of mammals that have lost the expression of the V2R
receptor family. It also tests positive for OMP, albeit with a slightly weaker expression in
the AOB compared to the MOB. This pattern has been similarly reported in leporids [132],
didelphids [479], and canids [366]. Anti-MAP-2 (Microtubule Associated Protein 2) and
SMI-32 (Neurofilament Protein Marker 32) are routinely used to label neuronal somas in the
OB. MAP-2 is mainly expressed in the mitral plexiform layer and in the granular stratum
of the AOB, while SMI-32 is not expressed in the AOB, despite inducing a strong reaction
in the mitral cells of the MOB.

Among the calcium-binding proteins, ant-CB and anti-CR immunostain the nervous
stratum and in the neuropil of all glomeruli. However, periglomerular cells (PGC) are
not marked by either anti-CR or anti-CB, which might be related to the low number
of PGC detected in the Nissl stain. In contrast, the CR immunostaining pattern in the
MOB glomeruli reveals a striking and intense immunostaining of the PGC. However, in the
neuropil, the intensity of anti-CR staining is very weak, except for an isolated subpopulation
of independent glomeruli located near the AOB, which has strong immunoreactivity. These
atypical glomeruli might be involved in processing chemical signals from the vomeronasal
nerve, as hypothesized for the olfactory limbus glomeruli in mice [130] and foxes [133].

Although the gorse lectin, UEA, has been employed as a specific marker for the global
vomeronasal pathway (VNO, vomeronasal nerves, and AOB) in adult mice [446,480] and
dogs, it does not produce any positive labeling in the meerkat AOB. Conversely, the lectin
LEA stains the neural and glomerular layers in both the AOB and MOB.

A B/ A

Figure 24. (A) The vomeronasal organ of a meerkat. Transverse decalcified histological section
stained with PAS. (B) Magnification in box A. NVN, vomeronasal nerves; RM, respiratory epithelium;
V, vomer; VNC, vomeronasal cartilage; VNG, vomeronasal glands. Scale bars: A, 200 um; B, 100 pum.
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3.4. Dama gazelle (Nanger dama)

The dama gazelle is a wild bovid about which only recent information regarding its
vomeronasal system has been obtained, and it additionally holds the interest of being an
endangered species. In certain species with a well-characterized VNS, methods related to
this system are already employed to enhance reproduction, such as the use of pheromones,
which help control stress levels and improve fertility [481]. While there currently exists a
vast application field for bovine pheromones [482,483], their potential application in the re-
production of the dama gazelle necessitates a prior neuroanatomical and morphofunctional
characterization of its vomeronasal organ.

A morphological feature of the VNO in dama gazelles (Figure 25), common to most
Ruminantia, is its remarkable length. However, the implications of this trait have only
been thoroughly investigated in the dama gazelle, wherein immunohistochemical and
lectin-histochemical characteristics of the vomeronasal duct and the vomeronasal nerves
were evaluated throughout the VNO entire extent [484]. Beyond this fact, it is significant
that in this Antilopinae species, the vomeronasal duct opens into the incisive duct, into
which it incorporates its medial side, both sharing the same cartilaginous capsule, which
opens into a functional incisive papilla. This fact is especially relevant, as it is not a trait
common to all Antilopinae; for instance, the three species of alcelaphine antelopes studied
in [485] lack an incisive papilla.

Figure 25. Histological transverse section of the VNO of a dama gazelle showing its main components.
NCd, nasal caudal nerve; RE, respiratory epithelium; RM, respiratory mucosa; SE, sensory epithelium;
VD, vomeronasal duct; VG, vomeronasal glands; VN, vomeronasal nerve; Vv, veins. Scale bar: 500 pm.
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The serial histological study of the VNO (Figure 26) has allowed the determination of
the differences along the rostral-caudal axis of the organ concerning the epithelial lining
of the vomeronasal duct. Among the most relevant aspects, it is striking that there is a
narrowing in its lumen coinciding with the more central levels; however, in the final third
of the organ, there is a remarkable increase in the development of the parenchyma and the
size of the duct, which retains its medial sensory lining and lateral respiratory lining. The
access of pheromones to this extensive caudal chamber requires the presence of a robust
vascular pump, responsible for mobilizing pheromones from the external environment
to the sensory cells of the VNO. This pump is driven by vasomotor movements, which
allow the suction of stimulating substances into the vomeronasal organ and actively expel
the content of the vomeronasal duct. These mechanisms are activated by fibers that run
through the nasopalatine nerve and cause the constriction of the blood vessels within the
VNO capsule [251]. After constriction, the volume of blood in the cavernous tissue is
reduced, creating a pressure differential that expands the VNO lumen and extracts fluid
from the region surrounding the duct opening [486]. Stimuli enter the vomeronasal organ
in solution via the mucus stream that passes to the vomeronasal duct from the incisive duct.
Functional vomeronasal stimuli must be molecules soluble in that mucus or substances that
become soluble when binding to carrier molecules that may be secreted by the vomeronasal
glands [487].

Figure 26. Hematoxilin-eosin staining of a dama gazelle VNO sensory epithelium. Neuroreceptor
cells (arrowhead); Sustentacular cells (white arrowheads); Basal cells (asterisk); MMC, mucomicrovil-
lar complex; SE, sensory epithelium; VN, vomeronasal nerve; Vv, veins. Scale bar: 250 pum.

The access of pheromones is determined not only by the action of the pump but also by
the physicochemical properties of the molecules. It seems logical to suggest that a diffusion
gradient of substances is established along the duct, with only the most soluble substances
in the glandular secretion that fills the vomeronasal duct reaching the caudal end, leaving
the less soluble ones in the anterior part. It is consistent to hypothesize that the specificity of
the vomeronasal receptors along the vomeronasal duct adapts to the differential migration
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of the substance mixture along the duct, just as compounds are specifically eluted along a
chromatography column.

Given the significant variations observed in the structure of the vomeronasal duct and
its epithelial lining, the neurochemical study of the VNO has been conducted not only in
the central part of the VNO—the most typical—but has been extended throughout the VNO
length. The study of G protein expression showed immunopositivity for both markers
(Gai2 and Gowo) in the vomeronasal epithelium. The serial immunohistochemical study
throughout the entire vomeronasal duct confirmed that the expression of both markers
is not constant in the VNO, as the large dilated caudal segment, despite having a well-
characterized neuroepithelium, lacks immunolabeling for both proteins. This suggests
that the receptor type expressed in the caudal third of the vomeronasal duct does not
correspond to either VIR or V2R, suggesting that the molecules detected by these two
receptor types do not reach the caudal end of the organ. This hypothesis implies that only
highly soluble compounds in the vomeronasal mucosa, and probably low molecular weight,
can be detected in the caudal VNO, and likely by another type of receptors not yet described.
The absence of vomeronasal receptor expression in such an extensive segment of the VNO
could explain why previous G protein expression studies in the VNO of ruminants have
not found positivity for the Gxo marker, as has been the case for goats [488], sheep [329],
and sika deer [489].

It is worth noting that, in their study of the cow AOB, the authors of [458] did not
find positivity for Gxo, nor was it found in the dog [283] or fox [366] AOB. However,
this does not exclude the expression of V2R receptors in the VNO, as it is plausible that
the information from these receptors may project to other areas of the olfactory bulb, not
necessarily to the AOB. In fact, it has recently been observed that, in the fox olfactory bulb,
the expression of Gxo linked to the vomeronasal nerves does not project to the AOB, but
to the transition zone located between the main olfactory bulb and the accessory, an area
known as the olfactory limb [133].

The use of an additional range of neuronal markers, such as PGP 9.5 and specific
neuronal enolase (EN), showed that the expression of these markers extends to the cau-
dal sensory epithelium area, even though neither the analyzed G proteins nor the OMP
marker is expressed there. This finding provides evidence that the histologically described
neuroepithelial nature of this long caudal stretch of the vomeronasal duct is correct. On
the other hand, it suggests that the type of receptors that are expressed differs from those
that belong to the VIR and V2R families. Other markers, such as calcium-binding proteins,
however, have differential expression. For example, antibodies against CB and CR mark a
subpopulation of vomeronasal receptor neurons in the dama gazelle vomeronasal duct. As
with G proteins and OMP, the expression of calcium-binding proteins did not occur in the
caudal area of the sensory epithelium (Figure 27).

fﬂ;

(X

Figure 27. PGP9.5 immunostaining of the SE of a dama gazelle VNO showing the morphology and
distribution of the neuroreceptor somata, and their dendritic knobs and processes. Scale bar: 150 um.
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In summary, the research on the vomeronasal organ of the dama gazelle, besides
providing valuable information about the configuration and function of this structure in
this endangered species, could be used to design and implement programs based on the use
of pheromones to enhance reproductive success and increase genetic diversity in captive
populations. Such programs can be critical for the species’ survival. Furthermore, the
discovery in this species of notable differences in the organization of the vomeronasal
duct and the expression of neuronal markers along the rostro-caudal axis of the organ
underscores the need to consider such differences when conducting future studies on the
VNO of other species.

4. Conclusions

Throughout this review, our objective has been to provide a comprehensive and precise
portrayal of the crucial role that chemical communication plays in mammals, specifically fo-
cusing on the detection of pheromone-mediated communication through the vomeronasal
system. Due to comprehensive research and the accumulation of scientific knowledge, we
have gained a profound understanding of the significant impact exerted by the vomeronasal
system on animal behavior. This intricate sensory system profoundly influences several
aspects of social and sexual interactions, encompassing reproductive processes, the for-
mation of hierarchies, maternal bonding, and intraspecies recognition. Furthermore, it
is evident that there is a notable range of variability resulting from evolutionary adapta-
tions within this particular system, surpassing the documented variances in the olfactory
system. The extensive range of adaptive variability is a challenge in the examination of
the vomeronasal system. Therefore, it is vital to direct further research efforts towards a
deeper neuroanatomical and morphofunctional understanding of the system. The com-
prehensive understanding of the impact of pheromones on the physiology and welfare
of animals and humans necessitates the pursuit of such an undertaking. Recognizing the
intricacies of the vomeronasal system is paramount in the realm of biological research.
By delving deeper into its evolutionary origins, functional roles, and neuroanatomical
intricacies, we not only gain invaluable insights into its unique position in mammalian
communication but also unveil its broader implications in social and reproductive behav-
iors. The culmination of such basic research has profound potential and it can set the stage
for leveraging pheromones as powerful tools. By harnessing this knowledge, we open the
doors for innovative approaches in enhancing the well-being and health of both animals
and humans.
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Abstract: Ludwig Henry Bojanus was born on 16 July 1776 in Buchsweiler, Alsace. After studying in
Jena and Vienna, L. H. Bojanus enrolled at the University of Jena for his doctoral studies. Bojanus’s
scientific activities are closely associated with Vilnius, where he was a professor of veterinary medicine
from 1806 (he was elected to this position in 1804). In 1815, he became a professor of comparative
anatomy. These were the times of the greatest flourishing of Vilnius University, where the foundations
of modern Polish science were being laid. At Vilnius University, he established a technical and
anatomical-pathological office for the zoo, a veterinary clinic and a model forge for shoeing horses in
1823. Bojanus founded a veterinary school in Vilnius and drew up a plan for a veterinary institute,
which was not opened until 1832, simultaneously with the opening of the medico-surgical academy.
He became known as one of Europe’s most prominent anatomists and zoologists. A lasting memorial
to the scientist is the monograph “Anatomy of the Tortoise”, which many scholars still point to today
as a model of accurate and precise anatomical research. He was the first to identify the anatomical
differences between the European bison (Bos bonasus) and the aurochs (Bos primigenius). In his lectures
on comparative anatomy, Bojanus presented the principle of uninterrupted development. He can be
described as one of the most decisive and consistent evolutionists before Darwin. He died in 1827.

Keywords: Louis Bojanus; history of anatomy; history of veterinary medicine; origins of
veterinary education

1. Introduction

Ludwik Henryk Bojanus (Figure 1) is known first and foremost as the founder of the
Polish veterinary school; only secondly is he spoken of as an outstanding anatomist and
representative of medical science. In this work, we would like to present the figure of
Prof. Bojanus concerning his anatomical and organisational achievements related to the
creation of the veterinary school in Vilnius. We also must remember the contribution of our
hero to the education of his successors, who developed the veterinary education system
in the Polish lands. The end of the 18th century and the beginning of the 19th century
were a period of revival of the sciences in Poland. Thanks to the efforts of the Commission
of National Education, established in 1773, the Polish education system was reformed,
and two academies were reorganised and named Main Schools. The Crown Main School
was established in Krakéw, while the Main School of the Grand Duchy of Lithuania was
established in Vilnius. As Poland did not have sufficient scientists at the time, importing
scholars from abroad became necessary. Among them was Ludwik Henryk Bojanus. His
name became permanently associated with the history of anatomy, veterinary science and
zoology in Poland, particularly with the history of the Imperial University of Vilnius (the
name given to the Main School of Vilnius in 1803).
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Figure 1. Ludwik H. Bojanus (lithograph by Elichwald from the first half of the 19th century. Archive
of the Polish Academy of Sciences in Warsaw).

2. Materials and Methods

In the preparation of this article, heuristic methods and a search of source materials
collected in the State Archive in Warsaw, the Lithuanian Central State Archive in Vilnius,
the Veterinary History Room at the Voivodeship Veterinary Inspectorate in Bydgoszcz and
the Veterinary Museum at the Ks. Krzysztof Kluk Museum of Agriculture in Ciechanowiec
were used. While writing the thesis, scientific literature was also used, particularly on works
published in Polish scientific and veterinary journals. The search included full yearbooks

i

of “Przeglad Weterynaryjny”, “Medycyna Weterynaryjna”, “Zycie Weterynaryjne”.

3. Youth and Scientific Career

He was born on 16 July 1776 (Table 1) in France at Buschweiler (Buschwiller) near
Strasbourg and, by the standards of the time, as a subject of Louis XVI, was French. He
spent his youth and early school years in French Alsace. He began his education at a
French-speaking secondary school in Buschweiler and finished at a German-speaking
one in Darmstadt near Frankfurt am Main, where his German family moved when he
was thirteen. After the incorporation of Alsace into France, the Bojanus family moved to
Darmstadt in Hesse, due to the fact that Ludwig’s father, Jacob, was an official of the ducal
forests. He was Protestant and treated both languages equally. Furthermore, he studied
medicine at the University of Jena, receiving his doctorate in 1797 [1,2]. After defending
his doctoral dissertation, he travelled to Vienna to further his medical knowledge. He
presumably came into contact with scholars of the then-highly regarded Viennese veterinary
school. After a year, he returned to Darmstadt, where he practised as a doctor for two years.
In 1801, he travelled to France and studied at a veterinary school—the Ecole Veterinaire
d’Alfortville in Alfort, near Paris, and at the National Museum of Natural History in Paris.
He became a veterinarian after studying at the veterinary school [3]. These journeys were
funded by the Hessian landgrave Wilhelm IX. In Paris, he began his first anatomical studies
of animals under the famous professor of comparative anatomy, Georges Cuvier [4]. He
then went on to study at veterinary schools in Lyon, London, Hanover, Vienna, Berlin and
Copenhagen, as well as at major animal breeding centres. In doing so, he acquired extensive
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veterinary knowledge and the organisational knowledge for running an animal doctor’s
training. This is important because there was no coherent veterinary education system
at the beginning of the nineteenth century. At that time, schools had different views and
methods of treating animals, often conflicting. In 1803, he returned to Darmstadt, where
a new veterinary school was planned to open, which Bojanus was to head [5]. However,
the facility failed to get off the ground, and due to a competition announced by Vilnius
University, Bojanus decided to use his knowledge to create a veterinary school at that very
institution [6,7].

Table 1. Key dates in the life of L. H. Bojanus [8,9].

Year Events
1776 born in Bousville (Buchsweiler) in Alsace
1797 obtains a doctorate in medicine and surgery in Jena
1801-1803 scientific journey to become acquainted with the veterinary schools in Alfort, Paris,
Lyon, London, Hanover, Vienna, Berlin and Copenhagen
1802 becomes a member of the Society for the Study of Man in Paris
1804 wins the competition to become professor at Vilnius University as the chair of
“bovine treatment”
1810 becomes a member of La Societe Imperiale des Naturalistes de Moscou
becomes an honorary member of the Mediko-Chirurgiczeskoj Akadiemii in
1810
St. Petersburg
1814 becomes a member of the Imperial Academy of Sciences in St. Petersburg
1815 begins lectures on comparative anatomy
1818 becomes a member of the Kaiserlich Leopoldinisch-Carolinisch Deutsche
Akademie der Naturforscher in Bonn
becomes a member of the Royal Society for the Improvement of Veterinary
1818 L
Medicine in Copenhagen
1818 becomes a member of the Wernerian Natural History Society in Edinburgh
1821 becomes a member of the Kénigliga Svenska Vetenskapsakademien in Stockholm
takes part in the committee appointed by the University Council to create a project
1820-1822 ! - R
for the reform of studies at Vilnius University
1824 becomes a member of the Medical and Surgical Society in Berlin
becomes a member of the Impieratorskogo Moskovskogo Obszczestva
1824 . O
Sielskogo Choziajstwa
1827 dies in Darmstadt

4. Founder of Veterinary Education on Polish Soil

When considering Ludwik Bojanus as the founder of the Polish school of veterinary
medicine, it should be remembered that he was active during the Partitions of the Polish—
Lithuanian Commonwealth, when this country did not exist on the maps of Europe. The
fact is that the school he created functioned on Polish soil, and the language of instruction
was Polish. The students were overwhelmingly Polish. This entitles us to conclude that
Ludwik Bojanus was the real founder of Polish veterinary education. Having been informed
of a competition held by the University of Vilnius, he put forward his candidature for
the chair of “cattle treatment”, a unit of veterinary medicine functioning in the Faculty of
Medicine [8,10]. He presented a work on the organisation of veterinary schools known
to him, “Uber den Zweck und die Organization Thierarznei Schulen” (later published in
print in 1805 in Frankfurt am Main). In it, he wrote that veterinary medicine was a worthy
profession and that by engaging in it, one could become an excellent scientist. He heralded
the strictly scientific direction of veterinary training. He also presented the opinions about

256



Anatomia 2023, 2

veterinary medicine prevailing in various European countries [11]. He did not arrive in
Vilnius until 20 May 1806, bringing his extensive library of veterinary works as a gift
to the University [9]. He was appointed professor and taught veterinary knowledge to
fourth-year medical students six hours a week.

Furthermore, he lectured in excellent Latin, so interestingly that crowds of people
came to his lectures, including professors from various faculties of the University and
from outside its walls. From 1815 he also taught classes in comparative anatomy. At
the same time, he devoted himself to intensive research work in zoology and veterinary
medicine, assisted by Steven Drew, a medical doctor who arrived from England [9]. He
began his scientific work by organising the first animal anatomy clinic in post-partition
Poland and Lithuania. In a short time, he collected several hundred specimens [12]. He
published many works in Latin, German, French and Polish. Before arriving in Vilnius, he
was the author of several veterinary treatises, including an article in 1805 on the progress
of veterinary medicine in the last three centuries [5], “Kritische Ubersicht der Fortschritte
der Thierarzneykunde in den leztverflossen drey Jahrunderten. ..”. Printed in Marburg, in
this publication he recommended a thorough knowledge of animal anatomy and discussed
the state of veterinary knowledge of the last three centuries. One of Bojanus’s ideas was to
separate scientific veterinary medicine, which was to train veterinary surgeons, from the
practical part of the profession, which was to be carried out by veterinary fieldmen. The
same year, Bojanus’s article on the education of veterinary surgeons “Uber den Zweck und
Organization der Thierarzneyschulen” was published in Frankfurt am Main [9].

It should be mentioned that Ludwik Bojanus’s experience in organising veterinary
schools contributed to the fact that the Government Commission for Religious Denomi-
nations and Public Enlightenment of the Confederate Kingdom of Poland asked Bojanus
(in addition to Prof. Jerzy Sick and Dr. Adam Rudnicki) to prepare plans for a practical
veterinary school in Warsaw (based on the Imperial Decree of 25 September 1816). Despite
his involvement in establishing the school in Vilnius, Ludwik Bojanus submitted a project,
which he presented at a meeting of professors at Vilnius University on 15 February 1821.
It proposed the division of the Institute into three separate establishments: A chair at
the University of Warsaw for the training of medical students in veterinary science; A
Practical School of Veterinary Medicine for the training of competent animal doctors; A
separate scientific and veterinary establishment for scientific experiments. The Government
Commission, in a letter of 21 March 1822, expressed appreciation and thanks for the plans
prepared and awarded Bojanus the medal of the University of Warsaw but chose Rudnicki’s
project as the more practical option [13].

5. Epizootiologist

At the time of the great foot-and-mouth epizootic that occurred in 1808, when half of
the cattle in Lithuania died, Bojanus became intensively involved in epizootiology. This
was reflected in a book published in 1810 in Riga in German and translated into Polish, “O
wazniejszych zarazach bydta rogatego i koni”. The Polish edition of this publication was,
for many years, the basic textbook on epizootiology and contributed significantly to the
communication of the principles of epizootic management to animal physicians in Poland.
The work was reprinted in 1832 and 1846 and sent to district medical doctors as a manual
for action in cases of infectious animal diseases [14]. The book was so important for the
agricultural economy and public health that Bojanus received the Order of St. Vladimir from
the Tsarist authorities for it. In this publication, he discussed the more important infectious
diseases of animals, such as horned cattle plague (rinderpest), splenitis, carbuncle, anthrax,
muzzle plague (foot-and-mouth disease) and many other diseases. When describing cattle
blight, he surmised that it was caused by contagion, which was confirmed in later studies
by other scholars. At the time, rinderpest caused huge losses on cattle farms. To combat
it, he recommended the use of vaccination: “A four- or five-ounce cotton string, half a foot
long, is soaked in the moisture of the eyes or nostrils, or in the blood or bile of cattle suffering from
the plague. For this, the infectious matter is chosen between the 8th and 10th day of the plague,
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that is, from the second to the ninth day of the manifestation of the disease: for earlier and later,
the matter is ineffective. This cord, soaked in fresh material, is pulled with a coarse needle or a
suture through the folds of the skin of the hind legs, in the loincloth, between the forelegs, or in
any other place on the body of the cattle to be vaccinated. After pulling the string from the top
to the bottom, move it back and forth so that the material rubs off, and then tie the ends of the
string together. To be more secure, you can inoculate in two places together. On the third to fifth
day after inoculation, the wound is usually inflamed; on the sixth and seventh day, the disease
appears, of course, and the cord is removed as unnecessary”. [14] (p. 28). Bojanus recommended
a method of vaccinating animals that was well-known in the West but had found no
practical use in Lithuania. This method of vaccinating animals was called “putting on the
veil’. He believed that contagious diseases were caused by infection. He was probably
familiar with the views of Bourgelat, who believed that glanders in horses was caused
by infection, as well as a pamphlet by the English physician Edward Jenner published at
the end of the 18th century. Jenner proved that inoculation with cowpox gave humans
immunity to smallpox. This was called variolysis (variola vera—smallpox) and later
vaccinia (vacca—cow). The concept of contagion was known as early as the 16th century
and was introduced by the father of epidemiology, Girolamo Fracastoro (1483-1553), the
papal court physician. In 1810, Bojanus published a treatise in Polish entitled “O kuciu koni
podiug zasad Kolemana” (On the Forging of Horses According to the Rules of Kolemans)
and published a work on epizootiology entitled “Uber die Ausrottung der Rindvieh—Pest
(in Polen und Lithuanian)...”, in which he recommends that in order to combat cattle
infestation, cattle from neighbouring countries should not be allowed into Poland and
Lithuania for ten years [15].

6. Anatomy

Bojanus became interested in anatomy questions already during his scientific tour of
European veterinary colleges. While in Hanover, he described the horse’s muscular system,
comparing it with that of the human, thus giving rise to comparative myology. Bojanus’s
pupil, Karol Muyschel, wrote about this [16]. On his return to Vilnius, he began his lectures
on comparative anatomy in 1815 with an introductory lecture entitled. “Introductio in
anatomen comparatam” [17]. In this lecture, he compared the organs and functions of
various groups of organisms, beginning with plants and ending with man, demonstrating
at every step the relationships and gradual complication and refinement of structure.

This introductory lesson made Bojanus one of the forerunners of evolution, already
formulated in his time in the writings of Lamarck, Geoffroy St. Hilaire and other scholars
and so brilliantly developed later by Charles Darwin [18]. The lectures on comparative
anatomy by Bojanus were the first lectures on this subject on Polish soil. However, their
beginning should be assigned not to 1815 but to 1806, as Bojanus had lectured on the
comparative anatomy of domestic animals since his arrival in Vilnius. In his veterinary
works on anatomy, he discussed horse tendons and the forging teeth in horses and sheep.
In embryology, he described the foetal membranes of sheep, horses, hares and humans
and the structure of the omohypophysis and villi in dog foetuses. In osteological work, he
elaborated on the cranial structure of sheep, goats, fish, birds and other vertebrates. He
studied the fossil bones of the mammoth and the aurochs, finally extinct as a species in the
first half of the 17th century in Poland. He gave it the Latin name “Bos primigenius’.

Furthermore, he was the first to prove that the bison and the aurochs were separate
animal species [19]. He described the anatomical structure of the leech, clam, spider
and crayfish. He also published parasitological works. He became world-famous for his
monograph on the turtle’s anatomy, now known as the mud turtle, ‘Anatome testudinis
europaeae’. Furthermore, he compiled it after ten years of studying 500 specimens of this
reptile [20,21]. It was published in Vilnius in 1819-1821. Two hundred and one drawings
were made by the author’s hand for this publication, from which Ferdinand Lehmann, an
engraver (engraver) brought from Darmstat, produced copperplate engravings [9]. Eighty
copies of this book were published at the author’s expense. In the Library of the Lithuanian
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Academy of Sciences (former Wréblewski Library) in Vilnius, a copy with one colour
engraving and the autograph of the future professor of the Medical and Surgical Academy
Adam Adamowicz, a pupil of Bojanus, has been preserved. This copy was donated to the
library in 1930 by the then-professor of the Stefan Batory University in Vilnius and, after
the war, of the Nicolaus Copernicus University in Toruri, Professor Stefan Narebski. Two
copies with a set of colour engravings are also known to exist [8]. Bojanus also compiled an
anatomical monograph of the sheep, for which he made several hundred drawings. Due
to technical difficulties and the voluminous nature of this work, it was not published but
remained in manuscript and was lost in Darmstadt years later [20]. His views on evolution
were ahead of the times, as he believed that certain species of plants and animals could
evolve into others and that gradual evolution occurs over time. In his view, there are
transitional forms between groups of plants and animals, the so-called ‘Zoophytia” [9].

In addition to vertebrate anatomy, Bojanus presented many papers on the anatomy of
invertebrate animals (including parasites). In his work ‘Kurze Nachricht tiber Cerkarien” [22],
he stated that cercariae, commonly considered at the time to be adult independent animals, are
the developmental stages of flukes, the intermediate host being the snail Lymnaea stagnalis.
Bojanus also worked out the anatomy of the leech and described it in the works: Die Anatomie
des Blutegels [23], Was wis sen wir denn eigentlich vom Bau des Blutegels and Observations
nouvelles sur la sangsue [24]. A separate line of research was the study of the anatomy and
biology of Anodonta cygnea (the great rats). He published many papers [25], the most impor-
tant of which is Uber die Athem—und Kreislaufwerkzeuge der zweischaligen Muscheln. He
undertook studies on the reproduction of Anodonta cygnea, but also described the respiratory
organs, the excretory and vascular systems, and established many unknown facts, including
describing the excretory organ, later called the “Bojanus organ’ (he erroneously classified it as a
respiratory organ). It is important to emphasise the wide range of Bojanus’s research interests,
which included both vertebrates and invertebrates, adult forms and developmental forms.
Bojanus’s laboratory in Vilnius was the first zoological research workshop in the Polish lands.

Bojanus belonged to the ‘natural philosophers” because, like Goethe, Oken, Spix
and Carus, he propounded the idea that the skull is the transformed anterior end of
the vertebral column and consists of deformed and fused vertebrae. There were many
arguments in favour of the theory: the skull, like the vertebral column, initially passes
through a cartilaginous stage and later ossifies; the skull includes the anterior end of the
dorsal cords; there is a cavity in the skull filled with the brain, which can be considered an
extension of the medulla oblongata. Goethe, who was the first to publish the “vertebral
theory of the skull” as early as 1790, had a similar understanding. Oken came up with a
similar idea in 1807, independently of Goethe. In the pages of “Isis”, a discussion began
on this topic, in which, in addition to Oken, Spix and Frank, Carus and also Bojanus took
part [9].

In addition to anatomy, medicine and veterinary science, he was interested in print-
making and painting and was himself a gifted draughtsman. This helped him to document
his scientific work. In 1817, he lectured at the University of Vilnius on a novel graphic
technique, lithography, which began to be used in printing book engravings. This lec-
ture was translated from French into Polish and published in print as the ‘Lecture on
Lithographic Art’.
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7. Anatomical Theatre

Even before the opening of the first veterinary school in Vilnius, after he had already
taken up the “chair of cattle treatment”, Bojanus set about creating an anatomical theatre. In
1808, the University acquired the ruins of the Uniate Spasskaya Orthodox Church (Figure 2)
and the larger and smaller palaces on the opposite side of Spasskaya (Metropolitan) Street,
which belonged to the Uniate Metropolitan. These buildings were utterly devastated during
the siege of Vilnius by the Russian army in 1794 [26]. In their place, the Anatomical Theatre
and two buildings designed by the architect Szulc were built to house studios and flats for
University staff. It was probably not realised that buried in this church were the parents of
the Polish King Wladyslaw Jagiello, Prince Olgierd and Juliana, and later in 1513 the wife
of Alexander Jagiellon and daughter of Ivan III the Terrible, Helena, as well.

Figure 2. Spasskaya church engraved in the first half of the 19th century.

The Anatomical Theatre housed the comparative anatomy department and veterinary
surgeries and laboratories. A large, oval, amphitheatre-shaped lecture theatre was created
on the ground floor and an animal prosectorium on the ground floor. At the formal opening
of the prosectorium on 13 December 1815, Professor Bojanus delivered a lecture in French,
“Des principales causes de la degeneration des chevaaux.”, which translated into Polish as
“On the causes of the disappearance of good horse species”. In this lecture, he predicted
the extinction of the pure breed of Polish horses due to the importation of breeding horses
from England [27].

Lectures on veterinary medicine and zoology were held in the amphitheatre hall and,
from 1815, on comparative anatomy as well. Gradually, exhibits of stuffed domestic animals
and Lithuanian fauna and their skeletons began to be placed there. Many species and breeds
of stuffed birds were exhibited in the neighbouring halls known as the zoological museum.

On the opposite side of Spasskaya Street, a larger building housed studios for macer-
ating bones and stuffing animal exhibits, and on the floors there were flats for the staff. The
attic, had a “blich” (boiler) for bleaching the bones. An animal clinic was built next door. In
the neighbouring smaller building, a blacksmith’s shop, carriage house and storerooms
were set up on the ground floor. On the first floor, Professor Bojanus took up residence.
After the Anatomicum was built, the staff of the medical and natural sciences faculties had
very good conditions for scientific research and lectures. Bojanus performed most of his
scientific work in the Anatomical Theatre (Figure 3) [28,29].
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Figure 3. Anatomical theatre engraving 1st half of the 19th century.

8. Interests

In addition to comparative anatomy and veterinary medicine issues, Bojanus ap-
proached various aspects of everyday life with curiosity, which he usually considered from
the point of view of science. In 1807, during the war in which the Russian army and the
Prussian army fought against Napoleon, Bojanus worked in the hospitals of Vilnius, caring
for wounded soldiers [9,30]. He noticed recurring lung problems, which he attributed
to the faulty design of the army satchel and the poorly designed thongs from which it
was suspended. The observation led him to devise a different solution for attaching the
military satchel. Bojanus left for St. Petersburg when Napoleon Bonaparte’s Grand Army
entered Russia in 1812 and did not return to Vilnius after the withdrawal of the French [9].
In 1821, during Tsar Alexander I's stay in Vilnius, Ludwig Bojanus presented a new type
of satchel that came into use in the Tsar’s army. As a reward for this modification, Tsar
Alexander I awarded him a special ring. The hero of this article also became famous as a
talented draughtsman. By attaching drawings to his works, he to the time to reproduce
details accurately and produce artistic effects. In 1817, he presented a lecture on the art of
lithography at a session of the University, which he later published in print: Lecture on the
Art of Lithography [9]. In 1818, when he proceeded to publish his Anatomy of a Tortoise,
having found no suitable equipment locally, he built the press for printing the engravings
himself. Also, he made the paints himself [31]. He brought an engraver from Germany,
Ferdinand Lehmann, to whom he entrusted the engraving of his prepared drawings on
copper and their reflection on the newly equipped press. Bojanus also painted portraits of
himself, his wife and his friend Gregory Langsdorf. A lithograph depicting his self-portrait
is in the collection of the Vilnius Medical Association [7].

9. Conclusions

Ludwig H. Bojanus was, for his time, an active scientist, as evidenced by the publi-
cation of 70 scientific papers and his membership in many scientific societies in Europe.
There was a break in his work in 1812 when the French army was approaching Vilnius. His
organisational activities are also admirable. He expanded the zootomic cabinet, collecting
1653 preparations and skeletons of various animal species and 144 preparations of parasites
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called “visceral worms’. In 1820, he proposed a reform of the organisation and curriculum
of the University. He was widely liked, respected and admired. In 1818, he was offered the
position of professor and director of the College of Veterinary Medicine in Berlin. However,
he refused, as he also did when the University of Vilnius asked him in 1822 to accept the
position of rector. His aim was to organise a veterinary faculty at the University in the
longer term. He established a clinic and a school but failed to establish an institute because
he lacked sufficiently trained scientific staff. In 1824, he fell ill, probably with tuberculosis.
The University granted him indefinite medical leave.

The bibliography of Bojanus’s works demonstrates his extraordinary diligence and
diversity of interests. However, he was not only the founder and propagator of a new
direction of zoological research in Poland but was also able to gather around him many dis-
ciples who later worked in the direction indicated by the master of what we can rightly call
the Bojanus school. The most prominent among them are Adam Ferdynand Adamowicz,
initially a professor at the veterinary school for fieldpersons and later at the Medical and
Surgical Academy in Vilnius, author of many works on anatomy and veterinary medicine;
Konstanty Balbiani, author of the anatomy of the medical leech; Adam Bielkiewicz, pro-
fessor at Vilnius University and the Medical and Surgical Academy in Vilnius, anatomist
and physiologist; Karol Muyschel, professor at the Veterinary School, later professor of pet
anatomy at the Vilnius Medical and Surgical Academy; and finally Fortunat Jurewicz, pre-
maturely deceased but promising deputy professor of zoology and comparative anatomy
at Vilnius University.

Bojanus left Vilnius and went to Germany for treatment, where he died on 2 April 1827
in Darmstadt. A self-portrait and portrait of his wife by Bojanus have been preserved in
the collection of the Vilnius Medical Association. Among the most important achievements
of Ludwig Henry Bojanus we can include:

1. the organisation and launch of the first veterinary school in the Polish lands in 1823

2. the compilation of a monograph on the anatomy of the European pond turtle “Anatome
testudinis europaeae” between 1819 and 1821

3. the development of methods for dealing with infectious diseases of animals and
publishing them in the book “O wazniejszych zarazach bydta rogatego i koni”.

Author Contributions: Conceptualization, J.S.; formal analysis, J.S.; investigation, J.S.; writing—
original draft preparation, J.S. and M.Z.; writing—review and editing, ].S. and M.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Chodynicki, I. Dykcjonarz Uczonych Polakdw, Zawierajacy Krdtkie Rysy Ich Zycia; Kuhn i Millikowski: Lviv, Poland, 1833; pp. 1-397.
Kosmirnski, S. Stownik Lekarzow Polskich; Author’s Edition: Warsaw, Poland, 1888; pp. 1-665.

Adamowicz, A.F. Wiadomo$¢ o Zyciu I Pismach Ludwika Bojanusa. Tyg Petersburski 1835, 80-84.

Daszkiewicz, P. Poszukiwanie Sladéw Ludwika Bojanusa w Paryzu. Kwart. Hist. Nauk. Tech. 2002, 47, 63.

Sobieszczanski, EM. Wiadomos¢ Bibliograliczna O Zyciu I Pismach L. H. Bojanusa, vol. 1; Bibl Warsz: Warsaw, Poland, 1849.
Jundzilt, S. Cudzoziemcy w Uniwersytecie. Urywek pamietnika. In W Promieniach Wilna i Krzemierica; Janowski, L., Ed.; Ksieg

J6zefa Zawadzkiego: Vilnius, Poland, 1923; pp. 1-271.

N

Rostafinski, J. Ksigga Pamigtkowa Uniwersytetu Stefana Batorego; Univ St Batory: Wilno, Poland, 1929; pp. 1-438.

8. Rostafinski, J. Polski Stownik Biograficzny, vol. 2; Polska Akademia Umiejetnosci: Krakéw, Poland, 1936; pp. 218-347.
9. Fedorowicz, Z. Ludwik Henryk Bojanus; Polska Akademia Nauk, Instytut Zoologiczny, Memorabilia Wroctaw-Warszawa: Krakow,

Poland, 1958; pp. 1-46.

262



Anatomia 2023, 2

10.
11.

12.
13.
14.
15.

16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.

Krolikowski, C. O Polskich Zaktadach Weterynaryjnych; Author’s Edition: Lwéw, Poland, 1889.

Bojanus, L.H. Uber Den Zweck Und Die Organization Thierarznei Schulen; Andreaeischen Buchandlimg: Frankfurt am Main,
Germany, 1805; pp. 1-206.

Adamowicz, A.F. Krétki Rys Poczatku I Postepu Anatomii W Polsce I Litwie; Ksieg J6zefa Zawadzkiego: Vilnius, Russia, 1855.
Sobolewski, J. Ludwik Bojanus wspottworca polskiego szkolnictwa weterynaryjnego. Weter. Zesz. Hist. 2004, 1, 12-13.

Bojanus, L.H. O wazniejszych Zarazach Bydta Rogatego I Koni; Ksieg Jozefa Zawadzkiego: Vilnius, Russia, 1810; pp. 1-151.
Bieliriski, J. Stan Nauk Lekarskich Za Czasow Akademii Medyko-Chirurgicznej Wileriskiej Biograficznie Przedstawiony; Towarzystwo
Lekarskie Warszawskie: Warsaw, Poland, 1888; pp. 1-907.

Muyschel, K. Systema Myologica Equi; Ksieg J6zefa Zawadzkiego: Vilnius, Russia, 1829.

Bojanus, L.H. Introductio in Anatomen Comparatam; Oratio Academica, Ksieg Jozefa Zawadzkiego: Vilnius, Poland, 1815.
Adamowicz, A.F. Ludwik Bojanus; Wizerunki i Roztrzasania Naukowe: Vilnius, Poland, 1836.

Slésarski, A. O Glowach Tura (Bos Primigenius. Bojanus) Znalezionych W Krdlestwie Polskien; Orgelbranda Synowie: Warszawa,
Poland, 1881.

Daszkiewicz, P. Egzemplarz Anatome Testudinis Europae ze zbiorow biblioteki Wroblewskich w Wilnie—Interesujacy dokument
historii nauki. Kwart. Hist. Nauk. Tech. 2018, 3, 15.

Daszkiewicz, P; Edel, P. Poszukiwanie egzemplarzy Anatome testudinis europaeae w europejskich i amerykanskich bibliotekach.
Z Badan Ksiqzka Ksiegozbiorami Hist. 2016, 10, 119-130.

Bojanus, L.H. Kurze Nachricht tiber Cerkarien und ihren Fundort. Isis V. Oken 1818, 4, 729-730.

Bojanus, L.H. Die Anatomie des Blutegels. Isis V. Oken 1817, 7, 873-884.

Bojanus, L.H. Observations nouvelles sur 1'organisation de la Sangsue (Hirudo medicinalis). ]. Phys. Paris 1818, 88, 468.

Bojanus, L.H. Sendschreiben an den Her rn Chevalier G. de Cuvier {iber Athem- und Kreislaufwerkzeuge der zweischaligen
Muscheln, insbesondere des Anodon cygneum. Isis V. Oken 1819, 1, 41-100.

Magowska, A. Veterinary science in the nascent state: The animal hospital in Vilnius 1834-1842. Med. Weter 2017, 73, 252-256.
[CrossRef]

Krolikowski, S. Bibliografia Polska Weterynarii I Hodowli Zwierzqt; Przeglad Weterynarski: Lviv, Poland, 1891.

Brzek, G. Historia Zoologii W Polsce Do Roku 1918; Wyd Uniw Marii Sktodowskiej Curie: Lublin, Poland, 1947; pp. 1-251.

Hoyer, H. Zarys Dziejow Zoologii W Polsce; Polska Akademia Umiejetnosci: Krakéw, Poland, 1948; pp. 1-25.

Szumowski, W. Fryderyk Hechell O Swoich Studiach W Uniwersytecie Wileriskim; University St Batory: Vilnius, Poland, 1929;
pp- 1-438.

Hoyer, H. Anatomia Porownawcza Zwierzat Kregowych; Wyd Kasy im Mianowskiego: Warsaw, Poland, 1931; pp. 223-228.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

263



anatomia

Review

Jean Cruveilhier (1791-1874), a Predecessor of
Evidence-Based Medicine

Luis-Alfonso Arraez-Aybar 1/*, Talia Fuentes-Redondo 2, José-Luis Bueno-Lépez 3

and Rafael Romero-Reveron

Citation: Arraez-Aybar, L-A.;
Fuentes-Redondo, T.; Bueno-L6pez,
J.-L.; Romero-Reverén, R. Jean
Cruveilhier (1791-1874), a Predecessor
of Evidence-Based Medicine.
Anatomia 2023, 2, 206-221. https://
doi.org/10.3390/anatomia2030019

Academic Editors: Gianfranco Natale

and Francesco Fornai

Received: 5 May 2023
Revised: 5 June 2023

Accepted: 4 July 2023
Published: 7 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

4

Department of Human Anatomy and Embryology, Faculty of Medicine, Complutense University,

28040 Madrid, Spain

Department of Pediatrics, Complejo Hospitalario de Toledo, 45007 Toledo, Spain

Department of Neurosciences, School of Medicine and Nursing, The University of the Basque

Country (UPV/EHU), 48940 Leioa, Spain

Department of Human Anatomy, José Maria Vargas Medical School, Faculty of Medicine, Central University
of Venezuela, Caracas 1040, Venezuela

*  Correspondence: arraezla@med.ucm.es

Abstract: This article focuses on Jean Cruveilhier and particularly on his book Anatomie descriptive,
which was a great success during the author’s lifetime. (Notwithstanding this, it is pertinent to
point out that the five editions of Anatomie descriptive were surpassed in number by others of the
Cruveilhier’s creations, such as Anatomie pathologique and Traité d’ Anatomie pathologique.) Unlike other
texts of the time and later, Anatomie descriptive presents the anatomy of the human body in a way that
can be applied both by students and medical professionals. The objectives of Anatomie descriptive
were to make understand how the functions of an organ can be inferred from its structure, and
to encourage students and professionals to investigate the anatomical origin of health and disease
phenomena. Depending on which sections of the book, the parts of the body were described with
morphological, topographic or functional criteria. Many of Cruveilhier’s contributions influenced
anatomical eponymy and keep today’s Terminologia Anatomica alive. All of this has made consider
Jean Cruveilhier the most outstanding anatomist in France of the first half of the nineteenth century.
Due to the scientific rigor Cruveilhier always applied and asked to be applied in the investigation of
the anatomic changes linked to pathological processes, he could certainly be considered a predecessor
of the objectivity sought by evidence-based medicine.

Keywords: 19th century anatomy; 19th century anatomists; anatomical terminology; anatomo-clinical
method; clinical-pathological method; Cruveilhier

1. Anatomy in the Time of Cruveilhier

The late eighteenth and early nineteenth centuries, so revolutionary in socio-political
aspects, marked the end of the Vesalius revolution and the influence of the naturphilosophie
in the world of anatomy. New exploratory techniques and conceptual changes emerged [1].
We highlight two aspects on the technical side: the thorough study of anatomopathological
lesions that, when done systematically, showed specific morpho-functional “systems”, and
the experimental induction of lesions to study the morpho-functional consequences. On
the conceptual side, both the anatomical-comparative paradigm and the anatomical-tissue
paradigm spread. The first one, derived from the comparative zoological morphology
of the eighteenth century, had a non-evolutionist orientation during the first half of the
nineteenth century which turned into two versions, the speculative and the positive. The
speculative version, initiated by J. W. von Goethe (1749-1832) and pursued by some natur-
philosophen, put embryology at the service of comparative anatomy. The positive version of
the anatomical-comparative paradigm—which was supported by zoologists, such as G.
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Cuvier (1769-1832), E.-G. Saint-Hilaire (1772-1844), and J.-B. de Lamark (1744-1829) in the
post-Revolution France—became one of the basic disciplines of modern Biology [1].

Under M.-E-X. Bichat (1771-1802), the anatomical-tissue paradigm was initially sensu-
alist and vitalist—that is, following the doctrine that sensations and perception are the basic
and most important form of true cognition, on the one hand, but also the belief based on the
premise that living organisms are fundamentally different from non-living entities because
they are governed by different principles, on the other -and afterwards it became cellular
under F.-G.-]. Henle (1809-1885). M.-E-X. Bichat studied wide homogeneous components
of the organism, the so-called uniform parts (‘ta homoiomere’) by Aristotle (384 B.C.-322 B.C.)
or ‘tissu muqueux’ by T. de Bordeu (1722-1776). From M.-E.-X. Bichat’s sensualist and vitalist
mentality arose the concept of ‘tissue’ considered a major anatomical unit in the explanation
of the physiological properties and pathological changes of the organism. F.-G.J. Henle,
in his Allgemeine Anatomie (1841), integrated the concept of tissue into M.-J. Scheiden’s
(1804-1881) and T. Schwann’s (1810-1882) cellular theory [1].

2. L'Ecole de Santé de Paris

The Révolution frangaise proclaimed academic freedom and destroyed the whole medi-
cal organization of the Ancien Régime, in all its healthcare, professional, educational, and
institutional aspects. Alleging that disease had to disappear in a well organized society,
it also abolished hospitals, faculties (18 August 1792), and academies (1793), including
various local sociétés de médecine and the unifying Société royale de médecine (recently driven
by E. Viq d’Azyr, in 1778), as well as the slightly older Académie royale de chirurgie (1731).
The latter would awake and merge with the five Academies working in all fields of knowl-
edge and the arts into the Institut de France (25 October 1795). After this revolutionary
storm, reality imposed. Hospitals were reorganized and became places where physicians
co-operated with surgeons in professional equality, opening the way to merge both into
a unified profession and an equally unified teaching not under state control, but as civil
societies run by municipal administrations.

Three Ecoles de santé were created in Paris, Montpellier, and Strasbourg (12 April 1794),
which would eventually become their respective Facultés de médecine (17 March 1808). The
initial purpose of the Ecoles was to train surgeons for the armies of the Republic, but then
this training was extended to civil assistance physicians. The new medical education was
based on four principles: the fusion of medicine and surgery, as they are two branches of
the same science; the setting up of a clinical teaching practice in hospitals; the competitive
selection of students and teachers through examinations; and the obtaining of a doctorate
of universal value [2-4].

The pedagogy of medical teaching was rebuilt, based on the sensualist paradigm of
E. Bonnot de Condillac (I"Abbé de Condillac; 1714-1780). In the words of P-J.-G. Cabanis
(1757-1808), friend and follower of Condillac, “the true instruction of young doctors is not
received from books, but at the bedside”. Thus, the medical student should be trained in
chemistry experiments, anatomical dissection, and surgical interventions. “Read little, see
much, and do much” [5,6].

The Révolution francaise also promoted the foundation of independent higher educa-
tion institutions. The Société philomatique (founded in 1788) served as a meeting point to
F. Vicq d’Azyr (1748-1794), J.-B. de Lamark (1744-1829), M.-E.--X. Bichat (1771-1802), G.
Cuvier (1769-1832), E.-G. Saint-Hilaire (1722-1844), F. Chaussier (1746-1828), G. Dupuytren
(1777-1835), ]J.-G. Cloquet (1787-1840), F. Magendie (1783-1855), E.-R.-A. Serres
(1786-1868), and A.-A.-L. Velpeau (1795-1867), among others. P.-A. Beclard (1785-1825)
was an independent professor before he occupied a chair at I’Ecole de santé of Paris in 1818.
Private anatomical amphitheaters proliferated. There were up to fifteen in Paris before
their abolition in 1813 [3].

In close concord with the revolutionary political changes, but also with the changes
in the way of practicing and teaching medicine that occurred not only in France, but also
in other countries (in particular, in the union of medicine with surgery and in the need to
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perform dissections to better know the human body, a need that emerged from warships
and battlefields) it was founded I'Ecole de santé de Paris in 1794. In operation since 1750,
I’Ecole pratique de dissection de Paris is one of the few higher education establishments that
has not changed its name from Louis XV to the present day. I'Ecole pratique de dissection de
Paris was highly appreciated when the events of this historical review occurred because
it opposed the practical learning and free discussion that took place in it to the corseted
activities of the other educational institutions [7]. These facilities were widened in 1813
by the annexation of the former Collége de chirurgie and the purchasing of contiguous
buildings [4]. In La Charité and the Hotel Dieu hospitals, teaching began focusing on the
study of the patient from the bedside [5]. In these hospitals, the coexistence between
physicians and surgeons enabled to tie clinical observations together with the anatomical
lesions found postmortem. This fact served to develop the anatomo-clinical mentality of
the first half of the 19th century and led to the birth of a new discipline: pathology (in
France and other countries, but only developments in France are discussed in this review).
M.-E-X. Bichat was the cornerstone of this discipline. To him, the clinical symptoms and
their nosographic arrangement should be related to the anatomical lesion that originated
those [8]. This idea was initially developed in clinical practice by J.-N. Corvisart (1755-1821)
and his disciples R.- T. Laénnec (1781-1826) and G. L. Bayle (1774-1816) [6].

In 1800, the Société de I’école de médecine was founded, which was based on the I’Ecole
de santé of Paris. The Société, apart from being a centre of scientific research, served as an
advisory body to the French government until the foundation of the Académie nationale de
meédecine in December 1820 [4].

The Revolution also polarized the relationship between professionals and profes-
sors [2]. During the Ancien Régime, professionals were educated either in the Facultés
de médecine or in the Collége de chirurgie. The rivalry then was between physicians and
surgeons. The Revolution brought about another conflict: both the independent profes-
sors and the new hierarchies of the hospital (whether they were physicians or surgeons)
accused the school/faculty professors of not taking courses or publishing, and therefore
questioned whether the new academic hierarchy was qualified enough to teach medicine
and surgery [3]. In 1810, the designation of school professors was established by public
competition, which was removed by the Restoration (1814-1830) and then re-established
again in 1823. Mateo Orfila (born in Mahon, Spain, 1787; died in Paris, 1853), often called the
“father of toxicology’, was dean of I'Ecole de Paris between 1831 and 1848. He reorganized
the I'Ecole de santé de Paris, raised educational requirements for admission, and instituted
more rigorous examination procedures. He also helped to establish hospitals and muse-
ums, specialty clinics, botanical gardens, a center for dissection in Clamart, France, and a
new medical school in Tours, France (https://www.nlm.nih.gov /exhibition/visibleproofs /
galleries /biographies/orfila.html, accessed on 5 July 2023). He abolished the titre d’Officier
de santé and made mandatory the obtain the Baccalauréat dés sciences to achieve the title
of Docteur en médecine. As a result of Orfila’s reform, the access to the membership and
chairs of the Ecoles de médecine was invigorated. Student selection was also competitive [2].
L’Ecole de Paris admitted about 300 students each year (a not always respected number),
and among them was Jean Cruveilhier (quoted as J. Cruveilhier henceforth) (Figure 1), the
most outstanding anatomist in France in the first half of the nineteenth century.
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Figure 1. A portrait of Jean Cruveilhier (1791-1874).

3. His Life and Work

J. Cruveilhier was born on 9 February 1791 in Limoges, France [9]. For two centuries,
the members of the Cruveilhier family were born and buried in Limoges. His grandfather
Joseph (1726-1762) was a master surgeon and his father Léonard (1760-1836) was an
important military surgeon, an attending surgeon at I"Hopital Saint-Alexis in Limoges, and
also a revolutionary Jacobin fanatic [10]. His mother, Anna Reix was a devout Catholic
and extremely pious woman from whom J. Cruveilhier inherited an indelible sense of the
catholic mysticism that he maintained throughout his life. His uncle, Jean Reix, was a
priest expelled to Spain in 1792 for refusing to take the oath to the Civil Constitution of the
Clergy. After his return to France, Jean Reix was the Vicar of the Cathédrale Saint-Etienne in
Limoges [11].

J. Cruveilhier studied in I'Ecole Centrale de Limoges (formerly, the Chapel of the Visi-
tation) and after that, at the Ecole impériale where he received an award of excellence and
various prizes of honour (Latin, Literature, Mathematics, and Chemistry).

Until 1809, J. Cruveilhier, together with G.-L. Bayle and R.-T.-H. Laénnec, used to
frequent the Congrégation de la Sainte Vierge, founded in 1801 by the Jesuit J.-B. Bourdier.
Against his religious vocation, his paternal insistence led him to begin medical studies
in Paris, although he abandoned them because of the disgust and horror he felt at the
dissecting rooms. These events exacerbated his religious vocation so that he took refuge
at the Séminaire Saint-Sulpice to study Theology. There he met D.-A.-L. de Frayssinous
(1765-1841), who later became Bishop of Hermopolis in partibus and Minister of Public
Instruction [12-14]. Again, paternal intervention forced him to resume his medical studies
in Paris. As a student, he obtained several prizes (Table 1). He spent his whole intern period
at the hospital Hoétel-Dieu along with G. Dupuytren (1777-1835), for whom he developed a
great empathy and high admiration, despite their ideological differences. Dupuytren was
a Freemason, a member of the Sainte-Catherine du Grand Orient Loge in Paris; however, he
protected the career of his pupil ].Cruveilhier, despite his independent nature and Catholic
devotion [14].

On 24 January 1816, J. Cruveilhier defended his doctoral thesis (Table 2), dedicated to
his father Leonard and his master G. Dupuytren. Influenced by the works of M.-E.-X. Bichat
and his friend R.-T. Laénnec, J. Cruveilhier showed his special interest in the study of the
anatomical lesion [12]. Once he obtained his doctoral degree, J. Cruveilhier returned to
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Limoges to succeed his father. He married Jenny Grellet des Prades de Fleurelle (1801-1849),
daughter of a notable banker from Limoges and the manager of I'hdpital Saint-Alexis. In
October of that year, the prefect of the Haute-Vienne (France) asked him for a report about
the major epidemic of typhoid fever, a disease that J. Cruveilhier called ‘enteromesenteric
fever’ [15] while masterfully describing the anatomical lesions of the ileum. Between 1818
and 1821, he applied for the direction of the Childbirth Course of the Limoges Hospital
and then for the charge of chief surgeon, without any success [11].

In 1823, he took the restored ‘Concours d’agrégation’ (competition for professorship)
(Table 1) again under the guidance of his father and supported by G. Dupuytren, J. Cruveil-
hier was the first of the five promoted agrégés over the twenty-six candidates presented,
among them being A. Velpeau. Following G. Dupuytren’s recommendation, J. Cruveilhier
chose to be agrégé de médecine opératoire (professor of Surgical Medicine) in Montpellier,
where he went in July 1824. Nevertheless, this place did not please him and J. Cruveilhier
returned to his native town resolved to dedicate himself to the most unfortunate sick
people. When everything was ready for this return to Limoges, P.A. Béclard (1785-1825)
died. Thereafter, J. Cruveilhier received this message from G. Dupuytren: ‘Beclard passed
away, come to Paris, you have a chance’ [11,13]. D.-A.-L. de Frayssinous, who was already
Grand Maitre de I"Université, also encouraged him to go to Paris to seat in the Chair of
Anatomy left by P.A. Béclard. However, G. Breschet (1784-1845) and ]J. Cloquet also applied
for this position. The designation of J. Cruveilhier was considered as an act of ministerial
authority. J. Cruveilhier was received with hostility by the students when he presented at
the grand amphithéitre of the Faculty of Paris on 10 November 1825. His personality and
sincere modesty quickly conquered his audience [12]. Thinking of his students, J. Cruveil-
hier began to compose his work Anatomie descriptive (see below). Among his partners in
I’Ecole pratique de dissection de Paris were E.-P.-M. Chassaignac (1804-1879), C.-L. Bonamy
(1812-1887), P. Broca (1824-1880) [16-18] and the artist Emile Beau (1810-1872), who also
assisted in drawing anatomical atlases by authors such as A.-L. Foville (1799-1878) and his
Traité complet de I’anatomie, de la physiologie et de la pathologie du systéme nerveux cérébro-spinal
(1844), which is regarded as one of the best works on the subject before the invention of the
microscope [19].

In 1826, J. Cruveilhier was appointed chief physician of the hospitals of Paris, which
was followed by his success in a series of clinical appointments until 1849. (Table 1). On 12
October 1826, he restored the ‘Société d’anatomie’, founded in 1803 by G. Dupuytren and
dissolved in 1808 under the chairmanship of R.-T. Laénnec. ]. Cruveilhier was its president
until 1866 when G. Breschet was appointed [20].

In 1835 G. Dupuytren died. His last volition was to endow funding for the creation of
the Chair of Pathological Anatomy of Paris, and designed his disciple J. Cruveilhier as its
first holder. Appointment that he accepted. In 1836, G. Breschet succeeded J. Cruveilhier to
the Chair of Anatomy at Paris University.

J. Cruveilhier’s professional life shared two culminations: a religious devotion to the
sick and the development of a rigorously scientific career with many honours [12]. Along
with his work at the Charité and Salpétriere hospitals, he was involved in a very active
clinical practice in Paris under the rules of a very strict ethic that he summarized in his
speech Des devoirs et de la moralité du médecin (Table 2). J. Cruveilhier founded a charity
to help humble people. He had significant customers, national and foreign, and from all
social classes to whom he gave equal treatment. When he was invited to be the physician of
Napoleon III (1807-1873), ]. Cruveilhier answered . .. qu’je le soignerait comme mes maladies
d’hépital’/’ ... I would take after him as I do with my patients at the hospital’. On a separate
occasion, he was advised to make a courtesy visit to the emperor, and so he said: * ... sl
n’est pas malade, ma visite est inutile’/” ... if he is not sick, my visit is useless’. Cruveilhier’s
attitude upset Napoleon III, who vetoed his election to the Institut de France [14].

In 1866, at the age of 75 and at the insistence of his family, he retired. He left Paris
on 18 September 1870, a day before the siege of Paris by the Prussian forces and went to
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Sussac (Haute-Vienne, France) where he died of pneumonia on 7 March 1874. The funeral
was held in the church where he had been baptized.

The scientific authority of J. Cruveilhier was widely recognized both in France and
abroad. J. Cruveilhier’s academic career, distinctions, and prizes are shown in Table 1 (as
collected from the Académie nationale de medecine [8]; Orcel and Vetter [11]; Androutsos and
Vladimiros [12]; Vayre, [13] and Huard, [19]). The only lack in his brilliant career was not
to become a member of the Institut de France due to the personal veto of Napoleon IIT [14].

Table 1. Jean Cruveilhier’s academic career, distinctions and prizes.

Year Academic Career, Distinctions and Prizes
1811 Major du concours de l'internat des hopitaux de Paris
1812 Prix des hospices civils de Paris

Prix de I'école pratique

1813 Prix de médecine opératoire

1816 Dissertation

1823 Major du concours d’agrégation en médecine
Professeur agrégé de médecine opératoire a Montpellier

1824 Membre associé non-résidant de I’ Académie royale de médecine (Academie nationale de
médecine nowadays)

1825 Professeur titulaire del la chaire d’anatomie a Paris

1826 Président de la Société anatomique (until 1866)

Chef du department de médicine a I'hdpital de la Salpétriere
1828 Meédecin suppléant a la Maison royale de la santé
1830 Meédecin chef de la maternité de Paris
Chirurgien chef du service des hopitaux de Paris
1833 Medaille recompense epidemie cholera
Premier professeur titulaire de la chaire d’anatomopathologie de Paris

1836 Membre ¢lu de I’ Academie royale de médecine
1843 Membre de la Societé de chirurgie de Paris
1847 Chef du service de chirurgie de I'hopital de la Charite
1848 Membre du comité consultatif d’hygiéne
1849 Medaille recompense epidemie cholera
Chef de service de chirurgie de I'hdpital de la Salpétriere
1855 Medaille recompense epidemie cholera
1856 Docteur émeérite des hépitaux
1859 Président de I Académie impériale de médecine (Académie nationale de médecine nowadays)
1863 Commandeur de la Légion d’Honneur
1866 Professeur émérite
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4. Medical Work

J. Cruveilhier was at the same time an anatomist, a pathologist, and an experi-
menter [21]. He was a man with a wide humanist culture [17] who knew about the
art of observation and expression; according to [22], this is visible in all his papers, but
mainly in two booklets: Vie de Dupuytren and the so mentioned above Des devoires et de la
moralité du médicin. The latter is considered as a profession of deontological faith in which J.
Cruveilhier’s sense of duty appears in all its rigour [12].

His observational ability led him to realize the importance of isolation to prevent
contagion. Thereby, from his stay in the Maternity and the large number of deaths due
to puerperal fever, he encouraged the creation of small clinical units instead of large
departments to limit the progression of infections, preceding this way to Semmelweis’
concepts on nosocomial infections (1850) [23].

His injections of mercury into the blood vessels and the bronchial system of cadavers
led him to support the theory of phlebitis, which, he said, ‘dominates the whole of pathology’.
It made possible the concepts of embolism and infarction, which were developed by R.
Virchow, beginning in 1846. Yet, while R. Virchow considered the vascular thrombosis to be
the primary lesion and the lesion in the venous wall to be secondary, J. Cruveilhier thought
that alteration of the venous wall generated the thrombosis [21].

In his doctoral thesis (1816) J. Cruveilhier worked on a methodology based on the
correlation of medical history with anatomical causes [23]. He expressed this shift towards
a ‘scientific medicine’, which was taking place in France and other countries, with the
phrase, ‘Les systémes passent, les faits restent’/ The systems pass and only the facts remain’ [13].
In 1833, in his Traité de médicine pratique (Table 1) he justified his particular interest in
detailed anatomical studies because of the necessity to simplify this knowledge to develop
proper treatments. When J. Cruveilhier was appointed Chair of Anatomy in Paris, there
was no laboratory of experimental surgery, so he turned the pavilions of the I’Ecole pratique
de dissection de Paris into a meeting point for young surgeons and a training centre for new
techniques. For more than thirty years, J. Cruveilhier spent his days in those pavilions
of I’Ecole pratique de dissection de Paris, collecting all the information that allowed him to
develop his scientific and anatomical work.

In 1829, J. Cruveilhier began the composition of his atlas Anatomie pathologique, with
233 lithographed plates (Table 2), before holding the Chair of Pathological Anatomy in
Paris (1836) (Figure 2). These plates were made by Antoine Chazal (1793-1854), French
painter, engraver, art teacher at Muséum National d’histoire naturelle, and great-uncle of
Paul Gauguin (1848-1903). The singularity of Anatomie pathologique consisted in showing
the information about the clinical cases collected while the patient was still alive and
relating them with the pathological findings observed systematically after the postmortem
dissection of the same patients’ body. This was the importance of the anatomical—clinical
method developed in the nineteenth century [6]. In the same way as the comparative
anatomy collections existing in the anatomical cabinets of the time, the first collections of
clinical-anatomy specimens arose. In Anatomie pathologique, J. Cruveilhier made multiple
contributions—either by description, by illustration, or both—such as the hypertrophic
pyloric stenosis, the ulceration of the stomach due to hyperacidity and the dilation of the
veins of the abdominal wall giving the appearance of the head of Medusa [24]; the latter
condition was called Cruveilhier-Baumgarten cirrhosis. J. Cruveilhier was particularly
innovative in associating the location of intracranial tumors with observed symptoms.
Some examples are acoustic neuroma and the intercranial epidermoid, intracranial, and
spinal meningiomas. J. Cruveilhier also provided an adequate description of disseminated
sclerosis and progressive muscle atrophy [25-29].

J. Cruveilhier’s histological knowledge was very limited. He only made a few histolog-
ical allusions in the fifth volume of Traité d’anatomie pathologique générale which was edited
by his students. As said above in Subheading 1, the anatomical work of J. Cruveilhier is
sensualist, like M.-F.-X. Bichat’s. However, J. Cruveilhier’s anatomo-pathological work has
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aged better than some recent authors” work, despite they were able to take advantage of
the use of the microscope [21].

T BEALATIS D0 LA MO BTN it i

Figure 2. Diseases of the spinal cord: spina bifida and spinal and ventricular subarachnoid meningitis.
Coloured lithograph by illustrator Antoine Chazal from Anatomie Pathologique Du Corps Humain
(Pathological Anatomy of the Human Body) by Jean Cruveilhier, 1842.

Anatomie Descriptive

Anatomie pathologique du corps humain (1828-1842) and Traité d’Anatomie pathologique
générale (1849-1864) (Table 2) are the best examples of J. Cruvelhier’s work nowadays. This
is well deserved, as seen above; however, it has obscured the other authoritative book of
his authorship that merited multiple editions in his time. It is the case for Cruveilhier’s
Anatomie descriptive, which now is considered one of the best summaries of anatomy of the
time [30].

The first edition of Anatomie descriptive was published between 1834 and 1836 (Figure 3).
It was the result of an enlargement of the 24 lessons of the Cours d’Etudes anatomiques, which
played an important role in the progress of anatomical studies at I'Ecole de médecine de Paris.
Anatomie descriptive had five editions, with successive variations in title and number of
volumes (Table 3). The first two editions were entitled Anatomie descriptive and consisted
of four volumes each. Edouard Chassaignac contributed to them [16]. The third edition,
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published in 1851, also consisted of four volumes, but the title changed into Traité d’anatomie
descriptive. It was revised by J. Cruveilhier himself and is considered the best and most
complete edition of this work [21]. The fourth and fifth editions were reduced to three
volumes with figures (Table 3); they involved Marc D. Sée (1827-1912), professeur agrégé to
the Faculty of Medicine of Paris and his son Edward, who appears in the fourth edition as
aide d’anatomie and in the fifth edition as professeur agrégé at the Faculty of Medicine of Paris.

R 15

ANATOMIE

DESCRIPTIVE,

PROVESSEUR D ANATOMIE A LA PACULTE DE MEDECINE, MEDECIN DE LA SAT)
PR SIDEWT DE LA s0CIETE ANATONIQUE, ETC.

_ o

TOME PREMIER.

i
JRHES

PARIS.
BECHET JEUNE,

LIBAAIRE DR LA FAQULTA DB MSORAINE,
ruice o L'écoLs px MEDECINE, W° 4

1834
Figure 3. The cover of the first tome of J. Cruveilhier’s masterwork, Anatomie descriptive, Paris (1834).

Unlike the anatomy treatises of the time which showed an abstract, dry, and fastidious
image of the anatomy, Anatomie descriptive was written not only “to exhibit the current state of
the science of anatomy”, but also with the aim of teaching an applied anatomy, as it is said on
its preface. For this purpose, ]. Cruveilhier always added an applicative indication, whether
it was functional, surgical, or medical, after the corresponding anatomical description. He
tried to impress the student so that from the beginning of its medical studies he understood
the immediate applications of the anatomy and dedicated himself fervently to its study.
J. Cruveilhier also wanted the reader to understand that the functions of an organ are
inferred essentially from its structure: ‘physiology is nothing more than the interpretation of
anatomy’(Author’s preface, page XI, first English edition).
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He also wanted the medical professional to be always aware that without anatomy,
medicine would always revolve around the same circle of conceptual mistakes (from
mechanism, chemism and vitalism) and that “the study of the physiological or healthy state of
organisation and of life should precede that of their pathological or diseased conditions”(Author’s
preface, page VII, first English edition). J. Cruveilhier wanted students and professionals
to get used to investigate eagerly the anatomical reasons for the phenomena in healthy
or pathological states, and to comprehend the difference between the anatomical findings
and the prior concepts of the philosophical anatomy. It could be said that J. Cruveil-
hier wrote Anatomie descriptive from the scalpel, ‘fo exhibit the actual state of the science of
anatomy”(Author’s Introductory page, first English edition). In J. Cruveilhier’s words, “All
the descriptions have been made from actual dissections. It was only after having completed from
nature the account of each organ that I consulted writers, whose imposing authority could then
no longer confine my thoughts, but always excited me to renewed investigations wherever any
discrepancy existed ‘(Author’s preface page XI, first English edition). Thus, J. Cruveilhier
rectified the errors transmitted from work to work and year to year by ‘cabinet’ anatomists.
His descriptions are usually of a great accuracy, and neither the purity nor the elegance
of language are excluded. His first three French editions do not contain figures, just text.
Although the concept established centuries ago that illustrations were convenient and
necessary on the anatomy treatises for a better comprehension of the findings reported [31],
J. Cruveilhier claimed scientific descriptions fix more deeply in memory when they are well
written [22].

Numerous J. Cruveilhier’s contributions were collected by the anatomical eponymy
of the time, and some of them still remain in the Terminologia Anatomica of our days [32].

Some examples are shown on Table 4, as said by various authors [9,16,32-34].

Table 4. Cruveilhier’s eponyms.

Terminologia Anatomica (Latin Language) FIPAT

Cruveilhier’s (C.) Eponimy

A02.1.05.047.
A03.2.04.001.
A03.3.04.010.
A04.1.03.011.
A04.1.03.012.
A04.3.01.005.

Fossa scaphoidea

Articulatio atlantoaxialis mediana
foramen costotransversarium
Pars alaris Musculi nasalis

M. depressor septi nasi

M. transversus nuchae

A04.5.04.016. Corpus anococcygeum; Ligamentum anococcygeum

A04.7.02.026.
A04.7.02.027.
A04.7.02.028.

A05.3.01.027:

A05.4.01.014.
A05.7.03.013.
A08.3.01.021.
A09.5.02.002.
A09.5.03.004.
A09.5.02.005.
A12.1.00.028.
A12.1.04.006.
A12.2.05.011.
ascendens)

A12.2.05.036.
A12.2.08.043.
A12.2.08.053.
A12.3.05.103.

M. adductor longus
M. adductor brevis
M. adductor magnus

Fascia pharyngobasilaris

Tela submucosa

Taeniae coli

M. vesicoprostaticus

Fascia perinei; Fascia investiens perinei superficialis
M. transversus perinei profundus

M bulbospongiosus

Tendo infundibuli

Cuspides commissurales

Arteria meningea posterior (arteria pharyngea

ramus descendens arteriae occipitalis

arteria thyroidea inferior

arteria transversa colli; arteria transversa cervicis
confluens sinuum (sinus durae matris)

Cruveilhier fossa !; fossa navicularis C. 3
Cruveilhier joint 1 articulation de C. 3

trou de conjugaison postérieur de C. 2
muscle pinnal transverse de C. 2°

musculo pinnal radiado de C. 3

misculo cutdneo suboccipital de C. 3

ligne blanche de Cruveilhier 2

m. segundo adductor superficial de C. 3

m. pequefio adductor profundo de C. 3

m. gran adductor profundo de C. 3
Aponévrose céphalo-pharyngienne du C. 23
Aponeurosis pterigo-faringea de C. 3

ttinica fibrosa de C. 3

brides musculeuses de Cruveilhier 2
musculo vésico-prostatico, de C. 3
Cruveilhier fascial; fascia de C. 3

musculo transverso anal de C. 3

musculo contractor de la vagina de C. 3
muscle compresseur de la valvule tricuspide de Sappey et C. 2
Cruveilhier nodules !

artére méningée de C. 2

artére cervicale postérieure de C. 2
Cruveilhier artery +

artére trapézienne de C. 2
confluent occipital de C.

275



Anatomia 2023, 2

Table 4. Cont.

Terminologia Anatomica (Latin Language) FIPAT Cruveilhier’s (C.) Eponimy
A12.3.p6.012. V. anastomotica superior (V. media superficialis vena de C.3

cerebri)

A12.3.11.007. V. saphena accessoria (V. saphena magna) veine saphéne accessoire de C. 2
A12.3.11.020. V. marginalis lateralis (V. saphena parva) veine dorsale externe de C. 2
A12.3.11.021. V. marginalis medialis (V. saphena parva) veine dorsale interne de C. 2
A14.2.02.010. Plexus cervicalis posterior plexus de C. 2 Cruveilhier plexus
A14.3.03.047. Nervus hypogastricus (N. presacralis) cordon plexiforme de C. 2
A15.2.07.058. Pars orbitalis (Glandula lacrimalis) glande lacrymale orbitaire de C. 2
A15.2.07.071. Plica lacrimalis (Ductus nasolacrimalis) valvule de C. 2

As said by (1) Bartolucci et al. [31]; () Académie Nationale de Médecine [8]; (°) Rodriguez —Rivero [14]; (4) Tubbs
et al. [32] and Terminologia Anatomica (FIPAT) [30].

Conceptually, J. Cruveilhier’s anatomy has Vesalius foundations. J. Cruveilhier skill-
fully combined what he called ‘rapport physiologiques” with the description of anatomical
structures (Avant-propos, first French edition). J. Cruveilhier claimed in his work, ‘sous le
rapport de I'organization, I'homme est du ressort de I'anatomie’ /"the organization or structure of a
man is the object of anatomy’ and ‘sous le rapport des fonctions, I'homme est I'objet de la physiolo-
gie’/’the vital functions of a man are the object of physiology’. In line with his eclecticism, he
defended the necessity to resort to objects and geometric figures to facilitate the description
of bones. Although he was aware of the inaccuracy of this procedure, so often used by
the ancients, J. Cruveilhier claimed not to proscribe it entirely from science (‘si familier aux
anciens, ne saurait étre proscrit entierement de la science’) [30]. J. Cruveilhier followed the
of-the-time typical way of describing the body, which outlined the anatomical parts and
their morphological accidents, sometimes with a topographic order and sometimes with a
physiological order. Thus, he preferred the topographical order for myology but the physi-
ological order for splanchnology. Whatever the structure employed, Cruveilhier always
graduated from less to more difficulty in studying the structures described, ‘for the great
aim in a work of instruction should be to conduct the mind gradully, from simple and easy objects to
those which are more complicated” (Page 6, English edition). Besides, to facilitate dissections,
J. Cruveilhier provided in his work summaries of the best way of preparing the organ
before explaining it in depth. In many respects, J. Cruveilhier was a great follower of S.-T.
Sommerring. For this reason, many of the lines of work pointed to in S.-T. Sommerring’s
work were further developed in Anatomie descriptive [30].

J. Cruveilhier’s interest in the nervous system shows to what extent he was concerned
about the problems of the anatomy of his time: ‘de tous les organes, il n’en est aucun dont la
structure excite davantage notre curiosité, et malheureusement, il n'en est aucun don't la structure
soit enveloppée de plus épaisses ténébres’/’the structure of no other organ in the body excites so
much curiosity, and, unfortunately, there is none whose structure is involved in greater obscurity’. J.
Cruveilhier’s neuroanatomical observations, being of great interest, surely deserve a review
apart from the brief one made in this article.

J. Cruveilhier separated ‘de I'appareil locomoteur les muscles de la face; ces muscles, au-
jourd’hui mieux connus, constituent an appareil musculaire spécial lequel nous plagons en téte des
organes des sens’/’of the musculoskeletal system the muscles of the face; these muscles, now better
known, constitute a special muscular apparatus, which we place at the head of the sensory organs’.
Muscles to which J. Cruveilhier specifically intended to dedicate the second volume of his
Anatomie descriptive du systeme nerveux de I’Homme..

Meanwhile, J. Cruveilhier needed to contribute to the then current lines of work about
the explanation of the anatomy of the adult human body by both I'anatomie du foetus and the
comparative anatomy (‘anatomie de I'évolution”). He rarely dealt with ‘that species of induction
and analogical reasoning which, in a great measure, constitutes philosophical anatomy’, which he
considered made of ‘views almost always ingenious, but usually bold and speculative’ (Author’s
preface page XI, first English edition).
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The English edition of Cruveilhier’s Anatomy (Table 3) was published in London
and had two volumes, and the first came to light in 1841, while the second did in the
following year. It was translated by Dr. W. Herries Madden (?-1883) and reviewed by
Prof. W. Sharpey of University College of London. This English edition encompassed
1232 closely printed pages and upwards of 300 illustrations. It is striking that this edition
had illustrations while the French edition did not. As stated in the prelude to the English
edition: “The illustrations have been selected with great care from the best source, which will be duly
acknowledged. For the selection of these illustrations, and for superintending their execution, as
well as for much valuable assistance in preparing the work, the Editor begs to express his obligations
to Mr. John Marshall’.

The American edition (Table 3) was published in New York in 1844, and it was a
partial translation of the second French edition. It was edited by G. S. Pattison, Professor of
Anatomy at the University of New York, and Member of the Societé philomatique de Paris.
In the Editor’s Preface, G.S. Pattison wrote ‘Since the English edition of |. Cruveilhier has
been published in London, the first and second volumes of a second edition of the work have been
published by the author in Paris. The editor has carefully compared the second edition with the
first, so far it has been published, and has incorporated in the American edition whatever he thought
could increase its value. He has, however, only followed the second edition when he thought that the
changes introduced were improvements’. Pattison did not like the modifications that the second
French edition incorporated in the myology section, the reason he kept the description of
the muscles of the first French edition on his American edition. G.S. Pattison also noted *

. in the original work there are no engravings; this is a great desideratum, which has been removed
in the English edition by the introduction of numerous woodcuts, selected with care from the best
anatomical engravings, and marked with letters of reference. This greatly enhances the value of the
work’. And finally, he pointed out ‘Systems of Anatony generally offer little interest except to the
anatomical student. This cannot be said of the system of Anatomy of Cruveilhier. It imbodies a fund
of information, in connexion with Physiology and Pathology ... .

5. Conclusions

By the early 19th century, the key gross parts of the human body, considered within
the Enlightenment man-machine paradigm, had been described and classified primarily
through the dissection of human cadavers. As a result, anatomy was the first of the so-called
‘basic’ sciences throughout the 19th century, and there was no medical school in which
anatomy was not thoroughly taught. During that century, France was one of the main actors
in a particularly brilliant period in terms of the teaching and organization of medicine,
which has been attributed to the intellectual freedom directly inherited not only from the
Enlightenment but also from the Revolution. Several events allowed the development of
the anatomic—clinical method and led to the birth of a new discipline, pathology. The first
holder of the Chair of Pathological Anatomy in Paris was Jean Cruveilhier.

Jean Cruveilhier’s anatomical work, similar to M.-F.-X. Bichat’s, was sensualist. His
six volumes on anatomical pathology were a perfect testimony to the use of the anatomo-
clinical method during the 19th century, on the one hand, and laid the foundations for the
birth of pathology as a medical specialty, on the other [33]. Jean Cruveilhier’s pathological
work eclipsed his contributions to descriptive, gross anatomy. He published these con-
tributions to gross anatomy in his work Anatomie descriptive. Many of Jean Cruveilhier’s
contributions to descriptive anatomy were initially collected by the anatomical eponymy of
the time, and some of them remain in the Terminologia Anatomica of today.

Anatomie descriptive was written with two targets: firstly, * ... to exhibit the actual state of
the science of anatomy’, and, secondly, to teach an applied anatomy. For Jean Cruveilhier, . ..
anatony forms the first link in the chain of medical science’. As highlighted in Jean Cruveilhier’s
preface to Anatomie descriptive, * . .. anatomy being the basis of medical science, we would greatly
misapprehend its nature, did we not consider it the chief of the accessory sciences of medicine’.

Besides, Anatomie descriptive offers all the clues of what descriptive anatomy will
experience later. All this means that Jean Cruveilhier is recognized today as one of the
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most outstanding French anatomists in the first half of the 19th century. His work Anatomie
descriptive is considered one of the best anatomical treatises of the time.

Finally, —and not only because of Jean Cruvehilier’s scientific contribution but also
because of the rigor that he always applied and that asked to be applied in the investigation
of anatomo-clinical events linked to individual and systematic pathological processes—it is
our contention that Jean Cruveilhier was a precursor of objectivity and applicability sought
by evidence-based medicine today. Jean Cruveilhier, in parallel with other authors of the
time, found a way to apply the scientific method in its practicality to cure patients and
reform the teaching of medicine. Not using an abstract and theoretical deduction, but from
direct observations beneath the bed, or in the operating room, or in the dissection room.
This is the substance of Jean Cruveilhier’s excellence, in the opinion of the authors of the
present article.
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Abstract: The pioneer Swiss naturalist René-Edouard Claparéde (1832-1871), professor at the Uni-
versity of Geneva, left important contributions to diverse areas of natural science, biology, and
comparative anatomy, including the structure of infusoria, annelids, and earthworms, the evolu-
tion of arthropods, and the embryology of spiders. He also published observations on marine
invertebrates. This essay presents a brief overview of his academic life and work and makes the
distinction from his nephew with the same name, the neurologist and educational psychologist
Edouard Claparéde (1873-1840).

Keywords: comparative anatomy; history of biology; neuroscience; zoology

1. Introduction

The Swiss naturalist René-Edouard Claparéde (Figure 1A) was one of the most skilful,
laborious, and honoured European zoologists [1]. He left important contributions to
various areas of biology and natural science, including the structure of infusoria, annelids,
and earthworms, the evolution of arthropods, and the embryology of spiders. He also
published observations on diverse, mostly marine, invertebrates, including protozoa. His
zoological publications left their mark on the evolution of comparative anatomy. There
is little information about his life and work in the modern biomedical literature. In some
instances, his work is confused with that of his nephew, the neurologist Edouard Claparéde
(1873-1940). The aim of the present study is to provide a brief outline of the academic life
and research work of René-Edouard Claparéde, ‘senior’.

Figure 1. (A) René-Edouard Claparéde. Undated, oil on canvas by unknown artist. Credit: Bib-
liotheque de Geneve, Switzerland. https:/ /notrehistoire.ch/entries/2PDBm5mPBbk (accessed on 22
February 2023). Signature from a manuscript dated 11 April 1865. Credit: The Waller Manuscript
Collection, Uppsala Universitetsbibliotek, Sweden. http://waller.ub.uu.se/23553.html (accessed on

Anatomia 2023, 2, 165-175. https:/ /doi.org/10.3390/anatomia2020015 280

https:/ /www.mdpi.com/journal /anatomia



Anatomia 2023, 2

22 February 2023). (B) Elie Metchnikoff in the early 1910s. Credit: George Grantham Bain Col-
lection, Library of Congress Prints and Photographs, Washington, DC. https://www.loc.gov/
pictures/item /2014694632 (accessed on 22 February 2023). Signature from a manuscript dated
28 March 1914. Credit: The Waller Manuscript Collection, Uppsala Universitetsbibliotek, Sweden.
http:/ /waller.ub.uu.se/36382.html (accessed on 22 February 2023).

2. Early Life and Academic Career

René-Edouard Clapareéde lived and worked in an era that witnessed some landmark
events in the biological sciences and technology (Table 1). He was born on 24 April
1832 in Chancey, a Swiss village near the French border, not far from Geneva. Of French
ancestry, the family had taken refuge after the revocation of the Edict of Nantes, a religious
persecution. Claparede’s father was a pastor. Although the family was highly cultivated,
René-Edouard was the first to be involved in scientific research. Driven by an interest
in nature and an inquisitive mind, the meticulous analyst sought precision in the details.
Through rational reasoning, René-Edouard delved into the organisation of animals, as well
as their similarities and differences [1,2].

Table 1. Chronology of select events in science and technology during Claparede’s lifetime.

Year Event

1832 René-Edouard Claparéde born on 24 April; French naturalist Georges Cuvier

dies on 13 May
1833 Swedish inventor Alfred Nobel born
1834 German zoologist Ernst Haeckel born
1837 Louis Daguerre invents photography
1838 Theodor Schwann formulates cell theory
1843 Italian pathologist Camillo Golgi born; German physician Robert Koch born
1845 Russian-French microbiologist Elie Metchnikoff born
1849 Hippolyte Fizeau and Léon Foucault measure speed of light; Russian physiologist
Ivan P. Pavlov born
1852 Spanish histologist Santiago Ramon y Cajal born
1855 Alfred R. Wallace publishes Law which has regulated the introduction of new species
1856 Austrian psychoanalyst Sigmund Freud born; Serbian-American inventor Nikola
Tesla born
1857 Russian physiologist Vladimir M. Bekhterev born; English physiologist Charles S.
Sherrington born
1859 Charles R. Darwin publishgs Origin of species;' Rudolf Virchow publishes
Die Cellularpathologie
1863 Thomas H. Huxley publishes Man’s place in nature
1865 Claude Bernard publishes Introduction a I'étude de médecine experimentale
1866 Gregor Mendel proposes basic principles of heredity
1869 Friedrich Miescher discovers ‘nuclein’ (now known as DNA)
1871 Charles R. Darwin publishes Descent of man on 24 February; Claparede

dies on 31 May

In 1852, Claparéde began to study natural science, medicine, and northern languages
in Berlin, where he became a pupil of the eminent zoologist Johannes Miiller (1801-1858)
a year later. With Miiller, they journeyed to Norway in 1855 on a desolate reef. The young
student spent time drawing details of marine animals through the microscope [2].

281



Anatomia 2023, 2

Claparede was also influenced to a great degree by Christian Gottfried Ehrenberg
(1795-1876), the German naturalist, zoologist, comparative anatomist, geologist, and micro-
scopist, whose research concerned the anatomy and metamorphoses of echinoderms. Due
to the influence of Ehrenberg, Claparede developed a strong interest in micrography.

Between 1851 and 1852, Claparede attended courses taught by renowned experts
in paleontology, including Georges Cuvier (1769-1832), Etienne Geoffroy Saint-Hilaire
(1772-1844), and Augustin Pyramus de Candolle (1778-1841) [1].

Clapareéde obtained his M.D. degree in 1857, but he never practised clinical medicine.
In 1862, he was appointed professor of comparative anatomy at the University of Geneva.
He became a member of the Physical Society, the Medical Society, and the Geneva National
Institute. At the Geneva Academy, he was trained by Frangois-Jules Pictet de La Rive
(1809-1872), a Swiss zoologist, palaeontologist, and advocate of progressive creationism.
As a professor of zoology, next to Pictet who always recognised the academic potential
in his apprentice, Claparede, in his lectures, defended opposing views to those of earlier
authors, a fact that created great displeasure in the church circles. Moreover, he became
involved in editing the series titled ‘Universal Library of Sciences, Literature and Arts’
(Bibliotheque Universelle des Sciences, Belles-Lettres et Arts), and served as a reviewer for
the ‘Swiss Archives’ (Archives Suisses), with “his admirable style of writing, especially
the reviews and criticisms” [3]. Claparéde was one of the most laborious editors of the
‘Bulletin of the Archives of the Universal Library’ (Bulletin des Archives de la Bibliothéque
Universelle), publishing numerous scholarly analyses and reviews over a period of 15 years [2].
He had already authored several important papers during his student years, most of
them appearing in “Miiller’s Archive for Anatomy, Physiology and Scientific Medicine’
(Archiv fiir Anatomie, Physiologie und Wissenschaftliche Medicin von Dr. Miiller), such as
the “Anatomy and developmental history of Neritina fluviatilis’ (1857), ‘Supplement to a
memoir by G.-R. Wagener: On Dicyema et cetera’ (1857), and ‘Contribution to the anatomy
of Cyclostoma elegans’ (1858), which were works that secured him an important place
among zoologists of that era. For instance, in a review on Actinophrys eichhornii, Claparede
documented a large contractile vesicle considered to be a heart-shaped organ [2,4]. He
further described the mode of digestion in these animals, capable of enveloping and
digesting vegetable and animal matter through any part of their body through an orifice
that served either as a mouth or an anus, a feature that would classify them among the
rhizopods [2].

René-Edouard could write in French and German equally well; therefore, some of his
works are found in German periodicals, others in French, such as in the ‘Transactions of
the Academy of Geneva’. Being bilingual, he had access to both the French and German
scientific literature and, consequently, appeared critical to naturalists who might exhibit
superficiality or dishonesty in their field of study. For instance, the research of the French
embryologist Edouard-Gérard Balbiani (1823-1899) on the development of Aphides became
the subject of a three-year investigation by Claparede. After meticulously studying the
publications of Balbiani on the embryology of Aphis while in Naples, Claparede came to
the conclusion that they were unfounded and inconsistent with the work of Balbiani’s
predecessors. Félix Dujardin (1801-1860) was also treated harshly in Recherches sur les
infusoires, as was Charles Marie Benjamin Rouget (1824-1904), who appeared to have
personally resented Claparede’s rectification [3]. In 1860, Claparede married his cousin,
Eveline Claparéede (1840-1910), and became financially independent. His house became a
centre of scientific exchange [2].

Although famous in the scientific world, Claparede was not widely known to the
general public. It was in 1860 that he gained renown through a popular course that he
offered in Geneva. Without a doubt, he was one of the individuals who contributed the
most to overthrowing the old conservative prejudices against modern science [2].

Upon publication of Darwin’s Origin of species, Claparede became one of the first
scientists in Switzerland and the French-speaking world to promote Darwinian natural
selection and to further support it with his own observations, especially the detention
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organs of certain species of mites. At the end of his article on the development of mites,
Claparede devotes a chapter in support of Darwin’s theory, by showing that the apparatus
which serves as a holdfast in parasitic mites escaped the law of homology. In effect, it
was not a fixed organ, fulfilling such functions, but on the contrary, an organ modified in
various species by adaptation to similar functions. In some species, it became the forelimb,
in others the hindlimb; in Listophorus larisi, it is the lower lip that transformed into a fixed
organ [2].

He epitomized Darwin’s theories in the quote: “It is better to be a perfect ape than
a degenerate Adam” [5]. Along with his colleague Carl Vogt (1817-1895), a prominent
naturalist in Geneva, and Thomas Henry Huxley (1825-1895) in England [1], Claparede
made efforts to popularise Darwinism [6]. Claparede adopted Darwin’s theory of natural
selection and published a series of pertinent articles on the subject [7]. He further discussed
the insight of the leading evolutionary thinker Alfred Wallace on natural selection [8].
Although Darwin hardly considered the various reviews noteworthy, he singled out Cla-
parede with the remark: “There is a favourable and long review in Revue Germanique, which
is important from coming from so good observer, as Claparede” [4,9].

In 1862, the Society of Sciences in Utrecht awarded Claparede a gold medal for his
research on the embryonic development of spiders (dorsal position of the embryo during
the first development period, instead of turning over to roll up in the belly as in other
arthropods). Claparede further investigated their blood circulation and observed that the
blood escaping from the heart circulated not from back to the front, but in the opposite
direction, as Franz von Leydig (1821-1908) had already proposed [2,10].

3. Contributions to Zoology and Comparative Anatomy

In Berlin, Claparede, in collaboration with Johannes Lachmann (1832-1860), made a
substantial effort to study infusoria and rhizopoda (Etudes sur les infusoires et les rhizopodes,
3 parts, 1859-1868), which was one of the earlier extensive works, and a most impressive
monograph, comprising some 200 protist species, most described for the first time [11,12].
In that study, the authors presented parasitic forms (the ciliate Balantidium), a variety of
invertebrate groups, tintinnid ciliate species, and dinoflagellate species. The observations
on dinoflagellates, known as peridiniens, led them to state that many forms appeared to
contain ingested food items, suggesting that dinoflagellates were more animal-like than
plant-like [10]; Claparéde and Lachmann submitted their tome Sur la réproduction des
infusoires in 1855. It consisted of 302 pages and 11 plates containing 192 figures. This
work, along with another authored by Nicolaus Lieberkiihn, earned the grand prize in the
physical sciences from the Academy of Sciences of Paris for the year 1856. Claparede and
Lachmann were quite young when they won, both 26 years old, while Lieberkiihn was 36,
and later became an expert on sponges [3,10,12,13]. Lachmann died before the work was
completed, in 1860, having not quite reached his 28th birthday. Additionally, this study
immediately placed its authors among the experts in zoology and formed the foundation
of the modern views on infusoria. Furthermore, Claparéde and Lachmann showed that
infusoria are neither as complicated as Ehrenberg had argued, nor as simple as claimed
by Félix Dujardin (1801-1860), whose theory had long dominated the field [10]. Although
Claparede and Lachmann initially supported the “polygastric theory’ of Ehrenberg, they
subsequently made taxonomic refinements and advances, firmly establishing the suctoria
as a separate and definitive group. Lachmann [11] proved wrong the view of Friedrich Stein
(1818-1885), wherein suctoria were larval stages of peritrichs. They established the affinities
of infusoria with the worms and the coelenterates on one hand, and with rhizopods on the
other, satisfactorily classifying them for the first time. They also distinguished 10 families,
described several species, and extended the knowledge on their organisation [2,9,11].

Although their work was overshadowed by subsequent publications by Georg August
Zenker (1855-1922), Ronald Cohn (1943-2022), and other investigators who had better
instruments at their disposal, the studies of Claparéde and Lachmann are the ones that set
the foundations of modern research on infusoria [9].
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In the summer of 1859, Claparede visited the English physician William Benjamin
Carpenter (1813-1885), an invertebrate zoologist, physiologist, and one of the founders of
the modern theory of the adaptive unconscious. They worked together on the microscope
in the Hebrides, chiefly on worms and annelids. Their expedition resulted in an account
of new marine species related to earthworms, richly illustrated with plates and many
observations on turbellarian worms. Papers were published in the Proceedings of the Royal
Physical Society of Edinburgh, ‘Reichert’s Archive’, and the ‘Reviews of the Physical Society
and Natural History of Geneva’ (Mémoires de la Société de Physique et d’Histoire Naturelle de
Geneve). Jointly, with Carpenter in 1860, Claparede also published certain observations on
Tomopteris onisciformis in the Transactions of the Linnean Society of London [2,3].

In Geneva, Claparede continued to observe the limicolous annelids. In his “Anatomical
research on oligochaetes’, published by the Geneva Academy, he described the structure
of the worm nervous system and the three large tubular fibres for the first time. This
research appeared in print in the ‘Reviews of the Physical Society and Natural History
of Geneva’ (Mémoires de la Société de Physique et d’Histoire Naturelle de Genéve). With this
work, he enriched zoological knowledge with a complete account of anatomical and
systematic differences among many worms, such as the demonstration of the homology of
the segmental organ with the reproductive ducts. Until then, such details were neglected
and misunderstood [2,3].

From 1854 to 1857, Claparede and Lachmann were members of a study group in Berlin
under Miiller’s guidance. Another member of that group, who later became a lifelong
friend, was the zoologist and naturalist Ernst Haeckel (1834-1919), who promoted Darwin’s
work in Germany. Claparede and Lachmann had a great influence on Haeckel’s work on
protists, as well as Radiolaria, in particular [10].

In the winter of 1866, despite his severe health problems, Claparede devoted himself to
his immense studies on the annelids of the Gulf on Naples and other seacoasts (Normandy,
Hebrides), a “most striking discovery” [3] that largely filled volumes 19 and 20 of the
Meémoires de la Société de Physique et d’Histoire Naturelle de Genéve. This work presented
many new forms and a wealth of anatomical and physiological facts depicted in more
than 50 heavy plates. Claparede found that Nereis dumerilii lays sexually-fertilised ova,
which produce a worm that belongs to a distinct genus (Heteronereis) after hatching. This
worm lays similar ova, which sometimes produce a second kind of Heteronereis, or in other
seasons, the original form of Nereis dumerilii again. This is a real case of alternation of ‘sexual
generations’ on record [3]. His research on the structure of sedentary annelids (Recherches
sur la structure des Annélides sédentaires) was posthumously published in 1873 [4,12].

In 1867, Claparéde published a study on the nervous system of the earthworm
(Lumbricidae), where he also observed the arrangement of the dorsal intromittent organ
(cirrus) and announced its developmental history at the Congress of the Swiss Natural
Research Society, held in Einsiedeln [9]. Moreover, between 1867 and 1869, Claparéde
collaborated with Elie Metchnikoff (1845-1916), who was working in Odessa at the time,
on the developmental history of the chaetopods, publishing an early and rare work with
six plates [13] (Figure 2).

Metchnikoff (Figure 1B), a Russian-French zoologist, cytologist, embryologist, and
immunologist, is considered the ‘father of natural immunity’. In 1882, he discovered
phagocytes or macrophages, the differentiated form of mononuclear leukocytes, when
they migrate from the blood into other tissues. In 1908, he was jointly awarded the
1908 Nobel prize in physiology or medicine with the German physician Paul Ehrlich
(1854-1915) for their discoveries concerning immunity. Metchnikoff established the concept
of cellular immunity, while Ehrlich established the concept of humoral immunity. Having
graduated from the University of Kharkov in 1864, Metchnikoff studied invertebrate and
fish embryology at several European centres and earned his doctorate from the University
of Saint Petersburg in 1867. After teaching and conducting research in Saint Petersburg
and Odessa for a year, he occupied a post in Messina, Italy. It was there that he began
his immunological studies. He hypothesized that there were cells that become actively
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mobilised against foreign bodies to either kill and assimilate them or to destroy them-
selves in the process. On his way back to Odessa, he stopped in Vienna, where Carl Claus
(1835-1899), the professor of zoology, suggested to him the terms ‘phagocyte” and “phago-
cytosis’. Metchnikoff confirmed the defence role of phagocytes by conducting experiments
with the freshwater crustacean Daphnia after administering spores of the parasitic fungus
Monospora bicuspidata, which were attacked by the host’s phagocytes.

eilsoler: [omiss. Zool. Bd. KLY e Tuf’ Xl

Lith. Anstv 3.6, Bach, Leipzig

Figure 2. A plate from the study by Claparede and Metchnikoff [14] depicting the larval and later
developmental stages in several indigenous marine worms from the Gulf of Naples. Drawings
1-1E: Telepsavus Costarum Claparéde. x75 (1), x40 (1A, 1B, 1E), x35 (1C), x150 (1D). Drawing 2:
A larva probably belonging to Phyllochaetopterus socialis Claparede. x50. Drawings 3-3D: Devel-
opment of Nephthys scolopendroides Delle Chiaje. %130 (3), x150 (3A-3D). Drawings 4—4A: Devel-
opmental stages of Cirratulus spectabilis Kinberg. x20. Source: The Biodiversity Heritage Library.
https:/ /www.biodiversitylibrary.org/item /159258 (accessed on 22 February 2023).

Metchnikoff and Claparede were both influenced by Darwin’s theory of natural
selection and by Haeckel’s biogenetic principle. In the last phase of his career, Metchnikoff
delved into the study of the ageing of organisms and the extension of life. He is the
investigator who introduced in medicine the term ‘Gerontology’ for the emerging science
of ageing and longevity. Moreover, he found that certain bacteria (today’s ‘probiotics’) may
protect against pathogenic microbes in the intestinal flora.

Although Claparede had a predilection for lower species, he occupied himself with
the most varied subjects and often wrote extensive notices aimed at offering a summary
of recent work on diverse scientific topics. One finds many reviews of this kind related to
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topics in physiology, zoology, geology, and even archaeology, while in other articles, he
addressed advanced problems of natural philosophy [2].

In 1858, Claparede made certain comments on the theory of binocular vision and the
horopter, leading him to study the visual physiology of the compound eye and publish
various reviews. By completing numerous experiments, he confirmed the demonstrations
of Jean-Louis Prévost (1838-1927) regarding the visual area covered by the two eyes
through the aiming point and the optical centres. These studies led him to the study of the
compound eye of arthropods, the evolution of which he followed in various nymphs. The
resulting paper was published in 1863 in Leipzig [2,9,15]. He concluded that the theory
of vision in insects, as formulated by Miiller, was not tenable, as the animal would be so
nearsighted that it could barely see a few feet away.

Additionally, there was a collection of miscellaneous observations, finely illustrated
and published on zootomic gleanings (Glanures zootomiques) and observations on inverte-
brates (Beobachtungen iiber wirbelloser Thiere) about annelids, free-living worms, and forms
of paradoxical marine larvae. His works covered the circulation of spiders (transparent
young of the genus Lycosia), new modes of reproduction, new anatomical details and
physiological observations of rare forms, and the development of the marine gastropod
Neritina fluviatilis. Claparede showed that this gastropod was not a hermaphrodite, and its
testaceous operculum had a different structure from that of the shell. Such a claim went
against the view of John Edward Gray (1800-1875), who argued that the operculum was a
second atrophied valve [9].

Claparede’s doctoral dissertation centred on Cyclostoma elegans, a freshwater bivalve,
a gastropod, in which he described a calcareous organ composed of concentric layers,
an organ that had remained unknown until then in gastropods; it appeared in Miiller’s
Archiv fiir Anatomie und Physiologie [2,12] (Figure 3A). Moreover, Claparede produced an
elaborate work on the development of nematode worms, with many new and detailed
facts (including the significance of the parts of their ova), in German. His studies on the
anatomy of acarids provided new details, such as the modification of dissimilar parts in
different genera to form identical organs, which Claparede explained satisfactorily through
Darwinian evolutionary theory [2,3]. He also clarified the special conditions of the blood
circulation in Acarina mites (the existence of lateral openings in the heart that gape during
diastole) [9].

Another study, abundant with curious facts, concerned the particular discovery of a
double and even triple interlocking of the egg, a phenomenon that the author designated
with the terms deutovum and tritovum. However, such a singular phase of development is
not found in all species; it is lacking in Tetranychus, which lives on plants; the deutovum is
observed in Unionicola bonzi (Atax bonzi), common parasites of freshwater mussels living
on the gills or mantle of their hosts, and the tritovum appears in Myobia, in particular
Tyrophagus muris, a parasite that infects mice [2].

His last published work was in the ‘Journal of Scientific Zoology’ (Zeitchrift fiir Wis-
senschaftliche Zoologie) and consisted of observations on the anatomy and reproduction
of marine polyzoa, accompanied by three colour plates. The minutest and most careful
piece of work that he ever produced was a review on the histology of the earthworm,
illustrated with six colour plates [3,16]. The biologist Emile Yung (1854-1918) compiled, in
1904, some of Claparede’s works. Henri de Saussure (1829-1905), a Swiss mineralogist and
entomologist and a prolific taxonomist, in his ‘Notice sur Edouard Claparede’ (1871), listed
58 published and unpublished works by Claparede, including analyses of works of other
authors by Claparede for the ‘Bulletin of the Archives of the Universal Library’ [1,2]. Due
to Claparede’s premature death, a large work on the embryology of insects and microscopic
preparations on the histology of annelids remained unpublished [2,3].
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Basler Veroffentlichungen zur Geschichte
der Medizin und der Biologie

Herausgegeben von Prof. Dr. med. H. Buess
Vorsteher des Medizinhistorischen Instituts der Universitit Basel

Fasc. XXIX
Lettres de René-Edouard Claparéde
(1832-1871)

choisies et annotées par
Georges de Morsier
P; ) ire de Neurologie 2 I'Université de Genéve

Mit einem biographischen Nack des H b

SCHWABE & CO - VERLAG - BASEL/STUTTGART
ola infundibulum

Figure 3. (A) Histological structure of the polychaete worm Myxicola infundibulum, from Claparede’s
posthumous work on sedentary annelids [12]. Source: The Internet Archive. (B) The book of
Claparede’s correspondence to his family, compiled and edited by the French-Swiss neurologist
Georges de Morsier (1894-1982), former director of the Geneva University Neurological Clinic,
including a biographical note by the Swiss gynaecologist and medical historian Heinrich Buess
(1911-1984), former director of the Department of Medical History at the University of Basel [9].
(Author’s private library).

4. Personal Life

Table 2 summarises the chronicle of main events in Claparede’s life and scientific
work. To commemorate the centenary of the death of Claparede, Georges de Morsier
(1894-1982), a French-Swiss neurologist and honorary professor at the University of
Geneva, produced a booklet with extracts from 231 of Claparéede’s letters, written between
1855 and 1871 and addressed to family members (Figure 3B). In those letters there were
ironic allusions to Samuel Hahnemann (1755-1843), a German physician, known as the
founder of homeopathy, to Miiller and to Louis-Napoleon Bonaparte (1808-1873), the future
Napoleon III and first President of France. Additionally, in some of these correspondence
items, Claparede, similar to many Swiss citizens, made satirical remarks about Prussian
politics, when relations between Switzerland and Prussia were quite tense because of the
Neuchatel Affair [9,15]. There is an afterword by Heinrich Buess (1911-1984), a Swiss
gynaecologist and head of the Medical History Institute of the University of Basel. It is
written in German, while the rest of the book is written in French [15].
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Table 2. Chronology of events in the life and scientific career of René-Edouard Claparéde.

Year Events

1832 Born in Chancey, Switzerland

1852 Enters Friedrich Wilhelm University in Berlin

1853 Studies under Johannes Miiller

1855 Journeys to Norway; completes study on infusoria with Johannes Lachmann

1856 Awarded Grand Prix from the French Academy of Sciences

1857 Earns M.D. degree from Berlin University

1858 Comments on theory of binocular vision

1860 Marries Eveline Claparede

1862 Appointed professor of comparative anatomy in Geneva; receives Gold Medal from
Utrecht Society of Sciences

1866 Investigates coastal annelids from Naples, Normandy, and Hebrides

1867 Publishes on the nervous system of the ear.thworm; begins collaboration with

Elie Metchnikoff
1871 Dies in Siena, Italy

Claparede was a resolute advocate of the philosophy of Immanuel Kant (1724-1804)
and a convinced subjectivist. He seemed to lean toward dynamic pantheism, in other
words, the argument that repulsive force is required for matter to fill space. Such a trend
was common among naturalists, and led, early in his career, to frequent disagreement with
persons adhering to dogma. Nevertheless, a few years later, as he gained fame, Claparede
became appreciated by his critics [2].

Based on a series of unpublished letters, Claparéde reportedly suffered from various
illnesses over two decades, beginning in his student years, when he was stricken by arthritis,
which also affected his heart and led to further complications in 1854. Despite the lack of
effective remedies at the time, Claparede responded to his treatment by internist Heinrich
Quincke (1842-1922), who is known for the introduction of lumbar puncture as a diagnostic
and therapeutic method. Claparéde also underwent squint surgery by Albrecht von Graefe
(1828-1870), the Prussian pioneer in ophthalmology [9]. The strict diet that Claparede
followed in order to bring about some relief of symptoms only worsened his weakness and
led to further complications that even his physicians could not predict. A frequent neuralgia
caused excruciating pain and, to cope with it, Claparede resorted to extreme means [2].
Shortly before his final exams in 1857, he suffered a severe episode of heart failure. In
1865-1866, he survived typhoid fever, and his work was interrupted. He also suffered from
rheumatic pain in the right knee, which worsened as a result of incorrect medical treatment,
and from haemorrhagic cough, in addition to hearing problems. Yet, the researcher in him
presented one treatise after another and gained international reputation. He died on 31
May 1871 in Siena, one month after his 39th birthday, most likely of tuberculosis. He was
survived by his wife and their two young children [2,4,9,10].

Claparede bequeathed his scientific library of books and documents to the City of
Geneva by a deed of will. The rich collection filled an important gap, which had long
occurred in the Geneva Public Library. His wish was that, at the conclusion of his own
career, others would continue to benefit from the records that he had accumulated during
a lifetime of research work. Moreover, he also wished to promote scientific development
of his native city. Thus, through this act of beneficence, future generations would have a
chance to become aware of his personal efforts [2].

In Geveva, the Claparede Plaza was dedicated in his memory. Furthermore, the
Lacustrine Zoological Station, created by Yung, was also named after Edouard Claparéde
senior. In October 1911, a fund was raised by Claparede’s daughter, which allowed the
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purchase of a motorboat for lake searches. There is an old postcard, from the Julien Brothers
personal collection, which depicts that boat.

Claparede’s nephew, the pioneer neurologist, psychologist, and educator Edouard
Claparede (Figure 4B) had also a distinguished career [17,18]. Details on his life and
work from a historical and a modern perspective will form the subject of a separate study.
In brief, he earned his M.D. degree in 1897 from the University of Geneva, and he left
important contributions to diverse areas, including hemiplegia, the association of ideas,
the nature of sleep, stereopsis, synaesthesia, memory systems in the brain, psychoanalysis,
animal behaviour, comparative and evolutionary psychology, and the developmental
human psychology. In 1912, he co-founded, with Pierre Bovet (1878-1965), the Jean-Jacques
Rousseau Institute, devoted to experimental research on child development and educational
methods. While René-Edouard Claparéde ‘senior” (Figure 4A) promoted Darwin’s ideas in
the French-speaking world [7], Edouard Claparéde ‘junior’ played a key role as the mentor
of developmental psychologist Jean Piaget (1896-1980) [19].

Figure 4. (A) Portrait of the zoologist René-Edouard Claparéde (1832-1871), circa 1870. Photograph
by Attilio Runcaldier (1801-1884) and Frangois Artus (1823-1909). Credit: Bibliotheque de Geneve,
Switzerland. https://bge-geneve.ch/iconographie/oeuvre.icon-0-1924-47 (accessed 22 February
2023). (B) Portrait of the neurologist Edouard Claparede (1873-1940), sitting in his office. Photo
contributed by Elphége Gobet. Galeries de I'Institut J.-J.Rousseau. Credit: Bibliotheque de Geneve,
Switzerland. https:/ /notrehistoire.ch/entries /bI3Wxnd0B9m (accessed 21 March 2023).

5. Conclusions

Claparede was an extraordinary researcher and one of the greatest Swiss zoologists [1,15].
With his “indomitable spirit” [11], he enriched science. One can only speculate about the
work that he might have produced had he lived longer. An ardent explorer, he served
zoology and comparative anatomy with passion and unravelled scientific facts hitherto
unknown. His scientific exploits set the tone for further research by his contemporaries
and by future scholars.
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Abstract: In this paper, we want to refute the notion that the microbiota should be considered an
organ, given that an organ comprises tissue of similar or different embryological origin, while the
microbiota is a pool of different microbial species originating individually from single replications and
not from a common ancestral cellular element. Hence, we would like to propose a new morphological
interpretation of its nature, based on the comprehensive context in which these microbes live: a
muco-microbiotic layer of hollow organs, such as the airways and the bowel. The above concept
should represent not only a new terminological annotation but also a more accurate portrayal of the
physiology and pathophysiology of these organs. Indeed, a better understanding of the biological
nature of this part of the human body can help scientists develop more specific experimental protocols,
potentially leading to the establishment of better therapeutic strategies.

Keywords: airways; bowel; respiratory system; digestive system; microbiota; muco-microbiotic layer;
cell differentiation; tissue homeostasis; organ remodeling; nanovesicles

1. Brief Introduction to the History and Terminology Related to the Term “Microbiota”
and about Its Definition in Scientific Literature

Although it is often claimed that the terms “microbiota” and “microbiome” were
coined by the Nobel laureate microbiologist Joshua Lederberg in 2001, Susan L. Prescott [1]
clarified that this is not correct. Lederberg did not come up with these terms, simply
because they are both basic microbiology terms that had already been in common use for
many decades before becoming widely used. The terms are often used synonymously by
the scientific community; however, they are two separate entities. In fact, “microbiota”
describes specific microbe populations that are found within a specific environment (i.e.,
a hollow organ) comprising bacteria, fungi, archaea, protists, helminths and viruses that
symbiotically inhabit the host [2], while “microbiome” refers to the sum of all microbes and
their genes. In this paper, we discuss only the microbiota.

Furthermore, a number of researchers would describe the microbiota as an “additional
organ” of our body [3], using such terms as “organ-like collection of microbes,” “microbial
organ,” “microbial system,” or “metabolic organ” [4], all of which are devoid of scientific
significance. At the same time, novel conceptions have been formulated to address its bio-
logical and ontological significance, such as “holobiont” and “hologenome” [5,6], although
these proposals are still under debate.

In this brief paper, we present our vision of the microbiota from a strictly morpho-
functional point of view. In particular, we illustrate the microbiota in a histological con-
text, focusing our attention on its significance in the physiology and pathophysiology of
two anatomical districts—the airways and the intestine.
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2. Microscopic Anatomy of Human Airways and Bowel: Similarities and Differences

We would like to include just a few lines to briefly recapitulate some basic anatomic
and histologic knowledge that can be useful for those readers of this manuscript who may
not be experts in this field. For further details, any good anatomy and histology textbook
can be consulted.

In human anatomy, organs are subdivided into two categories: hollow and parenchy-
matous. Hollow organs, in structural terms, have a wall composed of several layers. These
layers are formed by tissue, which in turn are formed by cells, each one having a functional
specialization deriving from differentiation.

Human anatomy aims to describe cell differentiation, tissue homeostasis and organ
remodeling during the life span of an individual (from zygote formation to the death of
the organism). Any alteration in cell differentiation (for any reason, intrinsic or extrinsic)
leads to tissue disruption and organ dysfunction, in turn determining the onset of a disease.
Therefore, diagnostic approaches, as well as the development and perfection of treatment
approaches, are reliant on sufficiently understanding these processes.

Airways are part of the respiratory system, together with the lungs. They are divided
into upper and lower ones. The former includes the nasal and paranasal cavities and
pharynx; the latter includes the larynx, trachea, and bronchi. Both the upper and the lower
airways are hollow structures. The walls of the lower airways are made up of three layers:
mucosa, submucosa (or fibromuscular cartilaginous layer) and adventitia (Figure 1A). The
mucosa is the most internal one, comprising a lining of pseudostratified ciliated mucous
epithelium lying on a connective lamina propria hosting mucous glands, as well as hematic
and lymphatic vessels, and populated by fibroblasts and immune cells. More recently,
the concept of an epithelial-mesenchymal trophic unit (EMTU) has been introduced to
better explain the close relationship between the epithelium and the lamina propria in all
homeostatic processes in these tissue types [7,8].

Evans et al. theorized the idea of the EMTU at the beginning of the 2000s. According
to their hypothesis, the epithelial layer and underlying mesenchymal cells communicate to
control and regulate responses to external environmental stimuli [9]. This communication
network plays a key role in many different aspects of airway homeostasis. Both the
internal and external communication of the EMTU hinges on cytokines and signaling
molecules released by both cell populations [10,11]. Processes like embryogenesis and
airway differentiation use EMTU signaling [12,13], and a dysregulation of these pathways
can lead to the development of various pathologies, such as chronic obstructive pulmonary
disease (COPD), asthma, bronchiolitis obliterans syndrome, and idiopathic pulmonary
fibrosis [14-17].

The bowel is part of the digestive system and comprises the small and large bowel.
Both are hollow structures and have a wall divided into four layers (Figure 1B): mucosa,
submucosa, muscularis propria, and adventitia (replaced by the serosa, i.e., the peritoneum,
in some areas). The bowel mucosa is made of three overlapped tissue types: the lining of
monolayered columnar epithelium composed mainly of adsorbent and mucous cells (but
containing also other cytotypes; see specialized textbooks for details); the lamina propria,
containing, among others, glands, hematic and lymphatic vessels, fibroblasts, and immune
cells; and the muscularis mucosae, representing the border between the connective tissue
of the lamina propria and that of the submucosa.

The bowel and the airways can be considered two remarkably similar structures from
the following points of view. Both are in fact covered with a layer of mucus that is produced
by the mucous cells and glands of the epithelium and houses the microbiota, constituted of
about 100 trillion bacterial, archaeal, viral, and eukaryotic domains, encompassing more
than 1000 different species [18-23]. This mucus also houses extracellular vesicles that are
very useful tools of trafficking between human cells and the microbiota, actively involved
in maintaining their homeostasis.
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Figure 1. Components of the airway (A) and bowel (B) mucosa, as classically described in anatomical
and histological literature. In brief, both organs have a monolayer of epithelial cells with an under-
lying lamina propria, in which glands can be found. We can appreciate morphological differences
between airway and intestinal glands: airway glands have a tubuloacinar structure, single terminal
ducts and branched secretory tubules that end in serous acini; intestinal glands generally present
unbranched tubules that end in a single acinus. The muscularis mucosa is present only in the bowel,
separating the connective tissue of the lamina propria from that of the submucosa. See the text for
further details.

The microbiota presents great differences in relation to age, ethnicity, eating habits, sea-
sonal changes, immune status, and other physiological variables, both in the airways [21-24]
and in the bowel [25-30]. These findings have prompted several studies on its role during
the pathogenesis of various diseases of the respiratory and the digestive systems (including
inflammatory and tumoral ones), the systemic complications caused by such disorders,
and last but not least, the therapeutic potential of altering the microbiota with the use of
prebiotics and probiotic or microbiotic transplants [31-36]. Here we want to focus on and
compare the microbiota of the airways and the bowel, in the context of microenvironment.

3. The “Ghost” Layer

The classic description of airway and bowel structure made in the previous paragraph
does not take into account the fact that in living subjects, the innermost lining of the
intestinal lumen is not the mucous layer, but mainly consists of a mix of mucus, microbiota,
and myriad soluble factors in which nanovesicles are dispersed. For this reason, we propose
using the term “muco-microbiotic (MuMi) layer” to describe the innermost lining of both
airway and bowel walls in living subjects (Figure 2).
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Figure 2. Main components of the muco-microbiotic layer (i.e., mucus, microbiota, and nanovesicles)
in the bowel mucosae and its relationships with epithelial elements and connective cells of lamina
propria. See the text for further details.

Enterocytes, the cells responsible for the absorption of nutrients, and goblet cells, the
elements secreting the mucus that covers the intestinal wall, are the most common cytotypes
that make up the bowel epithelium. The MuMi layer represents the first line of defense
against various types of stress, such as ingested material, hydrochloric acid, proteolytic
enzymes, etc., that the bowel is exposed to. The mucus, synthesized and secreted by goblet
cells, is colorless, since it is mainly composed of water (up to 95%), lipids and small proteins.
Its mechanical and viscoelastic properties are guaranteed by the presence of high-molecular-
weight glycoproteins, identified as mucins [37,38]. The mucus is denser at the epithelial
level and less so closer to the lumen, being also exposed to bacterial proteolytic activity. In
fact, different microbial species of the normal microbiota are present in the MuMi layer. This
allows the formation of a layer innermost to the intestinal lumen, that we call for the first
time the “MuMi layer”, produced by the union of the mucus layer, microorganisms, and
soluble factors, including extracellular vesicles (EVs) [39]. EVs represent the main dialogue
tool between the microbiota and human cells of the mucosal layer, including not only
epithelial cells but also fibroblasts and immune elements distributed in the lamina propria.

The MuMi layer is not visible under routine histologic examination because it is lost
during the processing of biopsies for microscopic observation, due to the solubility of the
mucus in alcoholic solutions. Consequently, this internal lining has been systematically
missed by histological studies and generally ignored for a long time, despite the fact that in
our opinion, it has a key role in airway and intestinal physiology and pathophysiology (as
discussed below).

It is also important to remember that both the airway and intestinal tracts establish
multiple relationships with other anatomical districts through nanovesicular trafficking.
In fact, exosomes and outer membrane vesicles—produced, respectively, by human and
bacterial cells—are able to reach, through the bloodstream, virtually any anatomical dis-
trict, including some “protected sanctuaries,” such as the brain, the testicles, and the
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thymus [35,36]. Due to its wide extension all along the hollow organs, this layer releases
a great quantity of nanovesicles of both bacterial and human origin, in addition to other
soluble factors with autocrine- and paracrine-like effects capable of reaching the general
circulation and producing systemic effects.

In this context, the MuMi layer should be seen as a morphofunctional layer more
than merely an anatomical one, because it is not a derivative of any embryonic structure,
unlike the remaining layers of the GI tract or the airway. However, since it represents the
symbiotic relationship between the microbiota and the host cells, we cannot ignore the
existence of this layer, for reasons better clarified in the following paragraphs.

4. Extracellular Vesicles: Physiology and Pathophysiology

Extracellular vesicles (EVs) are nanosized lipid membrane vesicles released by virtually
all human cells involved in many cellular processes, both in physiological and pathological
conditions, such as cell differentiation and tissue homeostasis [40—42].

EVs are classified into different subtypes based on their biophysical features, such as
size, density, and biochemical composition. According to this classification, it is possible
to describe “small EVs” with ranges between 50 nm and 200 nm and “medium/large
EVs” sized >200 nm. However, this classification frequently refers to the traditional
nomenclature based on EV dimension and mechanism of biogenesis: (a) exosomes of
20-200 nm of diameter that are formed within the endosomal network and released upon
the fusion of multivesicular bodies with the plasma membrane; (b) microvesicles with
a diameter between 200 nm 1000 nm (also called microparticles and ectosomes) that are
produced by outward budding and fission of the plasma membrane; and (c) apoptotic
bodies sized >1000 nm that are released as blebs of cells during apoptosis [43,44].

EVs are present in many different biofluids, such as blood, lymph, breast milk, saliva,
urine, and cerebrospinal fluid, carrying into the extracellular compartment as well as into
distant districts, lipids, nucleic acids and proteins, which represents a way of long-distance
communication and horizontal transfer of genetic material. EV content varies according to
the type of cell that released it, thus providing information on its status [40,45]. Furthermore,
it has been shown that EV-carried molecules modulate and reprogram recipient cells,
mediating signal transduction between cells and influencing their behavior [46].

In addition to participating in some fundamental physiological processes, EVs have
also been implicated in disease development, favoring, for instance, tumor cell proliferation,
angiogenesis, extracellular matrix degradation, and immune response deregulation [47].
Therefore, investigation of EVs is useful to highlight mechanisms that may determine health
or disease. Furthermore, as EVs carry genetic material and proteins that may affect different
signaling pathways in the target cells and organs, and since they are commonly found in
biological fluids and tissue, they can be used as noninvasive and easily accessible disease
biomarkers [48-53]. As stated above, in different diseases, cells can produce EVs with
alterations in number and molecular content compared to physiological conditions, and
accumulating evidence demonstrates their role in cancer, in which the application of EVs
may be helpful for early diagnostics and the identification of new therapeutic targets [52].

In the airways, secreted EVs are involved in lung homeostasis and pathologies, such
as inflammatory disease and lung cancer [54], and have been reported in plasma and
secretions from airways, such as saliva [55], induced sputum [56] or bronchoalveolar
lavage fluid (BALF) [57]. Among the cells of the pulmonary microenvironment that secrete
EVs, bronchial epithelial cells and alveolar macrophages are the major sources, and it has
been demonstrated that their molecular content has some immunomodulatory effects and
defense functions of the airway in lung inflammatory and chronic diseases, such as asthma,
chronic obstructive pulmonary disease, pulmonary fibrosis, and lung cancer [54,58].
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Furthermore, in the bowel tract, secreted EVs act as communicators between intestinal
cells and as long-distance mediators involved in maintaining immune homeostasis. EVs
produced by intestinal layers, including the MuMi one, have different effects, such as
playing a role in the repair mechanisms of epithelium integrity [59] and in the activation of
immunological pathways [60,61]. At the same time, they can become a disease biomarker
when isolated from circulation or other biological fluids [53]. Moreover, EVs released
by intestinal layers seem to be involved in the defense mechanism against pathogenic
microbes [60], and consequently have important roles in the cross talk between the host
body and resident microorganisms [62].

As a matter of fact, EVs are naturally produced by both Gram-negative and Gram-
positive bacteria harbored in the airways and the bowel. They are called outer membrane
vesicles (OMVs) or membrane vesicles (MVs), respectively [63-65]. These particles are
ubiquitously produced by blebbing of the outer membrane or following bacterial lysis, and
contain a variety of molecules, such as proteins, RNAs, DNAs, lipids and enzymes, whose
loading mechanism is not yet fully understood [63-65].

EVs produced by the airway microbiota have important roles in activating immune
responses, such as Staphylococcus aureus- and Pseudomonas aeruginosa-derived EVs, which
may induce neutrophilic pulmonary inflammation [66,67]. Initially, it was believed that
intestinal bacterial EVs may have a pathogenic role, carrying toxins and virulence factors
favorable to establishment of infection [68]. Subsequently, it was observed that microbiota-
derived EVs can also initiate host immune responses and cross the intact intestinal epithelial
barrier to reach distant tissue [69]. In fact, like the exosomes, OMVs and MVs play an
important role in communication with neighboring bacteria and the environment, being
able to travel long distances, transporting their contents throughout the body. This could
lead us to hypothesize that OMVs also act elsewhere, other than the airway and bowel
lumen, amplifying the role of the microbiota [70].

The following paragraphs analyze the composition of both the mucus and the micro-
biota in the airways and the bowel in better detail to add important information for a better
understanding of the role of the MuMi layer in human physiology and pathophysiology.

5. Airway Composition

The respiratory tract represents a large surface area that interacts with the external
environment. As a physical barrier, the airway epithelium and the bronchial mucus are
classically considered essential for the protection of both the airways and the lungs from
any external etiological agents, including microbes and allergens [71]. Airway mucus,
produced by the submucosal glands, is a complex dilute aqueous solution resulting from
the sum of proteins, glycoconjugates, and lipids, containing electrolytes, enzymes, anti-
enzymes, oxidants and antioxidants [72]. Under normal conditions, mucus is scarce in
quantity but still present, and forms a thin layer that homogeneously covers the surface of
the airways, from the upper airways to the bronchi. In fact, the first, most fundamental
function of this thin mucous layer is to ensure the maintenance of appropriate humidity
and temperature levels of the incoming air flowing through the respiratory tree. This is
also important to ensure a favorable environment for the colonization of bacteria, viruses
and fungi that compose the pulmonary microbiota.

In fact, the respiratory tract is inhabited by niche-specific communities of bacteria
acting as gatekeepers that provide resistance to colonization by respiratory pathogens. A
variety of different microbial species colonize the airways right after birth, depending on
the type of delivery. Significant changes occur during the first year of life, driven by both
immune system maturation and diet [73]. Thus, the microbial community in infants and
children gradually transforms into the adult respiratory tract microbiome, becoming less
dense but more diverse [74].
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The lower respiratory tract is one of the least-populated surfaces of the human body in
terms of the microbiome, with approximately 10-100 bacteria per 1000 human cells [75]. In
particular, airways exhibit a gradient of bacteria burden that is relatively high in the upper
tract and substantially diminished in the lower one (Table 1) [76]. The mucous surfaces
of the upper respiratory system are colonized by a wide range of bacteria belonging to
the genera Firmicutes, Actinobacteria, Bacteroidetes and Proteobacteria. While it was
previously assumed that the lower respiratory tract was sterile, except during infection,
recent studies have shown the presence of bacteria, such as Firmicutes, in the lungs of
healthy individuals [16,74,77-79]. The different distribution of bacteria genera is probably
ascribable to the different characteristics of the airway’s tracts. In the upper section of the
respiratory tract, the inhaled air is heated, humidified, and filtered. These processes affect
both bacteria from the external environment and those that reside permanently in our body.
The selection of genera leads to the formation of a specific symbiotic microbiome for the
different portions of the airways [76].

Generally, differences in temperature, pH, mucus secretion, and relative oxygen
concentration regulate bacterial colonization in the respiratory tract. Several environmental
factors, such as age, weight, and tobacco smoke exposure, can damage the epithelium
and facilitate microbial entry into the host, contributing to dysbiosis [80]. Similarly to
the gut, airway dysbiosis is associated with local inflammation and exacerbation of many
pulmonary disorders, such as COPD or asthma [81]. Clinical features of inflammation
include increased vascular permeability, facilitating the release of immune cells and mucus
secretion [82,83].

Moreover, the airway microbiota, along with the mucus, plays a fundamental role in
the barrier function of the airway epithelium, maintaining a stable homeostasis [71], and
a dialogue is likely to develop between specific bacterial communities and the host in a
dynamic way. In particular, the loss of barrier function can affect the composition of the
respiratory microbiota, allowing the entry of pathogens and other particles. As mentioned
before, the mucus maintains an efficient airway environment, acting as a physical and
biological barrier and ensuring the humidification of the air that passes through the trachea
and the large bronchi.

Numerous experimental studies have shown that in the absence of mucus, the res-
piratory tract changes profoundly, often causing substantial damage or alterations to the
anatomical structures of the lung [84]. It is well known, for example, that the absence
of mucus in the airways can cause an irritative inflammatory reaction [84]. It also con-
stitutes an important filter and dilution tool: many types of gaseous substances that are
irritating or toxic to the respiratory tract are subjected to a process of filtration and dilu-
tion by the mucous surface of the airways. It is also used to remove particles, dust and
biological agents.

On the other hand, emerging experiments have highlighted a crucial cross talk between
the intestinal microbiota and the respiratory one, called the “gut-lung axis,” highlighting
the possible involvement of microaspiration of intestinal microbes in the development of
the airway microbiota [75,84]. In fact, a change in the constituents of the gut microbiome
could alter immune responses and homeostasis in the airways. Various factors, such as diet,
have been shown to not only impact the composition of the intestinal microbiota but also
the respiratory one, indicating that the intestinal and respiratory compartments are closely
interconnected, and that changes at one of the two sites could impact the other [71,75,84].

Short-chain fatty acids (SCFAs), the metabolites produced by the gut microbiome
in the intestinal microenvironment, have been shown to reach other organs and to play
a role in respiratory diseases, such as asthma [75]. In fact, several studies have shown
that a diet rich in fiber causes an increase in circulating SCFA levels produced by the
fermentation of anaerobic bacteria. SCFAs promote leukocyte recruitment and immune
regulation within the inflammatory process, preventing allergy- and asthma-related lower
airway inflammation [16,85,86].
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However, despite several studies demonstrating a crucial and beneficial role of the
microbiota, the usefulness of probiotics as a therapeutic strategy for respiratory diseases
has still not been conclusively proven [87]. Consequently, it may be necessary to further
broaden our horizons to fully understand the actions and mechanisms of probiotics in the
prevention and treatment of respiratory tract diseases [87-89].

6. Bowel Mucus Composition

The mucus of the gastrointestinal tract, coating the intestinal epithelium, acts as a
physical barrier, representing the first line of defense against ingested material, digestive
enzymes and microbial by-products [90].

The mucus is synthesized and secreted by goblet cells and is mainly composed of
water, lipids and mucins, a complex structure of glycoproteins with specific O-linked
glycans (O-glycans) capable of guaranteeing the appropriate mechanical and viscoelastic
properties [37,38,91,92]. Among the many mucins, Muc2 is the main mucin component
of the intestinal mucus layer [93]. In addition to the mucins, mucus contains immune
mediators that target the gut microbiota, providing a diffusion barrier. In fact, IgA, secreted
into the lumen of the duodenum and the ileum at a high concentration, is able to bind
bacteria or viruses, leading to slower diffusion and reducing bacterial mobility in the
mucus [92].

The composition and thickness of the mucus vary along the length of the intestine.
While in the small intestine, the mucus forms a single layer, in the large intestine, due to
the higher density of microorganisms, the mucus is organized in two different layers: the
inner one separates the commensal bacteria from the host epithelium and the outer one
represents the real natural habitat for the commensal bacteria [94]. Moreover, in the small
intestine, the mucus is penetrable, but the bacteria are kept away from the epithelium by
antibacterial mediators, whereas in the large intestine, the inner mucus layer is impenetrable
to bacteria and only the outer mucus layer hosts the bacteria [95]. Therefore, the inner
mucus layer is denser and the outer is more dissolved, as it is exposed to the proteolytic
activity of bacteria [91,96]. The mucus composition has an important role in creating
a favorable microenvironment to host the gut microbiota, also providing nutrients and
other physiological substances for its homeostasis [97]. For example, some bacteria, using
MUC?2 O-linked glycans, are capable of colonizing tissue and releasing a mucous biofilm, a
complex self-produced polymer matrix in which microorganisms can attach to each other
and be attached to the mucosal surface [98]. In addition, some bacteria can also use pili,
fimbriae, or flagella to bind mucus [99,100]. Indeed, the main flagellar subunit protein
has also been shown to be involved in bacteria-mucus adhesion. Finally, it is likely that
the components of the mucus layer, such as secretory IgA and mucins, play a role in the
interaction between bacteria and mucus [91,101].

7. Bowel Microbiota Composition

The gastrointestinal tract is one of the microbial ecosystems with the highest popu-
lation density. It is estimated that about 10'* microorganisms are present in the intestine
of an adult, exceeding the total number of cells in the human body (10'3), and including
100 times more genes than the human genome [102-104]. In general, the development of
an individual’s intestinal microflora depends on the number and type of microorganisms
with which the individual comes into contact in the early stages of growth, and on the
genetic composition of the individual [105]. The phenotype composition can therefore be
regulated by such factors as diet, environment and stress. Infection, disease and antibiotics
are among the many factors that may alter microbial composition [106].
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The human intestinal microbiota contains bacteria, fungi, archaea, protists, helminths
and viruses that symbiotically inhabit the human digestive system, with five bacterium
phyla—Bacillota, Bacteroidota, Actinomycetota, Pseudomonadota and Verrucomicrobiota—
representing the predominant microorganisms in the gut (Table 2) [2]. Along the intestinal
tract, both the quantity and the quality of the microbiota vary. It is notable that bacterial
concentration tends to increase along the distal ileum, reaching very high concentrations at
the colon level. In addition, the horizontal stratification of the microbiota is also remarkable:
different commensal microorganisms are located in the intestinal lumen, the mucus layer
and the epithelial crypts [107].

Due to poor intestinal motility, the highest number of bacteria with the greatest
microbial diversity are located in the large intestine (10''~10'2 CFU/mL of luminal content).
This colonization allows the formation of a symbiotic and commensal relationship between
the host and the microbiota, dependent on the production and the release of multiple
bioactive metabolites [108,109]. The intestinal microbiota thus influences normal intestinal
homeostasis, acting on the proliferation and apoptosis of intestinal epithelial cells (IECs).

Among the main metabolic functions performed by the microbiota, there are the
synthesis of vitamins (B12 and K), absorption of Ca, Fe and Mg ions and the production
of short-chain fatty acids (SCFAs) [110,111]. In general, SCFAs, such as butyrate, acetate
and propionate, derived from the fermentation of indigestible fibers, play an important
role in human physiology, maintaining intestinal barrier integrity by preventing microbial
translocation, which is known to be associated with local intestinal inflammation, systemic
inflammation and neuroinflammation [108,112].

The intestinal microbiota also plays an important role in the development and main-
tenance of the immune system [113], as confirmed by studies conducted on germ-free
mice that were more sensitive to infections and had low IgA concentration [114-116]. In
general, the immune system is a complex network of chemical and cellular mediators
that can recognize any form of insult in order to keep the body healthy. However, it is
important for the intestinal immune system to be able to recognize pathogenic microor-
ganisms from commensal ones. In particular, during the development of the immune
system, the Toll-like receptors (TLRs)—expressed on IECs and lymphoid cells—promote
immunological tolerance to the normal components of the microbiota, recognizing several
general molecules associated with microbes (i.e., microbe- or pathogen-associated molec-
ular patterns—MAMPs or PAMPs, respectively), such as peptidoglycans and capsular
components [117]. In this way, the intestinal microbiota not only manages to evade the
host’s immune system but also contributes to the development, maturation and regulation
of the immune system [108].

Furthermore, although it is classically thought that the mucus produced by the goblet
cells of the intestinal mucosa represents the first defense barrier, even the microbiota does
not allow the colonization of exogenous/pathogenic microbes. In fact, there is competition
between commensal and pathogenic bacteria. The colonization of exogenous bacteria can
be prevented due to the limited availability of nutrients or to the production, during sugar
metabolism, of organic acids that determine a reduction in intestinal pH with consequent
inhibition of the growth of acid-sensitive bacterial species. Other than these mechanisms,
one should also consider the production of antimicrobial substances by commensal bac-
teria, such as bacteriocins, allowing the microflora to control the growth of exogenous
microorganisms [118].

It has been shown that the microbiota of the gastrointestinal tract is able to modulate
the migration of the neutrophils resident in the lamina propria, to favor the differentiation
of TCD8+ cells toward TCD4+, and finally to release IgA through the activation of B
cells [119]. Hence, the complex interaction between nonpathogenic bacteria, IECs and
immune cells of the mucous layer is a fundamental prerequisite for the development of
immune functions and defense mechanisms in the adult intestine.
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However, dysbiosis of the gut microbiota, associated with an increased abundance of
potentially detrimental bacteria, can compromise gut barrier integrity through bacterial
production of endotoxins (e.g., lipopolysaccharide (LPS)) capable of altering immune re-
sponse, initiating proinflammatory pathways and directly damaging intestinal epithelial
cells (known as leaky gut), with changes in the distribution and localization of its tight junc-
tion proteins. This promotes the translocation of bacterial components from the intestinal
lumen to the systemic circulation and other organs, including the central nervous system
(CNS). In fact, gut dysbiosis has also been observed in various neurological and psychiatric
conditions, including severe depression and Parkinson’s and Alzheimer’s diseases [120].
For instance, several studies have reported the potential connection between «-syn-related
pathology and dysbiosis [120,121].

It is thus widely understood that the microbiota communicates with the host under
both physiological and pathological conditions. This type of communication takes place
not only by direct contact but also through humoral signaling molecules and hormonal
components. As previously described, intercellular communication with the host also
occurs through the release of micro- and nanovesicles, which can enter the systemic circula-
tion. In particular, the maintenance of tissue homeostasis is also mediated by the release of
EVs, such as exosomes and OMVs/MVs, contributing significantly to coordinated signal-
ing events and communication between microbiota, IECs, endothelial cells and immune
cells [122]. Among proteins transported within the EVs, there are metalloproteinases,
growth factors and chemokines, used as secondary messengers for the coordination of
cellular responses [123]. Several studies have shown that the release of EVs could play
a role in response to vaccination and therapeutic applications, as a vehicle in the deliv-
ery of drugs and targeted therapy [50,124-126]. In general, IEC-derived EVs are able to
regulate the integrity of the epithelial barrier thanks to the transport of desmosomal cad-
herins that stabilize cell-cell epithelial adhesions, as well as being able to protect against
pathogenic infections thanks to the transport of some antimicrobial peptides, such as
beta-defensin [127,128].

In recent years, several studies have focused on the role of OMVs produced by the
intestinal microbiota, highlighting their importance as immunological mediators. In fact,
it has been shown that the large capsular polysaccharide A (PSA) is selectively packaged
within OMVs. The OMVs are then internalized into dendritic cells, which induce the
differentiation of T-regulatory cells to produce IL-10. This represents an example of how
host immunotolerance towards the symbiote is determined [129,130].

Other studies show the entire intestinal microbial population benefits from OMV
production A mutual support is established by the bacterial species that release OMVs
and others that receive them. In fact, some bacteroides are able to pack hydrolases inside
OMVs, making them usable to other bacteria that are privy to them. Since hydrolases are
used for the digestion of polysaccharides, this mechanism promotes the growth of other
bacterial species that are unable to hydrolyze polysaccharides. This again supports the role
of OMVs in creating and maintaining the balance of the gut microbiota [131].
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Table 1. The main bacteria that can be found in the airway microbiota. Percentages can change
depending on age, lifestyle, epigenetic stimuli, and diseases [129].

Anatomy Density Kingdoms Phylum Genus (%) References
Actinomycetota Corynebacterium 20-25%
spp-
Stﬂpllsylocuccus 7-12%
Bacillota PP
Nasal cavity 103 Streptococcus 8.5-13%
spp-
Haemophilus o
Pseudomonadota spp- 7%
Moraxella spp. 13-18%
Actinomycetota Corynebacterium 6-11%
spp-
. Staphsylococcus 12-17%
URE( Nasopharynx 10° Bacillota pp-
upper . Streptococcus o
respiratory tract) Bacteria ;; op. 10.5-15%
Pseudomonadota Moraxella spp. 14-19%
R - [16,73,74,76-78,107,132-134]
Actinomycetota Rothia spp. 5.5-10%
Bacteroidota Prevotella spp. 12-17%
Streptococcus 23-28,5%
spp-
Oropharynx 106 Bacillota Lactobacillus 1-5%
Spp.
Veillonella spp. 4-9%
Fusobacteriota Lep {atrlchm 4-9%
spp.
Bacteroidota Prevotella spp. 75-80%
Lactobacillus
spp-
LRT (lower Lungs 102 Bacteria Strept
respiratory tract ) Bacillota o ;;"““5 78-83%
Veillonella spp.
Pseudomonadota Halsu;gmﬂs 41-46%

Table 2. The main bacteria that can be found in the bowel microbiota. Percentages can change
depending on age, lifestyle, epigenetic stimuli, and diseases [135].

Domain Kingdoms Phylum Genus (%) References
i Bacteroides o
Bacteroidota Prevotella 73.13 £22.16%
. Clostridium Y
Bacillota Lactobacillus 222 + 18.66%
. Actinomycetota Bifidobacterium 1.67 +2.94
Procaryota Bacteria Fusobacteriota Fusobacterium 19 4+ 21.4% [136-139]
Pseudomonadota Essc}l:i;rélclkaua 2.15 £10.39%
Verrucomicrobiota Akkermansia 1+2%
Spirochaetota Brachyspira 5+7.8%
Archea Euryarchaeota Halobacterium 0.1 £+ 21.3% [140,141]
Domain Kingdoms Phylum Family (%) References
Aspergillaceae
Ascomycota Debéry omycetaceae 47.8 £+ 99.5%
Dipodascaceae
Eukaryota Fungi Saccharomycetaceae [142-144]
Basidiomycota Tremellaceae 478 + 99.5%
Malasseziaceae
Demerecviridae
Virii Bacteriophage Uroviricota Ackermannviridae 80 + 84% [139,145-147]
Autographiviridae
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8. Conclusions

The MuMi layer of the airways and bowel should not be misinterpreted any longer:
its identification and study can enable a better understanding of the physiology and
pathophysiology of these organs and, in turn, of the entire organism. Further studies
are essential to better gauge not only the microbe population of the MuMi layer (both
in qualitative and quantitative terms) but also the mucous component, i.e., the “matrix”
in which these microbes live, proliferate, and traffic soluble molecules and nanovesicles
during the entire life span of an individual, both in physiological and pathophysiological
conditions. A better understanding of this important constituent of the human body could
lead to the enhancement of diagnostics and treatment strategies for airway and bowel
diseases, as well as their extraorgan complications.
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Abstract: Computed tomography (CT) angiography is the main method for the initial evaluation
of cerebral circulation in acute stroke. A comprehensive CT examination that includes a review of
the three-dimensional and maximum-intensity projection images of the main intra and extracranial
arteries allows the identification of most abnormalities and normal variants. Anatomical knowledge
of the presence of any normal variants, such as fenestration, duplications, and persistent fetal arteries,
plays a crucial role in the diagnosis and therapeutic management of acute stroke. However, the
opposite is also true. In fact, sometimes it is the clinical picture that allows weighing how relevant or
not the alteration found is. Therefore, in this review, a concise representation of the clinical picture
attributable to a given arterial vessel will be included.

Keywords: cerebral vessels; ischemic stroke; neurovascular anatomy; cerebral arteries

1. Introduction

Ischemic stroke is the second most common cause of death worldwide and is a leading
cause of disability, with an increasing incidence in developing countries [1]. It occurs
when a blood clot blocks or narrows an artery that carries blood to the brain. The clinical
management of a stroke is complex and multidisciplinary [2]. Neurological evaluation is a
fundamental moment as it allows one to carry out a differential diagnosis, a prognostic, and
finally, a therapeutic evaluation [2]. Therefore, knowing exactly the anatomy of the cerebral
vessels is a necessary assumption to avoid gross medical errors [2,3]. Although digital
subtraction angiography (ASD) remains the gold standard, computed tomography (CT)
angiography is the main method for the initial assessment of cerebral circulation in acute
stroke. Changes in cerebral circulation, particularly in the Willis polygon, are common [1,4].
It is important to know the appearance of these normal variants, their prevalence, and
their clinical relevance. In this review paper, we will address both the anatomy of the main
extra and intracranial vessels associated with acute cerebrovascular events and the clinical
picture associated with them.

2. Description of Vascular Anatomy

We conducted a search of reviews referring to the anatomy of the cerebral vessels and
their variants in the PubMed database and in the book “Anatomia Umana” by Anastasi et al.
In the PubMed database, we searched through the terms [anatomy of the cerebral vessel]
AND [variants of cerebral supply] AND [normal variants of cerebral vessels] with no filter.
The result was 119 papers, 35 containing direct information relevant to the question. For the
clinical point, a further review of the literature was carried out using PubMed and a book,
Harrison’s neurology in clinical medicine (2016). The literature review produced 11 papers,
of which 8 were selected for this work. In both searches, case reports were excluded.
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2.1. Extracranial Circulation
2.1.1. Arch of the Aorta

The aortic arch follows the ascending aorta and ideally begins at the level of the upper
margin of the second sternocostal joint on the right. Concave downwards, its path follows
an oblique plane bringing itself posteriorly and to the left on the anterior surface of the
trachea, reaching the height of the body of the fourth thoracic vertebra, where it continues in
the descending aorta. This level corresponds to a narrowing of the vessel, called the aortic
isthmus. From the convex face of the arch of the aorta originate the right brachiocephalic
trunk (TABC) or anonymous trunk, the left common carotid artery, and the left subclavian
artery [5].

Clinical point: The arch of the aorta is involved in atherothrombotic disease, aneurys-
mal pathology, dissection, and inflammatory diseases such as aortitis. The clinical picture,
often impressive, is determined by the degree and number of vessels involved. In symp-
tomatic cases with distal embolization or aneurysm thrombosis, the clinical presentation
depends on the size of embolic debris and the location of arterial occlusions. This is added
to retrosternal pain, often lacerating, and neurovegetative symptomatology [6-10].

2.1.2. Supra-Aortic Vessels (SAT)

They consist of the unnamed artery, or brachiocephalic artery (BCT) on the right,
common carotid artery (CCA), and subclavian artery (SA) bilaterally. These arterial vessels
are most frequently arranged in seven types [11]. The most common is type 1, present
in 80.9% of the population. In these cases, BCT is divided into CCA and SA on the right,
while CCA and SA on the left are formed directly from the aorta. The other variants in the
origin of SAT are found in 19.1% of cases. The second most common variation is type 2, the
bovine arc, with an incidence of 13.6% [11,12]. Here the left CCA originates directly from
the BCT. Type 3 instead has a frequency of 2.9%, in which the left vertebral artery originates
directly from the aortic arch. The other 4 variants have an overall frequency of 1% [11,12].
We also include another non-exceptional variant, the formation of the right SA, not from
the BCT, but directly from the arch of the aorta, completely to the left, downstream of the
left SA, where it takes the name of artery “lusoria” or ARSA (aberrant right subclavian
artery) (Figure 1). It passes behind the esophagus and then finds its usual path. It can be a
source of dysphagia, which results from a defect in the resorption of the fourth right aortic
arch during fetal life. Finally, the direct origin of the vertebral artery from the aortic arch
(4%) between the CCA and the SA on the left may occur [11-13].

2.1.3. Common Carotid Artery (CCA)

It originates from the BCT on the right and the aortic arch on the left. It runs within
the carotid sulcus, between the internal jugular vein that interposes laterally and the vagus
nerve posteriorly, wrapped in a connective sheath called the vascular-nervous bundle of the
neck. Its terminal portion is projected at the height of the body of the C4 vertebra and gives
rise to the internal carotid artery (with intracranial destination) and the external carotid
artery (with cervicofacial destination). The projection of the carotid ending can occur at a
variable level; the most frequently occurs at the level of the upper margin of the thyroid
cartilage of the larynx, between the C6 plane and the angle of the jaw [5,14].

Clinical point: The common carotid artery can be the site of atherothrombotic disease
and sometimes dissection. The carotid artery most frequently affected by these processes
is the left since it originates directly from the aortic arch, while the site is preferably
located at the level of the bifurcations and at the origin of the collateral branches of the
carotids [6,7]. Carotid dolicoarteriopathies (CDA) are even a common finding. The global
prevalence of CDA is 12.9%, and carotid kinking is more frequent in females and in the
left carotid axis [15]. CDA is not associated with a major occurrence of cerebrovascular
events. Bilateral common carotid artery occlusions at their origin may occur in Takayasu’s
arteritis [6,16]. The neurological symptomatology is variable, as, in some patients, it
may go unnoticed, while in other patients presents with hemiparesis and contralateral
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hemianesthesia associated with dysarthria and amaurosis. Mandibular claudication may
be present after chewing [6-8].

Left SA

Figure 1. The image represents the picture typically associated with the lusoria artery. Instead of
being the first branch (with the right common carotid as the brachiocephalic artery), it arises on its
own as the fourth branch, distal to the left subclavian artery. It then hooks back to reach the right side
with a strong relationship to the esophagus.

2.1.4. Internal Carotid Artery (ICA)—Extracranial Tract

On an anterior projection, it presents, in most cases, an outermost path of the exter-
nal carotid artery at its origin. Four segments are distinguished: the cervical segment,
the petrous segment, the intracavernous segment, and the supracavernous segment (Fig-
ure 2) [5]. It runs most frequently in its first segment within the maxillopharyngeal space,
accompanied by the internal jugular vein. It is retropharyngeal in 10% of cases, running
posterior to the wall of the oropharynx [5,17]. In any case, it then penetrates the petrous
rock and runs in the carotid canal, which first has a vertical and then horizontal orientation.
It returns to the intracranial plane through the torn foramen, then runs into the cavernous
loggia; then, it enters the subarachnoid spaces in its supraclinoid portion. It emits on its
anterior face the ophthalmic artery, then on the posterior face, spaced a few millimeters,
the posterior communicating arteries, and anterior choroid. Finally, it divides to give the
anterior and middle cerebral arteries [5,14]. In 20% of cases, a fetal origin of the posterior
cerebral artery is recognized, which therefore originates from the internal carotid artery [18].
There are some anatomical variations. An aberrant internal carotid artery (AbICA) is a
rare variation. It is considered a result of agenesis of the first cervical ICA segment. Ab-
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normal vessel develops from the fusion of the inferior tympanic branch of the ascending
pharyngeal artery with the caroticotympanic artery. Agenesis of ICA occurs in less than
0.01% of the population, while the bilateral absence of the artery is seen in less than 10% of
cases of agenesis [13,14,19]. Prevalence of hypoplasia is 0.079% [19]. Other variants of the
internal carotid artery include duplication, ICA fenestration, and high or low branching of
the carotid artery (from T2 to C1 level). Rarely, ICA and ECA may originate directly from
the aorta [20].

MCA ACA/
| - { Ophthalmic
=~ \ \ preery
PCA ~—\, Y
> «) supracavernous ICA

/ " intracavernous ICA
/ Petrous ICA
V4 /

v3 & Cervical ICA
ECA
v2 1 (=
Vertebral r
Artery
CCA

Figure 2. In this image are represented the main segments of the arteries afferent to the brain.
On the right, it is possible to see the four segments of the ICA (cervical, petrous, intracavernous,
supracavernous) with the carotid siphon and the main terminal vessels (ACA, MCA) and collateral
(ophthalmic artery). On the left, we observe the vertebral artery in its intraspinal tract (V2), the loop
at the level of C2 (V3), and its intracranial portion (V4) before joining with the contralateral to form
the basilar artery. It is also possible to observe the origin and course of PCA.

Clinical point: The clinical picture of the occlusion of the internal carotid artery is
extremely variable [6]; in fact, as in the case of a common carotid artery involvement, it
could go unnoticed if the compensations determined by the Willis polygon and the carotid
circles are efficient [7]. The cerebral cortex pertaining to the middle cerebral artery (MCA)
is affected more frequently [6,7]. In this case, the symptoms are identical to the occlusion
of proximal MCA (see the clinical point on the middle cerebral artery). When both the
origins of the anterior cerebral artery (ACA) and middle (MCA) are occluded, the disorder
of consciousness is accompanied by hemiplegia and complete hemianesthesia, aphasia or
dysarthria, and anosognosia depending on whether the dominant hemisphere is affected
or not [6]. When the posterior cerebral artery (PCA) is fetal (therefore, in 20% of cases), it
can also become occluded and give rise to symptoms referable to its peripheral territory [7].
In addition to supplying the ipsilateral brain, the internal carotid artery perfuses the optic
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nerve and retina through the ophthalmic artery. In 25% of symptomatic internal carotid
disease, recurrent transient monocular blindness (amaurosis fugax) precedes cerebral
ischemia. When retinal ischemia has been established, eye blindness can be recognized
because the photomotor reflex is not present in the affected eye [6-8,16].

2.1.5. Vertebral Artery (VA)

The vertebral arteries are the first ascending branches of the division of the subclavian
arteries and originate from the posterior and upper wall of the pre-scalenic tract. Four
portions [5,21] are distinguished (Figure 2):

e V1segment, the segment of the vertebral artery before its entry into the transverse
canal (C6);

e V2 segment, part of the vertebral artery that runs in the transverse canal of C6 up
to C2;

e V3 segment, which bypasses the lateral masses of C1 before redirecting medially to
penetrate the atlanto-occipital membrane and through the occipital hole, makes its
entry into the cranial cavity;

e V4 segment of intracranial localization, just before the meeting of the two vertebral
arteries. It is noted that this V4 segment is of subarachnoid collocation.

Anatomical variants of the origin and course of the vertebral arteries are frequent. The
most frequent (found in up to 2.9% of cases) is the origin of the left vertebral artery directly
from the aortic arch, between the left common carotid artery and the left subclavian artery.
The vertebral arteries also frequently have an asymmetrical caliber. The term “dominant
vertebral artery” refers to the most voluminous (generally the left vertebral artery). It is
also possible to find hypoplasia of a vertebral artery in 2-6%, characterized by a reduction
in the diameter of the lumen < 2.2 mm starting from its origin [22]. Intracranial vertebral
fenestrations were found in 1.1% of patients and are the most common fenestration of
cerebral vessels [23,24].

Clinical point: The pathologies that can give an acute cerebrovascular syndrome
starting from an extracranial vertebral artery are atherothrombosis with artery-to-artery em-
bolism and dissection [9,10]. The formation of atherothrombotic plaques is most common
in the V1 and V4 segments [10]. If the subclavian artery is occluded proximal to the origin
of the vertebral artery, there is a reversal in the direction of blood flow in the ipsilateral
vertebral artery. Exercise of the ipsilateral arm may increase demand on vertebral flow,
producing posterior circulation TIAs, or “subclavian steal syndrome” [6,9,10].

In the case of artery-to-artery embolism, the intraarterial emboli travel to reach the
ipsilateral intracranial vertebral artery and sometimes travel on to block the rostral basilar
artery and/or its branches [6,10]. Dissections are mostly located in the pars transversaria
segment (V2, 35% of cases) or in the atlas loop segment (V3, 34% of cases) [10,25]. Patients
present with a variety of signs and symptoms, most frequently with neck pain and headache
(typically occipital) as well as posterior fossa ischemic events manifesting as nausea, ataxia,
dysarthria, lateral medullary syndrome, or even collapse and coma. Other presentations
include spinal cord infarction and even cervical nerve root impairment [25].

2.2. Intracranial Circulation
2.2.1. Willis Polygon

The Willis polygon represents a compensatory network of the intracranial arteries.
It has the shape of a heptagon whose sides are: the precommunicating segments of the
anterior cerebral arteries, the anterior communicating artery, the posterior communicating
arteries, and the precommunicating segments of the posterior cerebral arteries [5]. It is
characterized by great variability [5,12,13]. About 22 different forms of Willis polygons
have been described (Figure 3). It is complete only in 13-21% of cases [12,13].
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Figure 3. In this figure is arranged the Willis polygon (heptagon), emphasizing the possible hypopla-
sia/agenesis of the posterior communicating artery on the right, the fetal origin of the PCA directly
of the ICA, and the hypoplasia of the left anterior cerebral artery. About 22 different types of Willis
polygon are described.

Fenestration may occur in all cerebral arteries, but it most commonly involves the
Willis polygon, basilar artery, and anterior cerebral artery. Fenestration is the presence
of two arterial channels corresponding to a single path with partial or segmental arterial
duplication. It involves the segmental division of a vessel to form two separate lumens
with endothelial walls. These lumens may be surrounded by the same adventitia or have
separate external laminae [26].

Among the anatomical variants, we recognize the carotid-basilar anastomoses. These
anastomoses correspond to the persistence of vestigial arteries, which should normally
regress during the development of the embryo, between the internal carotid artery and the
vertebrobasilar system [12,13,26].

The most frequent is the persistence of the trigeminal artery (0.02-0.6%). It connects
the C4 or C5 segment of the internal carotid artery with the anterior face of the middle
third /upper third junction of the basilar artery. It passes through the Meckel cord after
bypassing the clivus (parasellar course), then runs near the trigeminal nerve in its cisternal
portion before anastomizing with the basilar artery. It can also pass through an orifice
right into the back of the sella turcica (trans-sellar course). It is extremely important to
recognize it as it can be crucial to plan a neurosurgical intervention aimed at the pituitary
gland. Hypoplasia or absence of the homolateral posterior communicating artery and
the P1 segment of the PCA is often associated with this variant. An absence/hypoplasia
of the homolateral vertebral artery can also be observed, and, in this case, the basilar
artery is fed by the persistent trigeminal artery. Another anastomotic persistence is the
presence of the acoustic artery, which is extremely rare. It connects, crossing the petrous
rock, the internal carotid artery in the carotid canal, and the caudal part of the basilar
trunk. The presence of the hypoglossal artery is the second in order of frequency among
carotid-basilar anastomoses (from 0.027% to 0.26%). It originates on the posterior face of
the upper portion of the internal carotid artery in the cervical segment, at the height of the
C1-C2 vertebral bodies. It then runs posteriorly and upwards in the hypoglossal foramen
(or condylic canal), which appears enlarged. It has a rear concavity curve, then curves
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to reach the midline. It is often associated with hypoplasia of the vertebral and posterior
communicating arteries [27,28].

The last one we mention is the presence of the proatlantal artery. This carotid-
vertebrobasilar anastomosis is rare. There are two types: the first coming from the internal
carotid artery and the second from the external carotid artery. It originates from the poste-
rior face of the internal carotid artery at the C2—-C3 vertebral segments (more rarely C4) or
from the proximal portion of the external carotid artery. It has a posterior and ascending
course; it surrounds the lateral masses of C1 and accompanies the homolateral vertebral
artery in its entry into the foramen magnum [21,27,28].

2.2.2. Internal Carotid Artery (ICA)—Intracranial Tract

The intracranial internal carotid artery presents, in its intracavernous portion, a series
of curves that give it an Italic “S” appearance open upwards. This curved portion bears the
name of the carotid siphon. Using the classification of Fischer, five segments for the carotid
siphon are distinguished, named from C5 proximal to C1 distally, in the opposite direction
to blood flow [29]. Segments C4 and C3 have an intracavernous localization, and segments
C2 and C1 have a distribution above cavernosa (Figure 4).

posterior communicating
artery

Ophthalmic
Artery @ anterior choroid

artery

vascularization of saddle
diaphragm, and lateral
inferior trunk

\ vascularization

of pituitary and
dura mater

Figure 4. It is possible to observe Fisher’s subdivision of the carotid siphon. Five segments for the
carotid siphon are distinguished, named from C5 proximal to C1 distally. Segments C4 and C3 have
an intracavernous localization, and segments C2 and C1 have a distribution above cavernosa.

e (5 segment gives rise to the meningo-pituitary trunk, from which emerges above all
some branches that participate in the vascularization of the pituitary and adjacent
dura mater;

e (4 segment has a landscape orientation and is directed forward. Its main collaterals
are the capsular arteries, which vascularize the saddle diaphragm and the lateral
inferior trunk. The lateral inferior trunk is divided into three branches: upper, anterior,
and posterior. They participate, respectively, in the vascularization of the roof of the
cavernous sinus and oculomotor nerves;

e (3segment is curved and has a front convexity;

e (C2segment, above cavernous and infra-clinoid, is short and has a posterior, horizontal,
or slightly ascending orientation. It gives rise to the superior pituitary arteries, which
vascularize the anterior loggia of the pituitary gland. From the anterior part of the
upper portion of the C2 segment originates the ophthalmic artery. The ophthalmic
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artery is of subarachnoid localization, more rarely intradural. It has an anterior
orientation to reach the optic canal, where it runs against the lateral inferior face of
the optic nerve. From this segment, the intradural arteries do not possess an elastic
lamina and are represented by a small tunica adventitia and poor elastic fibers in the
tunica media;

e  Finally, segment C1 is above cavernous and supraclinoid.

In its supra-clinoid portion (anatomically subarachnoid), the ICA is divided into four
branches: posterior communicating artery, anterior choroid artery, anterior cerebral artery,
and middle cerebral artery.

Clinical point: it is the same as the extracranial counterpart. The atherothrombotic
disease is the most frequently encountered disease, particularly at the level of the carotid
siphon. Intracranial stenosis may be present in the C1 and C2 tracts with clinical transient
amaurosis and contralateral hemiparesis. At the entrance to the carotid canal, it is some-
times possible that the internal carotid artery undergoes dissection with artery-to-artery
embolism. In this case, due to the low number of elastic fibers in the middle tunic and
the almost absent elastic lamina in the case of dissection, it is preferable to use a double
antiplate aggregation rather than an anticoagulant.

2.2.3. Anterior Cerebral Artery (ACA)

The anterior cerebral artery (ACA) originates from the carotid ending on its anterome-
dial face. It is divided, according to Fischer [30], into five segments:

The Al segment, known as ‘pre-communicating’;

The A2 segment, which has an ascending course up to the corpus callosum;
The A3 segment, which surrounds the knee of the corpus callosum;

A4 and A5, which continue their course around the corpus callosum.

The ACA presents, in its proximal portion (segment A1), an anteromedial course. It
bypasses the optic chiasm to reach the interhemispheric cleavage. The Al segment gives
rise to an artery that has a recurrent posterior course: Heubner’s recurrent artery, which
vascularizes the head of the caudate nucleus, the anteroinferior part of the inner capsule,
and the anterior portion of the putamen. The recurrent artery of Heubner (RAH) is also
called a median striatal artery [5,30]. The Al segment of the left ACA is characterized by
its great variability in caliber; an asymmetry is present in 55% of cases. Hypoplasia of
segment Al is present in 10% of cases [30-33]. It is defined by a diameter of less than 1 mm.
It is frequently associated with aneurysms of the anterior communicating artery [32]. The
ACA then bypasses the knee of the corpus callosum. It is called the “pericallosal artery”.
From the pericallosal artery, some cortical branches are born, among which are identified:
the orbito-frontal artery, the fronto-polar artery, the medial, anterior, and posterior frontal
arteries, the paracentral artery, the superior (or pre-cuneal), and inferior medial parietal
arteries. It ends with the posterior peri-callous artery and gives rise in more than 80% of
cases to a callose-marginal artery, which runs in the callose-marginal sulcus [5,30].

There are several anatomical variants [30-33]. The median artery of the corpus callo-
sum, which participates in the vascularization of the corpus callosum, the bihemispheric
arteries, which correspond to an ACA that vascularizes the contralateral hemisphere
(Figure 5) and, finally, the origin of a single common trunk that divides at the knee of the
corpus callosum, are distinguished. This is also referred to as ACA Azygos (2%). Here, the
A2 segments are fused, and the anterior communicating artery is absent (Figure 5) [33].

Clinical point: Proximal ACA occlusion is usually asymptomatic due to collateral flow
through the anterior communicating artery and collaterals through MCA and PCA [6,7].
The occlusion of a single A2 segment causes contralateral motor and/or sensory deficits
(leg > arm and face). If both A2 segments are derived from a single anterior brain stem,
the occlusion can affect both hemispheres. [7] Deep abulia (a delay in verbal and motor
response) and bilateral pyramidal signs with paraparesis and urinary incontinence. Apraxia
of the march is also possible [7].
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Figure 5. In Panel (A), it is possible to observe the modal arrangement of the ACA. In Panel (B), the
origin of a single common trunk that divides at the knee of the corpus callosum, named ACA Azygos
(2%), with A2 segments fused, and the anterior communicating artery is absent. The bihemispheric
arteries, which correspond to an ACA that vascularizes the contralateral hemisphere, are on Panel (C).

2.2.4. Middle Cerebral Artery (MCA)

Also called the “Silvian artery”, the middle cerebral artery (MCA) represents the most
voluminous subdivision branch of the ICA [5]. It measures at its origin about 3 mm in
diameter. Four segments are generally distinguished: the M1 segment or basal segment,
the M2 segment or insular segment, the M3 segment or opercular segment, and, finally, the
M4 cortical segment (Figure 6). The M1 segment extends from the origin of the artery to its
entry into the Silvian cavity. It has a lateral course under the anterior perforated space. The
M1 segment gives rise to the lenticolostriate branches, which arise perpendicularly and
penetrate the anterior perforated space. In variable numbers (from 6 to 20), these arteries
participate in the vascularization of the lenticular nucleus, the inner capsule, and the head
of the caudate nucleus. They have an Italic ‘S’” course in frontal projection [5,19,30].

M4 Lenticulostriates

Arteries
v/

Heubner
Artery

A2
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Figure 6. Arrangement of the middle cerebral artery in a schematization of the coronal section (panel
A) and in the images obtained by angiography (panel B). It represents a terminal division branch of
the ICA. Its course can be divided horizontally (MI), whose collateral branches are represented by
lenticulostriate arteries. It ends in a knee where the insular segment (M2) begins. From here, two
trunks are formed: upper and lower, both called M3. From the endings of both trunks of M3 cortical
branches, M4 is formed.
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We distinguish insular branches and cortical branches [19,30]. The insular branches,
subdivision branches of the Silvian artery, curve to the lower pole of the insula to run on its
outer face. They have a postero-superior oblique orientation and are divided into terminal
arteries. The ascending terminal branches are distinguished, which have a first circuit with
lower concavity; they are reflected on the upper line of the insula (which has a slight upper
convexity), then form an upper concavity circuit before branching to the outer face of the
brain. The descending branches have only an upper concavity and line the outer face of
the temporal lobe. In lateral projection, the line joining the reflection points of the upper
terminal branches draws a line called an “insular line”, which corresponds to the upper
margin of the insula and has a straight or slightly convex course upwards.

The cortical branches of the MCA are divided into three groups: ascending, posterior,
and descending. From the front to the back are distinguished:

e  The frontal orbital artery, which vascularizes the lower face of the frontal lobe;

e The anterior frontal artery, which vascularizes the external faces of the F2 and F3
convolutions and the frontal operculum;

o  The ascending frontal artery, which runs in the central and post-central grooves. It
ensures the vascularization of the ascending frontal and parietal convolutions;

e  The anterior parietal artery;

e  The posterior parietal artery;

e  The artery of the curved fold or angular artery, which prolongs the axis of the Silvian
artery. It ensures the vascularization of the posterior frontal region.

The descending branches are three:

e  The anterior temporal artery, which vascularizes the temporal pole;

o The middle temporal artery, which has an oblique course at the bottom and backward
in the middle part of the temporal lobe. It ensures the vascularization of the middle
and posterior parts of T1eT2;

e The posterior temporal artery or temporo-occipital, which has a course roughly parallel
to the previous one. It vascularizes the outer face of the occipital lobe and the back of
the outer face of the temporal lobe.

We recognize as anatomical variants that the relatively rare accessory media cerebral
artery (0.3-1%) corresponds to an MCA that emerges both directly from the internal carotid
artery and from the homolateral ACA [34,35]. In other rare variants, MCA fenestrations
typically affect the first millimeters of the M1 segment. Finally, variations in the distribution
of cortical branches are very frequently found [26].

Clinical point: If the entire MCA is occluded at its origin (blocking both its penetrating
and cortical branches) and the distal collaterals are limited, the clinical picture is charac-
terized by complete contralateral hemiplegia (due to the involvement of the penetrating
vessels and, therefore, of the inner capsule) (face and arm > thigh > foot), hemianesthesia,
and lastly homonymous lateral hemianopsia [6,7]. When the dominant hemisphere is
involved, global aphasia is also present, while when the non-dominant hemisphere is
affected, anosognosia, constructive apraxia, and neglect are found. Cortical collateral blood
flow and different arterial configurations are likely responsible for the development of
many partial syndromes [6]. Partial syndromes due to embolic occlusion of a single branch
include brachial syndrome or facial weakness with or without non-flowing Broca aphasia
(frontal opercular syndrome). A combination of sensory disturbances, motor weakness,
and non-fluent aphasia suggests that an embolus occluded the proximal superior division
and infarcted large portions of the frontal and parietal cortexes [7]. If a fluent Wernicke’s
aphasia occurs without weakness, the lower division of the MCA that supplies the posterior
part (temporal cortex) of the dominant hemisphere is likely involved [6,8]. Sludge language
and the inability to understand written and spoken language are prominent features, often
accompanied by a contralateral upper quadrantanopia. Hemineglect or spatial agnosia
without weakness indicates that the lower division of MCA in the non-dominant hemi-
sphere is involved [8]. The occlusion of a lenticulostriate vessel may produce a lacunar
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infarct. This produces a purely motor, purely sensory, or contralateral motor sensory picture
of the injury. Ischemia inside the knee of the inner capsule mainly causes facial weakness
followed by weakness of the arm and then of the legs. Alternatively, the contralateral hand
may become ataxic, and the dysarthria will be prominent (clumsy hand, lacunar syndrome
of dysarthria). Lacunar infarction affecting globus pallidus and putamen often has few
clinical signs, but parkinsonism and hemiballism have been reported [6-8].

2.2.5. Anterior Choroid Artery

It originates from the posterior face of the terminal part of the ICA, a few millimeters
above the posterior communicating artery. It has a fine caliber (0.6-2 mm). Its path takes
place on the inner face of the temporal lobe [5]. Its course is divided into three segments:
the proximal, cisternal, and distal (intraventricular) segments. After its cisternal course,
where it emits branches intended for the globus pallidus, the posterior arm of the inner
capsule, the tail of the caudate nucleus, the lateral ventral nucleus of the thalamus, and the
red nucleus, the anterior choroid artery then follows the choroid fissure, then penetrates the
temporal horn changing the orientation of its course and its caliber. It ends by branching
at the level of the choroid plexuses of the lateral ventricles. It has, in its cisternal path, a
posteroinferior direction, therefore, an ascending course. It has a bayonet course at the time
of its entry into the ventricular horn, so it bypasses the pulvinar in its terminal portion. In
frontal projection, it takes the form of an inverse “S”, with the inferior medial concavity
corresponding to its cisternal segment and the superior lateral concavity corresponding
to its ventricular segment. The cortical territory of the anterior choroid artery is reduced
to temporal branches that ensure vascularization of the anterior and medial parts of the
temporal lobe [5,36].

Clinical point: Complete syndrome of anterior choroid artery occlusion consists of
contralateral hemiplegia, hemianesthesia, and homonymous lateral hemianopia. How-
ever, since this territory is also provided by penetrating vessels of the proximal MCA and
posterior choroid arteries, minimal deficits may occur, and patients often recover substan-
tially [6-8]. Strokes of the anterior choroid artery are usually the result of in situ thrombosis
of the vessel [7].

2.2.6. Anterior Communicating Artery (ACoA)

The anterior communicating artery is short, arranged transversely in front and slightly
below the portion of the optic chiasm. It closes the Willis polygon [5] in front (Figure 5).
This artery has numerous variations in caliber [19,24,26] (ranging up to hypoplasia that
makes the two ACA independent) and in number (split in 30% of cases, tripled in 10%,
exceptionally vascular network). The absence of the anterior communicating artery has
been found in 5% of surgical dissections. Fenestrations in the ACoA were found in 5.3% of
the population [37]. Most fenestrations were associated with 1 or more aneurysms of the
AcoA [26,37].

2.2.7. Posterior Communicating Artery (PCoA)

It does not belong to the posterior circulation (vertebrobasilar) but to the anterior
circle (carotid) due to its embryological origin [13]. It originates from the posterior face
of the supracavernous ICA (C1-C2). Most often modest in size (1-2 mm on average), it
measures about 10-15 mm in length. It connects the terminal portion of the ACI and the
homolateral posterior cerebral artery (Figure 5). It gives rise to some thin collateral branches
that participate in the vascularization of the thalamus, hypothalamus, hippocampus, optic
tract, and posterior arm of the inner capsule [5,30].

2.2.8. Intracranial Vertebral Artery (VA)

It pierces the atlantoaxial membrane to penetrate the posterior cerebral fossa. It
anastomizes with its contralateral homolog at the bulbo-pontine sulcus after bypassing the
lateral face of the bulb to form the basilar artery (Figure 2). The V4 segment emits a thin
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accessory branch that runs downwards and frequently anastomizes with the contralateral
branch to form the anterior spinal arterial axis of the high cervical medulla [5,12,30].

Clinical point: An atherothrombotic disease of the fourth distal segment (V4) of the
vertebral artery can promote the formation of a thrombus and manifest as an embolism or
with the propagation of thrombosis up to the basilar artery. Proximal stenosis at the origin
of PICA can cause lateral ischemia of the medulla and of the lower posterior surface of the
cerebellum [9,10].

It can therefore manifest itself with a constellation of symptoms such as headache,
dizziness, numbness of the ipsilateral face and contralateral limbs, diplopia, hoarseness,
dysarthria, dysphagia, and ipsilateral Horner syndrome. This is called lateral (or Wallen-
berg’s) medullary syndrome [6,9]. The occlusion of the penetrating medullary branches
of the vertebral artery or PICA causes partial syndromes. Hemiparesis is not a feature
of vertebral artery occlusion; however, tetra paresis can result from occlusion of the an-
terior spinal artery. Cerebellar infarction can present with ataxia, headache, and nausea.
Distinguishing these symptoms from those of viral labyrinthitis can be a challenge, but
headaches, neck stiffness, and unilateral dysmetria favor stroke [10]. It should be noted that
a medial medullary syndrome rarely occurs. The cause is ischemia of the bulbar pyramid
with contralateral hemiparesis of the arm and leg and sparing of the face. If the medial
lemniscus and the nucleus of the hypoglossal nerve (XII c.n.) are involved, contralateral
loss of the sense of joint position and weakness of the ipsilateral tongue occur [9,10]. In
the intracranial dissection of the V4 segment of the spine, as opposed to its extracranial
portion, there is a high risk of subarachnoid hemorrhage (up to 50% for vertebrobasilar
dissections) due to the microscopic anatomy of the intracranial arteries as the elastic fibers
are in the subendothelial elastic lamina, which overall is less thick [10].

2.2.9. Posteroinferior Cerebellar Artery (PICA)

It generally originates from the vertebral artery in its V4 portion, 15-20 mm from its
end. It then runs between the tonsil and the roof of the fourth ventricle. At its peak, it
forms a circuit with superior convexity. In the proximal portion of its course, it emits some
bulbar branches, tonsils, and the posterior spinal arteries. In the cranial circuit of its distal
portion, it gives rise to the choroid branches directed to the fourth ventricle. In its terminal
portion, it generates the lower vermian branches and the hemispherical branches [5,30].
The origin of the inferior cerebellar artery is subject to many variations. It can form directly
from the basilar artery (7-10%), from the internal carotid artery in its C5 portion (through
a persistent trigeminal artery), or from the ascending pharyngeal artery (starting from its
hypoglossal branch), but it can also arise from a common trunk that also gives rise to the
middle cerebellar artery [12-14].

Clinical point: Cerebellar infarction in the PICA distribution may involve only the
vermis, the lateral surface, or the entire territory of the PICA. Infarctions of the complete
PICA territory are often accompanied by the formation of edema and the mass effect of
increased intracranial pressure (ICP) with the headache associated with cerebellar symp-
toms [6]. About 15% of cerebellar infarctions of the PICA territory are accompanied by
ischemia in the dorsolateral medulla (Wallenberg syndrome). The combination of lateral
medullary infarction and cerebellar PICA occurs 