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ABSTRACT

Neuroanatomy has been deemed crucial for clinical neurosciences. It has been one of the most
challenging parts of the anatomical curriculum and is one of the causes of "nduiatphbose

main implication is a negative influence on the choice of neurology in the neee. firt the last
decades, several educational strategies have been identified to improve thé skitlerats and

to promote a deep learning. The aim of this study was to systematically regiéterndture to

identify the most effective method/s to teach human neuroanatomy. The sesurdstated to
publications written in English language and to articles describing teaching tools in
undergraduate medical courses from January 2006 through December 2017. The primary
outcome was the observation of improvement of anatomical knowledge in undergraduate
medical students. Secondary outcomes were the amelioration of longetention knowledge

and the grade of satisfaction of students. Among 18 selected studies, 44.4%dthtlree-
dimensional D) teaching tools, 16.6% near peer teaching tool, 5.55% flipped classroom tool,
5.55% applied neuroanatomy elective course, 5.55% equivalence based instructionrioig lear
5.55% mobile augmented reality, 5.55 % inquiry-based clinical case, 5.55% cadaver dissection,
and 5.55% Twitter. The high in-between study heterogeneity was the main issue ty tbentif

most helpful teaching tool to improve neuroanatomical knowledge among medical stDagats
from this study suggest that a combination of multiple pedagogical resoaeras ®© be the

more advantageous for teaching neuroanatomy.

Keywords: neuroanatomy education, medical education, undergraduate education, neuroscience,

teaching; learning; medical students, knowledge retention, students satisfaction,



INTRODUCTION

Anatomy is recognized as one of the disciplines with the longest history in mgdiichachlan

and Patten2006 Moxham et al.2014 and gross anatomy has generally been considered as an
essential requirement in the medical curriculum asa core elemerfor the teaching of

biomedical sciences (Drake et,&009. Nevertheless, it has been reported that medical courses
worldwide have significantly decreased the number of hours devoted to the anhtmisiaces
(e.g., Drake, 1998002 Deake et al.2009 Drake 2014 Moxham and Plaisan2007 Moxham

and Pais2017 McBride and Drake, 2018). Although neuroanatomy is deemed crucial for
clinical neurosciences (e.g., Hazelton, 201dgether with physiology and pharmacology being
considered relevant for daily clinical practice (e.g., Arraez-Aghait., 2010), it has been

reported that neurosciences and neuroanatomy have been particularly affetteddes to the
medical curriculum (Allen et al2016. McBride and Drake (2018) however found that,

although within US medical courses between 2002 and 2017 average numbersobhoomsa

for neuroanatomy only decreased from 95 hours to 80 hours, there has been a major change from
‘stand-alone courses to neuroanatomy only appearing in integrated courses. Furthermore,

laboratory hours in neuroanatomy have decreased by 38% since 2014.

It is claimed that changes to anatomy teaching have resulte@tnowledgedecline’ in the
subject among both undergraduate and graduate stubégiesrgton and Stewar2005 and
experienced clinicians are reported to be concerned about the inadetatataical knowledge
of medical graduates (Waterston and Stev20®95;Turney, 2007;Fitzgerald et al.2008;

Johnson et al2012). Such sentiments are perhaps confirmed by reports of increased



rates amongst young doctors and of increased medico-legal litigations foratiade

(Waterston and Stewa@p05;McHanwell et al.2007;Estai and Bunt, 20)6

To compound the problem of there being less opportunity to teach anatomy arahatanmy, it

has been reported that information acquissebsily forgotten by students, even a few months
after the end of thecourses (e.g., Billings-Gagliardi and Maz2d09;Bergman et al2017).

D'Eon et al. 2006 assessed knowledge loss among medical students attending their second year
of studieswhile the level of knowledge loss about immunology and physiology wastexpec

the loss in neuroanatomy knowledge was considerable, probably explained by theegerce
complexity of neuroanatomy or poor teaching (Jozefowicz, 1994; Schon 20@2;Flanagan et
al.,2007;Zinchuk et al.2010;Hazelton,2011 Abulaban et al2015. The retention of acquired
knowledge is also a problem for graduated medical students (Mateen and D'Eon, 200§). Pande
and Zimitat (2007) hee stated that efficient learning requires a balance between understanding,
observation and memory. Given that laboratory hours in neuroanatomy have declined
considerable (McBride and Drake, 2018), it would not be surprising to relate failureirto reta

neuroanatomical knowledge to the lack of observational experience.

Both the teaching and learning of neurosciences are often consideredffwbk @iozefowicz,

1994; Abulaban et al., 2015; Arantes et2017. Indeed, neuroanatonigyone of the most
challenging parts of the anatomical curriculum and is not infrequently regarded dstome o

causes of ‘neurophobia’ - a fear of the neural sciences; this phobia often relates to the inability to
apply neuroscience knowledge to the clinical situation (Jozefpw894;Schon et al.2002;

Flanagan et al2007;Ridsdale et al2007;Zinchuk et al. 2010;Hazelton 2011;Matthias et al.,
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2013;Javaid et al.2018. Perhaps underrecognized, neurophobia seems to be aooomm
condition that affects studerdasvarious phases of their medical education (McCarron et al.,
2014;Abushouk and Dy201§. Its main effect is a negative influence on the choice of
neurology as future career path in medicine (Dall et 2013;Abushouk and Duc201§. This
is unfortunate since, taking into account the ageing population and the global burden of
neurological diseases, this represents a public health issue (MenkenGfilARushouk and

Duc, 2016; Arantes et aR017).

Although neurophobia has probably multifactorial origins, educational methods and learning
strategies based on superficial learning and rote-learning probably have a great inflnesee. T
are associated with low interest levels, poor knowledge acquisition and thy stselents of
strategies just to pass assessments and examinations. This is regrettable $iecsity un
education should encourage deep learning approaches that enhance subjdcindtérad
students to try to more fully understand what they are studying (Gil&8; Ram et al.2013;
McColgan et al., 2013; Dao et &015. This issue has been debated in the context of

neuroanatomy by Moxham et al. (20)5a

During recent times, several educational strategies have been employedoestudents’

skills (Rizzolo et al., 2010). While a core syllabus for neuroanatomy imégiécal curriculum

has been published (Moxham et 2D]14, 2015, b), the mode of delivery varies considerable
between institutions (Javaid et &018. Since the Renaissance, cadaveric dissection has been
considered the ‘gold standard’ (Biasutto et al., 2006; McLachlan and Patt2006;Azer and

Eizenberg2007;Korf et al.,2008 Moxham et al.2014. Furthermore, many studies
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demonstrate that students prefer dissecfaroring deep learning, providing a three-
dimensional perspective of structures (Aaed Eizenberd2007 Macchi et al.2007;Korf et al.,
2008 Patel and Moxham, 2006, 2008; Moxham and Moxham, 2007; Moxham and Plaisant,
2007;Kerby et al.2011; Moxham et al.2011;Zurada et al.2011;0lowo-Ofayoku and

Moxham, 2014; Estai and Byr019. It is claimed that dissection is time consumirggjuires
acquisition of cadavers, involves high costs, and , for formalin, coulddaeiated with health
risks (Bay and Ling2007; Estai and Bup201§. However, these notions remain debatable (see,
for example, Brenner, 2014). Because of perceived obstacles to the dissection, eatomis
sometimes have resorted to other resources to improve students' learning afatearpa

Virtual reality (VR) and augmented reality (AR) are some of the latest technotwgaged in
order to overcome the abovementioned obstacles and to provide learning oppofarnities
students outside the cadaver laboratory. While VR simulates the real environmethe real
environment is used as background and a reality is reproduced adding elements of the real word
(e.g., sounds, animations, video, etc.) (Billinghurs2@®). The developments of mobile
technologies have made AR possible via mobile devices. A modern technique of 3D printing
system has recently been introduced into anatomy curriculum: 3D printing models can be
excellent educational tools, more robust and less toxic than fixed tissue (McMenamin et al.
2014, Lim et al.2016, Vaccarezza and Papa,£0Matfulin JS et al., 2015). Cross-sectional
imaging is the starting point from which are developed 3D reconstructions, subsgqeedtfor
3D printing (Javan R et akR017; Kaakas AB et al., 2018). Applications range from education
and training, to assistance in daily surgical practice (Baskaran V et al., 2016) (e.g. the 3D
models of brain arteriovenous malformation used as an adjuvant in surgical planning and

informed consent to the patients) (Dong M et al., 2018).
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The aim of the present study is to review systematically the literature to identifptie

effective method(s) of teaching human neuroanatomy, analyzing the studies tha explo
neuroanatomy teaching tools among undergraduated medical courses and evaluating ttieir impa
on improvement of knowledge.

MATERIALS AND METHODS

Sear ch strategy

PubMed (United States National Library of Medicine, Bethesda, MD) and &8atlblar

(Google, Inc., Mountain View, CA) bibliographic databases were searched, frommyJ200&

through to September 2017. Combinations of the following search terms and subheadings w
consictred appropriate for the present investigation: ‘teaching’, ‘education’, ‘neuroanatomy’,

‘learning’.

Inclusion and exclusion criteria

Publications chosen were restricted to those written in English and to articles thidedesc
teaching tools/methodologies within undergraduate medical courses. All fieldarobnatomy
(morphology/histology/embryology/fibre tracts) were included in the rekea

Studies involving undergraduate dental or healthcare students, graduated meticalato
residents, retrospective studies, expert reviews and case-reports were exapddxdisbhied
sources of data were also excluded as the quality of the work could not bextyidaluated
where there were no peer-review processes. In addition to the electronic sdabtiogsaphies
of retrieved articles and existing systematic reviews that were concerned witingeac

tools/methodologies for neuroanatomy were manually searched.
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Study selection

The primary interest of this study was related to changes in anatomical knowledge of th
undergraduate medical students (i.e. improvement in anatomical structures recognitiomand/o
understanding of organ relationships). Improvements in long-term retention of knowledge and
the levels of student satisfaction were secondary and critical areasrestnAll comparative
studies reporting at least one of the primary or the secondary interests wereredrsidable

for inclusion. Studies not including useful elements for the analysis were excluded amé sec

round of selection.

The first exclusion step was based on screening of the titles of publications aeddhd step
was based on screening of abstracts. Original articles were then retrieved saxdsfulere
screened for final inclusion and data extraction. Any differences were resolveurigll

discussions between and thus by consensus.

Selected teaching strategies:

e Three-dimensional3D) models: these instruments allow anatomical structures to be
moved in various spatial planes and into different positions. The 3D models may be
digital or physical models (e.g:lay models). Digital models display the virtual, or
augmented, reality via computer screens (also mobile augmented reality,omAiR)
special stereoscopic display3D technologies" and*“3D models”are used in this context

as synonyms.



¢ Flipped classroom teaching (FCT): this is an instructional method in which thatstude
obtain the didactic information before class; the class time then is used to deepen
undestanding of the newly gained knowledge with peers and teachers;

o Near peer teaching (NPT): this is a tutoring educational model in which senior students o
junior doctors act as trainers to more junior students;

e Cadaveric dissection: this involves the dismembering of the human body to study
anatomical structures;

e Applied Neuroanatomy Elective (ANE): this is an educational strategy designed with the
purpose of increase the understanding of neuroanatomy with a focus on neurosensory
pathways, by applying the material to real-world situations through interactiviiesti
and clinical vignettes;

o Twitter: this is an instrumenivhich uses social media as an instrument to increase
students' learning and engagement;

e Inquiry-based clinical case (IBCC): this is an educational method aimed at improving the
students’ critical thinking and content knowledge. Clinical case studies are used during
lectures to increase the understanding of neuroanatomy and thus the traditional lecture is
transformed into a Socratic debate. The students are required to apply their ahatomica
knowledge in a broader context;

e Equivalence based instruction (EBI): this is an instructional method that allows students

to learn without direcinstruction. It is based upon the theory of ‘stimulus equivalence’.

Data extraction



A standardized, electroniagd hoc form was designed to enable data extraction. Two reviewers
independently analyzed and crosschecked selected articles and extracted defamdiss in

the assessment of the articles and data extraction were resolved by a third investigator.

No ethical clearance was required for this study since all selected studligeti@usly received

ethical approval from local institutional review boards.

Study quality assessment

The preferred reporting items for systematic reviews and meta-analyse$/@Riatement
(Moher et al., 2009) were used as a guideline for the present systematic réngantef-rater
agreement obtained for the study selection and data extraction from the includes! wagli

found to be greater than 95% and discrepancies were resolved by consensus.

Statistical analysis
A descriptive analysis of the qualitative variables was carried out emglbgth absolute and
relative (percentage) frequencies. A formal meta-analysis was notmpeddyecause of the

heterogeneity of the retrieved data.

RESULTS

Selection of the studies

The search through the scientific literature identified 276 citations. Only 1@stwdre
selected, as summarized in the PRISMA flowchart (Fig. 1). Their charactesisgtissmmarized

in Table |
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Characteristics of the selected studies

The total number of participating students was 2,165, with only one study nag statisample

size. More than half the participating students were females (59.6%), even if dies stu

(52.9%) did not describe the male:female sex ratio (Macchi et al., 2007; Hall&a.and

2014; Greenwald and Quitadan#®14; Dacet al., 2015; Allen et al., 2016; Greville et 2016;

Rae et al., 2016; Stephens et al., 2016). Seven (38.8%) out of the 18 studies (Esteai1 6t a
Chariker et al.2012; Greenwald and Quitadamo, 2014; Dao et20115; Raet al.,2016;

Goodarzi et al., 2017; Stepan et al., 2017) were conducted in US. Five (27.7%) studies (Hall et
al., 2013 2014, Greville et al., 2016; Hennessy et al., 2016; Stephens et al, 2016) were from the
UK. with one study (5.5%) each from the following counties: Germany (Kodkab,2015),

India (Veeramanetal., 2015), Turkey (Klguk et al., 2016), Columbia (Akle et al., 2018),
Canada (Allen et al., 2016) and Italy (Macchi et al., 2007) .

Nine (50%) studies (Macchi et al., 2007; Hall et al., 2014; Kockro et al., 2015; Rae261§].,

Allen et al., 2016; Hennessy et al., 2016; Kii¢cik et al., 2016; Stephens et al., 201, skle

2018) taught neuroanatomy on courses for second year students. Three (16.6%) studézs (Este
et al., 2010; Dao et al., 2015; Veeramani et al., 2015) taught first year students, with two (11.1%)
studies (Greville et al., 2016; Stepan et al., 2017) reported on courses for both firsomad se

year students. Only one (5.5%) study (Hall et al., 2013) reported on a coutsedfand fourth

year students. Three reports (16.6%) (Chariker et al., 2012; Greenwald and Quit@lkno

Goodarzi et al.2016 did not describe the timing of their neuroanatomy courses.

Selected teaching strategies:
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Eight different teaching methodologies were identified in the 18 selected s@dig=achig

tools, FCT, NPT,cadaveric dissection, ANE, Twitter, IBCC, EBI

Eight (44.4%) studies (Estevez et al., 2010; Chariker 2Gil2;Kockro et al., 2015; Allen et
al.,2016;Goodarzi et al.2017;Kiguk et al., 2016; Stepan et &Q17 Akle et al.,2018
employed3D teaching tools. These instruments allow anatomical structures to be moved in
various spatial planes and into different positions. The 3D models may be digitgbmaph
models é.g., clay models). Digital models display the virtual, or augmented, reality via
computer screens (also mobile augmented reality, mAR) or with specéisstepic displays.
Three (16.6%) reports (Hall et @2013 2014; Stephens et al., 2016) mentioned near peer

teaching (NPT) in which senior students or junior doctors act as trainers to moresjudients.

Two (11.1%) studies (Macchi et al., 2007; Rae et al., 2016) reported using cadavectodisse

One (5.6%) study (Veeramani et al., 2015) used flipped classroom teaching (F&€)the
students obtained the didactic information before class so that the classneopetmitted the
teacher(s) to deepen understanding of the newly acquired knowledge with both stedamidp

teachers.

One (5.6%) report (Dao et al., 2015) describes an applied neuroanatomy elective (ANHS. For th
course, there was a focus on neurosensory pathways. The educational stmptleyed was

designed with the purpose of increasing the understanding of neuroanatomy by applying the

12



material to real-world situations through interactive activities and clinicaktigs. Being an

elective course, student participation was optional.

One (5.6%) study (Hennessy et al., 2016) reported on the use of social mediaafipec

‘Twitter’, as an instrument to increase students' learning and engagement.

One (5.6%) study (Greenwald and Quitadamo, 2014) used inquiry-based clinic4|B&@€5s
aimed at improving the students’ critical thinking and content knowledge. Clinical case studies
are provided during lectures to increase the understanding of neuroanatomy and thus the
traditional lecture is transformed into a ‘Socratic debate” where the students are required to apply
their anatomical knowledge in a broader context. This has correspondences to ‘problem-based

teaching’.

One (5.6%) study (Greville et al., 2016) employed rote learning equivalenakibssaction
(EBI) that is based upon the theory of ‘stimulus equivalence’ (Sidman 200§ and that aims to

allow students to learn without direct instruction.

Notable for their absence was mention of direct instruction and didactic teachrdeitber in
lectures, seminars or small groups), problem-based learning, research-led tead héagréng,
reciprocal teaching where cognitive strategies such as summarizing, questibenifying and
predicting are emphasized, cooperative versus competitive learning, welidzasendg and

learning, use of simulations.
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Fourteen 77.®%) studies (Macchi et al., 2007; Estevez et al., 2010; Chariker et al., 2012; Hall et
al., 2013 2014; Greenwald and Quitadamo, 2014; Dao et al., 2015; Veeramani et al., 2015;
Allen et al., 2016; Hennessy et &Q16;Kucik et al. 2016;Rae et al., 2016; Stephens et al.,

2016 Akle et al.,2018 achieved primary outcomes, whereas three (16.6%) studies claimed
achievement of the secondary outcomes (Kockro e2@15;Greville et al., 2016; Stepan et al.,
2017). Only one (5.5%) study (Goodarzi et al., 2017) did not show a significant learning

improvement.

Primary outcome

Primary outcome was defined as an improvement in recognition of anatomicalrssuatd/or

in undestanding of organ relationships. Fourteen (77.7%) stadigieved primary outcome.
Among 14 studies that met the primary outcome, five (35.7%) used a 3D teaching tool, three
(21.4%) a near peer tdang tool, two (14.2%) a cadaver dissection method, one (7.1%) a
flipped classroom tool, one (7.1%) the social media (‘Twitter’) tool, one (7.14%) the IBCC tool

and one (7.1%) a ANE course.

Allen et al. (2016) reported on how a 3D neuroanatomy e-learning module could significantly
improve the knowledge of the spatial complexity of neuroanatomical structures and of their
relationships. Participants were divided into two groups: online 3D learniogrees were
provided to one group, followed by a cadaveric laboratory session, and vicéovdhsaother
group. All participants completed an identical test pre- and post-teaching to assesy anatom
knowledge: both groups scored significantly higher in comparison with the baseline evaluati

(P < 0.01). In particular, students who initially accessed the 3D online resouroed sco

14



significantly better than those who initially were provided with just two-dimeasi@D)

resourcesK < 0.01). Akle et al. (2017) and Estevez et al. (2010) showed the efficacy of 3D clay

models in neuroanatomy education. Quiz scores of students that constructed magels wer
significantly higher than those who were taught in a more traditional mannefR201).05).
Furthermore, the percentage of correct answers on the knowledge quiz wasasitiyifigher
in the clay model clas$(< 0.0001). Chariker et al. (2012) reported on the usefulness of
computer-based instruction using 3D computer graphical models. They found thiaglear
anatomy from whole dissections prior to sectional anatomy improved performaadadior of
1.5 and 10 for easier and more difficult items, respectively. Kiiciik et al. (2016) fairad th
group of students who studied anatomy via mobile augmented reality wereunceessul and
had lower cognitive loads than the group who studied without this tool. The authansséehed
two tests both to experimental and control groups: an academic achievement tes3@AT)
multiple choices) and cognitive load score (CLS). ANOVASs for AAT and CLS scones we

statistically significant in the experimental group.

Veeramani et al. (2015) investigated the efficacy of the flipped classrethodh Students felt

Commented [W1]: rationale for using ststistical tests
should be explain in methods section

that this method promoted active learning and enhanced their capacity to perform better in their

examinations compared with traditional lectures.

Rae et al. (2016) evaluated both short- and long-term knowledge retention ofssfatiewing
brain dissection. They reported that short- and long-term (i.e., after 5 months) retergtion w
significantly better when compared with knowledge assessed before the interventishoithe

term retention was tested immediately after the brain dissection: students’ post-test scores were

15



significantly higher than their pretest scorBs<(0.0001). Long-term retention was evaluated by
conducting an identical assessment five months after completion of the coursetsSuite
participated in the dissection activity had significantly higher scores thanwhaseid not
paticipate in the dissection activit & 0.05).

Macchi et al. (2007) reported on positive experiences from a brief course of dissection, an
improvement in neuroanatomical knowledge being found for 57% of students. Furthermore,
assessment of long-term knowledge retention showed that the group which had patiicipate
the brief dissection course correctly identified 65% of the structures in a test ednmtr a

40% recognition within the control group of students who had not participated in theidissec

course P < 0.05).

All three studies where near peer teaching was used achieved the primary aftoopreving
neuroanatomical knowledge. Hall et al. (2013) reported that there was an increaseieggerc
level of knowledge, both senior medical students and junior doctors helping to @tpeov
perceived level of knowledge compared with ratings before the sessions. Neverihedess
further investigation, Hall et al. (2014) reported that the increased level of knowledge was
significantly higher for those who interacted with a senior medical studenpared who those
who were taught by junior doctors. A similar result was described by Stephens et al. (2016)
where medical students from the third and fourth year were rated to be sidlyiftezter than

medical students from the fifth year or than junior doctors.
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Dao et al. (2014) stated that students perceived there to be an improvement in their knowledge
after the attending an applied neuroanatomy elective course where neurosens@ypatne

related to ‘real-world situations’ by means of interactive activities and clinical vignettes.

The introduction of a social media tool (‘Twitter’) to support students’ learning on a
neuroanatomy modukeas reported by Hennessey et al. (2016). Spearman’s correlation
coefficient suggested that there was a small, but statistically significatipneldp between
examination scores and viewing frequengy @.189;P = 0.04). No significant difference was
however found between examination scores and contribution frequend/@47,P=0.62).

Nevertheless, all students who failed the examination showed a lower freqtibasy tag use.

Secondary outcomes

Secondary outcomes were defined as improvements in long-term retention of kncaviddbe
levels of student satisfactioffhree (16.6%) studies achieved a secondary outcome. In the study
of Kockro et al. (2015), students were exposed to 2D and 3D teaching. The 3D image was
created using a stereo-projector system which threw a stereoscopic image dal sceen.
Students were asked to wear stereoscopic glasses during the presentation. Moekfigeee

found between groups of students who were exposed to 2D and 3D teachingeH etuslents

rated the 3D method superior to 2D teaching in four domains: spatial understandingfiapplic

in future anatomy classes, effectiveness, enjoyableness. Similar results were fSbephay et

al. (2016) who used an immersive virtual reality experience. They found that thereonere

significant differences in anatomy knowledge between students taught with3Droaterials.
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However, the 3D group found the learning experience to be significantly more eajayabl

useful and scored significantly higher on the motivation assessment.

Considering that esoteric jargon and technical language within the discipline of neuroanatomy
could potentially be responsible for erecting barriers to learning, Greviie (2016) evaluated

the effectiveness of learning resources for EBI (rote learning equivalence btsgction).

They found that the teaching of a small number of direct relationships betiveel &.g.,
anatomical regions, their function, and pathology) resulted in knowledge improvement and the
student feedback indicated they had a highly positive learning experience (mostlky for

improved confidence and engagement).

DISCUSSION

A variety of educational strategies and approaches for teaching neuroanatomy have bee
adopted, and investigated, that aim at improving student learning in terms of botteshatd
long-term knowledge retention. Drivers for changing strategies and approaches relate primarily
to changes in the medical curriculum that have affected all the anatomical sciencaghattfso

also recognized that retention of neuroanatomical knowledge needs to be enhanced.

Despite purported difficulties with cadaveric dissection (viz. costs, health risksthécal-e
medical issues), this approach remains the ‘gold standard’, not only in the opinion of anatomists
(e.g., Patel and Moxham, 2006, 2008; Johnson,&@?2) but also according to medical
students from different cultural backgrounds who are studying anatomy by nieavariety of

educational approaches (Moxham and Moxham, 2007; Moxham and Plaisant, 2007; Kerby et al.,
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2011;Zurada A et al., 2011; Oleo-Ofayoku and Moxham, 2014; Pais et al., 2017). However,
because of the reduction in hours dedicated to the teaching of the anatomicasste@nce
institutions now use dissection to teach neuroanatomy ([tadde, 2009, 2014; McBride and
Drake, 2018). Nevertheless, it is worthy of note that, if dissection is targetaritthose
anatomical structures that are deeply located, and hence harder for student<tataptren

dissection may confer benefits related to knowledge retention (Rae2ex4).,

These analyses suggest that 3D models provide better results compared witdwthgonal
strategies, being more effective for the understanding of the spatial areariggm

neuroanatomical structures and also in terms of increasing student satisfactiechi3@ogies

can allow students to explore the whole of the human body by permitting studseltsctoa

variety of different views. However, clearly they cannot mimic the tactileatems experienced
during cadaveric dissection. Given that it is often said that Millennials prefer tostatagf-

the-art technologies (e.g., Strauss and Howe, 2000; Meriac et al., 2010; Twenge et al., 2014), an
unexpected finding that emerged from the literature was that physical models may be more
beneficial than 3D virtual models when learning anatomy (Khot et al., 2013; Pawlinaakwel D
2013; Preece et al., 2013). Indeed, the clay models described by Estevez0d0phr(d Akle et

al. (2017) seemed to be particularly successful. Limitations on the use of physicdsmeddee

to costs (the price varying according to size and materials, for example) and tosibéityosf

damage caused during their manipulation by the students (Fredieu et al., 2015). Among physical
models, the 3D printing plays an important role: the quality of 3D-printed anatomical models i
high and can be used also to improve patient personalized treatment (Garals K04 8;

Vaccarezza M, 2018). Its cost is elevated, but lower if compared with thosetirigtied models
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(McMenamin et al., 2014). Although some limitations mainly related to color (ong,ablisr

new tool appears promising. Only a limited number of papers on the use of this technique for
teaching the neuroanatomy has been published (Javan R et al., 2017).

In comparison to physical models or traditional educational tools (e.g., bookss)agakarning
digital tools have many advantages. In particular, they are more accessible througlkesomput
mobile apps and/or interactive work-stations and information may bg apdéted or revised
(Chenkin et al., 2008; Evgeniou and Loizou, 2012; Ruisoto,e2@12; Jayakumaeat al., 2015).
Some online software platform, such as SoftChalk, are demonstrated to be aregffectiass
learning tool (Carr JR, 2016). That physical or digital 3D anatomical modeldectvef

learning instruments may however depend heavily on their ability to display complicated
neuroanatomical structures as well as the individual’s predisposition to studying and learning

neuroanatomy.

Near peer teaching (NPT) also appears to be a usefulness teaching approach, altteough ther
needs to be more reports to confirm its effectiveness. It should be emphasized that NPT is
different to peer teaching in that, whereas the ‘peer teacher’ is a tutor of a similar age or similar

level of learning as the tutee, the ‘near peer teacher’ could be a junior doctor or a senior medical
student who is two to five years ahead in age and learning expefiemctne tutee

(Lockspeiser et al., 2008; Fredieu et al., 2015). Taking into consideration that Stuaesnpoor
self-awareness of their neuroanatomical knowledge (Hall et al., 2016), NPT could be important
for helping students to avoid underestimating their abilities. Accordingly, it can beladhze

NPT, by providing students with continuous feedback, could be important for improving

students' self-awareness by avoiding underestimating their abilities. We watédad that
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better awareness of own neuroanatomical knowledge may also have positive benefits fo

counteracting neurophobia.

Flipped classroom teaching (FCT) is a strategy that is increasingly being employedtand

helps both the teaching of neuroanatomy (Veeramani et al., 2015) and of gross aaddgory (
and Colbert-Getz, 2017). However, as for NPT, more investigations are needed ta tasfir

FCT promotes active learning and enhances the students' capacity to petferrimbe
examinations (Veeramani et al., 2015). By minimizinglents’ passivity, it is possible to

envisage that FCT may be an effective instrument for improving deep knowledge of, and long-

term retention of, neuroanatomical concepts.

Greville et al. (2016) claim that the learning of neuroanatomy should be based on eqeivalen
based instruction (EBI) in order to overcome problems related to the use in the discipline of
‘esoteric language’ (possibly one of the main causes of working memory overload). Undeniably,
anatomy is a discipline with its own language with its terminology derived from Latin or
classical Greek (Pandey and Zimit2®07;Smith et al., 2007; Greville et a016; Stephens and
Moxham, 2016, 2018). The efficacy of EBI for the teaching of neuroanatomy was demonstrated
by Pytte and Fienu@012) who reported that, on the basis of the ‘stimulus equivalence theory’,

the trainer can choose what to teach explicitly and what is likely to emergrutdtinect

training.

In line with the characterization of the Millennial generation (e.g., Howe and StP08%

Meriac et al., 2010; Twenge et al., 2014), consideration must be given to the new geérati
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university students, the smiled “digital natives’. Such students have grown up with information

and communication technologies and these might be embedded within their cognitigsgsoce
(Prensky, 2010). It could be argued, therefore, that teaching methods must be appropriate for
‘digital natives’ (DiLullo et al., 2011; Kuclk et al., 2016) with augmented, virtual reality
technology and social media (e.g., Twitter) being more widely used in neuroanatomyaeducati
if only to increase students motivation. The question remains, however, wihethe should be

the primary means of delivering courses to medical students or whether thiy/lshadjuncts

to other educational approaches. Indeed, modes of delivery of courses might noteatly aff
learning and understanding of course material but could also influence behaviortared,

regard, there is often talk about patients being dissatisfied with the lack of persuaat co

because of reliance on digital tectogies.

Finally, most would agree that, by properly engaging students in the deliveryrafdheses, the

goal of any teaching strategy should be to provide a neuroanatomical knowledge fanitig tra

of medical doctors who can competently assess and diagnose neurological. patibists

regard, and perhaps controversially, some might argue that neurology is a dise@knéted

for training after finishing the medical degree. As a corollary to this, it would beoapuint

whether too much neuroscience is taught during initial medical training. According lioehi$
argument, perhaps the prevalence of neuroscientists within anatomy facultidsewgain the

extent of, and depth of, neuroanatomy courses. As a counterargument, Moxham et al. J2015a, b
and Moxham and Pais (2016, 2017) maintain that medical students are experienonegsiyun
education that is not just instrumentalist and that should take them to the boundaries of

knowledge and understanding. As a further counterbalance, it must be acknowledged tlsat there
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a need to develop a core syllabus for neuroanatomy in the medical curriculum. atbeigal
Society in the UK has published a core syllabus for gross anatomy that iretudedearning
objectives for neuroanatomy (McHanwell et al., 2007; Smith et al., 2016) aricsttstdges of a
more detailed core syllabus specifically for neuroanatomy has been published by the
International Federation of Associations of Anatomy (IFAA), (Moxledral.,201%). Whether
these can focus the attention of medical educators and aid the goal of pyashnpetent
medical practitioners requires that innovation is harnessed to commonsense and common
purpose.

It would of interest to conjecture whether the articles surveyed are rejl@atiemental

changes to the teaching of neuroanatomy or whether there is an underlying pafsttigm
Clearly, neuroanatomy has in the past been built on similar pedagogic principles to the practical,
dissection-based, principles employed to teach and learn gross anatomy. That thany
articles surveyed show a distinct movement away from dissection-based pedagogieprincipl
(for a variety of reasons) is indeed suggestive of a paradigm-shift. Equallly cparadigm-
shifts of this kind may appear attraetivecause of their novelty or because of ‘political’,

financial or other practical considerations. However, more importantly wbewaence that
there are beneficial effects as outlined in our defined primary and secondaomgnest That 78%

of the studies achieved the primary outcome suggests that the paradigssdigeficial.

Limitations of the study

The following five limitations for the present study are recognized:
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1. The studies that were utilizedthese analyses, and that satisfied the inclusion criteria, were
heterogeneous, not only for the teaching tools and approaches reported, but also for their
research methodologies in terms of design, sampling, data collection and aidysiver,
because some studies employed a ‘blended” approach with dissection and other teaching
methods, the outcomes reported could potentially have influenced their findings.

2. One of inclusion criteria was that articles must be written in English. It is possib&dother
that manuscripts not written in English, but with all other inclusion criteria satisfied, we
excluded and that these could have a bearing on the gaining and retention of neuroanatomical
knowledge and upon student satisfaction. Additionally, one can question whether studies
obtained from a&ingle institution in a country is representative of the students’ attitudes at

national level.

3. There was diversity in the neuroanatomical topics covered within the curriculasefe¢bted
studies. This will persist as a limitation until there is mgmeeral agreement about a ‘core’

syllabus.

4. Despite most of reports achieving their objective of improving both studentrparfoe and
student satisfaction resulting from their neuroanatomy courses, they did not evaluaigth
term impact of their teaching approaches.

5. Not all the studies reported pre- and post-test scores. Consequently, knowledgerimaptsy
together with possible gains in spatial abilities (according to students’ perceptions) were not

assessed by means of standardized tedtinthermore, only a few studies recruited a ‘control’

group.
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6. Although it is very important for the critical evaluation of the results, it was satige to
understand, because not detailed in the selected manuscripts, if other couhsas, suc

physiology, were simultaneously carried out.

CONCLUSIONS

The question concerning the most effective method of teaching neuroanatormsrema
unresolved and consequently it is not currently possible to identify a specific teachiog tool
approach that can significantly improve the knowledge of neuroanatomy among medical
students. Although cadaveric dissection is still regarded as the ‘gold standard’, other approaches
(such as physical and 3D digital modeling) are also effective. In all probability, however, a
combination of pedagogical tools and approaches (blended strategies) might be bedtifay tea

neuroanatomy.
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