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A B S T R A C T

Objective: To conduct a systematic review of the effect of interventions on spatial abilities in the field of technical
skills in health care.
Methods: A literature search was conducted up to November 14, 2017 in Scopus and in several databases on
EBSCOhost platform. Citations were obtained, articles related to retained citations were reviewed and a final list
of included studies was identified. Methods in the field of technical skills relating an intervention to spatial
abilities test scores between intervention groups or obtained before and after the intervention were identified as
eligible. The quality of included studies was assessed and data were extracted in a systematic way.
Results: A series of 5513 citations was obtained. Ninety-nine articles were retained and fully reviewed, yielding
four included studies. No difference in the Hidden Figure Test score after one year was observed after residency
training in General Surgery of at least nine months. A first-year dental curriculum was not found to elevate the
Novel Object Cross-Sections Test score (P ¼ 0.07). A two-semester learning period of abdominal sonography was
found to increase the Revised Minnesota Paper Form Board Test score (P < 0.05). A hands-on radiology course
using interactive three-dimensional image post-processing software consisting of seven two-hour long seminars on
a weekly basis was found to amplify the Cube Perspective Test score (P < 0.001).
Conclusion: Spatial abilities tests scores were enhanced by courses in abdominal sonography and hands-on radi-
ology, but were not improved by residency training in General Surgery and first-year dental curriculum.
1. Introduction

In a systematic review, visual-spatial perception has been correlated
with operative abilities in the field of surgery at the end of a training
programme, but not found in experts [1]. Also, visual spatial tests have
been correlated with technical performance in surgical trainees in a
systematic review [2]. Another systematic review in the health area has
found spatial abilities test score to be positively correlated to the quality
of technical skills performance in novices and intermediates but nega-
tively correlated to the duration of technical skills performance in nov-
ices and intermediates [3]. This systematic review has not identified any
correlation in competent individuals or experts [3]. These findings imply
that spatial abilities have been important in the learning process of
technical skills in surgery [1,2] and more broadly in health care [3].
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Three phases have been identified in the Fitts and Posner's theory of
motor skill acquisition: cognitive, associative and autonomous [4]. The
cognitive phase involved in learning novel first time experienced
non-repetitive tasks have been related to spatial abilities by Ackerman's
theory of ability determinants [5,6]. Spatial abilities have been found
important in the cognitive phase of learning a novel technical skill in
health care [3]. Spatial abilities have not been correlated to technical
skills performance in surgery [1] and health care [3] in individuals in the
autonomous phase.

Basic factors involved in individual differences in spatial abilities
have been identified: environmental, genetic, hormonal, and neurolog-
ical [7]. In the field of cognitive psychology [8,9,10] and anatomy edu-
cation [11,12,13,14,15], males have been found to have better spatial
abilities. Further, a negative correlation of the aging process and spatial
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abilities has been identified in a systematic review [16]. A peak in the
twenties and a decay afterward have been observed for spatial abilities
[17,18].

It has been written that ‘combining knowledge of the influences of
both instructional design and learners’ individual differences may yield
the best predictors of success in training programmes’. [19]. This
knowledge should be based on scientific evidence. Genetic, hormonal,
neurological, environmental [7], sex [8,9,10,11,12,13,14,15], and age
[16,17,18] factors have been found to impact on spatial abilities. Theo-
retically, improving spatial abilities by acting on these factors would
improve quality and duration of the technical skills performance in
health care.

Among these factors, environmental have been related to practice
involving spatial abilities such as previous testing in spatial abilities [20],
academic programme [21] and vocational activities [7]. Spatial abilities
have been correlated to learning in science, technology, engineering, and
mathematics (STEM) [22,23,24]. The malleability of spatial skills in the
STEM domain have been studied in a systematic review [25]. Video
games, a semester-long spatially relevant course and spatial task training
have been identified to improve spatial abilities [25].

Technical skills in health care are a subset of technology within the
STEM domain. A systematic review of the education and psychology
literature up to 2009 by Uttal and colleagues [25] never targeted specific
research in the health care field. There is a need to choose platforms that
will likely cover all articles related to the specific field of technical skills
in health care, the results of this study could identify strategies improving
spatial abilities that could potentially improve technical skills perfor-
mance in learners. The objective of this systematic reviewwas to evaluate
the effect of interventions on spatial abilities in the field of technical skills
in health care.

2. Methods

The reporting of the systematic review followed the Preferred
Reporting Items for Systematic reviews and Meta-Analysis (PRISMA)
[26] and a research protocol was developed prior to the study. Two re-
viewers (C.B. and J.L.) independently conducted the following steps in
the systematic review: screened the citations, full text articles and
reference lists of included studies; assessed the quality of the included
studies; extracted data from included studies and conducted qualitative
synthesis and choice of studies for the meta-analysis. Any conflicts were
discussed and consensus was reached.

2.1. Search strategy

The search strategies were developed by one information scientist (J.
T.) and validated by another. No language restrictions were used when
executing the search. The search was developed around concepts
including ‘interventions’, ‘technical skills’ and ‘spatial abilities’ and
related keywords.

The literature search was done up to November 14, 2017 in Scopus
and in several databases on EBSCOhost platform (Medline with Full Text,
Cinahl Plus with Full Text, ERIC, Education Source and PsycInfo). Search
strategies are provided in Appendix 1.

2.2. Screening of citations and full-text articles

Title and abstracts from the literature search (records) were reviewed
and those involving the field of technical skills in health care, an inter-
vention, and a spatial abilities test were retained and the corresponding
full-text articles were fully reviewed for inclusion. Citations related to
proceedings, literature reviews, books, book sections, and theses were
excluded. Methods in the field of technical skills in health care relating an
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intervention to spatial abilities test scores between intervention groups
or obtained before and after the intervention were identified as eligible.
References lists of included studies were screened for additional
citations.

2.3. Quality and characteristics of eligible articles

The studies were assessed for quality and rated as low (-), interme-
diate (þ), or high (þþ) using the Scottish Intercollegiate Guidelines
Network-50 (SIGN-50) [27] selected based on a review of quality
assessment tools [28].

Study type, sample size, information related to population (type of
participants, country, gender and age), intervention, comparator, and
outcomes were extracted from the included articles. Outcome of interest
were spatial abilities test scores, compared between groups or compared
between pre- and post-test assessment. Results for relationships between
intervention in the field of technical skills in health care and spatial
abilities test were extracted and described.

2.4. Statistical analysis

For the discrete variables, descriptive statistics included frequency
and percent. For the continuous variables, median or mean and standard
deviation (SD) or standard error of the mean (SEM) or range were
considered. The level of statistical significance was established at< 0.05.

3. Results

Screening of citations, full-text articles and references of included
studies; quality assessment and data extraction from included studies;
qualitative synthesis and choice of potential studies for the meta-analysis
were done by two independent reviewers (C.B. and J.L.), and conflicts
between reviewers were discussed, a consensus was reached without the
need of a third reviewer.

A summary of the selection of articles is shown in the PRISMA flow
diagram of Figure 1. The literature search yielded 8815 citations plus
three additional citation from references lists of studies identified for
inclusion. After the duplicates were removed, 5513 citations were
identified of which 5414 citations were ineligible and 99 were consid-
ered for full-text review. Of the 99 articles that were retained and had
full-text review, 95 were excluded for the following main reasons (Ap-
pendix 2): not in the field of technical skill (n ¼ 7), absence of spatial
abilities test scores before and after an intervention (n ¼ 66), absence of
spatial abilities test score (n¼ 18), lack of information for data extraction
(n ¼ 1), literature review (n ¼ 3). Additional reasons for exclusion for a
given article are also shown in Appendix 2. In summary, four eligible
articles corresponded to four eligible studies of which none were avail-
able for a meta-analysis.

3.1. Characteristics of the included studies

The characteristics of the four studies that met our including criteria
are described in Appendix 3. All studies had a before and after design
relating spatial abilities to technical skills in health care. In the four
studies (Appendix 3) retained for the systematic review, three were
prospective cohort studies [29,31,32] and one was pro-
spective/retrospective study [30]. One of the studies [32] was assessed as
low quality and the other three [29,31,32] as intermediate.

Several types of study participants were considered among the four
studies: General Surgery resident [29] (n ¼ 1), dentistry student [30] (n
¼ 1), undergraduate psychology student [30] (n ¼ 1), sonography stu-
dent [31] (n ¼ 1), medical student [32] (n ¼ 1). Two of the studies were
conducted in the United States of America [30,31], one in Germany [32],



Figure 1. PRISMA flow diagram.
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and one in an unspecified country [29]. The four studies included 370
participants of which 80 (21.6%) were females, 126 (34.1%) were males,
and 164 (44.3%) were of unspecified sex. Age of participants was not
specified.

The following spatial abilities test were used: Hidden Figure Test (n¼
1) [29], Novel Object Cross-Section Test (n ¼ 1) [30], Tooth
Cross-Sections Test (n ¼ 1) [31], Revised Minnesota Paper Form Board
Test (n ¼ 1) [31], and Cube Perspective Test (n ¼ 1) [30]. The time in-
terval for retesting of spatial abilities varied from two-semester [31] to
one year [29,30].

Interventions were heterogeneous: residency training in General
Surgery [29], first-year dental curriculum [30], learning of abdominal
sonography [31], and hands-on radiology course using interactive
three-dimensional image post-processing software [32]. The time for
interventions varied from seven weeks [32] to one year [30].

Spatial abilities test scores before and after an intervention were
provided but not spatial abilities score between intervention group.

3.2. Narrative synthesis

The Hidden Figure Test score after one year was not changed by a
residency training in General Surgery of at least nine month with a test-
retest reliability correlation r of 0.87 [29]. A first-year dental curriculum
was not found to elevate the Tooth Cross-Sections Test score (P ¼ 0.07)
[30]. A two-semester learning period of abdominal sonography was
found to increase the Revised Minnesota Paper Form Board Test score
with an effect size of 0.32 (P < 0.05) [31]. A hand-on radiology course
using interactive three-dimensional image post-processing software
3

consisting of seven two-hour long seminars on a weekly basis was found
to amplify the Cube Perspective Test score of 11.8% (P < 0.001) [32]. A
meta-analysis was not possible because of inconsistent reporting of the
statistical results for spatial abilities test score.

4. Discussion

The objective of this study was to evaluate the interventions on spatial
abilities in the field of technical skills in health care. Training in
abdominal sonography [31] and hands-on radiology [32] were identified
to enhance spatial abilities. Similar findings have been found in anatomy
education with courses of anatomy [13,14,33]. The positive findings in
this study were also similar to those of a large systematic review [25]
where courses with spatial abilities content have been found to improve
spatial abilities in the STEM domain. The use of video games and specific
spatial task training that has been found to be factors to improve spatial
abilities in this large systematic review [25] were not found in the cur-
rent study. Spatial task training has been found to improve spatial abil-
ities in a systematic review of spatial abilities training in anatomy
education [33].

Residency training in General Surgery [29] and first-year dental
curriculum [30] were not found to improve spatial abilities even if spatial
abilites test score were related to operative procedures performance [29]
and restorative dentistry practical laboratory classes [30]. The residency
training in General Surgery [29] and first-year dental curriculum [30]
were less specific compared to courses in abdominal sonography [31]
and hands-on radiology [32]. Uttal and colleagues [25] have related
improvement in spatial abilites with a semester-long spatially relevant
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course, but this might not apply to a residency training in General Sur-
gery and first-year dentistry curriculum. A residency training program
and a curriculum compared to more specific courses might introduce
uncontrolled variables that could interfer with spatial abilities test score.

It was interesting to note in the study of Hegarty and collegues that
the Tooth-Cross Sections Test was improved after a second testing in the
control group consisting of undergraduate psychology students not being
submitted to the first-year dental curriculum [30]. This was not found in
the experimental group with the Novel Object Cross-Sections Test [30].
This could be explained by the practice effect and the different nature of
the Tooth Cross-Sections Test compared to the Novel Object
Cross-Sections Test.

Comparison between groups considered in the study of Hegarty and
colleagues [30] were not included in this systematic review for several
reasons. The intervention between second and fourth year and first and
fourth year dental curriculum was not direct and specific to spatial skills
training. Also, there were may be many differences between the groups
with possible residual confounders. Furthermore, no difference were
found with valid and reliable tests of spatial abilities while difference was
found with the less valid Tooth-Cross Sections Test. Finally, the content
on the specific skills to be learned in third and fourth year was not clear.
It is known that spatial abilities are important in the first two years of
dentistry and less so in the last two years [34,35,36].

The search of Uttal and colleagues done up to 2009 used Proquest
related to thesis, ERIC and PsyInfo covering mostly the field of education
and psychology [25]. It is interesting to note that a study published in
1986 by Gibbons and colleagues [29] has not been picked up by the study
of Uttal and colleagues [25] nor one study published in 2009 by Hegarty
and colleagues [30]. This validates the choice of databases in the actual
study that was more likely to cover all articles related to the specific field
of technical skills in health care. The need to perform a new search was
also validated by the findings in this study of two new studies since 2009
[31,32].

The time of training in studies with positive findings in this review
were seven weeks [32] and two-semester [31]. Is is unknown if a
shorter distribution would achieve the same effect as related to tech-
nical skills performance. Shorter distribution such as 20 min [37], 10
days on a given month [38], 160 h over 25 days [14], 60 h over at least
four weeks [39] have been identified in the training of spatial abilities
in the field of anatomy education [33]. Also, it is unknown if students
have reached their maximum peak of spatial abilities after these cour-
ses. A positive dose-dependent effect of computer-assisted learning of
anatomy on spatial abilities has been demonstrated in a recent study
[40].

Considering the large amount of literature correlating spatial abilities
to the technical skills performance in surgery [1,2] and in health care [3],
it was interesting to note that very few research have tried to mesure the
impact of practicing a technical skill in health care on spatial abilities.

Sex [8,9,10,11,12,13,14,15] and age [16,17,18] have been found to
be important factors of individual differences in spatial abilities. Age was
not considered in the four included studies. Also, the improvement in
spatial abilities was not correlated with sex in the two studies with
positive findings [31,32].

The improvement of spatial abilities test score has not been found to
be transferred to technical skills performance in the two articles with
positive studies [31,32]. This transfer has not been found either in the
systematic review of Uttal and colleagues [25]. Mental rotation training
has been found to improve anatomy knowledge score in a single study
[39].
4

Future studies will need to assess the use of video games and specific
spatial abilities training as factors to improve spatial abilities in the field
of technical skills performance in health care. Also, assuming individual
differences in the peak amplitude for spatial abilities, the effect of timing
and amount of intervention will need to be evaluated to reach a specified
plateau in a given learner. Furthermore, specific course will need to be
compared to general curriculum for the malleability of spatial abilities.
Finally, studies will need to investigate the impact of increased spatial
abilites test score on technical skills performance.

4.1. Limitations

The specific spatial abilities test were different in the four included
studies. No study used the valid and reliable Mental Rotations Test [20,
41] which is more often considered in studies relating spatial abilities to
technical skills performance in health care [3]. Also, the evaluation of the
practice effect of a given spatial abilities test in a control group compared
to the experimental group was not provided in any of the included
studies.

There was heterogeneity in the intervention studied. Interventions
were applied in a wide range of health care fields: General Surgery
[29], dental curriculum [30], sonography [31], and radiology [32].
Also, the time for interventions varied from seven weeks [32] to one
year [30].

None of the included articles was rated as ‘high’ quality; one [32] was
rated as ‘low’ and three [29,30,31] as ‘intermediate’. A meta-analysis
was not possible in this systematic review because of the inconsistency
in reporting statistical results of the spatial abilities test scores.

5. Conclusion

Spatial abilities test scores were enhanced by courses in abdominal
sonography and hands-on radiology, but were not improved by residency
training in General Surgery and first-year dental curriculum. In the
future, specific courses will need to be compared to general curriculum
for the malleability of spatial abilities.
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Appendix 1. Search strategies for concept of interventions, technical skills and spatial abilities

Scopus

TITLE-ABS-KEY ("technical skill*" OR "surgical skill*" OR "procedural skill*" OR simulat* OR "surgical abilit*" OR "surgical train*" OR "virtual realit*"
OR "practical laborator*" OR neuroimag* OR radiolog* OR "medical imag*") AND TITLE-ABS-KEY (intervention* OR instruct* OR format* OR train* OR
educat* OR teach* OR learn*) AND TITLE-ABS-KEY ("spatial abilit*" OR "spatial aptitude*" OR "spatial skill*" OR "visual spatial abilit*" OR "visual
spatial aptitude*" OR "visual spatial skill*" OR "visuospatial abilit*" OR "visuospatial aptitude*" OR "visuospatial skill*" OR "visuo-spatial abilit*" OR
"visuo-spatial aptitude*" OR "visuo-spatial skill*" OR "spatial visuali?ation abilit*" OR "spatial visuali?ation aptitude*" OR "spatial visuali?ation skill*"
OR "visual perception*" OR "space perception*" OR "spatial perception*" OR "psychomotor test*" OR "psychomotor abilit*" OR "psychomotor aptitude*"
OR "psychomotor skill*" OR "perceptual abilit*" OR "perceptual aptitude*" OR "perceptual skill*")

EBSCOhost

Databases: Medline with Full Text, Cinahl Plus with Full Text, ERIC, Education Source and PsycInfo
S4 S1 AND S2 AND S3

S3 "technical skill*" OR "surgical skill*" OR "procedural skill*" OR simulat* OR "surgical abilit*" OR "surgical train*" OR "virtual realit*" OR "practical laborator*"
OR neuroimag* OR radiolog* OR "medical imag*"

S2 Intervention* OR instruct* OR format* OR train* OR educat* OR teach* OR learn*

S1 "spatial abilit*" OR "spatial aptitude*" OR "spatial skill*" OR "visual spatial abilit*" OR "visual spatial aptitude*" OR "visual spatial skill*" OR "visuospatial abilit*"
OR "visuospatial aptitude*" OR "visuospatial skill*" OR "visuo-spatial abilit*" OR "visuo-spatial aptitude*" OR "visuo-spatial skill*" OR "spatial visuali?ation abilit*"
OR "spatial visuali?ation aptitude*" OR "spatial visuali?ation skill*" OR "visual perception*" OR "space perception*" OR "spatial perception*" OR "psychomotor test*"
OR "psychomotor abilit*" OR "psychomotor aptitude*" OR "psychomotor skill*" OR "perceptual abilit*" OR "perceptual aptitude*" OR "perceptual skill*"

S ¼ Set.
Appendix 2. Excluded studies (n ¼ 95)

References for excluded studies: [42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,
77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,
117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136]

Reasons for exclusion at the end of references (in parentheses):

1. Not in the field of technical skills in health care
2. Absence of an intervention
3. Absence of spatial abilities test scores before and after an intervention
4. Absence of spatial abilities test scores between intervention groups
5. Absence of spatial abilities test score
6. Lack of information for data extraction
7. Literature review
Appendix 3. Systematic review of included studies and results

Author(s), year Design
Sample size

Population: Participant,
Country, Gender, Age

Intervention Comparator Spatial abilities
test

Comparison
between pre-
and post-test
scores (P)

Control group Quality Assessment:
SIGN-50a

Gibbons et al.,
1986 [29]

Prospective
cohort study
N ¼ 58

Residents in
General Surgery
University A
(n ¼ 42)
University B
(n ¼ 16)
Country: NIb

Gender: NI
Age: NI

Surgical
training
of nine
months in 11
and
more in
others

None Hidden Figures
32-item
Pre-test
Post-test after
one year

Test-retest
reliability
r ¼ 0.87

None þ

Hegarty et al.,
2009 [30]

Prospective/
retrospective
cohort study
(Study 2)
N ¼ 206

First year
(n ¼ 79)
and fourth
year (n ¼ 65)
dentistry students
and undergraduate
psychology
students
(n ¼ 62)
United States
of America

First-year
Dental
curriculum
(one year)

None Novel Object
Cross-Section
- 10-item -
5 min - one
point for
correct answer
minus ¼ of incorrect
answers - maximum
possible score of 10
First year dentistry
students (n ¼ 79)

Novel Object
Cross-Section
Test: P ¼ 0.07

Tooth
Cross
-Section
Test:
P < 0.001

þ

(continued on next page)

5



(continued )

Author(s), year Design
Sample size

Population: Participant,
Country, Gender, Age

Intervention Comparator Spatial abilities
test

Comparison
between pre-
and post-test
scores (P)

Control group Quality Assessment:
SIGN-50a

80 females,
126 males
Age: NI

Pre-test (August):
5.4 � 2.1c

Post-test (September):
5.8 � 2.4
Tooth Cross-Section
Test - 20 items - time:
NI - one point for
correct answer minus
¼ of incorrect answers
- maximum possible
score of 18
Undergraduate
psychology students
(n ¼ 62)
Pre-test (November):
7.1 � 3.9
Post-test (September):
11.3 � 4.3

Clem et al.,
2013 [31]

Prospective
cohort study
N ¼ 79

Beginning
sonography
students
United States
of America
Gender: NI
Age: NI
Drop out: 6

Two-semester
learning period
in abdominal
sonography

None Revised Minnesota Paper
Form Board Test (RMPFBT)
65-question, 20- minute,
paper and pencil, range of
possible scores from 0 to 64
Pre-spatial tests scores
Midwest university class 1:
n ¼ 11; 44.55 � 5.429
Midwest university class 2:
n ¼ 13; 48.08 � 5.722
Midwest university class 3:
n ¼ 19; 51.11 � 7.745
Atlantic coast community
college: n ¼ 8;
52.25 � 10.264
Midwestern community
college:
n ¼ 11; 47.18 � 8.424
Proprietary school n ¼ 11;
40.18 � 8.256
Post-spatial test scores: NI

N ¼ 49
Midwest
university
class 3
Atlantic
coast
community
college
Midwestern
community
college
Propriety
school
Effect
size ¼ 0.32
(P < 0.05)

None þ

Rengier et al.,
2013 [32]

Prospective
cohort
study
N ¼ 27

Fourth and
fifth-year
medical
students
Germany
Gender: NI
Age: NI
Drop out: 2

Hands-on
radiology Course
using interactive
three-dimensional
image post-processing
software (analysis of
cross-sectional imaging
data and correlation of
two-dimensional images
with three-dimensional
reconstructions)
Seven seminars, each two
hours long and held on a
weekly basis covering
musculoskeletal system,
thorax, abdomen and
pelvis, head and neck,
central nervous
system, and
nuclear medicine

None Cube perspective test – 32
questions
Time: NI
Maximum score of 16
N ¼ 16
Corrects answers
Pre-test: 10.1 � 2.6
Post-test: 11.9 � 2.4
Score including negative
marking
Pre-test: 7.9 � 3.7
Post-test: 10.4 � 3.2

Correct
answers
Improvement:
11.3%
(P < 0.001)
Score including
negative
marking
Improvement:
15.6%
(P < 0.001)

None -

aSIGN-50, Scottish Intercollegiate Guidelines Network-50 (quality assessment); bNI, not identified; cmean � standard deviation.

J. Langlois et al. Heliyon 6 (2020) e03280
References

[1] Z.N. Maan, I.N. Maan, A.W. Darzi, R. Aggarwal, Systematic review of predictors of
surgical performance, Br. J. Surg. 99 (2012) 1610–1621.

[2] M. Louridas, P. Szasz, S. de Montbrun, K.A. Harris, T.P. Grantcharov, Can we
predict technical aptitude? A systematic review, Ann. Surg. 263 (2016) 673–691.

[3] J. Langlois, C. Bellemare, J. Toulouse, G.A. Wells, Spatial abilities and technical
skills performance in health care: a systematic review, Med. Educ. 49 (2015)
1065–1085.

[4] P.M. Fitts, M.I. Posner, Human Performance, first ed., Brooks/Cole, Publishing Co,
Belmont, CA, 1967.
6

[5] P.L. Ackerman, Determinants of individual differences during skill acquisition:
cognitive abilities and information processing, J. Exp. Psychol. Gen. 117 (1988)
288–318.

[6] P.L. Ackerman, Predicting individual differences in complex skill
acquisition: dynamics of ability determinants, J. Appl. Psychol. 77 (1992)
598–614.

[7] M.G. McGee, Human spatial abilities: psychometric studies and environmental,
genetic, hormonal, and neurological influences, Psychol. Bull. 86 (1979)
889–918.

[8] E.E. Maccoby, C.N. Jacklin, The Psychology of Sex Differences, first ed., I, Stanford
University Press, Stanford, CA, 1974.

http://refhub.elsevier.com/S2405-8440(20)30125-0/sref1
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref1
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref1
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref2
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref2
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref2
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref3
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref3
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref3
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref3
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref4
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref4
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref5
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref5
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref5
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref5
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref6
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref6
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref6
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref6
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref7
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref7
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref7
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref7
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref8
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref8


J. Langlois et al. Heliyon 6 (2020) e03280
[9] D. Voyer, S. Voyer, M.P. Bryden, Magnitude of sex differences in spatial abilities: a
meta-analysis and consideration of critical variables, Psychol. Bull. 117 (1995)
250–270.

[10] M. Peters, J.T. Manning, S. Reimers, The effects of sex, sexual orientation, and
digit ratio (2D:4D) on mental rotation performance, Arch. Sex. Behav. 36 (2007)
251–260.

[11] A. Garg, G.R. Norman, L. Spero, P. Maheshwari, Do virtual computer models
hinder anatomy learning? Acad. Med. 74 (1999a) S87–S89.

[12] A. Garg, G. Norman, L. Spero, I. Taylor, Learning anatomy: do new computer
models improve spatial understanding? Med. Teach. 21 (1999b) 519–522.

[13] R.S. Lufler, A.C. Zumwalt, C.A. Romney, T.M. Hoagland, Effect of visual-spatial
ability on medical students performance in a gross anatomy course, Anat. Sci.
Educ. 5 (2012) 3–9.

[14] M.A. Vorstenbosch, T.P. Klaassen, A.R. Donders, J.G. Kooloos, S.M. Bolhuis,
R.F. Laan, Learning anatomy enhances spatial ability, Anat. Sci. Educ. 6 (2013)
257–262.

[15] J. Langlois, G.A. Wells, M. Lecourtois, G. Bergeron, E. Yetisir, M. Martin, Sex
differences in spatial abilities of medical graduates entering their residency
programs, Anat. Sci. Educ. 6 (2013) 368–375.

[16] C. Techentin, D. Voyer, S.D. Voyer, Spatial abilities and aging: a meta-analysis,
Exp. Aging Res. 40 (2014) 395–425.

[17] J.R. Wilson, J.C. De Fries, G.E. McClearn, S.G. Vandenberg, R.C. Johnson,
M.N. Rashad, Cognitive abilities: use of family data as a control to assess sex and
age differences in two ethnic groups, Int. J. Aging Hum. Dev. 6 (1975) 261–276.

[18] E.A. Maylor, S. Reimers, J. Choi, M.L. Collaer, M. Peters, I. Silverman, Gender and
sexual orientation differences in cognition across adulthood: age is kinder to
women than to men regardless of sexual orientation, Arch. Sex. Behav. 36 (2007)
235–249.

[19] C. Yue, Predicting and influencing training success: spatial abilities and
instructional design, Med. Educ. 49 (2015) 1054–1062.

[20] M. Peters, B. Laeng, K. Latham, M. Jackson, R. Zaiyouna, C. Richardson, A
redrawn Vandenberg and Kuse mental rotations test: different versions and factors
that affect performance, Brain Cognit. 28 (1995) 39–58.

[21] M. Peters, W. Lehmann, S. Takahira, Y. Takeuchi, K. Jordan, Mental rotation test
performance in four cross-cultural sample (n ¼ 3367): overall sex differences and
the role of academic program in performance, Cortex 42 (2006) 1005–1014.

[22] L.G. Humphreys, D. Lubinski, Yao, Utility of predicting group membership and the
role of spatial visualization in becoming an engineer, physical scientist, or artist, J.
Appl. Psychol. 78 (1993) 250–261.

[23] D.L. Shea, D. Lubinski, C.P. Benhow, Importance of assessing spatial ability in
intellectually talented young adolescents: a 20-year longitudinal study, J. Educ.
Psychol. 93 (2001) 604–614.

[24] J. Wai, D. Lubinski, C.P. Benhow, Spatial ability for STEM domains: aligning over
50 years of cumulative psychological knowledge solidifies its importance, J. Educ.
Psychol. 101 (2009) 817–835.

[25] D.H. Uttal, N.G. Meadow, E. Tipton, L.L. Hand, A.R. Alden, C. Warren,
N.S. Newcombe, The malleability of spatial skills: a meta-analysis of training
studies, Psychol. Bull. 139 (2013) 352–402, 2013.

[26] D. Moher, A. Liberati, J. Tetzlaff, D.G. Altman, Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement, PLoS Med. 6
(2009), e1000097.

[27] S.I.G.N. Scottish, Intercollegiate Guidelines Network. SIGN 50: A Guideline
Developers' Handbook, first ed., The Network, Edinburgh, UK, 2015. http://
www.sign.ac.uk/pdf/sign50.pdf. (Accessed 10 October 2015).

[28] A. Bai, V.K. Shukla, G. Bak, G. Wells, Quality Assessment Tools Project Report,
Canadian Agency for Drugs and Technologies in Health, Ottawa, 2013.

[29] R.D. Gibbons, R.J. Baker, D.B. Skinner, Field articulation testing: a predictor of
technical skills in surgical residents, J. Surg. Res. 41 (1986) 53–57.

[30] M.Hegarty,M.Keehner, P.Khooshabeh,D.R.Montello,HowSpatial abilities enhance,
and are enhanced by, dental education, Learn. Indiv. Differ. 19 (2009) 61–70.

[31] D.W. Clem, J. Donaldson, B. Curs, S. Anderson, M. Hdeib, Role of spatial ability as
a probable ability determinant in skill acquisition for sonographic scanning, J.
Ultrasound Med. 32 (2013) 519–528.

[32] F. Rengier, M.F. Hafner, R. Unterhinninghofen, R. Nawrotzki, J. Kirsch,
H.U. Kauczor, F.L. Giesel, Integration of interactive three-dimensional image post-
processing software into undergraduate radiology education effectively improves
diagnostic skills and visual-spatial ability, Eur. J. Radiol. 82 (2013) 1366–1371.

[33] J. Langlois, C. Bellemare, J. Toulouse, G.A. Wells, Spatial abilities training in
anatomy education: a systematic review, Anat. Sci. Educ. (2019).

[34] R.R. Ranney, M.B. Wilson, R.B. Bennett, Evaluation of applicants to predoctoral
dental education programmes: review of the literature, J. Dent. Educ. 69 (2005)
1095–1106.

[35] S.A. Gray, L.P. Deem, Predicting student performance in preclinical technique
courses using the theory of ability determinants of skilled performance, J. Dent.
Educ. 66 (2002) 721–727.

[36] S.A. Gray, L.P. Deem, S.R. Straja, Are traditional cognitive tests useful in
predicting clinical success? J. Dent. Educ. 66 (2002) 1241–1245.

[37] D. Cui, T.D. Wilson, R.W. Rockhold, M.N. Lehman, J.C. Lynch, Evaluation of the
effectiveness of 3D vascular stereoscopic models in anatomy instruction for first
year medical students, Anat. Sci. Educ. 10 (2017) 34–45.

[38] J. Provo, C. Lamar, T. Newby, Using a cross-section to train veterinary students to
visualize anatomical structures in three dimensions, J. Res. Sci. Teach. 39 (2002)
10–34, 2002.

[39] N. Hoyek, C. Collet, O. Rastello, P. Fargier, P. Thiriet, A. Guillot, Enhancement of
mental rotation abilities and its effect on anatomy learning, Teach. Learn. Med. 21
(2009) 201–206.
7

[40] B. Guimar~aes, J. Firmano-Machado, S. Tsisar, B. Viana, M. Pinto-Sousa, P. Viera-
Marques, R. Cruz- Correia, M.A. Ferreira, The role of anatomy computer-assisted
learning on spatial abilities of medical students, Anat. Sci. Educ. 12 (2019)
138–153.

[41] S.G. Vandenberg, A.R. Kuse, Mental rotations, a group test of three-dimensional
spatial visualization, Percept. Mot. Skills 47 (1978) 599–604.

[42] T. Abe, N. Raison, N. Shinohara, M. Shamim Khan, K. Ahmed, P. Dasgupta, The
effect of visual-spatial ability on the learning of robot-assisted surgical skills, J.
Surg. Educ. 75 (2018) 458–464 (3).

[43] L. Ahlborg, L. Hedman, D. Murkes, B. Westman, A. Kjellin, L. Fell€ander-Tsai,
L. Enochsson, Visuospatial ability correlates with performance in simulated
gynecological laparoscopy, Eur. J. Obstet. Gynecol. Reprod. Biol. 157 (2011)
73–77 (3, 4).

[44] L. Ahlborg, L. Hedman, H. Nisell, L. Fell€ander-Tsai, L. Enochsson, Simulator
training and non-technical factors improve laparoscopic performance among
OBGYN trainees, Acta Obstet. Gynecol. Scand. 92 (2013) 1194–1201 (3, 4).

[45] L. Ahlborg, L. Hedman, C. Rasmussen, L. Fell€ander-Tsai, L. Enochsson, Non-
technical factors influence laparoscopic simulator performance among OBGYN
residents, Gynecol. Surg. 9 (2012) 415–420 (3).

[46] A. Alvand, T. Khan, S. Al-Ali, W.F. Jackson, A.J. Price, J.L. Rees, Simple visual
parameters for objective assessment of arthroscopic skill, J. Bone Jt. Surg. - Ser. A.
94 (2012) e97.1–e97.7 (3, 5).

[47] H. Arora, J. Uribe, W. Ralph, M. Zeltsan, H. Cuellar, A. Gallagher, M.P. Fried,
Assessment of construct validity of the endoscopic sinus surgery simulator, Arch.
Otolaryngol. Head. Neck. Surg. 131 (2005) 217–221 (3).

[48] J.C. Bass, C. Chiles, Visual skill: correlation with detection of solitary pulmonary
nodules, Invest. Radiol. 25 (1990) 994–997 (3, 5).

[49] A. Bernardo, Establishment of next-generation neurosurgery research and training
laboratory with integrated human performance monitoring, World Neurosurg.
106 (2017) 991–1000 (3, 5).

[50] Z. Boom-Saad, S.A. Langenecker, L.A. Bieliauskas, C.J. Graver, J.R. O'Neill,
A.F. Caveney, L.J. Greenfield, R.M. Minter, Surgeons outperform normative
controls on neuropsychologic tests, but age-related decay of skills persists, Am. J.
Surg. 195 (2008) 205–209 (3, 4, 5).

[51] M.G. Brandt, E.T. Davies, Visual-spatial ability, learning modality and surgical
knot tying, Can. J. Surg. 49 (2006) 412–416 (3, 4).

[52] C.E. Buckley, D.O. Kavanagh, T.K. Gallagher, R.M. Conroy, O.J. Traynor,
P.C. Neary, Does aptitude influence the rate at which proficiency is achieved for
laparoscopic appendectomy? J. Am. Coll. Surg. 217 (2013) 1020–1027 (3, 4).

[53] C.E. Buckley, D.O. Kavanagh, E. Nugent, D. Ryan, O.J. Traynor, P.C. Neary, The
impact of aptitude on the learning curve for laparoscopic suturing, Am. J. Surg.
207 (2014) 263–270 (3, 4).

[54] P. Chadha, N. Hachach-Haram, S. Shurey, P.N. Mohanna, A randomized control
trial exploring the effect of mental rehearsal and cognitive visualization on
microsurgery skills, J. Reconstr. Microsurg. 32 (2016) 499–505 (3, 4, 5).

[55] D. Clem, S. Anderson, J. Donaldson, M. Hdeib, An exploratory study of spatial
ability and student achievement in sonography, J. Diagnostic. Med. Sonogr. 26
(2010) 163–170 (3, 4).

[56] A.K. Dashfield, A.W. Lambert, J.K. Campbell, D.C. Wilkins, Correlation between
psychometric test scores and learning tying of surgical reef knots, Ann. R. Coll.
Surg. Engl. 83 (2001) 139–143 (3, 5).

[57] S. de Ribaupierre, T.D. Wilson, Construction of a 3-D anatomical model for
teaching temporal lobectomy, Comput. Biol. Med. 42 (2012) 692–696 (3, 5).

[58] I.J. Deary, K.S. Graham, A.G. Maran, Relationships between surgical ability
ratings and spatial abilities and personality, J. R. Coll. Surg. Edinb. 37 (1992)
74–79 (3).

[59] J.G. DesCoteaux, H. Leclere, Learning surgical technical skills, Can. J. Surg. 38
(1995) 33–38 (7).

[60] T. Donnon, J.-G. DesCoteaux, C. Violato, Impact of cognitive imaging and sex
differences on the development of laparoscopic suturing skills, Can. J. Surg. 48
(2005) 387–393 (3, 4, 5).

[61] N.A. Duce, L. Gillett, J. Descallar, M.T. Tran, S.C.M. Siu, A. Chuan, Visuospatial
ability and novice brachial plexus sonography performance, Acta Anaesthesiol.
Scand. 60 (2016) 1161–1169 (3).

[62] H. Egi, M. Okajima, M. Yoshimitsu, I. Satoshi, M. Yoshihiro, M. Hirokazu,
K. Tomohiro, K. Yuichi, K. Makoto, A. Toshimasa, Objective assessment of
endoscopic surgical skills by analyzing direction-dependent dexterity using the
Hiroshima University Endoscopic Surgical Assessment Device (HUESAD), Surg.
Today 38 (2008) 705–710 (3, 4, 5).

[63] H. Egi, M. Tokunaga, M. Hattori, H. Ohdan, Evaluating the correlation between
the HUESAD and OSATS scores: concurrent validity study, Minim. Invasive. Ther.
Allied. Technol. 22 (2013) 144–149 (3, 4, 5).

[64] H. Egi, M. Hattori, T. Suzuki, H. Sawada, Y. Kurita, H. Ohdan, The usefulness of 3-
dimensional endoscope systems in endoscopic surgery, Surg. Endosc. 30 (2016)
4562–4568 (3).

[65] L. Enochsson, B. Westman, E.M. Ritter, L. Hedman, A. Kjellin, T. Wredmark,
L. Fell€ander-Tsai, Objective assessment of visuospatial and psychomotor ability
and flow of residents and senior endoscopists in simulated gastroscopy, Surg.
Endosc. 20 (2006) 895–899 (3, 4).

[66] L. Enochsson, B. Isaksson, R. Tour, A. Kjellin, L. Hedman, T. Wredmark, L. Tsai-
Fell€ander, Visuospatial skills and computer game experience influence the
performance of virtual endoscopy, J. Gastrointest. Surg. 8 (2004) 874–880 (3).

[67] N.K. Francis, G.B. Hanna, A.B. Cresswell, F.J. Carter, A. Cuschieri, The
performance of master surgeons on standard aptitude testing Advanced Dundee
Endoscopic Psychomotor Tester: contrast validity study, Am. J. Surg. 182 (2001)
30–33 (3, 4).

http://refhub.elsevier.com/S2405-8440(20)30125-0/sref9
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref9
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref9
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref9
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref10
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref10
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref10
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref10
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref11
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref11
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref11
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref12
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref12
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref12
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref13
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref13
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref13
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref13
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref14
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref14
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref14
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref14
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref15
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref15
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref15
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref15
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref16
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref16
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref16
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref17
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref17
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref17
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref17
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref18
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref18
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref18
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref18
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref18
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref19
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref19
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref19
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref20
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref20
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref20
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref20
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref21
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref21
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref21
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref21
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref21
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref22
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref22
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref22
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref22
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref23
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref23
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref23
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref23
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref24
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref24
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref24
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref24
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref25
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref25
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref25
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref25
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref26
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref26
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref26
http://www.sign.ac.uk/pdf/sign50.pdf
http://www.sign.ac.uk/pdf/sign50.pdf
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref28
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref28
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref29
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref29
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref29
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref30
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref30
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref30
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref31
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref31
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref31
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref31
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref32
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref32
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref32
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref32
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref32
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref33
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref33
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref34
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref34
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref34
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref34
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref35
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref35
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref35
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref35
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref36
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref36
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref36
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref37
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref37
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref37
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref37
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref38
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref38
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref38
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref38
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref39
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref39
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref39
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref39
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref40
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref40
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref40
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref40
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref40
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref40
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref41
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref41
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref41
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref42
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref42
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref42
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref42
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref43
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref43
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref43
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref43
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref43
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref43
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref44
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref44
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref44
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref44
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref44
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref45
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref45
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref45
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref45
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref45
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref46
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref46
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref46
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref46
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref47
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref47
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref47
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref47
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref48
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref48
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref48
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref49
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref49
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref49
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref49
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref50
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref50
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref50
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref50
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref50
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref51
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref51
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref51
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref52
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref52
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref52
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref52
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref53
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref53
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref53
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref53
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref54
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref54
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref54
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref54
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref55
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref55
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref55
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref55
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref56
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref56
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref56
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref56
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref57
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref57
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref57
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref58
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref58
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref58
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref58
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref59
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref59
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref59
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref60
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref60
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref60
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref60
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref61
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref61
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref61
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref61
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref62
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref62
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref62
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref62
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref62
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref62
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref63
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref63
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref63
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref63
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref64
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref64
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref64
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref64
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref65
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref65
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref65
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref65
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref65
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref65
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref66
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref66
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref66
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref66
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref66
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref67
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref67
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref67
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref67
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref67


J. Langlois et al. Heliyon 6 (2020) e03280
[68] H.J. Gallagher, J.D. Allan, D.A. Tolley, Spatial awareness in urologists: are they
different? BJU Int. 88 (2001) 666–670 (3, 5).

[69] A.G. Gallagher, R. Cowie, I. Crothers, J.-A. Jordan-Black, R.M. Satava, PicSOr – An
objective test of perceptual skill that predicts laparoscopic technical skill in three
initial studies of laparoscopic performance, Surg. Endosc. 17 (2003) 1468–1471
(3, 4).

[70] E.D. Grober, S.J. Hamstra, R.K. Reznick, E.D. Matsumoto, R.S. Sidhu, K.A. Jarvi,
Validation of novel and objective measures of microsurgical skill: hand-motion
analysis and stereoscopic visual acuity, Microsurgery 23 (2003) 317–322 (3, 5).

[71] M. Groenier, J.M.C. Schraagen, H.A.T. Miedema, I.A.J.M. Broeders, The role of
cognitive abilities in laparoscopic simulator training, Adv. Health Sci. Educ.
Theory Pract. 19 (2014) 203–217 (3).

[72] M. Groenier, K.H. Groenier, H.A.T. Miedema, I.A.M.J. Broeders, Perceptual speed
and psychomotor ability predict laparoscopic skill acquisition on a simulator, J.
Surg. Educ. 72 (2015) 1224–1232 (3).

[73] I. Hassan, T. Osei-Agymang, D. Radu, B. Gerdes, M. Rothmund, E.D. Fern�andez,
Simulation endoskopischer operationen – vier jahre erfahrung an der
Chirurgischen Universit€atsklinik Marburg, Wien. Klin. Wochenschr. 120 (2008)
70–76 (7).

[74] L. Hedman, P. Strom, P. Andersson, A. Kjellin, T. Wredmark, L. Fellander-Tsai,
High-level visual-spatial ability for novices correlates with performance in a
visual-spatial complex surgical simulator task, Surg. Endosc. 20 (2006)
1275–1280 (3).

[75] L. Hedman, T. Klingberg, L. Enochsson, A. Kjellin, L. Fell€ander-Tsai, Visual
working memory influences the performance in virtual image–surgical
intervention, Surg. Endosc. 21 (2007) 2044–2050 (3).

[76] L. Helle, M. Nivala, P. Kronqvist, K.A. Ericsson, E. Lehtinen, Do prior knowledge,
personality and visual perceptual ability predict student performance in
microscopic pathology? Med. Educ. 44 (2010) 621–629 (3).

[77] P. Henn, A.G. Gallagher, E. Nugent, R. Cowie, N.E. Seymour, R.S. Haluck,
R.S. Hseino, O. Traynor, P.C. Neary, A computerised test of perceptual ability for
learning endoscopic and laparoscopic surgery and other image guided procedures:
score norms for PicSOr, Am. J. Surg. 214 (2017) 969–973 (3, 4).

[78] M. Hirata, A. Kato, T. Yoshimine, S. Nakajima, M. Maruno, S. Tamurat, F. Kishinot,
T. Hayakawa, Spatial perception in macroscopic and microscopic surgical
manipulations: Differences between experienced and inexperienced surgeons,
Neurol. Res. 20 (1998) 509–512 (3, 5).

[79] L. Jing, L.E.M. Grierson, M.X. Wu, R. Breuer, H. Carnahan, Perceptual motor
features of expert acupuncture lifting-thrusting skills, Acupunct. Med. 31 (2013)
172–177 (3, 4, 5).

[80] F. Jungmann, I. Gockel, H. Hecht, K. Kuhr, J. R€as€anen, E. Sihvo, H. Lang, Impact of
perceptual ability and mental imagery training on simulated laparoscopic knot-
tying in surgical novices using a Nissen fundoplication model, Scand. J. Surg. 100
(2011) 78–85 (3, 4).

[81] M.M. Keehner, F. Tendick, M.V. Meng, H.P. Anwar, M. Hegarty, M.L. Stoller, Q.-
Y. Duh, Spatial ability, experience, and skill in laparoscopic surgery, Am. J. Surg.
188 (2004) 71–75 (3, 4).

[82] M. Keehner, Y. Lippa, D.R. Montello, F. Tendick, M. Hegarty, Learning a spatial
skill for surgery: how the contributions of abilities change with practice, Appl.
Cogn. Psychol. 20 (2006) 487–503 (3).

[83] T.A. Kishore, R.N. Pedro, M. Monga, R.M. Sweet, Assessment of validity of an
OSATS for cystoscopic and ureteroscopic cognitive and psychomotor skills, J.
Endourol. 22 (2008) 2707–2711 (3, 5).

[84] N.O. Kolozsvari, A. Andalib, P. Kaneva, J. Cao, M.C. Vassiliou, G.M. Fried,
L.S. Feldman, Sex is not everything: the role of gender in early performance of a
fundamental laparoscopic skill, Surg. Endosc. 25 (2011) 1037–1042 (3).

[85] M. Kozhevnikov, D.W. Schloerb, O. Blazhenkova, S. Koo, N. Karimbux,
R.B. Donoff, J. Salcedo, Egocentric versus allocentric spatial ability in dentistry
and haptic virtual reality training, Appl. Cognit. Psychol. 27 (2013) 373–383 (3).

[86] J.J.J.L. Loftus, M. Jacobsen, T.D. Wilson, Learning and assessment with images: a
view of cognitive load through the lens of cerebral blood flow, Br. J. Educ.
Technol. 48 (2017) 1030–1046 (1, 2, 3, 4).

[87] J.J. Loftus, M. Jacobsen, T.D. Wilson, The relationship between spatial ability,
cerebral blood flow and learning with dynamic images: a transcranial Doppler
ultrasonography study, Med. Teach. 40 (2018) 174–180 (1, 2, 3, 4).

[88] M. Louridas, L.E. Quinn, T.P. Grantcharov, Predictive value of background
experiences and visual spatial ability testing on laparoscopic baseline performance
among residents entering postgraduate surgical training, Surg. Endosc. 30 (2016)
1126–1133 (3).

[89] J.-M. Luursema, S.N. Buzink, W.B. Verwey, J.J. Jakimowicz, Visuo-spatial ability
in colonoscopy simulator training, Adv. Health Sci. Educ. Theory Pract. 15 (2010)
685–694 (3).

[90] J.M. Luursema, W.B. Verwey, R. Burie, Visuospatial ability factors and
performance variables in laparoscopic simulator training, Learn. Individ. Differ.
22 (2012) 632–638 (3).

[91] D.A. McClusky 3rd, E.M. Ritter, A.B. Lederman, A.G. Gallagher, C.D. Smith,
Correlation between perceptual, visuo-spatial, and psychomotor aptitude to
duration of training required to reach performance goals on the MIST-VR surgical
simulator, Am. Surg. 71 (2005) 13–20 (3).

[92] R.T. McKenna, J.C. Dove, R.A. Ratzlaff, J.L. Diaz-Gomez, D.J. Cox, L.V. Simon, A
3-dimensional printed ultrasound probe visuospatial trainer, Ultrasound Q. 34
(2018) 103–105 (2, 3, 5).

[93] G.T. Miller, M.W. Scerbo, S. Zybak, D.V. Byars, C.W. Goodmurphy, F.A. Lattanzio,
B.J. Knapp, F. Toreno, A. Levitov, S. Shaves, A. Abuhamad, Learner improvement
from a simulation-enhanced ultrasonography curriculum for first-year medical
8

students, J. Ultrasound Med. Off. J. Am. Inst. Ultrasound Med. 36 (2017) 609–619
(6).

[94] M. Mistry, V.A. Roach, T.D. Wilson, Application of stereoscopic visualization on
surgical skill acquisition in novices, J. Surg. Educ. 70 (2013) 563–570 (3, 4).

[95] J.R. Murdoch, L.C. Bainbridge, S.G. Fisher, M.H. Webster, Can a simple test of
visual-motor skill predict the performance of microsurgeons? J. R. Coll. Surg.
Edinb. 39 (1994) 150–152 (3).

[96] T. Nilsson, L. Hedman, J. Ahlqvist, Visual-spatial ability and interpretation of
three-dimensional information in radiographs, Dentomaxillofac. Radiol. 36 (2007)
86–91 (3).

[97] T.A. Nilsson, L.R. Hedman, J.B. Ahlqvist, A randomized trial of simulation-based
versus conventional training of dental student skill at interpreting spatial
information in radiographs, Simul. Healthc. 2 (2007) 164–169 (3, 4).

[98] E. Nugent, H. Hseino, E. Boyle, B. Mehigan, K. Ryan, O. Traynor, P. Neary,
Assessment of the role of aptitude in the acquisition of advanced laparoscopic
surgical skill sets: results from a virtual reality-based laparoscopic colectomy
training programme, Int. J. Colorectal. Dis. 27 (2012) 1207–1214 (3).

[99] E. Nugent, C. Joyce, G. Perez-Abadia, J. Frank, M. Sauerbier, P. Neary, O. Traynor,
S. Carroll, Factors influencing microsurgical skill acquisition during a dedicated
training course, Microsurgery 32 (2012) 649–656 (3).

[100] M.A. Pahuta, E.H. Schemitsch, D. Backstein, S. Papp, W. Gofton, Virtual fracture
carving improves understanding of a complex fracture: a randomized controlled
study, J. Bone Joint Surg. Am. 94 (1–7) (2012) e182 (3, 4).

[101] S. Qi, Y. Yan, R. Li, J. Hu, The impact of active versus passive use of 3D
technology: a study of dental students at Wuhan University, China, J. Dent. Educ.
77 (2013) 1536–1542 (1, 3).

[102] D. Risucci, A. Geiss, L. Gellman, B. Pinard, J.C. Rosser, Experience and visual
perception in resident acquisition of laparoscopic skills, Curr. Surg. 57 (2000)
368–372 (3, 4).

[103] D. Risucci, A. Geiss, L. Gellman, B. Pinard, J. Rosser, Surgeon-specific factors in the
acquisition of laparoscopic surgical skills, Am. J. Surg. 181 (2001) 289–293 (3).

[104] D.A. Risucci, Visual spatial perception and surgical competence, Am. J. Surg. 184
(2002) 291–295 (1, 2, 3).

[105] E.M. Ritter, D.A. McClusky 3rd, A.G. Gallagher, L. Enochsson, C.D. Smith,
Perceptual, visuospatial, and psychomotor abilities correlate with duration of
training required on a virtual-reality flexible endoscopy simulator, Am. J. Surg.
192 (2006) 379–384 (3).

[106] V.A. Roach, M.G. Brandt, C.C. Moore, T.D. Wilson, Is three-dimensional
videography the cutting edge of surgical skill acquisition? Anat. Sci. Educ. 5
(2012) 138–145 (3, 4).

[107] V.A. Roach, M.R. Mistry, T.D. Wilson, Spatial visualization ability and
laparoscopic skills in novice learners: evaluating stereoscopic versus monoscopic
visualizations, Anat. Sci. Educ. 7 (2014) 295–301 (3).

[108] P.E. Romano, Measuring surgical skill and proclivity in ophthalmology residency
training program applicants using the American Dental Association Dental
Admission (Sample) Test (DAT), Binocul. Vis. Strabismus. Q. 17 (2002) 143–146
(3).

[109] R. Rosenthal, C. Hamel, D. Oertli, N. Demartines, W. Gantert, Performance on a
virtual reality angled laparoscope task correlates with spatial ability of trainees,
Indian J. Surg. 72 (2010) 327–330 (3).

[110] M.P. Schijven, J.J. Jakimowicz, F.J. Carter, How to select aspirant laparoscopic
surgical trainees: establishing concurrent validity comparing Xitact LS500 index
performance scores with standardized psychomotor aptitude test battery scores, J.
Surg. Res. 121 (2004) 112–119 (3).

[111] M.K. Schlickum, L. Hedman, L. Enochsson, A. Kjellin, L. Fellander-Tsai, Systematic
video game training in surgical novices improves performance in virtual reality
endoscopic surgical simulators: a prospective randomized study, World J. Surg. 33
(2009) 2360–2367 (3, 4).

[112] M. Schlickum, L. Hedman, L. Enochsson, L. Henningsohn, A. Kjellin, L. Fellander-
Tsai, Surgical simulation tasks challenge visual working memory and visual-spatial
ability differently, World J. Surg. 35 (2011) 710–715 (3).

[113] M. Schlickum, L. Hedman, L. Fellander-Tsai, Visual-spatial ability is more
important than motivation for novices in surgical simulator training: a preliminary
study, Int. J. Med. Educ. 7 (2016) 56–61 (3).

[114] A.L. Schueneman, J. Pickleman, R. Hesslein, R.J. Freeark, Neuropsychologic
predictors of operative skill among general surgery residents, Surgery 96 (1984)
288–295 (3, 4).

[115] A.L. Schueneman, J. Pickleman, R.J. Freeark, Age, gender, lateral dominance, and
prediction of operative skill among general surgery residents, Surgery 98 (1985)
506–515 (3, 4, 5).

[116] J.C. Selber, E.I. Chang, J. Liu, H. Suami, D.M. Adelman, P. Garvey,
M.M. Hanasono, C.E. Butler, Tracking the learning curve in microsurgical skill
acquisition, Plast Reconstr. Surg. 130 (2012) 550e–557e (3, 5).

[117] A. Shafqat, E. Ferguson, V. Thanawala, N.M. Bedforth, J.G.Hardman, R.A.McCahon,
Visuospatial ability as a predictor of novice performance in ultrasound-guided
regional anesthesia, Anesthesiology 123 (2015) 1188–1197 (3).

[118] A.Y. Sheikh, M. Keehner, A. Walker, P.A. Chang, T.A. Burdon, J.I. Fann, Individual
differences in field independence influence the ability to determine accurate
needle angles, J. Thorac. Cardiovasc. Surg. 148 (2014) 1804–1810 (3).

[119] R.S. Sidhu, D. Tompa, R. Jang, E.D. Grober, K.W. Johnston, R. Reznick,
S.J. Hamstra, Interpretation of three-dimensional structure from two-dimensional
endovascular images: implications for education in vascular surgery, J. Vasc. Surg.
39 (2004) 1305–1311 (3, 4).

[120] V.B. Siska, L. Ann, W. Gunter de, N. Bart, L. Willy, S. Marlies, M. Marc, Surgical
skill: trick or trait? J. Surg. Educ. 72 (2015) 1247–1253 (3).

http://refhub.elsevier.com/S2405-8440(20)30125-0/sref68
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref68
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref68
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref69
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref69
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref69
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref69
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref69
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref69
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref70
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref70
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref70
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref70
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref71
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref71
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref71
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref71
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref72
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref72
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref72
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref72
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref73
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref73
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref73
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref73
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref73
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref73
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref73
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref73
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref74
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref74
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref74
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref74
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref74
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref75
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref75
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref75
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref75
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref75
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref75
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref76
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref76
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref76
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref76
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref77
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref77
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref77
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref77
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref77
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref78
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref78
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref78
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref78
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref78
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref79
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref79
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref79
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref79
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref80
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref80
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref80
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref80
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref80
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref80
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref80
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref81
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref81
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref81
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref81
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref82
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref82
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref82
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref82
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref83
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref83
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref83
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref83
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref84
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref84
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref84
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref84
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref85
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref85
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref85
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref85
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref86
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref86
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref86
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref86
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref87
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref87
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref87
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref87
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref88
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref88
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref88
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref88
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref88
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref89
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref89
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref89
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref89
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref90
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref90
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref90
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref90
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref91
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref91
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref91
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref91
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref91
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref92
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref92
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref92
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref92
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref93
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref93
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref93
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref93
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref93
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref93
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref94
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref94
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref94
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref95
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref95
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref95
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref95
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref96
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref96
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref96
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref96
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref97
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref97
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref97
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref97
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref98
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref98
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref98
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref98
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref98
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref99
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref99
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref99
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref99
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref100
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref100
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref100
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref100
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref101
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref101
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref101
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref101
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref102
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref102
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref102
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref102
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref103
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref103
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref103
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref104
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref104
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref104
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref105
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref105
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref105
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref105
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref105
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref106
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref106
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref106
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref106
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref107
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref107
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref107
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref107
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref108
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref108
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref108
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref108
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref108
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref109
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref109
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref109
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref109
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref110
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref110
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref110
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref110
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref110
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref111
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref111
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref111
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref111
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref111
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref112
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref112
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref112
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref112
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref113
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref113
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref113
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref113
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref114
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref114
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref114
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref114
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref115
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref115
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref115
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref115
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref116
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref116
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref116
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref116
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref117
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref117
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref117
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref117
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref118
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref118
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref118
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref118
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref119
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref119
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref119
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref119
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref119
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref120
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref120
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref120


J. Langlois et al. Heliyon 6 (2020) e03280
[121] W.R. Smoker, K.S. Berbaum, N.H. Luebke, C.G. Jacoby, Spatial perception
testing in diagnostic radiology, AJR. Am. J. Roentgenol. 143 (1984) 1105–1109
(3, 4).

[122] L.F. Squire, Perception related to learning radiology in medical school, Radiol.
Clin. North Am. 7 (1969) 485–497 (7).

[123] R.J. Steele, C. Walder, M. Herbert, Psychomotor testing and the ability to perform
an anastomosis in junior surgical trainees, Br. J. Surg. 79 (1992) 1065–1067 (3).

[124] D. Stefanidis, J.R. Korndorffer, F.W. Black, J.B. Dunne, R. Sierra, C.L. Touchard,
D.A. Rice, R.J. Markert, P.R. Kastl, D.J. Scott, Psychomotor testing presicts rate of
skill acquisition for proficiency-based laparoscopic skills training, Surgery 140
(2006) 252–262 (3).

[125] P. Str€om, L. Hedman, L. S€arnå, A. Kjellin, T. Wredmark, L. Fell€ander-Tsai, Early
exposure to haptic feedback enhances performance in surgical simulator training:
a prospective randomized crossover study in surgical residents, Surg Endosc 20
(2006) 1383–1388 (3–4).

[126] B.A. Suozzi, D.M. O'Sullivan, K.T. Finnegan, A.C. Steinberg, Can visuospatial
ability predict performance and learning curves on a robotic surgery simulator?
Female Pelvic. Med. Reconstr. Surg. 19 (2013) 214–218 (3).

[127] C.G. Tang, R.L. Hilsinger Jr., R.M. Cruz, L.J. Schloegel, F.M. Byl Jr., B.M. Rasgon,
Manual dexterity aptitude testing: A soap carving study, JAMA Otolaryngol. -
Head Neck Surg. 140 (2014) 243–249 (1).

[128] P. Tansley, S. Kakar, S. Withey, P. Butler, Visuospatial and technical ability in the
selection and assessment of higher surgical trainees in the London deanery, Ann.
R. Coll. Surg. Engl. 89 (2007) 591–595 (1).
9

[129] A. Urbankova, S.P. Engebretson, The use of haptics to predict preclinic operative
dentistryperformanceandperceptual ability, J.Dent.Educ.75(2011)1548–1557(1,3).

[130] A. Urbankova, M. Eber, S.P. Engebretson, A complex haptic exercise to predict
preclinical operative dentistry performance: a retrospective study, J. Dent. Educ.
77 (2013) 1443–1450 (3).

[131] I. Van Herzeele, K.G.L. O'Donoghue, R. Aggarwal, F. Vermassen, A. Darzi,
N.J.W. Cheshire, Visuospatial and psychomotor aptitude predicts endovascular
performance of inexperienced individuals on a virtual reality simulator, J. Vasc.
Surg. 51 (2010) 1035–1042 (3).

[132] A.M. Van Rij, J.R. McDonald, R.A. Pettigrew, M.J. Putterill, C.K. Reddy,
J.J. Wright, Cusum as an aid to early assessment of the surgical trainee, Br. J. Surg.
82 (1995) 1500–1503 (3).

[133] K.R. Van Sickle, D.A. McClusky 3rd, A.G. Gallagher, C.D. Smith, Construct
validation of the ProMIS simulator using a novel laparoscopic suturing task, Surg.
Endosc. 19 (2005) 1227–1231 (3).

[134] K.R. Wanzel, S.J. Hamstra, D.J. Anastakis, E.D. Matsumoto, M.D. Cusimano, Effect
of visual-spatial ability on learning of spatially-complex surgical skills, Lancet 359
(2002) 230–231 (3).

[135] K.R. Wanzel, S.J. Hamstra, M.F. Caminiti, D.J. Anastakis, E.D. Grober,
R.K. Reznick, Visual-spatial ability correlates with efficiency of hand motion and
successful surgical performance, Surgery 134 (2003) 750–757 (3, 4).

[136] B. Westman, E.M. Ritter, A. Kjellin, et al., Visuospatial abilities correlate with
performance of senior endoscopy specialist in simulated colonoscopy, J.
Gastrointest. Surg. Off. J. Soc. Surg. Aliment. Tract. 10 (2006) 593–599 (3).

http://refhub.elsevier.com/S2405-8440(20)30125-0/sref121
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref121
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref121
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref121
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref122
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref122
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref122
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref123
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref123
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref123
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref124
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref124
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref124
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref124
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref124
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref125
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref126
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref126
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref126
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref126
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref127
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref127
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref127
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref127
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref128
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref128
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref128
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref128
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref129
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref129
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref129
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref130
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref130
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref130
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref130
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref131
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref131
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref131
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref131
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref131
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref132
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref132
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref132
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref132
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref133
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref133
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref133
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref133
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref134
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref134
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref134
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref134
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref135
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref135
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref135
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref135
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref136
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref136
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref136
http://refhub.elsevier.com/S2405-8440(20)30125-0/sref136

	Spatial abilities training in the field of technical skills in health care: A systematic review
	1. Introduction
	2. Methods
	2.1. Search strategy
	2.2. Screening of citations and full-text articles
	2.3. Quality and characteristics of eligible articles
	2.4. Statistical analysis

	3. Results
	3.1. Characteristics of the included studies
	3.2. Narrative synthesis

	4. Discussion
	4.1. Limitations

	5. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional Information

	Appendix 1. Search strategies for concept of interventions, technical skills and spatial abilities
	Scopus
	EBSCOhost

	Appendix 2. Excluded studies (n = 95)
	Appendix 3. Systematic review of included studies and results
	References


