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Background: The selection and allocation of surgeons with a greater potential for high surgical performance are essential aspects
of improving the quality, safety, and effectiveness of surgical procedures. Objective of this trial was to determine the existence of
basic skills and traits that would predict better performance in surgery, and those predictive factors that constitute a driving force in
different stages of training.
Materials and methods: The randomized crossover training trial took place from January 2021 to December 2021 and was
conducted at an educational training center for minimally invasive surgery. A total of n= 87 physicians (residents and experts) from
surgical disciplines and n=239 fifth-year medical students were studied. The participants underwent extensive neuropsychological
testing and surgical training, which was performed with conventional as well as robot-assisted laparoscopy by way of identical brief
tasks conducted six times in a randomized crossover setting. Main Outcome was the latent factor structure of ‘psychomotor skills’,
‘personality’, and ‘motivation’ based on structural equation modeling.
Results: The training performance of both students and physicians was significantly explained by the interaction of the three factors
(explained variance: 8.2% for students, 23.8% for physicians). In students, motivation (explained variance 8.4%) and personality
(explained variance 4.5%) revealed the highest contribution to surgical training performance (explained variance through
psychomotor skills 1.1%). In physicians, psychomotor skills (explained variance 27.4%) made the greatest contribution to surgical
training performance (explained variance through motivation 2.3%; explained variance through personality 10.5%).
Conclusion: The study showed that surgical performance is sensitive to, and fragile in regard of nonsurgery-related general
individual traits. This aligns with the notion that early selection of surgeons with prospects of high surgical performance is possible,
and perhaps even necessary in order to keep up with future demands on the medical system.
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Introduction

A large majority of surgeons would describe their work as a
passion[1]. The desire to become a surgeon frequently arises from,

or is related to, personal attitudes, motivation, and previous
experience in surgery. Some of those aspects may be specific
individual traits independent of surgery as such, but could still
predetermine surgical performance along with other basic neu-
ropsychological skills. To date, we lack a comprehensive strategy
that could be applied in the occupational setting to assess indi-
vidual characteristics as predictors of a surgeon’s aptitude. Thus,
we also lack a standardized means of identifying doctors suited to
this profession, as has been done in other professions and fields.
In the aircraft industry, for instance, evaluation tests for selecting
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• Motivation contributed significantly to high surgical per-
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candidates have been in use for several decades. These tests
comprise basic neuropsychological factors including cognitive
abilities (e.g. spatial and numerical abilities), motor-related
competencies (e.g. psychomotor abilities and multitasking), and
personality traits[2]. The selection of individuals based on specific
patterns of these factors resulted in better performance for the
majority of aircraft industry procedures and the achievement of
an exceptionally high level of safety in the aircraft[3,4]. We lack
such standardized evaluation strategies for surgeons. The in-
hospital mortality rate after visceral surgery in Germany is nearly
2%[5]; some of the complications are probably surgeon-related[6].
These facts reveal the need for improvement in surgical perfor-
mance, as the latter is essential to ensure the quality and safety of
surgical procedures. The recruitment of personnel could well be
the starting point of this endeavor.

Surgery is a complex synergy of medical rationale, technical
approaches, and the surgeon performing the procedure. While the
medical rationale, devices, and surgical techniques are checked reg-
ularly in regard of their efficacy, economy, and safety[7–9], the sur-
geons’ aptitude has received scant attention[10]. The surgeon’s
aptitude is formed by basic neuropsychological skills and individual
traits, which interact with medical rationale, devices, and the ability
to learn surgical techniques. The entire package can be reinforced
and extended by training procedures to some extent. We have some
preliminary evidence to show that surgical performance can, at least
in part, be predicted by certain skills and traits[11]. Cognitive and
visuospatial factors were shown to be the most important skills for
surgical performance[10]. Personality traits were also found to influ-
ence preoperative indications[12] and intraoperative decisions[13].
Interestingly, personality traits correlated with the performance of
experienced surgeons and were also identified as predictive factors
for success throughout the education of surgeons[14].

Although these studies have provided initial evidence of
surgical aptitude being a key component of surgical perfor-
mance, the investigated features remained at the level of sin-
gle, unselected variables. This has resulted in rather mixed
patterns and findings. Given the fact that these variables
strongly interact with each other, as different personality
factors interact to constitute an individual’s general person-
ality, research needs to proceed by taking such interaction and
correlation into account. Applying this consideration in terms
of viewing a variety of factors constituting surgical aptitude
would culminate in the formulation of specific valid effects on
surgical performance. This may then serve as the central
aspect in the complex selection or allocation of surgeons.
These phenomena have been discussed in previous
studies[10,15], and have been underlined by research in the field
of psychological and cognitive (neuro)science, where the
consideration of individual factors rather than their interplay
resulted in rather small effect sizes[16–18]. However, the vari-
ables studied so far did not encompass aspects relevant to
surgery. Apart from personality and neuropsychological
skills, the quantity of effort and motivation were shown to be
critical factors for achieving high performance in the occu-
pational setting[19–23].

These factors viewed together call for a more efficient
assessment and analytical approach in regard of advanced
machine learning methods, well selected skills and traits, and
especially their interactions. Therefore, we designed an
interdisciplinary study comprising a team of gynecologists
and neuropsychologists to utilize knowledge from both

fields, applying and combining advanced methodologies in
clinical training. We defined a set of variables as inter-related
factors, so-called latent constructs, within a structural equa-
tion modeling (SEM) framework[24]. These latent constructs
cover three key factors of surgical aptitude, namely psycho-
motor skills, personality and motivation, and were derived
from a modern training setting comprising students and
physicians. To further account for potential contributions of
each of the considered variables, we applied further machine
learning algorithms to determine their respective level of
importance for surgical training performance.

Based on this study design, we aimed to address the following
questions: Do specific basic skills and traits create a predisposi-
tion for better performance in surgery, and which of these factors
are the driving force within the constellation? Do prediction
models differ in terms of their constitution, depending on surgical
experience (students vs. physicians)? In other words, does the
duration of practice make certain factors more important for the
selection or allocation of persons to the surgeon’s profession?

Methods

Participants and recruitment

The investigation extended from 1 January 2021 to 31 December
2021 and was conducted at an educational training center for
minimally invasive surgery. Postgraduates of general surgery,
urology, and gynecology who attended minimally surgical
training courses were invited to attend the study on a voluntary
basis. The training courses[7,8] have been certified by the German
Society of Gynecological Endoscopy (AGE e.V.). Furthermore,
medical students in their fifth year of training were invited to
attend the study as part of their syllabus. The provision of
training tools and aids was supported financially by the faculty
through an innovative teaching fund. Informed consent was
obtained from all participants. The study was approved by the
responsible ethics committee.

Study protocol

A randomized crossover surgical training trial was designed. The
first visit included an assessment of the participant’s personality
profile, psychomotor skills, and learning motivation by the use of
the assessment tools described below. Other descriptive variables,
such as demographic data, occupational experience, surgical
experience, and intended specialization, were registered.

At the next two visits, identical surgical tasks were performed
in randomized sequence, with the da Vinci Surgical Skills
Simulator (dVSSS) (Intuitive Surgical, Inc.) and the conventional
pelvitrainer (Karl Storz GmbH & Co. KG). A minimum interval
of one day and a maximum interval 14 days was permitted
between the two training sessions.

The study plan is shown in Figure 1. The training setting and
the registered parameters are summarized in Figure 2.

Assessment of psychomotor skills using the Cambridge
neuropsychological test automated battery (CANTAB)

The CANTAB is a digital platform for the assessment of
neuropsychological attributes. It is a sensitive and validated
digital assessment battery, widely used, with over 2000 peer-
reviewed publications and 100 000 citations[25]. Through
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reliable and randomized presentation of stimuli and
measurements[26], computer-based tasks of this nature
make it possible to capture the behavior and neuropsycholo-
gical performance of individuals with an accuracy of
milliseconds.

Together with neuropsychologists, the surgeons identified a set
of CANTAB tasks to investigate those psychomotor skills that

seemed most relevant in the context of surgical aptitude. The
tasks included the following: Motor-Screening Task (MOT),
Paired Associates Learning (PAL), Rapid Visual Information
Processing (RVP), Rapid Visual Information Processing (RVP),
and Reaction Time Task (RTI). The tasks were carried out on
identical tablets (Apple iPad 2017) under standardized conditions
as recommended by Cambridge Cognition Limited.

Figure 1. Study Protocol. CANTAB, Cambridge Neuropsychological Test Automated Battery; NEO-FFI, NEO Five Factor Inventory; QCM, questionnaire on current
motivation.

Figure 2. Surgical tasks.
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Assessment of personality using the NEO five factor
inventory (NEO-FFI)

The NEO-FFI is a self-reporting pen-and-pencil questionnaire
assessing five personality traits[27,28]: Neuroticism (N), Extraversion
(E), Openness to Experience (O), Agreeableness (A), and
Conscientiousness (C). We used a validated German version[29] with
60 items. For analyses, we used the sum scores of the five personality
traits, respectively.

Assessment of motivation using the questionnaire on current
motivation (QCM)

The motivation in learning situations was evaluated using
QCM[19]. It contains 18 items to measure four motivational
factors: anxiety, probability of success, interest, and challenge.
For each item, participants have to rate their level of agreement/
disagreement to the statement on a seven point Likert-scale (from
1 – ‘does not apply’ to 7 – ‘does apply’)[19].

Surgical training course and assessment of surgical
performance

Performance and training progress in surgical tasks were recor-
ded. Laparoscopy as well as robot-assisted techniques were used
to accomplish three different training tasks. The training setting
can be seen in Figure 2. After a basic tutorial, each task was
performed three times sequentially with conventional or robotic
technique. Then the participants switched to the complementary
technique and accomplished the tasks in the samemanner. On the
next visit, the order of the methods was reversed. For conven-
tional laparoscopy, we used the classical pelvitrainer and 2D full
HD camera of Karl Storz (Karl Storz GmbH & Co. KG). The
camera with a 30-degree optic was fixed in a standard overview
perspective in all tasks so there was no need for camera assistance.
For robotic tasks, the dVSSS was used.

The dVSSS recorded all parameters autonomously; conven-
tional laparoscopy performance was documented by two doc-
toral candidates (J.C. and C.K.) after each task. The process was
continuously supervised by experienced research team members.
Additionally, to count the touches in ‘Rollercoaster 1’ with the
laparoscopy trainer, a device was developed that counted the
touches automatically with registration of electric contact. The
registered parameters are described in Figure 2.

Statistics

The data were analyzed using a combination of statistical soft-
ware, including IBM SPSS Statistics 27[30] and AMOS[31], as well
as the Python packages semopy for conducting SEM and shap for
generating SHapley Additive exPlanations (SHAP) values based
on machine learning techniques.

Latent prediction models based on structural equation
modeling

SEM enables the investigator to examine relationships among
different factors composed of several variables, constituting so-
called latent constructs[32]. Latent constructs are characteristics
estimated by single measured variables serving as indicators of
the respective construct[33]. We used SEM to scrutinize the
influence of the three latent constructs – motivation, psycho-
motor skills, and personality traits – on surgical performance in

our training setting. Sex, age, and previous experience with the
training set-up were included to avoid any bias. We applied the
followingmodel exclusion criteria in the SEManalyses: (a) failure
to converge after 240 iterations, (b) a parsimonious goodness of
fit (PGFI) of 0.10, (c) a squared multiple correlation exceeding 1,
(d) a probability of close fit p0.05, which includes a root mean
squared error of approximation (RMSEA) significantly differing
from 0, and (e) reconstruction errors (values other than 1 along
the correlation matrix diagonal). We then ranked the models
from lowest to highest RMSEA, the highest to lowest goodness of
fit (GFI), including more conservative adjusted GFI (AGFI) and
PGFI estimates.

Importance level identification of single variables based on
machine learning

We generated SHAP (Shapley Additive exPlainations) values
using a machine learning approach in Python (SHAP library) to
identify how each of the single variables, in contrast to latent
constructs like in SEM, are related to the training performance in
both students and physicians. For this value generation, first, we
preprocessed the data by standardizing the continuous variables
and one-hot encoding the categorical variables.We then trained a
Random Forest Regressor model, selected for its effectiveness in
handling regression tasks. Configured with 1000 decision trees,
the model was trained using 70% of the provided data to learn
the relationships between predictors and outcomes and the
hyperparameters were tuned using cross-validation. After train-
ing, the model made predictions on a separate 30% of the data,
serving as a test set to evaluate its performance. To quantify
prediction accuracy, we computed the absolute errors between
the predicted and actual values. TheMean Absolute Error (MAE)
provided an overall measure of prediction error. Assessing
accuracy, we utilized the Mean Absolute Percentage Error
(MAPE) to assess the model’s performance in predicting the
training performance of students and physicians. The model
achieved an accuracy of 80.12% for students and 73.28% for
physicians. Once the model was trained, we used the optimized
model to generate SHAP values for each feature (variable) in the
testing data via the SHAP package in Python. This allowed us to
explain the contribution of each feature to the predicted outcome
of the model. One of the key benefits of SHAP values is that they
provide a way to decompose the prediction of a complex model
into simple additive components. Combined approach of the
Random Forest Regressor model with SHAP analysis allowed
testing the importance of single variables in predicting training
performance. For visualization of the SHAP values, we used
summary plots and individual contribution plots to gain insight
into the importance of each feature and to identify any nonlinear
relationships or interactions that may have been missed by more
traditional statistical techniques.

Results

Participants and demographic data

Overall, n= 323 (203 female) persons participated in the trial. Of
these, 237 were designated as students. These were individuals
with undergraduate degrees, equivalent qualifications, or lower
levels of education. The remaining 86 participants were classified
as physicians and possessed a master’s degree, equivalent
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qualifications, or higher levels of education, and were in different
stages of their medical career. The study population and their
demographics are shown in Table 1.

Surgical training performance

All of the attendees improved their surgical performance in the
course of the training sessions. The learning curve is shown in
Figure 3.

Latent prediction models based on structural equation
modeling

The model of surgical performance for students, based on three
latent factors, that is, motivation, personality, and psychomotor
skills, revealed a normed fit index (NFI) of 0.334 and a com-
parative fit index (CFI) of 0.365. The latent factors of motivation
(explained variance, 8.4%; R2=0.109; R2 corrected= 0.84),
personality (explained variance, 4.5%; R2=0.074; R2 corrected
= 0.045), and psychomotor skills (explained variance, 1.1%;
R2=0.042; R2 corrected=0.011) are weighted differently, with
motivation and personality contributing most to the students’
surgical training performance. There is strong evidence that the
model fits the data well (adjusted R2=0.082). The model of the
students’ cohort is shown in Figure 4.

The model of surgical performance of physicians based on
three latent factors – motivation, personality, and psychomotor
skills – revealed a normed fit index (NFI) of 0.404 and a com-
parative fit index (CFI) of 0.510. The latent factors of motivation
(explained variance, 2.3%; R2= 0.052; R2 corrected=0.023),
personality (explained variance, 10.5%; R2=0.181; R2 cor-
rected= 0.105), and psychomotor skills (explained variance,
27.4%; R2= 0.339; R2 corrected=0.274) are weighted differ-
ently, with psychomotor skills contributing the most to physi-
cians’ surgical training performance. There is strong evidence that
the model fits the data well: the adjusted R2= 0.238 indicated a
relatively high proportion of explained variance (Fig. 5).

Importance levels of single variables based on machine
learning

Machine learning was used to determine the individual con-
tributions of the predictor variables for good surgical perfor-
mance, indicated by SHAP values. The most important features
for students were age and the personality trait of extraversion
(Fig. 6a), while the foremost features for physicians (Fig. 6b) were

the psychomotor skills of learning-based memory and motor
response capabilities.

Discussion

In this randomized, crossover training setting, structural equation
modeling showed a significant contribution of psychomotor
skills, motivation and personality to the surgical training per-
formance of both students and physicians. Interestingly, while the
significant driving forces in students were motivation and per-
sonality, the significant driving force in physicians was psycho-
motor skills. With regard to the order of importance of the
variables, the most important variables for students were age and
the personality trait of extraversion, while the most important
variables for physicians were the psychomotor skills of learning-
based memory and motor response capabilities. These outcomes
show that the early stages of the surgical training process are
sensitive to, and fragile in regard of nonsurgery-related general
individual traits such as personality and motivation: While the
level of psychomotor skills plays a minor role in students, per-
sonality traits and the level of motivation in surgical trainees are
the driving forces for achieving good results in training tasks. This
is confirmed by the proportion of explained variance, which
differed markedly between students (8.2%) and physicians
(23.8%). It also emphasizes the effectiveness of continuous
training and the fact that, in this fragile period of study, many
other factors might come into play. Those could be the well-
known factors of medical rationale and technical approaches, but
also additional individual characteristics. Future studies should
be focused on the above mentioned aspects and also include
longitudinal investigations to yield an exhaustive battery of tests
for surgical aptitude in the respective structural setting.

In a meta-analysis by Kramp et al.[34], only two psychomotor
abilities were associated with performance in laparoscopy[35,36].
In a systematic review, M. El Boghdady and B. M. Ewalds-Kvist
investigated the effect of ‘innate aptitude’ in the form of visuos-
patial, psychomotor, and manual manipulative skills on the
performance of surgical tasks[11]. Medical students with low
‘innate aptitude’ were unable to achieve the skills needed for a
competent career in surgery. Therefore, the authors concluded
that training cannot compensate for deficiency in certain skills
needed for laparoscopy[11]. However, the ‘soft skills’ personality
and motivation have not been tested for potential relations and
contributions. While our findings demonstrated the significant
role of psychomotor skills in surgical training performance, this
was the driving force only for experienced surgeons. For students,
the key factors of successful training performance were person-
ality and motivation. This suggests that surgical aptitude involves
more than visuospatial, psychomotor, or manipulative skills, and
that the constitution of this aptitude changes during the training
process: it is strongly correlated with surgical experience.

Currently, we have a large variety of training curricula for
laparoscopy in various specialties all over the world. While most
of them have not yet been validated, a small number of com-
prehensive evidence-based curricula have been developed[37].
Training curricula contain technical skill components with dif-
ferent training methods including box trainers, virtual reality
trainers, or animal models. Some of these also include cognitive
components[37,38]. Our results highlight the importance of
incorporating additional factors such as personality traits and

Table 1
Demographic data.

Overall Studentsa Physiciansb

Participants [n] 323 237 86
Female 203 (62.8) 146 (61.6%) 57 (66.3%)
Male 120 (37.2%) 91 (38.4%) 29 (33.7%)
Mean age [years (± SD)] M= 28.13,

SD= 5.39
M= 25.87,
SD= 3.05

M= 34.35,
SD= 5.55

Training starts with [n]
Conventional
laparoscopy

131 (40.6%) 99 (41.8%) 32 (37.2%)

dVSSS 192 (59.4%) 138 (58.2%) 54 (62.8%)

aLevel of education: undergraduate degree, equivalent, or less).
bLevel of education: master’s degree, equivalent, or higher).
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motivation in future training curricula. This might include the
assessment of motivation by the use of appropriate methods
before training sessions or even efforts to increase motivation
before training courses, such as the stimulation of curiosity[39],
prospects of reward, or setting individual goals for the
attendees[40]. In addition, emphasizing the value of educational

activity and letting the trainees select their own strategies might
be useful[41], especially if these enhance their motivation for the
training per se.

While personality assessments in medical education have been
suggested as a means of improving the core of the medical pro-
fession, namely the physician-patient relationship[42], our data

Figure 3. Learning curve.

Figure 4. Structural equation model (SEM) in Students. Note: The training performance of students was tested for its prediction by the latent constructs psy-
chomotor skills, personality, and motivation, and the covariates of sex and age, using an SEM approach. Psychomotor skills were modeled as being constituted by
the variables visual information processing (RVPA), learning-based memory (PALFAMS), spatial working memory (SWMS), reaction time capabilities (RTIFMDRT),
and motor response capabilities (MOTML). Personality was modeled as being constituted by neuroticism, extraversion, openness, agreeableness, and con-
scientiousness. Motivation was modeled as being constituted by fear of failure, challenge, probability of success, and interest [P<0.05].
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highlight the importance of personality facets for surgical training
and performance. Thus, the advancement of a training curricu-
lum may well include individual adjustment, such as intensifying
the training in the nonclinical environment of a simulator or
virtual reality training before proceeding to in vivo surgery,

especially when personality factors like neuroticism are promi-
nent. As in sports, where athletes need to show a greater like-
lihood for risk events and lower risk perception[43], specific
personality traits may help surgeons to achieve better perfor-
mance during the first years of their training. It also could reduce

Figure 5. Structural Equation Model (SEM) in Physicians. Note: The training performance of physicians was tested for its prediction by the latent constructs
psychomotor skills, personality, and motivation, and the covariates of gender and age, using an SEM approach. Psychomotor skills were modeled as being
constituted by the variables visual information processing (RVPA), learning-based memory (PALFAMS), spatial working memory (SWMS), reaction time capabilities
(RTIFMDRT), and motor response capabilities (MOTML). Personality was modeled as being constituted by neuroticism, extraversion, openness, agreeableness,
and conscientiousness. Motivation was modeled as being constituted by fear of failure, challenge, probability of success, and interest [P< 0.05].

Figure 6.Summary plot of the distribution of SHAP values for each variable across the entire dataset to identify themost important single variables for the prediction
of training performance. (A) SHapley Additive exPlanations (SHAPs) in the student sample. (B) SHAPs in the physician sample. SHAP values constitute the
contribution of each of the single variables related to psychomotor skills, personality, andmotivation to the prediction of training performance. A positive SHAP value
(in pink) indicates that the variable increases training performance, while a negative value indicates that the variable reduces training performance. Themagnitude of
the SHAP values reflects the strength of the respective variable’s influence on training performance, reflected also by the order of the variables, indicating their
impact on prediction – a higher order signifies a greater contribution. [MOTML, motor-screening task - mean latency; PALFAMS, paired associates learning – first
attempt memory].
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the duration of training for some other surgeons. The evaluation
of personality traits within training curricula seems to be useful
for this purpose. Considering these coherences, early surgical
training seems to increasingly important in the medical education
system. The strong influences of nonsurgical related traits of the
early training phases probably could so be reduced over time to
eventually reach a setting where psychomotor skills get in the
focus for achievement of high surgical performance. Also, a
checkup of psychomotor skills levels within the course of medical
school or training curricula could be considered, since these
appear to be the central correlate for high surgical performance in
trained surgeons. Finally, training of specific psychomotor skills
outside the operation theater or surgical training simulators could
be a possibility, especially when these are low in the beginning in
some individuals.

With the presented study we could provide robust and repre-
sentative data fulfilling the high requirements for advanced sta-
tistical analysis, especially in relation to cohort sizes of some of
the preceding studies on this topic[35,44]. Scientific investigation
and collection of further data, combined with the use of well-
fitting methods such as SEM and machine learning to meet the
requirements of well-conceived data analysis for complex
coherences between heterogeneous factors appear vital, not least
because there may be hitherto unknown factors that strongly
influence surgical education. Therefore, future studies should be
conducted on this topic. These could focus on first-year or sec-
ond-year residents or even better be carried out in a longitudinal
assessment with another evaluation after several years of surgical
training. Investigations on the impact of training of specific psy-
chomotor skills beyond surgical training environment also seem
to be of high interest for optimization of trainingmodalities. Since
the differences in training of conventional or robotic laparoscopy
still remain unclear, future studies should also target this issue.

Limitations

The SEM approach is a reasonable method for prediction mod-
eling in complex coherences in the neurosciences and psychology.
However, since the current data stem from a cross-sectional
design, future studies should also be based on a longitudinal
approach to assess trajectories over the surgeons’ complete pro-
cess of learning and their development. A further limitation was
that the test setting was very brief. Nevertheless, the explained
variances in the calculated SEM were relatively high. Finally,
there is inconsistent evidence of the possibility of skill transfer
between conventional and robotic training methods[45].
Therefore, and to incorporate the wide spectrum of laparoscopic
surgery that most modern surgeons are confronted with, per-
formance measures from both methods were summarized.
Further research will be needed to assess, in detail, the inter-
relationships of training and the application of surgical
techniques.

Conclusion

The study showed that the early stages of surgical training are
sensitive to, and fragile in regard of nonsurgery-related general
individual traits such as personality and motivation. The inves-
tigation underlined the effectiveness of continuous training, and
supports early implementation of surgical training in medical
education. Future studies should elaborate on those aspects,

including longitudinal investigations and the interrelationships
between robotic and conventional techniques.
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