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Abstract
Background Simulation-based mastery training may improve clinical performance. The aim of this study was to determine
the effect of simulation-based mastery training on clinical performance in abdominal diagnostic ultrasound for radiology
residents.
Method This study was a multicenter randomized controlled trial registered at clinicaltrials.gov (identifier:
NCT02921867) and reported using the Consolidated Standards of Reporting Trials (CONSORT) statement. Twenty
radiology residents from 10 different hospitals were included in the study. Participants were randomized into two groups:
(1) simulator-based training until passing a validated test scored by a blinded reviewer or (2) no intervention prior to
standard clinical ultrasound training on patients. All scans performed during the first 6 weeks of clinical ultrasound
training were scored. The primary outcome was performance scores assessed using Objective Structured Assessment of
Ultrasound Skills (OSAUS). An exponential learning curve was fitted for the OSAUS score for the two groups using non-
linear regression with random variation. Confidence intervals were calculated based on the variation between individual
learning curves.
Results After randomization, eleven residents completed the simulation intervention and nine received standard clinical training.
The simulation group participants attended two to seven training sessions using between 6 and 17 h of simulation-based training.
The performance score for the simulation group was significantly higher for the first 29 scans compared to that for the non-
simulation group, such that scores reached approximately the same level after 49 and 77 scans, respectively.
Conclusion We showed improved performance in diagnostic ultrasound scanning on patients after simulation-based mastery
learning for radiology residents.
Trial registration NCT02921867
Key Points
• Improvement in scanning performance on patients is seen after simulation-based mastery learning in diagnostic abdominal
ultrasound.

• Simulation-based mastery learning can prevent patients from bearing the burden of the initial steep part of trainees’ learning
curve.
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Abbreviations
CONSORT Consolidated Standards of Reporting Trials
EFSUMB European Federation of Societies for Ultrasound

in Medicine and Biology
OSAUS Objective Structured Assessment of Ultrasound

Skills

Introduction

Ultrasound examination often provides important informa-
tion regarding a patient’s diagnostics, but skilled exam-
iners are crucial to ensure diagnostic benefit. The skills
needed are complex and include hand-to-eye coordination,
image optimization, and image interpretation [1]. The cur-
rent training requirements for physicians in abdominal ul-
trasound are a predetermined numbers of scans within a
specific timeframe [2, 3]. This approach is potentially
problematic because trainees learn at different rates and
the number of scans does not correlate well with skill
levels such that a certain number of performed scans do
not guarantee competence [4].

Due to these concerns, competency-based medical ed-
ucation has emerged as a means of providing continued
assessments to establish competence and allowing the
time used by the individual trainee to be variable [5].
However, the education of future competent doctors is
under pressure due to the challenges of modern medicine,
including centralized patient care, limited working hours,
supervisor shortage, time pressure, and an increased focus
on patient safety [6]. The best solution for these chal-
lenges may be new educational methods, such as
simulation-based mastery learning, where trainees are
trained on simulators until they reach a predefined skill
level [7, 8]. This provides a safe training space, where the
duration of training varies on individual training needs to
reach the same skill and knowledge levels. Simulation-
based mastery training could provide a standardized ap-
proach for improving the clinical performance of trainees
in abdominal ultrasound before scanning patients in the
clinical setting. A recent, national general needs assess-
ment prioritized procedure suitable for simulation-based
training in radiology and ultrasound-guided biopsies,
ultrasound-guided needle punctures, and basic abdominal
ultrasound topped the list [9]. However, the effect of this
intervention/training remains unclear, and to date, there
are no randomized controlled trials evaluating the transfer
of skills from simulation-based education to clinical per-
formance [10].

The aim of this study was to determine the effect of
simulation-based mastery training on clinical perfor-
mance in abdominal diagnostic ultrasound for radiology
residents.

Methods

Study design

This study was approved by The Danish Ethical Committee
with an exemption letter (protocol H-16023858). It was a
multicenter randomized controlled trial registered at
clinicaltrials.gov (identifier: NCT02921867) and reported
according to the Consolidated Standards of Reporting Trials
(CONSORT) statement [11].

Participants

A power calculation was performed based on a transfer study
on point-of-care ultrasound using Objective Structured
Assessment of Ultrasound Skills (OSAUS), with mean out-
comes of 27.4 for the intervention and 18.0 for the non-
simulation group, and a standard deviation of 7.7 [12, 13]. A
total of 22 participants were needed to get a power of 0.8 at the
5% significance level.

All introductory radiology residents in Southern Zealand
and capital regions of Denmark were contacted by email.
Participants were enrolled from November 1, 2016, until the
end of February 2018, prior to beginning their clinical ultra-
sound training. Inclusion criteria included were fluency in
Danish or English and employment as residents within the first
year of radiology training. Participants were excluded if they
had more than 1 week of formalized ultrasound training or if
they already had started (or completed) clinical ultrasound
training. Included residents were randomized by one author
(EAB) to the two study groups: (1) training on a virtual-
reality simulator until passing a validated test or (2) standard
clinical training on patients. Randomization was done using
www.random.org in a randomized block design with pairs
matched by hospital, to account for the differences in the
hospitals’ sizes and patient’s demographics. Enrollment with
assigned intervention was performed by one author (MØ). All
residents participated voluntarily and gave written informed
consent. No compensation was given.

Intervention

Simulation training was conducted in a standardized setting at
Copenhagen Academy for Medical Education and Simulation,
located at Copenhagen University Hospital, Rigshospitalet
[14]. The simulation-based training program was developed
by the author group on two identical simulators (Schallware
station 64; version 10013) provided by the research fund from
the Department of Radiology, Rigshospitalet. The training pro-
gram was developed by two authors (KRN, MØ) who viewed
150 abdominal simulator cases and selected 49 cases with 69
different pathological findings, which represent/comprise the
knowledge recommended for level 1 ultrasound by European
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Federation of Societies for Ultrasound in Medicine and
Biology (EFSUMB) [2]. The cases were presented in nine
modules (Table 1).

All study participants in the intervention arm were given an
identical introduction to the simulator by one author (MØ),
including directions to freely switch between the three differ-
ent learning strategies available on the simulator:

1. Question/answer (Q&A) mode: Participants are asked to
mark an anatomic or pathologic finding. Each case has 5–
35 different assignments, e.g., Bmark left kidney cortex.^
Setting the marker results in a notification of Bcorrect or
incorrect answer^ and a color marker showing the correct

location. Additional information is given when relevant,
e.g., for veins in the liver B…notice the walls of the portal
veins are visible, whereas the walls of the hepatic veins
are not.^

2. Region of interest (RoI) mode: A list of all RoIs in the
case is displayed and a color marker for each RoI is avail-
able for activation.

3. Finding mode: This setting offers a full list of pathologic
findings in the case with still frame images of the patho-
logic findings displayed opposite the Blive^ case.

A simulator assistant (medical student or first-year radiol-
ogy resident (MØ)) with expert knowledge of the simulator

Table 1 Simulation-based abdominal ultrasound program developed by the author group and based on the European curriculum for level 1 ultrasound
by EFSUMB

Training modules Included Curriculum (EFSUMB training requirements, appendix 5) [14]

1. Introduction General organ identification in a healthy adult
as well as common findings (e.g., cysts) and
phenomena (e.g., intestinal air)

Perform a thorough ultrasound examination of the liver in
different scan planes

Recognize normal hepatic anatomy and variants
Recognize normal stomach and small and large bowel

2. Liver: non-tumor findings Fatty sparing/infiltration, cirrhosis/fibroses,
steatoses, Butt-Chiari/vein thromboses,
portal thromboses, collateral vessels

Recognize normal and abnormal liver texture such as fatty
change and anatomical variants

Recognize normal hepatic and portal venous anatomy within
the liver

Perform ultrasound controlled biopsy for the evaluation of
parenchymal liver disease

3. Liver: tumors Hemangioma, primary tumors (hyperechogenic,
hypoechogenic, and mixed), metastasis

Recognize focal lesions and be able to determine those requiring
further investigation

4. Gallbladder and biliary
system

Choledocus dilatation, intrahepatic biliary duct
dilatation, stent, hydrops, gallstones, polyp in
gallbladder, stone in choledocus, edema of
gallbladder wall

Perform a thorough evaluation of the biliary system
Recognize normal ultrasonic anatomy of the biliary system and

its frequent normal variants
Recognize abnormalities of the gallbladder wall
Recognize gallbladder stones
Be able to assess bile duct dilatation at intrahepatic and

extrahepatic levels

5. Pancreas and spleen Pancreatic tumor, dilation and stone of ductus
pancreatic, acute pancreatitis, pancreatic
pseudo-cyst, pancreatic edema, spleen infarct,
hematomas of the spleen, splenomegaly

Perform a thorough examination of the pancreas
Recognize the limitations of pancreatic ultrasound because of

bowel gas
Recognize solid and cystic tumors within the head and body of

the pancreas
Recognize the changes seen in pancreatitis (acute and chronic)
Recognize pancreatic duct dilatation and pancreatic duct stone
Evaluate the size of the spleen and recognize focal lesions

6. Kidneys and bladder Cysts, polycystic, tumors, hydronephrosis,
stones, atrophy kidney, bladder polyp

Recognize hydro nephrosis and other renal abnormalities

7. Vessels Aneurisms, dissections, thrombosis, stenosis,
arteriosclerosis, re-canalization/collaterals,
hypertrophic arteries

Recognize abdominal aortic aneurysm
Evaluate the portal vein and its diameter and the presence of

portal venous thrombosis

8. Other findings Ascites, pleural effusion, gynecological findings,
enlarged prostate, enlarged lymph nodes,
ileus/stenosis, appendicitis, ventricular
retention

Recognize focal intestinal abnormalities and understand the
principles of further investigation

Recognize intestinal obstruction
Recognize free and localized fluid collections
Recognize lymphadenopathy
Recognize gynecological and other pelvic abnormalities

9. Mixed cases A mix of full-scan cases with different and
multiple pathological findings
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was present during training. Participants practiced in all mod-
ules on the simulator until they felt they mastered the cases in
module 9 and were ready for the final test. The test was de-
veloped for assessing ultrasound competence and had solid
evidence of validity, with a predefined pass/fail standard of
14 points established in an earlier study with 60 participants
[15]. All tests were scored by a blinded reviewer (KRN).

Comparison group

The non-simulation group followed the standard approach and
did not receive any training prior to the clinical ultrasound
training.

Outcome

For both the intervention and non-intervention study groups,
all abdominal ultrasound scans performed during the first
6 weeks of clinical training were scored in a paperback log
carried by the residents. The log was organized with one page
for each procedure, including date, examination subject (e.g.,
suspected gallstone), presence of supervision, marking if su-
pervisor or resident scored the scan, time used by resident,
time used by supervisor, and the OSAUS scorecard
(Table 2). The scorecard had five lines, where a score was
written on each line corresponding to a 1–5 rating on a
Likert scale for each of the five OSAUS items: knowledge
of equipment, image optimization, systematic examination,
image interpretation, and documentation [13]. Thus, all scans
were given a total score between five and 25 points.

Statistics

Descriptive analysis of resident characteristics was performed
for the simulation and non-simulation groups by means of

frequency distributions (number and %) and mean, standard
deviation, median and range (minimum, maximum). If one or
more OSAUS item scores were missing, the mean score was
calculated and re-scaled to 5–25.

An exponential learning curve was fitted for the simulation
and non-simulation groups, respectively, using the model

Yn ¼ Yo þ Y1∙ 1� e�n=a
� �

where n denotes the scan number, Yn the mean OSAUS score
at scan number n, Y0, and Y0 + Y1 the initial and asymptotic
OSAUS score, respectively, and α is a constant coefficient.
The OSAUS score reaches an approximately constant level at
scanning 3α. The exponential learning curve was estimated
for each group using non-linear regression with random vari-
ation between residents in parameters a, Y0, and Y1 (i.e., ran-
dom slope model).

To determine the number of scans where there is no differ-
ence between the simulation and the non-simulation groups,
83.4% confidence intervals were calculated based on the var-
iation between individual learning curves for the residents
within each groups. Overlap between the 83.4% confidence
intervals is an indication of the number of scans where there is
no significant difference between the two groups at a 5%
significance level [16].

Differences in OSAUS scores between the two groups
were further evaluated using an analysis of variance. The cor-
relation between repeated measurements for the same resident
was modeled using an autoregressive correlation structure of
first order. Scanning number was included as a fixed effect.
The interaction between group and number of scans was test-
ed. The analysis was performed for scan numbers 1 to 20, 11–
30, 21 to 40, and 41 to 60.

The association between the simulation-based test score
and OSAUS at first scan was evaluated using a linear

Table 2 The OSAUS scorecard used in the log

1. Applied knowledge of ultrasound equipment
Familiarity with the equipment and its functions,

i.e., selecting probe, using buttons, and
application of gel

1
Unable to operate

equipment

2 3
Operates the equipment

with some experience

4 5
Familiar with operating

the equipment

2. Image optimization
Consistently ensuring optimal image quality

by adjusting gain, depth, focus, frequency, etc.

1
Fails to optimize images

2 3
Competent image optimization

but not done consistently

4 5
Consistent optimization

of images

3. Systematic examination
Consistently displaying systematic approach

to the examination and presentation of
relevant structures according to guidelines

1
Unsystematic approach

2 3
Displays some systematic

approach

4 5
Consistently displays

systematic approach

4. Interpretation of images
Recognition of image pattern and interpretation

of findings

1
Unable to interpret any

findings

2 3
Does not consistently interpret

findings correctly

4 5
Consistently interprets

findings correctly

5. Documentation of examination
Image recording and focused verbal/written

documentation

1
Does not document any

images

2 3
Documents most relevant

images

4 5
Consistently documents

relevant images
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regression. Differences in supervision time between the two
groups were further evaluated using an analysis of variance.
The correlation between repeated measurements for a single
resident was modeled using an autoregressive correlation
structure of first order. Scanning number was included as a
continuous explanatory variable. Differences in the number of
scans performed between the two groups were examined
using a t test. A 5% significance level was applied and
Statistical Analysis System version 9.4 (SAS Institute Inc.)
was used for analysis.

Results

Participants

Thirty-three of the 58 eligible physicians were excluded be-
fore randomization due to completed ultrasound training (n =
15), already started ultrasound training (n = 12), no reply on
first or second email (n = 3), maternity leave (n = 1), depart-
ment declined to participate (n = 1), or clinical ultrasound
training scheduled after study ended (n = 1). The originally
intended trial period of 1 year was extended by 4 months
due to recruitment needs, and the study ended with 20 of the
intended 22 residents for data analysis, due to the fact that five
of the 25 enrolled participants did not complete the study
(Fig. 1).

Simulation training

The simulation group participants used between 6 and 17 h of
simulation-based training, in two to seven training sessions
(Table 3). All participants reachedmastery level with their first
attempt at the simulation-based test, except for one participant
who trained 11 h before failing the first test and passed after
three additional hours of training. Simulation-based training
was completed on average 5.3 days before the start of clinical
ultrasound training, with a range of 1 to 18 days.

Primary outcome

The fitted learning curves showed a significant difference in
the clinical start performance level score between the simula-
tion and the non-simulation groups (Fig. 2). The performance
score was significantly higher for the simulation group for the
first 29 scans, and the mean scores plateaued for the simula-
tion and the non-simulation groups after 49 and 77 scans,
respectively (Fig. 2). There was a significant difference in
OSAUS scores between the simulation group and the non-
simulation group until scan number 30 (number of scans 1–
20, p < 0.001; number of scans 11–30, p = 0.040; number of
scans 21–40, p = 0.15; number of scan 41–60, p = 0.55).

There was no significant interaction between group and num-
ber of performed scans.

Secondary outcome

The association between simulation-based test score and
the clinical start level performance score was not statisti-
cally significant (p = 0.35). There was no significant differ-
ence in supervisor time between the two groups (p = 0.65).
The mean number of scans performed was 84.6 (SD =
34.2) in the simulation group and 83.9 (SD = 23.9) in the
non-simulation group (p = 0.96). The feasibility of the
simulation-based mastery learning program was good,
and only one participant randomized for simulation
dropped out and only one department declined to partici-
pate, due to excessive workload.

Discussion

This study showed a statistically significant improvement in
scanning performance on patients after simulation-based mas-
tery learning in diagnostic abdominal ultrasound for radiology
residents. The improvement was seen for the first 79 scans
with statistically significant differences for the first 29 scans.

The goal of medical training is the acquisition of clinical
skills, and therefore, this study focused on an assessment of
competence in the clinical environment as the primary out-
come. The targeted skill level should be identified, such that
it is clear if clinical competence is affected by the training [17].
Kirkpatrick provides a four-level model to evaluate this [18]:
level 1, reaction (asking participants about their subjective
opinions of training efficacy); level 2, learning (competence
affected in the educational setting, e.g., measuring whether
simulation-based training improves performance on the sim-
ulator); level 3, behavior (competence affected in the clinical
setting; measuring transfer of skills); and level 4, results (clin-
ical outcomes affected). This study showed an effect at level 3,
while most existing educational research in simulation-based
abdominal ultrasound has focused on level 1. Additionally,
most studies have used outdated research methods, such as a
pretest/post-test setup, assessment tools which lack validity
evidence, or historical data as the basis for comparison [10,
19]. Randomized controlled trials in other medical areas have
demonstrated an effect of simulation-based training on level 3
or 4, e.g., in laparoscopy, endoscopic ultrasound, and
transvaginal ultrasound, where simulator training led to im-
proved patient care and reduced need for supervisor, as well as
reduced need for re-scanning [20–22]. To the best of our
knowledge, this is the first randomized controlled trial
assessing simulation-based abdominal ultrasound training
with a clinical performance outcome. Increased performance
level of ultrasound trainees could optimize the use of
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supervision and enhance/improve patient safety, while provid-
ing trainees a uniform understanding knowledge of pathology
and ensuring a minimum skill level.

The learning of motor skills is a never-ending process to
which Fitts and Posner provide a three-stage learning model
corresponding to the novice, intermediate, and advanced
learner [23]: (1) the cognitive stage which features a step-by-
step approach to the task with many significant errors; (2) the
associative stage during which skills are refined and consis-
tency emerges with fewer, smaller errors; and finally, (3) the
autonomous stage where decisions are not conscious and per-
formance is subject is very consistent. The rate of learning is
not uniform in these three stages and a negative accelerated
learning curve, as apparent in this study, is typical for motor
skills, where performance improves more rapidly at the begin-
ning [24]. Simulation-based mastery training moves the initial
steep part of the learning curve, characterized by inferior

performance, away from the clinical setting and ensures
trainees are already transitioning to the associative learning
stage, with fewer and less significant errors, before scanning
on patients.

The clinical ultrasound training can vary significantly,
as it is dependent on the characteristics of individual de-
partments, such as patient demographics, and supervisor
availability [25]. The simulation-based mastery learning
approach, which was used as the intervention in this study,
ensures that all ultrasound trainees acquire a minimum skill
level and have a fundamental understanding of pathology
before scanning patients [20]. Other simulator studies have
used a training intervention which is based on a certain
number of repetitions or a set amount of time, e.g., in
colonoscopy where three randomized controlled training
studies assessed 8, 10, and 16 h of simulation-based train-
ing, respectively [26–28]. As neither time nor the number

Fig. 1 Flow diagram of enrollment as drawn in CONSORT
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of procedures corresponds to a certain skill level, this ap-
proach does not ensure that all trainees reach the same or
even a minimum skill level [4]. The simulation-based mas-
tery training approach also allows for integration of other
well-established learning strategies, such as timely feed-
back, testing effect, and deliberate practice [29–31].

The tests used for assessing training and clinical skills in
this study have solid validity evidence, as it is critical that the
measured performance scores reflect actual skill levels [10,
13, 32]. The OSAUS score used for clinical assessment was
developed for point-of-care ultrasound and may miss some of
the educational effects of more detailed diagnostic ultrasound

Table 3 Demographics of all
participants and information
about simulation training

Demographic table Simulation group Non-simulation group

Group size (male/female) 11 (7/4) 9 (4/5)

Age, mean (SD) 32.4 (3.2) 31.7 (2.9)

Month in residency, mean (SD) 4.5 (2.8) 4.6 (3.2)

Number of scans, mean (SD) 84.6 (34.2) 83.9 (23.9)

Number of scans, median (min/max) 82.0 (24/144) 93.0 (44/121)

Simulation training hours, mean (SD) 12.8 (3.5) –

Simulation training sessions, mean (SD) 3.5 (1.7) –

Simulation-based test score, mean (SD) 19 (5.1) –

Participants per hospital Total Simulation group Non-simulation group

Bispebjerg Hospital 2 1 1

Rigshospitalet 4 2 2

Herlev Gentofte Hospital 4 2 2

Holbæk Hospital 1 – 1

Hospital of Southern Jutland 1 1 –

Hvidovre Hospital 1 – 1

North Zealand Hospital 4 2 2

Odense University Hospital 1 1 –

Slagelse Hospital 1 1 –

Zealand University Hospital 1 1 –

Fig. 2 Learning curve of mean
OSAUS scores for the simulation
group (black line) with
confidence intervals (black dotted
lines) and the non-simulation
group (gray line) with confidence
intervals (gray dotted lines). The
differences in the scores are sig-
nificant until scan 29 (vertical
line), and the two curves reach a
plateau at 49 and 77 scans, re-
spectively (vertical dotted lines)
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examination: primarily in item 2 (image optimization) and
item 4 (interpretation of image) (Table 2). We found a signif-
icant difference for the first 29 scans and scores reached ap-
proximately the same plateau after 79 scans, which resembles
the effect found in other studies, e.g., 20–50 laparoscopies in
gynecology and 80 colonoscopies for gastroenterology [20,
27]. A more precise assessment tool could possibly have
lowered the variability in scores and would, thereby, have
narrowed the confidence intervals of our findings (Fig. 2).

Limitations

It is inherently difficult to blind participants to an educational
intervention, and therefore/thus, this represents an important
limitation in educational research. We blinded the clinical
raters to the randomization process, but residents differed sig-
nificantly with respect to their presence in the department due
to the time needed for off-site training for the simulation
group. Furthermore, our findings showed a higher perfor-
mance level for the simulation group in the first part of clinical
training. These factors may have compromised our efforts to
blind the supervisors who scored the scans.

The number of participants is a well-known limitation in
educational research where a systematic review found a me-
dian sample size of 25 participants [33]. In this study with
only 20 participants, sample size is partially responsible for
the broad confidence intervals for the performance scores.
With a small sample size, the individual effect of each partic-
ipant’s data is significant, and interpretation of a measured
effect should be carefully considered.

Conclusion

We have demonstrated improved performance in diagnostic
ultrasound scanning on patients after simulation-based mas-
tery learning for radiology residents. The simulation-based
mastery learning program was feasible and its implementation
could accelerate the initial steep part of trainees’ learning
curve.
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