Breunig et al. The Ultrasound Journal (2023) 15:31 The Ultrasound Journal
https://doi.org/10.1186/s13089-023-00329-2

: : ®
Learning curves for point-of-care ultrasound ===

image acquisition for novice learners
in a longitudinal curriculum
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Abstract

Background A learning curve is graphical representation of the relationship between effort, such as repetitive prac-
tice or time spent, and the resultant learning based on specific outcomes. Group learning curves provide information
for designing educational interventions or assessments. Little is known regarding the learning curves for Point-of-Care
Ultrasound (POCUS) psychomotor skill acquisition of novice learners. As POCUS inclusion in education increases, a
more thorough understanding of this topic is needed to allow educators to make informed decisions regarding cur-
riculum design. The purpose of this research study is to: (A) define the psychomotor skill acquisition learning curves of
novice Physician Assistant students, and (B) analyze the learning curves for the individual image quality components
of depth, gain and tomographic axis.

Results A total of 2695 examinations were completed and reviewed. On group-level learning curves, plateau points
were noted to be similar for abdominal, lung, and renal systems around 17 examinations. Bladder scores were consist-
ently good across all exam components from the start of the curriculum. For cardiac exams, students improved even
after 25 exams. Learning curves for tomographic axis (@angle of intersection of the ultrasound with the structure of
interest) were longer than those for depth and gain. Learning curves for axis were longer than those for depth and
gain.

Conclusion Bladder POCUS skills can be rapidly acquired and have the shortest learning curve. Abdominal aorta,
kidney, and lung POCUS have similar learning curves, while cardiac POCUS has the longest learning curve. Analysis

of learning curves for depth, axis, and gain demonstrates that axis has the longest learner curve of the three compo-
nents of image quality. This finding has previously not been reported and provides a more nuanced understanding of
psychomotor skill learning for novices. Learners might benefit from educators paying particular attention to optimiz-
ing the unigue tomographic axis for each organ system.
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specified learning outcomes or who require additional
education or remediation. Group learning curves pro-
vide information for designing educational interventions
or assessments [1]. Plateaus on learning curves represent
a “spurious limit [to learning],” where further improve-
ment in performance becomes unlikely in the given con-
text. Plateaus may be surpassed if additional educational
interventions and assessments are applied [1, 2].

Point-of-Care Ultrasound (POCUS) is a goal-directed
ultrasound examination performed by a clinician at a
patient’s bedside to answer a specific diagnostic or ther-
apeutic question [3]. Use in clinical practice and incor-
poration into medical education programs are common
and increasing [3]. POCUS involves both cognitive and
psychomotor skillsets. The quality of POCUS images is
largely dependent on the operator selecting the optimal
depth, gain, and tomographic axis (angle of intersection
of the ultrasound with the structure of interest) while
manipulating the ultrasound device. Meticulous atten-
tion to these components of image quality is necessary
during education and learner assessment [4]. Higher
numbers of POCUS examinations performed by learners
have been shown to be associated with improved learn-
ing outcomes. In a 2019 study, Duanmu demonstrated
that emergency medicine resident physicians who had
performed greater than 300 total POCUS examinations
performed better on an observed structured clinical
examination than colleagues who had performed fewer
than 300 POCUS examinations [5]. While experts have
advocated for 25-50 examinations per organ system, the
amount of practice required is not well known [4-6].

Prior studies on learning curves for different POCUS
applications reveal substantial variations in study size,
study population, and study methodology. In several
larger studies, learning curves of resident and attend-
ing physicians for various POCUS applications were
assessed, however, these learners had variable degrees
of POCUS experience, thus potentially altering learn-
ing curves and plateau points [7-9]. Despite the known
benefit of a longitudinal curriculum for optimal POCUS
knowledge retention, studies assessing learning curves
of novices have included only a single educational inter-
vention [10-13]. Often times, studies of learning curves
include a mixed assessment of cognitive and psychomo-
tor skillsets [8, 12, 14, 15]. This potentially limits the use-
fulness of the data, as learning curves for cognitive and
psychomotor components of POCUS differ [7]. A thor-
ough assessment of learning curves of the psychomotor
skillset for novice learners in a longitudinal POCUS cur-
riculum has not been completed.

A 2017 systematic review assessing POCUS training
programs for novice medical learners demonstrated that
while incorporation of ultrasound in medical education
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is feasible, areas for further research include identifica-
tion of trainee learning curves [16]. The purpose of this
research study is to define the learning curves psychomo-
tor skill acquisition of novice Physician Assistant (PA)
students enrolled in a longitudinal POCUS curriculum.
While image interpretation and clinical integration are
necessary components of POCUS training, the emphasis
of this study is the psychomotor skillset and assessment
of these cognitive skills the scope of this study. Addition-
ally, we sought to explore the learning curves for the indi-
vidual components of image quality include depth, gain,
and tomographic axis, as this has not been previously
reported in the literature. A more thorough understand-
ing of this topic will allow educators to make informed
decisions regarding curriculum design and implementa-
tion, and learner assessment.

Methods
Twenty-two PA students were enrolled retrospectively in
the study, upon completion of requirements for gradu-
ation at the {redacted} PA Program, demographic data
were collected and reported. All students completed a
previously described longitudinal POCUS curriculum,
utilizing a flipped classroom setting with pre-class video
lectures and in-class image interpretation, case stud-
ies, and proctored hands-on skill practice [17]. A multi-
modal evaluation utilizing multiple choice quizzes/tests,
hands-on skills assessments, and a portfolio of images
was utilized for the curriculum. Students were required
to complete a minimum of 25 POCUS examinations
each of the heart (minimum of 3 of the parasternal long
axis, parasternal short axis, apical 4 chamber, subcostal
4 chamber, and inferior vena cava), lungs (minimum of
4 exam points on a hemithorax), aorta (transverse and
longitudinal), kidney (transverse and longitudinal), and
bladder (transverse and longitudinal) [17]. Feedback was
provided after 5, 10, and 25 submitted examinations. All
examinations were stored in a personalized digital archive
utilizing Butterfly Network cloud software. All examina-
tions were reviewed by a PA from the Program faculty
who has completed external certification through the
American College of Chest Physicians and two instruc-
tional faculty who were PAs in Emergency Medicine at
the affiliated health system who have completed internal
POCUS credentialing. Image quality was assessed using
the American College of Emergency Physician suggested
quality assurance 5-point Likert scale rubric, expanded to
include individual assessments of depth, gain, and tomo-
graphic axis [18-20]. The research project was deemed
exempt by the Institutional Review Board.

Descriptive statistics were reported outlining the
median, minimum, and maximum number of examina-
tions completed according to organ system and as an
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overall total. Examination scores were presented within
each organ system both as frequency and percentage,
(Table 1) and as stacked bar charts (Additional file 1:
Figures S1, 3, 5, 7, and 9). Multivariable cumulative link
mixed effects models were used to assess the association
between number of examinations and increased odds
of higher score while accounting for repeated measure-
ments within subject. Models were adjusted for organ
type, as well as month of program and number of exami-
nations of the given organ both parameterized as a
2-degree of freedom natural cubic spline with knots at 3,
7, and 12 months and 2, 12, and 22 examinations, respec-
tively. The interaction between organ type and the num-
ber of examinations for the given organ (parametrized
as above) was also included in the model. Model results
were presented visually as estimate (95% CI) for the log-
odds ratio for higher score by number of examinations
for the given organ compared to the first examination for
the given organ. Plots were assessed visually to determine
if any plateau points exist. In addition, the estimated mul-
tiplicative increase in odds (odds ratio) with 95% CI and
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p-values for higher scores associated with an increase of
2 examinations was presented according to the organ sys-
tem at various numbers of examinations for each given
organ.

All analyses were done using R version 4.1.2 (R Foun-
dation for Statistical computing, Vienna, Austria, 2021).
P-values <0.05 were considered statistically significant.

Results

All 22 students within the academic cohort were enrolled
in the study. POCUS examinations were collected pro-
spectively over the course of the two years of the pro-
gram. Students were enrolled retrospectively at the time
of completion of their POCUS portfolio. Sixteen students
were female and 6 were male; average age at enrollment
was 27 (minimum 22, maximum 40). No students had any
prior ultrasound training or experience. A total of 2695
examinations were completed and reviewed: 541 of the
abdominal aorta, 538 of the bladder, 545 of the heart, 534
of the lungs, and 537 of the kidneys. Median (minimum,
maximum) number of examinations per organ system

Table 1 Rates of Likert Scale scores for overall image quality, depth, tomographic axis, and gain for all organ systems based on

examination number

Bladder Cardiac

(N=538) (%)

Abdominal Aorta
(N=541 (%))

(N=545) (%)

Lung (N=534) (%) Renal (N=537) (%) Total (N=2695) (%)

Depth
1 0(0) 0(0) 1(0)
2 0(0) 0(0) 1(0)
3 75(14) 27 (5) 26 (5)
4 180 (33) 102 (19) 148 (27)
5 286 (53) 409 (76) 369 (68)
Axis
1 9(2) 0(0) 7(1)
2 15(3) 0(0) 15(3)
3 86 (16) 20 (4) 149 (27)
4 1321 69 (13) 188 (34)
5 318 (59) 449 (83) 186 (34)
Gain
1 0(0) 0(0) 0(0)
2 3(1) 0(0) 0(0)
3 37(7) 10(2) 47 9)
4 144 (27) 54(10) 213(39)
5 357 (66) 474 (88) 285 (52)
Overall quality
1 6 (1) 0(0) 3(1)
2 16 (3) 0(0) 16 (3)
3 89 (16) 26 (5) 118 (22)
4 154 (28) 90 (17) 252 (46)
5 276 (51) 422 (78) 156 (29)

0(0) 0(0) 1(0)
0(0) 1(0) 2(0)
6(1) 45(8) 179 (7)
46 (9) 159 (30) 635 (24)
482 (90) 332 (62) 1878 (70)
1(0) 0(0) 17(M
2(0) 1(0) 33(1)
56 (10) 93 (17) 404 (15)
113 (21) 187 (35) 670 (25)
362 (68) 256 (48) 1571 (58)
0(0) 0(0) 0(0)
0(0) 1(0) 4(0)
12(Q2) 51(9) 157 (6)
78 (15) 135 (25) 624 (23)
444 (83) 350 (65) 1910 (71)
0(0) 0(0) 9(0)
2(0) 0(0) 34(1)
35(7) 93 (17) 361 (13)
120 (22) 191 (36) 807 (30)
377 (71) 253 (47) 1484 (55)

“Values are frequency (percentage)
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were 26 (21-40) for the abdominal aorta, 25 (20-32) for
the bladder, 26 (22—43) for the heart, 25 (20-33) for the
lung, and 26 (20—48) for the kidneys. Of all examinations,
only 11% were completed on actual patients, while the
remaining 89% were completed on healthy individuals
(classmates, friends, significant others, or family). There
were 4, 4, 3, 6, and 5 students where fewer than 25 images
for abdominal aorta, bladder, cardiac, lung, and renal
organ systems were noted in the data set, respectively.
For the abdominal aorta POCUS examination, nearly
80% of examinations received a 4 (28%) or 5 (51%) with
less than 5% receiving a 1 or a 2 on the 5-point Likert
scale for overall image quality (Table 1 and Fig. 1). Stu-
dents’ scores generally improved over the first 15 to 20
exams, with a statistical plateau point after 19 examina-
tions on aggregate analysis, with relatively less or no
improvement following (Additional file 1: Fig. S1). Statis-
tical plateau points were noted at14 for depth, and 15 for
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gain, however, persistent improvement without plateau
was noted for axis (Additional file 1: Fig. S2).

For the bladder POCUS examination, cumulatively
across the curriculum, 95% of examinations received a
4 (17%) or 5 (78%) on the 5-point Likert scale, with all
other examinations being a 3 (Table 1 and Fig. 2). There
was evidence of improvement over time in depth through
the first 10 to 15 number of examinations, with a plateau
point of 15 (Additional file 1: Fig. S3). Scores for overall
image quality, axis, and gain tended to remain similar
over time, without statistically significant plateau points
(Additional file 1: Fig. S4).

For the cardiac POCUS examination, cumulatively
across the curriculum, 75% of examinations received a
4 (46%) or 5 (29%), with 4% receiving less than 3 on the
5-point Likert scale for overall image quality (Table 1 and
Fig. 3). Students tended to improve for depth, gain, and
overall image quality form the 10th to 25th examination,
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Fig. 1 Learning curves for abdominal aorta point-of-care ultrasound examinations
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Fig. 2 Learning curves for bladder point-of-care ultrasound examinations
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Fig. 3 Learning curves for cardiac point-of-care ultrasound examinations

without statistically significant plateau points (Additional
file 1: Fig. S5). Axis tended to improve through the first
15-20 examinations, with an aggregate plateau point of
17 (Additional file 1: Fig. S6).

For the lung POCUS examination, cumulatively across
the curriculum, 92% of examinations received a 4 (27%)
or 5 (65%), with 8% receiving a 3 on the 5-point Likert
scale for overall image quality (Table 1 and Fig. 4). Over-
all image quality, axis, and gain tended to improve over
the first 10—15 exams, with aggregate plateau points of
16, 16, and 15, respectively (Additional file 1: Figs. S7
and S8). Scores for depth worsened over the first 10-12
exams with some evidence for improvement thereafter,
with an aggregate plateau point of 20 (Additional file 1:
Fig. S8).

For the renal POCUS examination, cumulatively for
the entirety of the curriculum, 83% of examinations
received a 4 (36%) or 5 (47%), with 17% receiving a 3 on

the 5-point Likert scale for overall image quality (Table 1
and Fig. 5). While overall image quality scores reached a
plateau by the 15th image, scores for depth showed lit-
tle improvement and score for axis and gain showed
improvement around exams 8—15 (Additional file 1: Figs.
S9 and S10).

Discussion

Group-level learning curves average results across a
cohort and provide useful information for educators to
guide education interventions and assessments [1]. Pla-
teaus on group-level learning curves represent where a
cohort of learners, on average, are unlikely to improve
further unless an educational intervention is applied.
Despite their utility, group-level learning curves do
not represent the learning of any particular individual,
and individuals might benefit from further repetition
beyond a group-level plateau [1]. As such, this paper

Qverall Depth Xis Gain
2-
o '
X
v
)
N el et e T et e e T et et
O
[e)]
ie]
-1 =
=2 T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25 5 10 15 20 25

Organ image number

Fig. 4 Learning curves for lung point-of-care ultrasound examinations
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Fig.5 Learning curves for renal point-of-care ultrasound examinations

avoids equating plateau points with competence. Rather,
understanding typical learning curves and plateaus helps
guide ideal timing for re-education for those needing
to improve performance [1]. Additionally, the learn-
ing curves help guide the appropriate timing of holistic
learner evaluations, such as an observed structured clini-
cal encounter in education or workplace competency
assessment in clinical practice, by organ system to deter-
mine which students have competency and which require
further assistance [1]. Importantly, such an assessment
would require assessment of both the psychomotor skills
of image generation and the cognitive skills of image
interpretation and clinical integration.

This data suggest that learning curves differ for specific
POCUS applications, which is corroborated by prior lit-
erature [7-9]. Our data suggest that bladder POCUS has
the quickest learning curve for novice learners. Abdomi-
nal aorta, lung, and renal exams have longer learning
curves, that overall similar to each other (plateau points
19, 16, and 15, respectively). Cardiac POCUS had the
longest learning curve, without a plateau point for overall
image quality, suggesting ongoing improvement is noted
beyond 25 examinations.

To our knowledge, learning curves for bladder ultra-
sound have not been previously defined. Bladder POCUS
had the highest rate of exemplary image acquisition
scores throughout the entire curriculum, with perfor-
mance remaining stable over the course of the curricu-
lum. This data suggest that bladder POCUS skill can be
acquired rapidly for novice learners.

Data regarding learning curves for abdominal aorta
POCUS demonstrate substantial heterogeneity. In
assessment of military physicians, it was thought that
20 examinations were sufficient for a plateau of learning
[12]. However, in a more robust analysis of emergency

medicine physicians, Blehar demonstrated a plateau
point of 84 examinations [7]. Importantly, in the study
by Blehar et al. “learner image quality was assessed by
comparing their image quality to the image quality of the
expert reviewers’ independent imaging performed dur-
ing the study” Comparison to experts in the Blehar et al.
likely prolonged the learning curves, where our data sug-
gest that learning based on a standardized assessment
plateaus much sooner. Similarly, data regarding lung
POCUS have substantial variation. Blehar et al. found a
plateau point of 39 lung examinations, but most other
studies favor a steeper learning curve for lung ultrasound
[7, 12, 14, 15]. Our study corroborates that psychomotor
skill acquisition for the lung plateaus relatively quickly for
novice learners.

Review of the literature shows that plateau points for
cardiac POCUS occur after between 20 and 36 exami-
nations [7-9, 21]. Importantly, Millington found a pla-
teau point of 20 examinations in surgical residents with
“low experience” with POCUS. However, residents were
defined as being “low experience” despite completing
up to 25 examinations prior to the study [9]. This likely
represents an underestimation of true learning curves,
given the learners’ prior experience. Blehar noticed a sta-
tistically defined plateau point after 27 cardiac examina-
tions, however, on graphical representation improvement
is continually noted after this point [7]. While assess-
ing “entrustability” of POCUS skills, Clunie found that
predefined entrustability was met after an average of 36
exams [8]. Our study would suggest that cardiac POCUS
is the most difficult application of those studied within
this cohort to learn, and that learning might continue
beyond 25 examinations. Educational and evaluation
measures to ensure adequate learning should be designed
with this knowledge in mind.
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Depth, tomographic axis, and gain are important com-
ponents of image quality [4]. Analysis of rates of scores
(1-5 on the Likert score) and learning curves for depth,
tomographic axis, and gain demonstrates that tomo-
graphic axis has the longest learner curve of the three
components of image quality for this cohort of learners.
Visually, the components of depth and gain were noted to
have higher rates of exemplary scores earlier on in learn-
ing than when compared to axis (supplemental digital
content 3-7). This is corroborated by learning curves,
within specific organs. For example, statistical plateau
points for abdominal aorta were noted at 19 for overall
image quality, 14 for depth, and 15 for gain; however,
ongoing improvement without plateau was noted for
tomographic axis. Regarding cardiac imaging, the com-
bination of higher rates of exemplary scores on depth
and gain, combined with a lack of statistical improve-
ment over time suggest students were able to rapidly
acquire these skills. However, data for cardiac axis dem-
onstrate worse performance overall, and a plateau point
at 17 examinations. This would suggest that tomographic
axis was the hardest to master. Overall, this would sug-
gest that tomographic axis was the hardest concept of
the three for this cohort of learners to grasp. One poten-
tial conclusion is that the concepts of depth and gain
are more generalizable between organ systems, while an
individual organ’s tomographic axis is unique. This differ-
ence between components of image quality has not been
reported in the literature previously. While teaching all
principles of image quality is important, this data suggest
that curricular changes paying particular attention to
optimizing the unique tomographic axis for each organ
system might benefit our program. Further research
is required to see if this is finding can be generalized to
other learners.

Limitations to this study include it being from a single
cohort of students within a specific educational program.
While students were encouraged to save all examinations
within their Butterfly Network archive, it is likely that
some studies over the course of the curriculum were not
saved by students, and thus not reviewed. This poten-
tially impacts learning curves and plateau points, how-
ever, given the requirements of the students to complete
a portfolio of images it is unlikely that this would repre-
sent a significant number of missed examinations. While
all students completed the required minimum number
of exams, incomplete capture of data is noted during the
image review and data exportation phases of the research
project, as some students had fewer than 25 examina-
tions per organ system in the extracted data. We believe
this represents a small subset of students, with minimal
impact on overall data analysis. Lastly, while practi-
cally there is benefit of learning the psychomotor skill
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component on healthy individuals, this study does not
address learning curves on, or transfer of skill to actual
patients in the clinical environment.

Further research incorporating multiple sites and edu-
cational programs is needed to identify more generaliz-
able data. It stands to reason that the quality and amount
of education on a specific topic will affect learning curves.
However, studies evaluating the impact of instructional
design on learning curve do not exist currently. Studies
assessing the effect on learning curves of the amount of
education, the type of evaluation, and the frequency of
feedback should be completed. Additionally, research to
assess transfer of skills from practicing on healthy indi-
viduals to actual patients is required to determine opti-
mal amounts of practice in preclinical education.

Conclusion

This research shows that novice learners acquire psy-
chomotor skills for POCUS rapidly, however, the rate of
skill acquisition is organ dependent. Tomographic axis is
the hardest component of image quality to learn, poten-
tially because it is less generalizable. These insights into
the variable rates of skill acquisition between organs,
and between components of image quality provide valu-
able insights for educators designing and implementing a
curriculum.
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