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BACKGROUND: Curricular constraints require being se-
lective about the type of content trainees practice in their
formal training. Teaching trainees procedural knowledge
about Bhow^ to perform steps of a skill along with concep-
tual knowledge about Bwhy^ each step is performed can
support skill retention and transfer (i.e., the ability to
adapt knowledge to novel problems). However, how best
to organize how and why content for procedural skills
training is unknown.
OBJECTIVES: We examined the impact of different
approaches to integrating why and how content on train-
ees’ skill retention and transfer of simulation-based lum-
bar puncture (LP).
DESIGN AND PARTICIPANTS: We randomized medical
students (N = 66) to practice LP for 1 h using one of three
videos. One video presented only the how content for LP
(Procedural Only). Two other videos presented how and
why content (e.g., anatomy) in two ways: Integrated in
Sequence, with why content followed by how content, or
Integrated for Causation, with how and why content inte-
grated throughout.
MAIN MEASURES: Pairs of blinded raters scored partic-
ipants’ retention and transfer LPperformances ona global
rating scale (GRS), and written tests assessed partici-
pants’ procedural and conceptual knowledge.
KEY RESULTS: Simple mediation regression analyses
showed that participants receiving an integrated instruc-
tional video performed significantly better on transfer
through their intervention’s positive impact on conceptual
knowledge (all p <0.01). Further, the Integrated for Causa-
tion group performed significantly better on transfer than
the Integrated in Sequence group (p <0.01), again mediat-
ed by improved conceptual knowledge. We observed no
mediation of participants’ skill retention (all p >0.01).
CONCLUSIONS: When teaching supports cognitive inte-
gration of how and why content, trainees are able to
transfer learning to new problems because of their

improved conceptual understanding. Instructional
designs for procedural skills that integrate how and why
content can help educators optimize what trainees learn
from each repetition of practice.
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INTRODUCTION

When teaching trainees clinical skills, research and curriculum
documents emphasize high volumes of training as the path to
expertise.1 Research on how educators can optimize such train-
ing has made a strong case for instructional design features like
deliberate practice,2, 3 mixed-practice,4 spaced-practice,5 and
retrieval practice (i.e., test-enhanced learning),6, 7 which have
all been linked consistently to better learning outcomes. While
this literature informs educators on how to structure training for
effective skill learning (e.g., provide timely feedback, include a
range of difficulties and contextual variations, space practice
across time, and encourage retrieval practice by consistent test-
ing), it often neglects the role content (i.e., the material trainees
have been assigned to learn about a skill) plays in expertise
development. When teaching trainees to perform a bedside
invasive procedure for example, what content would an educa-
tor present about anatomy, equipment, sterility, patient safety,
and communication? How and when should an educator relate
these different content areas to trainees’ procedural actions?
Educators must inevitably make decisions about what they

teach, what they do not teach, and how they choose to relate
the selected types of content (or not). Moreover, in the finite
number of hands-on training sessions allotted to any curricu-
lum, educators need to maximize how well they prepare train-
ees to generalize their skills to address problems encountered
in novel contexts, otherwise known as the transfer of learn-
ing.8 Informing educators on how best to select and organize
different types of content has the potential to optimize teaching
approaches and to help learners reap the most from each
repetition during training.

Earlier versions of this paper were presented at the Association for Medical
Education in Europe in Helsinki, Finland (September 2017), and at the
Canadian Conference for Medical Education in Halifax, Nova Scotia,
Canada (April 2018).
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One aspect of content, conceptual knowledge, has consistently
been shown to underlie expertise development and skill transfer.
Conceptual knowledge refers to the generalizable principles that
transcend specific contexts of a task or procedure (e.g., the type
of clinical environment, or particular features of a patient case),
and is described as Bknowing why.^9 Such knowledge differs
from procedural knowledge, which refers to the specifics of
executing a task or procedure proficiently, and is described as
Bknowing how.^ For example, basic sciences comprise the
conceptual knowledge underlying clinical reasoning, whereas
clinical knowledge of the constellation of signs and symptoms
of specific disease states comprise the procedural knowledge
required to engage in clinical reasoning. In deconstructing ex-
pertise, researchers have found that experts rely on their under-
standing of basic science pathophysiology to solve non-routine
clinical cases.10–13 In studying how expertise develops, research-
ers have found that trainees learning to make clinical diagnoses
have better diagnostic skill retention and transfer when teaching
involves integrating basic science and clinical knowledge.14–26

Hence, identifying and selecting the relevant conceptual and
procedural knowledge appears to be a key decision point when
educators choose which content to teach.
Research shows that it matters how educators organize con-

ceptual and procedural knowledge in teaching material. A series
of studies demonstrate that integrating conceptual and procedural
knowledge using Bscience-based causal explanations^ led to
superior diagnostic skill retention and transfer compared to teach-
ing that merely presented these two types of content in close
spatial and temporal proximity.20, 24, 25 That is, teaching material
helped trainees achieve improved outcomes when it explicitly
integrated conceptual and procedural knowledge in a way that
encouraged them to make causal connections between the two, a
process referred to as cognitive integration.27 Hence, evidence
has accrued to show that how educators organize procedural
knowledge (i.e., how content) and conceptual knowledge (i.e.,
why content) matters for trainees’ outcomes.
Organizing content to promote cognitive integration repre-

sents an instructional design principle that may generalize to
procedural skills. In our previous study,28 we designed a video
to illustrate the causal explanations between how and why
content for novice medical trainees learning lumbar puncture
(LP) on a part-task simulator (i.e., a mannequin representing
only a patient’s lower back). For example, we taught learners
to angle their needle at a 15° towards the simulator’s umbilicus
(how content) because the underlying anatomy of the spinous
processes are also angled at 15° (why content). We compared
the impact of this integrated instructional video to a video
containing only procedural knowledge and found preliminary
evidence that the integrated instructional video improved par-
ticipants’ procedural skill retention and transfer. We did not
clarify, however, the extent to which these benefits resulted
from simply including conceptual knowledge in the video (vs.
not including it), or from how we had organized the how and
why content in the video (i.e., using causal explanations to
support cognitive integration).

In this study, we aim to replicate and extend our
previous research. Using the controlled setting of
simulation-based LP training, we experimentally tested
the impact of three conditions on LP skill retention and
transfer : procedural and conceptual knowledge
BIntegrated for Causation^ (i.e., how and why content
interleaved throughout and linked by causal explana-
tions), both knowledges BIntegrated in Sequence^ (i.e.,
conceptual knowledge first, followed by procedural
knowledge), and procedural knowledge presented alone.
Further, we examined the potential mediating role that
trainees’ conceptual knowledge plays in supporting their
skill retention and transfer.

METHODS

Participants

After receiving institutional ethics approval, we recruited
66 medical students from the University of Toronto. In-
clusion criteria included being a pre-clerkship (years 1 and
2) MD student; participants were excluded if they had
previous LP training. We based this sample size on our
previous study using the same procedural skill, student
population, and similar educational interventions.28, 29

Learning Materials

We developed three instructional videos for LP based on
previous educational materials.28, 30 The videos present
procedural and conceptual knowledge for LP in varying
combinations. The procedural knowledge component
(how content) demonstrates how to appropriately execute
the steps necessary to complete an LP. The conceptual
knowledge component (why content) demonstrates key
concepts underlying the technical performance of LP,
specifically, spinal anatomy, equipment function and de-
sign, sterility, and patient safety. Our first video pre-
sented how content through a step-by-step LP demonstra-
tion on a simulated mannequin (Procedural Only). Our
other two videos integrated how and why content using
two different organizational approaches. One organized
the how and why content in sequential order, presenting
conceptual knowledge first followed by the same proce-
dural knowledge as the first video (Integrated in Se-
quence). In the other video, we organized the how and
why content in an interleaved fashion (Integrated for
Causation), a design intended to help trainees establish
cause and effect relationships between the procedural
steps and their related concepts. The Procedural Only
video was 13:48, the Integrated in Sequence video was
23:04, and the Integrated for Causation video was 21:01
(see Box 1 for an example of how content is presented in
each video).
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Box 1 Instructional materials

All three instructional videos contain the same how content (i.e., same
demonstration of LP), but present this content at different times. For
example, for the procedural step of inserting the spinal needle, all videos
provide the following verbal instruction:

“Now pick up the spinal needle from the tray and remove the sheath
placing it back in the tray. Ensure the stylet is firmly inside, and that the
bevel of the needle is facing upwards or downwards, towards the
patient’s side…” Procedural Only [7:32–7:44]; Integrated in Sequence
[16:48–17:00]; Integrated for Causation [10:37–10:49]
The integrated videos present why content in addition to how content.
They differ in the temporal and causal relationships they are designed to
establish between these two content types.
In the Integrated in Sequence video, conceptual explanations for why the
stylet should be firmly inside the needle and why the bevel oriented in
the prescribed manner are provided at the beginning of the video.
Trainees viewing this video are tasked with connecting this conceptual
knowledge with the relevant procedural knowledge provided later in the
video [16:48–17:00]:

“The outer membrane of the thecal sac consists of a tough connective
tissue called dura mater. The fibres of the dural tissue run longitudinal
and parallel to the spine.” [0:56–1:07]

“During invasive procedures that compromise the dural tissue,
excessive trauma can result in prolonged CSF leakage, which can further
lead to severe headaches due to the loss of CSF cushioning and
supporting the brain…” [2:10–2:22]

“…if epithelial tissue is introduced into the subarachnoid space, it can
lead to the growth of a cyst…” [2:53–2:58]

“The stylet blocks the shaft of the needle preventing the formation of
skin plugs that may clog the needle.” [3:37–3:42]

“The opening of the needle tip is where you to observe the bevel, an
angled cutting edge. Tissue trauma can be reduced by aligning this
cutting-edge parallel to the fibres of the tissue, allowing the fibres to be
spread apart rather than cut.” [3:49–4:03]
By contrast, the Integrated for Causation video presents the same
conceptual explanations in close temporal proximity with the procedural
instruction. Further, the connections between the conceptual and
procedural are made explicitly using cause-and-effect language. Trainees
viewing this video experience both how and why content in a manner
intended to promote cognitive integration.

“When inserting the spinal needle, having the stylet in place will
prevent skin tissue from entering the hollow shaft of the needle, forming
a skin plug, which if introduced into the subarachnoid space can lead to
the growth of a cyst.” [10:49–11:03]

“When the bevel faces the patient’s side, the sharp cutting edge of the
needle will be parallel with the fibres of the dura that cover the thecal
sac and run longitudinal and parallel with the spine. Thus, allowing
these fibres to be spread apart rather than cut. This will reduce the size
of the tear made in the dura and consequently the amount of CSF that
leaks out of the subarachnoid space after the procedure. Which can lead
to severe headaches for the patient due to the loss of CSF that cushions
and supports the brain.” [11:04–11:33]

Procedure

We used stratified randomization (by study year and sex) to
allocate 22 participants into each of the three groups: Procedural
Only, Integrated in Sequence, and Integrated for Causation. All
participants then attended a self-regulated simulation-based LP
training session and a follow-up session 1 week later. Each
participant completed the study protocol individually, with the
lead author present at each training and follow-up session.
At the training session, after providing written informed

consent and completing a demographic questionnaire, partic-
ipants had 25 min to review their assigned instructional video.
Participants were made aware they were randomized to one of
the three video interventions but were unaware of how these
videos differed in content or organization. Immediately after,
participants had 1 h to practice a simulated scenario of LP on a

part-task model (Lumbar Puncture Simulator II, Kyoto
Kagaku Co., Ltd., Kyoto, Japan). During practice, participants
had access to their instructional video (via laptop) and could
alternate between practicing the scenario and reviewing the
video. After practice, participants were tested on the same
scenario without access to the instructional video (post-test).
One week later, participants returned for the follow-up

session, requiring they complete a retention test, on the same
scenario from the week prior, followed by a transfer test, on a
newLP scenario. After the transfer test, participants completed
written tests of procedural knowledge and conceptual knowl-
edge. The lead author administering the training and follow-up
sessions could not be blinded to participants’ group allocation.
To minimize potential bias, all external feedback provided to
participants regarding their LP performances was withheld
until the end of the study. Thus, participants’ only source of
LP content came from the instructional videos and their own
self-directed practice. Figure 1 presents the study design.

Procedural and Conceptual Knowledge Tests

We adopted both written knowledge tests from our previous
study.28 We used the exact same procedural knowledge test,
requiring participants to sort 13 key steps of the LP procedure
into their appropriate order. We modified the conceptual
knowledge test, adding six new short-answer items, based on
consultations with procedural specialists across Canada.

LP Simulation Scenarios

The simulation scenarios presented during training, post-test,
and retention test involved a healthy patient requiring an LP to
rule out multiple sclerosis. The simulator was positioned in the
lateral decubitus position with an anatomical spine insert that
represented normal anatomy. The transfer test scenario in-
volved a sick, older, obese patient, suspected of having men-
ingitis who could not tolerate lying on his side, thus requiring
the LP to be performed with him sitting upright. The simulator
was rotated into an upright posture, and the anatomical spine
insert represented obese anatomy (i.e., thicker tissue). Both
scenarios were taken from our previous study,28 which were
originally adapted from Haji et al.30

Outcome Measures and Analyses

To assess the procedural knowledge tests, the first author
reviewed and scored each test out of a maximum of 13 points.
To assess the conceptual knowledge tests, two neurology
residents (PGY4 and PGY5), blinded to participant group
allocation, reviewed the tests and scored each out of a maxi-
mum of 20 points. After conducting an item analysis of the
conceptual knowledge test, we removed four items with a
difficulty index > 0.85 (more than 85% of all participants
answered the item correctly), resulting in a maximum score
of 13 points. The procedural knowledge test and final concep-
tual knowledge test questions are included as supplemental
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content. To compare group performances on the written pro-
cedural and conceptual knowledge tests, we usedWelch’s one-
way analysis of variance (ANOVA) and the Games-Howell
post hoc test as needed; these tests allowed us to account for
the lack of homogeneity of variance (Levene’s test p < 0.05).
To assess LP performances, we video recorded all partic-

ipants’ tests. One camera captured a wide-angle shot of the
overall procedure and a second camera focused on partici-
pants’ hands as they manipulated the LP equipment. We
merged these two recordings to produce a single split-screen
video of each test performance for rater assessment. The raters
included six neurology residents (two PGY3, three PGY4, and
one PGY5) blinded to group allocation of all recorded per-
formances. The raters attended a 2-h rater orientation session
aimed at familiarizing them with the global rating scale (GRS)
used to assess procedural competence.31 Researchers have
collected strong validity evidence for using the GRS to assess
simulated procedural skills,32 and thus, we used it as our
primary outcome. During the orientation session, raters scored
three randomly selected LP performances (out of the 198 total)
and discussed their scoring on each until they came to a
consensus score. Raters concluded the session by coming to
a consensus that a score of three out of five on the GRS

denoted the participant was Bcapable of performing the pro-
cedure (or dimension of the GRS) independently without
compromising patient safety.^
After rater orientation, we randomly allocated the raters into

three pairs to score a pilot sample of 15 randomly selected LP
performances.We assessed inter-rater reliability by calculating
an intra-class correlation coefficient. One rater pair showed
poor reliability (ICC < 0.60) and we removed their data from
the analyses. We reassigned this pair’s 15 videos along with
the 150 remaining to be scored by the two other rater pairs,
both of which demonstrated high reliability (ICCs > 0.80) in
the pilot sample. We performed all reliability analyses using G
String IV version 6.3.8.33 and performed comparative and
correlational analyses using SPSS Version 22.

Mediation Analyses

To capture the relationship between our experimental condi-
tions, participants’ conceptual knowledge, and their LP GRS
performance, we conducted simple mediation analyses34, 35

using the PROCESS macro for SPSS.36 Using indicator cod-
ing, we compared group performances by computing two
mediationmodels for retention, and transfer test GRS scores.36

In the first model, the Procedural Only group was coded as the

Figure 1 Study flow diagram.
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control, allowing us to compare the two integrated groups to
the Procedural Only group; in the secondmodel, the Integrated
in Sequence group was coded as the control, allowing us to
compare the two integrated instruction groups. We did not
compute mediation models for LP GRS performance at post-
test because our previous study results revealed no significant
correlation between conceptual knowledge and post-test LP
GRS performance.28

These analyses enabled us to examine how the three
interventions influenced the groups’ retention and transfer
test scores in three ways (see Fig. 2): (1) the relative total
effects on those outcomes (c1 and c2 in Fig. 2(a)); (2) the
relative direct effects (c’1 and c’2 in Fig. 2(a)), after
controlling for participants’ conceptual knowledge test
scores (M); and (3) the relative indirect effects (a1b and
a2b in Fig. 2(b)), when including the conceptual knowl-
edge (M) as a mediator of intervention effects in the
model. To calculate and compare the relative indirect
effects of each intervention (Fig. 2(b): D1 and D2 acting
on Y through M), the PROCESS macro computed a bias-
corrected bootstrap 99% confidence interval using 10,000
bootstrap samples of the product between path ak × b. To
account for family-wise error from multiple comparisons,
we set our alpha to 0.01. Using this methodology, non-
zero confidence intervals denote statistical significance.
These mediation analyses allowed us to test our hypoth-

eses that participants’ conceptual knowledge would medi-
ate their procedural skill retention and transfer, and that
the mediation effect would be larger when participants
received instruction Integrated for Causation versus Inte-
grated in Sequence.

RESULTS

Inter-rater reliability was excellent for the conceptual knowledge
test (ICC= 0.90) and the GRS (ICC= 0.89). All descriptive data
are presented as means (M) and standard deviations (SD).

Procedural and Conceptual Knowledge Test
Performance

For the procedural knowledge test, there was no significant
difference between the groups (Procedural Only: M = 12.50,
SD = 0.80; Integrated in Sequence: M = 12.27, SD = 1.78; In-
tegrated for Causation: M = 12.86, SD = 0.47), F(2,35.80) =
1.46, p = 0.10. For the conceptual knowledge test, there was a
significant difference between the groups, F(2,34.71) = 25.82,
p < 0.001, 2p = 0.40. Post hoc analyses showed the Integrated
for Causation group (M= 5.98, SD = 2.13) scored significant-
ly higher on the conceptual knowledge test than both the
Procedural Only group (M = 2.69, SD = 0.77), t = 3.28,
p < 0.001, and the Integrated in Sequence group (M= 4.14,
SD = 1.84), t = 1.84, p < 0.05. Further, the Integrated in Se-
quence group scored significantly higher than the Procedural
Only group, t = 1.44, p < 0.01.

Mediation Models Linking Conceptual
Knowledgeand Lumbar Puncture Performance

Confirming the findings above, the mediation model (Fig. 2(b))
also detected group differences in conceptual knowledge, as
participants in both integrated instruction groups had higher
conceptual knowledge scores relative to participants in the Pro-
cedural Only group (Model 1: a1 = 1.44 and a2 = 3.28; Tables 1

Figure 2 Simple mediation analyses of intervention effects (D) on outcome Y (i.e., global rating scale scores for retention or transfer
performances) using indicator coding. (A) reveals the relative total effects (c1 and c2) of D1 and D2; (B) includes conceptual knowledge test
score (M) as a mediator variable to reveal the effect of M on Y (b), and the relative indirect (a1b and a2b) and direct effects (c’1 and c’2) of D1
and D2 on Y. For comparison of relative effects, the Procedural Only and Integrated in Sequence groups were set as controls in Models 1 and 2

respectively.
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and 2). When comparing participants receiving the two types of
integrated instruction (Model 2), the Integrated for Causation
group scored higher in conceptual knowledge than the Integrated
in Sequence group (Model 2: a2 = 1.84, Tables 1 and 2).
The model allowed us to examine the relationship between

all participants’ (regardless of their assigned group) conceptu-
al knowledge (M) and their GRS performance outcomes (Y)
(path Bb^ in Fig. 2).We found that participants who had higher
conceptual knowledge had higher but not significantly differ-
ent retention scores (b = 0.579) (Table 1). Conversely, we
found that participants who had higher conceptual knowledge
had significantly higher transfer scores (b = 1.24) (Table 2).

Relative Total and Direct Effects: Effects of the
Interventions Before and After Controlling for
Participants’ Conceptual Knowledge

Without adjusting for participants’ conceptual knowledge, we
found no significant differences in the relative total effects (c1
and c2 in Fig. 2(a)) of any intervention on LP GRS retention
(Table 1) and transfer (Table 2) performances, all p > 0.05.

After controlling for participants’ conceptual knowledge (M in
Fig. 2(b)), we similarly found no significant relative direct
effects (c’1 and c’2 in Fig. 2(b)) on LP GRS retention (Table 1)
or transfer (Table 2) performances, all p > 0.05.

Relative Indirect Effects: Effects of Interventions
with Participants’ Conceptual Knowledge as a
Mediator

Relative to the Procedural Only group (Model 1), both inte-
grated instruction interventions indirectly influenced and im-
proved participants’ transfer performance via their improved
conceptual knowledge (Integrated in Sequence [a1b = 1.76],
99% CI = 0.40 to 3.94; Integrated for Causation [a2b = 4.08],
99% CI = 1.35 to 7.72).
Relative to the Integrated in Sequence group (Model 2), the

indirect effect of the Integrated for Causation group was also
non-zero (a2b = 2.29], 99% CI = 0.38 to 5.81), indicating a
significant indirect influence of that group’s intervention on
their transfer performance via their improved conceptual
knowledge compared to the Integrated in Sequence group.

Table 1 Regression Coefficients, Standard Errors, and Model Summary for Lumbar Puncture Retention

M (conceptual knowledge test
score)

Y (global rating scale retention performance)

Coeff. SE t Coeff. SE t Coeff. SE t

Model 1
D1 (Integrated in Sequence) a1 1.44 0.51 2.84* c1 0.64 1.66 0.38 c’1 − 0.20 1.75 − 0.11
D2 (Integrated for Causation) a2 3.28 0.51 6.47* c2 0.82 1.66 0.49 c’2 − 1.08 2.12 − 0.51
M – – – – – – b 0.58 0.41 1.42
Constant i1 2.70 0.36 7.50* i2 17.00 1.17 14.50* i3 15.44 1.60 9.65*

Model 2
D1 (Procedural Only) a1 − 1.44 0.51 − 2.84* c1 − 0.64 1.66 − 0.38 c’1 0.20 1.75 0.11
D2 (Integrated for Causation) a2 1.84 0.51 3.63* c2 0.18 1.66 0.11 c’2 − 0.88 1.81 − 0.49
M – – – – – – b 0.58 0.41 1.42
Constant i1 4.14 0.36 11.53* i2 17.64 1.17 15.0* i3 15.24 2.05 7.44*

R2 = 0.40 R2 = 0.004 R2 = 0.04
F(2,63) = 21.03, p < 0.0001* F(2,62) = 0.13, p = 0.875 F(3,62) = 0.76, p = 0.52

Model 1: D1 and D2 values are computed relative to the Procedural Only group (control); Model 2: D1 and D2 values are computed relative to the
Integrated in Sequence group. Overall R2 statistics are shared for both models (they are identical models, but with different relative comparisons)
*denotes statistical significance with alpha < 0.05

Table 2 Regression Coefficients, Standard Errors, and Model Summary for Lumbar Puncture Transfer

M (conceptual knowledge test
score)

Y (global rating scale transfer performance)

Coeff. SE t Coeff. SE t Coeff. SE t

Model 1
D1 (Integrated in Sequence) a1 1.44 0.51 2.84* c1 − 0.750 1.62 − 0.464 c’1 − 2.54 1.60 − 1.59
D2 (Integrated for Causation) a2 3.28 0.51 6.47* c2 − 0.114 1.62 − 0.070 c’2 − 4.19 1.94 − 2.16
M – – – – – – b 1.24 0.37 3.33*
Constant i1 2.70 0.36 7.50* i2 16.3 1.14 14.2* i3 12.9 1.46 8.85*

Model 2
D1 (Procedural Only) a1 − 1.44 0.51 − 2.84* c1 0.750 1.62 0.46 c’1 2.54 1.60 1.59
D2 (Integrated for Causation) a2 1.84 0.51 3.63* c2 0.636 1.62 0.39 c’2 − 1.65 1.65 − 0.10
M – – – – – – b 1.24 0.373 3.33*
Constant i1 4.14 0.36 11.53* i2 15.5 1.14 13.6* i3 10.4 1.87 5.55*

R2 = 0.40 R2 = 0.004 R2 = 0.16
F(2,63) = 21.03, p < 0.0001* F(2,62) = 0.125, p = 0.883 F(3,62) = 3.80, p = 0.014*

Model 1: D1 and D2 values are computed relative to the Procedural Only group (control); Model 2: D1 and D2 values are computed relative to the
Integrated in Sequence group. Overall R2 statistics are shared for both models (the are identical models, but with different relative comparisons)
*denotes statistical significance with alpha < 0.05
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Summary of Effects

To illustrate the mediating link between the interventions and
participants’ conceptual knowledge, the model showed that, if
we assumed equal scores on the conceptual knowledge test,
relative to a participant in the Procedural Only group, a par-
ticipant in the Integrated in Sequence group scored 1.76 more
points on the transfer test GRS, and a participant in the
Integrated for Causation group scored 4.08 more points. On
a GRS out of five, this equates to an improvement of 0.30
(6.0%) and 0.68 (13.6%) points, respectively. Again, adjusting
for conceptual knowledge test scores, participants in the Inte-
grated for Causation group scored 2.29 points higher on the
GRS at transfer test compared to a participant in the Integrated
in Sequence group, equating to 0.39 (7.7%) points out of five.
We did not observe this indirect effect of the interven-

tions, mediated through conceptual knowledge, on partic-
ipants’ LP GRS retention performance (Table 1). Specifi-
cally, the confidence intervals of the relative indirect
effects contained zero and thus were non-significant
(Model 1: Integrated in Sequence [a1b = 0.84], 99% CI =
− 0.35 to 2.83; Integrated for Causation [a2b = 1.90], 99%
CI = − 0.89 to 5.80; Model 2: Integrated for Causation
[a2b = 1.07], 99% CI = − 0.36 to 4.30).

DISCUSSION

We examined the role of integrating conceptual knowledge (why
content) and procedural knowledge (how content) on skill reten-
tion and skill transfer of simulation-based LP. Our results dem-
onstrate that, mediated by the positive impact on their conceptual
knowledge, participants in both integrated instruction groups had
better skill transfer (but not skill retention), compared to partic-
ipants in the procedural only instruction group. Further, the
transfer benefit of integrated instruction was significantly higher
for participants when we interleaved how and why content and
linked the two using causal explanations (i.e., Integrated for
Causation), compared to when we presented conceptual knowl-
edge first, followed by procedural knowledge (i.e., Integrated in
Sequence). For all participants, greater conceptual knowledge
was associated with higher LP GRS transfer scores, but not
retention scores.
These data replicate our previous findings showing that

integrating conceptual and procedural knowledge can im-
prove participants’ transfer of learning.28 By comparing
why content Integrated for Causation versus why content
Integrated in Sequence, we show that teaching that explic-
itly promotes cognitive integration appears to help partic-
ipants further mobilize their conceptual knowledge, which
then enhances how well they transfer their learning.24

There are three key implications for educators who want
to design education that promotes transfer of learning: (1)
they need to consider trainees’ level of conceptual knowl-
edge; (2) the content they choose to teach matters and
should include conceptual knowledge that explains the

Bwhy^; and (3) how they expose the relationships between
the how and why content matters.

Implications for Cognitive Integration and
Instructional Design

Contemporary instructional design recommendations frequently
focus on how to deliver content (e.g., deliberate practice, provi-
sion of feedback, distributed practice, test-enhanced learning)37–
39, rather than on what content to deliver. Educators who focus
only on practice structure without equal attention to content
(especially conceptual knowledge) may not be optimizing the
educational value of each repetition of practice.25, 40, 41 Our
results further establish the relationship between improving train-
ees’ conceptual knowledge of a skill and improving their skill
transfer. Our materials for teaching lumbar puncture illustrate
principles educators can use to integrate conceptual knowledge
into their unique instructional materials—namely teaching how
and why content in close temporal proximity and employing
causal explanations. When designing procedural skill learning
activities, educators will likely benefit their trainees most by
facilitating integration where it matters most: for skill transfer,
at the level of trainees’ cognition.
Similar to studies of cognitive integration in clinical reason-

ing,24, 25 we found that carefully distinguishing how and why
content followed by selecting and organizing that content
using principles from cognitive psychology results in instruc-
tion that helps trainees connect relevant clinical concepts with
their procedural actions to support skill transfer. Our study
replicates and extends the research done in clinical reasoning,
where basic science knowledge serves as the conceptual
knowledge that supports activities such as diagnoses. Our
results show that basic science may now be considered a
specific example of conceptual knowledge and the role of
conceptual knowledge extends beyond reasoning tasks.
Hence, selecting and organizing content to promote cognitive
integration appears to benefit learning of both clinical reason-
ing42, 43 and bedside invasive procedures.

Limitations and Future Directions

Our experimental study presents a mechanistic and theory-
driven account of how integrated instruction relates to partic-
ipants’ conceptual knowledge and to their skill transfer. Given
this study is only the second in our program of research,
further work can focus on testing how conceptual knowledge
can best be delivered through various formats of instruction.
For experimental control and efficiency, we used videos as the
sole delivery format for integrated instruction. Other formats,
such as via instructor feedback or through using hands-on
simulator modules, may potentially enhance the observed skill
transfer benefits. Educators might, for example, design simu-
lator modules that allow trainees to experience conceptual
knowledge in closer temporal, causal, and spatial proximity
with their hands-on experience performing the procedural
actions of a skill.
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Though our present findings replicate results from pre-
vious work demonstrating the positive relationship be-
tween conceptual knowledge and skill transfer, they did
not replicate the previously observed positive relationship
between conceptual knowledge and skill retention.28 We
believe one issue is the timing of when our participants
completed their procedural and conceptual knowledge
tests. In our previous study, participants completed the
tests both after their initial viewing of the instructional
video and during the follow-up session, whereas partici-
pants in the present study completed the tests only at
follow-up, which may have deprived them of the benefits
of test-enhanced learning. This may have only affected
participants’ retention performance because test-enhanced
learning is generally better for retention outcomes, rather
than transfer outcomes.44 Future research could explore
this finding by systematically examining how the timing
of knowledge tests influence the mediating effect of that
knowledge on performance.

CONCLUSION

Taken together, our findings suggest educators will benefit
from considering content as they design procedural skills
training, specifically how they can integrate relevant concep-
tual and procedural knowledge to support trainees’ cognitive
integration and skill transfer. Our results extend studies of
clinical reasoning, demonstrating integrated instruction that
encourages trainees to create linkages between how and why
content also supports transfer of procedural skills.
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