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Abstract

Combinations of perceptual fluency and sense-making competencies contribute syner-
gistically to learning gains in undergraduate science, technology, engineering, and math
(STEM) education. However, instructional principles depend on the target of instruction,
and in many fields, the targets of instruction are quite different from undergraduate STEM
education. Professional learning often involves the application of previously acquired con-
ceptual knowledge in a perceptually complex reality. This paper focuses on the field of
surgery, specifically the recognition of surgical anatomy, in which the target of instruc-
tion is perceptual ability rather than conceptual knowledge. We conducted two experiments
in which 42 and 44 surgical trainees participated in perceptual-fluency and sense-making
interventions, followed by tests of their ability to recognize surgical anatomy in real opera-
tive images. The results showed that perceptual-fluency interventions contributed to gains
in perceptual knowledge relating to surgical anatomy, whereas sense-making interventions
did not. We discuss our findings in terms of alignment between instructional design and
instructional goals, and the application of advances in learning sciences to adult learning of
complex skills.

Keywords Adult learning - Perceptual fluency - Sense making - Visual representations -
Medical education

Introduction

Visual representations can enhance learning (Ainsworth, 1999, 2006; Bodemer & Faust,

2006). However, students often find it difficult to work with visual representations (Ains-
worth et al., 2002). Prior research in undergraduate science, technology, engineering, and
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math (STEM) education shows that providing instructional support for students’ represen-
tational competencies enhances their learning of content knowledge (Rau et al., 2017b;
Rau & Wu, 2018). Specifically, students need support for the ability to make sense of vis-
ual representations (sense making) as well as for the ability to fluently perceive meaning in
visual representations (perceptual fluency) (Rau et al., 2017b; Rau & Wu, 2018). What is
more, the ability to make sense of visual representations seems to be a prerequisite for stu-
dents’ benefit from perceptual-fluency interventions (Rau & Wu, 2018; Rau et al., 2017b).

However, in many domains, particularly outside of the school setting, the goal is not
solely to support content learning. In the medical domain alone, expertise in fields such
as radiology, surgery, dermatology, and pathology involves perceptual fluency of complex
visual stimuli (e.g., diagnosing tumors in radiographic images). Therefore, unlike in under-
graduate STEM education, visual representations do not merely serve as a tool to convey
content knowledge. Rather, perceptual fluency itself should be a major target of medical
instruction.

This difference between undergraduate STEM education and medical domains such as
surgery is important because the target of instruction determines which instructional prin-
ciples apply to the task at hand. Specifically, Koedinger and colleagues (2012) propose the
alignment hypothesis: instructional principles do not apply universally but depend on the
type of knowledge that is the target of instruction. A different target of instruction (i.e., per-
ceptual fluency rather than content knowledge) may require different instructional princi-
ples than prior research in undergraduate STEM education has elucidated. Specifically, it is
unclear whether sense making remains a prerequisite for students’ benefit from perceptual-
fluency interventions if the instructional target is perceptual in nature. Thus, testing the
contribution of sense-making interventions and perceptual-fluency interventions to learn-
ing outcomes in domains with an inherent perceptual component will advance theory about
learning with visual representations.

Addressing this question will also likely have practical implications for medical train-
ing. The focus of formal medical education is to impart content knowledge by supporting
sense making with visual representations, whereas the role of perception is ignored (Kell-
man & Krasne, 2018). For example, surgery residents make sense of visual representations
of human anatomy by studying verbal descriptions of images and photographs in textbooks
and surgical atlases but do not receive instruction to improve perceptual fluency (Cadieux
et al., 2021). This educational practice may be due to a tacit assumption that this perceptual
expertise cannot be taught but can only be gained through experience. Thus, testing the
effectiveness of sense-making and perceptual-fluency interventions may yield more effec-
tive approaches to medical training.

In this paper, we report on two experiments that used the perception of surgical anatomy
as a target of instruction. Based on prior research in STEM, one would expect both sense-
making and perceptual-fluency interventions to lead to increased gains, with the combina-
tion of the two interventions leading to higher learning gains than either intervention alone.
Given the perceptual nature of surgery, Experiment 1 tested if the addition of sense-making
to perceptual-fluency would lead to improved learning gains in perception. Participants
were randomly assigned to receive (1) a sense-making intervention before a perceptual-
fluency intervention or (2) only a perceptual-fluency intervention. The outcome of interest
was the participants’ ability to identify the inguinal hernia sac in surgical images.

Experiment 1 was limited in its ability to fully elucidate the impacts of the sense-
making and perceptual-fluency interventions individually and only combined them in one
sequence. Therefore, we conducted Experiment 2 to further investigate the relationship
between sense making and perceptual fluency in teaching the perception of anatomy by
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using both possible sequences and performing more frequent testing to assess the impact of
the interventions.

In Experiment 2, participants all underwent both a sense-making and a perceptual-
fluency intervention, albeit in different orders. Learning gains were calculated after each
intervention, allowing us to isolate the relative impact of each intervention. This allowed
us to directly compare the efficacy of each intervention in isolation and check for both
synergistic and sequencing effects of the interventional combinations. Thus, participants
were randomized to receive (1) a sense-making intervention followed by a perceptual-
fluency intervention or (2) a perceptual-fluency intervention followed by a sense-making
intervention. The outcome of interest was participants’ ability to identify the crura of the
diaphragm in surgical images.

Our findings have implications for research on learning with multiple representations
and for the design of instructional interventions in fields where the instructional target is
perceptual in nature.

Literature review

Prior research suggests that instructional principles do not apply universally, but instead
seem to depend on the complexity of the knowledge that is the target of instruction (Koed-
inger et al., 2012). Building on this observation, Koedinger and colleagues (2012) offer the
alignment hypothesis, which suggests that the type of instruction needs to match the com-
plexity of the learning goal. Additionally, according to Lowe et al. (1993), the appropri-
ate selection of graphics to achieve desired learning outcomes requires empirical evidence,
not just intuitive, superficial comparison. Domain-specific background knowledge also
shapes the way individuals respond to visual-based tasks, so research should be performed
with participants that would be targeted by the learning interventions (Lowe, 1993). Thus,
research on instructional principles should be performed across a variety of fields with
learning goals that vary in complexity. The present article focuses on a particular instruc-
tional principle; namely, that surgical students’ learning with visual representations is
enhanced if students receive support for both sense making and perceptual fluency. In the
following, we review prior research that led to this principle. We then discuss how extant
research might be extended by studying sense-making and perceptual-fluency interventions
in the field of surgery, where the learning goal differs in complexity from undergraduate
STEM education.

Sense making

Sense-making competencies allow students to explain what a visual representation shows
(Rau, 2017). They involve the ability to explicitly, verbally describe the different compo-
nents of a visual representation and relate them to abstract knowledge and concepts about
the topic at hand (Ainsworth, 2006; Kozma & Russell, 2005). For example, a surgery resi-
dent looking at an illustrated anatomy atlas should recognize the red structures as arter-
ies, the blue ones as veins, and the yellow ones as nerves, and they should connect these
anatomic structures with conceptual knowledge about the structures themselves and which
structures should be severed, manipulated, or avoided in an upcoming operation. Making
such connections involves structure mapping because students need to map visual features
of the representations to abstract concepts (Gentner, 1983; Schnotz, 2014).
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Instructional interventions that support sense-making competencies (sense-making
interventions for short) may prompt students to explain how visuals show a variety of
structures and concepts, and often ask students to compare a variety of visual representa-
tions while reflecting on whether they show similar or different concepts (Ainsworth, 2006;
Rau, 2017). These activities are typically designed to help learners focus on relevant visual
features (Bodemer & Faust, 2006; Seufert, 2003).

Perceptual fluency

Much like one becomes fluent in a language—being able to use it without conscious
thought—one can become fluent in perceiving meaning in a visual representation (Kellman
et al., 2010). Experts are highly efficient at extracting meaningful information from visual
representations with little cognitive effort, and they can integrate information distributed
across multiple representations (Dreyfus & Dreyfus, 1986; Richman et al., 1996). Hence,
perceptual fluency frees up limited mental resources for deeper reasoning and decision-
making (Gobet & Clarkson, 2004; Goldstone et al., 1997, p. 199).

The processes through which students become perceptually fluent are qualitatively dif-
ferent from those through which students learn to make sense of visual representations.
Perceptual fluency is acquired via implicit, nonverbal, inductive processes (Gibson, 2000;
Goldstone et al., 1997; Kellman et al., 2010; Koedinger et al., 2012). These processes are
often unintentional and seem to occur unconsciously (Frensch & Riinger, 2003). Verbal
reasoning about the visual representations is not necessary and can even impede students’
perceptual learning (Chin & Schooler, 2008; Kellman et al., 2010; Schooler et al., 1997).
Rather, students induce patterns through exposure to many examples (Kellman & Massey,
2013; Rau, 2017).

Perceptual fluency can be deliberately supported by perceptual-fluency interventions
(Amiri et al., 2020; Kellman et al., 2010; Krasne et al., 2013, 2020; Romito et al., 2016).
These interventions offer numerous, short classification trials in which students receive
simple feedback (i.e., correct/incorrect) (Kellman & Garrigan, 2009). These trials typi-
cally present many example visuals and provide extensive variation across trials, allowing
students to train their perceptual system to identify variant and invariant properties of the
examples (Kellman & Garrigan, 2009).

Most research on learning with visual representations has focused on sense-making
competencies rather than perceptual fluency (Rau, 2017). This lack of focus on perceptual
fluency may be due to a ‘blind spot’ that experts have for their own perceptual abilities
(Rau et al., 2019). Automatic processes, such as the perception of meaning from visual
representations, are difficult to access (Nathan et al., 2001). Yet, even if they are not aware
of it, experts consistently perceive information more efficiently and effectively than nov-
ices. This effect has been established in numerous domains, highlighting the importance
of perceptual fluency as a goal for learning (Chase & Simon, 1973; Chi et al., 1981; Egan
& Schwartz, 1979; Gobet & Clarkson, 2004; Reitman, 1976; Strange & Jenkins, 1978;
Zatorre, 1979). Consequently, recent research has investigated combinations of sense-mak-
ing and perceptual-fluency interventions, reviewed in the following.

Combining sense-making and perceptual-fluency interventions

Sense-making and perceptual-fluency interventions are beneficial in isolation, but few
studies have examined the interaction between these two types of interventions. Kellman
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and colleagues added perceptual-fluency interventions to math and chemistry instruction
that was mostly focused on sense-making competencies and found benefits for students’
learning of content knowledge (Kellman et al., 2008). Rau and colleagues provided experi-
mental evidence that a combination of sense-making and perceptual-fluency interventions
led to higher learning outcomes than either alone for undergraduate students learning about
chemistry and math (Rau et al., 2017b; Rau & Wu, 2018). Further research revealed that
students’ prior knowledge moderates the order in which they should receive sense-making
and perceptual-fluency interventions (Rau, 2018; Rau & Wu, 2018; Rau et al., 2017a).

While important, these findings are limited to learning content knowledge in math and
chemistry fields. Content knowledge is arguably complex because it involves interpreting
the visual representations in the context of conceptual information about domain-relevant
topics (e.g., the equivalency of expanded fractions or atomic structure in chemistry). Yet,
visual representations are critical adjuncts to learning in many other fields of study and
populations where the learning goals focus on simpler knowledge types.

A further limitation regards the role of prior knowledge in moderating order effects of
sense-making and perceptual-fluency interventions. The prior studies just reviewed focused
on students who were learning material for the first time. However, in many professional
training contexts, students have extensive educational experience with the targeted con-
tent but are learning to apply their knowledge in practical situations. Prior research has
not established which order of sense-making and perceptual-fluency interventions is most
effective in these contexts.

Our work seeks to expand our understanding of the importance of and interactions
between sense-making and perceptual-fluency interventions in the field of surgery, a type
of professional training for students who have received extensive medical education. In the
following, we describe the learning goals around visual representations in this field and
how their complexity differs from the learning goals in prior research.

Sense-making competencies and perceptual fluency in surgical anatomy
recognition

The field of surgical anatomy is a suitable context for expanding prior research on repre-
sentational competencies for several reasons. First, identifying surgical anatomy is funda-
mentally different from content knowledge in undergraduate STEM education in domains
like math or chemistry. In undergraduate STEM education, learning is thought to involve
the ability to make sense of domain-relevant concepts (Koedinger et al., 2012). Thus,
tests of content knowledge that prior studies have used to assess conceptual knowledge of
math and chemistry are much closer to sense-making interventions (designed to enhance
students’ ability to make sense of visuals) than they are to perceptual-fluency interven-
tions (designed to lead to fluent perception of information from visuals). In that sense, the
surprising finding of much of Rau’s and Kellman’s research is the contribution of percep-
tual-fluency interventions to students’ performance on problems that primarily involved
the ability to make sense of visual representations to reason conceptually about content
knowledge.

In contrast, in many professional domains, including surgery, a key aspect of perfor-
mance is the ability to perceive accurately—coined ‘sensory semiosis’ (Cope et al., 2015a,
b). In domains like surgery, perceptual fluency is a main learning goal, not a means to an
end that frees up cognitive resources for deeper conceptual reasoning. This difference from
undergraduate STEM education leads to the reverse of the question addressed by the previous
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literature—instead of asking and ascertaining the boundary conditions by which perceptual-
fluency interventions can enhance content learning, the goal of our research is to investigate
whether adding a sense-making intervention to a perceptual-fluency intervention contributes
to students’ performance on problems that primarily involve perceptual knowledge.

This difference is noteworthy also because Koedinger and colleagues (2012) character-
ize perceptual knowledge as simple types of knowledge, whereas conceptual content knowl-
edge and sense-making competencies are characterized as complex types of knowledge. Their
alignment hypothesis predicts that simple types of interventions—such as perceptual-fluency
interventions—are effective at enhancing students’ acquisition of simple types of knowledge
such as perceptual fluency. Further, Koedinger and colleagues (2012) suggest that simple
interventions—such as perceptual-fluency interventions—can enhance learning of complex
knowledge because even complex principles must be remembered and practiced, which is in
line with the findings by Rau and Kellman described above. By contrast, Koedinger and col-
leagues (2012) argue that complex interventions are ineffective for simple types of knowl-
edge. For instance, complex interventions such as sense-making interventions are ineffective
for simple knowledge types such as grammar rules because there is nothing to make sense of
when memorizing simple rules (Wylie et al., 2009). However, as mentioned, this has not been
tested in contexts where the learning goal is perceptual in nature.

In sum, surgical anatomy is an ideal domain to study the interaction between sense-making
and perceptual-fluency interventions. This work will extend our understanding of Koedinger
and colleagues’ (2012) alignment hypothesis by yielding new insights into the contributions
of sense-making and perceptual-fluency competencies for learning perceptual knowledge.
In addition to these theoretical implications, the findings of this research will have practical
implications for surgical training. Despite the large amount of prior medical training partici-
pants in this study underwent (2—6 years), there is no dedicated training in anatomic percep-
tion. Currently, surgical anatomy instruction involves sense-making interventions with ideal-
ized representations, such as the study of textbooks and illustrated surgical atlases, with no
formal instruction in perception (Cadieux et al., 2021). Even these sense-making interventions
rarely focus on teaching how to identify actual anatomy, and simply label anatomic representa-
tions. Our findings will demonstrate whether perceptual-fluency interventions are effective for
surgical training and (if so) how they should be combined with existing or novel sense-making
interventions.

Experiment 1

To address the limitations of prior research just reviewed, Experiment 1 addresses the follow-
ing research question (RQ):

RQ1 Does the addition of a sense-making intervention to a perceptual-fluency intervention
improve perception of surgical anatomy?

Methods
Participants

Participants were 42 medical students and surgery residents from a single academic
medical center with a moderate-sized general surgery residency (7 residents/year). They
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Fig.1 Experiment 1 design.
Shaded boxes represent interven- 42
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were recruited by email solicitation. Sixteen participants were medical students (0—4
months of clinical surgical experience), while the remaining 26 were residents (1-5
years of clinical surgical experience). The experiment was approved by the Institutional
Review Board (IRB 2019-1328).

Experimental design

The experiment compared two conditions, illustrated in Fig. 1. The perceptual-fluency
only condition (PF-only condition) received only the perceptual-fluency intervention.
The sense-making and perceptual-fluency condition (SM+PF condition) received the
sense-making intervention followed by the perceptual-fluency intervention. Participants
were block-randomized to experimental conditions stratified by experience level (high
experience: residents post-graduate year 3 to 5; low experience: medical students up to
post-graduate year 2 residents). Of the 42 participants, 22 participants were in the PF-
only condition, while 20 participants were in the SM + PF condition.
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Fig.2 Sense-making intervention: participants watched a 6-minute video

Materials

The interventions were created and administered as interactive websites (Wix.com Ltd.,
Tel Aviv, Israel). Participants accessed the websites via email links at a computer, time,
and place of their choosing. The websites were password-protected to prevent unauthor-
ized use, and each participant was given a unique confidential identifier to associate with
their results. The interventions provided instruction on the recognition of the hernia sac (an
outpouching of the inner peritoneal lining of the abdomen into the inguinal canal) during a
laparoscopic inguinal hernia repair.

During the sense-making intervention, participants watched a 6-minute video discussing
visual cues that can identify the hernia sac from the surrounding structures in the operative
field. The video contained still images from laparoscopic inguinal hernia repairs (similar to
but distinct from those used in testing), with corresponding narration and on-screen draw-
ing highlighting the hernia sac and the visual cues present in the operative field. Figure 2
shows a screenshot of the video.

In the perceptual-fluency intervention, participants were given unlimited time to work
through 30 “visual flashcards” showing images of laparoscopic inguinal hernia repairs
containing the hernia sac within the operative field. These flashcards were created using
still images captured from videos of laparoscopic inguinal hernia repairs. The images were
converted into polygonal html image maps, with the polygon overlying the hernia sac. Par-
ticipants were shown an image and instructed to click on the hernia sac. They received
immediate feedback on whether their selection was correct or incorrect and were shown an
outline of the correct response (see Fig. 3).

Measures

Tests We assessed participants’ acquisition of perceptual knowledge with equivalent test
versions; that is, they included items with images of similar difficulty that contained similar
perceptual distractors and comparable views of the operative anatomy. The two test versions
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Training Images Training Images

Click on the peritoneum in the image below Click on the peritoneum in the image below

Fig.3 Perceptual-fluency intervention: after clicking, participants were shown an outline of the correct
structure and given feedback on whether their selection was correct or incorrect

were administered as pre-test and post-test (see Fig. 1) and counterbalanced across these
test times to prevent possible effects of the different test versions. Each test consisted of ten
items. Each item consisted of an image of laparoscopic inguinal hernia repairs containing
the hernia sac. Participants were instructed to click on the hernia sac. Once clicked, the item
was marked as complete, but no feedback was given. All tests contained unique images that
were not shown in any other test or any of the perceptual-fluency interventions. The pre-test
consisted of ten items and the post-test of 20 items.

We confirmed the validity of the tests in two ways. First, we administered the pre-test
to three attending surgeons with > 15 years of experience in minimally invasive sur-
gery. These experts scored considerably better on the pre-test than the participants, with
an average score of 0.90, confirming that this test measures a skill that improves with
surgical expertise. Second, pre-test scores for participants were stratified by experience
level. Participant pre-test scores increased with increasing amounts of clinical surgical
training (< 1 year: 0.42, 1-2 years: 0.56, 3-5 years: 0.84, > 15 years: 0.90). The test was
reliable (Cronbach’s alpha=0.86).

Survey After completion of the study, we administered an online survey (Qualtrics,
Provo, UT, USA) to the participants. The survey consisted of thirteen questions. The
survey confirmed participants’ clinical experience, asked about subjective experience
with the interventions, participants’ perception of learning, and gathered information
on baseline study habits. Further demographic data was not collected to preserve the
anonymity of the participants given the small class sizes for a given post-graduate year.

Procedure

Participants participated in the experiment online. First, all participants watched a
2-minute video explaining the testing procedures and website navigation. As shown in
Fig. 1, they then took a pre-test, followed by the interventions they were assigned to
(PF vs. SM 4+ PF). Then, they took the post-test. The survey was administered after the
post-test.
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Table 1 Means (standard

deviations) for dependent Measure PF-only SM+PF

measures by condition Post-graduate years 2.182 (1.868) 1.900 (1.889)
Pre-test 0.564 (0.261) 0.580 (0.322)
Post-test 0.811 (0.108) 0.803 (0.091)

Analyses

To investigate whether the sense-making intervention contributes to learning of per-
ceptual knowledge (RQ1.1), we used a repeated measures ANOVA with condition as
an independent between-subjects factor, test-time (pre-test, post-test), as a repeated,
within-subjects factor, and scores on the tests as dependent measures. We examined the
interaction between test time and condition. We report partial 1 for effect sizes. An
effect size of 0.01 corresponds to a small effect, 0.06 to a medium effect, and 0.14 to a
large effect (Cohen, 1988).

Results

All participants completed the experiment, yielding a final sample of N=42. However,
only 37 participants completed the survey. Table 1 shows the descriptives by condition.

Power analysis

To assess the sensitivity of our analyses, we conducted a post hoc power analysis. Our
ANCOVA model with an assumed o error probability of 0.05, power of (1-$)=0.80,
and N=42 was able to detect large effect sizes of p. n*=0.164 or larger. In light of
prior research that showed medium to large effects on perceptual fluency in the medical
field ranging between d=0.8 to d=1.6 (Krasne et al., 2013), our study seems to be suf-
ficiently powered.

Prior checks

First, Levene’s test revealed no evidence that the assumption of normal distribution was
violated for the dependent measures (ps > 0.10).

Second, we checked for differences between conditions prior to the intervention using
a MANOVA with condition as the independent factor and post-graduate years and pre-
test scores as dependent measures. We found no differences between conditions in terms
of post-graduate years (F < 1, p. n=0.006) and pre-test scores (F < 1, p. n12=0.001).

Third, we checked that participants exhibited learning gains. To this end, we exam-
ined the effect of test time in the ANOVA model described above (see “Analyses” sec-
tion). Results showed a large significant effect of test-time, F(1, 40)=33.881, p <.001,
p- n2 =0.459, such that participants’ scores improved from pre-test to post-test.
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Condition effects

To address RQ1.1 (whether the sense-making intervention contributes to learning per-
ceptual knowledge), we examined the interaction between test time and condition in the
ANOVA model described above (see “Analyses” section). We found no significant effect of
condition (F< 1, p. n?=0.002), suggesting that the more sense-making intervention did not
enhance learning of perceptual knowledge.

Participant experience with the educational interventions

Most participants (60%, n=22) felt that the test questions were “somewhat difficult” or
“extremely difficult”. Subjectively, most participants (84%, n=31) agreed or strongly
agreed with the statement “I improved my ability to see surgical structures as a result of the
study activities”. All participants stated they would either “definitely” or “probably” use
interventions like our perceptual-fluency intervention to study surgical anatomy if availa-
ble. A MANOVA showed no differences between conditions on these questions (ps > 0.30).

Discussion

Experiment 1 revealed no differences between conditions on the post-test. This suggests
that the sense-making intervention did not contribute to learning to perceive surgical
anatomy. However, Experiment 1 has several limitations. For instance, participants in the
SM + PF condition received the sense-making intervention before the perceptual-fluency
intervention. While this choice was based on prior studies showing that this sequence is
most effective (Rau et al., 2017; Rau, 2018), these prior studies were conducted in the con-
text of undergraduate STEM education. As argued above, there are qualitative differences
between STEM domains and the medical domain of surgical anatomy that our experiment
focused on—and importantly, in this prior work sequencing effects have been demon-
strated. This raises the question of whether the sense-making intervention might be ben-
eficial if it is provided after the perceptual-fluency intervention in the context of surgical
anatomy recognition. Experiment 2 formally addresses this question.

A further limitation of Experiment 1 is that the sense-making intervention was pre-
sented in the form of videos. As argued above, surgical anatomy instruction often involves
sense-making of visual representations in textbooks and illustrated surgical atlases. Based
on this observation, the sense-making intervention in Experiment 2 uses a more conven-
tional design.

Experiment 1 also did not assess the durability of learning gains. An effective learning
intervention should have durable results over time. Sense-making processes may facilitate
more durable learning gains due to explicitly created mental rules and heuristics that can
be recalled, unlike unconscious mental processes. Experiment 2 incorporates a delayed test
of perceptual knowledge to assess learning gains over time.

A final limitation of Experiment 1 is that it did not measure nor hold time on task con-
stant across conditions. Participants in the SM + PF condition received additional instruc-
tional time due to the inclusion of the sense-making intervention, compared to partic-
ipants in the PF-only condition. Our finding that the sense-making intervention did not
enhance learning outcomes is particularly noteworthy because this shows that the added
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instructional time in the SM +PF condition did not pay off. Nevertheless, Experiment 2
employs an experimental design that records time on task across conditions, which allows
for this variable to be accounted for in the statistical analysis.

Experiment 2

To address the limitations of Experiment 1, Experiment 2 addresses the following research
questions (RQs):

RQ2.1 What are the relative contributions of sense-making vs. perceptual-fluency inter-
ventions when learning perceptual knowledge?

RQ2.2 Does the order of sense-making and perceptual-fluency interventions affect learn-
ing of perceptual knowledge?

Methods

Unless otherwise noted, the methods for Experiment 2 were identical to Experiment 1.

Participants

Participants were 44 medical students and surgery residents recruited from the same aca-
demic medical center. Twelve participants were medical students (0—4 months of clinical
surgical experience), while the remaining 32 were residents (1-5 years of clinical surgi-
cal experience). Due to low numbers of eligible participants, subjects that had completed
Experiment 1 were eligible to participate in Experiment 2. We did not anticipate any carry
over effects from Experiment 1 due to the unique content in the second experiment. The
experiment was approved by the Institutional Review Board (IRB 2019-1328).

Experimental design

The experiment used a cross-over design with two conditions (see Fig. 4). Participants
either received a perceptual-fluency intervention followed by a sense-making intervention
(PF-first condition), or they received a sense-making intervention followed by a perceptual-
fluency intervention (SM-first condition). Participants were block-randomized to experi-
mental conditions using the same procedure as in Experiment 1. Of the 44 participants, 23
were in the PF-first condition, while 21 were in the SM-first condition.

Materials

The interventions were created and administered as in Experiment 1, except that the inter-
ventions provided instruction on recognition of the crura of the diaphragm (i.e., muscu-
lar bands of the diaphragm that surround the esophagus at the esophageal hiatus where it
enters the peritoneal cavity) during a laparoscopic hiatal hernia repair.

In the sense-making intervention, participants were given unlimited time to
review five representative pages of a surgical textbook. As shown in Fig. 5, the pages
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Fig.4 Experiment 2 design.
Shaded boxes represent interven- 44
tions. PF perceptual-fluency

. . . Participants
intervention, SM sense-making

intervention
Randomization
PF-First SM-First
N =23 "l N=21
\i v
Pre Test Pre Test
\i \i
Perceptual Sen_s. €
Fluency Making
(textbook)
\i \i
Mid Test Mid Test
\i \i
Sen_se Perceptual
LRI Fluency
(textbook)
v \J
Post Test Post Test

7 Day Delay

Delayed Test

contained text descriptions of a hiatal hernia repair along with multiple labeled ana-
tomic illustrations and operative images. These visual representations depicted the
anatomy of the diaphragm, esophagus, and stomach.

The perceptual-fluency intervention was identical to Experiment 1, except that they
included images of laparoscopic hiatal hernia repairs (see Fig. 6).
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B. Posterior gastric fundus

A. Crural dosure. Thick bites of crural pillars are taken
with nonabsorbable suture, ensuring traversal of
endoabdominal fascia to help prevent recurrence.

Maloney
dilator

1. Esophagogastric junction
exposed through upper abdominal

incision. Hernia reduced and

Maloney dilator passed into stomach

Gastric fundus

Hiatal
closure.

Additional
sutures

2. Gastric fundus passed
behind esophagus

3. Heavy interrupted silk sutures passed
through seromuscular layers of fundus,
lightly incorporating anterior esophageal wall

(

4. Sutures tied, creating 360-degree
fundoplication around distal esophagus Mkﬂlﬁ-ﬂu

Fig.5 Sense-making intervention: participants viewed pages from a surgical textbook

Identify the crus in the images below

Identify the crus in the images below
s

Fig.6 Perceptual-fluency intervention: after clicking, participants were shown an outline of the correct
structure and given feedback on whether their selection was correct or incorrect
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Measures

Tests We assessed participants’ acquisition of perceptual knowledge with equivalent test
versions administered as a pre-test, mid-test, post-test, (all administered on the same day),
and delayed-test (administered 1 week later) (see Fig. 4). These tests were identical in struc-
ture to the tests described in Experiment 1, but they used images of laparoscopic hiatal
hernia repairs containing the crus, rather than laparoscopic inguinal hernia repairs contain-
ing the hernia sac. Each test consisted of ten items, each of which showed an image of a
laparoscopic hiatal hernia repair.

As in Experiment 1, we confirmed the validity of the tests in two ways. First, we admin-
istered the test to three attending surgeons with over 15 years of experience in minimally
invasive surgery. These experts scored considerably better than any of the participants on
the pre-test, with an average score of 0.90, confirming that this test measures a skill that
improves with surgical expertise. Second, pre-test scores for participants were stratified by
experience level. Participant pre-test scores increased with increasing amounts of clinical
surgical training (<1 year: 0.32, 1-2 years: 0.50, 3-5 years: 0.59, > 15 years: 0.90). The
tests were reliable (Cronbach’s alpha=0.78).

Survey After completion of the study, participants took a survey like the one in Experiment
1.

Time on task We calculated time on task as the time spent on the perceptual-fluency inter-
vention (PF-time) and the sense-making intervention (SM-time) by subtracting timestamps
corresponding to start and finish transactions on each intervention.

Procedure

Participants participated in the experiment online. They first watched a 2-minute video
explaining the testing procedures and website navigations. As shown in Fig. 4, they then
took a pre-test, followed by an intervention (perceptual-fluency or sense-making) and a
mid-test. They then crossed over to the other intervention (sense-making or perceptual-
fluency), and after completion took a post-test. Finally, all participants took a delayed test
7days after the post-test to assess the durability of any learning gains. De-identified data
including test scores, training scores, and time on task were automatically collected via
online databases. The survey was administered following the post-test.

Analyses

To gain insights into the unique benefits of the sense-making intervention vs. the percep-
tual-fluency intervention (RQ2.1), we used planned contrasts to compare participants’
scores on the mid-test. To investigate whether the order of sense-making and perceptual-
fluency interventions affects learning of perceptual knowledge (RQ2.2), we used a repeated
measures ANCOVA with test-time (i.e., mid-test, post-test, and delayed-test) as repeated
within-subjects factor, condition as an independent between-subjects factor, participants’
pre-test scores as a covariate, and test scores as dependent measures. In all analyses, fam-
ily-wise type I error rates were controlled at a=0.05 using Bonferroni adjustment.
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Table 2 Means (standard

Meas M-fi PF-firs
deviations) for dependent casure 5 st ot
measures by condition Post-graduate years 2.048 (1.717) 2.348 (1.824)

Pre-test 0.438 (0.277) 0.513 (0.230)

Mid-test 0.521 (0.202) 0.789 (0.120)

Post-test 0.879 (0.123) 0.837 (0.083)

Delayed-test 0.795 (0.127) 0.789 (0.105)

Time on sense-making 5.98 (4.95, 8.05) 3.18 (1.72, 4.84)

intervention (min)*

Time on perceptual- 4.607 (3.221) 3.420 (0.951)

fluency intervention
(min)

*Median and interquartile range reported due to large standard devia-
tion

Results

All 44 participants completed the pre-, mid-, and post-tests, and survey, but six partici-
pants were lost to follow-up (did not respond to 3x email follow-up communications for the
delayed test) before completing the delayed test (four in the PF-first condition, two in the
SM-first condition). These participants were excluded from the analyses, yielding a final
sample of N=38. Table 2 shows the descriptives by condition.

Power analysis

To assess the sensitivity of our analyses, we conducted a posthoc power analysis. Our
repeated measures ANCOVA model with an assumed « error probability of 0.05, power of
(1-)=0.80, N=38, and an average correlation among repeated measures of r=.211 was
able to detect medium effect sizes of p. n°=0.065 or larger.

Prior checks

First, Levene’s test revealed no evidence that the assumption of normal distribution was
violated for the dependent measures (ps > 0.10).

Second, we checked for differences between conditions prior to the intervention using
a MANOVA with condition as the independent factor and post-graduate years, pre-test
scores, SM-time, and PF-time as dependent measures. We found no differences between
conditions in terms of post-graduate years (¥ < 1) and pre-test scores (F < 1). Participants
across conditions spent similar amounts of time on the perceptual-fluency intervention,
F(1, 42)=2.857, p=.098. However, participants in the SM-first condition spent more
time on the sense-making intervention than participants in the PF-first condition, F(I1,
42)=4.776, p=.034, p. n2=0.102. Because time spent on the sense-making intervention
correlates significantly with scores on the mid-test (r=—.312, p=.039), we conducted the
following analyses with and without SM-time as a covariate.

Third, we checked that participants exhibited learning gains. To this end, we performed
a repeated measures ANCOVA with test-time (pre-, mid-, post-, delayed-test) as repeated
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Fig.7 Experiment 1 results by condition after controlling for pre-test scores. Conditions received their first
intervention between the pre-test and the mid-test, and the second intervention between mid-test and post-
test. Error bars represent 95% confidence intervals. ***p <.001, **p < .01, *p <.05; adjusted by Bonferroni
correction

within-subjects factor, condition as the independent factor, and test scores as the depend-
ent measures. Results showed a large significant effect of test-time, F(3, 108)=57.669,
p<.001, p. 12=0.616. Predefined contrasts showed that participants’ scores on the
mid-test, post-test, and delayed-test were significantly higher compared to the pre-test
(ps<0.001).

Finally, we checked whether sphericity can be assumed for the repeated ANCOVA
model we used for RQ 2.1 using Greenhouse-Geisser, Huynh-Feldt, and lower-bound €
estimates. We found no indication that sphericity was violated.

Condition effects

To address RQ2.2 (whether the order of sense-making and perceptual-fluency interven-
tions affects learning of perceptual knowledge), we used the repeated ANCOVA model
described above. Results showed a medium-sized significant effect of condition, F(I1,
35)=4.857, p=.034, p. 1*=0.122, which was qualified by a large significant interaction
between condition and test-time, F(2, 70)=18.302, p<.001, p. n°=0.344, illustrated in
Fig. 7%

To gain insights into the interaction, we performed post hoc pairwise comparisons of
the conditions at each test time. Relevant to RQ2.2 are the effects at the post-test and the
delayed-test; that is after both conditions received both interventions. Results showed a

1 When including SM-time as a covariate, the main effect of condition was no longer significant, F(1,

34)=3.238, p=.081, p. n2 =0.087; but the interaction between condition and test-time remained significant,
F(2,70)=14.870, p <.001, p. n°=0.304.
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medium-sized significant advantage of the SM-first condition at the post-test, F(1,
35)=4.377, p=.044, p. 1>=0.1112. However, there was no significant effect of condition
at the delayed-test (F < 1)°. These results suggest that providing the sense-making interven-
tion first had a slight advantage, which was, however, short-lived because it washed out
after a 7-day delay.

We further explored the unique benefit of the sense-making intervention and the per-
ceptual-fluency intervention using post hoc pairwise comparisons at the mid-test (RQ2.1).
Recall that the mid-test was given after participants in the SM-first condition had received
the sense-making intervention but not the perceptual-fluency intervention; whereas the PF-
first condition had received the perceptual-fluency intervention but not the sense-making
intervention. Results showed a large significant advantage of the PF-first condition at the
mid-test, F(1, 35)=22.990, p <.001, p. 1>=0.396".

To better understand this effect, we used within-condition comparisons. As shown in
Fig. 8, each condition exhibited significant learning gains only directly after receiving the
perceptual-fluency intervention; that is, the PF-first condition showed learning gains at the
mid-test, F(1, 18)=37.275, p<.001, p. 1*=0.674°, but no learning gains at any other test-
time (ps> 0.05)°.

The SM-first condition showed no significant learning gains at the mid-test; that is,
before having received the perceptual-fluency intervention, F(1, 18)=2.177, p=.157".
However, the SM-first condition showed large learning gains after receiving the percep-
tual-fluency intervention; that is, at the post-test, F(1, 18)=60.313, p <.001, p. n2=0.770%,
as well as at the delayed-test, F(1, 18)=9.143, p=.007, p. n2:0.3379. In sum, these pat-
terns of results suggest that the perceptual-fluency intervention, but not the sense-making
intervention, contributed to gains in perceptual knowledge.

Participant experience with the interventions

The majority of participants felt that the tests were “somewhat difficult” or “extremely dif-
ficult” (70%, n=31), highlighting the lack of preparation for such perceptual tasks in medi-
cal education. An ANOVA showed that participants in the SM-first condition reported that
they found the tests more difficult, compared to participants in the PF-first condition, F(1,
42)=5.464, p=.024, p. 1*=0.115. When asked to compare the perceptual-fluency and
sense-making interventions, most participants preferred the perceptual-fluency intervention
(73%, n=32). A chi-square test showed no differences between conditions on this question.
Most participants stated that they would “definitely yes” or “probably yes” incorporate a

2 When including SM-time as a covariate, the effect remained significant, F(1, 34)=4.817, p=.035, p.

n%=0.123.

3 When including SM-time as a covariate, the result was the same (F<1).

4 When including SM-time as a covariate, the effect remained significant, F(1, 34)=18.081, p<.001, p.
n2=0.347.

5 When including SM-time as a covariate, the effect remained significant, F(1, 17)=10.311, p=.005, p.
n%=0.378.

® When including SM-time as a covariate, the results were the same (ps > 0.05).

7 When including SM-time as a covariate, the results were the same, F(1, 17)=3.414, p=.082.

8 When including SM-time as a covariate, the effect remained significant, F(1, 17)=29.273, p <.001, p.
n%=0.633.

92 When including SM-time as a covariate, the effect remained significant, F(1, 17)=7.941, p=.012, p.
n-=0.318.
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perceptual-fluency intervention into their studying routines if available (91%, n=40). An
ANOVA showed no differences between conditions on this question (F < 1).

In sum, the interventions were well-received by participants who felt that while the tests
were difficult, they did learn to perceive surgical anatomy better because of the interven-
tions. Most participants preferred the perceptual-fluency intervention to the sense-making
intervention, and most participants would use a perceptual-fluency intervention if available.

Discussion

Experiment 2 revealed a sequencing effect, with slightly increased learning gains when the
sense-making intervention was presented before the perceptual-fluency intervention, but
this advantage was not durable. Furthermore, we found significant learning gains only after
participants received the perceptual-fluency intervention. This finding suggests that the
sense-making intervention used in this experiment did not significantly enhance learning
of surgical anatomy recognition. Taken together, this suggests that the perceptual-fluency
intervention was both necessary and sufficient for learning gains in perceptual knowledge.

General discussion

We reported on two experiments that examined the effects of perceptual-fluency and sense-
making interventions on perceptual learning of surgical anatomy. Previous work had shown
that perceptual-fluency interventions are not only very effective at improving perceptual
knowledge, but also at facilitating learning gains in content knowledge that primarily
involved conceptual reasoning (Kellman et al., 2010; Rau et al., 2017a; Rau & Wu, 2018).
However, prior research did not address the reverse scenario—whether sense-making inter-
ventions also contribute to learning gains of primarily perceptual knowledge.

Therefore, our goal was to investigate RQ1 (whether the sense-making intervention con-
tributes to learning of perceptual knowledge), which we addressed in the context of profes-
sional training, where participants have extensive experience with the targeted content but
are learning to apply their knowledge in practical situations. Experiment 1 revealed that
the sense-making intervention did not enhance participants’ perceptual learning of surgical
anatomy compared to the perceptual-fluency intervention alone. This finding is notewor-
thy given that participants in the SM+PF condition received an additional intervention
and therefore spent more time with the learning materials compared to participants in the
PF-only condition. The SM +PF condition provided the sense-making intervention before
the perceptual-fluency intervention because prior research had shown that prior knowl-
edge determines which order of sense-making and perceptual-fluency interventions is most
effective for participants’ learning. However, this work had been done in a context where
participants had little relevant prior experience with the targeted content.

Experiment 2 sought to address this limitation by investigating RQ 2.2 (whether the
order of sense-making and perceptual-fluency interventions affects learning of percep-
tual knowledge). Our results showed an advantage of receiving the sense-making inter-
vention first, which yielded higher learning outcomes at the post-test. Results from the
survey showed that participants in this condition perceived the tasks as more difficult,
which suggests that they may have experienced desirable difficulties that resulted in bet-
ter performance on the post-test. However, the advantage of receiving the sense-making
intervention first was only temporary and did not persist at the delayed-test. Further, our
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examination of learning gains within conditions showed that both conditions experi-
enced significant learning gains only immediately after receiving the perceptual-fluency
intervention, and not after receiving the sense-making intervention. Taken together, the
findings from Experiment 1 and 2 suggested that the sense-making intervention alto-
gether did not improve perceptual learning of surgical anatomy. Given that Experiments
1 and 2 focused on different surgical topics and used different sense-making interven-
tions, we believe this finding is robust in the context of surgical training.

Finally, both experiments investigated how sense-making and perceptual-fluency
interventions are received by surgery trainees. The results suggest that the interventions
would be well-received by surgery trainees. Surveys following both studies suggested
that trainees generally enjoyed the interventions and would incorporate them into their
current studying routine.

These findings extend the current literature in several important ways. First, in con-
trast to prior research on STEM content learning, our results suggest that a percep-
tual-fluency intervention alone is sufficient to support perceptual learning of surgical
anatomy. We attribute the difference between our findings and prior research to the fact
that the learning goals in the prior STEM studies focused on content knowledge that
involved complex reasoning about domain-relevant concepts. In contrast, the learn-
ing goal in our studies focused on simple recognition of perceptual patterns. Thus, our
results are consistent with the alignment hypothesis (Koedinger et al., 2012), which sug-
gests that complex learning goals (e.g., conceptual content knowledge) can be supported
by a combination of simple and complex interventions (e.g., combined sense-making
and perceptual-fluency interventions), whereas simple learning goals (i.e., percep-
tual knowledge) should be supported by simple interventions (i.e., perceptual-fluency
interventions). Therefore, our findings do not contradict the prior research by Rau and
Kellman, because their findings on combining sense-making and perceptual-fluency
interventions are in line with the alignment hypothesis’s prediction for complex learn-
ing goals. Our findings extend this prior work by confirming the alignment hypothesis
for simple perceptual learning goals. Thus, our results suggest that targets of instruc-
tion that are inherently perceptual can be taught using perceptual-fluency interventions
alone.

Our focus on perceptual targets of instruction also expands prior research by focusing
on realistic visual representations. We consider two aspects of realism: perceptual richness
and conceptual richness. The existing literature on sense-making and perceptual-fluency
interventions has focused on relatively abstract representations that are perceptually sparse
but conceptually rich. For example, a visual representation of an atom, while it may convey
rich information about atomic structure, is designed to be perceptually sparse so that it
can highlight key conceptual features. In contrast, the visual representations in the present
work, which involved the identification of anatomy using surgical images, are perceptually
rich but conceptually sparse. For example, a picture of an operative field is completely real-
istic, without color-coded structures, clear demarcations, or conventions for guidance (and
is often obscured by a blurry camera lens or blood). Accurate perception of realistic images
that are perceptually rich is more difficult than perception of human-designed abstract rep-
resentations that are perceptually sparse (Mayer, 2002). In other domains, the difficulty
associated with realistic images has been a disadvantage (Scheiter et al., 2009). However,
perhaps unsurprisingly given the highly specific nature of the desired learning outcome
of our experiment, our results suggest that targets of instruction involving perception of
perceptually rich, realistic images can be taught using realistic perceptual-fluency interven-
tions alone. This is consistent with Goldstone and Son’s findings that concrete graphics
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outperformed idealized graphics when tested on immediate performance within that same
domain (as opposed to assessing transfer) (Goldstone & Son, 2005).

In sum, our work established a boundary condition for the effectiveness of the combina-
tion of sense-making and perceptual fluency interventions by showing that this combina-
tion is not universally effective. Specifically, our results suggest that when the learning goal
is perceptually rich and conceptually simple, a sense-making intervention is not needed
in addition to a perceptual-fluency intervention. At the same time, this highlights that it
is important to understand both the perceptual and conceptual richness of a learning task
to determine whether sense-making and perceptual-fluency interventions should be com-
bined. Hence, future work is needed to further locate this boundary on the spectrum of
tasks that involve varying levels of perceptual and conceptual richness.

Finally, our results have practical implications. In many diverse fields, including avia-
tion (Kellman & Massey, 2013), music (Zatorre, 1979), electrical system design (Egan &
Schwartz, 1979), language fluency (Strange & Jenkins, 1978), and games like chess and
GO (Chase & Simon, 1973; Reitman, 1976), perceptual knowledge is important for suc-
cessful performance. Yet, instruction rarely utilizes perceptual-fluency interventions (Kell-
man & Garrigan, 2009), suggesting opportunities for more effective instruction. This is
true, for example, in our specific context of surgical education. Despite the acknowledged
importance of sensory semiosis (i.e., the perception of visual and haptic cues in the operat-
ing room—a perceptually rich but conceptually sparse task), surgical trainees learn anat-
omy primarily via sense-making methods (Cadieux et al., 2021; Cope et al., 2015a, b). Yet,
our experiments showed no evidence of perceptual learning gains from sense-making inter-
ventions alone. Thus, the addition of perceptual-fluency interventions to surgical education
could greatly improve the ability of trainees to effectively recognize anatomic structures.
Given that errors in perception have been linked to devastating surgical complications such
as bile duct injury (Way et al., 2003), improving perceptual knowledge of surgeons may
have important benefits for patients. In principle, any medical field in which perception of
rich, realistic images is an important target of instruction could benefit from perceptual-
fluency interventions. In this way, our work likely has broad implications for medical fields
such as dermatology, pathology, and radiology, and other non-medical fields that rely on
perceptual expertise.

Limitations

Our results should be interpreted in relation to the following limitations. First, our experi-
ments were performed with trainees at a single center. While it is unlikely that our partici-
pants’ cognitive and perceptual abilities were systematically different from trainees at other
medical centers, a multi-center study would provide stronger evidence for generalizability.

Second, there was some overlap of participants between Experiments 1 and 2. However,
our two experiments focused on qualitatively different anatomic structures. Additionally,
there was a break of several months duration between the two experiments. However, some
familiarity with the protocols of the experiment may have been retained and impacted the
results. Additionally, the experiments differed in other ways. Experiment 1 used a video-
based sense-making intervention, while Experiment 2 used a text-based. This limits com-
parability between experiments, but may enhance generalizability given the consistency
of the findings. Our experiments also did not contain checks of processing for the sense-
making intervention, which would have confirmed that participants fully engaged in those
interventions even though they were tested in perceptual fluency metrics.

@ Springer



Teaching advanced surgical anatomy with visual representations:...

Third, for experimental purposes, we have treated sense making and perceptual fluency
as fully distinct entities and assessed their impact on a narrow, perceptual, aspect of surgi-
cal performance. Most tasks fall somewhere on a continuum between sense making and
perceptual fluency and there is at least some marginal benefit from both types of learning.
Further study will delineate these relative benefits with finer granularity.

Fourth, operating is a dynamic task, while the interventions and tests used in this study
used static images. While this would seem to be a misalignment, we elected to use static
images in our study for several reasons. First, the operating field is quite static. While cer-
tain structures can move despite the paralytics used with anesthesia (blood vessels, occa-
sional bowel peristalsis), most do not. Movement, when it occurs, provides additional
information about the underlying anatomy. Thus, the static images used in this study are
more difficult to identify than dynamic clips would have been. This suggests that any gains
seen in static image recognition would still apply to actual surgery. This is further sup-
ported by the dose-dependent relationship between operative experience and static image
anatomy identification seen in our pre-test data (see Sect. 3.1.4 and 4.1.4). Increased surgi-
cal experience correlated positively with the ability to identify static anatomic structures.
Finally, static images were technically easier to program anatomic image selection into
than a looping video.

Fifth, while the use of two different sense-making interventions in Experiments 1 and
2 suggests that our findings are robust, other explanations are possible. Prior knowledge
may have played a significant role as well. All trainees in our experiments had at least some
prior knowledge of anatomy due to their medical training. While medical training tends to
deliver this knowledge using non-realistic representations of anatomy (cadavers, illustra-
tions), it may have adequately covered the conceptual knowledge that was conveyed by
the sense-making intervention. These non-realistic representations of anatomy have several
affordances that are well-matched to sense-making competencies: cadavers demonstrate
anatomy in 3 dimensions and contain all anatomic structures of study in their native posi-
tions, while illustrations can be exaggerated and color-coded to highlight different features
of anatomy. However, they are poor tools for teaching perceptual fluency—real anatomy is
not color-coded, and even cadaver tissue is discolored, bloodless, and desiccated, appear-
ing nothing like tissue in the operating room. Thus, the average medical student has much
more preparation in anatomic sense-making than perceptual fluency. Future work with a
study population without prior knowledge could be done to control for this confounding
factor. Nevertheless, this highlights the importance of aligning the instructional methods
with not only the learning goal, but also with the characteristics of the learner. In the con-
text of professional training, where perceptual learning targets are common, students are
likely to have prior conceptual knowledge.

Conclusion

To our knowledge, the present experiments are the first to systematically examine the
effects of sense-making and perceptual-fluency interventions on perceptual learning in the
context of professional training. Our results showed that our sense-making intervention
did not enhance perceptual learning, whereas the perceptual-fluency intervention did. This
suggests that perceptual targets of instruction require perceptual-fluency interventions and
are not additionally aided by sense-making interventions. These findings are in line with
Koedinger and colleagues’ (2012) alignment hypothesis and establish a boundary condition
of prior work suggesting that sense-making and perceptual-fluency interventions should
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be combined. Our work yields a pathway for future research to further locate this bound-
ary along the spectrum of conceptually and perceptually rich learning goals. Further, our
work has significant practical implications for perceptually rich learning contexts, such as
surgical training, where common interventions focus on sense making rather than percep-
tual fluency, which presents an unfortunately common misalignment between the target of
instruction and the instructional intervention.
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