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Abstract. This article illustrates the application of the Chronometric
Constructive Cognitive Learning Evaluation Model to measure the
structural, organizational, and temporal properties of the anatomical
knowledge schemata acquired by 52 first-year medical students enrolled
for a second time in an anatomy course. The participants took part in a
mental representation experiment as a part of which they carried out a
conceptual definition task involving anatomy concepts based on the
Natural Semantic Networks (NSN) technique. A computational
simulation was performed on the NSN data, after which the students took
part in a semantic priming experiment involving a lexical decision task
which required them to classify words related or unrelated to their
anatomy schema as word/non-word. Findings revealed that, although
students stored the anatomy information in their memory, they struggled
to structure, consolidate, and retrieve this information from their
memory. These findings suggest that students who did not get the
passing grade in anatomy course may struggle with integrating and
consolidating pertinent information. Thus, results showed that the
constructive-chronometric cognitive approach is useful to measure the
properties of schemes medical students developed on the anatomy topic.

Keywords: learning; cognitive assessment; cognitive science; anatomy;
medicine students

1. Introduction
As students are frequently subjected to academic evaluations, and these
experiences influence strongly their learning, so optimizing the evaluation
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instruments and processes has the potential to enhance the quality of learning
(Ferris & O'Flynn, 2015; Jimaa, 2011). However, selecting, creating, or modifying
strategies used to evaluate knowledge gained by medical students is not an easy
task, as there is a wide variety of ways to conduct such evaluations (Friedman &
Wyatt, 2006). Moreover, evaluation instruments can differ considerably in their
characteristics according to the knowledge domain and the objective of the
evaluation. Indeed, there are no right or wrong assessment strategies, and each
instrument measures a specific aspect of students” ability or knowledge (EIl-
Yassin, 2015).

Measuring a single aspect of learning is insufficient to capture all the knowledge
that students have stored during their medical training (Vantini & Benini, 2008).
For example, medical training involves making thoughtful use of communication
skills, medical knowledge, technical aptitudes, and clinical reasoning. It also
requires adaptive management of emotions as well as application of ethical and
human values in daily medical practice to benefit the patients (Epstein, 2007).
Measuring all these dimensions of clinical training is important to account for the
level of learning and training that medical students have achieved throughout
their studies.

To address the medical learning measurement problem, Miller (1990) proposed
assessing four cognitive domains involved in the medical learning process: (1)
knowledge necessary to carry out professional medical functions, (2) competence
to use the medical knowledge acquired to conduct analyses, interpret findings,
and make medical judgments, (3) ability to perform medical procedures, and (4)
knowledge transfer concerned with applying the skills and performing
procedures in real clinical settings. In sum, adequate evaluation of medical
learning requires measurement of cognitive, psychomotor, and communication
skills essential to work as a doctor upon graduation (Preston et al., 2020).

However, evaluation of the topics considered as the scientific foundation of
medicine (e.g., anatomy, microbiology, pharmacology) presently focuses on
testing factual knowledge through summative assessments (Samarasekera et al.,
2015). This approach to medical evaluation has received extensive criticism since
summative evaluation is generally informative and non-formative and typically
considers only one learning level (knowledge stored in one’s memory). Thus, it
cannot be adopted to assess other skills and types of knowledge (e.g., ability to
apply knowledge to a real setting) fundamental to the medical practice.

In addition, as the medical science is constantly evolving, the knowledge and
skills medical students need to master constantly change. These conditions point
to the need to innovate evaluation methods and reorient and restructure the
evaluation system to be able to meet the new demands in all dimensions of
medical training (Boulet & Durning, 2019; Ferris & O'Flynn, 2015).

These challenges can be addressed by drawing upon various ways to evaluate
medical knowledge at different levels (declarative, procedural, metacognitive)
rooted in cognitive psychology, by using advances in computer science
technology and human mind science. In this regard, Arieli-Attali (2013) argued
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that the incorporation of technological and scientific advances into learning
assessment systems is essential to more objectively evaluate learning outcomes
and is better aligned with the new reality of the medical profession. The use of
new technologies in the learning evaluation can also allow researchers and
practitioners to comprehend the learners' cognitive mind, thereby facilitating the
identification of the cognitive processes student employ to provide answers
during tests.

1.1. Cognitive Assessment of Academic Learning

The way students learn from the cognitive perspective remains insufficiently
explored (Pozo, 2006). However, cognitive studies of human memory have made
it possible to establish the measurement parameters reflecting the process of
incorporation or accommodation of declarative, procedural, and eidetic
knowledge in the mental structures of the human brain.

From a cognitive point of view, acquisition of declarative knowledge may involve
formation of new information nodes in one’s memory, or the establishment of new
relationships between the existing information nodes in one’s knowledge
structures (Bower, 1975). The process of learning may also involve adjustment of
the weights assigned to the relationships between the nodes, restructuring of the
knowledge schemas (Lopez et al., 2014; Rumelhart & Norman, 1975), or adding
new forms of production or procedures to the existing ones (Anderson, 1976).
Hence, approaching the evaluation of academic learning from the cognitive
perspective would necessitate measurement of the changes in the organization,
structure, temporality, and behavior of the mental schemas that students develop
as they gain relevant knowledge in class. In this regard, cognitive psychology
offers theoretical and methodological tools to guide the evaluation of cognitive
changes in the mental structures of knowledge due to learning over a course of an
academic year.

A central assumption of the cognitive view is that human beings can store
information in cognitive structures called schemas. These structures comprise of
information nodes or concepts characterized by configuration, relationships,
temporality, and dynamic properties. These characteristics can be measured
through different cognitive tools, such as semantic networks, computational
simulations, and reaction time instruments.

To illustrate the usefulness of mental representation techniques in the educational
tield, Morales-Martinez et al. (2018) employed Natural Semantic Networks (NSN)
to observe the cognitive structure of knowledge that engineering students formed
in a computational usability course. Their results revealed that the students who
did not pass the course developed incomplete schemas with characteristics similar
to those of schemas developed by students who encountered the subject for the
first time (e.g., Urdiales-Ibarra et al., 2018). After reviewing the computational
usability content again in a corrective course, these students were able to form an
integrated schema of the information learned in the course.

Urdiales-Ibarra et al. (2018) applied the NSN technique to measure the effect of
concept maps on the biology knowledge schemas developed by high school
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students. The visual analysis of the refined sematic networks (RSNs) revealed that
students began the course with fragmented biology knowledge structures. At the
end of the course, the students were able to unify their biological knowledge
structures, regardless of whether they made use of conceptual maps as learning
tools.

Findings yielded by extant studies in this domain suggest that RSNs can provide
valuable information on the way in which students incorporate new conceptual
nodes in their memory and the way in which they organize and structure them.
Furthermore, when supplemented with computer simulations, this technique
provides information on the cognitive tenets underlying the knowledge storage
in human memory, and on the cognitive processes that participate in the
formation of psychological meanings based on the information nodes they
assimilate in their memory. For example, Gonzalez et al. (2018a) and Gonzalez et
al. (2018b) explored the learning of moral concepts by high school students and
found that, even though the students related concepts that did not have a semantic
relationship (e.g., father—police), in schema terms, these concepts seemed to
connect through a psychological meaning.

On the other hand, cognitive psychologists assume that schemas are dynamic and
emergent structures. Gonzalez et al. (2018a) explored this property in the moral
schemas of high school students through computational simulations. They
observed that, when they activated the most relevant concepts of the NSN of the
moral schema (TRUST, RESPECT, LOVE), no other concept of the network was
co-activated. However, when they activated concepts that did not seem to have a
relevant semantic value according to the RSN analysis (e.g., GOD), other concepts
without a direct relationship to the activated concept (RIGHTS, TRUTH) were co-
activated. These results suggest that computational simulations can provide
implicit information that is retained in knowledge structures and that emerges
with the activation of concepts that do not necessarily have the highest semantic
weight or the highest frequency of appearance in the natural semantic NSN.

Furthermore, cognitive psychology also postulates that every cognitive process,
and thus learning, is typified by time. Lopez and Theios (1992) suggested that,
when a knowledge schema is acquired or modified during the human learning
process, a cognitive activity is generated that can be identified by its temporary
nature (temporary imprint). To explore this principle in the educational field,
Lopez et al. (2014) carried out a study as a part of which psychology students were
required to master Piaget's theory. Participants were presented with pairs of
words that can be related (associatively or schematically) or do not present any
relationship. They were instructed to read the first word in the pair before
determining whether the second word is correctly or incorrectly written. The
researchers reported that the schematic word recognition latencies at the end of
the course were significantly lower than the latencies obtained at the beginning of
the course —a phenomenon known as schematic priming (Lopez & Theios, 1992).

The schematic priming paradigm proposes that, when students integrate
information into their long-term memory related to the schematic they have
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encountered in class, the schematic word recognition latencies decrease as the
course progresses. This effect has been observed in different domains, such as
psychology, moral development, and engineering (e.g., Gonzales et al., 2013;
Morales-Martinez et al., 2018; Morales-Martinez et al., 2020). For example, in the
tield of biology, Urdiales-Ibarra et al. (2018) measured the effect of concept maps
on the recognition of schematic words by learners. They found that only the group
that used concept maps as a learning tool exhibited schematic facilitation.

Studies based on temporal parameters, such as those noted above, can provide
information on changes in the knowledge schema due to academic learning, since
temporal changes in the way information is processed semantically can give clues
about whether new knowledge was incorporated in students’ long-term memory.

In general, application of the laws and principles of cognitive psychology, as well
as the use of the tools that it offers, is useful to understand the way in which
students select, store, and retrieve information in their mind. In this context, in
1989 Lopez (1989) proposed a failure rate predictor system based on the
evaluation techniques derived from the theory of human information processing
(PHI) and the theory of parallel information processing (PDP). This system was
the basis for designing the Semantic Analyzer of Schemata or SASO —a system
capable of exploring the existence of knowledge schemas in human memory
(Lopez, 1996; Lopez & Theios, 1992).

Lopez et al. (2014), Lopez et al. (2015), and Morales-Martinez et al. (2014) used the
SASO model to create the Cognitive Evaluator (known by its acronym EVCOG in
Spanish) which is a system that assesses academic learning. This system gave rise
to the Chronometric Constructive Cognitive Learning Evaluation Model (C3-
LEM) (see Morales, 2020; Morales et al., 2017; Morales-Martinez et al., 2020;
Morales-Martinez & Lopez-Ramirez, 2016; Morales-Martinez et al., 2015; Morales-
Martinez et al., 2016; Morales-Martinez et al., 2018; Morales-Martinez & Santos-
Alcantara, 2015). In the present study, the C3-LEM was employed to assess the
cognitive properties of the anatomical knowledge schemata acquired by students
who did not obtain passing grade in anatomy course.

1.2. The C3-LEM as a Cognitive Science Tool for Evaluating Medical
Knowledge Acquisition

The C3-LEM consists of the interlocking application of three types of cognitive

science studies (mental representation studies, mental chronometry studies, and

neuro-computational simulations) to assess organizational, structural, and

dynamic aspects of the knowledge schema a learner develops. This series of

studies is also known as the EVCOG procedure.

Typically, the EVCOG procedure comprises of two phases, as shown in Figure 1.
First, a constructive cognitive evaluation is performed to assess students’
knowledge on a certain topic. In this phase, the participants take part in an NSN
study to evaluate their knowledge schema while the researcher performs neuro-
computational simulations on the gathered NSN data. This if followed by the
second phase, comprising of chronometric cognitive evaluation.
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Figure 1: The chronometric constructive cognitive learning evaluation model

The NSN technique was proposed by Figueroa et al. (1976), who defined it as a
mental representation technique for exploring the formation of meaning.
According to Figueroa-Nazuno (2007), the NSN technique is underpinned by the
memory theory which postulates that the formation of meaning is a constructive
and reconstructive process that completely depends on the individual who
constructs the meaning. This process of signifying reality or knowledge implies
that people cognitively elaborate the interpretation they give to knowledge
beyond the free association of concepts.

When applying the NSN technique, participants are required to define a series of
concepts (objectives) through nouns, verbs, adjectives, or pronouns called
definers within a predefined time limit, after which they must rate the degree of
quality of each definer they provided. Figueroa-Nazuno (2007) emphasized that
this metric facilitates comparison of meanings across groups and over time.

The NSN focuses on exploring the knowledge schema's organization and
structure. In this regard, Lopez and Theios (1992) stated that the NSN can provide
information on the semantic richness that the natural network holds, denoted as
J-value. The J-value is the number of different definers the participants related to
the knowledge schema measured. The relevance of each defining concept can also
be ascertained according to participants” perception through the semantic weight
(M-value) assigned to each definer by the participants. It is also possible to
identify groups of concepts with the highest M-value, known as SAM group
(Semantic Analysis of M-value). Other indicators that can be obtained are the
occurrence frequency (F-value) of the definers across the network, and the
semantic distance or G-value, which is the difference between the highest and the
lowest M-value in the SAM group divided by the number of definers in the SAM
group minus 1.

In addition, Lopez-Ramirez (personal communication, August 9th, 2014)
proposed including the inter-response time or (IRT), which is the time the
participant requires to recover the definers from their memory. Further details on
this analysis can be found in the article published by Morales-Martinez and
Santos-Alcantara (2015). On the other hand, Lopez and Theios (1992) proposed
extracting connectivity indicators using a neural network based on the strategy
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developed by Rumelhart et al. (1986). Lopez and Theios calculated the association
weights between the concepts of the natural semantic network using a Bayesian
formula (see method section), thus demonstrating that it is possible to explore the
schematic behavior of concepts within the neural network by manipulating their
activation.

The C3-LEM’s second phase, chronometric cognitive evaluation, consists of
experiments based on the paradigm of semantic facilitation, which are conducted
to observe the degree of consolidation of information in memory. The semantic
priming paradigm suggests that word recognition can be facilitated or inhibited
by the information that precedes it. For example, in lexical decision studies,
participants are presented with word pairs, and the time required to recognize the
second word is measured. Here, it is assumed that the information networks
related semantically to the first word will be activated in the person's memory.
This activation of the evaluated schema will have an effect on the speed with
which the second word presented will be recognized. Hence, if the two words are
related, the recognition time will be shorter than if they are semantically
unrelated. Lopez and Theios (1992) proposed that, aside from semantic priming,
schematic priming could also exist, whereby two words connected by a specific
knowledge schema, rather than by a general semantic relationship, would
produce different reaction times than words that have other types of semantic
relationships (e.g., associative, categorical).

In extant studies, the C3-LEM was shown to be useful for assessing learning
schemas in various knowledge domains, including psychology, engineering,
biology, and physics at different educational levels (see, e.g.,, Gonzalez et al.,
2018a, 2018b; Morales, 2020; Morales-Martinez et al., 2020; Lopez-Ramirez et al.,
2015; Morales-Martinez et al., 2018; Urdiales-Ibarra et al., 2018). The data obtained
from these studies suggest that, when academic learning occurs, it induces
changes in the organization and structure of the knowledge schema that is the
object of learning. Determining the cognitive properties (structural,
organizational, temporal, and dynamic) of medical knowledge acquisition
process is important for generating a more detailed map not only of what students
learn, but also of how they give meaning to this knowledge, how they establish
relationships among concepts, topics, and disciplines that they are learning, and
how they integrate this knowledge in the execution of medical skills such as
clinical reasoning.

Since in medical training the learning of the structure and functions associated
with the human body is essential for the diagnosis of structural abnormalities
related to a disease, and for appropriate patient management (Samarasekera et al.,
2015), in this work, we focus on the cognitive nature of learning complex subject
matter, specifically the science of anatomy, by using the C3-LEM to determine the
cognitive attributes involved in the anatomical knowledge students acquire. To
meet this study objective, we aimed to elucidate the cognitive features of the
human anatomy knowledge schema acquired by first-year medical students
enrolled for a second time in the anatomy course.
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2. Method

2.1. Study Overview

Lopez and Theios (1992) suggested that the knowledge a person has on a specific
topic can be measured through representation techniques and mental
chronometry, both of which derive from cognitive science. In this context, the
knowledge state could be defined as the semantic richness of a knowledge schema
(i.e., the number of conceptual nodes), the schemata behavior's type, the
relationships among the nodes, and the time required to activate these
information nodes. Transferring these concepts to the educational field, the
knowledge state with which a student enters or ends an academic course can be
measured through indicators pertaining to the organization and structure of the
acquired knowledge schema. The authors adopted this strategy, which involved
a series of experiments rooted in cognitive science based on the C3-LEM which
were designed to assess the state of medical knowledge students enrolled for a
second time in an anatomy course possess.

2.2. Participants

The study sample comprised of 52 first-year medical students enrolled for a
second time in an anatomy course (43 women and 9 men). The participants’ age
ranged from 18 to 27 years (M =19.7, SD = 1.6). All participants were volunteers
and gave their informed consent. The participants were chosen for the study
through non-probability sampling.

2.3. Study Design

The cognitive dimension of academic learning pertains to changes in the
organization, structure, temporality, and dynamics of the acquired knowledge
schema. To measure these schematic properties, the authors adopted a qualitative
and quantitative mixed-methods research design based on the C3-LEM, which
involved use of three cognitive science study techniques or paradigms.

First, the NSN technique developed by Figueroa et al. (1976) was adopted to
measure the organizational and structural properties of the participants' anatomy
knowledge schemata. The procedure met the SASO application guidelines (Lopez
& Theios, 1992) and followed the EVCOG approach (Lopez & Morales, 2019;
Morales-Martinez & Lopez-Ramirez, 2016). Next, the authors observed the
anatomy schemata's behavior through a constraint satisfaction neural network,
which involved applying computational simulation to the data in the preceding
phase. Finally, the degree of anatomy schema consolidation in the participants'
memory was explored through a semantic priming experiment with reaction time
and participants’ response as the independent variables.

2.4. Instruments and Materials

In line with the C3-LEM design, the researchers applied the Morales-Martinez’s
(2015) protocol to obtain the target concepts and definers used in the first study
phase. For this purpose, anatomy teachers provided ten most relevant target
concepts that students should learn as a part of the anatomy course (anatomy, head-
neck, nervous system, upper limb, thorax, abdomen, upper limb, pelvis, organs and
systems, and diagnosis) which were used in the metal representation task. The
EVCOG software was used to design and administer the tasks, capture the data,
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and analyze the NSN results, while GEPHI software (Bastian et al., 2009) was
adopted to conduct visual analysis of the NSN data. The EVCOG system allowed
us to extract the connectivity matrix and perform the computational simulation
on the NSN data. Finally, to design the semantic priming experiment, the
researchers introduced 45 word pairs, 15 of which were relevant to the anatomy
course (e.g., supination-scoliosis, sphenoid-subclavian, prolactin-brachial) into
the EVCOG system.

2.5. Procedure
As noted earlier, this study comprised of three phases. It commenced by
extending an open invitation to first-year medical students enrolled for a second
time in the anatomy course to participate in a cognitive science investigation. The
students that voluntarily gave their informed consent attended a group session as
a part of which they completed the NSN test (Figueroa et al., 1976) based on the
procedure described by Lopez (1996). They were presented with ten target
concepts deemed most relevant by anatomy teachers one by one on a computer
screen and had 60 seconds to define each target concept using verbs, nouns,
adjectives, and pronouns (definers) of their choice. Once all ten concepts had been
defined, they scored each definer using a 1-10 scale, whereby 1 indicated that the
definer was only slightly related to the target concept and 10 meant that the
definer was highly related to the target concept.
In the second study phase, the authors carried out a computer simulation using
the thus generated NSN data following the procedure proposed by Lopez and
Theios (1992). These authors used a neural network of constraint satisfaction
similar to that described by Rumelhart et al. (1986) to emulate the behavior of an
emerging schema. In general way, Lopez and Theios calculated the SASO
connectivity matrix between the concepts was obtained by applying Equation 1
below:
Wy=-In{[p(X=0& Y =1) p(X=1& Y = 0)]*[p(X=1 & Y = 1) p(X=0 & Y = 0)]*}
[1]

where X and Y represent a pair of concepts that are associated, with p(X =1 & Y
= () denoting the joint probability that X appeared but Y did not appear in a SAM.
The values for p(X=0& Y =1) and p(X =0 & Y = 0) were similarly defined and
were computed in the same manner. The term p(X =1 & Y = 1) was calculated
considering the hierarchical modulation of M-values in SAM groups and their
interconnectivity in neural network computations.

The study culminated with the application of the semantic priming experiment
requiring students to perform a lexical decision task. After a practice session,
provided to allow familiarize the students with the task, they were presented with
45 experimental trials chosen at random. Each experimental trial consisted of an
experimental sequence of four stimuli, whereby a dot appeared on a computer
screen for 500 ms, followed by the first word (prime) for 250 ms, a blank space for
50 ms, and the last word (target), which remained on the screen until the
participant provided an answer (by stating whether the target was or was not a
word).
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3. Results

3.1. The First Phase Results: The RSN Study

The NSN values were computed using the metric suggested by Lopez and Theios
(1992) and a summary of the obtained values is presented in Table 1. It can be
observed that the target concept with the highest number of definers (J-value) was
upper limb, followed by thorax and nervous system. In contrast, the target with the
lowest number of definers or smallest semantic richness was pelvis. On the other
hand, the definer with the highest occurrence frequency was muscles followed by
bones, arteries, brain, organs, heart, lungs, liver, and pancreas.

The ten definers with the highest semantic relevance (M-value) throughout the
NSN were ribs, human body, heart, intestines, lungs, hands, study, radius, and
humerus. Furthermore, the definers that required less inter-response time (IRT)
were legs, arms, joints, viscera, hands, cavities, skull, foot, forearm, and human body. It
is interesting to observe that, in the relation to the thorax concept, the three highest
M-values and the three lowest IRT definers were the same: heart, lungs, and ribs.
A similar observation could apply to the lower limb (legs, foot, femur).

Table 1: SAM groups of the anatomy schemata obtained from the participants

Anatomy Head—Neck
F Definer M IRT F  Definer M IRT
1 Human body 339 19 3 Brain 188 22
1 Study 231 19 6 Muscles 173 18
2 Organs 159 31 1 Eyes 164 32
1 Systems 130 34 1 Skull 136 16
1 Structure 117 33 1 Mouth 100 25
6  Muscles 112 30 1 Nose 93 42
1 Science 93 21 4 Bones 92 33
4 Bones 84 34 3 Arteries 87 42
1 Dissection 77 31 1 Ears 83 45
1 Regional 77 29 1 Triangles 64 24
J-value: 410 G-value: 26.20 J-value: 436 G-value: 12.40
Nervous system Upper limb
F Definer M IRT F  Definer M IRT
3  Brain 286 18 1 Hands 232 15
1 Neurons 222 20 1 Radius 230 23
1 Nerves 198 25 1 Humerus 229 20
1 Spinal cord 183 26 1 Arms 224 13
1 Cerebellum 173 36 1 Ulna 198 29
1 Ganglia 144 27 1 Phalanges 196 37
1 Pons 105 31 1 Forearm 154 19
1 Central 92 25 6 Muscles 133 31
1 Peripheral 88 27 1 Carpus 115 32
1 Parasympathetic 84 40 1 Brachial 110 36
plexus
J-value: 468 G-value: 20.20 J-value: 478 G-value: 12.20

Note: J-value = semantic richness, G-value = semantic density, F = occurrence frequency,
M = semantic weight, IRT = inter-response time
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Table 1: SAM groups of the anatomy schemata obtained from the participants

(continued)
Thorax Abdomen

F Definer M IRT F Definer M IRT
2 Heart 385 21 1 Intestines 249 25
1 Ribs 385 24 1 Stomach 229 19
2 Lungs 357 23 6 Muscles 195 23
1 Breastbone 228 34 2 Liver 193 32
1 Mediastinum 146 28 2  Organs 122 17
1 Protection 142 36 1 Viscera 96 14
1 Diaphragm 98 32 2 Pancreas 82 39
1 Clavicle 93 46 1 Kidneys 66 44
3 Arteries 85 40 1 Gallbladder 59 46
1 Vertebrae 80 33 1 Cavities 58 16

J-value: 453 G-value: 30.50 J-value: 383  G-value: 19.10

Lower limb Pelvis

F Definer M IRT F Definer M IRT
1 Femur 176 21 4 Bones 156 21
1 Legs 159 10 6 Muscles 76 31
1 Foot 153 17 1 Sacrum 73 21
6  Muscles 152 23 1 Ilium 61 26
1 Tibia 128 24 1 Lower 58 25
4  Bones 121 24 1 Bladder 54 44
1 Walk 114 23 1 [Iliac crest 48 28
1 Movement 107 34 1 Ligaments 43 46
1 Fibula 82 34 3  Arteries 42 54
1 Knees 81 22 1 Articulation 40 28

J-value: 441 G-value: 9.50 J-value: 278  G-value: 11.60

Organs—systems Diagnosis

F Definer M IRT F Definer M IRT
2 Heart 176 22 1 Disease 159 25
1 Functions 163 22 1 Patient 147 19
1 Respiratory 151 26 1 Laboratory 141 29
2  Lungs 125 30 1 Symptoms 116 31
2 Liver 120 28 1 Treatment 106 30
1 Digestive 119 28 1 Signs 97 29
1 Set 117 13 1 Knowledge 89 35
3 Brain 117 42 1 Doctor 84 35
1 Nervous 86 33 1 Questions 80 30
2 Pancreas 91 33 1 Outcome 73 39

J-value: 401 G-value: 8.50 J-value : 376 G-value: 7.40

Note: J-value = semantic richness, G-value = semantic density, F = occurrence frequency,
M = semantic weight, IRT = inter-response time
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The visual analysis results presented in Figure 2 indicate that the diagnostic node
has no connections with any of the other network's target concepts. The nodes
related to nervous system and thorax exhibit very low connectivity compared with
other conceptual members of the anatomy schema. For example, nervous system
had only two conceptual links. Moreover, the target concepts such as
organs—systems, upper limb, and thorax are partially disconnected from the

complete anatomy schema. With eight conceptual links, the head—neck node
exhibits the highest degree of connectivity within the schema.

Anatomy

Diagnosis
Head-Neck /AN

Organs-systems

Pelvis

Nervous system |

& 7 ) i \ ’ Lower limb
Upper limb v“\ o7
‘4 “ Abdomen

Thorax

2 : Nervous . Organs- Upper Lower Head-
o > N e > b e > i L) >Aummy

0
Null connectivity

» 10
Full connectivity

Figure 2: Connectivity graph of the ten target concepts in the anatomy schema and the
degree of connectivity in each one

The GEPHI analysis (Bastian et al., 2009) indicates that the participants organized
the anatomy course information into six modules, as shown in Figure 3. The first
conceptual module involved 30% (24) of the natural semantic network's main
definers, which are connected to the anatomy schema through the muscles
concept. This module involved three subgroups, the first of which includes the
definers (e.g., legs, walking, movement) linked with muscles through bones. The
second group consists of the definers (e.g., human body, kidneys, cavities) that are

linked to muscles through organs. The last group included the definers (structures,

regional, systems, dissection, science, and study) connected with muscles.
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Figure 3: The participants’ structure and organization of the information obtained at
the end of the anatomy course

The second conceptual module contains 19 definers (23%) connected to the
anatomy schema through the brain concept. Three groups formed this module,
respectively including concepts related to organs (pancreas, lungs, heart, liver);
definers that mostly indicate systems’ functions (functions, respiratory, joint,
digestive, nervous); and definers related to brain structures (spinal cord, nerves,
peripheral, pons, neurons, cerebellum, parasympathetic, central, ganglion).

The third conceptual module included 14 definers (17%) connected to the
anatomy schema through the arteries concept. This module involves two subsets
pertaining to (1) concepts such as protection, vertebrae, ribs, and diaphragm, and (2)
definers such as nose, mouth, eyes, skull, and ears. This latter group connects to
Module 2 via the brain concept. The fourth conceptual module contained nine
definers (11%) related to an upper limb (e.g., phalanges, humerus, ulna, brachial
plexus, hands, arms) connected to the schema through the muscle concept. The fifth
group consists of nine definers (10%) related to diagnosis (e.g., questions, laboratory
studies, knowledge, symptoms). Note that the diagnosis module is independent of
the remainder of the semantic network. The sixth group consists of seven definers
(9%) associated with the pelvis concept (e.g., sacrum, ligaments, ilium, inferior,
bladder, iliac crest), and they connected to the rest of the anatomy schema through
arteries, bones, and muscles.

The most relevant nodes involved in the semantic network integration were
muscles—bones—organs, brain, and arteries.
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3.2. The Second Phase Results: A Computer Simulation Study

To carry out the computational simulation of the anatomy schema, the concepts
were activated considering the IRT, the M-value, and the conceptual relevance
level derived from the GEPHI analysis (Figure 3). The results indicated that the
definers that produced a greater number of co-activations were ribs (concept with
the highest M value), gallbladder (concept with the highest IRT), joints (concept
with the lowest M-value), arteries (concept which was central to the third GEPHI
module) and brain (central concept in the second GEPHI module). The definers
with the lowest number of co-activated concepts were leg (concept that obtained
the lowest IRT) and muscles (central concept in the first GEPHI module), as shown
in Figure 4.
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Figure 4: The number of co-activated concepts for each definer concept activated
during the computational simulations

Table 2 shows the activation of ribs and gallbladder co-activated some concepts
related to the upper limb (e.g., radius, humerus, arms). Each one of these definers
(ribs and gallbladder) in isolation co-activated 57% of the definers linked to the
anatomy schema through the pelvis concept. On the other hand, activation of ribs
co-activated the 63% of the definers linked to the anatomy schema through the
brain concept, while the activation of gallbladder co-activated 42% of this same

group.
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Table 2: Co-activation of definers when ribs and gallbladder were activated

Activated Concepts Activated Concepts
Definer Ribs  Gallbladder Definer Ribs Gallbladder

Femur - - Ribs * *
Bones * - Breastbone * -
Muscles * - Mediastinum - *
Legs - - Protection - *
Foot * * Diaphragm * *
Tibia * - Arteries * *
Walk * * Clavicle * -
Movement * - Vertebrae - *
Fibula - - Eyes - *
Knees * Skull * *
Study - * Mouth - -
Systems - * Nose - -
Structures * * Ears - *
Science - - Triangles * -
Dissection - * Hands - *
Regional * * Radius * -
Human body * * Humerus * *
Bowels * * Arms * *
Stomach * * Ulna - *
Organs * - Phalanges * -
Viscera - - Forearm - -
Kidneys * - Carpus * *
Gallbladder * * Brachial plexus * *
Cavities - * Diseases - -
Brain * - Patient * *
Heart - - Studies * *
Lungs - - Symptoms - *
Liver - - Treatment - -
Pancreas * * Signs - *
Function - * Knowledge - -
Respiratory * - Doctor - -
Digestive * - Questions - -
Set * - Sacrum * *
Nervous * - [lium * *
Neurons - * Lower * *
Nerves - - Bladder - *
Spinal cord * * Iliac crest * -
Cerebellum * * Ligaments - -
Ganglia * - Joints - -
Pons * * Result * *
Central * -

Peripheral * *

Parasympathetic - *

Note: * Co-activated  — Inactive.

Figure 5 shows the connectivity weights obtained for the semantic network of the
anatomy course. Note that a conceptual activation group is characterized across
the diagonal, and several small activation groups are scattered across the surface
of connectivity weights.
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Figure 5: The activation pattern of the anatomy schema developed by students
enrolled for a second time in an anatomy course

3.3.The Third Phase Results: Semantic Priming Study

A repeated-measures ANOVA was carried out on the participants” data, revealing
a statistically significant difference between word pairs depending on the
relationship type [F(2,102) = 108.937, p < .001, 72 = .68]. As shown in Figure 6, the
participants experienced a greater interference effect in the word recognition task
when presented with pairs associated with the anatomy schema compared to
pairs with an associative relationship or without a relationship.
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Figure 6: Participants” word recognition times in a lexical decision task

4. Discussion

The aim of the present study was to determine the characteristics of the anatomy
information processing style adopted by first-year medical students enrolled for
a second time in the anatomy course. In the first study phase (representation of
anatomy knowledge), the authors measured the organizational and structural
properties of the knowledge schema that students acquired in the anatomy
course. As shown in Table 1, the participants developed a rich semantic network
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characterized by a wide diversity of information nodes. However, the structure
and organization of the information presented in the anatomy course was
inadequate (Figure 2 and 3).

The knowledge schema structure related to anatomy was fractured, as shown in
Figure 3, as several targets such as diagnostic, nervous system, organs and systems,
and thorax were disconnected from other anatomy concepts. Similar information
integration patterns have also been observed in students majoring in different
fields who have not achieved passing grades (see Morales-Martinez et al., 2018)
or who are just starting a new course (Urdiales-Ibarra et al., 2018).

Therefore, the present study findings suggest that the participants are unable to
consider the course content from a broader perspective, that is, they cannot
completely infer the configuration of the general course outline. The structure of
the knowledge schema can be confusing for these students in the same way that
it seems to be blurry for students starting an unfamiliar course. In relation to the
difficulties observed in the schema organization, the NSN analysis, GEPHI
analysis (see Figure 3), and computer simulation results (Table 2) pointed out that
the anatomy schema developed by these students lacks a coherent organization,
indicating that students had difficulties to relate the anatomy concepts taught in
class.

To examine these findings further, it is worth considering the concepts
characterized by less connectivity in the anatomy NSN. For instance, the diagnosis
concept had no connectivity with the remaining target concepts, while nervous
system was connected with only two of the target concepts (head—neck and
organs—systems), as shown in Figure 2. In both cases, we conjectured that the
importance attributed to the anatomy topics could influence this schema
fragmentation, since diagnosis was presented during the course as a general-
knowledge topic rather than a central part of the anatomy course. Consequently,
students perceived this topic separately from the rest of the schema. The anatomy
teachers informed us that, during instruction, discussions on diagnosis were not
explicitly connected with the remaining anatomy concepts, which is reflected in
the schema’s conceptual nodes.

It is also possible that the broken schema observed in this study may be the result
of an inadequate information integration strategy that makes it difficult for
students to retrieve accurate information. In other words, students who did not
get the passing grade in anatomy course may struggle to form a coherent and
structured schema, as would be the case for novice students (e.g., Urdiales-Ibarra
et al., 2018). In order to explore this possibility, it is necessary to compare these
results with those achieved by students at the beginning of the course, as well as
by those that have obtained passing grades in the anatomy course.

In the second study phase, the authors explored the behavior of the anatomy
schema. In general, the computational simulation results indicated that the
activation of some nodes of the anatomy-related network seems to be carried out
in a dispersed manner, as shown in Figure 5 and Table 2. This finding supports
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the idea that the participants had difficulties in organizing the concepts learned
in the anatomy class.

An interesting result that emerged from this investigation pertained to the definer
with the highest M-value (ribs) which co-activated the greatest number of
concepts in the semantic network (Figure 4). Although, as in the study conducted
by Morales-Martinez and Santos-Alcantara (2015), the concepts with the highest
M-values did not appear with the lowest IRTs, these tended to appear between
the 3rd and 4th position of the NSN. Therefore, we hypothesize that the M-value
is more closely related to the schema organization than to the ease of access to the
information stored in that mental structure. For example, activation of ribs yielded
a better organization in the computational simulation than the activation of
gallbladder. This result is particularly relevant to the theory of mental
representation of knowledge, since the M-value remains insufficiently explored
in academic research.

Although, activation of gallbladder co-activated almost as many concepts as ribs
(Figure 4), the type of relationship that linked these concepts is not very clear. For
example, activation of gallbladder co-activated the eye concept, which would
suggest that the students used schemas from other knowledge domains, such as
pathophysiology. A similar observation was made by Gonzalez et al. (2018a), who
noted that activation of certain concepts in some cases co-activates concepts from
semantic categories different from the measured schema. This result suggests that
computational simulations can be very useful in identifying implicit information
embedded within schemas, which is in accordance with the idea that schemata
can embed other schemas. On the other hand, as gallbladder was the definer with
the highest IRT (see Figure 4 and Table 1), this may suggest that the establishment
of relationships between concepts that apparently do not have a clear organization
can delay the access to relevant information.

The final study phase comprised of a mental chronometry experiment, allowing
us to explore the temporal property of the acquired anatomy schema. The results
revealed that the participants experienced interference in the recognition of words
related to the anatomy schema (Figure 6). This same finding was reported for
other students who did not obtain passing grades (Morales-Martinez et al., 2020),
as well as for novice students (Morales-Martinez et al., 2020; Morales-Martinez et
al., 2018; Morales-Martinez et al., 2018; Urdiales-Ibarra et al., 2018).

Interference in the recognition of schematic words suggests that the students did
not store the anatomy information as a new semantic category. Authors of other
studies in different domains (e.g., Gonzales et al., 2013; Lopez et al., 2014; Lopez
et al., 2015; Morales-Martinez et al., 2020; Morales-Martinez et al., 2014; Morales-
Martinez et al., 2018) similarly found that, when students form schemas or new
categories of knowledge in their long-term memory due to course attendance, this
tends to result in a schematic facilitation effect (Gonzalez et al., 2018a; Lopez &
Tehios, 1992). From this perspective, we can deduce that the interference in the
recognition of anatomy schematic words suggests that the study participants did
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not consolidate the information nodes related to anatomy into a unified
knowledge schema.

The findings yielded by the present study are in accordance with the evidence
reported by other authors, suggesting that C3-LEM is a useful tool for identifying
the state of knowledge students in diverse disciplines possess (see Morales, 2020;
Morales-Martinez et al., 2020; Morales-Martinez et al., 2018; Morales-Martinez et
al., 2018; Urdiales-Ibarra et al., 2018). In other words, cognitive studies involving
mental representation tasks, computational simulation, and mental chronometry
experiments provide valuable information on the cognitive properties of the
mental structures that students construct during training in a specific domain of
knowledge. However, to continue exploring the utility of this approach in
evaluation of learning, comparison groups should be included in the study design
and the measurements should be conducted at different points in time during the
course.

5. Conclusions

The study findings indicate that the students enrolled for a second time in the
anatomy course had difficulties in the information integration and recognition of
concepts studied during the course. The study participants seemed to struggle
with perceiving the course’s general organization, despite their ability to
recognize links among different concepts. In other words, although participants
got the content of the anatomy course, they could not integrate the acquired
information in a unified anatomy schema or a new semantic category.

These findings suggest that C3-LEM was successful in identifying inappropriate
patterns in the learned schematic behavior. These cognitive techniques could be a
handy formative tool since they provide some indicators of students” ability to
identify and integrate the conceptual nodes central to the subject, which would
allow the implementation of corrective processing strategies before the exams.

Also, the cognitive tools will be useful to analyze whether the students can
integrate all knowledge gained and use it to face the challenges of professional
life. For example, since the computational simulation studies seem to provide
information on the implicit use of other schemas to build the knowledge acquired
in a course, these techniques can be used to ascertain whether students can
integrate the knowledge they acquired in other subjects in a single approach.

Reaction time studies can identify students who have difficulties in consolidating
the information they store in their memory. Thus, these studies’ obtained
temporal parameters could indicate the robustness of each student’s learning
process.

In sum, cognitive studies such as those proposed in the C3-LEM could help to
diagnose the regularities and irregularities in the organization and structure of
studied schemas. This information will empower teachers and researchers to
propose strategies that contribute to making the teaching and learning process
more effective in the medical field.
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