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Abstract

While traditional anatomy education often emphasizes passive learning and rote
memorization, it seldom employs constructivist theories that focus on active, hands-
on experiences for effective learning. This study tests the hypothesis that tactile
experiences with modeling clay enhance geometric mental representation more ef-
fectively than verbal descriptions. We examine the potential of clay modeling to re-
flect and evaluate students' mental representation of anatomical structures. Utilizing
a prospective randomized, open, blind endpoint (PROBE) design, we engaged 36
participants divided into three groups: blind, visually impaired, and a control group.
The primary outcome measure was the difference between post-touch score and
pre-touch score, which gauged the efficacy of tactile intervention in enhancing the
participants' capacity to mentally reconstruct a well-designed anatomical fiction
structure. Scoring was executed using a double-blind double-evaluation methodol-
ogy, positioning clay model reconstruction as both an objective reliable assessment
and a pedagogical tool. The analysis demonstrated a pronounced improvement in
mental representation of anatomical structures, particularly in spatial comprehen-
sion and detailed textural discernment, with the mean score soaring from 47.81 pre-
touch to 85.09 post-touch. Distinct cognitive processing adaptations were evident
across groups, with the blind group excelling in tactile acuity and the visually impaired
group showing the most significant gains in spatial understanding post-intervention
(Cohen's d=2.74). The application of modeling clay as a tactile intervention tool can
significantly improve the learning of anatomy among medical students. The study
underscores the value of active, multisensory engagement and customized teaching

strategies for effective anatomy education among this demographic.
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INTRODUCTION

Anatomy, a cornerstone of medical and paramedical education,
poses significant challenges for students due to its complexity and
extensive terminology, often leading to intimidation and reduced
motivation.}® A notable difficulty is bridging the gap between ana-
tomical knowledge and its clinical application, crucial for appreciat-
ing the discipline's relevance in medical practice.

Recent advances in medical education, such as problem-based
learning (PBL), case-based learning (CBL), team-based learning (TBL),
and direct patient contact, have transformed anatomy education.
These methods emphasize active, engaging learning, enhancing crit-
ical thinking and problem-solving skills.>® Conversely, traditional
teaching methods, mainly focusing on memorization, often lead to
superficial understanding and fail to foster deep engagement.t”'11

However, the adoption of these modern educational methodol-
ogies faces significant barriers in developing countries, such as high
professor-to-student ratios, limited infrastructure, and technological
costs!? (Sugand et al., 2010).2 These challenges call for a blended
approach that combines traditional and modern techniques.*

Despite the known effectiveness of educational theories like
Piaget's cognitive development!*, Mayer's multimodal learning®’,
Ausubel's meaningful learning®, Bruner's discovery learning'’, and
Flavell's metacognition and socioconstructivism®®, they are un-
derutilized in anatomy teaching. Their integration could diversify
teaching strategies, catering to different learning styles and enhanc-
ing comprehension. This gap is particularly significant in settings
where innovative, feasible pedagogical approaches are needed to
improve educational quality and accessibility, especially for visually
impaired students.

Current anatomy assessment methods, such as oral exams and
multiple-choice questions (MCQs), predominantly test memorization
rather than understanding of anatomical structures. This highlights
the need for assessment tools that evaluate spatial comprehension
and mental representation, particularly for blind and visually im-
paired students.

Clay modeling has been identified as an effective active learn-
ing tool in anatomy education, though its impact varies. Studies
have shown its benefits in enhancing understanding and engaging
students, but its effectiveness depends on the implementation

1820 (Kooloos et al., 2014; Curlewis et al.,

and student preferences
2020).222

To investigate this, we will conduct a comparative study examin-
ing the differences in students' geometrical mental representations
formed through verbal descriptions alone and those enhanced after
a tactile interaction. This comparison will enable us to objectively
observe the development and accuracy of mental representations,
thereby evaluating the reliability of clay modeling as an assessment
tool. If our study finds that verbal descriptions are insufficient for
students to form accurate geometrical mental representations, it
will validate clay modeling as a reliable assessment tool and also
will strongly advocate for the necessity of experiential learning
methods since verbal descriptions are insufficient. This could have

profound implications for teaching strategies, emphasizing the im-
portance of tactile and interactive learning experiences in achiev-
ing a comprehensive understanding of geometrical and anatomical
concepts.

By conducting this experiment, we aim to validate the assess-
ment potential of clay modeling not only from an individual per-
spective but also by identifying patterns in mental representations
across different groups. We hypothesize that by comparing these
patterns between groups, as well as individually, we can uncover
and address specific learning challenges characteristic of groups
with unique cognitive processing styles. This approach underscores
the potential utility of clay modeling as more than just an evaluation
tool; it serves as a means to diagnose and understand distinct learn-
ing needs among groups. This is especially relevant for populations
that may process information differently. Ultimately, such insights
could lead to the development of more personalized and effective
educational strategies, tailored to meet the varied cognitive needs of
diverse learner groups, especially in resource-limited settings where
implementing advanced teaching methodologies is challenging. Our
focus is on creating cost-effective, accessible educational meth-
ods that maintain high educational quality, regardless of resource

constraints.

METHODS

Our research utilizes a prospective randomized, open, blind end-
point (PROBE) design with three comparative groups. The primary
outcome is to investigate the differences between groups, mainly
through variations in clay model assessment scores before and after
tactile interaction.

The experimental design of our study involves a four-step pro-
cess, aimed at assessing the role of sensory inputs in anatomical
understanding by analyzing the mental representation via the clay
modeling reconstructions. Initially, participants, blindfolded for the
whole steps to ensure reliance on non-visual cues, listen to an audio
description of a fictitious anatomical structure. They then use clay
to construct this structure based on the auditory information alone
(pre-touch reconstruction). This is followed by a tactile interaction
with an actual model of the structure, after which participants re-
construct the model in clay (post-touch reconstruction).

Our primary objective is to determine if there is a substantial
difference between verbal description and tactile experience in
refining the geometric mental representations of anatomical struc-
tures. If proven, it will substantiate clay modeling's role in accurately
mirroring students' mental images of anatomy, hence advocating its
use as an evaluation tool.

We hypothesize that mere verbal descriptions are insufficient for
accurate mental representation of complex anatomical structures.
We posit that tactile experience, specifically through clay modeling,
will significantly enhance the precision of these mental reconstruc-
tions. Furthermore, we hypothesize that there will be no significant
difference between the groups (blind, visually impaired, and control)
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in terms of their ability to accurately reconstruct these structures
post-tactile intervention.

Our study incorporates distinct methodological and statistical
features to ensure scientific rigor and objectivity of the obtained re-
sults. First, we implement a double-blind design, where both partici-
pants and evaluators are unaware of the assigned groups, minimizing
potential bias. Additionally, two independent evaluators assess par-
ticipants' anatomical model reconstructions, ensuring reliability and
eliminating individual assessment biases. Furthermore, our study
includes a representative sample of visually impaired medical stu-
dents, divided into visually impaired and blind groups, along with
a control group, allowing for generalization of results to the target
population. These features enhance the validity and applicability of

our findings.

Study structure and participant selection
Selection and grouping

We include two distinct groups of visually impaired participants,
either totally blind students or visually impaired with some visual
capacity, permitting examination of differential impacts of pedagog-
ical strategies. Moreover, a control group of non-medically trained,
visually unimpaired individuals enables comparative effectiveness
assessment of teaching methods.

The study included a total of 36 participants, categorized into
three groups based on their visual abilities: visually impaired individ-
uals (n=21), blind individuals (n=7), and a control group (n=8). The
varying sample sizes within these groups should be acknowledged,
as it may impact the generalizability of the findings (Figure 1).

In our study, the term “visually impaired” is used in line with the
World Health Organization's categorization and specifically refers
to students who have been legally recognized as having a disabil-
ity. This classification is not just a medical condition but also a legal
status in France that acknowledges their requirement for special
educational needs. According to WHO, the boundary between low
vision and blindness is set at a visual acuity of less than 1/20. Visual
impairment is categorized into five levels. Categories | and Il are typ-
ically referred to as low vision, which also encompasses terms like
amblyopia or reduced vision. Categories Ill, IV, and V fall under the
definition of blindness. A person is considered legally blind when

their visual field is narrowed to less than 20 degrees in both eyes.

Inclusion criteria

To ensure the suitability of participants for this study, several in-
clusion criteria were established. First, participants needed to be at
least 18 years old, ensuring their ability to provide informed consent.
Additionally, participants were required to be physiotherapy stu-
dents, as this would ensure they had a foundational understanding
of anatomy and spatial concepts, which are relevant to the study

3
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objectives. Adequate language comprehension was also necessary
to ensure participants could understand the instructions and ques-
tionnaires used in the study. Furthermore, participants needed to
demonstrate proficiency in manipulating modeling clay, as this skill
was central to the study tasks. Lastly, participants were required
to possess sufficient cognitive ability to comprehend the study in-
structions accurately and provide appropriate responses on the

questionnaires.

Exclusion criteria

To maintain the integrity and validity of the study, certain exclusion
criteria were applied. Participants with prior professional or artistic
experience in sculpture or 3D geometry were excluded to minimize
potential bias that could arise from their previous exposure to simi-
lar tasks. Individuals with intellectual and learning disabilities were
also excluded, as these conditions could impact their ability to fully
engage with and comprehend the study tasks. Additionally, partici-
pants with mental health issues or substance abuse problems were
not included, as these factors could potentially affect their focus and
performance. Individuals with neurological diseases or motor disor-
ders that could impact their motor skills or sensory perception were
also excluded. Furthermore, individuals with health problems that
could hinder their full participation in the study activities were not
included. Lastly, participants who had previously been involved in
a similar experiment were excluded to ensure a fresh and unbiased

experience for all participants.

The experimental procedure

AVH medical students with visual impairments were invited via
email to participate, choosing from three possible dates. On arrival,
the investigator provided an overview of the study objectives and
protocol, excluding the mention of the second reconstruction.

The experimental procedure ensured that students participated
individually to prevent any interaction or exchange of information.
Each participant completed their session separately and was not
allowed to communicate with other students who had not yet par-
ticipated. This measure minimized potential bias, ensuring that each
student's performance was independent and not influenced by oth-
ers' experiences or insights.

Each participant received a unique code to maintain anonymity
and signed a consent form. They were then given equal amounts of
modeling clay, and all wore an eye mask to standardize conditions.

An audio description of a fictitious anatomical structure was
played, which participants could replay as needed. They constructed
the shape while listening or after playback completion. The time and
quality of the reconstructions were noted for baselining and identi-
fying participant differences (Figure 2).

Following the first reconstruction, participants tactically inter-
acted with the model and then made a second attempt. Time taken
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All 87 students from the 5 class
levels at AVH were invited via

During the experimental dates, a
group of 41 students from 2

email

classes was in internship outside
the AVH school .

l

During the experimental dates, a
group of 46 students from 3
classes was present on-site.

36 students agreed to participate

6 students was excluded :
3 with neurological conditions

in the experiment.

2 with clay modeling experience
1 with hand trauma

30 students agreed to participate

2 students with missing

in the experiment.
18 students fromn

data

the Master 2
| Pedagogical
l Engineering

program were

invited

28 students successfully
completed the experiment.

control group

l

visually impaired (n=21),

1 (n=8)

blind (n=7)

FIGURE 1 Participant flow and group distribution in the study. This flowchart depicts the flow of participants through the study,
beginning with initial inclusion, followed by group distribution, and detailing any exclusions. It provides a clear, visual representation of the
participant screening process, allocation to different groups (visually impaired, blind, and control), and the final participant count included in

the study's data analysis.

was recorded, and photographs of both reconstructions were taken
for comparative analysis.
Anonymity was maintained by marking photos with participants'
codes, ensuring participants’ comfort and confidentiality.
Throughout the entirety of the experimental procedure, all
participants, regardless of their level of visual impairment, wore
eye masks. This constant condition was maintained to standardize

the experience across all students and eliminate any potential
visual cues or assistance. From the initial introduction, through
both modeling attempts, and even during the tactile interaction
phase with the anatomical model, the eye masks remained on.
This assured a fair and uniform testing environment, focused
solely on tactile and auditory information for the reconstruction
task.
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FIGURE 3 Comparative analysis of the fictitious anatomical structure with real anatomical entities. (A) 3D Virtual Reconstruction: This
panel presents a computer-generated 3D model of the fictitious anatomical structure. The model is shown from different angles to highlight
its three-dimensional features and to provide a comprehensive view of its geometry. (B) Clay reference model: Here, a hand-crafted clay
model of the fictitious anatomical structure is displayed. The model serves as a tangible reference, providing a realistic interpretation of

the structure's texture and volume. (C) Neck of femur comparison: This image compares a real human femur's neck (left) with the narrowed
neck and oval head of the fictitious anatomical structure (right). The comparison illustrates the structural similarities between the two,
emphasizing the anatomical plausibility of the fictitious design. (D) Acetabulum of Os coxal bone comparison: The image displays a real
human acetabulum (left) alongside the corresponding excavation found in the fictitious anatomical structure (right). It highlights the
concavity and depth of the structures, drawing parallels in their form and function. (E) Extremity of clavicle comparison: This panel shows
the extremity of a real clavicle (left) next to the flattened head of the fictitious anatomical structure (right). The comparison underscores the
likeness in shape and curvature, suggesting a potential functional resemblance.

Fictitious anatomical structure

In designing the fictitious anatomical structure for our study, meth-
odological rigor was paramount to ensure its effectiveness in as-
sessing cognitive processes related to anatomical understanding.
The structure was meticulously crafted to incorporate three key cat-
egories that we believe are critical in anatomical cognition: general
geometric shapes, dimensional ratios and proportions, and detailed

transitional shaping.

1. General geometrical shapes: The overall shape of the structure
mimics the long cylindrical form of the femur, the flatness of
the sternum, and the irregular contours of the sacrum. This
category tests the ability to recognize and understand basic
geometric forms as they apply to human anatomy.

2. Dimensional ratios and proportions: We incorporated aspects
such as the length-to-width ratio akin to the femur, the propor-
tionality seen in the sternum relative to its rib attachments, and
the scale of the sacrum in relation to its articulation with the pel-
vic bones. These ratios and proportions are vital for understand-
ing the spatial relationships and functional mechanics in human
anatomy.

3. Small details in transitional shaping: The structure includes
finer details, such as variations in angles, narrowings, and subtle

shifts in contours. The structure includes features like the femo-
ral neck's angle, which is crucial in understanding hip mechanics,
the subtle curvature changes found in the sternum, impacting rib
articulation, and the nuanced surface topography of the sacrum,
which is important for understanding sacroiliac joint articulation.
These details are often the most challenging for students to grasp
but are essential for a comprehensive understanding of human

anatomy.

By including these specific anatomical parallels, our fictitious
structure provides a wide-ranging assessment tool that challenges and
evaluates a student's ability to integrate various aspects of anatomical
understanding, from basic geometry to complex structural details.

A comparative analysis (Figure 3 and Table 1) illustrates similari-
ties between the fictitious structure and real ones, such as the femur
and clavicle, emphasizing the equal opportunity for participants and
the study's focus on evaluating the efficacy of different learning
methods.

Primary outcome

The primary outcome of this study is the difference between the
pre-touch and post-touch scores. These scores are attributed to
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TABLE 1 Comparative analysis of fictitious anatomical structure: Scoring, anatomical correlations, and pedagogical implications.

Component Characteristic Score Real anatomical similarity =~ Pedagogical importance Visual illustration

General geometric Forme L (L Shape) 10 Femur (overall shape) Tests understanding of basic

shapes

bone structure and alignment

General geometric Cylindre 10 Humerus shaft Assesses recognition of long
shapes (Cylinder) bone characteristics
(diaphyse)
Dimensional ratios Téte ovale (Oval 10 Femoral head Evaluates perception of joint
and proportions Head) surfaces and articulations
Dimensional ratios Téte aplatie 5 Scapula Focuses on flat bone
and proportions (Flattened characteristics and spatial f
head) orientation
Dimensional ratios Rapport téte/cou 2.5 Femur head-to-neck ratio Tests understanding of
and proportions (Head/Neck proportionality in bone
Ratio) structures
a=b
Dimensional ratios Cou rétréci 10 Cervical vertebrae Assesses ability to recognize and
and proportions (Narrowed (narrowing) interpret structural narrowing
neck)
a>b
a>b
Detailed transitional ~ Angle de 90 (90 10 Knee joint angles Important for understanding i
shaping Degree angle) joint mechanics and
movement
Detailed transitional ~ Angle arrondi 2.5 Acetabulum curvature Focuses on curvatures and their

shaping

(Rounded
angle)

role in joint function
\
]

(Continues)
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TABLE 1 (Continued)

Component Characteristic Score Real anatomical similarity
Detailed transitional ~ Angle se rétréci 2.5 Elbow joint narrowing
shaping (Narrowed
angle)
Detailed transitional ~ Excavation 10 Pelvic bone indentations

shaping (Excavation)

Detailed transitional Excavation plus 2.5 Spinal cord canal depth
shaping profonde a variation
I'extrémité
droite
(Deeper

excavation...)

Excavation 2.5
plat (Flat
excavation)

Detailed transitional
shaping

Sternum surface flatness

Pedagogical importance Visual illustration

Evaluates perception of joint
space and motion constraints

a>b and c>b

Assesses understanding of
bone depressions and their
significance

Tests perception of internal bone
structures and variations

Focuses on recognizing flat areas
and their implications in bone
structure

Note: This table categorizes the key categories of the fictitious anatomical structure used in our study, aligning them with their respective scores, real
anatomical similarities, and pedagogical significance. The three main categories are general geometric shapes, dimensional ratios and proportions,
and detailed transitional shaping. Each characteristic under these categories is scored based on its complexity and relevance to the structure. The
“real anatomical similarity” column provides a direct comparison to actual anatomical structures, enhancing the contextual understanding of each
characteristic. The “pedagogical importance” column explains why each characteristic is essential for assessing anatomical cognition, highlighting

the specific anatomical concepts and skills that the study aims to test and develop in participants, especially those with visual impairments. This
structured approach ensures a comprehensive and detailed evaluation of the participants' ability to perceive, interpret, and reconstruct complex

anatomical forms.

participants' anatomical reconstructions before and after their
tactile interaction with the model of the anatomical structure,
respectively. This difference serves as a quantifiable measure of
how tactile engagement influences the participants' ability to ac-
curately recreate an anatomical structure, essentially assessing the
impact of touch in learning anatomy. A higher difference between
the post-touch and pre-touch scores signifies a greater improve-
ment in anatomical reconstruction ability following tactile interac-
tion, indicating successful integration of tactile information into
their understanding of anatomical structures, particularly among

the visually impaired.

Secondary outcome

In our research, the secondary outcome focuses on identifying the
specific geometric difficulties encountered by each group, a crucial
aspect of understanding how different populations process ana-
tomical information. To achieve this, we meticulously analyze the

subscores attributed to each specific anatomical feature, both be-
fore (pre-touch) and after (post-touch) tactile intervention. These
subscores are divided into three key categories (general geometric
shapes, dimensional ratios and proportions, and detailed transitional
shaping) each representing a fundamental aspect of anatomical
cognition.

By examining the subscores across these three categories, we
aim to uncover patterns in how different groups, including those
with unique cognitive processing styles, interpret and reconstruct
anatomical structures. We hypothesize that a comparative analysis
of these patterns, both within and between groups, will reveal spe-

cific learning challenges characteristic of each group.
Evaluation process
Our systematic evaluation process assesses participants' proficiency

in reconstructing a fictitious anatomical structure, ensuring compre-

hensive, objective examinations.
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Trained assessors use a guide with a listing of anatomical fea-
tures and corresponding sub-scores, supported by multiple images
of the reference object from different angles.

A scoring system gauges the presence of each feature in the re-
construction, ranging from 10 for primary features to 2.5 for less
crucial ones, as shown in Table 1.

Sub-scores are assigned to each distinct part of the reconstruc-
tion based on its significance to the overall shape and its relevance
to tactile skills development in anatomy.

Pre-touch and post-touch scores are determined by two sepa-
rate teachers, assessing the participants' ability to reconstruct the
structure before and after a tactile experience.

This thorough approach ensures an exhaustive and precise eval-
uation, accounting for all crucial aspects of the anatomical structure

and the participants' ability to recreate it.

Data analysis

Our analysis employed appropriate statistical methods to evalu-
ate the data. The main focus was on comparing pre-touch and
post-touch scores to gauge the impact of tactile interaction on the
quality and accuracy of anatomical reconstructions. Participant de-
mographics and study characteristics were presented using descrip-
tive statistics.

We used an independent t-test to compare mean pre-touch and
post-touch scores, determining the extent of improvement after tac-
tile engagement. A paired t-test evaluated the statistical significance
of the difference in scores before and after touch for each participant.

TABLE 2 Participant demographics and characteristics by group.

Characteristic

Number of participants—no.
Female sex—no. (%)
Age—yr
Academical experience—no. (%)
Bachelor's degree
Master's degree
Doctoral or postgraduate students
Professional experience—no. (%)
No experience
Unqualified
Skilled workers
Technicians and intermediate professions
Executives and higher intellectual professions

Average time of the construction

9
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We controlled potential confounding factors like age, gender,
and prior anatomy or clay modeling experience through a multivari-
ate analysis, ensuring the observed score differences were primarily
attributable to tactile engagement.

A sensitivity analysis checked the robustness of our findings,
providing additional result validation and identifying potential
biases.

All analyses were conducted using statistical software with an
alpha level of 0.05 for statistical significance. The results, including

tables and graphs, were presented clearly and concisely.

Mitigating potential biases

To ensure the scientific rigor, objectivity, and integrity of our study
while mitigating potential biases, we employed several strategies.
First, participant biases were addressed through random selec-
tion, diverse skill levels, and the analysis of confounding variables. A
double-blind assessment method with trained evaluators and stand-
ardized instructions minimized bias. Second, design biases were
mitigated by including a control group outside the medical field and
using standardized measurement methods. Consistent conditions
and a diverse sample reduced confounding variables. Third, rigorous
statistical analysis techniques were employed, including a detailed
analysis plan, handling of missing data and outliers, and sensitivity
analyses. An experienced statistician conducted all analyses using
appropriate software. Finally, strategies were implemented to mini-
mize valuation and interpretation biases, such as validated assess-
ment tools, blinded teachers, participant anonymity, accurate audio

Visually impaired Blind Control
21 7 8

6 (26.08%) 4 (57.14%) 6 (75.0%)
29.78 26 30.12

15 (65.21%) 4 (57.14%) 0(0.0%)
5(21.73%) 3(42.85%) 5(62.5%)
0(0.0%) 0(0.0%) 3(37.5%)
10 (43.47%) 1(14.28%) 2 (25.0%)
1(4.34%) 2(28.57%) 0(0.0%)
3(13.04%) 3(42.85%) 2 (25.0%)
3(13.04%) 0(0.0%) 2(25.0%)
6(26.08%) 1(14.28%) 2 (25.0%)
7.09 8.11 6.83

Note: The table provides an overview of participant demographics and characteristics across three groups: visually impaired, blind, and a control
group. Key data include the number and gender ratio of participants, their average age, and educational and professional backgrounds. Notably,
Bachelor's degree holders form the majority in visually impaired (65.22%) and blind (57.14%) groups. Furthermore, the table includes the average time
taken by each group for the construction task, with the control group being the fastest (6.83 min), followed by the visually impaired (7.10 min), and

blind participants (8.11 min).
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FIGURE 4 “Boxplot and bar chart analysis of pre-touch and post-touch scores across participant groups”. (A) This boxplot visually depicts
the distribution and dispersion of scores before and after tactile intervention. The general trend of higher median scores post-intervention
suggests an overall enhancement in participants' performance. (B) The bar chart compares average pre-tactile (depicted in red) and
post-tactile (shown in blue) scores for each group. A visible shift upwards in the blue bars signals an improvement in understanding post-

intervention.

TABLE 3 Primary outcome: Pre-touch and post-touch score statistics across participant groups.

Group Blind
Sample size 7
Average pre-touch score 67,28

Pre-touch median (SD) 75,81 (21,37)

Average post-touch score 83,41
Post-touch median (SD) 87,10 (10,60)
T-statistic -3.069
p-value 0.0022
Effect size (Cohen's d) 1,51

Visually impaired Control Total

21 8 36

41,32 22,18 47,81

40,32 (20,39) 25,81 (19,62) 44,35 (44,35)
85,65 59,27 85,09

88,71 (10,34) 66,13 (26,09) 87,10 (10,07)
-9.703 -3.2334 -8,63
5,24e-09 0.01438 -8,63

2.74 1.606 1,63

Note: This table displays the statistical analysis of pre and post-tactile engagement scores across blind, visually impaired, and control groups. It
highlights the average and median scores for both stages, along with the standard deviation (SD). The table also includes t-statistics and p-values
from paired t-tests assessing the score changes within groups, and Cohen's d values as a measure of effect size. Key findings show that all groups
significantly improved post-tactile engagement, with visually impaired participants exhibiting the highest effect size (Cohen's d=2.74).

descriptions, and a commitment to transparency. By implementing
these strategies, we aimed to ensure the validity, reliability, and in-

tegrity of our study's results.

Ethical considerations

This study was conducted in alignment with the established peda-
gogical teaching strategies of the Institut de formation en masso-
kinésithérapie Valentin Hally. An attestation from the Director,
Cécile FUMERON, confirms that the research did not require spe-
cific ethical approval based on the institution's guidelines, as clay
modeling was a pre-established teaching method at the school.
All participants gave informed consent, with measures taken to
ensure their anonymity and uphold ethical standards throughout
the study. Ethical approval exemption was granted since subject
IDs were not collected beyond experimental and demographic
factors.

RESULTS

The study involved 36 participants, mostly aged in their 20s (50%)
and 30s (25%), with a gender ratio of 1.25 (M/F). The participants
were categorized into three groups based on visual abilities: The
visually impaired group, with an average age of 29.48years, showed
substantial age variation due to the larger standard deviation of
11.50years. The blind group had a lower mean age of 25.57 years
and a minor standard deviation of 5.80years, implying a less varied
age distribution, although the small group size might limit its repre-
sentativeness. The control group's average age was 29.62 years, with
a standard deviation of 12.24 years (Table 2).

Primary outcome

Our primary outcome showed broad variability in students' abili-
ties, with a mean pre-touch score of 47.81, median of 44.35,
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standard deviation of 22.83, and a wide range of 91.94. However,
post-intervention scores reflected significant improvement and re-
duced variability, yielding a mean of 85.09, median of 87.10, stand-
ard deviation of 10.07, and a narrower range of 33.87 (Figure 4).
Statistical analysis using the t-test (-8.63, p<0.001) and Wilcoxon
signed-rank test (p<0.001) confirmed the meaningful positive ef-
fect of tactile intervention on students' capabilities in anatomi-
cal structure reconstruction (Supplemental Digital Appendix 1,
Supplemental Digital Appendix 2).

For the visually impaired group (n=21), the pre-touch mean and
median scores were 41.32 and 40.32, respectively, with a standard
deviation of 20.39 showing a high degree of variability. The range of
pre-touch scores was broad at 77.42. After the tactile intervention,
both mean and median scores increased substantially to 85.65 and
88.71, respectively. The decreased post-touch standard deviation of
10.34 and range of 33.87 suggest a significant reduction in variabil-
ity and a general improvement in scores following the intervention.

For the blind group (n=7), the pre-touch mean score was 67.28
(std=21.37), increasing to 83.41 (std=10.60) post-touch. For visu-
ally impaired students (n=21), the pre-touch mean score was 41.32
(std=20.39), rising to 85.65 (std=10.34) post-touch. In both cases,
a decrease in standard deviation post-touch suggests less variability
in student scores.

The control group (n=8) experienced a less marked improve-
ment, from a pre-touch mean score of 22.18 (std=19.62) to a post-
touch mean score of 59.27 (std=26.09). Despite improvement, the
increased post-touch score standard deviation suggests high vari-
ability in scores.

In the visually impaired group, the paired t-test and Wilcoxon's
signed rank test resulted in p-values<0.001, suggesting a notable im-
provement in performance due to the tactile intervention (Table 3).

In the blind group, paired t-test and Wilcoxon's signed rank test
also indicated statistical significance with p-values of 0.022 and
0.015, respectively, affirming that the intervention positively influ-
enced their performance (Table 2).

Effect sizes for the visually impaired group, as measured by
Cohen's d and Eta-squared, were 2.74 and 4.78, respectively, indi-
cating a substantial intervention effect. The confidence interval for
the mean difference in scores was 34.55 to 54.11, highlighting the
significant improvement due to the intervention (Table 2).

Secondary outcome

The post-touch subscores were generally higher than the pre-touch
subscores for all assessed anatomical features. “angle” had the high-
est pre-touch mean, while “flat excavation” had the highest post-
touch mean. Participants struggled most with the “head/neck ratio”
and “narrowing angle” in the pre-touch phase, indicated by the low-
est mean subscores (Figure 5A).

The visually impaired group had relatively low average pre-touch

scores for the tasks “head/neck ratio” (3.57), “narrowing angle”
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(3.57), “deeper excavation at right end” (3.57), “excavation” (3.57),
and “flat excavation” (7.14), indicating that these tasks were diffi-
cult to understand through verbal description alone. In contrast,
the visually impaired group had better mean pre-touch scores for
the tasks “angle” (67.86), “L-shape” (53.57), “flattened head” (50),
“cylinder” (39.29), “shrunken neck” (32.14), “oval head” (14.29), and
“rounded angle” (10.71), suggesting that these tasks were more eas-
ily understood with verbalization (Figure 5A).

Similarly, the blind group struggled to understand tasks like
“head/neck ratio” (28.57), “narrowing angle” (28.57), “flat excava-
tion” (28.57), and “deeper right excavation” (14.29) through verbal
description alone. However, the visually impaired group performed
even worse on these tasks, with scores of 3.57, 3.57, and 7.14, re-

»n o«

spectively, for “head-to-neck ratio,” “narrowing angle,” and “flat ex-
cavation” (Figure 5A).

Conversely, the blind group demonstrated better understanding
for tasks like “L-shape” (85.71), “cylinder” (85.71), “angle” (71.43),
“oval head” (57.14), “flat head” (57.14), “shrunken neck” (57.14),
“rounded angle” (42.86), and “excavation” (42.86) through verbaliza-
tion alone. The higher pre-touch scores for these tasks suggest that
the blind group was able to understand them more effectively using
only verbal descriptions, while the visually impaired group showed
lower scores in some of these tasks, such as “oval head” (14.29) and
“rounded angle” (10.71) (Figure 5A).

Analyzing the pre-touch scores across different groups provides
insightful comparisons regarding their initial mastery of various ped-
agogical categories. In the “detailed transitional shaping” category,
the blind group exhibited the highest initial understanding with an
average pre-touch score of 33.33, indicating a relatively stronger
baseline ability in perceiving and understanding intricate details,
likely due to their enhanced tactile and spatial awareness. The vi-
sually impaired group followed with a score of 27.38, suggesting a
somewhat lower yet notable grasp of detailed shaping. The control
group scored the lowest in this category, with an average of 16.67,
indicating initial difficulties in comprehending these complex shapes
(Figure 5B).

For the “dimensional ratios and proportions” category, the blind
group again led with the highest pre-touch score of 60.71. This score
demonstrates their strong capacity to understand spatial relation-
ships and proportions, potentially due to heightened non-visual
senses. The visually impaired group, scoring 47.32, also showed
considerable understanding, possibly leveraging their residual vision
alongside other sensory inputs. The control group had a lower aver-
age score of 31.25, reflecting a more moderate initial understanding
of these concepts (Figure 5B).

In the “general geometric shapes” category, the blind group had
the highest pre-touch score with 71.43, showcasing their proficiency
in identifying basic shapes through non-visual senses. The visually
impaired group's score of 55.36 indicates a good understanding,
although slightly lesser compared to the blind group. The control
group's lowest score of 33.93 suggests more initial challenges in this

category (Figure 5B).

25UB0 17 SUOLLILIOD) BATTER.D) 3|t dde 3L Aq pouBA0B a1 AP YO (88N J0 S| o AZIGITBUIIUO ABIA UO (SUO1IPUOD-PUE-SULBYLIOD" A3 |1 AReic]1[BUIU0//SdNY) SUONIPUOD) PUE SWL | 3U1 895 [1Z20Z/70/v0] U ARiqI78UIIUO ABIA ‘TN UeulH 000010 A AQ 0bZ 358/Z00T OT/I0p/W0o" A8 W AZeql1puiuo'SgndALLIoTeUe, /Sdy woJy pepeojumod ‘0 ‘08/65E6T



YACHOU kT AL.

=Ly

Our findings reveal significant improvements in tactile interven-
tions across all groups and categories, corroborated by substantial
effect sizes (Cohen's d) and statistical test results.

In the category of “general geometric shapes,” we observed pos-
itive effects with effect sizes of d=1.15 for the visually impaired
group, d=1.00 for the blind group, and d=1.32 for the control group.
The paired t-test yielded a t-statistic of -2.000 (non-significant p-
val), while the Wilcoxon test resulted in a W-statistic of 0.0 (non-
significant p-val).

For “dimensional ratios and proportions,” the improvements
were even more pronounced, with effect sizes of d=1.65 for the
visually impaired group, d=1.44 for the blind group, and d=1.62
for the control group. The paired t-tests resulted in t-statistics
of -8.521 (p-val=0.003), -4.899 (p-val=0.016), and-9.728 (p-
val=0.002), respectively. The Wilcoxon test yielded W-statistics of
0.0 for all groups (non-significant p-val=0.125), indicating statistical
significance.

In the “detailed transitional shaping” category, we observed
varying effect sizes. The visually impaired group showed a notable
effect size of d=2.06, while the blind group had a slightly lower ef-
fect size of d=1.58, and the control group had a significant effect
size of d=2.22. The paired t-tests resulted in t-statistics of -2.834
(p-val=0.037), -2.484 (p-val=0.056), and-5.222 (p-val=0.003),
respectively. The Wilcoxon test yielded a W-statistic of 1.0 for the
visually impaired group (p-val=0.063) and 0.0 for the blind group
(non-significant p-val=0.500), while the control group's Wilcoxon
test resulted in a significant p-val=0.031.

Given the substantial effect sizes observed in the “detailed transi-
tional shaping” category across all groups, a complementary analysis
was conducted to delve deeper into the specific anatomical charac-
teristics within this category to determine which showed the most
significant improvements. While “Excavation plus profonde a I'ex-
trémité droite (deeper excavation...)” showed substantial improve-
ment, particularly for the Blind Group with an impressive effect size
of 6.71, other characteristics had less pronounced improvements.
Notably, “Angle de 90 (90 degree angle)” had a negligible effect size
for the blind group and only a modest improvement for the control
group. For detailed data on the range of improvements across all
characteristics within this category, Figure 5C provides an extensive

breakdown.

DISCUSSION

Our study seeks to explore the feasibility and accuracy of utilizing
clay modeling as an assessment tool to visualize mental repre-
sentations across three groups, by assessing the insufficiency of
verbal descriptions alone and the effect of tactile intervention in
providing accurate mental imagery. The study found significant
variability in pre-touch scores, indicating differences in abilities
before the intervention. However, the tactile intervention led to
significant improvements in post-touch scores, reducing variabil-
ity and resulting in more consistent performance. Factors such as
gender, age, and job skill did not significantly influence student
performance. Comparing blind and visually impaired groups, the
blind group had higher pre-touch scores, with both groups show-
ing significant improvement after the intervention. Statistical
analyses, including the paired t-test and the Wilcoxon signed rank
test, confirmed the statistically significant differences in perfor-
mance before and after the intervention for all groups. The visu-
ally impaired group showed a larger effect, the blind group also
experienced improvement with a smaller Cohen's d.

The observed differences between the groups could be at-
tributed to various factors. Visually impaired participants may ben-
efit more from tactile contact as they rely on their residual vision
to perceive their surroundings. Blind individuals, on the other hand,
may have developed enhanced skills in processing non-visual in-
formation and creating accurate mental representations based on
verbal descriptions alone. The analysis of pre-touch subscores re-
vealed that the visually impaired group struggled with subtle details
conveyed through verbal description, while the blind group faced
challenges related to proportion and size. This could be due to their
experiences and reliance on different sensory modalities.

Hétting and Réder?® have shown that blind individuals often
excel in perceptual auditory tasks and auditory language and mem-
ory tasks, a manifestation of neural plasticity at different levels
of the auditory processing stream due to compensatory behavior.
Furthermore, Arnaud et al.?* found that congenitally blind adults
exhibit enhanced auditory processing capabilities, such as perceiv-
ing accelerated speech and superior pitch discrimination in speech

|.25

and music. Gori et al.“> noted that blind individuals demonstrate ex-

ceptional abilities in auditory spatial tasks, which can be attributed

FIGURE 5 Comparative analysis of pre-touch and post-touch scores for different anatomical parameters across all groups. (A) This panel
shows a bar graph with the pre-touch and post-touch scores for each characteristic within different groups. Each characteristic is listed

on the x-axis, and the scores are plotted on the y-axis. The graph uses color coding to differentiate between the groups and whether the
score is pre- or post-touch. This allows for a direct visual comparison of performance improvements within each characteristic and across
the groups. (B) This stacked bar graph represents the average scores by component and group before and after touch. The x-axis lists the
pedagogical components, while the y-axis indicates the average scores. The colors represent different groups and whether the score is

pre- or post-intervention. The paired t-test statistics are displayed above each group of bars, with significant p-values highlighted, indicating
the statistical significance of the improvements after the tactile intervention. (C) This panel contains a heatmap that shows the effect sizes
(Cohen's d) of the tactile intervention for each pedagogical component across the different groups. The effect size values are color-coded,
with darker shades representing higher magnitudes of effect. The x-axis lists the groups, and the y-axis lists the pedagogical components.
The right side of the heatmap provides a key for interpreting the effect size magnitudes, with values ranging from 1.00 to 2.22. Given the
substantial effect sizes observed in the “detailed transitional shaping” category across all groups, a complementary analysis was conducted
to delve deeper into the specific anatomical characteristics within this category to determine which showed the most significant effect size.
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to cerebral reorganization and a heightened reliance on auditory
cues. Additionally, Klinge et al.? identified stronger corticocortical
connections from the primary auditory cortex to the primary visual
cortex in blind individuals, suggesting that plastic changes in con-
nectivity enable auditory information to evoke responses in the pri-
mary visual cortex.

We can suggest that students with low vision often continue
to rely on their residual visual capabilities, a reliance that, in our
observations, appears to diminish their engagement with and
attention to full verbal inputs. This reliance on their remaining
visual sense diverts a significant portion of their cognitive re-
sources toward maximizing the utility of their limited vision. As
a consequence, these students may not fully process or prioritize
detailed verbal descriptions, as their mental efforts are predomi-
nantly channeled toward interpreting whatever visual information
they can perceive. In contrast, students with blindness, devoid of
visual input, tend to focus more intensively on verbal information.
This heightened focus on auditory inputs not only compensates
for the lack of visual cues but also stimulates their neuroplasticity,
leading to a highly adaptive brain. This adaptiveness, fostered by a
reliance on non-visual senses, enables blind students to develop a
more nuanced and sensitive response to verbal descriptions. Their
cognitive processing is less about “seeing what is left” and more
about “hearing and understanding fully,” making them potentially
more receptive to verbal nuances and complexities. This diver-
gence in cognitive engagement underscores the varying impacts
of sensory experiences on the mental representation and infor-
mation processing strategies of individuals with different visual
abilities.

The differential cognitive processing observed in students with
blindness compared to those with low vision is substantiated by sev-
eral studies. D'Angiulli and Waraich?’ found that early-blind people
demonstrate superior tactile skills and higher memory recognition
due to cortical reorganization, suggesting enhanced perceptual en-
coding and recognition of memory as cognitive correlates of cross-
modal plasticity in congenital blindness. This enhanced perceptual
ability indicates a profound adaptation in the brain's processing ca-

.28 also noted that blind individuals often

pabilities. Cattaneo et a
employ different cognitive mechanisms than sighted subjects, which
implies that compensatory mechanisms can significantly offset the
limitations of sight loss. This finding highlights the impact of percep-
tual input on the organization of mental processes. Vecchi et al.??
discussed how blind individuals face challenges in simultaneously
maintaining different spatial information, shedding light on the
unique spatial processing challenges posed by congenital blindness.
Furthermore, Adhitama and Afifah®0 emphasized that while low vi-
sion students still primarily rely on their sense of vision, totally blind
students predominantly depend on their sense of touch, indicating
a distinct approach to understanding environmental conditions.
Finally, the work of Réder et al.>* on language processing in blind-
ness revealed that blind people process auditory language stimuli
faster than sighted people, demonstrating distinct neural mecha-
nisms in language processing.

The pre-touch subscores analysis reveals that the visually im-
paired group struggled with small details, which were not effectively
conveyed through verbal descriptions. Tasks such as narrowing angle
(3.57), deeper excavation at right end (3.57), and flat excavation
(7.14) specifically reflect their difficulty in comprehending intricate
details through verbal means alone. Conversely, the blind group en-
countered challenges related to proportion and size, as evidenced by
their scores in tasks like head-to-neck ratio (28.57) and angle shrinks
(28.57). It appears that blind students, due to their experience with
braille writing, tend to focus on fine details and take a more “micro-
scopic” approach to tactile tasks.

The comprehensive analysis of pre- and post-touch scores in var-
ious pedagogical categories unveils a remarkable narrative about the
efficacy of tactile interventions and their differential impact across
diverse groups. The study's unexpected results, crucial for discuss-
ing cognitive processing differences among the groups, are primarily
observed in the “dimensional ratios and proportions” and “detailed
transitional shaping” categories. In “dimensional ratios and propor-
tions,” despite the blind group having the highest initial understand-
ing (pre-touch score of 60.71), the visually impaired group exhibited
the most substantial improvement post-intervention (effect size
d=1.65), which was higher than the blind group (d=1.44). This sug-
gests that while the blind group had a better baseline, the visually
impaired group's potential for improvement in understanding spatial
relationships was greater.

In the “detailed transitional shaping” category, the control
group showed the most significant improvement (effect size
d=2.22, t-statistic -5.222, p-value=0.003), despite starting with
the lowest pre-touch score (16.67). This indicates that the control
group, while initially struggling with complex shapes, made the
most substantial cognitive leaps post-intervention, possibly due to
their lesser reliance on non-visual senses compared to the other
groups.

These findings suggest specific anatomical category sensitivities
for each group. The visually impaired group demonstrated a particu-
lar responsiveness to “dimensional ratios and proportions.” The blind
group, with their heightened tactile and spatial awareness, initially
excelled in all categories but showed less pronounced improvement,
suggesting a ceiling effect in their learning curve. The control group's
significant improvement in “detailed transitional shaping” suggests a
potential initially untapped cognitive processing capability, unlocked
through tactile interventions.

The results emphasize significant differences in how blind and vi-
sually impaired students perceive and understand object details and
proportions through verbal descriptions. Blind students' reliance on
braille writing may contribute to their inclination to focus on fine de-
tails, while the visually impaired group faced difficulties in accurately
perceiving subtle details solely through verbal descriptions. The tac-
tile intervention significantly improved the subscores of the visually
impaired group, indicating that tactile experience was instrumental
in enhancing their understanding in this population.

This finding aligns with the study by Atchley et al. (1997), which
demonstrated that attentional selection in spatial contexts, such as
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in-depth perception, can be “depth-aware,” a concept potentially
applicable to the spatial detail perception in blind individuals.®?
Moreover, the experiment by Williams et al. (1969), involving iden-
tical twins where one was blind from birth, revealed that the blind
twin excelled in tasks requiring fine manipulative movements of the
hands or fingers.33 This indicates an enhanced perceptual-motor skill
set in the absence of vision, further supporting the idea that blind
students' focus on fine details.

The role of tactile perception in discerning textures and fine
details is significant, both for sighted and blind individuals.3 re-
search elucidates that touch can be particularly advantageous
for detecting the smoothness of surfaces and very fine textures,
indicating that visual imagery is not a prerequisite for texture
perception. This finding is crucial, as it underscores the innate
ability of touch to convey detailed information about textures,
which can be particularly beneficial for those who rely on tactile
senses due to visual impairment. Further supporting this notion,
Goldreich and Kanics®® conducted a study on tactile acuity in
blindness and discovered that blind individuals exhibit signifi-
cantly enhanced tactile acuity. Intriguingly, this heightened
sensitivity was found to be independent of factors such as the
degree of childhood vision, light perception level, or proficiency
in Braille reading. This enhancement in tactile acuity points to-
ward crossmodal plasticity as a potential underlying mechanism.
Together, these studies affirm the vital role of tactile experi-
ences in providing detailed sensory information, particularly in
the context of those with visual impairments, where such infor-
mation is crucial for understanding and interacting with their
environment.

In our study, an intriguing tendency emerged regarding the
physical reconstructions created by the blind group compared
to those by the visually impaired and control groups. Despite all
groups being provided with an equal amount of clay for modeling,
we observed that the reconstructions by the blind participants con-
sistently tended to be smaller in size. This difference in the repre-
sentation of size may be attributed to their unique spatial and tactile
processing abilities. Without visual cues to guide their perception of
scale, blind individuals might rely more on tactile feedback, which
could lead to a more conservative estimation of size in their models.
This tendency, while subtle, offers valuable insights into how the
absence of visual information influences spatial understanding and
physical representation in blind individuals. It underscores the vari-
ations in sensory processing and cognitive interpretation of spatial
information across different sensory abilities.

The insights garnered from our study, revealing the cogni-
tive processing changes in students, strongly advocate for the
reliability of clay modeling as a technique to unveil mental rep-
resentations. The inadequacy of verbal descriptions alone in
forming what Piaget terms as “schema’—the mental framework
for understanding or representing some aspect of the world—is
highlighted in our findings. Verbal descriptions often fall short
in providing the comprehensive details necessary for creating
accurate mental representations. Clay modeling, on the other
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hand, serves as a tangible and interactive medium that allows
students to manifest their mental representations physically.
This hands-on approach not only illuminates the intricacies and
nuances of their cognitive processing but also exposes the er-
rors in mental representation that verbal discussions alone fail
to reveal. Consequently, the use of clay models in our study
has proven to be an effective method for visualizing and un-
derstanding the cognitive processes underlying mental repre-
sentation, thereby validating our approach and showcasing the
significant role of tactile experiences in cognitive development
and understanding.

Clay modeling proved to be an excellent assessment tool for
gauging students' geometric understanding. Educators can visual-
ize students' comprehension and identify areas of difficulty or con-
ceptual errors by examining their recreated anatomical structures.
Furthermore, it provides students with immediate feedback, pro-
moting continuous improvement and skill acquisition.

LIMITATIONS

Our findings offer valuable insights into the effectiveness of tactile
interventions across different groups. However, there are several
limitations that should be acknowledged:

Sample size and diversity: With a total of 36 participants divided
into three groups, the study's sample size is modest, which poses
challenges to the generalizability of the results. The rarity of the
population in focus—individuals with visual impairments and blind-
ness—compared to the general population makes recruiting a large
and diverse sample challenging.

Group variability: The uneven distribution of participants
among the groups—more visually impaired individuals than blind
individuals—mirrors the actual prevalence in the population but
introduces variability that can affect the comparative analysis.
The fact that visually impaired students are three times more rep-
resented than blind students is reflective of their relative propor-
tions in the general population, but it may still limit the strength
of conclusions drawn about comparative improvements across
groups.

Statistical analysis challenges: Small sample sizes can constrain
the power and sensitivity of statistical analyses, including the t-
tests and multivariate approaches employed in the study. These
constraints may lead to a higher risk of Type Il errors (failing to
detect an effect that is present) or overestimating the effect sizes,
thus affecting the reliability and interpretation of the study's
findings.

Long-term efficacy and retention: The study's scope is limited
to immediate post-intervention outcomes, lacking longitudinal
data to assess long-term knowledge retention and the enduring
impact of the tactile educational interventions. Without this in-
formation, the sustainability of the cognitive benefits observed
cannot be confirmed, and the long-term educational implications

remain uncertain.
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CONCLUSION

In conclusion, our investigation supports the use of modeling clay
as a valuable instructional resource, reinforcing its role in facilitat-
ing mental representation—a cornerstone for grasping anatomical
concepts. Although beneficial in reducing cognitive load and aiding
experiential learning, particularly for visually impaired students, it is
imperative to consider individual learning needs. Our findings, while
promising, suggest a humble reflection on the complexities of learn-
ing and the necessity for adaptable teaching methodologies. We
recommend further studies to explore the long-term effects of such
tactile learning tools, ensuring a comprehensive understanding of

their impact on anatomical education.
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