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ABSTRACT

Calculus, a cornerstone of mathematics that explores continuous change
through differentiation and integration, is pivotal for higher education in
engineering and STEM careers. Yet, its instruction presents challenges, with
many students grappling with its complexity, accentuating the need for
innovative teaching strategies. Grounded in the nexus between calculus and
higher cognitive functions, this research evaluates the outcomes of a student-
centered approach in enhancing understanding and applying calculus and seeks
to determine its impact on broader cognitive functions. Employing a pretest-
retest design with control and intervention groups, we merge cognitive
evaluations, including subtests from the Wechsler Adult Intelligence Scale, with
calculus performance assessments. Our results revealed the intervention group
exhibited enhanced calculus performance and improvement in the perceptual
reasoning index, especially in block design subtest, reflecting enhanced
visuospatial skills. This study offers valuable perspectives for improving calculus
instruction and potentially improving students' cognitive capabilities by
implementing a student-centered approach.
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RESUMEN

El Calculo, piedra angular de las matematicas que estudia el cambio continuo mediante la diferenciacién y la integracion, es
fundamental en la educacion superior en ingenieria y carreras STEM. Sin embargo, su ensefianza presenta desafios, ya que
muchos estudiantes lidian con su complejidad, lo que acentua la necesidad de estrategias innovadoras de instruccién. Basada
en la relacion entre el cdlculo y las funciones cognitivas superiores, esta investigacion evalla los resultados de un enfoque
centrado en el estudiante para mejorar la comprension y aplicacion del célculo, y busca determinar su impacto en funciones
cognitivas mas amplias. Utilizando un disefio de pretest-retest con grupos control e intervencion, combinamos evaluaciones
cognitivas, incluyendo subpruebas de la Escala de Inteligencia de Wechsler para Adultos, con pruebas de desempefio en
calculo. Nuestros resultados revelaron que el grupo de intervencién mostré un mejor desempefio en célculo y mejoras en el
indice de razonamiento perceptivo, especialmente en la subprueba de disefio con cubos, lo que refleja un fortalecimiento de
las habilidades visoespaciales. Este estudio ofrece perspectivas valiosas para optimizar la ensefianza del calculo v,
potencialmente, para favorecer el desarrollo de las capacidades cognitivas de los estudiantes mediante la implementacién de
un enfoque centrado en el estudiante.

RESUMO

O Calculo, pedra angular da matematica que estuda a mudanga continua por meio da diferenciagcdo e da integragao, é
fundamental no ensino superior em engenharia e carreiras STEM. No entanto, seu ensino apresenta desafios, pois muitos
estudantes enfrentam dificuldades com sua complexidade, o que acentua a necessidade de estratégias inovadoras de
instrugao. Com base na relagdo entre o calculo e as fungdes cognitivas superiores, esta pesquisa avalia os resultados de uma
abordagem centrada no estudante para aprimorar a compreensado e a aplicagdo do calculo, e busca determinar seu impacto
em fungdes cognitivas mais amplas. Utilizando um delineamento de pré-teste e pds-teste com grupos controle e intervengao,
combinamos avaliagdes cognitivas, incluindo subtestes da Escala de Inteligéncia Wechsler para Adultos, com provas de
desempenho em caélculo. Nossos resultados revelaram que o grupo de intervengdo apresentou melhor desempenho em
calculo e melhorias no indice de raciocinio perceptivo, especialmente no subteste de constru¢dao com blocos, refletindo um
fortalecimento das habilidades visuoespaciais. Este estudo oferece perspectivas valiosas para otimizar o ensino do célculo e,
potencialmente, favorecer o desenvolvimento das capacidades cognitivas dos estudantes por meio da implementacdo de
uma abordagem centrada no aluno.

Calculus is a branch of mathematics that studies continuous change, primarily through the concepts of
differentiation and integration. Differentiation addresses the rate of change (like finding the slope of a curve at a point),
while integration deals with finding the quantity of things when we know the rate of change (like calculating the area under a
curve) (DeBaggis & Miller, 1966; McQuarrie, 2003). Given its foundational principles, calculus is crucial for higher education
training in engineering (Kreyszig, 2011) and remains a linchpin for various Science, Technology, Engineering, and
Mathematics (STEM) careers, serving as the mathematical backbone for understanding and modeling a wide array of real-
world systems and phenomena (Hughes-Hallett et al., 2013). Nevertheless, the pedagogical landscape for calculus has not
always kept pace with its importance, revealing gaps in how it is taught and comprehended.

Over the past 30 years, significant global changes have reshaped the roles and approaches of higher education
institutions, necessitating adaptations in methodologies and study programs (Garcia, 2013). Especially in STEM careers, such
as Engineering, the teaching of calculus has shown a concerning trend towards algebraization and arithmetization, moving
away from its practical application (Artigue, 1998; Camarena, 2010). This decontextualized approach to calculus presents
challenges for students, hindering their comprehensive training in engineering and potentially leading to discouragement and
dropping out (Ellis et al., 2021; Bressoud et al., 2015; Karunakaran & Higgins, 2021). In general, mathematical teaching has
been axiomatized and routine, often disconnected from everyday life and real situations (Cordero, 2007; Moreno, 2005). This
scenario emphasizes the importance of contextualized learning, where calculus and other mathematical areas are taught
through real-world problems, promoting the integration and application of knowledge in the professional realm (De Corte &
Verschaffel, 2008; Fraihat et al., 2022).

127



Cuadernos de Neuropsicologia / Panamerican Journal of Neuropsychology ISSN: 0718-4123
2026, Vol.20N.° 1 126 - 145 DOI: 10.7714/CNPS/20.1.207

In the local context, data from the Programme for International Student Assessment (PISA) show that Chilean
secondary students perform below the OECD average in mathematics (412 vs. 472 points; Agencia de Calidad de la
Educacion, 2022). At the tertiary level, results from the Higher Education Access Test (PAES) reveal substantial performance
gaps linked to the type of high school attended, with differences averaging 143 points in reading proficiency and 192 points
in mathematics (Departamento de Evaluacion, Medicién y Registro Educacional, 2024). These disparities are reflected in
university-level mathematics courses, where failure rates in algebra and calculus often approach 60%, particularly during the
first years of STEM programs, negatively impacting academic progression and retention (Hagman et al., 2017).

A persistent challenge in calculus education is the predominance of highly formal and decontextualized instructional
approaches, often emphasizing symbolic manipulation over conceptual understanding and practical application (Artigue,
1998; Garcia, 2013). This emphasis may limit students’ ability to connect mathematical concepts with real-world problem
solving and can contribute to disengagement and high failure rates in early STEM courses.

A growing body of research indicates that active and student-centered learning approaches improve conceptual
understanding, engagement, and long-term retention compared to traditional lecture-based instruction (Bonwell & Eison,
1991; Dresel et al., 2024; Duran et al., 2022; Freeman et al., 2014; Keiler, 2018; Lugosi & Uribe, 2020; McCarthy & Anderson,
2000; Prince, 2004; Sutherland & Bonwell, 1996). In mathematics education, strategies such as contextualized problem-
solving, problem-based learning, flipped classroom models, and technology-enhanced instruction have been shown to
promote deeper conceptual processing and stronger connections between abstract concepts and real-world applications
(Camacho-Machin & Guerrero-Ortiz, 2015; Cevikbas & Kaiser, 2020; Dockendorff & Zaccarelli, 2024; Johnson, 2002; Lam,
2007; Mazzeo et al., 2003; Sokolowski et al., 2011; Shé et al., 2023; Spooner, 2023).

Other widely used approaches—including Team-Based Learning, scaffolded instruction, and Just-in-Time Teaching
(JiTT)—have demonstrated positive effects on student participation, feedback cycles, and collaborative problem solving
(Burgess et al., 2020; Hmelo-Silver, 2004; Holton & Clarke, 2006; Novak et al., 1999; Patterson et al., 2003; Savery, 2006;
Naughton et al., 2020). Within this framework, the present study incorporates contextualized exercises, JiTT, and formative
assessment strategies to support student preparation and adaptive instruction (Black & Wiliam, 2009; Bozzi et al., 2021;
Cheung & Slavin, 2013; Kozma, 2003; Pintor et al., 2014). These instructional approaches may be particularly relevant in
calculus because the subject places substantial demands on executive functions such as working memory, cognitive
flexibility, and visuospatial reasoning.

Beyond instructional strategies, mathematical performance is also strongly shaped by individual cognitive functions.
Research has identified key processes—such as visuospatial abilities, working memory, sustained attention, inhibition, and
processing speed—as central to mathematical competence (Dehaene et al.,, 1999; Geary & Hoard, 2005; Keogh, 1994,
McLean & Hitch, 1999; Rourke, 1993; Share et al., 1988). In STEM contexts, working memory in particular has emerged as a
robust predictor of success in mathematics-intensive courses (Berkowitz et al., 2022), highlighting the need to consider both
instructional design and cognitive factors when addressing performance gaps.

Central to understanding these cognitive functions is the concept of executive functions. Adele Diamond, a leading
researcher in neuropsychology, delineates executive functions as a set of essential cognitive skills paramount for conscious
thought, emotional regulation, and decision-making (Diamond, 2013). As Diamond (2013) articulated, executive functions
can be categorized into three core components: i) Working memory: This entails the temporary retention and manipulation
of information (Santa-Cruz & Rosas, 2017). Calculus often requires holding several pieces of information in mind
simultaneously, like when solving a multi-step integral or applying the chain rule in differentiation. An effective working
memory is crucial for managing these pieces and connecting them cohesively. ji) Inhibition: Pertains to the capability to
suppress impulses and resist distractions to focus on the task at hand. While solving calculus problems, students often
encounter multiple potential solution paths or need to choose between various formulas and techniques. The ability to
inhibit irrelevant or less effective strategies and focus on the most appropriate one is crucial. The third component is iii)
Cognitive flexibility: This is the skill to switch from one task to another or adjust to new demands or rules (Davidson et al.,
2006). The study of calculus is replete with abstract concepts and various techniques. Being able to switch between different
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modes of thinking, like moving from a graphical understanding of a problem to an algebraic one, demonstrates cognitive
flexibility.

These three central components contribute to higher executive functions (Evans et al., 1993; Domic-Siede et al.,
2024): iv) Fluid intelligence (reasoning and problem-solving): A crucial component, this refers to the capacity for logical
thought, problem-solving, and identification of patterns, especially in novel situations (Morris & Ward, 2005). Fluid
intelligence is central to grasping new calculus concepts, recognizing patterns, and applying logical thought to problem-
solving, especially when encountering unfamiliar problems; and v) Planning: This is the forward-thinking ability to organize
actions, anticipate outcomes, and strategize for future tasks (Collins & Koechlin, 2012; Domic-Siede et al., 2021, 2022, 2023;
Hayes-Roth & Hayes-Roth, 1979; Lezak, 1995). Solving calculus problems, especially more complex ones, often necessitates a
multi-step approach. The ability to plan, strategize, and organize one's thoughts and actions is critical for success.

The Wechsler Adult Intelligence Scale (WAIS) is a comprehensive tool that allows the measurement of fluid
intelligence, a capacity crucial for reasoning, problem-solving, and abstract thinking. Furthermore, the WAIS subtests
associated with working memory, perceptual reasoning, and processing speed align closely with executive functions
(Aarnoudse-Moens et al., 2013). The working memory capacity enables individuals to hold and juggle information short-term,
essential for tasks like problem-solving and logical reasoning. Calculus often requires holding multiple pieces of information
simultaneously, such as during multi-step problem-solving processes. The digit span and arithmetic subtests of the WAIS
assess this ability, which is essential for following complex mathematical procedures and calculations. For instance, studies,
such as those by Cragg et al. (2017) and Caviola et al. (2012), indicate that students with better working memory tend to
perform better in mathematics, as they can handle the cognitive load required for multi-step problem-solving and
calculations in calculus (Van Bueren et al., 2022; Visu-Petra et al., 2014).

Perceptual reasoning relates to the ability to interpret and organize visual-spatial information, which is intrinsically
linked with cognitive flexibility and working memory. This skill plays a role when visualizing calculus problems, especially
when interpreting or sketching graphs of functions, understanding the behavior of curves, or grasping geometric
interpretations of integration and differentiation. This ability is crucial in calculus for understanding geometric interpretations
of functions, limits, and derivatives. Tasks such as block design and matrix reasoning in the WAIS align closely with these
cognitive demands. Research has shown that spatial reasoning is a significant predictor of mathematical achievement.
Studies indicate that fluid reasoning, which involves the ability to solve novel problems and is closely related to spatial
reasoning, consistently correlates with mathematical performance across various age groups (Schneider & McGrew, 2012;
Green et al., 2017). Furthermore, spatial reasoning skills are essential for tasks requiring the visualization of mathematical
concepts and problem-solving in STEM fields (Battista, 2007; Mix et al., 2016). In particular, Battista (2017) found that
enhancing students' spatial reasoning abilities can lead to improved performance in mathematics, including calculus. This
supports the notion that interventions aimed at developing these cognitive skills can have a positive impact on students'
understanding and application of complex mathematical concepts.

Lastly, processing speed, while not an executive function per se, intertwines with the efficiency of executive
functions. It reflects how swiftly one can exercise inhibition and utilize working memory in fast-paced, demanding tasks
(Rosas et al., 2014; Wechsler, 2008). While deep understanding is paramount in calculus, the ability to quickly process
information can be beneficial, especially in timed testing environments or when working through longer computations. The
ability to quickly and accurately process information is beneficial in calculus, partcularly under time constraints during tests
and problem-solving activities. The symbol search and coding subtests of the WAIS measure this aspect of cognitive function.
Research indicates that processing speed is a significant predictor of mathematical performance, including calculus. Faster
processing speed allows individuals to efficiently handle and integrate complex information, which is essential for solving
multi-step calculus problems. Studies, such as those by Cheng et al. (2021) and Peterson et al. (2023), demonstrate that
cognitive processing speed predicts performance in mathematical tasks due to the need for quick and accurate manipulation
of information.
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Such skills evaluated by the WAIS subtests offer valuable insight into an individual's executive function workings and
their capability to confront complex cognitive challenges, notably those encountered in mathematical and broader STEM
domains. In essence, the rigorous nature of calculus demands a blend of cognitive functions for effective understanding and
problem-solving. The subject's inherent complexity requires students to synthesize abstract concepts, apply logical reasoning,
and often visualize mathematical scenarios, making the executive functions and cognitive abilities measured by the WAIS
relevant to mastering calculus. For detailed examples of how cognitive functions are implemented in major topics of calculus
(elements of real numbers, conics, functions, limits and continuity, derivatives, and their applications), see Supplementary
Table S1.

Given the inherent demands of calculus and the cognitive skills it requires, a critical question emerges: How effective
is a student-centered approach in fostering the abilities essential for mastering calculus? Our research addresses this
question by bridging pedagogical strategies with the cognitive abilities they are intended to develop. Specifically, we
evaluated a student-centered teaching method—integrating contextualized exercises, formative assessment, and JiTT—to
determine its impact on both calculus performance and cognitive processes associated with executive functioning,
particularly working memory and visuospatial reasoning.

This dual focus seeks to provide educators and students with evidence-based insights into effective instructional
methodologies, while also clarifying their broader cognitive benefits. Through this lens, our study aims to contribute to a
transformation of calculus instruction—promoting deeper conceptual understanding, enhancing problem-solving
competencies, and ultimately strengthening the cognitive capacities that underpin success in STEM fields.

MATERIALS AND METHODS

Participants

This study has a quasi-experimental design with an experimental (intervention) and control group. Data were
collected from 85 college students (24 females) between 18 and 20 years old (mean age = 18.42; SD = 0.66) belonging to the
Universidad Catdlica del Norte engineering careers. From the total sample, 46 participants were from the control group (11
females) and 39 were from the intervention group (13 females). Due to logistical constraints associated with the
administration time of the WAIS-IV subtests, cognitive assessments were conducted on a voluntary subsample of participants
from each group. Specifically, from both the intervention group and the control group, we took subsamples consisting of 29
and 22 students respectively, to whom additional cognitive tests were administered (Table 1).

Table 1.
Sociodemographic Data

All group Intervention Group Control Group Intervention Control subsample
subsample
n Mean age n Mean age n Mean age n Mean age n Mean age
Female 24 18.54 13 18.77 11 18.27 11 18.46 7 18.43
Male 61 18.38 26 18.50 35 18.29 18 18.44 15 18.47
Total 85 18.42 39  18.59 46 18.28 29 18.44 22 18.55

An a priori power analysis conducted using G*Power (Faul et al., 2007) indicated that a minimum total sample of 34
participants would be required to detect medium-sized effects (f = 0.25) in a repeated-measures ANOVA design with two
groups and two measurements, assuming a = .05 and power = .80. The cognitive subsample included in the present study (N
= 51) exceeded this threshold. Additionally, a sensitivity power analysis indicated that, with the available sample size and a =
.05, the study had sufficient power (.95) to detect medium-sized effects (f = 0.26). However, smaller effects may not have
been detected.
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The Ethics Committee of the Universidad Catdlica del Norte approved procedures, and all participants signed an
informed consent form before the beginning of the study (approval ID number: 038/2022).

Instruments

In the study, learning outcomes focused on calculus skills were assessed through three tests and a workshop
conducted throughout the course.

To assess cognitive performance in higher-order functions, we used ten subtests from the Wechsler Intelligence
Scale for Adults-Fourth Chilean Edition (WAIS-IV). These subtests are part of the working memory and perceptual reasoning
indices. They were administered to a subsample of the groups both at the beginning and end of the course. The WAIS-IV is a
widely recognized cognitive assessment tool and has demonstrated strong psychometric properties (Rosas et al., 2014).

Calculus tests

The following learning outcomes were assessed: j) Apply the properties of real numbers; ji) Solve problems involving
conic curves; iii) Calculate the limit of indeterminate forms of real functions in one variable; iv) Determine injectivity and/or
continuity of real functions in one variable; v) Calculate the derivative of real functions in one variable; vi) Interpret the
derivative in physical and geometric problems; vii) Sketch the graph of real functions in one variable; and viii) Solve
optimization problems of real functions in one variable. See Supplementary Material 14.1.

Students were evaluated based on a weighted average grade from three tests and one workshop, each having a
grading scale ranging from 1 to 7. Each test and the workshop had a distinct weightage in the final grade: the first test
comprised 25%, the second 30%, the third 35%, and the workshop 10%. A minimum weighted average grade of 4 is required
to pass, and students are also required to achieve a level of proficiency of at least 60% to meet the approval requirement for
the course.

Perceptual Reasoning Index

Block Design: This subtest consists of the presentation of three-dimensional models using red and white cubes. The
participant uses a number of cubes to recreate models that are presented to them by the evaluator within a time limit. This
test evaluates visuoperceptual coordination, perceptual processing, mainly the integration of visuospatial information and
the generation of strategies to manipulate visuoperceptual information. Constructing designs using colored blocks requires
switching strategies and perspectives to match the pattern shown and involves planning, as participants must determine the
sequence of moves to replicate the design within a time limit (Rosas et al., 2014; Carroll, 1993; Kaufman & Lichtenberger,
1999, 2006; Groth-Marnat, 2009; Lichtenberger & Kaufman, 2009; Sattler & Ryan, 2009).

Matrix Reasoning: In this subtest, the participant is asked to complete a matrix or serial reasoning problem by selecting
the missing section among five answer options. Items are not timed. This test measures fluid intelligence, visuospatial ability,
simultaneous processing, and perceptual organization. Participants complete visual patterns and sequences, requiring the
ability to shift between different types of reasoning and adapt to new rules (Rosas et al., 2014; Kaufman & Lichtenberger,
1999, 2006; Groth-Marnat, 2009; Lichtenberger & Kaufman, 2009; Sattler & Ryan, 2009).

Visual Puzzles: Participants are asked to select three answer choices (out of six) that could combine to reproduce a
geometric image. Items are timed. It is a non-motor task that measures perceptual reasoning, visuospatial ability, visual
analysis and synthesis abilities, and simultaneous processing (Rosas et al., 2014; Kaufman & Lichtenberger, 1999, 2006;
Groth-Marnat, 2009; Lichtenberger & Kaufman, 2009; Sattler & Ryan, 2009).

Figure Weights: Participants are shown a visual display on a page that typically consists of a scale (or balance) with one
side weighted by one or more shapes and the other side left blank. The goal of the participant is to select from several given
options the shape (or combination of shapes) that will balance the scale. The shapes often have assigned numerical values
based on their sizes or the symbols contained within them. By determining these values, the participant can deduce the
correct weight needed to balance the scale. The execution time for this task is registered. This subtest measures fluid
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reasoning, more specifically, quantitative and analogical reasoning, the ability to perceive the underlying relationships among
visual objects and to use reasoning to deduce the missing value that would maintain balance or equilibrium, requiring logical
reasoning and problem-solving skills (Rosas et al., 2014; Wechsler, 2008).

Picture Completion: This subtest involves presenting an image of an object or scene missing a part. The participant must
identify the missing part within 20 seconds. This subtest evaluates visual perception, perceptual organization, and attention
to visual details (Rosas et al., 2014; Kaufman & Lichtenberger, 1999, 2006; Groth-Marnat, 2009; Lichtenberger & Kaufman,
2009; Sattler & Ryan, 2009).

Working Memory Index

Digit Span: This subtest includes three tasks: Digit Forward, Digit Backward, and Digit Sequencing. In Digit Forward, the
participant repeats the numbers said by the examiner. In Digit Backward, the participant is required to repeat the numbers in
the reverse order that was presented. In Digit Sequencing the individual is required to sequence or order the numbers from
smallest to largest. Although there is no time limit for the individual to answer, the examiner reads each number at the rate
of one number per second. The working memory demands for the Digit Backward and Sequencing tasks are greater than
those for the Digit Forward task, but all three tasks are designed to measure working memory. Digit span also assesses
auditory processing, short-term auditory memory, and attention (Rosas et al., 2014; Reynolds, 1997; Groth-Marnat, 2009;
Sattler & Ryan, 2009).

Letter-Number Sequencing: The participant is verbally given a series of numbers and letters in a mixed sequence. Their
task is to first repeat the numbers in ascending order and then the letters in alphabetical order. For example, if the examiner
says "B, 3, A, 2", the correct response would be "2, 3, A, B". The difficulty in this subtest increases as the sequences become
longer and involve more numbers and letters to rearrange. This subtest measures working memory, the ability to temporarily
hold and manipulate information (Rosas et al., 2014; Kaufman & Lichtenberger, 1999, 2006; Groth-Marnat, 2009;
Lichtenberger & Kaufman, 2009; Sattler & Ryan, 2009).

Arithmetic: Iltems in this subtest require the participant to mentally solve word arithmetic problems within a time limit. The
Arithmetic subtest measures working memory, attention, sequential processing, and numerical reasoning. Solving complex
problems requires planning steps and strategies to arrive at the correct solution within the time limit (Rosas et al., 2014;
Kaufman & Lichtenberger, 1999, 2006; Groth-Marnat, 2009; Lichtenberger & Kaufman, 2009; Sattler & Ryan, 2009).

Processing Speed Index

Symbol Search: This subtest necessitates the participant's ability to swiftly identify two target symbols within a sequence of
various symbols. Employing a pencil, individuals mark the corresponding symbol or utilize a designated "no" box to denote
their responses. A span of 120 seconds is allocated to traverse as many sequences (items) as feasible. This procedure taps
into visuomotor processing speed, short-term visual memory, visual discrimination, and sustained attention. The ability to
focus on relevant targets while ignoring distractions is crucial, reflecting inhibitory control (Rosas et al., 2014; Kaufman &
Lichtenberger, 1999, 2006; Groth-Marnat, 2009; Lichtenberger & Kaufman, 2009; Sattler & Ryan, 2009).

2.2.4.2. Digit Symbol Coding: In this subtest, participants are tasked with rapidly transcribing simple symbols. This is
facilitated by a reference key that pairs specific numbers with their corresponding symbols. Analogous to the Symbol Search,
a timeframe of 120 seconds is dispensed for task completion. This endeavor gauges visuomotor processing speed, short-term
visual recall, cognitive flexibility, and sustained attention. This task requires the inhibition of automatic responses to select
the correct symbol, testing attention and processing speed (Rosas et al., 2014; Ramos-Henderson et al., 2022; Arango-
Lasprilla et al., 2015; Kaufman & Lichtenberger, 1999, 2006; Groth-Marnat, 2009; Lichtenberger & Kaufman, 2009; Sattler &
Ryan, 2009).
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Procedure

This study was conducted within a first-year engineering calculus course at Universidad Catodlica del Norte. The
course curriculum covers elements of real numbers, conics, functions, limits and continuity, derivatives, and their
applications. A semester spans 16 weeks, and the course is assigned 5 credits in the Credit Transfer System (CTS). Students
are expected to dedicate 7.5 hours per week to the course: 4.5 hours to lectures, 1.5 hours to tutorials, and 1.5 hours to
independent study. Assessment is based on three individual tests and group workshops.

The course serves approximately 550 students from various engineering programs, divided into 10 sections of about
55 students each, with one instructor per section. The curriculum and assessments are standardized across all sections. For
this study, two sections were selected: one experimental section implementing a student-centered approach, and one
control section following a traditional methodology.

During the first week of the course, a subsample of participants from both groups completed selected subtests of
the WAIS-IV as a pretest measure. The same assessments were administered at the end of the semester (retest).
Examiners—third- and fourth-year psychology students trained by a neuropsychology specialist—were blinded to group
assignments.

Traditional and Student-centered approaches.

Traditional Methodology: In the traditional approach, classes consist of lectures reviewing concepts and worked
examples. Exercise classes use standardized guides prepared for all sections, and group workshops involve solving a set of
problems and submitting the solutions for evaluation.

Example problem:

Determine the derivatives of the following functions:

1. y = sin(x?e*)

log (log (x*)) )

x2

2.y =tan(

This task evaluates the student’s knowledge of derivative properties and reflects the algebraization of calculus, where
the concept is applied in specific contexts.

Student-centered Methodologies: The student-centered approach begins with a motivational session illustrating real-
world applications of calculus and emphasizing its importance. Sessions are structured as follows:

1. Concept review via Kahoot (15 min), encouraging pre-reading and providing immediate feedback.

2. Presentation of a contextualized problem (5 min) related to the topic under review.

3. Development of theoretical content (40 min), including theorems, axioms, and examples.

4. Solution of the contextualized problem (15 min).

5. Closing segment (15 min) summarizing the lesson, previewing the next class, and addressing questions.

Example contextualized problem: “A 7-inch arm connects a piston to a 3-inch radius connecting rod, which rotates
counterclockwise at a constant rate of 200 revolutions per minute. Determine the speed of the piston when the angle is 60
degrees.” This problem requires integrating motion, measurement, and geometry, applying the derivative concept to related
rates.
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The student-centered section also incorporated Just in Time Teaching (JiTT) (Novak et al., 1999; Patterson et al., 2003),
Problem-Based Learning (PBL), formative assessment through Kahoot, and collaborative work. The instructor performed
ongoing formative assessments to monitor learning, provide feedback, and adjust instruction. The specific teaching strategies
applied in each group are summarized in Table 2, highlighting the additional active learning methods implemented in the
experimental section compared to the control section.

Table 2.
Comparative teaching strategies in the control and experimental groups
Strategy Control Experimental
Group Group

Interactive lecture v v
Problem-solving techniques v v
Individual roblem-solvin in

class i ; v v
Justin Time Teaching (JiTT) v
Problem-Based Learning (PBL) v
Formative assessment (Kahoot) v
Collaborative work V4

Data Analysis

Cognitive data scores were analyzed with GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla,
California, USA, www.graphpad.com). Initially, a Mann Whitney U-test was used to evaluate differences between the groups
by comparing their overall course performance. Following this, a Two-Way ANOVA, considering an Alpha of .05, with the
Sidak method for multiple comparison correction was conducted. This analysis facilitated intra-group and inter-group

comparisons of cognitive performance within the subsample groups. The aim was to ascertain the impact of the intervention
on both calculus performance and associated learning outcomes, as well as to gauge cognitive enhancement

RESULTS

First, we compared the overall performance displayed at the end of the course, where participants applied their
calculus learning. Notably, the intervention group achieved higher grades than the control group. This trend was consistent
when comparing the subsamples from each group. (See Figure 1, Table 3).

Figure 1
Comparison of Total and Group Grades
79 = Intervention
6- ko ** =3 Control
1 1
5- - —
- ]
S 41 T
o ] =5
O 3
2_
1_
0

I 1
Total Grades Group Grades

On the left, the grades for the total groups are depicted, with the blue bar representing the intervention group and the pastel peach bar representing the
control group. On the right, grades for the subsamples from each group are shown. The performance displayed at the end of the course indicates that the
intervention group, represented in blue, consistently achieved higher grades than the control group in both total and subsample comparisons. Bars indicate
Standard Error of the Mean (SEM).
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Table 3.
Calculus Exam Grade Comparisons: Intervention vs. Control Groups

Groups Grades Mann Whitney U-test
mean SD SEM U p-value
Intervention Group 4.38 1.07 0.17
Control Group 3.38 1.36 0.20 467.5 0.0001***
Intervention subsample 4.67 0.89 0.17
Control subsample 3.71 1.39 0.30 167.5 0.0034%**

SD = Standard Deviation; SEM = Standard Error of the Mean.

Second, we performed analyses to evaluate baseline intergroup differences in the pretest cognitive assessment
between the control and intervention groups. As expected, there were no significant differences in cognitive measurement
scores between the two groups, confirming a consistent baseline for subsequent comparisons (See Figure 2, Table 4,
Supplementary Table S2).

Figure 2
Pretest intergroup comparisons

= Intervention Pretest
=3 Control Pretest

]
]

s

T T
Figure Weights Picture Completion
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Block Design Matrix Reasoning  Visual Puzzles

The figure shows the performance in perceptual reasoning index subtests. Blue bars represent the intervention group while pastel peach bars represent the
control group. In this pretest cognitive assessment, there were no differences between the two groups in their scores, confirming a consistent baseline for
further evaluations. Bars indicate Standard Error of the Mean (SEM).

Table 4.
Cognitive Assessment Pretest comparisons between Subsample Groups

Intervention Control Score Sidak's multiple comparisons test

Subtests Score
mean SD mean SD Mean 95% Cl of diff. Adjusted p-
rank diff value
Block Design 46.03 12.45 46.68 12.12 -0.65 -6.69t0 5.39 >0.9999
Matrix Reasoning 18.14 4.27 18.05 4.87 0.09 -5.951t06.13 >0.9999
Visual Puzzles 14.24 4.21 15.68 3.80 -1.44 -7.48 t0 4.60 0.9991
Figure Weights 18.03 4.44 19.14 4.02 -1.11 -7.15t04.93 >0.9999
Picture Completion 12.31 3.83 12.23 3.87 -0.28 -6.32t05.76 0.9999
Digit Span 23.21 3.52 2341 4.24 -0.20 -6.24t05.84 0.9991
Letter-Number Sequencing 17.55 3.67 17.14 2.97 0.41 -5.63 t0 6.45 >0.9999
Arithmetic 12.17 3.85 11.64 3.27 0.53 -5.51t06.57 >0.9999
Symbol Search 31.97 8.20 30.82 9.32 1.15 -4.89t07.19 0.9999
Digit Symbol Coding 67.76 14.89 68.59 16.36 -0.83 -6.87t05.21 0.9996

SD = Standard Deviation
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To determine whether the control group and the intervention group exhibited changes in cognitive abilities—
specifically in perceptual reasoning, working memory, and processing speed—after completing the calculus course,
intragroup analyses were conducted. The control group did not display significant differences in the assessed cognitive
abilities when comparing scores from the pretest to the retest (Table 5, Supplementary Table S3, Figure 3A). However, the
intervention group demonstrated significant improvements in perceptual reasoning, particularly an enhanced performance in
the block design subtest (Table 6, Supplementary Table S4, Figure 3B).

Table 5.
Cognitive Assessment Pretest-Retest Control Intragroup comparisons

Sidak's multiple comparisons test

Subtests Pretest vs Retest Control Group
Mean rank 95% Cl of diff. Adjusted p-
diff value
Block Design -5.14 -11.74 to 1.46 0.2545
Matrix Reasoning 0.00 -6.60 to 6.60 >0.9999
Visual Puzzles -2.14 -8.74 to0 4.46 0.9888
Figure Weights -0.27 -6.87 t0 6.33 >0.9999
Picture Completion -2.55 -9.15 to 4.05 0.9612
Digit Span -0.50 -7.10to 6.10 >0.9999
Letter-Number Sequencing -0.91 -7.51t05.69 >0.9999
Arithmetic -0.95 -7.55 to 5.65 >0.9999
Symbol Search -3.36 -9.96t0 3.24 0.8092
Digit Symbol Coding -6.14 -12.74 t0 0.46 0.0879
Figure 3
Intragroup Comparison of Cognitive Abilities after Completing the Calculus Course.
A
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The intragroup comparison for the control group is presented (A). Pastel peach color represents scores from the pretest and brown color represents the
retest scores. The control group does not exhibit any significant variations in their assessed cognitive abilities. On the other hand, figure (B) illustrates the
intragroup comparison for the intervention group. The pretest scores are in blue, while the retest scores are depicted in dark green. The data indicates that
the intervention group experienced significant improvements, especially in block design subtest. Bars indicate Standard Error of the Mean (SEM).
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Table 6.

Cognitive Assessment Pretest-Retest Intervention Intragroup comparisons

ISSN: 0718-4123
DOI: 10.7714/CNPS/20.1.207

Sidak's multiple comparisons test

Subtests Pretest vs Retest Intervention Group
Mean 95% Cl of diff. Adjusted p-
rank diff value

Block Design -8.00 -13.42t0-2.58  0.0004***

Matrix Reasoning -1.310 -6.73t04.11 0.9990

Visual Puzzles -2.480 -7.90 t0 2.94 0.8914

Figure Weights -0.8300 -6.25 t0 4.59 >0.9999

Picture Completion -2.410 -7.83t03.01 0.9078

Digit Span -1.650 -7.07 to 3.77 0.9932

Letter-Number Sequencing -0.9000 -6.32t04.52 >0.9999

Arithmetic -0.3800 -5.80 to 5.04 >0.9999

Symbol Search -4.740 -10.16 to 0.68 0.1342

Digit Symbol Coding -5.030 -10.45 to 0.39 0.0898

When the total scores of the indexes—including the Perceptual Reasoning Index, Working Memory Index, and the

Speed Processing Index—were compared, the results further elucidated the cognitive changes following the completion of

the calculus course. While individual subtests provided insights into specific cognitive abilities, the consolidated scores (or

indexes) offered a broader perspective on overall cognitive skills. Notably, only the intervention group exhibited significant

differences in their overall perceptual reasoning abilities (Figure 4). In contrast, no significant differences were observed in

the pre-retest index scores for the control group (Table 7, Supplementary Table S5 and Table S6).

Figure 4.

Intragroup Comparison of Cognitive Abilities Indexes
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The figure shows the intragroup comparison for the intervention group. The pretest scores are in blue, while the retest scores are depicted in dark green.
The data indicates that the intervention group experienced significant improvements in the Perceptual Reasoning Index. Bars indicate Standard Error of the
Mean (SEM). PRI: Perceptual Reasoning Index; WMI: Working Memory Index; SPI: Speed Processing Index.

137



Cuadernos de Neuropsicologia / Panamerican Journal of Neuropsychology ISSN: 0718-4123

2026, Vol.20N.° 1 126 - 145 DOI: 10.7714/CNPS/20.1.207
Table 7.
Cognitive Assessment Pretest-Retest comparisons intragroup for the total indexes
Intervention Score Intervention Score Sidak's multiple comparisons test
Indexes Pretest Retest
mean SD mean SD Mean rank 95% Cl of diff. Adjusted
diff p-value
Perceptual Reasoning 108.8 21.08 123.8 16.84 -15.00 -26.01t0-3.97 0.0037**
Working Memory 52.93 7.91 55.86 6.68 -2.930 -13.94 t0 8.08 0.8908
Speed Processing 99.72 21.16 109.6 23.05 -9.880 -20.89t01.13 0.0927
Control Score Control Score Sidak's multiple comparisons test
Indexes Pretest Retest
mean SD mean SD Mean rank 95% ClI of diff. Adjusted
diff p-value
Perceptual Reasoning 111.8 20.85 122.2 19.96 -10.40 -23.59t0 2.789 0.1658
Working Memory 52.18 7.255 54.55 8.388 -2.370 -15.56t0 10.82 0.9622
Speed Processing 99.41 22.67 108.9 22.15 -9.490 -22.68t03.70 0.2317

SD =Standard Deviation

In our subsequent assessment of the intergroup retest scores between the control and intervention groups,
statistical analyses indicated nonsignificant differences across all metrics, including the block design subtest. This outcome
was incongruent with our preliminary expectations (Table 8 and Supplementary Table S7, Figure 5).

Figure 5.
Retest intergroup comparisons

Hl Intervention Retest
E=a Control Retest

Block Design Matrix Reasoning  Visual Puzzles Figure Weights Picture Completion

The figure shows the performance in perceptual reasoning index subtests. Dark green bars represent the intervention group while brown bars represent the
control group. In this retest cognitive assessment, there were no differences between the two groups in their scores. Bars indicate Standard Error of the
Mean (SEM).

Table 8.
Cognitive Assessment Retest comparisons between Subsample Groups
Intervention Control Score Sidak's multiple comparisons test
Subtests Score
mean SD mean SD Mean 95% Cl of diff. Adjusted p-
rank diff value
Block Design 54.03 7.81 51.82 11.07 221 -3.72t0 8.14 0.9700
Matrix Reasoning 19.45 3.996 18.05 4.370 1.40 -4.54t07.34 0.9992
Visual Puzzles 16.72 4.284 17.82 4.360 -1.10 -7.04t04.84 >0.9999
Figure Weights 18.86 5.041 19.41 3.912 -0.55 -6.49t05.39 >0.9999
Picture Completion 14.72 5.112 15.14 3.733 -0.42 -6.36t0 5.52 >0.9999
Digit Span 24.86 3.16 23.91 4.450 0.95 -4.99 to0 6.89 >0.9999
Letter-Number Sequencing 18.45 2.971 18.05 2.968 0.40 -5.54t06.34 >0.9999
Arithmetic 12.55 3.699 12.59 4.067 -0.04 -5.98 t0 5.90 >0.9999
Symbol Search 36.76 7.448 34.18 8.204 2.53 -3.41to0 8.47 0.9280
Digit Symbol Coding 72.79 16.95 74.73 17.32 -1.94 -7.88t04.00 0.9882

SD = Standard Deviation
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DISCUSSION

The outcomes of this study provide relevant insights into the relationship between pedagogical methods in calculus
instruction and the enhancement of specific cognitive abilities. The intervention group's superior performance in calculus, as
evidenced by higher grades compared to the control group, highlights the potential efficacy of a student-centered teaching
approach. This finding is consistent with prior literature supporting the use of applied, real-world, and practical teaching
methods in STEM disciplines (Artigue, 1998; Camarena, 2010).

It is plausible that this strategy facilitated a deeper understanding of calculus concepts and their applications,
translating into improved academic performance. A major challenge in teaching calculus is avoiding its reduction to
mechanical procedures without comprehension of underlying meaning. In our study, this was addressed through
contextualized problems designed around real-life engineering scenarios, giving greater meaning to calculus concepts and
promoting meaningful learning. By contextualized problems, we refer to applying mathematical concepts to authentic
engineering problems, using the language and notation of the field (Kukliansky & Rozenes, 2015). This contrasts with
traditional methods focused on abstract exercises disconnected from real-world contexts. Gerofsky (2004) emphasizes that
word problems can function as narratives reflecting cultural and social contexts, enhancing their relevance for students.

The methodology implemented in this study aligns with student-centered approaches. By assigning an active role to
students through debates, problem-solving, and reflective processes, it fosters procedural fluency, strong theoretical
understanding, and better course performance (Stanberry & Payne, 2023). Based on these approaches, several strategies
emerge as effective for enhancing calculus learning and cognitive development: active participation in class (Freeman et al.,
2014), connecting problems to real-world applications (Mazzeo et al., 2003; Johnson, 2002), use of educational technology
for visualizing abstract concepts (Dockendorff & Zaccarelli, 2024), scaffolded practice (Holton & Clarke, 2006), collaboration
and team-based learning (Burgess et al., 2020; Naughton et al., 2020), pre-class preparation (Erbil, 2020; Cevikbas & Kaiser,
2020; Strelan et al., 2020), regular review and spaced repetition (Roediger & Butler, 2011), and goal setting with effective
time management (Zimmerman, 2002). These strategies, aligned with the pedagogical framework of this study, provide a
comprehensive basis for improving performance in calculus. Furthermore, the implemented method creates a context that
can foster other learning variables such as motivation, imagination, language skills, teamwork, and representation skills,
improving preparation for subsequent calculus courses.

Regarding cognitive outcomes, both groups were similar at baseline, eliminating initial differences as a confounding
factor. After instruction, the control group’s cognitive scores remained stable, while the intervention group improved in
perceptual reasoning, specifically in the Block Design subtest. This suggests that the student-centered approach may
promote visuospatial reasoning skills, crucial for representing calculus concepts—such as interpreting or sketching graphs,
understanding curve behavior, and grasping geometric perspectives of integration and differentiation (Battista, 2007; Sorby
et al., 2013). For example, stronger perceptual reasoning could aid in visualizing Riemann sums to approximate areas under a
curve or in understanding solids of revolution using methods like cylinders and rings.

Despite these intragroup improvements, no significant intergroup differences were found in post-test cognitive
scores. Possible explanations include the broad nature of WAIS measures, which may dilute specific skill gains, and potential
ceiling effects if participants were already near their maximum capacity. Another relevant consideration is the well-
documented difficulty of achieving far transfer in cognitive training. Far transfer refers to the generalization of improvements
from a specific trained domain to broader cognitive abilities measured through standardized assessments. Research in
cognitive psychology has consistently shown that such transfer is difficult to achieve, particularly when the intervention is
relatively short in duration (Barnett & Ceci, 2002; Sala & Gobet, 2020; Simons et al., 2016). In this context, a single semester
of calculus instruction—even when delivered through a student-centered methodology—may promote improvements in
task-relevant skills such as visuospatial reasoning within mathematical contexts, yet these gains may not immediately
translate into measurable differences between groups on broad psychometric indicators of fluid cognitive ability. Future
studies with longer interventions or repeated exposure to cognitively demanding learning environments may help clarify
whether such pedagogical approaches can produce more robust far-transfer effects.
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A limitation of the present study concerns the reduced sample size used for the cognitive analyses. Although the
overall sample included 85 students, WAIS-IV assessments were administered to a subsample (29 in the intervention group
and 22 in the control group) due to the time-intensive nature of the testing procedure. A sensitivity analysis indicated that
the available sample size was sufficient to detect medium-sized effects, but smaller cognitive changes may have gone
undetected. Future studies with larger samples would allow a more precise estimation of the cognitive effects associated
with student-centered calculus instruction.

Our findings indicate that a student-centered approach can positively influence both academic performance and
perceptual reasoning. While it is intuitive that real-world applications enhance learning (Bulte et al., 2006), this study
underscores the importance of validating such approaches through empirical evidence (Bulte et al., 2006; Deslauriers et al.,
2019). The results highlight the value of purposeful teaching methods in improving academic and cognitive outcomes.

CONCLUSIONS

This study demonstrates that a student-centered approach can enhance both calculus performance and specific
cognitive abilities, particularly visuospatial reasoning. While the cognitive effects observed were modest, the results
underscore the importance of integrating contextualized, interactive, and problem-based methods in STEM education. Such
approaches not only improve academic achievement but may also support the development of cognitive skills fundamental
to success in advanced mathematics and engineering.

Future studies should further investigate the mechanisms through which pedagogical strategies influence cognitive
functions, explore scalability across diverse educational contexts, and assess long-term retention. Ultimately, aligning
calculus instruction with student-centered principles represents a promising pathway for improving both academic and
cognitive outcomes in higher education.
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