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Abstract

Undergraduate calculus is a foundational mathematics sequence that previews the sophistication students will
need to succeed in higher-level courses. However, students often struggle with concepts in calculus because
they are more abstract and visual than those in other foundational mathematics courses. Additionally, women
continue to be underrepresented in the STEM fields. This study builds on previous work indicating a
malleability in spatial ability by testing whether improvement occurs in students’ spatial and mathematics
ability after implementing spatial training in calculus courses. The researchers also measured associations
between spatial training and self-reported cognitive style. While spatial training did not significantly improve
calculus and spatial skills, the researchers measured impacts on the psychological correlate of cognitive
learning style. This is important as non-spatial cognitive preferences can result in students not recognizing the
dynamic information encapsulated in graphical images, which is a large component of calculus. These results
may have practical implications for teaching calculus at the undergraduate level and may, with further
research, help to narrow the gender gap in the STEM fields.
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Introduction

A concentrated effort is being made to achieve greater diversity in students graduating with bachelor’s degrees
in Science, Technology, Engineering, and Mathematics (STEM) (Redmond & Gutke, 2019). Unfortunately, the
demographics of STEM graduates have been stagnant in recent years (Stieff & Uttal, 2015). In particular,
women are often underrepresented in STEM fields in North America and Europe (Nimmesgern, 2016;
Schlenker, 2015), and those who do undertake STEM studies seem to have a higher probability of not working
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in STEM occupations after graduation when compared to men (Organization for Economic Cooperation and
Develelopment [OECD], 2012).

Although several psychosocial reasons for the underrepresentation of women choosing to study the STEM
fields exist (e.g., Nimmesgern, 2016; Saucerman & Vasquez, 2014; Skolnik, 2015), one important reason may
be that females can perform spatial tasks differently than males—starting as young as four years of age
(Dawson, 2019; Levine et al., 1999; Voyer, et al., 1995; Voyer et al., 2017). Men often (but not always) have
been found to show higher levels of accuracy and organization of spatial information compared to women
(e.g., Acredolo, 1988; Brown et al., 1998; Cutmore et al., 2000; Garling et al., 1981; Gifford, 2007; Hawes &
Ansari, 2020; Kirasic et al., 1984; Lehnung et al., 2003; Ward et al., 1986; Webley & Whalley, 1987). A
number of studies have found insignificant differences between the performances of men and women on
various spatial tasks, but results often depend on the type of task and the age of the study (see Casey, 2013).
Indeed, research from the 1980s suggests that men seem to perform consistently better than women on
spatial perception and mental rotation tasks (Linn & Petersen, 1985), but recent studies have shown that this
gender difference may be diminishing (Dawson, 2019).

More recent research concerning differences between men and women with respect to their participation in
the STEM fields indicates that women are 1.5 times more likely to abandon the STEM pipeline after calculus
compared to men—and that a lack of mathematical confidence to persist in mathematics is a key reason why
(Ellis et al., 2016). Gender disparity in STEM fields may relate less to ability (Lachance & Mazzocco, 2006;
Spelke, 2005) and more to confidence and limited support structures (Hargreaves et al., 2008; Redmond &
Gutke, 2019). These results mirror those outlined in a report completed by the American Association of
University Women in 2010 highlighting the role confidence plays when women choose (and subsequently
succeed in) STEM fields (e.g., Cooper & Robinson, 1991; Dweck, 2006; Lent et al., 1986; Pajares, 1996, 2005;
Saucerman & Vasquez, 2014; Zimmerman & Martinez-Pons, 1990).

Although the body of literature on spatial ability indicates that this skill is an important facet of intelligence
(Johnson & Bouchard, 2005), and that it can be used as a key performance indicator for success in calculus
and the STEM fields in general (Dawson, 2019; National Science Board, 2010; Sorby et al., 2013; Wang,
2019), more must be done to understand these relationships. Burte et al. (2017) note that spatial skills may
need to develop prior to entering university and that “developing spatial skills well before high school may
have a more pronounced impact on STEM outcomes” (p. 2). Recently, an association between spatial ability
and success in the STEM fields has been outlined in a landmark longitudinal study (i.e., “Project Talent”) after
following the lives of high school students from the 1950s to the present day (Wai et al., 2009). The study
indicates that those with high scores on spatial tests have been more likely to enjoy the STEM fields and to
gravitate toward STEM careers, over and above the effects of mathematical and verbal ability (Wai et al.). A
previous study by the same authors found that mathematically-talented participants who chose careers in
math and science had excelled in object-based skills earlier in life (Lubinsky & Benbow, 2006).

Fortunately, a lack of natural spatial skills does not dictate a lack of success in the STEM fields. Encouraging
evidence exists suggesting that one can train to improve spatial ability (Stieff & Uttal, 2015; Uttal, 2009), and
that such training may help close the gender gap in spatial cognition (Hill et al., 2010; Newcombe, 2010;
Newcombe, 2017). Spatial training refers to the explicit teaching of spatial skills, often through the use of
mental rotation tasks. At this time, the body of literature is not conclusive concerning whether spatial training
associates with an increase in spatial ability or whether it has direct effects on performance in the STEM
fields. For example, Hawes et al. (2017) explored geometric spatial learning in young learners’ (e.g.,
Kindergarten to grade 2) performance in spatial language, visual-spatial reasoning, 2D mental rotation, and
symbolic number comparison. Similarly, Taylor and Hutton (2013) implemented a program for elementary-
aged children involving origami and pop-up paper engineering to encourage visuospatial thinking (see also
Burte et al., 2017). And, Stieff et al. (2016) examined the impacts of teaching students to use gestures to
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support spatial thinking in chemistry. While these and other findings support the use of gestures and
visuospatial training programs in facilitating learning in STEM disciplines, they do not use the spatial training
format utilized in the present research with undergraduate calculus students.

In fact, although studies done with students enrolled in engineering courses have found an association
between spatial training and academic performance, as well as a closing of the gender gap (Sorby et al., 2013),
few studies have been done to correlate spatial training and performance in mathematics. Visuospatial
training has been shown to reduce the gender gap on spatial tasks (Baenninger & Newcombe, 1989;
Newcombe, 2017; Rodén et al., 2019; Vasta et al., 1996) and math performance (Dawson, 2019; Linn & Hyde,
1989). This suggests that, in some format, spatial training may affect confidence and the retention of females
in STEM fields (Casey et al., 2001; Linn & Hyde).

Another example is a thirty-year old study by Ferrini-Mundy (1987) that asked undergraduate students to
complete spatial training exercises during a calculus course. Although a significant increase in calculus
performance was not found, female students were better able to visualize solids of revolution after spatial
training when compared to male students (Ferrini-Mundy). Other research has found that while spatial
training can reduce the gender gap in performance on spatial tasks, it fails to eliminate it (Uttal, 2009). Thus,
a call has been made in the spatial cognition literature to extend the line of enquiry into the potential for
spatial training to close the gender gap in the STEM fields by investigating new variables and extending
periods of spatial training (Casey, 2013).

A correlate to spatial and mathematical ability may be the psychological construct of cognitive style. A
cognitive style represents consistency in an individual’s manner of cognitive functioning (i.e., information
acquisition and processing) (Harvard Mental Imagery and Human-Computer Interaction Lab, 2013).
Researchers at Harvard University have investigated cognitive styles that describe individuals’ preferences to,
or self-assessments of, the use of object, spatial, or verbal modes of information processing. Because the
human visual system distinctly processes properties about objects (color, shape) and space (location and
spatial relations), Kozhevnikov et al. (2005) have used neuropsychological evidence to propose the Object-
Spatial-Verbal theoretical model of cognitive style.

The theoretical model outlines three independent dimensions (object imagery, spatial imagery, and
verbalization) to explain that object visualizers prefer to construct vivid, concrete, and detailed images of
individual objects while, in contrast, spatial imagers schematically represent spatial relations of objects and
spatial transformations. Verbalizers prefer to process and represent information verbally and rely on non-
visual strategies (Kozhevnikov et al., 2005). In their examination of the three types of cognitive styles,
Kozhevnikov et al. found that verbalizers performed at an intermediate level on imagery tasks (i.e., not at the
low level one might expect) and that object visualizers “encode and process images holistically as a single
perceptual unit, while spatial visualizers generate and process images analytically, part-by-part” (p. 710).

It seems that individuals often prefer to use one style over another (Kozhevnikov et al., 2005), and that one’s
preference for a style has been shown to directly relate to performance on either mathematical, object imagery
ability, or spatial ability tests (MM Virtual Design, 2016). Thus, cognitive styles may assist math educators
with tailoring material, assignments, and visualization media to students’ individual differences in cognitive
style and decision-making based on visual stimuli. Information presented in ways that satisfy numerous
cognitive styles could augment student engagement with information presented in the classroom and,
perhaps, encourage a willingness to contribute and collaborate with others.

Presumably, learning and performance based on visual information presented in a manner congruent to one’s
cognitive style would be more consistent and effective and, perhaps, help close the gender gap in STEM.
Women tend to report higher object imagery ratings (Blajenkova et al. 2006) and have a negligible advantage
in verbal ability (Hyde & Linn, 1988). Casey (2013) points out that one reason why large gender differences
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are found for mental rotation tasks is because verbal strategies are often less effective than holistic mental
rotation approaches used more often by men. Thus, measuring cognitive style in association with individuals
spatial ability and an understanding of calculus may afford information about whether those with
predominant verbal cognitive styles are women, as well as whether their performance in calculus improves
with spatial training. Since success in calculus often predicts success in STEM fields (and calculus involves
spatial reasoning), it may be that congruence between cognitive style and material presented or assigned in
calculus courses can increase learning and retention (as suggested by Blajenkova & Kozhevnikov, 2008) and,
perhaps, increase confidence—a psychological factor that has the potential to significantly narrow the gender
gap in the STEM fields.

5

Study Aims

This research involves two studies that aim to augment the body of literature regarding the usefulness of
spatial training in undergraduate mathematics and explore the following three research questions: (1) What
are the impacts of spatial training on undergraduate students’ performance in a calculus course? (2) Does
spatial training affect male and female students differently? (3) What are the associations between spatial
training, calculus ability, and students’ cognitive style?

Because academic success in at least one term of calculus is often required in undergraduate STEM programs,
calculus courses can serve as “gatekeepers” for STEM fields (Bressoud et al., 2009). If these studies reveal that
spatial training is beneficial to performance in a calculus course, math educators may have reason to
recommend a spatial training module be added to courses that require students to think abstractly. If results
reveal this training to be particularly effective for female students, an argument may exist that spatial training
be studied further with respect to gender differences in calculus performance. Finally, if cognitive styles
change over the course of a term to become more spatial as students receive spatial training, or if one style
associates with strong performance over another style, it may be reasonable to include an assessment of
cognitive style at the start of STEM courses in order for instructors to tailor the delivery of information to
students depending on the predominant style of the group (or to assist individual students with styles that are
more or less likely to respond to spatial requirements of a course). Overall, connecting research on cognitive
styles with spatial training methodology may help educators diversify the pool of students studying STEM at
the undergraduate level while bolstering the success of those who enter into the STEM fields with a non-
spatial cognitive style.

Methods
Context

The first of two studies (Study 1) took place in a summer quarter (June to August, 2016) with student
participants enrolled in a third-quarter calculus course at a mid-sized state-funded university in the United
States. This course covers calculus of sequences and series, vectors and parametric equations, properties of
three-dimensional surfaces, as well as integration techniques and approximation, applications of integration,
and differential equations.

The second study (Study 2) took place in the following fall quarter (September to December, 2016) in a
second-quarter calculus course at the same institution. This course focuses on the calculus of functions of a
single variable and emphasizes integral calculus, applications, and problem solving using the tools of calculus.
During the same quarter, a control group of students was formed from a second-quarter calculus course
taught by a different instructor at the same institution. Students in the control group completed all of the
assessments involved in the study but did not receive spatial training.
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Students in both of the treatment groups were taught by the same instructor using an inquiry-oriented
pedagogy with spatial training incorporated into the courses. Because we assessed introductory-level calculus
knowledge, students in either course could be expected to understand items in the knowledge assessment
used in both studies.

Participants

Participants in Study 1 were undergraduate students who had already completed two quarters of calculus and,
thus, had some prior knowledge of the subject. Seventeen students (8 males, 9 females) attended class for
both rounds of data collection but all but one took part in the study (n = 16; 8 males, 8 females, mean age = 21
years, SD = 2.02).

Five students (31% of the sample) reported to be concurrently taking a differential equations course during
the summer term, while 11 participants (69% of the sample) reported that they were not receiving other forms
of math training at the time of the study). These students also reported that they expected to work an average
of 12 hours a week (SD = 5.00) on studying the course material.

Participants in the treatment group in Study 2 were 13 undergraduate students (8 males, 5 females, mean age
= 23 years, SD = 4.07) who had completed one less quarter of calculus than those in Study 1 (but had at least
one quarter of calculus instruction and so had prior knowledge of some of the course’s concepts). Two
students (6% of the treatment sample) reported to be concurrently taking another math course during the
term, while 11 participants (33% of the treatment sample) reported that they were not receiving other forms of
math training at the time of the study. These students also reported that they expected to work an average of
11 hours a week (SD = 4.70) on studying the course material.

Participants in the control group were seven undergraduate students (4 males, 3 females, mean age = 26
years, SD = 6.31) who, like in Study 2, had only one quarter of previous calculus instruction. Students
reported that they expected to work an average of 8.83 hours a week (SD = 3.25) on studying the course
material (one student in the sample did not respond to this question). Only one student in the control sample
reported to be concurrently taking another math course during the fall term.

In addition, participants were in either the treatment or control group based on their course enrollment and
not for any other reason. Therefore, our samples are not random, and no matched pairing of participants
occurred. A limitation of this study is that the small sample size limits its power and generalizability.
However, the study is constrained by the number of students enrolled in the quarters the authors had access
to for this research. Our intention is to explore initial evidence for (or against) associations between spatial
training and undergraduate students’ cognitive style.

Materials

The Calculus Concept Inventory

Epstein (2013) designed the Calculus Concept Inventory (CCI) to evaluate how students think about the
fundamental concepts in calculus and we used it in the present study to gather a baseline of students’
knowledge of calculus as well as to determine the effects of spatial training on conceptual knowledge of
calculus at the end of the term. The CCI contains 22 questions about limits and differential calculus only,
many of which are visual and require an interpretation of a graph. The use of the CCI was deliberate: we did
not want to measure mastery of concepts learned in the current course but to measure instead whether spatial
training could impact understanding of previously learned visual topics.

After this study was undertaken, Gleason et al. (2016) published a psychometric analysis outlining weaknesses
in the validity of the CCI to measure conceptual knowledge in calculus. Their findings explain that usage of
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terminology (e.g., “derivative”) and notation (e.g., f(x)) in the CCI items may afford an advantage to students
who have already seen calculus. However, we believe that the use of this instrument does not impact the
results in the present study because the CCI was used differently than it was originally intended by its
developers. In the context of the present study, the CCI is used as a measure of ability in introductory-level
calculus, rather than as a measure of understanding for particular concepts. Additionally, all students in the
present study had previously taken calculus, minimizing the possibility of an advantage to some students over
others.

The researchers tested each CCI variable in each condition in both studies for normality based on
recommendations by Kline (1997). All items met the criteria for acceptable skewness (values between +3 and
-3) and acceptable kurtosis (values between +8 and -8) in each case and, thus, parametric tests were used in
the analyses.!

The Purdue Spatial Visualization Test Rotations

To test students’ spatial ability, the researchers also administered a shortened version (15 items) of the Purdue
Spatial Visualization Test: Rotations (PSVT:R) (Guay, 1977). The PSVT:R is a multiple choice test that, per
shape, asks students to choose from 5 possibilities a shape that is equivalently rotated as a given shape. This
test established each student’s baseline spatial ability to assess improvement throughout the quarter and to
determine whether spatial training had any effect on students’ cognitive style.

Each PSVT:R variable in each condition in both studies was tested for normality based on recommendations
by Kline (1997). All items met the criteria for acceptable skewness (values between +3 and -3) and acceptable
kurtosis (values between +8 and -8) in each case and, thus, parametric tests were used in the analyses.

Object-Spatial Imagery and Verbal Questionnaire

The researchers administered the Object-Spatial Imagery and Verbal Questionnaire (OSIVQ) developed by
Blazhenkova and Kozhevnikov (2009) (but copyrighted jointly by MM Virtual Design, LLC and Rutgers
University) to determine students’ predominant cognitive style. The OSIVQ is a “self-report questionnaire
designed to distinguish between three different types of people: 1) object imagers who prefer to construct
vivid, concrete and detailed images of individual objects (e.g., visual artists), 2) spatial imagers who prefer to
use imagery to schematically represent spatial relations among objects and to perform complex spatial
transformations (e.g., scientists), and 3) verbalizers who prefer to use verbal-analytical tools to solve cognitive
tasks (e.g., philosophers and linguists)” (MM Virtual Design, 2016, paragraph 1). The OSIVQ consists of 45
questions (an equal number concerning object imagery, spatial imagery ability, and verbal ability) to assess
object imagers, spatial imagers, and verbalizers and takes approximately 10 minutes. Each item asked for
responses using a 5-point Likert scale ranging from “totally disagree” (1) to “totally agree” (5). Four items (one
spatial, three verbal) from the OSIVQ required reverse coding.

Each OSIVQ variable in each condition in both studies was tested for normality based on recommendations by
Kline (1997). All items met the criteria for acceptable skewness (values between +3 and -3) and acceptable
kurtosis (values between +8 and -8) in each case and, thus, parametric tests were used in the analyses.

Spatial training
All participants (except those in the control group) received spatial training during the term consisting of the
administration and discussion of several tests of spatial ability, such as those described in Wai et al. (2009). In

t Aside from there being acceptable normality shown in the data, Mann-Whitney tests were not used for comparisons between
two groups of five-point Likert scale data because both the Mann-Whitney test and the two-sample t-test often provide the same
protection against false negatives, as well as against false positives. These patterns appear to hold true for sample sizes of 10, 30, and 200
per group (de Winter & Dodou, 2010).
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addition, exercises from a spatial training workbook developed by Sorby et al. (2013) were used with
permission.

In Study 1, students completed an average of 15 minutes of spatial training during each day of class. Exercises
in the workbook ranged from assessments of what a given shape would look like when rotated around a given
axis, to asking students to draw an object from different angles using different cross-sections, to showing a 2-
D expression of an object when asking students to draw an analogous 3-D object. During spatial training,
students were asked to discuss the exercises in small groups and come to a consensus on the correct answer
before answers were discussed among the class at large.

In Study 2, students completed portions of the spatial training workbook collaboratively in small groups
during class time, as was done in Study 1. However, to allow for longer, more in-depth training than in Study
1, students were assigned additional portions of the workbook as homework.

Procedure

In Study 1, participants completed all tasks in the course’s assigned classroom for both rounds of data
collection. The four tasks were offered to participants in the following order: consent form; OSIVQ;
Visualization and Rotation Purdue Spatial Visualization Test; Calculus Concept Inventory. Thus, the tasks
were not completed simultaneously: only when a task was completed was the next task offered to a participant
by one of the researchers. Each participant was asked to create a unique codename for him or herself to
include on the front page of each task in order to afford direct measurement of change in task performance
over time. No calculators or other electronic devices were used during task completion. Each participant was
dismissed from the classroom after he or she had completed all tasks.

The amount of time the researchers anticipated that participants would need to read and sign an informed
consent form and comfortably complete all tasks precluded regular teaching on the days that data collection
took place. Thus, while participants completed each task without significant time pressure (between 45 and
90 minutes) in Study 1, an argument was made for changing this procedure in Study 2. Therefore, in Study 2,
for both data collection rounds, participants were given time in the designated classroom to complete the
consent form (approximately 5 minutes) and the CCI (approximately 30 minutes). The PSVT:R and the
OSIVQ were then offered to participants on their own time (without a time constraint) via “Canvas,” the
online learning platform used at the institution.

An additional alteration applied to the procedure in Study 2 was an increase in our study’s shortened version
of the PSVT:R’s difficulty level. In Study 1, we chose 15 relatively easy items from the larger PSVT:R to assess
students’ spatial rotation ability. However, after Study 1 was complete, we felt that these items were
insufficiently challenging for students because many received a perfect score, making it difficult to measure
any knowledge gain. Therefore, in Study 2, some items were replaced to create an assessment of rotation
ability that increased in difficulty level (i.e., while the first 5 items remained relatively easy, the middle 5 items
had a moderate level of difficulty and the 5 final items were quite difficult). We chose all items, however, from
Guay’s (1977) PSVT:R.

Finally, the control group used the same procedure and assessments as Study 2 (except for the lack of spatial
training). A small incentive (i.e., no more than three extra points toward a student’s course grade) was offered
to encourage completion of the online tasks in the control group and in Study 2’s treatment group.
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Results
Responses on the CCI

Study 1

Students’ mean score on the CCI at the start of the term was 8.86 (SD = 3.98) and 9.25 at the end of the term
(SD = 4.96). Despite an increase in average score, paired-samples t-tests revealed no significant improvement
over the term, t(15) = -0.96, p > .05.!

Study 2

Students’ mean score on the CCI at the start of the term was 6.69 (SD = 4.39) and 8.77 at the end of term (SD
= 4.66) for the treatment group. Similar to Study 1, despite an increase in mean score, paired-samples t-tests
revealed no significant improvement, #(12) = -1.87, p > .05.

Control group participants’ mean score on the CCI at the start of the term was 8.71 (SD = 4.72) and 8.29 at the
end of term (SD = 4.46). Paired-samples t-tests revealed no significant improvement over the term, t(6) =
0.57, p > .05). Moreover, independent samples t-tests done with average scores on the CCI in the treatment
and control groups did not reveal significant differences at the start or end of term (all ps > 05).

Gender Differences on the CCI

Study 1

Although male participants’ average scores were higher on the CCI than women’s at the start of term (M =
9.63, SD = 4.47 and M = 7.75, SD = 7.75, respectively), an independent-samples t-test revealed that they were
not significantly higher, t(14) = 0.94, p > .05. This result was also borne out at the end of term whereby male
students’ average scores on the CCI were insignificantly higher than female students’ scores (M = 10.25, SD =
2.09 and M = 8.25, SD = 1.40, respectively; t(14) = 0.80, p < .05).

Study 2

As in Study 1, male participants’ average scores were higher on the CCI than women’ at the start of term (M =
7.38, SD = 5.26 and M = 5.60, SD = 2.61, respectively), and an independent-samples t-test revealed that they
were not significantly higher, t(11) = 0.70, p > .05. Again, similar to Study 1, male students’ average scores on
the CCI were insignificantly higher than female students’ scores after the term was complete (M = 8.87, SD =
4.76 and M = 8.60, SD = 5.03, respectively; t(11) = 0.09, p < .05).

Unlike results in Study 1, or in the treatment group in Study 2, male participants’ average scores on the CCI in
the control group were lower than women’s at the start of term (M = 7.75, SD = 6.29 and M = 13.33, SD = 4.51,
respectively), but not significantly so, #(5) = -1.30, p > .05. However, at the end of term, males’ average scores
on the CCI were significantly higher than women’s scores, M = 11.25, SD = 2.87 and M = 4.33, SD = 2.52,
respectively; t(5) = 3.31, p < .05, d = 2.56.

Responses on the PSVT:R

Study 1

Similar to results pertaining to the CCI, students’ mean score on the PSVT:R at the start of the term was 9.81
(SD = 3.25) and 9.88 at the end of the term (SD = 3.74). Paired-samples t-tests revealed no significant
improvement over the term, t(15) = -0.12, p > .05.

t One-way ANOVA tests were not used because not all samples sizes were greater than 15. A Bonferroni-adjusted alpha level
was used where appropriate.
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Study 2

Mirroring results of Study 1, students’ mean score on the rotation task in Study 2, at the start of the term, was
10.39 (SD = 3.20) and 10.54 at the end of term (SD = 3.15). Paired-samples t-tests revealed no significant
improvement over the term, #(12) = -0.20, p > .05.

Control group participants’ mean score on the PSVT:R at the start of the term was 8.29 (SD = 3.86) and 8.00
at the end of term (SD = 4.65). Again, paired-samples t-tests revealed no significant improvement in rotation
ability over the term t(6) = -.22, p > .05, and no statistically significant differences were found between
average scores on the PSVT:R at the start or end of term (all ps > .05)

Gender Differences on the PSVT:R

Study 1

Similar to scores on the CCI, male participants’ average scores on the PSVT:R were higher than women’s at the
start of term (M = 9.87, SD = 4.29 and M = 9.75, SD = 2.05, respectively), and at the end of the term (M = 10.5, SD
=145 and M = 9.25, SD = 1.24, respectively). However, independent samples t-tests showed that these differences
were not significant at the start of term, t(14) = 0.07, p > .05 or at the end of term, t(14) = 0.66, p < .05.

Study 2

Just as in Study 1, male participants’ average scores were higher on the PSVT:R than women’s at the start of
the term (M = 11.00, SD = 2.88 and M = 9.40, SD = 3.78, respectively) and an independent-samples t-test
revealed that they were not significantly higher, {(11) = 0.40, p > .05). At the end of the term, male students’
average scores on the PSVT:R were insignificantly higher than female students’ scores (M = 10.75, SD = 3.81
and M = 10.20, SD = 2.05, respectively; t(11) = 0.29, p < .05).

In the control group, just as in Study 1, as well as in the treatment group in Study 2, male participants’ average
scores were higher on the PSVT:R than women’s at the start of term (M = 12.25, SD = 1.89 and M = 10.67, SD
= 2.52, respectively). However, an independent-samples t-test revealed that they were not significantly higher,
t(5) = 0.96, p > .05). At the end of the term, male students’ average scores on the PSVT:R continued to be
higher than female students’ scores (M = 11.25, SD = 0.96 and M = 3.67, SD = 3.79, respectively. However,
while these means appear to be significantly different, an independent samples t-test revealed that they are
not because Levene’s test for equality of variances between the two means was statistically significant, F =

9.50, p < .05, t(2.19) = 3.39, p < .05.
Responses on the OSIVQ

Study 1

On average, more students at the start of the term self-identified as object learners (M = 48.56, SD = 7.00)
than they did as spatial learners (M = 47.94, SD = 8.69) or verbal learners (M = 41.13, SD = 4.41). Paired
sample t-tests conducted using Bonferroni-adjusted alpha levels of .02 per test (.05/3) revealed that scores on
the object subscale were significantly higher than on the verbal subscale, #(15) = 3.97, p = .001, d = 0.99. In
addition, scores on the spatial subscale were significantly higher than those on the verbal subscale, t(15) = -
2.98, p < .01, d = 0.75. No significant differences were found between scores on the spatial and object
subscales, t(15) = 0.22, p > .05.

After the summer term, the object style remained predominant for the class as a whole (M = 50.81, SD = 7.87)
and, just as at the start of the term, the second-most common cognitive style among the class was spatial (M =
50.75, SD = 8.96), followed by verbal (M = 42.75, SD = 4.16). Also similar to the start of the term, these
differences were statistically significant: students self-scored significantly higher on the object style subscale
compared to the verbal style subscale, t(15) = 3.57, p < .01, d = 0.89. They also self-scored significantly higher
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on the spatial subscale compared to the verbal subscale, #(15) = 3.55, p < .01, d = 0.89. Again, no significant
differences were found between scores on the spatial and object subscales, t(15) = 0.02, p > .05.

Finally, students did not self-score significantly better or worse on the object or verbal subscales over the
duration of the term, #(15) = -1.42, p > .05, and t(15) = -1.45, p > .05, respectively. While students did not self-
score significantly higher on the spatial subscale at the end of the term after receiving spatial training when
analyzed using the Bonferroni-adjusted alpha level of .02, the t statistic did surpass a conventional alpha level
of .05, t(15) = -2.59, p < .05, d = 0.65.

Study 2

On average, more students at the start of the autumn term self-identified as spatial learners (M = 46.23, SD =
10.44) than they did as verbal learners (M = 44.92, SD = 6.22) or object learners (M = 44.08, SD = 11.39). Paired
sample t-tests conducted using Bonferroni-adjusted alpha levels of .02 per test (.05/3) revealed that scores on
the spatial subscale were not significantly higher than on the verbal subscale, #(12) = 0.66, p > .05. Scores on the
spatial subscale were also not significantly higher than those on the object subscale, t(12) = -5.56, p > .05, and no
significant differences were found between scores on the verbal and object subscales, t(12) = 0.27, p > .05.

At the end of the term, the spatial cognitive style remained predominant for the class as a whole (M = 45.30,
SD = 11.68) but, in contrast to the start of term, the verbal style had the same mean value as the spatial style
(M = 45.30, SD = 6.48), with the object style revealed as the least dominant (M = 44.54, SD = 11.68).

Similar to the start of the term, paired sample t-tests revealed no significant differences between self-reported
object and spatial cognitive styles, t(12) = -0.24, p > .05, object and verbal styles, t(12) = -0.40, p > .05, or
spatial and verbal styles, t(12) = 0.00, p > .05.

In the control group, on average, more students at the start of the autumn term self-identified as verbal
learners (M = 47.57, SD = 8.66) than they did as object learners (M = 44.14, SD = 2.55) or spatial learners (M
= 41.86, SD = 13.63). However, paired sample t-tests conducted using Bonferroni-adjusted alpha levels of .02
per test (.05/3) revealed that none of these average scores on the three subscales OSIVQ were significantly
different from each other (all ps > .05).

After the term, the verbal cognitive style remained predominant for the class as a whole (M = 46.71, SD =
6.73), with the object style being the next-most dominant, followed by the spatial style (M = 42.43, SD = 12.15
and M = 41.14, SD = 10.33, respectively). Paired-samples t-tests using Bonferroni-adjusted alpha levels of .02
per test (.05/3) revealed no statistical differences among cognitive styles (all ps > .05).

Students did not self-score significantly higher or lower on any of the cognitive style subscales over the course
of the term (all ps > .05). Moreover, independent samples t-tests revealed no statistically significant
differences between the treatment and control groups with respect to average scores on the three subscales of
the OSIVQ before or after the term, all ps > .05.

Gender Differences on the OSIVQ

Study 1

At the start of the summer term, men identified mostly, on average, as spatial learners (M = 49.75, SD = 2.74)
and least as verbal learners (M = 42.75, SD = 1.40). This was also the case at the end of the term (see Table 1).
In contrast, the highest average score among the three cognitive styles for women was on the object subscale
(M = 50.13, SD = 2.26) while the lowest was on the verbal subscale (M = 39.50, SD = 1.58) and remained so at
the end of term.
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Although participants’ general perceptions of dominant cognitive styles remained stable during the term,
scores increased on each subscale except that women’s scores on the object style subscale decreased slightly
(but insignificantly, {(7) = 0.43, p > .05) over time.

Table 1: Descriptive Statistics for Test Variables Per Gender Type in Study 1

Variable Gender Mean Standard Deviation
Start of Term  Start of Term

CCI (scored out of 22) Male 9.63 4.47
Female 7.75 3.45
PSVT:R (scored out of 15) Male 9.88 4.29
Female 9.75 2.05
OSIVQ: Spatial (scored out of 75) Male 49.75 2.74
Female 46.13 3.44
OSIVQ: Object (scored out of 75) Male 47.00 2.67
Female 50.13 2.26
OSIVQ: Verbal (scored out of 75) Male 42.75 1.40
Female 39.50 1.58

End of Term  End of Term

CCI (scored out of 22) Male 10.25 2.09
Female 8.25 1.40
PSVT:R (scored out of 15) Male 10.50 1.45
Female 9.25 1.24
OSIVQ: Spatial (scored out of 75) Male 54.00 2.19
Female 47.50 3.70
OSIVQ: Object (scored out of 75) Male 52.38 3.42
Female 49.25 2.04
OSIVQ: Verbal (scored out of 75) Male 45.38 0.80
Female 40.13 1.42

After the first round of data collection, independent samples t-tests revealed no significant differences
between male and female participants’ scores on the three OSIVQ subscales (all ps > .05). However, at the end
of the term, a significant difference between men and women’s scores on the verbal subscale of the OSIVQ was
revealed, t(14) = 3.22, p < .01, d = 4.56. No other significant differences were revealed between genders on the
OSIVQ subscales after the term was complete (all ps >.05).

Finally, scores on the spatial subscale of the OSIVQ did not correlate significantly with high scores on the
PSVT:R at the start of the term (r = .27, p > .05) but did so at the end of term (r = .62, p = .01, Fisher’s Zr =
0.73). No other significant correlations were revealed between scores on the PSVT:R and other subscales of
the OSIVQ, nor were there any significant associations between scores on the OSIVQ subscales and the CCI at
the start or end of the term (all ps > .05).
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Study 2

At the start of the fall term, the men in the sample identified mostly, on average, as spatial learners (M =
50.00, SD = 7.43) and, unlike in Study 1, least as object learners (M = 43.63, SD = 13.36). Men’s average
scores remained highest on the spatial subscale at the end of the term (M = 51.13, SD = 9.05; see Table 2).
However, their lowest score, on average, was on the verbal subscale at the end of the term, rather than the
object subscale (M = 46.63, SD = 4.44, and M = 47.25, SD = 9.02, respectively). Although men’s scores
increased on each subscale over time, the increases were not statistically significant (all ps > .05).

The highest average score among the three cognitive styles for women in the sample was on the object subscale
at the start of term (M = 44.80, SD = 8.70). However, average scores on this subscale decreased at the end of
term (M = 40.20, SD = 15.12. The lowest average score self-reported by women was on the spatial subscale at the
start of term (M = 40.20, SD = 12.52) and remained the lowest at the end of term (M = 36.00, SD = 14.42). And,
women’s scores on the verbal subscale increased during the term (M = 42.60, SD = 7.37, and M = 43.20, SD =
9.09, respectively). None of these changes in subscale scores were statistically significant (all ps > .05).

Table 2: Descriptive Statistics for Test Variables Per Gender Type in Study 2—Treatment
Group

Variable Gender Mean Standard Deviation
Start of Term  Start of Term

CCI (scored out of 22) Male 7.38 5.26
Female 5.60 2.61
PSVT:R (scored out of 15) Male 11.00 2.88
Female 9.40 3.78
OSIVQ: Spatial (scored out of 75) Male 50.00 7.43
Female 40.20 12.52
OSIVQ: Object (scored out of 75) Male 43.63 13.36
Female 44.80 8.70
OSIVQ: Verbal (scored out of 75) Male 46.38 5.40
Female 42.60 7.37

End of Term  End of Term

CCI (scored out of 22) Male 8.88 4.76
Female 8.60 5.03
PSVT:R (scored out of 15) Male 10.75 3.81
Female 10.20 2.05
OSIVQ: Spatial (scored out of 75) Male 51.13 9.05
Female 36.00 14.42
OSIVQ: Object (scored out of 75) Male 47.25 9.02
Female 40.20 15.12
OSIVQ: Verbal (scored out of 75) Male 46.63 4.44
Female 43.20 9.09
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Just as in Study 1, after the first round of data collection at the start of the term, independent samples t-tests
revealed no significant differences between male and female participants’ scores on the three OSIVQ subscales
(all ps > .05). However, unlike Study 1, at the end of the term, a significant difference between men and
women’s scores on the spatial subscale of the OSIVQ was revealed, t(11) = 2.35, p < .05, d = 1.26. No other
significant differences were revealed between genders on the OSIVQ subscales after the term was complete
(all ps > .05).

No significant correlations were revealed between scores on the PSVT:R and subscales of the OSIVQ, nor were
there any significant associations between scores on the OSIVQ subscales and the CCI at the start or end of
the term.

With respect to the control sample, unlike in the treatment group, and the results of Study 1, men in the
control group, at the start of term, mostly identified, on average, as verbal learners (M = 51.75, SD = 7.14) but,
just as in the treatment group (and unlike in Study 1), they identified least as object learners (M = 44.25, SD =
2.87) at the start of term. This pattern continued for men at the end of term: their average scores remained
highest on the verbal subscale (M = 47.00, SD = 3.16; see Table 2) and lowest on the object subscale (M =
43.75, SD = 13.72). Although men’s average scores decreased on each of the three subscales during the term,
none of these differences were statistically significant (all ps > .05).

Just as in the treatment group, the highest average score among the three cognitive styles for women in the control
group was on the object subscale at the start of term (M = 44.00, SD = 2.65). However, at the end of the term,
women'’s predominant subscale was no longer object but verbal (M = 46.33, SD = 10.97). Similar to the results from
the treatment group, the lowest average score self-reported by women was on the spatial subscale at the start of
term (M = 33.33, SD = 11.37) and remained the lowest at the end of term (M = 35.67, SD = 8.08).

While women’s scores on the spatial and verbal subscales increased over the term, and scores on the object
subscale decreased, none of the differences were statistically significant (all ps > .05).
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Table 3: Descriptive Statistics for Test Variables Per Gender Type in Study 2—Control Group

Variable Gender Mean Standard Deviation
Start of Term  Start of Term

CCI (scored out of 22) Male 7.75 6.29
Female 13.33 4.51
PSVT:R (scored out of 15) Male 12.25 1.89
Female 10.67 2.52
OSIVQ: Spatial (scored out of 75) Male 48.25 12.58
Female 33.33 11.37
OSIVQ: Object (scored out of 75) Male 44.25 2.87
Female 44.00 2.65
OSIVQ: Verbal (scored out of 75) Male 51.75 7.14
Female 42.00 8.19

End of Term  End of Term

CCI (scored out of 22) Male 11.25 2.87
Female 4.33 2.52

PSVT:R (scored out of 15) Male 11.25 0.96
Female 3.67 3.79

OSIVQ: Spatial (scored out of 75) Male 45.25 10.84
Female 35.67 8.08

OSIVQ: Object (scored out of 75) Male 43.75 13.72
Female 40.67 12.34

OSIVQ: Verbal (scored out of 75) Male 47.00 3.16
Female 4

Just as in Study 1, and in the treatment group in Study 2, independent samples t-tests revealed no significant
differences between male and female participants’ scores on the three OSIVQ subscales (all ps > .05) at the
start of term. No significant differences were revealed between genders on the OSIVQ subscales after the term
was complete (all ps >.05).

No significant correlations were revealed between control group participant’s scores on the PSVT:R and the
subscales of the OSIVQ at the start or end of term, nor were there any significant associations between scores
on the OSIVQ subscales and the CCI at the end of the term (all ps > .05). However, while no significant
correlations between the spatial and object subscales on the OSIVQ and the CCI were revealed at the start of
term, a significant positive correlation between scores on the verbal subscale and scores on the CCI (r = .85, p
= .01, Fisher’s Zr = 1.26) was found.
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Discussion and Teaching Implications

This study found contradicting results to Sorby et al. (2013) concerning the positive impact spatial training
was expected to have on students’ calculus and rotation ability, on average. Although average scores increased
on both of these tasks during the term, the increases were statistically insignificant and occurred with or
without spatial training. These results may be because of differences present in how spatial training was
implemented in the courses. For example, Sorby et al. afforded spatial training to students in a separate, one-
credit course that students were required to enroll in if their spatial skills were deemed insufficient (based on
their results on a placement test). In the present research, all students took part in the spatial training (and
only for a limited time during class).

Unlike Hawes et al. (2017), we did not find that spatial training affected mathematics performance. However,
our results are consistent with those of Rodan et al. (2019) in that spatial abilities were found to increase after
spatial training, but not mathematics ability. Our study may be distinct insofar as it was not done with young
learners, as were the two studies noted above and focused on participants’ self-reported perceptions of their
own cognitive style which may influence confidence levels in calculus courses. While our work used a method
of spatial training appropriate for undergraduate learners, both types of interventions included aspects of
spatial visualization and mental rotation—the shared cognitive skills of forming and manipulating mental
images (Mix & Cheng, 2012).

In addition, students’ lack of increased performance in calculus after experiencing the spatial training may
relate to the nature of the problems asked on the CCI. One study done with sixth-grade students found that
spatial skills and representations were more likely to be drawn upon when students are asked to solve new or
challenging mathematics problems, compared to routine problems (Mix, 2019). Because the CCI tests
introductory calculus concepts (and all students in this study were enrolled in second- or third-year calculus
courses), the problems on the CCI may not have seemed very novel to students and, thus, they did not
strongly engage their spatial reasoning skills during the task.

In Study 1, spatial training did not alter students’ self-reported cognitive style to be more spatial. On average,
students perceived themselves as predominantly object learners before and after spatial training. And, in
Study 2, while the spatial style was predominant for students before and after the term, spatial training did
not significantly increase scores. We found no statistically significant differences between the treatment and
control groups with respect to average scores on the three subscales of the OSIVQ before or after the term. It
would seem that, on average, spatial training does not significantly influence students’ self-reported cognitive
styles toward a spatial preference. Perhaps, spatial training ought to be discipline-specific for large effects to
be evident. Indeed, the workbook developed by Sorby et al. (2013) was intended for engineering students
using calculus.

However, one point of evidence in the present study that spatial training associates with cognitive style and
spatial ability may be the significant positive correlation in Study 1 between students’ preference for the
spatial cognitive style and their scores on the rotation task after spatial training was involved in their
curriculum. Because this correlation was not present in Study 2, and because a similar significant correlation
was revealed between CCI scores and preference for the verbal style in the control group, further investigation
with larger samples sizes must be done to better understand relations between these variables. It should also
be mentioned that a limitation of the study is the size of each sample. Given our ability to access only one
section of a calculus course from which to collect data (and the circumstance whereby only those participants
who completed all study instruments were included in the data set), a larger study with more diverse samples,
over longer periods of time, will be prudent to undertake in the future. Despite this limitation, this study lays
the groundwork for a promising interdisciplinary line of enquiry.
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It is worth noting that in both Study 1, and in the treatment group of Study 2, males reported a predominant
spatial cognitive style and women did not. Women reported being predominantly object visualizers—and this
perception, on average, did not change after spatial training. In general, no significant differences were found
between men’s and women’s self-perceptions of their cognitive styles. However, in Study 2, men self-scored
significantly higher on the spatial subscale compared to women after receiving spatial training. This may
indicate that men benefited from the spatial training in a psychological way and that the training may not
have affected female students’ confidence about their spatial abilities as we had hoped.

Limitations and Conclusion

Although this research has valuable implications for the teaching practices of mathematics educators, some
limitations are present. This work is a series of case studies that focus on data from undergraduate students at
a single university. Thus, results are initial and external validity must be bolstered in the future by replicating
results and utilizing the methodology with more diverse samples in additional locations.

This research is innovative in its blending of variables at the intersection of cognitive psychology and
mathematics education. However, with this novelty comes a scarcity of literature combining the measurement
of self-reported cognitive style with spatial training techniques and calculus performance. It seems that
interdisciplinary research is needed if we are to better understand whether these variables affect participation
with, and success in, the STEM fields for both men and women at various stages in their education. Indeed,
earlier research suggests that students who are predominately object visualizers tend to see graphs as static
pictures. Thus, they tend to experience difficulties in interpreting science graphs as abstract schematic
representations because of this literal interpretation of graphs (e.g., Heagarty & Kozhevnikov, 1999;
Kozhevnikov et al., 2002). This tendency contrasts with that of individuals who score themselves as
predominantly spatial who tend to understand graphs as dynamic encapsulations of information—an essential
skill to perform well in undergraduate-level calculus courses.

Our study offers mixed results in relation to these findings: a significant positive correlation between students’
preference for a spatial cognitive style and their scores on the rotation task after spatial training was only
revealed in one of the two studies. As additional research with larger sample sizes is put forward, it may be
prudent to encourage teaching practices that offer students the opportunity to pair physical events or words
with graphical representations moving in real time. This may afford students better connections between
calculus concepts and how they naturally perceive the world as individuals with preferred cognitive styles, as
Kozhevnikov and Thornton (2006) suggest.

In conclusion, our study is one of very few in the body of mathematics education literature to incorporate the
psychological construct of cognitive style into research concerning spatial training. Now that associations
between these variables have been shown to exist, future research can investigate other ways to measure and
enhance the impact spatial training may have on student learning, confidence, and performance in the STEM
fields.
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