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Abstract: This study provides evidence that spatial ability and spatial anxiety impact
mathematics ability. These findings (N = 101) are consistent with theories of how spatial
ability and anxiety and add to the understanding of spatial ability’s effect on mathematics.
Three key findings include: 1) spatial ability and math ability are highly correlated; 2) specific
spatial sub-categories could be more critical for success on different types of math tasks, and
3) high spatial anxiety scores predict lower spatial and math ability scores. Taken together,
these results reflect the complex nature of spatial and math ability. Moreover, this research
provides the first step in identifying and understanding the deeper relationships between math
ability, spatial ability, and spatial anxiety.
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Objectives/Purpose

Traditional models of mathematical cognition (e.g., Newell & Simon, 1972) have seen substantial expansion
beyond individually isolated rule-based processing of symbol systems. While contextual and social influences
on mathematical thinking have greatly influenced contemporary theories (e.g., Cobb, 1994; Schliemann &
Carraher, 2002), two other classes of processes that extend our theories of mathematical cognition —
embodiment and affect — are still in their infancy. One facet of embodied cognition particularly relevant for
math is spatial skills (Uttal & Cohen, 2012; Mix et al., 2016; Newcombe, 2013). An aspect of affect relevant to
math is anxiety. To further understand the breadth and multifaceted nature of mathematical thinking in terms of
expanded notions of cognition, we investigate the relationship of mathematical ability with spatial skills and
spatial anxiety. Models of mathematical cognition that include affective and embodied processes contribute to
basic theory of human cognition. Such models also inform the design of evidence-based educational practices,
including the design of curriculum activities, and principles for instruction and assessment.

Theoretical Framework

Spatial Ability

Spatial ability refers to the ability to generate and manipulate spatial objects, images, relationships and
transformations (Battista, 2007). These abilities include memorization and comparison of visual patterns,
manipulating mental objects, and performing spatial imagery (Hegarty & Waller, 2005). Spatial imagery, as
defined by Hegarty & Waller (2005), refers to “a representation of the spatial relationships between parts of an
object, the location of an object in space or their movement” (pg. 144). Spatial ability has been linked to success
in mathematics for students as young as three (Verdine et al., 2014), and studies investigating phenomena such
as the SNARC effect have the links between spatial-numerical associations and math ability (Berch, Foley, Hill
& Ryan, 1999; Toomarian, Meng, & Hubbard, 2019). As children develop, spatial ability is consistently
important. Assessment of spatial skills among elementary-aged children strongly predict later mathematical
capabilities (Casey et al., 2015; Laski et al., 2013).

There is little consensus in the literature about the exact combination of factors and sub-skills critical
for spatial ability (Yilmaz, 2009), and naming conventions of the factors vary (McGee ,1979; Lohman, 1988;
Hegarty & Waller, 2005). We adopted the three-factor framework proposed by Ramful and colleagues (2016):
(1) Mental rotation describes how one imagines a 2D or 3D object would appear after it has been turned; (2)
spatial orientation involves egocentric representations of objects and locations and includes the notion of
perspective taking; and (3) spatial visualization describes mental transformations that do not require mental
rotation, spatial orientation, or egocentric reference.

Anxiety in Mathematics and Spatial Reasoning



Though some scholars argue that low levels of general anxiety are essential for neurocognitive
performance, high levels of anxiety reduce neurocognitive performance (Derakshan & Eysenck, 2010; MacLeod
& Donnellan, 1993; Meyers, Grills, Zellinger, & Miller, 2013). Mathematics anxiety predicts low mathematics
performance even when controlling for other anxiety factors such as test anxiety (Lukowski et al., 2016).
Furthermore, math anxiety appears to be domain specific: When students simply anticipated doing math, those
with high math anxiety exhibited greater activity in brain regions associated with threat detection, which was
not present when they anticipated doing a reading activity (Lyons & Beilock, 2012).

Spatial anxiety as a psychological construct captures feelings of annoyance, confusion, and frustration
when faced with spatial tasks. Spatial anxiety and spatial ability are negatively correlated (Malanchini et al.,
2017). Furthermore, spatial anxiety, like spatial ability, appears to be composed of sub-components. One study
of twins identified two components of spatial anxiety: navigation and rotation/visualization (Malanchini et al.,
2017), or large versus small scale (Hegarty, Burte & Boone, 2018). Other studies have linked spatial anxiety to
spatial orientation skills, specifically, a decrease in efficiency of orientation strategies and an increase of errors
on navigation tasks (Lawton, 1994; Hund & Minarik, 2006). However, we know little about the relationship of
spatial anxiety on math performance.

Research Questions

There is emerging evidence for connections between the broad constructs of spatial ability, spatial anxiety, and
math performance, overall, but little is known about how spatial anxiety relates to math performance, or the
associations for their various subcomponents. Thus, our three main research questions are: What is the
relationship between spatial ability and overall performance on math tests? (RQ1); What are the relationships
between spatial ability sub-categories and performance on math performance sub-categories? (RQ2); What are
the relationships between spatial anxiety, spatial ability, and performance on math tests? (RQ3).

Methods and Data Sources

We recruited 153 participants (18 years of age and above) through Amazon’s Mechanical Turk service. All
participants completed spatial ability, spatial anxiety, and mathematics ability assessments, and a demographics
survey. For spatial ability, participants completed the Spatial Reasoning Instrument, which breaks down into
three sub-categories: mental rotation, spatial orientation, and spatial visualization (Figure 1; Ramful et al.,
2016). The spatial anxiety measure was a combination of 8 questions from the Spatial Anxiety Scale (Lawton,
1994) and 5 questions from the Child Spatial Anxiety Questionnaire (Ramirez et al., 2012) that were updated to
fit the population. The mathematics ability measure was composed of a subset of 16 questions from the 2012
PISA Mathematics Test, which consisted of 4 sub-categories of questions: quantity, uncertainty and data, space
and shape, and change and relationships (Organization for Economic Co-operation and Development,
Programme for International Student Assessment, 2014).

All measures were completed online. In a previous pilot study, participants took an average of 26 minutes to
complete the tasks (Author, 2019). Based on this data, participants who completed the study in less than 25
minutes were excluded from the analyses (Figure 2). This restriction left a total of 101 participants. See table
Tables 1 and 2 for descriptive statistics.

Results and Discussion

Reliability for the spatial ability, mathematics, and spatial anxiety measures exceeded the 0.7 threshold for the
overall assessments and for each of the sub-scales, with the exception of the mathematics Quantity sub-scale,
which had a Cronbach’s o = 0.69 (see Table 3 for further details).

For our analyses, we used Ordinary Least Squares (OLS) regression. In each model, we included participant sex
and age as fixed effects, because these variables have been shown to be significant predictors of spatial ability,
spatial anxiety, and mathematics ability (Lawton,1994; Maeda & Yoon, 2013, Voyer, Voyer & Bryden, 1995).

RQ1: Spatial and Math Ability

A multiple linear regression was calculated to predict overall math ability scores based on overall spatial ability
scores while controlling for age and sex (RQ1). Spatial ability scores significantly predicted overall math ability
scores (t (97) =10.07, p < .001). Each one-point increase in spatial ability scores increased math ability scores
by 0.38 points. This result indicates that spatial ability may have an important relationship with math ability and
gives further weight to previous findings that spatial ability may be an essential factor for success in STEM
fields (Davis, 2015; Uttal & Cohen, 2012).



RQ2: Spatial and Math Ability Sub-categories

To investigate the relationships between spatial and math ability sub-categories, we calculated five separate
multiple linear regression equations to predict math ability scores based on each of the spatial ability sub-
categories (mental rotation, spatial orientation, and spatial visualization) controlling for age and sex (RQ2). The
first model predicted overall math ability by the three spatial ability sub-categories. The subsequent models
predicted the four sub-categories of mathematics ability (quantity, uncertainty and data, space and shape, and
change and relationships) by the three spatial ability sub-categories. Overall, at least one spatial ability sub-
category significantly predicted the dependent variable. No sex effects were found in any model.

Mental rotation was significantly predictive of scores for both uncertainty and data questions (UD; t (95) = 2.84,
p = .005) and change and relationship questions (CR; t (95) = 2.50, p = .014), but not math ability overall.
Spatial orientation was significantly predictive of scores for overall math ability (t (95) = 3.50, p = 0.001),
quantity questions (Q; (t (95) = 3.94, p <.000), and uncertainty and data questions (UD; t (95) = 1.99, p = .049).
Spatial visualization was significantly predictive of scores for both uncertainty and data questions (UD; t (95) =
2.18, p=.031) and space and shape questions (SS; t (95) = 3.10, p = .003).

RQ3: Spatial Ability, Math Ability, and Spatial Anxiety

The last set of analyses further examined the relationships between spatial ability, spatial anxiety, and math
ability (RQ3). Results indicated that spatial anxiety significantly predicted spatial ability scores (t (97) = -8.18, p
<.000). As expected, this relationship was negative, which is consistent with previous work on the effects of
anxiety on performance (e.g., Malanchini et al., 2017).

A second model indicated that spatial anxiety also significantly predicted math ability scores (t (97) = -0.13, p <
.000). This result was interesting since the results of the pilot study did not indicate this relationship, and it has
not been identified in any previous literature to our knowledge. The relationship between spatial anxiety and
math ability is negative, as expected with anxiety relationships. Spatial anxiety may affect students’ spatial
ability, which leads to lower math ability scores. Spatial anxiety scores may reflect math anxiety, which, though
not measured in this study, was not significantly correlated in the pilot study (Author, 2019).

To determine the more specific relationship between spatial ability, spatial anxiety, and math ability, the third
model in these analyses included spatial ability scores, spatial anxiety scores, and the interaction between these
scores. Here, spatial anxiety lost its predictive power for math ability once spatial ability was added to the
model (t (95) = -1.26, p =.211). Spatial ability remained highly predictive of math performance (t (95) = 2.51, p
=.0134). Additionally, the interaction between spatial ability and anxiety was not significant (t (95) = 1.40, p =
.165). This result could mean that spatial anxiety does not directly affect math ability but may indirectly affect it
through other factors.

Educational and Scientific Importance

This study indicated three important results. First, spatial ability and math ability are highly related. Second,
specific spatial sub-categories could be more critical for success on different types of math tasks. Third, high
spatial anxiety scores predict lower spatial and math ability scores.

Taken together, these results reflect the complex nature of spatial and math ability. This research helps uncover
the deeper relationships between math ability, spatial ability, and spatial anxiety. The strong correlation between
spatial ability and math ability may reflect the highly spatial nature of mathematics.

Additionally, the results illuminate the relationships between the different sub-categories of spatial and math
ability that previous research has not identified. Each of the three spatial ability sub-categories (mental rotation,
spatial orientation, and spatial visualization) had unique relationships with the four sub-categories of math
ability. Spatial visualization was predictive of success on items involving space and shape, suggesting people
visualize different views of an object without the need to rotate the object or orient relationships between
objects. These differing relationships are consistent with the idea that spatial ability is composed of a variety of
factors (e.g., McGee, 1979). Subcomponents of spatial ability factors may be more critical to success on specific
math ability tasks than overall spatial ability. Thus, it may be possible to design more specific spatial
interventions to improve scores on particular math sub-categories.

Spatial anxiety was negatively associated with both spatial ability and math ability. Spatial anxiety may have a
general effect such as reducing working memory capacity, as posited in Attentional Control Theory (Eysenck &



Derakshan, 2011), which would limit resources devoted to mathematical problem-solving. Spatial anxiety may
also disrupt specific mathematical skills.

To address the limitations of this study, we suggest three additional studies to explore these findings. First, we
advocate the addition of verbal and spatial working memory tests, and biometric measures of anxiety that go
beyond self report. Second, we wish to extend the participants as a large number of participants were white and
spoke English as a first language.
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Tables and Figures

The diagram below represents a model made out of cubas, Josh leaves his house at location 1D. He dri and J paper into 4 part:
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Figure 1. Mental Rotation (left), Spatial Orientation (center), and Spatial Visualization
(right) questions taken from the Spatial Reasoning Instrument (Ramful, Lowrie & Logan,
2016)
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Table 1

Demographic Information (N = 101)

Variables Mean (SD) N (%)
Age in years 34.05 (10.97) —
Sex, Female — 62 (61%)
Native Language, English — 86 (85%)
Ethnicity, White — 63 (62%)
Table 2
Cognitive Statistics (N=101)
Variables Mean SD
Total SRI Score [30] 18.34 6.67
Mental Rotation (MR) Sub score [10] 5.89 2.73
Spatial Visualization (SV) Sub score [10] 4.58 2.60
Spatial Orientation (SO) Sub score [10] 7.87 2.22
Total PISA Score [16] 8.99 3.45
Quantity (Q) Sub score [4] 2.35 1.07
Uncertainty and Data (UD) Sub score [4] 231 1.14
Space and Shape (SS) Sub score [4] 2.37 1.05
Change and Relationships (CR) Sub score [4] 1.92 1.09
Spatial Anxiety Score [65] 23.44 12.29
CSAQ Sub Score [25] 15.21 5.33
SAS Sub Score [40] 8.23 7.71

Note. [m] reflects the maximum score.



Table 3

Reliability Checks for all Measures (N=101)

Variables Cronbach’s a
Total SRI Score 0.89
Mental Rotation (MR) Sub score 0.76
Spatial Visualization (SV) Sub score 0.72
Spatial Orientation (SO) Sub score 0.72
Total PISA Score 0.77
Quantity (Q) Sub score 0.69
Uncertainty and Data (UD) Sub score 0.71
Space and Shape (SS) Sub score 0.72
Change and Relationships (CR) Sub score 0.76
Spatial Anxiety Score 0.94
CSAQ Sub Score 0.86
SAS Sub Score 0.91

Note. All items appeared to be worthy of retention, resulting in a decrease
in the alpha if deleted.



