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Abstract 

Research has demonstrated strong relations between spatial skill and mathematics across 

ages and in both typical and atypical populations, suggesting that a significant proportion of 

variance in mathematics performance can be explained by variance in spatial skill. Why do these 

relations exist and how do they develop? Studies of dimensionality in the two domains suggest 

the relation holds across tasks and is not limited to specific spatial or mathematics subskills. 

Spatial skills might perform several functions in real-time problem solving, but these have not 

been differentiated empirically. The relation appears to be based on automatic shared processing, 

as well as strategic recruitment of spatial processes. Developmentally, the relation is consistent 

in its strength, but may change qualitatively, particularly in response to novel mathematics 

content.



    

   People who perform well on spatial tasks, such as imagining objects turning, also tend to 

perform well on mathematics tasks (see Mix & Cheng, 2012, for a review). The space-

mathematics connection is evident from infancy to adulthood (See Verdine, Golinkoff, 

HirshPasek, & Newcombe, 2017), in both typical and atypical populations (e.g., Passolunghi & 

Mammarella, 2012), and may be causal (e.g., Lowrie, Logan, & Ramful, 2017). Strong, 

consistent evidence of a cross-domain connection compels the following questions: Why are 

spatial skill and mathematics related? What underlying structures are indicated? As my colleague 

and I have argued (Mix & Cheng, 2012), a critical goal for researchers is to work out 

mechanistic explanations for these results that go beyond a simple reiteration of the relation 

itself. In this brief review, I outline candidate mechanisms, highlight evidence, and identify areas 

for ongoing study. 

 

Mechanistic Frameworks  

  It is straightforward to say spatial skill and mathematics are related. It is much less so to 

say how and why. A clear understanding of the mechanisms connecting these two domains is 

needed both to pinpoint the ways they relate developmentally and to leverage the relation 

clinically and educationally (Mix & Cheng, 2012). This understanding is elusive because not 

only are multiple mechanisms plausible, but these mechanisms do not necessarily compete since 

all of them could be engaged for various tasks and various learners. To encompass this 

complexity, I have organized this review around four key questions that represent different 

approaches to parsing the theoretical landscape: 

1) Is the relation general or specific?  

2) How do the two domains relate in real time? 

3) Is the relation automatic or strategic? 



    

4) How do the two domains relate across developmental time?  

 

Question 1: Is the Relation General or Specific?  

  One way to look at potential mechanisms is to determine whether the same relation holds 

no matter which domain subskills are measured. The dimensionality within each domain has 

been debated over the years, with some investigators arguing that certain measures tap distinct 

subskills and other investigators claiming that measures within domains are essentially 

interchangeable (see Young, Levine, & Mix, 2018, for a review). If the two domains are 

multidimensional, the space-mathematics connection may unfold at a task-specific level. 

However, this hypothesis has been difficult to evaluate because most studies have focused on 

only a few skills at a time, testing, for example, whether visuospatial working memory is related 

to mathematics. 

  To address this gap, my colleagues and I measured a range of spatial and mathematics 

skills in children from three grades (kindergarten, third grade, and sixth grade; Mix et al., 2016; 

Mix, Levine, Cheng, Young, et al., 2017). Factor analyses revealed distinct factors for space and 

mathematics onto which each of the domain-specific measures loaded significantly. These 

factors were highly correlated but separate. A few measures from each domain loaded 

significantly onto both factors. For example, mental rotation loaded significantly onto both the 

spatial and mathematics factors in kindergarten, and visuospatial working memory and figure 

copying loaded significantly onto both factors in sixth grade (when children are about 11 years 

old). These findings suggest that certain spatial skills may have a particularly strong relation 

with mathematics and that these specific relations vary with age, a conclusion that received 

additional support from regressions of the spatial measures against children’s mathematics factor 

scores (Mix et al., 2016). However, when my colleagues and I repeated the study with a second 



    

cohort of children (Mix, Levine, Cheng, Young, et al., 2017), the same overall latent structure 

was replicated but the patterns involving cross loadings were not, suggesting caution in drawing 

strong conclusions at the level of specific measures. Taken together, the findings indicate that 

spatial skill and mathematics most likely relate at a general level. 

 

Question 2: How Do the Two Domains Relate in Real Time?  

  Another way to look at potential mechanisms is to consider cross-domain relations that 

might occur in the moment of problem solving (i.e., real time) as opposed to relations that might 

unfold developmentally over months and years. That is, when someone attacks a specific 

mathematics problem, what possible functions might spatial processing serve? Several 

possibilities exist (Lourenco, Cheng, & Aulet, 2018; Mix et al., 2016; Newcombe, 2017). 

One is that spatial skill could help people decode mathematics equations or diagrams 

based on the spatial arrangement of the written symbols. A simple example would be using 

spatial position to know that 53 is a larger number than 35 because it has five tens instead of 

three tens. Many mathematics symbols derive meaning from their spatial positions and these 

relations can become quite complex, such as when interpreting an algebraic equation or tracking 

one’s place in a long division problem. Spatial skill may play a crucial role in helping children 

decode these symbols. 

A second possible function is that spatial skill can help in mapping the meaning of 

mathematics symbols or problems to their referents (i.e., symbol grounding). For example, when 

people solve word problems, they might imagine the scene described in a problem as a way to 

check their understanding. Similarly, problem solvers asked to calculate the area of an irregular 

shape might create simple pictures or diagrams to represent the problem. Early in development, 

mental models might be used to ground the meaning of simple symbols such as written numerals 



    

or signs for operations. For example, children might imagine two sets coming together to 

represent the meaning of the plus sign. The ability to create, maintain, and update mental models 

likely depends on spatial skill. 

  A third possible function involves using conventional spatial representations such as 

number lines to solve problems. For example, children might be taught how to solve simple 

calculation problems by putting their fingers on a number line where the first addend is located, 

and then counting up the number of spaces for the second addend to arrive at a solution. Many 

such spatial tools are available to teachers and students, including base-10 blocks, fraction bars, 

and tens frames (Mix, 2010; Newcombe, 2017). Children may find it easier to understand and 

implement these tools if they have strong spatial skills. 

  These three possible functions of spatial skill are not mutually exclusive. Any or all of 

these functions could be engaged at different developmental stages for different content given 

different levels of spatial skill or mathematics skill, or even at different levels of processing. To 

illustrate, consider a study that compared children’s arithmetic performance under conditions of 

either visuospatial or phonological disruption (McKenzie, Bull, & Gray, 2003). The authors 

reported clear effects of visuospatial disruption in 6- to 7-year-olds, but a mixture of effects 

involving both forms of disruption in 8- to 9-year-olds. In a separate study involving adults, 

researchers reported visuospatial disruption for visual arithmetic problems but not auditory 

problems (Logie, Gihooly, & Wynn, 1994). 

Results like these may reflect a complex developmental pattern in which younger 

children rely on spatial representations to generate mental models and do so for most problems 

regardless of presentation because they are focused on grounding the meaning of numeric 

symbols, whereas older children use a combination of verbal and spatial strategies. In adults, the 

residual spatial effects may be the result of using a specific spatial representation, such as the 



    

mental number line, that is not necessarily activated by auditory presentation. Indeed, the 

potential for different spatial strategies to be used at different stages of processing during the 

same tasks has complicated attempts to categorize spatial tasks and assess multidimensionality 

(Mix, Hambrick, Satyam, Burgoyne, & Levine, 2018). Clearly, much remains to be investigated 

about these complex patterns. 

 

Question 3: Is the Relation Automatic or Strategic?  

  Another approach to identifying mechanisms is to determine whether space and 

mathematics are inherently related because they share the same processes, or they become 

related through strategic recruitment of spatial processing in mathematics tasks. Some have 

suggested that spatial reasoning is fundamental to abstract thought more generally (Lohman, 

1996), and abstract thought would certainly include mathematics. Indicative of automatic shared 

processing, neuropsychological evidence suggests that the same brain regions are activated for 

spatial and numerical tasks (e.g., Hubbard, Piazza, Pine, & Dehaene, 2005). However, recall that 

spatial skill and mathematics form separate factors and are highly, but not completely, correlated 

(Mix et al., 2016). Furthermore, language proficiency and executive function are also strong 

predictors of mathematics performance, independent of spatial skill (e.g., Bull & Scerif, 2001; 

Geary, 2011). Thus, it unlikely that space and mathematics are simply different contexts in 

which to apply the same processes. Perhaps—as has been claimed for number processing in 

particular (e.g., Dehaene, Piazza, Pinel, & Cohen, 2003)—mathematical thought is served by 

spatial, linguistic, and quantitative representational systems, so mathematics may be inherently 

spatial when its spatial modality is activated, and inherently linguistic when its linguistic 

modality is activated. Under what conditions are these modalities activated—for example, is 



    

modality determined by the mathematics task? Or are there developmental changes in the 

relative contribution of these systems over time? 

  An alternative to the notion of shared processing is that spatial processes are recruited 

purposely as a problem-solving strategy or leveraged by teachers as a pedagogical tool. Even 

without instruction, adults often use visuospatial representations to solve mathematics problems 

(e.g., Seron, Pesenti, Noel, DeLoche, & Cornet, 1992), providing support for this basic notion. 

Furthermore, not all learners use spatial representations in the same way, suggesting strategic 

choices rather than automatic shared processing. For example, sixth-grade boys who used 

schematic spatial representations of mathematics problems outperformed those who used more 

detailed, pictorial spatial representations (Hegarty & Kozhenivkov, 1999). Gifted students are 

also more likely than students with mathematics learning disabilities to use schematic drawings, 

and using these drawings correlated strongly with problem-solving scores (van Garderen, 2006). 

Relatedly, in another study, children with low spatial ability were more likely to use detailed 

pictures than schematic images (van Garderen, 2006). These examples illustrate that even when 

learners operate in the spatial modality, the way spatial processes are recruited and applied 

varies, with more advanced learners using less literal models. 

  Taken together, the evidence is consistent with both automatic shared processing and 

effortful, strategic use of spatial representations. It is likely that both types of engagement come 

into play across a range of mathematics problems and differences among learners, but it remains 

to be seen under what conditions and why. 

 

Question 4: How Do the Two Domains Relate Across Developmental Time? 

  Up to this point, we have considered relations that might unfold as people solve a 

particular mathematics problem. However, those relations occur within the larger context of 



    

developmental change, which takes place over months or years. The prospect of longer-term 

interactions between spatial skill and mathematics raises questions such as whether spatial skill 

is used differently at different ages, or whether improvement in one domain leads to 

improvement in the other as children learn and acquire new skills. For example, one possibility 

is that spatial skill is related to mathematics in adolescence only when children deal with very 

abstract, complex mathematical problems. An alternative possibility is that spatial skill is related 

to mathematics only in early childhood, when children map newly acquired numeric symbols to 

their concrete referents. 

  However, the evidence argues against such developmental shifts. My colleagues and I 

(Mix et al., 2016; Mix, Levine, Cheng, Young, et al., 2017) did not find a change in the overall 

correlation between spatial skill and mathematics from kindergarten to sixth grade. The 

correlation was equally strong in all three grades, suggesting a lack of quantitative change. One 

could argue the shifts in cross-domain loadings we reported in our work (Mix et al., 2016; e.g., 

mental rotation in kindergarten, and visuospatial working memory, and figure copying in sixth 

grade) may reflect qualitative change in the relation between spatial skill and mathematics; these 

effects were fragile and not always replicated. 

  An intriguing hypothesis, and one that may explain the failure of the cross-loadings to 

replicate, is that spatial skill is engaged more often for novel content (Uttal & Cohen, 2012). For 

example, a child who is unfamiliar with addition and subtraction may rely more on spatial skill 

to ground unfamiliar symbols, whereas children who have mastered these operations may rely 

less on spatial skill to solve these problems or may use spatial skill differently (e.g., to support 

symbol decoding). This cycle of engaging spatial skill differentially could be repeated every time 

new mathematics content is learned, yielding a developmental landscape of specific quantitative 

and qualitative changes driven by learners’ mastery of specific mathematics content. As 



    

evidence, in one study (Lowrie & Kay, 2001), sixth-grade students were more likely to generate 

spatial representations while solving novel or difficult mathematics problems than they were 

while solving familiar, routine problems. My colleagues and I (Mix et al., 2016) also found that 

performance on a spatial visualization measure (i.e., the Block Design subtest of the Wechsler 

Intelligence Scale for Children) correlated significantly with mathematics scores for novel 

content only, whereas figure copying correlated significantly with familiar content. The novelty 

of content may also explain why, for teenagers and adults, the space-mathematics connection is 

evident on advanced mathematics skills, such as solving complex equations (e.g., Wei, Yuan, 

Chen, & Zhou, 2012), as well as on quite low-level mathematics tasks among preschool children 

(Verdine et al., 2014). If the same pattern of engaging spatial skill repeats itself whenever new 

mathematics content is encountered, determining whether and how spatial skills are engaged 

probably depends more on the learner’s level of mastery than on age alone. 

  A second developmental question is whether improvement in one domain leads to 

improvement in the other. One approach has been to improve spatial skill through training and 

then test for improvement in mathematics. Although not all such attempts at training have 

succeeded (e.g., Hawes et al. 2015; Xu & LeFevre, 2016), some have (Cheng & Mix, 2014; 

Lowrie et al., 2017; Mix, Levine, & Cheng, 2017; Schmitt, Korucu, Napoli, Bryant, & Purpura, 

2018). For example, in one study (Mix, Levine & Cheng, 2017), training to improve mental 

rotation and spatial visualization in first- and sixth-grade students led to significant improvement 

in mathematics scores compared to a control group that was trained on something else. 

Researchers have also provided deliberate instruction in using spatial strategies to positive effect. 

For example, in one study (van Garderen, 2007), researchers taught three eighth-grade students 

with mathematics learning disabilities to use schematic diagrams while solving word problems. 

After training, the use of diagrams to solve word problems increased significantly, and students’ 



    

test scores improved from an average of 37% at pretest to an average of 79% following training. 

We should extend this type of research to larger samples and wider age ranges and mathematics 

content. 

           Another question for researchers is whether these training effects have an upper limit.  

Such limits have been reported in research on the relation of intelligence to creativity (Jauk, 

Benedek, Dunst, & Neubauer, 2013). Segmented regression analyses revealed that for certain 

measures, there was a strong positive relation up to a particular threshold, after which additional 

IQ points did not improve creativity scores. The same pattern may hold between spatial skill and 

mathematics, that is, higher spatial scores may be associated with higher mathematics scores up 

to a point, beyond which there is no significant relation—a hypothesis that was partially borne 

out in a recent dissertation (Freer, 2017). Another interesting question is whether these training 

effects are bidirectional. Given the correlation between domains, it is just as likely for spatial 

skills to improve from mathematics training as the reverse (Lourenco et al., 2018). Although 

such bidirectional effects have been reported occasionally (e.g., Geer, Quinn, & Ganley, 2018), 

they have not been studied extensively; this may be a promising direction for research. 

A second approach to asking whether more optimal spatial skills lead to improvement in 

mathematics has been to track children’s performance longitudinally. Some studies have focused 

on adolescents and adults, demonstrating, for example, that spatial skill in high school is a 

significant predictor of subsequent college and career success in science, technology, 

engineering, and mathematics (Li & Geary, 2013; Wai, Lubinski, & Benbow, 2009). Other 

studies have focused on children, sometimes starting at very young ages. For example, in one 

study (Lauer & Lourenco, 2016), infants’ ability to discriminate mirror images from nonmirror 

images at 6 and 13 months predicted variation in the children’s mathematics performance at 4 

years. Similar results have been reported for preschoolers (i.e., spatial skills at 3 years predicted 



    

mathematics performance at 5 years; Verdine et al., 2017), as well as for older children (i.e., 

spatial skills at 5 years predicted mathematics performance at 7 years; Gilligan, Flouri, & Farran, 

2017). 

  Longitudinal studies have also revealed less direct pathways between spatial skill and 

mathematics. In one study, spatial skill was related to development of an accurate linear number 

line representation at 6 years, and this representation in turn mediated the relation between 

spatial skill at 5 years and mathematics performance at 8 years (Gunderson, Ramirez, Levine, & 

Beilock, 2012). Similarly, the significant relation between spatial skill in kindergarten and 

mathematics achievement in first grade was mediated by knowledge of the counting sequence 

(Zhang et al., 2014). These examples suggest that spatial skill could exert its influence via 

children first mapping mathematical symbols onto a spatial representation and subsequently 

using that representation in mathematics tasks. 

  In summary, the relation between space and mathematics is strong and stable across 

development, but qualitative changes in the specific functions and processes that are engaged 

may exist. These qualitative changes may be part of a cyclic pattern in which spatial skill is 

engaged differently when mathematics content is unfamiliar than after it has been mastered. Both 

training and longitudinal studies have demonstrated effects of spatial skill on mathematics 

outcomes, suggesting causality, but it remains to be seen whether these relations are either 

bidirectional or subject to threshold limits. 

 

Conclusions  

  Interest in the relation between spatial skill and mathematics has increased, and recent 

research has added significantly to what we know. However, many questions remain. For 

example, the engagement of various spatial functions and the complex ways mathematics and 



    

spatial skill might relate in real-time problem solving are poorly understood. We have more to 

discover about the role of spatial processing for novel versus familiar mathematics problems. 

Additional training studies may be helpful in this regard to compare the effects of pure spatial 

training to training that is integrated with mathematics content. Training studies could also probe 

for bidirectional effects (e.g., does mathematics training automatically improve spatial skills?), 

threshold effects, and effects that equalize individual differences. It is important to address these 

questions, not only for what they can reveal about the nature of the relation between spatial skill 

and mathematics, but also because of the potential to leverage this connection to improve student 

learning. 
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