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How Much Can Spatial Training Improve
STEM Achievement?
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Abstract Spatial training has been indicated as a possible solution for improving Science,
Technology, Engineering, and Mathematics (STEM) achievement and degree attainment.
Advocates for this approach have noted that the correlation between spatial ability and several
measures of STEM achievement suggests that spatial training should focus on improving
students’ spatial ability. Although spatial ability can be improved with targeted training, few
studies have examined specifically the relation between spatial training and STEM achieve-
ment. In this brief report, we review the evidence to date for the effectiveness of spatial
training. We argue that spatial training offers one of the many promising avenues for increasing
student success in STEM fields, but research studies that show such training causally improve
retention, achievement, and degree attainment remain outstanding.
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Despite an increased demand for mathematicians, engineers, and scientists in the United States
workforce, and the need for a mathematically and scientifically literate citizenry, the majority
of Science, Technology, Engineering, and Mathematics (STEM) students continue to achieve
at or below basic proficiency levels. In particular, national trends indicate that U.S. students
face significant challenges meeting national, state, and local STEM content standards
(National Center for Educational Statistics 2012). Likewise, studies at the postsecondary level
similarly demonstrate that STEM college students often fail to achieve a basic understanding
of fundamental STEM content prior to graduation (e.g., Bao et al. 2009; Chittleborough and
Treagust 2007; Smith and Knight 2012). Although dropout rates in STEM undergraduate
degree programs are comparable to non-STEM fields, fewer students than needed are electing
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to pursue STEM degrees and STEM careers (Daempfle 2003; National Science Foundation
2009; White et al. 2006).

The underlying mechanisms responsible for America’s difficulty producing STEM gradu-
ates are the subject of much debate: environmental factors that include teacher preparation,
curriculum design, and assessment practices have all been targeted for reform. Recently,
several researchers have shown an increased interest in the role of individual and group
differences in cognitive abilities on STEM achievement and degree attainment. In particular,
spatial abilities (e.g., spatial visualization, mental rotation, perspective taking, etc.) have
received significant attention, and there are many ongoing studies that are investigating
whether low spatial skills explain why some students struggle to succeed in specific STEM
courses or drop out of STEM career pathways. As increasing evidence for the role of spatial
ability in STEM problem solving and practice accumulates, the belief that spatial training will
improve STEM achievement and increase access to STEM degree programs and careers is
becoming more widespread among teachers, researchers, and the public (Knapp 2011;
Lubinski 2010; National Research Council 2006; Park et al. 2010). Clearly, spatial abilities
can be improved with training, and multiple interventions that vary in duration and curriculum
have yielded improvement (e.g., Uttal et al. 2013a, b; Wright et al. 2008). Yet, the effect of
spatial training on an individual student’s success in STEM remains unknown. Here, we argue
that the evidence that spatial training can improve STEM achievement is still quite preliminary
and propose that novel research programs are needed to demonstrate the effectiveness of
spatial training.

Why Should Spatial Training Improve STEM Achievement?

The rationale for spatial training interventions begins as follows: STEM problem solving relies
primarily on spatial thinking; therefore, success in STEM relies primarily on a student’s spatial
ability. There is some merit to this argument as STEM problem solving quite often requires
students to reason about spatial information. For example, math students routinely quantify
geometric relationships in three-dimensional solids, and geology students characteristically
describe how land masses move over centuries. Examples of spatial reasoning such as these
abound across STEM disciplines including chemistry (Stieff 2011), astronomy (Rudmann
2002), physics (Kozhevnikov et al. 2007), computer science (Jones and Burnett 2008), and
mechanical engineering (Sorby 2001). Given the nature of STEM problem solving, a student’s
achievement in STEM ostensibly rests on how capable they are at solving problems that
involve reasoning about spatial information. As the argument goes, it stands to reason that
interventions that improve an individual student’s spatial ability should translate to increased
STEM achievement and degree attainment for that student.

Several empirical studies have offered more compelling evidence to support the belief that
spatial training interventions will improve STEM achievement. In the past decade, researchers
have demonstrated that there is a moderate relationship between spatial ability, STEM
achievement, and STEM career choice. Students who perform poorly on spatial ability
measures are more likely to struggle in entry-level STEM courses and are less likely to enjoy
STEM instruction (Wai et al. 2009, 2010). A longitudinal study of STEM professionals
demonstrated that this population has higher spatial abilities than non-STEM professionals
(Wai et al. 2009), and a number of small studies have shown that spatial ability correlates with
performance in several STEM disciplines (Dabbs et al. 1998; Devon et al. 1998; Kozhevnikov
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et al. 2007; Lord 1990; Lord and Nicely 1997; Ozdemir 2010; Pribyl and Bodner 1987). Taken
together, these findings firmly establish that spatial ability plays an important role in STEM
success and have to calls for spatial training interventions as a strategy for improving STEM
success (Lubinski 2010; National Research Council 2006; Park et al. 2010). However, we need
to examine more closely whether spatial training is causally related to improving desired
STEM outcomes.

Any causal argument must specify the logic of causation: how changes in one variable
could lead to changes in outcome variables. We note that the causal logic that relates spatial
training to STEM outcome has two important links. First, training must improve spatial
ability—that is, spatial ability must be malleable, and the proposed interventions must
specifically cause improvements in spatial ability. Second, these improvements in spatial
thinking must subsequently lead to improvements in the desired STEM outcomes. In the next
section, we review the evidence for both of these links in the causal chain from interventions
that were designed to improve spatial ability selectively in order to yield improvements in
STEM outcomes. To preview, the evidence now is quite clear that interventions do lead to
enhanced spatial ability, but the evidence that improving spatial ability leads to improvement
in STEM outcomes is tenuous at best.

Does Spatial Training Promote STEM Achievement? A Review

Is Spatial Thinking Malleable? There is now considerable evidence that spatial ability is
malleable—that a variety of experiences, ranging from life experiences to specific, intensive
training, can improve spatial ability. This literature was recently summarized in a meta-analysis
(Uttal et al. 2013a, b) on the effectiveness of spatial training. The meta-analysis included over
200 studies, of which more than half were unpublished (thereby decreasing the chances that
the results were affected substantially by publication bias). The authors defined training quite
broadly by including studies not only of formal spatial training but also of the influences of
taking STEM courses, playing videogames, and even learning to design dresses. The meta-
analysis showed that spatial training led to an average improvement of almost 1/2 standard
deviation in spatial ability measures. At least in some cases, the effects of the training lasted
even after substantial delays and transferred to other spatial tasks. In addition, the meta-
analysis identified several moderators, most notably the characteristics of the control groups
to which spatial training was compared.

Does Improving Spatial Ability Lead to Improvements in STEMOutcomes? Research
has established that spatial ability is malleable, but it is much less clear that improving spatial
ability improves STEM outcomes. Unfortunately, few studies have used rigorous methods to
generate strong evidence for the causal impact of spatial training on STEM achievement,
degree attainment, or career choice. In the past 30 years, we can identify only six studies that
have attempted to demonstrate the impact of spatial training interventions on STEM achieve-
ment in school or professional settings. Here, we review these findings to determine the level
of evidence for the causal claim that spatial ability training can improve STEM achievement.

One of the first attempts to assess the impact of spatial training on STEM achievement
occurred in the discipline of chemistry over 30 years ago. Small and Morton (1983) imple-
mented a model-based reasoning program in the context of their undergraduate course to
evaluate whether such training could improve students’ grades. Training involved completing
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large numbers of items typically found on spatial ability psychometric instruments in addition
to working with molecular modeling kits to relate the spatial problems to disciplinary content.
Small and Morton reported that the training improved student performance by approximately
three percentage points on disciplinary assessments compared to a matched group of students
who did not participate in the training. The effect on the disciplinary assessments was limited
as the authors observed improvements only on one classroom assessment with no significant
differences between groups’ course grade. While the intervention suggests promising benefits
of spatial training, the authors failed to assess improvements in spatial ability or control for
individual differences in other cognitive abilities thus compromising the inference that it was
spatial training exclusively that led to differences between groups.

Interest in the efficacy of spatial training appeared to wane for the next 15 years until Hsi
et al. (1997) published a study documenting improved student achievement in an engineering
course that included a supplementary spatial training intervention. Building on the earlier
findings of Small and Morton (1983), the researchers recruited undergraduate students to
participate in a voluntary weekly workshop to practice spatial problem solving. In this
intervention, students worked in groups to use a researcher-designed software environment
where they manipulated duplo blocks to better learn how to interpret and construct ortho-
graphic projections of three-dimensional shapes. Improving upon the early work in this area,
the authors assessed participants’ spatial ability before and after the training as well as
students’ grade in the main engineering course. Although the researchers were unable to detect
any overall improvement in spatial ability, they did report that sex differences in spatial ability
visible pre-intervention were undetectable at the end of the course. Due to selection bias
confounding the study, the authors did not report whether the intervention improved achieve-
ment in engineering; however, they did note that, unlike previous semesters, no students failed
the engineering course during the semester that included the intervention.

Although the mechanism of action remained unknown, the findings from Hsi and col-
leagues offered compelling evidence that spatial training could improve student achievement
in STEM and inspired a concerted effort by faculty in engineering schools to improve retention
and degree attainment through spatial training spearheaded by Sheryl Sorby and colleagues.
Over a 10-year period Sorby worked to design a self-contained spatial training course for
engineering students who achieved below average on standardized measures of spatial ability
with the goal of improving their mental rotation, spatial visualization, and perspective taking
skills. The fruit of this work was a set of curriculum materials that could be completed in a 10-
week course (Sorby 2001). The materials comprise a workbook (Sorby 2011) with hundreds of
spatial practice problems that include not only paper folding tasks common to spatial visual-
ization measures but also tasks that involve drawing orthographic projections, reflections,
rotations, and cross-sections of three-dimensional solids. These drawing tasks are highly
similar to the types of tasks found in drafting or AutoCAD courses offered by colleges in
engineering, and share common features with the tasks found on mental rotation and perspec-
tive taking spatial ability instruments.

In early 2001, Sorby and colleagues began to conduct a series of related studies to evaluate
the effectiveness of the spatial training curriculum for improving students’ spatial abilities and
their grades in STEM courses with specific attention to introductory engineering courses. The
reported results were positive across all studies. In 2009, Sorby reported that students who
completed the course using the designed curriculum materials achieved not only better grades
in their STEM courses, but also higher overall grade point averages at the end of the semester.
Equally important, Sorby demonstrated that participating in the workshop improved
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participants’ spatial ability from pre-to-post. Unlike earlier studies, Sorby’s work offered the
first evidence to support the claim that spatial training interventions that demonstrated
improvements in spatial ability could, in turn, improve STEM achievement. More recently,
Sorby and colleagues have provided additional evidence of the causal effects of the interven-
tion on STEM achievement, using a regression discontinuity approach (Sorby et al. 2013). The
researchers extrapolated the achievement of students in a control group and compared it to
students completing the spatial training curriculum. Importantly, the research design took
advantage of an Bexperiment in nature,^ in that the spatial skills training course became
mandatory for all students at the research site, which helps to assess directly the influences
of self-selection in the earlier studies. The results confirmed prior findings: low spatial students
who participated in the intervention performed better than the predicted scores of high spatial
students in the comparison group. The intervention participants performed better on both
measures of spatial ability and showed minor improvements in their calculus grades. The effect
size of the intervention was small and students’ spatial ability accounted for less than 1 % of
the variance in their grades; however, this recent work offers the most compelling evidence to
date that spatial training can improve STEM achievement.

Although most of the research on the effects of spatial training interventions has been
limited to schools of engineering, one study in college physics has yielded some promising
results indicating that spatial ability can be improved in the context of normal college STEM
instruction and that this improvement can lead to improvements in STEM achievement. Miller
and Halpern (2013) randomly assigned physics students to participate in a supplemental spatial
training workshop that used the Sorby curriculum throughout a semester. As in the engineering
courses, Halpern and Miller reported that students who completed the intervention achieved
significant and moderate improvements in spatial ability (Eta2=0.08) at the end of the
semester. As in the engineering studies, the researchers found a weak effect of the intervention
on STEM course grades. Students showed small improvements (d=0.32) on a limited number
of achievement assessments related to Newtonian mechanics with no significant improvements
on other assessments or in other courses. Additionally, the authors used a delayed test design to
assess the enduring effects of the intervention. No lasting effects were found: all gains (spatial
ability and STEM achievement) made by the spatial training participants were lost within
6 months.

The most recent study of spatial training was conducted with young children learning
mathematics. Cheng and Mix (2014) have showed that spatial training can improve mathe-
matics learning in 6- to 8-year-olds. In the study, children were randomly assigned either to a
spatial training or to a control group. The spatial training group practiced a mental rotation task
that had been developed for young children (Ehrlich et al. 2006). The control group completed
crossword puzzles. Mental rotation training led to significant improvement on a test of addition
and subtraction, but the control group did not improve. In addition, an analysis on the kinds of
arithmetic problems that were most affected by the spatial training sheds light on why the
training led to improvement. The effect of spatial training was the greatest on missing term
problems, such as 2+ ______=6. Prior research has shown that children of this age often
misinterpret the equal sign and add the numerals before and after the equal sign; thus, they
might answer B8^ for this problem (e.g., McNeil and Alibali 2005). Cheng and Mix suggested
that the spatial training may have helped children to perform the necessary transformations
(e.g., mentally moving the 2 and subtracting it from the 6) that support finding answers to these
kinds of problems. From this review, we can see that the evidence to date only partially
supports the claim that spatial training (with the goal of improving spatial ability) can improve
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student achievement in STEM fields. While it is clear that such training can lead to improve-
ments, the small effect of each of these interventions suggests that spatial training alone is
unlikely to raise STEM scores substantially. Certainly, no evidence yet exists that show spatial
training will yield increased numbers of scientists, mathematicians, and engineers in the U.S.
workforce. Nevertheless, it is important to note that each intervention has achieved an effect in
authentic classroom contexts where environmental and situational factors are known to have
strong impacts on the respective outcome variables.

Establishing the Effectiveness of Spatial Training

While the existing evidence for the effectiveness of spatial training is sparse, no study has
shown that spatial training is less effective or ineffective relative to business-as-usual methods.
Given the small, but positive effects observed when spatial training interventions are appended
or embedded in STEM classrooms, we believe that new research efforts are needed to provide
robust evidence for the impact of spatial training. Building on the work of researchers, such as
Sorby, Halpern, and Miller, rigorous studies are needed to establish a causal effect of spatial
training intervention on STEM outcome measures. Tightly controlled randomized-controlled
trials offer the best route to generate evidence for or against such a causal claim. We also
believe that new techniques involving learning analytics offer much promise for establishing a
relationship between spatial training, spatial ability, and STEM achievement.

As we noted above, most of the quasi-experimental studies that have attempted to show the
effectiveness of spatial training have suffered from serious threats to internal validity, which
compromises the interpretation of the findings. Most importantly, future attempts must care-
fully address issues with self-selection and existing group differences in their study designs.
Future designs should include random assignment and adequate individual differences covar-
iates that permit us to isolate the impact of spatial training on STEM achievement separate
from improvements in general reasoning, strategy acquisition, working memory, motivation,
or time on task. New efforts must also strive to move beyond simple evaluations of effective-
ness: we need clear evidence that demonstrates why spatial training is effective. Assuming that
spatial training improves STEM achievement selectively by improving spatial ability, new
efforts must be careful to assess changes in spatial ability that result from spatial training
interventions. Interventions, such as that of Hsi et al., which yield improvements in STEM
achievement without concurrent improvements in spatial ability raise serious theoretical
problems that require attention. Lastly, these experiments must occur in natural contexts to
establish the effectiveness of spatial training in real classrooms and to provide ecologically
valid predictions for expected outcomes. While such studies are logistically challenging, they
are not impossible as evident in recent studies of educational interventions (e.g., Bradshaw
et al. 2009; Raver et al. 2008) We also note that in the cases where random assignment is
impossible, studies that employ active controls with matched groups offer a reasonable
alternative.

Researchers may also want to consider alternate approaches to understanding the influences
of spatial ability and spatial training on STEM learning. Although experimental and quasi-
experimental approaches can shed light on whether spatial training is effective, they typically
do allow sufficient inference about why or how such interventions are effective. In addition,
these studies typically provide relatively little information about individual differences. Newer
approaches that emphasize the analysis of individual patterns of learning may prove to be
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particularly helpful in addressing these questions. Detailed, large-scale studies of learning
patterns for a particular STEM course, and the relation of spatial ability or spatial training to
these patterns, may simultaneously lead to greater theoretical insight and more specific
practical applications.

Independent of research designs, researchers working in this area need to be mindful that
we lack clear evidence that spatial training causally improves STEM success and, importantly,
they must attend to lessons learned from existing studies. First, spatial training often selectively
improves performance on only those tasks that depend heavily on spatial skills as evident in
the studies above as well as numerous examples in the gray literature. Researchers must be
mindful that the task-specificity of spatial training may not yield generalized gains in retention
or achievement if these tasks are not found on domain assessments. As such, when course
grades or GPA are used as the sole outcome measures, it is highly unlikely that spatial training
will produce a large effect. Second, researchers must consider whether spatial training yields
benefits during critical windows of opportunity. For example, spatial training may be more
effective in a specific curricular window. Studies of young children learning mathematics have
shown that relationship between spatial ability and mathematics performance not only varies
by task but also varies with age (cf., Mix and Cheng 2012). Similarly, among adults spatial
ability is more predictive of novice performance than expert performance and that spatial
ability may serve as a gatekeeper early in STEM instruction (Keehner et al. 2004; Uttal and
Cohen 2012; Uttal et al. 2013b; Wai et al. 2009). This suggests that spatial training may benefit
the largest group of students if it is delivered prior to (or concurrent with) introductory STEM
courses. Finally, researchers should consider whether the limited effects of spatial training
reported in the studies above is due to the duration of training or a delay in onset. Spatial
training interventions, if effective, may require extended training in excess of several months
to yield lasting effects, and the impact of such training may not be seen until much later in a
student’s educational life or developmental trajectory. Additional studies that address not only
whether spatial training is effective, but also what type of spatial training improves STEM
achievement and when effects can be detected are particularly needed.

Concluding Remarks

We end our report by affirming the belief that spatial training will lead to improvements in
STEM achievement has merit given the evidence to date. Preliminary attempts to demonstrate
that spatial training will improve STEM achievement by improving spatial ability have shown
that there is potential in such efforts. Clearly, it would be premature to fund large-scale spatial
training interventions given the lack of evidence for the effectiveness and efficacy of spatial
training. Whether the lack of evidence is due to flawed studies, imperfect interventions, or the
limited applicability of spatial ability for STEM learning is unclear, and the true effect of
spatial training interventions remains unknown. In our opinion, funding is warranted for new
concerted efforts that leverage expertise in psychology, learning sciences, and the STEM
disciplines if we are to fully understand the effectiveness of spatial training. So too, new
interventions need to explore the appropriate time for intervention, the effect of interventions
of different duration, and the long-term outcomes of such training.

We would caution those who would pursue research in this area to be mindful that
educational interventions seeking significant, generalized improvements in student outcomes
are rarely successful. STEM achievement is measured on a wide range of assessments
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throughout the curriculum and spatial ability contributes only partly to student success on these
assessments. Epistemic, affective, and conceptual difficulties plague even high spatial students
and may occlude the impact of the most carefully designed spatial training curriculum. As
such, we are mindful that spatial training interventions may never produce large effects on
achievement, retention, or degree attainment. Although this may seem discouraging, even a
small effect can represent opportunities for large numbers of students who may have otherwise
been excluded from STEM careers altogether.
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