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The ability to visualize in three-dimensions has been shown to be critical to success in engineering and 
in mathematics. Unfortunately of all cognitive process, spatial visualization exhibits some of the most 
robust gender difference, favoring males. Poorly developed spatial skills among women and girls could 
be a hindrance as we strive to diversify engineering. A course for developing 3D spatial skills has been 
implemented at the university level with promising results. A spatial skills curriculum was imple-
mented in 7th grade mathematics at a low-performing school in rural Colorado. Student outcomes 
on standardized mathematics tests, including the statewide assessment and a local diagnostic test for 
9th grade math placement were examined for student participants as well as for a comparison group. 
The students who participated in the spatial skills training in 7th grade performed better on both the 
statewide mathematics assessment as well as on the local placement test for 9th grade mathematics. The 
improvements in mathematics performance were particularly strong for the girls in the study.
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1. PURPOSE OF THE STUDY

Numerous reports, articles, and opinion pieces all extol the need for more engineering gradu-
ates to fill the need for economic competitiveness in the U.S. as engineers are seen as the driv-
ers to prosperity in this knowledge-based economy. In response, states across the country are 
implementing efforts to increase their engineering workforce and school districts nationwide are 
hiring Directors of STEM Education to bolster achievement in science and mathematics. Histori-
cally, we have always been hampered in our ability to attract women and minorities to engineer-
ing programs. Despite nearly four decades of concerted effort, we have made little progress in 
achieving goals of increasing the proportion of women and minorities who study engineering. 
The lack of women and minorities in engineering means that diverse perspectives are not always 
available to solve the critical problems our society faces. Wai et al. (2009) showed the clear link 
between STEM degree attainment and strong spatial skills. There is also growing recognition 
of the importance of spatial thinking for educational and occupational success in STEM fields 
(particularly engineering); however, several studies have shown the spatial visualization skills 
of females lag those of males, and those of lower socioeconomic status tend to also have weaker 
spatial visualization skills. Could weak spatial ability be part of the problem in achieving a di-
verse engineering profession?

At the post-secondary level, research has shown that engineering students with initially weak 
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spatial visualization skills that receive spatial training not only see an increase in spatial ability, 
but have higher retention and graduation rates and higher grades in STEM courses commonly 
taken during a first-year engineering curriculum than students with comparable visualization 
skills who do not take the spatial training. Based on the success of spatial training at the post-
secondary level, could similar results be achieved if spatial training were implemented at the sec-
ondary level? In other words, if spatial ability is trainable and the training is implemented early 
enough in a student’s career, could that lead to more students, particularly females and minorities, 
pursuing engineering degrees? The purpose of this study is to begin to answer that question. 

A longitudinal study to track long-term impacts of spatial training on pre-college students 
was implemented in a Colorado school beginning in the fall of 2011. In this study, a spatial 
training curriculum was integrated into 7th grade math courses and career-related attitudes and 
choice of STEM-related high school courses of students who received spatial training are being 
analyzed to determine if students, particularly females, that take the training ultimately are more 
likely to take more STEM courses in high school and go on to STEM careers than students not 
taking the training. This paper presents a partial analysis of the data by comparing math success 
of students taking spatial visualization training with those not taking the training. Future analy-
sis will look at whether or not the spatial skills intervention improved students’ attitudes about 
STEM careers.

2. RESEARCH QUESTIONS

The research questions addressed in this paper include the following: 

• Do students who receive spatial training in 7th grade increase their spatial ability 
significantly more than those who do not receive the training?

• Do students who receive spatial skills training perform better on standardized math tests 
compared to those who do not receive the training?

• Do students who receive spatial skills training in 7th grade enroll in higher-level math 
classes in 9th grade than students who do not receive the spatial training? 

• Are there sex differences apparent for any of these factors?

3. BACKGROUND INFORMATION

While women account for almost half of the U.S. workforce, they hold less than 25% of STEM 
jobs. This has remained largely unchanged over the last decade (2000–2009) even though the 
percent of female college-educated workers has increased from 46% to 49% during the same 
time period (Beede et al., 2011). The scarcity of women and minorities in high-paying careers 
such as engineering further exacerbates problems in the gender and minority wage gaps. The low 
percentages of women and minorities in engineering also mean that there are few role models and 
mentors for those who do defy the odds and enroll in engineering programs.

Changes in the demographics of the U.S. population amplify problems associated with not 
attracting women and minorities to engineering. If we look at the demographic projections for the 
U.S. into the coming decades, our traditional source of engineers, majority males, is shrinking in 
relative size to other groups. Between 1990 and 2000, the total population grew at a rate of 13%. 
However, the minority population grew by 35% while the non-Hispanic white population only 
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grew by 3.4%. The Hispanic population more than doubled between 1980 and 2000, increas-
ing from 14.6 million to 35.3 million. The Pew Hispanic Center (Pew Research Center, 2005) 
projects that the Hispanic population will reach 60.4 million by 2020. As the complexion of our 
nation changes, we must attract a more diverse pool of students into engineering in order to meet 
the need for innovation for coming generations.

3.1 Importance of Spatial Skills in Engineering Success

Spatial visualization skills are becoming increasingly identified as being critical to success in 
and selection of STEM studies and careers. The National Research Council (2006) and the Na-
tional Science Board (NSB) (2010) highlight the importance of spatial skills to STEM success. 
“Preparing the Next Generation of STEM Innovators” recommends that talent searches measure 
not just verbal and math ability, but also spatial ability (NSB, 2010). In a study that addressed a 
wide range of disciplines, Wai et al. (2009) analyzed eleven years of longitudinal data from over 
400,000 talented high school students. Spatial ability emerged as a consistent and statistically 
independent predictor of STEM-related career selection and attainment of an advanced STEM 
degree.

Verdine et al. (2014) looked at children’s ability to correctly build block figures as a test of 
their spatial visualization skills. They found an early link between spatial skills and mathematical 
skills for children as young as 3 years old. In another study, Gunderson, et al. (2012) found that 
preschoolers who performed better on a test of spatial skills were better at mathematics as 8-year-
olds, even when controlling for verbal ability. Several studies have shown the link between spa-
tial skills and the ability to solve word problems (e.g., van Garderen, 2006). 

In a review article discussing numerous studies in chemistry education, Harle and Towns 
(2011) describe research through the years demonstrating the need for well-developed spatial 
skills for success in chemistry, especially, but not limited to, organic chemistry. Several studies 
have shown a link between spatial skills and introductory engineering courses, including graph-
ics and computer aided design (Sorby, 2000; Branoff, 2014; Veurink and Sorby, 2011). There 
is evidence that spatial visualization skill predicts course selection and success in physics 
(Talley, 1973; Kozhevnikov et al., 2007) and spatial skills have been shown to be a predictor 
of success in geology (Kali and Orion, 1996; Orion et al., 1997). Recent articles link spatial 
skills to creativity and technical innovation (Kell et al., 2013) and to success in computer 
programming (Jones and Burnett, 2008). Thus, it is readily apparent that high spatial ability is 
a requirement for engineering success. 

3.2 Gender Differences in Spatial Skills

Unfortunately, it is well documented that girls (and women) on average perform worse than 
boys (and men) on tests which measure spatial ability, particularly tests of horizontality concepts 
(Liben, 1991) and mental rotation (Linn and Petersen, 1985; Tartre, 1990; Voyer et al., 1995). 

There is little agreement regarding why there are gender differences in spatial ability. In re-
search conducted by Casey et al. (1992), they examined the nature versus nurture debate in terms 
of spatial skills development and found that there is likely an interaction between biological and 
environmental factors in the development of spatial skills for women.

Research conducted by Ganley et al. (2014) showed that gender differences on tests of spa-
tial ability mediated the difference in standardized test scores for 8th grade physical science and 
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technology/engineering subjects (n = 113). They then examined statewide scores on these tests 
(n = 73,245) and found large gender differences on items that were highly correlated with mental 
rotation scores. 

3.3 Relationship between Socioeconomic Status and Spatial Skills

In addition to the large body of work documenting gender differences in spatial skills, there is a 
growing body of evidence that spatial skills vary also by socioeconomic status (SES). Early work 
by Ben-Chaim et al. (1988) showed a link between SES and spatial skills. In this study, students 
in 5th through 8th grades at three different schools were given tests of spatial cognition. One 
school was an inner city school with a relatively large proportion of minority students. A second 
school was a rural district with predominantly white and middle-class students. A third school 
was a suburban school which served a community of predominantly white upper middle-class 
university and state government professionals. Their findings included that there were significant 
differences in spatial visualization performance by grade (increasing with age), by sex (favoring 
boys), and by site (increasing with SES). 

Levine et al. (2005) conducted a study whereby students were tracked over 2 years across 
grades 2 and 3, giving them tests of spatial ability at four times over the study period. There were 
15 schools in the study and SES was assigned at the school level based on census data. Students 
from high- and middle-SES groups did not vary significantly from one another; however, both 
were significantly better than the low-SES students. 

Casey et al. (2011) conducted a study looking at the impact of spatial skills on measurement 
concepts among 4th grade students. The study made the case that measurement is a key mathe-
matical skill with two underlying components—a spatial component and an analytic component. 
There were several measures used in this study—two spatial visualization tests, a measurement 
task, a numeric test, a verbal working memory task, and a spatial working memory task. Students 
from a low-SES school district performed worse on all measures. In addition, spatial skill level 
predicted success on the measurement task for students from the affluent school, but not for those 
from the low-SES school. This likely means that the low-SES students were not able to apply a 
basic cognitive process like spatial visualization to the solution of problems. 

In a study by Verdine et al. (2014), researchers looked at children’s ability to correctly build 
block figures as a test of their spatial visualization skills. They found that children from high-
SES groups outperformed those from low-SES groups by a significant amount. They did not find 
gender differences in the block-building tasks—just differences by SES groups.

3.4 Malleability of Spatial Skills

There is an abundance of evidence that spatial skills can be enhanced through practice (Uttal 
et al., 2013); however, helping students to develop their spatial skills is not typically a part of 
the formal U.S. educational system. Although spatial thinking has been a part of the national 
mathematics standards for many years (National Council of Teachers of Mathematics, 2000), 
it is not always specifically assessed on the high stakes tests in most states and therefore is not 
always a part of the mathematics curriculum. Despite the clear importance of spatial skills 
for STEM careers these skills are unlikely to be consistently taught in schools. Ben-Chaim 
et al. (1988) developed a training program for developing spatial skills. Through this training, 
students had significant gains after instruction with a similar gain for both the boys and the girls. 
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An interesting finding from this study is that although all grade levels in the study (5th through 
8th grades) gained significantly from the spatial skills instruction, both the boys and girls in the 
7th grade gained more than the others. This suggests that seventh grade may be an optimal time 
for spatial skills training.

In 1993, Sorby developed a post-secondary spatial visualization training course for fresh-
man engineering students. Since the development of the course, several studies have shown 
the positive impact of the training on student spatial visualization skills, grades in calculus and 
engineering courses, and retention, particularly of females in engineering (Sorby and Baartmans, 
2000; Sorby, 2009; Veurink and Sorby, 2011; Sorby et al., 2013). The curriculum was also used 
in a pilot study in middle and high school, where it was found that the training was effective in 
improving the spatial visualization skills of pre-college students (Hungwe et al., 2007). 

In the pilot study, the curriculum was implemented in a middle school integrated technology 
course (primarily students in the 8th grade). Students worked in pairs to complete the various 
software and workbook modules. In the first implementation (2006), students completed the 
nine modules with no modification. In the second implementation (2007), additional sketching 
problems were created in four of the modules. Thus, the 2007 treatment group spent more time 
on task solving problems in support of spatial skills development. Table 1 includes the pre- and 
post-test results for the middle school students in this previous pilot study. For this study, students 
were given four component tests of spatial visualization which were combined into a single score 
through a principal components analysis. 

For the results presented in Table 1, gains for both treatment groups were significantly higher 
than the gains for the comparison group (p < 0.01). In addition, gains for the 2007 treatment 
group, which had more time on task solving spatial problems than the 2006 treatment group, 
were significantly higher than the gains for the 2006 treatment group (p < 0.01).

4. RESEARCH METHODS

4.1 Study Participants 

The study was conducted in a rural Colorado school district, where more than three-quarters 
of the students are of Hispanic ethnicity and more than 40% are English language learners. At 
this district, a significant proportion of the students are eligible for free or reduced lunch as well 
(~80%). The students included in this study are students who were in a 7th grade mathematics 
class beginning in the fall 2010 semester through the spring 2013 semester. It was decided to 
implement the spatial training at the 7th grade level based on the findings of Ben-Chaim et al. 
(1988) that 7th graders gained more from spatial instruction than 5th, 6th, and 8th graders and 
because a pilot study of the spatial training curriculum had been successfully tested in a middle 

TABLE 1: Pre- and post-test results for middle school students
Group n Average Pre-test Average Post-test Average Gain

Comparison 141 42.0% 46.8% 4.8%
2006 treatment 80 42.0% 54.3% 12.3%
2007 treatment 52 54.0% 71.1% 17.1%
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school setting (Hungwe et al., 2007). 
In this particular district, there were only two individuals teaching mathematics in the 7th 

grade, and the study was designed such that one of the two teachers would implement the spatial 
training the first year of the study (2011–2012), while both teachers would implement the train-
ing during the second year of the study (2012–2013). All 7th grade students were to be given 
spatial tests near the beginning and end of the training to assess their improvement in spatial 
skills whether or not they received the spatial training. Scores on standardized tests and 9th grade 
math placement were also to be compared. The null hypothesis was that students with the spatial 
skills training would perform better than those without (one-tailed analysis). In addition, since 
gender differences in spatial skills are widely reported in the literature, data were to be compared 
by gender where appropriate. 

The design of the study was such that about half the students would receive the spatial train-
ing the first year of the study (the experimental group), while the other half did not receive the 
training the first year (the comparison group). Unfortunately, the school principal, unbeknownst 
to the researchers, “tracked” the students such that the better students went into our first experi-
mental group and the poorer students went into first our comparison group. However, what is 
fortunate for us is that they also did this during the previous year, i.e., for the year starting in the 
fall of 2010. For this reason, we were able to look at historical data for comparison purposes. 
During the second year of the study, we implemented the spatial skills curriculum in the 7th 
grade math courses of the teacher who had been the control teacher during the previous year so 
we now can make comparisons across two teachers and two years of implementation. The first 
implementation of the spatial skills curriculum at the Colorado district was in Fall 2011; a second 
implementation took place during the 2012–2013 academic year. It should be noted that across 
all years of the project to date, teacher 1 taught the more advanced students and teacher 2 taught 
the less advanced students (as measured by 6th grade standardized mathematics test scores). 
Table 2 illustrates our experimental design.

4.2 Spatial Training Curriculum and Implementation

In the summers prior to implementation of the spatial skills curriculum, a 7th grade math teacher 
at the middle school was trained by Sorby in the spatial training curriculum. As part of the train-
ing, the teacher was given PowerPoint presentations used in the university spatial training course 
as well as PDFs of the workbook (Sorby, 2016) to use as potential instructional aids. The teacher 
was also encouraged to use the software which accompanied the workbook to demonstrate the 
concepts to the students. The workbook covers ten topics, nine of which were used in the study 
and are described below. 

• Surfaces and solids of revolution. Given a 2D shape, students determine which solid objects 

TABLE 2: Experimental (EG) and control (CG) groups used in the 
study

2010–2011 2011–2012 2012–2013

Teacher 1 CG1 EG1

Teacher 2 CG2 EG2
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could be formed by revolving the shape about an axis, or given a 3D solid, they determine 
which 2D shape could be revolved to create the solid.

• Combining solids. This module focuses on the identification of objects created by cutting, 
joining, or intersecting two objects.

• Isometric sketching. Students learn how coded plans can be used to define objects 
constructed of cubes or blocks and are then required to sketch them from several corner 
views.

• Orthographic projection of normal surfaces. In this module, students learn how to construct 
the top, front, and right views of an object. Hidden features of objects are also discussed.

• Flat patterns. Given 2D patterns with and without markings, students determine which 3D 
solid objects would result from the folding of the pattern. 

• Rotation of objects about a single axis. Students learn about object rotation and sketch 
objects as they are rotated about a single axis.

• Rotation of objects about two or more axes. Continuing from the lessons learned in the 
previous module, students now rotate objects about two or more axes and sketch the result 
of this transformation.

• Object reflections and planes of symmetry. Students draw objects reflected across a plane 
and identify planes of symmetry of objects.

• Cross sections. In this module, students imagine a cutting plane passing through an object 
to determine what the cross section would look like.

Teachers received training in the implementation of the materials, but were given latitude 
in how they went about implementing the curriculum in their 7th grade math classes. Teacher 1 
covered all nine modules described above except the Rotations about Two or More Axes module. 
Teacher 2 covered all of the nine modules, although in a different order than Teacher 1. Teacher 
1 spent between 30 and 45 minutes in class on each module and assigned some of the workbook 
pages as homework for each module. Teacher 2 spent from 70 to 120 class minutes on the Rota-
tions about a Single Axis, Isometric Sketching, and Orthographic Projections of Normal Surfaces 
modules, and then spent 30–45 class minutes on the remaining modules. Teacher 2 assigned 
workbook pages as homework on all but two of the modules.

Another key difference between the two implementations was that Teacher 1 chose to imple-
ment the curriculum over a period of approximately 10 weeks at the beginning of the school year 
and Teacher 2 implemented most of the curriculum over a concentrated period of time at the end 
of the school year. Since the state standardized testing occurred in March each year in Colorado, 
this meant that 7th grade standard test results could not be used as part of this analysis, since the 
7th grade results for one experimental group would have reflected the impact of the spatial skills 
training but not for the other experimental group. For this reason, this paper will focus on the 
impact of the spatial skills training on 8th grade mathematics performance. 

4.3 Measures

Six different measures of spatial skill levels were administered to the students in a pre-/post-
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design. In general, the pre-tests were given approximately 1–2 weeks prior to the curriculum 
implementation and the post-test was given 1–2 weeks after the implementation. Students in the 
comparison group were given the tests of spatial visualization at the same time as the students in 
the experimental groups.

Two measures were used to determine the impact of the spatial training on students’ math-
ematics performance. The first measure compared scores and pass rates on 6th and 8th grade 
standardized mathematics tests. The second measure compared the 9th grade math placement of 
students in the study.

4.3.1 Spatial Skills Measures

The first test of spatial visualization given was the water level task (WLT). The WLT was de-
veloped by Piaget and Inhelder in 1956 to assess child development in mastering the concepts 
of horizontality and verticality and has been used in numerous studies since its development. A 
six-item version of the test was used for this study. Clark (1999) found the Kuder-Richardson 
reliability for this version of the test to be 0.82 when used with adults. A sample problem from the 
WLT is shown in Fig. 1. With this test, students are presented with a tilted glass, are told that the 
glass is half full of water, and are asked to draw the level of the water on the figure. The correct 
answer is to draw a horizontal line, regardless of the orientation of the glass itself. In scoring this 
instrument, students were given one point if the line they drew was within 5° of horizontal and 
zero points for lines drawn at any other orientation. 

In the second test of spatial cognition, 2D rotation (2ROT), students are presented with a 
figure on the left and asked to mark all of the possible target figures that represent a rotated view 
of the original figure. Reliability ratings for this instrument were not found in the literature. Some 
of the target figures are mirror images of the original figure and thus are not correct responses. 
Figure 2 shows an example problem from the 2ROT test. There were 30 problems in all on this 
instrument, and students were instructed to identify as many as possible within a 7-minute time 
limit. Total scores for students were recorded as # correct (marked when they should be marked) 
minus # incorrect (marked when they should not be correct). If a student score was a negative 
number, this was recorded as a zero overall on the test.

The third test of spatial cognition was ten items from the Purdue Spatial Visualization Test: 
Rotations (PSVT:R) (Guay, 1977). This test has an acceptable reliability with middle school stu-
dents with a Cronbach’s alpha of 0.62 (Hungwe et al., 2014). A sample problem from the PSVT:R 
is shown in Fig. 3. With this test, students are presented with an object on the top line that is 
shown in both an original and a rotated position. On the second line of the problem, a different 
object is shown. The objective is to mentally rotate the second object by the same amount as the 
first object and select the result from the choices given. For the ten problems given, scores were 
computed as the number correct minus 0.25 times the number incorrect. Overall negative scores 
were allowed for this portion of the spatial skills test.

The fourth component of the spatial skills test was the Paper-Folding Task (PFT) (ETS, 
1962) as shown in Fig. 4. Fleishman and Dusek (1971) reported a Pearson product-moment test-
retest correlation of 0.84 with adults for this test which indicates the test has reasonably high 
reliability. This test has been used with and deemed appropriate for middle school studies by 
other researchers (Caskey, 2009). With this test, a series of figures shows how a piece of paper is 
folded. In the final figure in the series, a hole is shown punching through the folded paper. The 
student then imagines what the piece of paper would look like if the paper were unfolded and se-
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FIG. 4: Sample problem from the paper-folding task (correct answer is C)

FIG. 1: Sample problem from the water level task

FIG. 2: Sample problem from the 2D rotation test (correct choices are #2 and #5)

FIG. 3: Sample problem from PSVT:R (correct answer is D)



Journal of Women and Minorities in Science and Engineering

Sorby & Veurink10

lects the correct image from the choices given. There were 20 problems on the PFT, and students 
were instructed to complete as many as they could within 6 minutes. For the 20 problems given, 
scores were computed as the number correct minus 0.25 times the number incorrect. Overall 
negative scores were allowed for this portion of the spatial skills test.

The fifth component of the spatial skills test consisted of ten modified items from the Lappan 
test (Lappan, 1981). The items were modified by making them compliant with the standards used 
in the spatial skills curriculum. This test has an acceptable reliability with middle school students 
with a Cronbach’s alpha of 0.64 (Hungwe et al., 2014). A sample item from the modified Lappan 
test is shown in Fig. 5. This test examines the ability of the students to visualize between 2D and 
3D representations of objects. In some cases, students are presented with an isometric view of 
an object (3D view) and asked to select a given 2D representation (orthographic projection) of 
the same object. In other problems, students are presented with 2D views of an object and asked 
to identify what the 3D view of the object would be. For the ten problems given, scores were 
computed as the number correct minus 0.25 times the number incorrect. Overall negative scores 
were allowed for this portion of the spatial skills test.

The final test of spatial cognition given to the students was ten items from the Mental Cutting 
Test (MCT) (CEEB, 1939). This test has an acceptable reliability with middle school students 
with a Cronbach’s alpha of 0.65 (Hungwe et al., 2014). With this test, an object and an imaginary 
cutting plane are shown on the left. Students are asked to visualize what the cross section would 
look like that was the result of intersecting the object with the given plane. For the ten problems 
given, scores were computed as the number correct minus 0.25 times the number incorrect. Over-
all negative scores were allowed for this portion of the spatial skills test. It should be noted that 
three of these tests, the PSVT:R, modified Lappan, and MCT, were used in the previous pilot 
study conducted by Sorby and three tests, WLT, PFT, and 2ROT, were not used in the previous 
study. A sample problem from the MCT is shown in Fig. 6.

5. RESULTS

As a measure of whether the experimental and control groups were comparable to one another with 
regards to mathematics preparation, we looked at scores the students earned on their 6th grade stan-

FIG. 5: Sample problem from modified Lappan test (correct answer is C)
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dardized math test in the state of Colorado. Table 3 includes the results from this analysis.
From this analysis, it is apparent that the student populations across EG1 and CG1 and across 

EG2 and CG2 were comparable at the start of the experiment insofar as 6th grade standardized 
mathematics scores are concerned. It is also clear that the students in EG1/CG1 were signifi-
cantly more advanced in mathematics 6th grade preparation than were the students in EG2/CG2.

5.1 Improvements in Spatial Skills

Table 4 includes a correlation matrix for the six instruments used in this study. For this analysis, 

TABLE 3: 6th grade math scores for students in the study
Average 6th 
Grade Math 

score

Standard 
Deviation n Significance of 

Difference

EG1 546.20 66.161 79
p = 0.4736, N. S.

CG1 553.99 64.227 67

EG2 475.43 71.308 28
p = 0.4875, N. S.

CG2 484.01 51.434 88

TABLE 4: Pearson’s correlation matrix for spatial skills instruments. Pre-test correlations are 
above the diagonal and post-test correlations are below the diagonal.

WLT PFT 2ROT PSVT:R Lappan MCT

WLT 1 .3378 .4007 .1867 .1629 .2375

PFT .3323 1 .4730 .4226 .2959 .3903

2ROT .2593 .5230 1 .3927 .2639 .4223

PSVT:R .2975 .5216 .5474 1 .3189 .2672

Lappan .3035 .6201 .5215 .5256 1 .2944

MCT .1959 .4516 .5340 .4957 .5274 1

FIG. 6: Sample problem from the MCT (correct answer is D)
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Pearson’s correlation was used. For the data presented in Table 4, correlations between pre-test 
scores are shown above the diagonal and correlations for post-test scores are shown below the 
diagonal. From the data presented in Table 4, it appears that correlations for the WLT are weak 
for both the pre- and the post-tests. It also appears that correlations for the post-test scores are 
generally higher than they are for the pre-test scores.

Table 5 includes correlation data between pre- and post-test scores on the same instrument. 
For this analysis, it appears that the correlation coefficients are all ~0.5 with the exception of the 
2ROT instrument where the correlation is 0.7367, indicating that for this instrument, the pre-test 
score is a good predictor of the post-test score.

Table 6 includes the results from pre- and post-testing with the spatial skills instruments 
disaggregated by gender. In this table, bold italics signifies statistical significance (p < 0.05) and 
underline signifies marginal statistical significance (0.05 < p < 0.1). It should be noted that no 
data are available for pre-/post-testing with CG1. For this analysis only paired data were used. If 
a student score on either the pre- or the post-test was missing, that student’s data were eliminated 
for that particular instrument. From the data presented in this table, it appears that the students 
in the experimental groups generally experienced higher gains when compared to those in the 
control group. 

In addition to the individual test scores examined for the students in this study, a principal 
components analysis (PCA) was performed on the test results so that weighting factors could be 
obtained to combine the scores on the six instruments into a single score. For this analysis, only 
complete cases were used, i.e., meaning that scores were available for all instruments for both the 
pre- and post-tests. In all, there were 113 complete cases. In addition, since the six instruments 
had differing possible maximum scores (e.g., maximum score = 70 for the 2ROT instrument 
and maximum score = 6 for the WLT) scores on each instrument were normalized according to 
normalized score equal to X-minimum/range. The weights obtained through the PCA were ap-
proximately equivalent, meaning that each instrument contributes almost equally to a “spatial 
factor” for each student, and are given in Table 7.

Normalized test scores were combined through the weightings achieved in the PCA, average 
pre- and post-test scores for each group were analyzed with the results presented in Table 8. Due 
to the small sample sizes, data for this analysis are not presented by gender. 

TABLE 5: Pearson correlations between pre- and post-test scores

WLT 
Pre-

PFT 
Pre-

2ROT 
Pre-

PSVT:R 
Pre-

Lappan 
Pre-

MCT 
Pre-

WLT post- 0.5449

PFT post- 0.5774

2ROT post- 0.7367

PSVT:R 
post-

0.5797

Lappan post- 0.4707

MCT post- 0.4238
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TABLE 6: Average pre- and post-test scores for students in three groups. Standard deviations 
in parentheses.

EG1 EG2 CG2
M F M F M F

WLT

Avg. 
pre-

2.00
(1.67)

1.51
(1.39)

1.63
(1.82)

1.00
(1.14)

0.88
(1.04)

1.45
(1.25)

Avg. 
post-

1.94
(1.56)

2.11
(1.66)

2.00
(1.63)

1.61
(1.29)

1.38
(1.56)

1.63
(1.15)

Avg. 
gain

–0.06
(1.39)

0.59
(1.76)

0.37
(1.45)

0.61
(1.72)

0.50
(1.11)

0.18
(1.04)

n 34 37 16 18 34 38

PFT

Avg. 
pre-

5.79
(3.36)

6.07
(5.11)

4.24
(2.92)

4.71
(3.68)

4.23
(3.67)

4.17
(3.70)

Avg. 
post-

7.83
(3.94)

8.49
(4.83)

6.08
(4.42)

6.16
(4.98)

5.67
(3.53)

5.35
(4.11)

Avg. 
gain

2.14
(2.58)

2.43
(3.04)

1.85
(4.05)

1.46
(3.89)

1.44
(3.71)

1.17
(4.47)

n 29 34 18 17 33 36

2DROT

Avg. 
pre-

26.36
(16.50)

22.51
(14.96)

19.88
(15.73)

12.13
(11.94)

19.26
(17.59)

11.34
(12.07)

Avg. 
post-

30.15
(20.98)

32.03
(19.22)

32.56
(20.48)

19.75
(13.56)

23.46
(20.63)

16.77
(16.17)

Avg. 
gain

3.79
(13.99)

9.51
(12.97)

12.69
(12.32)

7.63
(13.76)

4.20
(12.65)

5.43
(12.04)

n 33 37 16 16 35 35

PSVT:R

Avg. 
pre-

1.76
(2.92)

2.34
(2.03)

0.70
(2.29)

0.70
(2.19)

0.15
(2.45)

-0.67
(1.79)

Avg. 
post-

1.87
(2.60)

2.70
(3.04)

1.73
(3.04)

0.63
(2.50)

0.85
(2.48)

0.125
(2.43)

Avg. 
gain

0.11
(2.31)

0.36
(2.34)

1.03
(3.73)

–0.08
(2.68)

0.70
(2.37)

0.80
(2.47)

n 33 31 15 16 33 32

Lappan

Avg. 
pre-

1.69
(2.45)

1.25
(2.60)

–0.84
(1.35)

–0.13
(2.45)

–0.67
(1.97)

0.10
(2.16)

Avg. 
post-

2.64
(2.64)

2.92
(2.70)

0.46
(2.30)

–0.36
(2.13)

–0.29
(1.85)

–1.04
(0.90)

Avg. 
gain

0.94
(3.27)

1.67
(2.71)

1.31
(2.57)

–0.24
(2.07)

0.38
(2.50)

–1.14
(2.35)

n 18 15 18 18 13 12
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As it can be seen from the data presented in Table 8, both groups of students who were 
provided with spatial skills training experienced gains on the combined spatial skills test. Gain 
scores for the two experimental groups were nearly identical. The students in the comparison 
group, who were not exposed to the training, did not experience a significant gain in spatial skills 
over the same time period. It is also interesting to note from these data the wide disparity in spa-
tial skills levels between EG1 and EG2/CG2 at the pre-test level. This further reinforces the dif-
ference between the two cohorts of students with EG1 composed of the better-prepared students 
and EG2/CG2 composed of the lesser-prepared students. Although the spatial skills training did 
not close the gap between the two groups, the students in the lesser-prepared group did benefit 
from the training.

5.2 Standardized Mathematics Test Performance

In Colorado the Colorado Student Assessment Program (CSAP) standardized test in mathematics 
was administered every year of the project (in 2014, the state adopted a different standardized 
testing scheme). Students receive a numerical score for mathematics as well as an indication 
of how well they are doing by grade level. The categories for student performance are A = Ad-
vanced, P = Proficient, PP = Partially Proficient, and U = Unsatisfactory. Table 9 includes data 
from CSAP testing for EG1 and CG1 (the better prepared students) by gender. The data shown 
represent paired data for gains between 8th grade and 6th grade (i.e., 8th grade mathematics score 
minus 6th grade mathematics score). Also included are gain scores for the geometry subscale of 
the CSAP mathematics test.

From the data presented in Table 9, it appears that the spatial skills training had a positive 
impact on gains in mathematics scores for the students in the study, particularly for the girls. 

For the students in EG1/CG1, we also examined the proportion of students who passed their 
statewide math assessments in 6th and 8th grades. For this analysis, students who were catego-
rized as either A (Advanced) or P (Proficient) were included in the passing group and students 
who were categorized as PP (Partially Proficient) or U (Unsatisfactory) were included in the fail-
ing group. Table 10 presents the results from this analysis.

Table 11 includes similar data for the geometry subscore of the mathematics assessment. 
For the geometry subscore, P+ indicates proficient or above and BP indicates Below Proficient.

For the data presented in Tables 10 and 11, there is evidence to suggest that the spatial skills 
training was a key to girls’ success in passing the statewide mathematics assessment, likely at 
least partially due to improvements in geometry performance for the girls in EG1. There was 
no difference between the pass rates for the 8th grade boys between the two groups; however, it 

MCT

pAvg. 
Pre-

0.66
(2.08)

0.51
(1.82)

0.29
(1.46)

0.21
(1.73)

–0.02
(1.84)

–0.36
(1.39)

Avg. 
post-

1.81
(2.14)

1.70
(2.53)

1.94
(2.16)

1.39
(1.86)

0.20
(1.58)

0.18
(1.77)

Avg. 
gain

0.94
(1.96)

1.18
(2.31)

1.65
(2.22)

1.18
(2.25)

0.22
(2.14)

0.54
(1.83)

n 27 28 13 18 32 34

TABLE 6: (Continued)
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TABLE 7: Weights obtained through principal component analysis

WLT PFT 2ROT PSVT:R Lappan MCT

Pre-test 0.3489 0.4514 0.4556 0.4269 0.3563 0.3971

Post-test 0.2878 0.4398 0.4115 0.4460 0.4467 0.3948

should be noted that the boys in CG1 appeared to have a large drop-off in pass rates between 6th 
and 8th grades, both in their overall mathematics scores as well as in their geometry scores; males 
in EG1 did not experience this drop-off.

TABLE 9: Average gains on standardized mathematics tests for EG1/CG1

Females Males

Mathematics 
Overall Geometry Mathematics 

Overall Geometry

EG1 CG1 EG1 CG1 EG1 CG1 EG1 CG1

Average gain 31.33 12.53 35.81 8.07 33.66 17.11 21.91 31.70

Standard 
deviation 30.37 23.94 83.88 62.75 36.70 31.27 111.22 88.34

n 36 30 36 30 32 27 32 27

Significance 
of difference p = 0.0039 p = 0.0699 p = 0.0352 N. S.

TABLE 8: Average normalized test scores on combined spatial instrument expressed as a  
percentage of the total. Standard deviations in parentheses

EG1
n = 19

EG2
n = 24

CG2
n = 16

Average pre-test 47.22%
(0.148)

26.92%
(0.115)

24.46%
(0.129)

Average post-test 57.24%
(0.175)

36.06%
(0.165)

24.53%
(0.133)

Average gain 10.02%
(0.111)

9.14%
(0.111)

0.07%
(0.092)

Significance of gain* 0.001 0.001 0.991
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The data for EG2/CG2 follow similar trends as those presented for EG1/CG1; however, in 
most cases for these groups, statistical significance cannot be inferred. For example, Table 12 
includes mathematics and geometry gain scores for EG2/CG2.

Although the trends in gain scores are similar to those obtained with EG1/CG1 (i.e., students 
in EG2 demonstrating larger gains than students in CG2), they are not statistically significant, 
due to smaller sample sizes and larger standard deviations among test-takers. 

Pass rates were also compared between EG2 and CG2. No significant differences were 
found; however, an interesting trend was observed for these groups of students when examining 
the proportion of students who scored an outright U (unsatisfactory) on the mathematics test. 
These data are presented in Table 13.

For both the boys and the girls in EG2, Unsatisfactory rates decreased; for girls the rate 
decreased by nearly half. Further, for the boys and the girls in CG2, the Unsatisfactory rates 
increased; for girls the rate more than doubled. 

TABLE 10: Pass rates for CSAP mathematics test in 6th and 8th grades for EG1/CG1
Females Males

EG1 CG1 EG1 CG1
6th 

Grade
8th 

Grade
6th 

Grade
8th 

Grade
6th 

Grade
8th 

Grade
6th 

Grade
8th 

Grade
A/P 34 29 25 15 26 20 26 17

PP/U 8 7 10 17 15 13 6 11

% A/P 80.95 80.55 71.43 46.88 63.41 60.61 81.25 60.71

Significance of 
difference in 

8th grade
p = 0.0019 N. S.

TABLE 11: Pass rates for CSAP geometry subscore of the mathematics test in 6th and 8th 
grades for EG1/CG1

Females Males
EG1 CG1 EG1 CG1

6th 
Grade

8th 
Grade

6th 
Grade

8th 
Grade

6th 
Grade

8th 
Grade

6th 
Grade

8th 
Grade

P+ 31 29 25 17 28 23 23 17
BP 11 7 10 15 13 10 9 11

% P+ 73.81 80.55 71.43 53.13 68.29 69.70 71.88 60.71
Significance of 

difference in 
8th grade

p = 0.0080 N. S.
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5.3 High School Math Course-taking

For this part of the analysis, we looked at high school mathematics course participation. (It 
should be noted that in this school, 9th grade science requirements are common for all students, 
so there is no variation in science course-taking across the two groups.) At this particular school, 
7th grade math is common. In 8th grade, there is honors math and regular math, with the differ-
ence being that honors math is more challenging for the students, but essentially the same topics 
are covered in the two courses. At the end of 8th grade, students complete a diagnostic test. Based 
primarily on the results from this test, but also on their scores on the high stakes tests and the 8th 
grade teacher assessment of the individuals, they are typically placed into 9th grade math in one 
of six different courses:

1. Basic Math
2. Algebra I
3. Honors Algebra I
4. Geometry
5. Honors Geometry
6. Algebra II
It should be noted that the 8th grade teachers who were making the recommendations for 9th 

grade math placement were not part of the study and did not know which students were in the 
experimental or control groups. 

Figures 7–10 show the 9th grade math placement for the students in all groups. (Numbers are 
expressed as percentages of the overall.)

For the girls in EG1 and for both genders in EG2, we see a shift upwards in 9th grade math 
placement. To test this, we looked at two things. For the first analysis, we assigned a number to 
the 9th grade math placement for the students: 1 = Basic Math, 2 = Algebra, 3 = Honors Algebra, 
4 = Geometry, 5 = Honors Geometry, and 6 = Algebra II. Tables 14 and 15 include the results 
from this analysis:

It appears that the difference in 9th grade math placement is significant for the girls in EG1, 

TABLE 12: Average gains on standardized mathematics tests for EG2/CG2
Females Males

Mathematics 
Overall Geometry Mathematics 

Overall Geometry

EG2 CG2 EG2 CG2 EG2 CG2 EG2 CG2
Average gain 59.25 57.33 66.00 51.74 70.5 47.00 104.69 70.89

Standard 
deviation 29.37 22.22 90.54 82.28 51.15 49.39 120.09 140.57

n 16 42 16 42 16 35 16 35
Significance 
of difference N. S. N. S. p = 0.0627 N. S.
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FIG. 9: 9th grade math placement for males 
in group 2

FIG. 8: 9th grade math placement for females 
in group 1

FIG. 7: 9th grade math placement for males in 
group 1

FIG. 10: 9th grade math placement for 
females in group 2

TABLE 13: Unsatisfactory rates for CSAP mathematics test in 6th and 8th grades for EG2/
CG2

Females Males

EG2 CG2 EG2 CG2

6th 
Grade

8th 
Grade

6th 
Grade

8th 
Grade

6th 
Grade

8th 
Grade

6th 
Grade

8th 
Grade

U 8 4 5 11 6 5 13 15

n 20 17 50 48 20 19 41 38

% U 40.0 23.5 10.0 22.9 30.0 26.3 31.7 39.5
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and is highly significant for both genders in EG2. Since the students in EG2 started significantly 
“behind” based on their 6th grade standardized mathematics scores, it appears that the spatial 
skills training is even more important for these students. Of note is that the spatial skills training 
appeared to bring these lower performing girls (EG2) up to the level of the higher performing 
girls (EG1) (3.00 vs. 2.97) and nearly so for the boys (2.29 vs. 2.45).

Another test of significance was performed. For this test, we looked at the proportion of the 
students who ended up taking either Geometry, Honors Geometry, or Algebra II in 9th grade. It is 
likely that if a student completes Geometry or Algebra II in 9th grade, s/he is much more likely 
to go into a STEM field. Tables 16 and 17 contain the data from this analysis.

It appears that the girls are much more likely to place into Geometry or higher in 9th grade if 
they have gone through the spatial skills training. For EG2, the boys were marginally more likely 
to go into Geometry. Although this is not an indicator of how well they actually will perform in 
that geometry course and whether or not they continue down a STEM path in future years, it is 
an indicator of how well they performed in 8th grade mathematics. Ensuring success for students 
in 8th grade mathematics is a large piece of the puzzle in increasing the number of students, par-
ticularly girls, who pursue engineering. 

TABLE 14: Average 9th grade math placement for EG1/CG1
Females Males

CG1 EG1 CG1 EG1

Average math 
placement 2.59 2.97 2.50 2.45

Standard 
deviation 0.50 1.12 0.59 0.77

n 32 35 24 31
Significance of 

difference p = 0.043 N. S.

TABLE 15: Average 9th grade math placement for EG2/CG2

Females Males

CG2 EG2 CG2 EG2

Average math 
placement 2.15 3.00 1.63 2.29

Standard 
deviation 0.759 1.195 0.646 0.686

n 46 15 35 17

Significance of 
difference p = 0.001 p = 0.0007
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TABLE 16: Proportion of students placing into geometry or higher for EG1/CG1

Females Males

CG1 EG1 CG1 EG1

Placed in 
Geometry 0 2 0 1

Placed in Honors 
Geometry 0 6 0 0

Proportion in 
Geometry 0% 22.9% 0% 3.2%

n 32 35 24 31

Significance of 
difference p = 0.0020 N. S.

TABLE 17: Proportion of students placing into geometry or higher for EG2/CG2
Females Males

CG2 EG2 CG2 EG2
Placed in 
Geometry 0 0 0 1

Placed in Honors 
Geometry 1 4 0 0

Placed in 
Algebra II 0 1 0 0

Proportion in 
Geometry or 

higher
2.2% 33.3% 0% 5.9%

n 46 15 35 17
Significance of 

difference p = 0.00022 p = 0.07353

6. CONCLUSIONS

From the results of this study, the potential impact of spatial visualization training at the middle 
school level on increasing the number of students, particularly females, in engineering careers 
appears promising. The training resulted in significant gains on tests of spatial cognition. Stu-
dents taking the training also had higher gains on standardized math tests than those not taking 
the training. A higher percentage of students who had the training were placed in higher-level 9th 
grade math courses than students not taking the training, particularly for girls. Improving math 
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performance at the middle school level and placement at the high school level may lead students 
to take higher-level math courses in high school which in turn better positions them for engineer-
ing post-secondary education. Improved performance in math courses could also lead to greater 
self-efficacy in engineering careers. Greater self-efficacy in engineering careers may have a large 
impact on female career choices, particularly when engineering careers may be perceived as male 
dominated due to the low representation of females in those fields. 
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