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Learning in anatomy can be both spatially and visually complex. Pedagogical investigations
have begun exploration as to how spatial ability may mitigate learning. Emerging hypothe-
ses suggests individuals with higher spatial reasoning may attend to images differently than
those who are lacking. To elucidate attentional patterns associated with different spatial
ability, eye movements were measured in individuals completing a timed electronic mental
rotation test (EMRT). The EMRT was based on the line drawings of Shepherd and Metzler.
Individuals deduced whether image pairs were rotations (same) or mirror images (different).
It was hypothesized that individuals with high spatial ability (HSA) would demonstrate
shorter average fixation durations during problem solving and attend to different features
of the EMRT than low spatial ability (LSA) counterparts. Moreover, question response
accuracy would be associated with fewer fixations and shorter average response times,
regardless of spatial reasoning ability. Average fixation duration in the HSA group was
shorter than LSA (F(1,8) 5 7.99; P 5 0.022). Importantly, HSA and LSA individuals looked
to different regions of the EMRT images (Fisher Exact Test: 12.47; P 5 0.018); attending to
the same locations only 34% of the time. Correctly answered questions were characterized
by fewer fixations per question (F(1, 8) 5 18.12; P 5 0.003) and shorter average response
times (F(1, 8) 5 23.89; P 5 0.001). The results indicate that spatial ability may influence
visual attention to salient areas of images and this may be key to problem solving processes
for low spatial individuals. Anat Sci Educ 00: 000–000. VC 2016 American Association of Anatomists.
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INTRODUCTION

The term “spatial ability” is often used to describe an indi-
vidual’s aptitude for interpreting three-dimensional relation-
ships in space (Lohman, 1996). A prevalent topic in cognitive

psychology for decades, work has sought to explore not only
spatial ability itself, but its related sub-skills, spatial visualiza-
tion, spatial orientation, and spatial relations (Lohman,
1988). Spatial relations, often referred to more generally as
mental rotation ability (MRA), (Linn and Petersen, 1985;
Voyer et al., 1995), is the ability to visualize the translation
of an object about an axis, while recognizing that it is the
same from any perspective (Shepard and Metzler, 1971).

It is accepted across the literature that mental rotation,
like many other complex cognitive processes in humans,
requires multiple brain areas for success (Cohen et al., 1996;
Booth et al., 2000). In a recent meta-analysis of cortical acti-
vation during mental rotation, it was concluded that the
superior parietal, frontal, and inferotemporal cortices were
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consistently activated during mental rotation (Zacks, 2008).
The activity was observed bilaterally in most areas; however,
activity in the parietal cortex was more consistently observed
in the right hemisphere, while activity in the frontal cortex
was more consistently observed in the left hemisphere (Zacks,
2008).

More specifically, Zacks (2008) suggests that the foci of
cortical activation found in the superior parietal, frontal and
inferotemporal cortices contribute to a large focal activation
area surrounding the intraparietal sulcus, and roughly equates
to Brodmann’s areas 7 (superior parietal lobule), 19 (second-
ary visual cortex), 39 (angular gyrus), and 40 (inferior parie-
tal lobule) (Zacks, 2008). These findings are well supported
by neuropsychological data obtained by Ratcliff, who found
consistent activation of the superior parietal cortex during
mental rotation tasks (Ratcliff, 1979). Moreover, the posteri-
or parietal cortex (and the brain regions extending into the
superior posterior occipital cortex) is consistently activated
during mental rotation across a range of tasks, imaging
modalities, and statistical analysis strategies (Zacks, 2008).
As a result, it is reasonable to suggest that this region may
implement the transformation-specific computations required
to complete mental rotation. This finding aligns with the
work of Farah, who conducted neuropsychological studies on
mental rotation (Farah, 1989) and the work in transcranial
magnetic stimulation conducted by Harris and Miniussi
(2003).

Spatial ability, and mental rotation ability have drawn
particular attention in anatomical and medical education
circles because of their numerous linkages to success in surgi-
cal skill acquisition (Wanzel et al., 2002, 2003; Brandt and
Davies, 2006), and anatomical knowledge acquisition (Lufler
et al., 2012; Nguyen et al., 2012; Zumwalt et al., 2015).
These linkages are supported by the fact that success in both
anatomy, and surgical skill mastery is reliant on a firm under-
standing of the interactions of three-dimensional structures in
the visually complicated environment of the human body
(Lufler et al., 2012; Nguyen et al., 2014; Zumwalt et al.,
2015). Recently Nguyen has also suggested that spatial abili-
ty may serve as a robust predictor for success in anatomy
comprehension (Nguyen et al., 2012), and recommends that
pedagogical efforts be taken to train spatial ability in those
who lack aptitude for the cognitive skill, so that they may
interpret spatially intricate anatomical and surgical informa-
tion with less difficulty.

Research in cognitive psychology suggests that mental
rotation may be intrinsically linked to the movements of the
eye, as fixations (the maintenance of visual gaze on a single
location for a defined period of time) (Carpenter, 1988) are
intimately involved in our ability to visually encode spatially
pertinent information (Just and Carpenter, 1976; Shepard
and Cooper, 1986). Thus, eye fixations may serve as a repre-
sentation of the cognitive stages (i.e., search, transformation
and comparison, and confirmation) that occur during proc-
essing of visually complex anatomical information (Just and
Carpenter, 1976).

In a pioneering study, Just and Carpenter (1985) explored
how eye movements related to spatial reasoning using a sim-
ple, yet spatially complex untimed task. Under their para-
digm, significant differences in the eye movement metrics of
individuals of high mental rotation ability (HMRA) and low
mental rotation ability (LMRA) were identified using simula-
tions (Just and Carpenter, 1985), derived from samples of
participants completing a test of cube comparisons (Ekstrom

et al., 1976). On average, LMRA individuals exhibited longer
trial response times, and conducted more fixations per trial.
However, the results obtained by Just and Carpenter (1985)
were in contrast with the results observed recently by Roach
et al. (2016), where a similar test of mental rotation ability
(the electronic mental rotation test, EMRT), was employed
without a time restriction. Roach and colleagues found little
relationship between most chronological (average response
time) and numeric (number of fixations per question) mea-
sures of eye movement and MRA; but upon conducting an
analysis of visual salience, (i.e., where on the images partici-
pants devoted visual attention), found wide differences
between the HMRA and LMRA groups (Roach et al., 2016).

Visual salience can be defined as a quality, or a set of
characteristics, held by a region of an image that is perceived
by the viewer as being conspicuous relative to its surround-
ings (Itti et al., 1998). In the aforementioned EMRT experi-
ment, the authors refer to regions of the images as being
“spatially salient.” These “salient domains” of the presented
stimuli conveyed depth and positional information, and com-
manded visual attention, which may have facilitated accurate,
and quick completion of the untimed EMRT (Roach et al.,
2016). Despite studies evaluating the performance of HMRA
and LMRA individuals in untimed environments, little is
known about how individual eye movement behaviors differ
in time-restricted, or “speeded” testing environments. This is
of particular importance for large university level courses,
such as anatomy and histology, where strict time limits are
routinely applied in the context of evaluation. In anatomy,
assessments often occur as timed bell-ringers, where students
are queried orally or in writing on the identity, function,
innervation, clinical relevance, or vascular supply of various
pre-arranged, immobilized anatomical structures. This meth-
od of evaluation, designed to expedite large volumes of stu-
dents through the evaluation process, and streamline the
marking and feedback processes, poses a significant problem.
Little consideration is given to the impact that these restric-
tions pose on the students’ ability to answer effectively, and
to the impact that the immobilization of the specimens may
pose on low mental rotation ability individuals—who may
struggle with orienting anatomical structures positioned in an
unfamiliar position. With this in mind, while time-restricted
assessment tools may be commonplace, these constrained
evaluation environments may place another layer of perceptu-
al challenge onto the low-ability student, that is outside the
objectives of the test itself.

Like bell-ringer examinations, mental rotation ability is
typically measured by performance on timed tests; including
“gold standard” test of mental rotation: the paper-and-pencil
based Vandenberg and Kuse mental rotations test (VKMRT)
(Vandenberg and Kuse, 1978; Peters and Battista, 2008).
Tests of this nature are commonly employed to stratify indi-
viduals as either high, intermediate or low MRA based on
their individual score (Geiser et al., 2006) and have served to
facilitate comparisons between groups according to their
underlying spatial ability (Just and Carpenter, 1985; Nguyen
et al., 2012). Investigations into participant accuracy on
timed tests of spatial reasoning have reported that individuals
who score higher on tests of mental rotation ability do so in
less time, and with greater accuracy than those with lower
spatial ability (Nguyen et al., 2014). With this considered, if
accuracy and response time are implicated differently across
levels of MRA in speeded testing environments, how might
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these findings manifest in the movements of the eyes during
the completion of a speeded test of MRA?

The current study explores how specific eye movements
relate to mental rotation ability (MRA) during the comple-
tion of a timed electronic test of mental rotations (timed
EMRT). More specifically, the study aims to investigate the
chrononumeric and visual apprehension patterns associated
with accurately completing mental rotation tasks. In this
instance, the term “chrononumeric” refers to a group of eye-
related, and performance-related measures collected during
the completion of the timed EMRT, (including the average
number of fixations per question, average response time, and
average fixation duration that were selected as indices of per-
formance that represent individual behavior during comple-
tion of the test), wherein the term “fixation” refers to the
maintenance of gaze on a single point for a period of time
exceeding 200 milliseconds. As this overarching aim is com-
posed of two distinct, yet related components (chrononu-
meric and visual apprehension measures), they will be
addressed separately in the interest of clarity.

Relating Chrononumeric Patterns to Mental
Rotation Ability

Through analysis of the chrononumeric data collected from
participants during the completion of the timed EMRT, the
current study aims to identify how the chrononumeric met-
rics may relate to MRA. Specifically, the current study aims
to ascertain how average fixation duration, average response
time and average fixations per question each relate to MRA
score. Additionally, the current study also seeks to identify
how response accuracy is related to average fixation dura-
tion, average response time, and average fixations per ques-
tion. It is predicted that each chrononumeric metric relates to
MRA in a different way and varies according to the accuracy
of an individual’s answer. It is hypothesized that average fixa-
tion duration will be shorter for HMRA individuals than for
LMRA individuals, and it is expected that average fixation
duration will be equivalent across both correct and incorrect
answers. Like average fixation duration, it is expected that
average response time will also be shorter for HMRA individ-
uals than for LMRA individuals, but average response time
will differ according to accuracy; being shorter on correct
answers, than on incorrect answers. Finally, it is predicted
that the average fixations per question will be consistent
across both MRA groups, and equivalent across both correct
and incorrect answers.

Relating Visual Apprehension Patterns to
Mental Rotations Ability

As video-based corneal reflection eye tracking also yields spa-
tiotemporal data during the performance of the Timed
EMRT, the current study aims to ascertain if the attention
directed to particular regions of a presented stimulus is con-
tingent on MRA. That is, do individuals of different MRA
look at different areas of images while problem solving? It is
predicted that different regions of the presented stimuli will
convey salience between the two groups, as measured by the
Fisher Exact Test, illustrating that the two groups attend to
different structures during spatial problem solving.

In short, it is predicted that each of the selected eye-tracking
derived chrononumeric indices reflect MRA in a different way

and will vary between correct and incorrect answers on the
EMRT. Further, it is hypothesized that HMRA and LMRA
individuals will view the EMRT images differently, which will
be observable as differences in salience distribution patterns.

MATERIALS AND METHODS

Participants

Volunteer graduate students in the allied health sciences and
anatomy and cell biology at The University of Western
Ontario with normal, or corrected to normal vision by way
of contact lenses, were invited to participate in this explor-
atory study, under approval from the institution’s Research
Ethics Board. Individuals (n 5 10; 5 male and 5 female) first
completed a standardized electronic Mental Rotations Ability
test (EMRT) and the Vandenberg and Kuse Mental Rotations
Test (VKMRT) (Vandenberg and Kuse, 1978; Peters and Bat-
tista, 2008). While traditionally the VKMRT is administered
using a paper-and-pencil approach, an electronic iteration of
the test, developed by Peters (Peters and Battista, 2008) has
been used commonly in the literature (Nguyen et al., 2012;
Roach et al., 2012; Nguyen et al., 2014; Roach et al., 2016).
The electronic version of the test was identical in presenta-
tion to the original paper-and-pencil test. It employed the
same scoring and timing parameters as the original (Vanden-
berg and Kuse, 1978), the same number of questions, and
question stimuli as the original, and differed only as partici-
pants viewed the stimuli on a computer screen, and
responded using a mouse click, rather than a pencil (Peters
and Battista, 2008). More specifically, the VKMRT consisted
of 24 questions, each worth 1 point per question. Participants
were required to correctly identify both rotations of the tar-
get block figure in order to score a point. The time limit for
this test was 6 minutes total.

In total, 26 individuals were prescreened using the
VKMRT. Of the 26 pre-screened individuals, (mean VKMRT
score: 8.3 6 2.9), individuals with VKMRT scores that
exceeded one standard deviation above the sample mean
were considered to be HMRA (n 5 5; 1 female and 4 males),
and those with VKMRT scores less than one standard devia-
tion below the sample mean were considered to be LMRA
(n 5 5; 4 females and 1 male). The individuals of these two
groups thus represent the two extreme ends of the mental
rotation ability distribution in the population. All other indi-
viduals (n 5 16, mean VKMRT score: 8.25 6 1.65; 7 male
and 9 female) who demonstrated scores within one standard
deviation of the sample mean in either direction were consid-
ered to have intermediate MRA, and were not included in
this study. The division into HMRA and LMRA groups was
adopted, rather than a median split, to exacerbate the distinc-
tion between HMRA and LMRA individuals (Just and Car-
penter, 1985; Kozhevnikov et al., 2007; Roach et al., 2016).

Experimental Design

Following assortment into either HMRA or LMRA groups via
the electronic VKMRT, participants completed the electronic
Timed EMRT while monocular (right eye) gaze was monitored.
Measurements of gaze were obtained according to the specifi-
cations detailed in Roach et al. (2016). All measurements were
collected at a rate of 1,000 Hz using EyeLink 1000 eye-
tracking equipment (SR Research Ltd., Mississauga, Ontario,
Canada). Chrononumeric metrics consisting of average fixation
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duration, average number of fixations per question, and aver-
age response time were collected, along with the region of
highest salience. Target images were viewed from a distance of
40 cm, such that each figure subtended approximately 10
degrees of visual angle, and the center-to-center distance
between the two figures subtended approximately 15 degrees.
Ambient light conditions were kept constant in the testing
room at all times.

Target Images

The target images presented to the participants constituted a
timed electronic Mental Rotations Test (timed EMRT) based
on the original line drawings of Shepherd and Metzler, and
used previously in Roach et al. (2016). This test required
participants to view two 3D block figures (a “block pair”),
and indicate if the pair was the same, or different by
responding using two keys on the keyboard as quickly, and
accurately as possible. A button-press of “1” indicated a
“same” pair, while a “2” indicated a “different” pair. This
test was composed of 16 questions, presently randomly in
triplicate, to constitute 48 individual trials. Participants
were allotted 6 seconds to answer each question, totaling an
overall exposure of 4.8 minutes. In instances where the
participant was unable to respond within the 6 seconds
time-frame, the test automatically advanced to the next
question. Correctly answered questions were awarded 1
point each, for a maximum total score of 48.

The use of eye tracking enabled the quantification of eye
movements during the presentation of each question’s block
pair. By tracking the position of a participant’s eye during
EMRT performance, information pertaining to the partici-
pant’s locus of attention on the image could be recorded.
This information was compiled as a fixation map, where
each point of fixation was overlaid onto the presented image.
Each point of fixation was then overlaid with a Gaussian dis-
tribution to represent visual acuity (Lee et al., 2011), and
scaled according to the duration of the fixation. This process
effectively converted the positional “fixation map” into a
salience map, which represented both the location and dura-
tion of attention for each individual, or salience, for each
question. Each salience map was then normalized in magni-
tude based on the region of highest salience (the location
with the most fixations, with the highest durations). Normal-
ized maps for each image for each participant were then
combined to yield mean group salience maps for comparison
between groups.

The regions of highest salience were classified into six
location-based categories based on the target stimuli (ICC:
0.88) by three observers (V.A.R., G.M.F., and T.D.W.)
(Fig. 1). This identification system served to classify which
regions of the blocks conveyed the greatest visual salience
during the problem-solving process. The areas colored red
represent the most attended region of the image, and convey
the highest salience across the group.

Data Analysis

Chrononumeric analysis. The relationship between MRA
score and accuracy (correct vs. incorrect answers) with aver-
age fixation duration, question response time, and number
of fixations per question was analyzed via a 2 3 2 (MRA:
HMRA or LMRA) 3 (Accuracy: Correct or Incorrect)

Mixed ANOVA for each metric. Three Mixed ANOVAs were

implemented because of the presence of both a between-

(MRA) and within- (Accuracy) subjects variable of interest,

and because the ANOVA is known to be robust to deviations

in distribution normality secondary to small sample size

(Schmider et al., 2010).
Analysis of salience. The location-based categorization

of salience facilitated a between- group comparison across

each category by frequency using the Fisher Exact Test

(McDonald, 2014). This test was employed as the Fisher

Exact Test is robust to small sample sizes, and is specific to

categorical data (Fisher, 1922, 1932; McDonald, 2014),

such as the six locations employed in the measurement of

salience, illustrated in Figure 1. An additional comparison

of question-by-question agreement was then conducted

using Cohen’s kappa to determine how often the HMRA

and LMRA visually attended to the same location on a giv-

en question (McHugh, 2012).

The Electronic Mental Rotations Test (EMRT)
and the Inclusion of the Low Mental Rotation
Ability (LMRA) Group

Often in studies of performance, individuals of the highest

performance ability are studied and used as exemplars for the

behavior (Just and Carpenter, 1985). However, as the goal of

this study, and of many other studies of mental rotation abili-

ty (Just and Carpenter, 1985; Gages, 1994; Mayer and Sims,

1994; Wanzel et al., 2002; Geiser et al., 2006; Kozhevnikov

et al., 2007; Nguyen et al., 2012), is to distinguish between

the characteristic differences in ability, it is necessary to

include lower functioning individuals in analyses.
The EMRT is classified as a 2-Alternate Forced Choice

(2-AFC) test, where the participant must make a decision of

“same” or “different” when presented with a question (Fech-

ner, 1860/1966). As some individuals in the LMRA group

demonstrated EMRT scores approaching 50%, analysis to

ensure that the individuals were actively engaged in the task,

and not guessing (or scoring at the level of chance) was

required. This was carried out through the use of the Binomi-

al Test (Howell, 2007). The binomial test is an exact test of

the significance of differences between an observed (actual)

and expected (chance) set of observations, and effectively

quantifies how closely the respondents’ answers mirror the

pattern expected by chance, or guessing (Howell, 2007). The

binomial test revealed that the proportion of correct answers

obtained by the low group (0.58) was higher than that

expected by chance (0.5), P 5 0.025 (1-sided). As such, it was

found that the individuals in the LMRA group were perform-

ing statistically higher than that expected by chance, and con-

firmed that the LMRA group was not guessing as they

completed the test. As a result, this finding re-affirmed the

inclusion of the data derived from the LMRA group.
For all analysis, a value of less than P 5 0.05 was consid-

ered to be statistically significant unless otherwise stipulated.

RESULTS

To ensure that the Timed EMRT was a valid measure

of MRA, the scores on the Timed EMRT were correlated

with scores on the VKMRT. The relationship between

Timed EMRT scores and VKMRT scores was significantly
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positive, as tested by a Pearson Correlation (r 5 0.77,

n 5 10, P 5 0.009).

Relating Chrononumeric Patterns to Mental
Rotation Ability

The average fixation duration (mean 6 SD) of the HMRA

group (223.24 6 19.89 ms) was significantly shorter than the

LMRA group (288.93 6 46.18 ms) F(1,8) 5 7.99 (P 5 0.022)

(Fig. 2A).
In addition to eye-related performance differences occur-

ring between HMRA and LMRA groups, the within-group

differences occurring in average fixation duration when ques-
tions were answered correctly, or incorrectly were also of
interest. In this case, average fixation duration did not differ
significantly according to question accuracy, for either group
F(1,8) 5 0.011 (P 5 0.918) (Partial g2: 0.001) (Fig. 2B). The
average fixation duration (mean 6 95% confidence interval)
for HMRA on correctly answered questions (226.56 6 4.91
ms), and incorrect questions (219.92 6 4.91 ms), compared
with the LMRA group’s correct (285.10 6 7.99 ms) and
incorrect answers (292.75 6 7.99 ms).

Average response time was also analyzed in the same man-
ner as average fixation duration, via 2 3 2 (MRA 3 accura-
cy) Mixed ANOVA to discern both group and participant

Figure 1.
Visual representations of test images. A, An exemplar image of a typical timed electronic mental rotation test (EMRT). Test image, designed using the line drawings
of Shepard and Metzler (1971), adapted and digitized by Peters and Battista (2008), where participants must judge if the two block figures are the same (rotations)
or different (reflections) within a span of 6 seconds; B–G, Heat maps depicting the six possible categorizations for the location of highest salience. The areas colored
red represent the most attended region of the image, and are indicative of the highest salience across the group. Reprinted with permission from Roach et al.
(2016).
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level differences. Both groups responded with approximately
equivalent response times (mean 6 SD), HMRA: 3706.46 6

752.26 ms and LMRA: 4669.57 6 872.82 ms, (F(1,8)5 4.82;
P 5 0.059) (partial g2: 0.376) (Fig. 3A).

The within-group analysis of the average response times for
both correct and incorrectly answered questions query if answer
accuracy is reflected in shorter average response time. Correctly
answered questions (mean 6 95% confidence interval) were
found to be significantly briefer (HMRA: 3357.17 6 163.66
ms, LMRA: 4224.83 6 274.11 ms) than those questions
answered incorrectly (HMRA: 4055.74 6 163.66 ms, LMRA:
5114.31 6 274.11 ms); F(1,8) 5 23.89 (P 5 0.001) (Partial g2:
0.749) (Fig. 3B).

The final eye movement related performance metric, average
number of fixations per question, was also analyzed in the
same manner as the previous two: via 2 3 2 (MRA 3 Accura-
cy) Mixed ANOVA to discern both group and participant level

differences. Analysis suggests both MRA groups demonstrated
equivalent average fixations per question (mean 6 SD),
(12.72 6 2.99 and 14.27 6 2.91) for HMRA and LMRA respec-
tively (F(1.8) 5 0.853; P 5 0.383) (Partial g2: 0.096) (Fig. 4A).

With regard to the role that answer accuracy imparts on
the average number of fixations per question, within-
participant analysis was carried out to address the hypothesis
that the average number of fixations per question is equiva-
lent across both correct and incorrectly answered questions.
However, analyses found that the average number of fixa-
tions per question of correctly answered questions (HMRA:
11.50 6 0.65 and LMRA: 13.01 6 0.94) was significantly
lower than incorrectly answered questions (mean 6 95% con-
fidence interval) (HMRA: 13.95 6 0.65 and LMRA:
15.53 6 0.94), F(1.8) 5 18.12 (P 5 0.003) (Partial g2: 0.682)
(Fig. 4B). The current results align with the aforementioned
average response time results for accuracy, as with briefer

Figure 2.

Average fixation durations by group and by answer accuracy. A, High mental rotation ability (HMRA) individuals conduct fixations that are quicker than those
completed by low mental rotation ability (LMRA) individuals, on average, during spatial problem solving. Error bars indicate one standard deviation (aP 5 0.022);
B, Average fixation duration is constant across different levels of accuracy for both mental rotation ability groups. Error bars indicate 95% confidence interval for
within-group comparison.

Figure 3.

Average response times by group, and by answer accuracy. A, High mental rotation ability (HMRA) and low mental rotation ability (LMRA) individuals exhibit
equivalent response times on average (aP 5 0.059). Error bars represent one standard deviation; B, High and low mental rotation ability individuals show different
response times based on accuracy (bP 5 0.001). Error bars represent 95% confidence interval for within group comparison.
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overall response times, it is logical that fewer fixations may
occur in a shorter time frame.

Relating Salience Patterns to Mental Rotations
Ability

In addition to chrononumeric measures, the current experi-
ment also sought to determine the level of attentional agree-
ment for different regions of the target images according to
spatial ability. A Fisher Exact Test distinguished the two
groups based on the distribution across the six categories of
salience (Fisher Exact Test: 12.47; P 5 0.018) (Fig. 5). The
test suggests that HMRA and LMRA individuals attended to
different regions at different frequencies. High MRA individ-
uals attend preferentially to “Straight” regions, while LMRA
individuals attend predominantly to “Bend 1” during prob-
lem solving.

Further analysis was undertaken to establish a level of

attentional agreement between HMRA and LMRA individu-

als on a question-by-question basis. Through application of

Cohen’s Kappa for Agreement, it was observed HMRA and

LMRA individuals attended to the same region of salience in

only 34% of questions (j 5 0.20) illustrating a poor agree-

ment between the two groups (McHugh, 2012).

DISCUSSION

Through correlational analyses, it was noted that a signifi-

cant and strong positive relationship existed between individ-

uals’ timed EMRT and VKMRT scores; suggesting that scores

obtained on the timed EMRT are an accurate representation

of mental rotations ability. This finding is not surprising, as

both tests employ similar timing, and level of difficulty. As a

result, for applications requiring eye movement recording, it

Figure 4.

Average number of fixations per question by group, and by answer accuracy. A, High mental rotation ability (HMRA) and low mental rotation ability (LMRA)
individuals are equivalent in terms of average number of fixations per question (aP 5 0.383). Error bars represent one standard deviation; B, Correctly answered
questions exhibit significantly fewer fixations per question than incorrectly answered questions (bP 5 0.003). Error bars represent 95% confidence interval for with-
in group comparison.

Figure 5.

Differing areas of attention on electronic mental rotations test (EMRT) represents dichotomy between areas of visual salience represented by frequencies fixation
across the six categories by high mental rotation ability (HMRA) and low mental rotation ability (LMRA) individuals.
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can be concluded that the timed EMRT provides a valid
mechanism for the testing of MRA.

As previous research suggests that HMRA individuals
complete MRA tests more quickly than LMRA individuals
(Just and Carpenter, 1976; Roach et al., 2016), it was
hypothesized that HMRA individuals would demonstrate
shorter average fixation durations during problem solving.
The average fixation duration of HMRA individuals was
found to be significantly shorter than for LMRA individuals,
suggesting that HMRA individuals are able to encode visual
information more quickly during tasks than LMRA. This find-
ing is supported by literature that suggests that individuals of
HMRA have a higher spatial working memory capacity, and
are thus better equipped to hold spatial representations in their
minds eye for comparison during problem solving (Kyllonen
and Christal, 1990; Kyllonen, 1996; Engle et al., 1999; Obera-
uer et al., 2000; Miyake et al., 2001). Higher spatial working
memory may enable quicker comparisons between images and
allow for a more consistently accurate problem solving process
(Wilhelm and Schulze, 2002). In terms of accuracy, average
fixation duration was found to be consistent within both
MRA groups regardless of answer accuracy, and in line with
the previous findings in an untimed environment (Roach et al.,
2016). As a result, average fixation duration may be some-
what constant within individuals regardless of answer
accuracy.

As average fixation duration differs significantly across
MRA groups, one could infer that this difference would also
be manifest in the average response times and average num-
ber of fixations per question of the two groups. However in
this experiment, no difference in average response time, or
average number of fixations per question was noted between
HMRA and LMRA. This finding lies in contrast with avail-
able literature on other tests of spatial reasoning that suggest
that apt individuals tend to perform spatial tasks with greater
speed than those who struggle with spatial reasoning
(Nguyen et al., 2014). However, the same pattern of consis-
tent average response time and average number of fixations
per question across MRA groups was also presented in previ-
ous findings (Roach et al., 2016). When the same testing
parameters (EMRT) were employed without a time limit,
both groups responded at approximately the same speed, and
with the same number of fixations during problem solving,
yet achieved different scores.

Further, the dichotomy of scores between the HMRA and
LMRA individuals is not revealed when considering the accu-
racy of the question when evaluating the average response
time and average number of fixations per question of individ-
uals. For both groups, correctly answered questions were
associated with significantly shorter response times, and sig-
nificantly fewer fixations per question overall. Essentially,
what can be inferred from these findings is that both groups
complete the task in the same way. Questions that are
answered correctly are answered quickly; while those that are
not solved are puzzled over; directly supporting the findings
observed by Roach et al. under the untimed condition (Roach
et al., 2016). Ultimately, the frequency with which the ques-
tion is solved accurately represents the aptitude for spatial
reasoning. If individuals differ fundamentally in average fixa-
tion duration, but not in terms of average response time and
number of fixations, further inspection into the location of
these fixations is warranted. Therefore, it is possible that
where individuals direct their attention on spatial tasks, this

may be more critical to success in problem solving, than the

speed with which an individual views the stimulus.
It was hypothesized that HMRA and LMRA individuals

would attend to different features of the EMRT while prob-

lem solving; potentially contributing to varied success on the

task. It was observed that HMRA and LMRA individuals

attended to different salient regions of the EMRT images. On

a question-by-question basis, the two groups attended to the

same location only 34% of the time. This finding suggests

that although groups share similar average response times

and fixation times within questions, differences in gaze loca-

tion exist between the two groups as they solve EMRT ques-

tions. This observation suggests that there may be specific,

task-relevant regions of spatially complex images, and that

skill in identifying and attending to these areas is key to suc-

cessful problem solving (Lowe and Schnotz, 2008; Kaakinen

et al., 2011). Furthermore, if specific regions are important

to spatial reasoning, and are identifiable through salience

maps, they may be translated as visual cues. These visual

cues could be applied to train LMRA individuals, direct their

attention, and potentially improve their spatial reasoning

skills through guidance.

Limitations of the Study

This study may have been limited by the use of repeated

image pairs. By presenting each image pair in triplicate, there

is a possibility that with each subsequent exposure, the par-

ticipants could have experienced a familiarity with the stimu-

lus, and refer to previous conclusions. As a result, it is

possible that individuals may have been reliant on short-term

memory, or on implicit learning subsequent to contextual

cueing (Chun and Jiang, 1998) to solve the question, than on

active spatial reasoning. If this were true, it may have influ-

enced the findings pertaining to average response time and

average number of fixations per question, and reflect the

individual’s spatial working memory capacity more than their

MRA. However, as the test battery consisted of 16 image

pairs, which were each visually similar (one single block, dif-

fering only by degree of rotation or reflection) and were

assorted randomly to each participant, it is unlikely that

memorization or recognition was employed. Further, anecdot-

al inspection of the data did not convey any evidence of

memorization in participant responses.
This study may also have been limited by a lack of indi-

vidual factor evaluation, including but not limited to working

memory, visual attention, conflict monitoring, attention defi-

cit disorder, or the participant’s presence on the autism spec-

trum. Each of these factors may have contributed to the

observed results, but are not directly measured here. Future

studies should seek to employ these metrics as covariates in

their analysis, to gain better insight into the cognitive pro-

cesses underlying mental rotation.
Moreover, it is known that question difficulty increases

with increasing angular disparity. As the Timed EMRT

employed increments of angular disparity only up to 80

degrees, it is possible that this test was not challenging

enough to exacerbate substantial chrononumeric differences

(Shepard and Metzler, 1971). If greater degrees of disparity

were employed across the test, it is possible that HMRA indi-

viduals would have solved the problems more quickly, and

revealed group-wise differences on the test.
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Additionally, it is widely known that a sex difference that
favors males exists in mental rotation literature. It appears
that males consistently, and significantly outperform their
female peers on tests of mental rotation. The rationale for
the difference in performance is well disputed, and may be
the result of the strategy employed by the test-taker. Specifi-
cally, most males tend to answer mental rotation test items
instinctively, placing more value in speed than accuracy;
while most females employ greater scrutiny and “double-
check” their answers—placing more value in accuracy than
speed (Lunneborg, 1982; Lunneborg and Lunneborg, 1984;
Gl€uck and Fabrizii, 2010). This dichotomy results in more
answer opportunities for males, than females, and subse-
quently more opportunities for higher scores than females.
With this in mind, it is possible that the patterns of eye
movement observed in this study are not exclusively the
result of the individual being high or low MRA, but may
also reflect the strategic approach adopted by the individual.

Finally, this study may also have been limited by a small
sample size. With each group consisting of five individuals, it
is possible that the lack of differences in average response
time and average number of fixations per question may be
the result of reduced statistical power. As a result, future
studies that explore this chrononumeric relationship alone
should seek to include a larger sample. This being said, other
studies in the literature that include a larger pre-sample often
exclude the results, or even further testing of intermediate
scoring participants that lay about the mean plus or minus
one standard deviation (Just and Carpenter, 1985; Kozhevni-
kov et al., 2007; Nguyen et al., 2012). By studying the
extremes of the spatial ability behavior a hypothesis regard-
ing spatial ability in general can be formulated.

When considering the process of spatial problem solving,
it appears that there are fundamental differences in the eye
movements of HMRA and LMRA individuals. High MRA
individuals are able to identify areas of the stimuli that are
most important to accurately solving the problem quickly,
while LMRA individuals look elsewhere, fixating on different
locations for long periods of time, and ultimately reach incor-
rect answers more often than the HMRA individuals.

Similar findings have been obtained in the field of laparos-
copy, in which the eye movements of expert and novice lapa-
roscopists were contrasted during the performance of
standardized laparoscopic tasks (Law et al., 2004; Wilson
et al., 2010, 2011a, b). Significant differences in the patterns
of eye movements between the novices and experts were
observed, and successful approaches held by the experts were
defined (Wilson et al., 2010, 2011a, b). This finding drove
further inquiry to determine if novice individuals are directed
to expert-defined task-relevant regions, would they have the
cognitive capacity to interpret the information with greater
facility and improve performance scores on tests of laparo-
scopic skill? In effort to answer this question, Wilson et al.
created a gaze-directed training tool based on the eye move-
ments of expert laparoscopists to train novice where to look
on a specific laparoscopic technique (Wilson et al., 2011a, b).
When evaluated, the gaze-directed approach proved to be an
effective protocol to guide the attention of novices, and
improve their performance on a specific laparoscopic task
(Wilson et al., 2011a, b). If one considers the dichotomy of
expert to novice eye movements in laparoscopy as a parallel
to that of HMRA and LMRA individuals, is it then possible
that gaze training may serve direct LMRA individuals toward
improvements on an array of spatially complex tasks?

If a fundamental difference exists in how high and low
individuals examine images, and presumably how they pro-
cess the stimuli, this finding could have broader implications
for disciplines requiring an understanding of complex visual
imagery, such as anatomy.

CONCLUSIONS

It appears that some individuals who lack the ability to rea-
son spatially may be handicapped to a degree by complex
visual imagery, and may require additional direction toward
key regions of images to ensure understanding and minimize
distraction. This concept is supported widely by the cognitive
theory of multimedia learning (Mayer and Moreno, 2003),
adapted from Cognitive Load Theory (Sweller, 1988, 1989;
Kirschner, 2002). Sweller’s model of Cognitive Load Theory
suggests that learning is facilitated by instruction that directs
a human’s finite working memory resources toward informa-
tion that is important to learning, rather than to extraneous
material that impedes, or slows cognitive processing, and dis-
tracts from learning (Sweller, 1988, 1989).

Similarly, Mayer and Moreno’s cognitive theory of multi-
media learning suggests that individuals have a finite allot-
ment for interpreting visual stimuli, and that this allotment
may be exceeded by poorly designed or complex, detailed
images, including those with spatial complexity (Mayer and
Moreno, 2003; Wilson, 2015). In instances where the images
cannot be simplified (such as in anatomical imagery, or in
spatially complex test images) the cognitive theory for multi-
media learning recommends that “cognitive load can be
reduced by providing cues to the learner about how to select
and organize the material—a technique called signaling”
where visual indicators are used to identify features of com-
plex images or content that are particularly informative, or
salient (Meyer, 1975; Lorch, 1989), and that “signaling seems
to help in the process of selecting and organizing relevant
information” (Mayer and Moreno, 2003). With this in mind,
it can be hypothesized that visual signaling through gaze
directed to salient areas within images may mitigate deficien-
cies in spatial ability, reduce cognitive load, and thus increase
learning across all levels of learners except those with the
highest spatial ability.

With the concept of signaling, and gaze-directed training
in mind, future studies should seek to construct a method of
visual cueing that is based on the eye movement patterns of
HMRA individuals. Such an intervention could in theory,
direct or signal, the attention of LMRA individuals to task-
relevant locations on images, and potentially improve their
performance in spatial reasoning, and consequently, in spa-
tially complex fields such as anatomy and other science, tech-
nology, engineering and mathematics (STEM) disciplines as a
whole.
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