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Individuals with an aptitude for interpreting spatial information (high mental rotation
ability: HMRA) typically master anatomy with more ease, and more quickly, than those
with low mental rotation ability (LMRA). This article explores how visual attention differs with time limits on spatial reasoning tests. Participants were assorted to two groups
based on their mental rotation ability scores and their eye movements were collected during these tests. Analysis of salience during testing revealed similarities between MRA
groups in untimed conditions but significant differences between the groups in the timed
one. Question-by-question analyses demonstrate that HMRA individuals were more consistent across the two timing conditions (j 5 0.25), than the LMRA (j 5 0.013). It is
clear that the groups respond to time limits differently and their apprehension of images
during spatial problem solving differs significantly. Without time restrictions, salience
analysis suggests LMRA individuals attended to similar aspects of the images as HMRA
and their test scores rose concomitantly. Under timed conditions however, LMRA diverge
from HMRA attention patterns, adopting inflexible approaches to visual search and
attaining lower test scores. With this in mind, anatomical educators may wish to revisit
some evaluations and teaching approaches in their own practice. Although examinations
need to evaluate understanding of anatomical relationships, the addition of time limits
may induce an unforeseen interaction of spatial reasoning and anatomical knowledge.
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To interact with the three-dimensional world, humans must
have an understanding of the positional relationships occurring between objects around them in space. Such an understanding is loosely referred to as one’s “spatial ability.” One
component of spatial ability refers specifically to an individual’s ability to interpret and comprehend objects as they are
rotated. This individual capability is referred to as mental
rotation ability (MRA). Specifically, MRA is the ability to
maintain a mental representation of a two-dimensional or
three-dimensional object while it is turned in space
Anat Sci Educ 00:00–00 (2017)

Table 1.
A Summary of Key Terms and Accompanying Definitions
Term

Definition

Salience

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 surroundings. These regions “stand out” or command visual attention.

Fixation Density Map

A visual representation (map) illustrating the location of each fixation conducted by a given individual, on a given question of the EMRT, with no consideration of fixation duration.

Salience Map

A visual representation (map) illustrating the location of each fixation conducted by a single individual, on a single question of the EMRT, overlaid with a Gaussian distribution that has been scaled
for fixation duration.

Salience Distribution

A visual representation (map) illustrating the location of each fixation, conducted by a given individual over all three exposures to a single question on the EMRT; overlaid with a Gaussian distribution
that has been scaled for fixation duration.

Group Salience Distribution

A visual representation (map) illustrating the location of each fixation produced by a group of individuals, over all three exposures to a single question, overlaid with a Gaussian distribution that has
been scaled for fixation duration.

Region of Highest Salience

The location on a “group salience distribution” that represents the area that has been fixated most
frequently, and for the longest duration (“salience center”).

Frequency Distribution

A representation of how often the “region of highest salience” occurs in each of the pre-defined
areas: Bend 1, Bend 2, middle bend, tail, straight, or background.

EMRT, Electronic Mental Rotations Test.

(Spearman, 1927). Psychometricians have developed different
measures to quantify MRA, including timed, standardized
tests such Vandenberg and Kuse’s mental rotations test
(VKMRT)
(Vandenberg
and
Kuse,
1978;
Peters
et al.,1995a,b), the card rotation test (Ekstrom et al., 1976),
and more recently, the timed electronic mental rotations test
(Timed EMRT) (Roach et al., 2016).
In recent years, MRA has emerged in medical and anatomical education research publications for its role as an
“indicator of success” in domains requiring an understanding of spatially complex information and relationships, such
as anatomy and surgery (Wanzel et al., 2002; Lufler et al.,
2012; Nguyen et al., 2012; Lai et al., 2013). Literature suggests that MRA is directly linked to success in surgical skill
acquisition in novices (Wanzel et al., 2002, 2003; Brandt
and Davies, 2006) and in knowledge acquisition and comprehension in anatomy (Lufler et al., 2012; Nguyen et al.,
2012). As MRA is related to success in the comprehension
of spatially distributed information, more research is
required to explain the cognitive processes that underlie this
ability.
In an effort to better understand MRA, research has
sought to explore other related neurologic and sensory factors. One correlational hypothesis suggests that an aptitude
for mental rotation may be revealed by the movements of the
eyes (Just and Carpenter, 1976). The theory suggests that as
an individual looks at elements of spatial stimuli, the stages
of problem solving are manifest in each fixation of the eye
(the act of maintaining visual gaze on a single location) (Just
and Carpenter, 1976; Carpenter, 1988). As such, patterns
occurring in an individual’s fixations may reveal the underlying cognitive processes responsible for driving gaze and processing spatial information (Just and Carpenter, 1976; Grant
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and Spivey, 2003; Thomas and Lleras, 2007; She and Chen,
2009).
In a foundational study, Just and Carpenter demonstrated
significant differences in mean response latency and in the
frequency of back-and-forth eye movements (comparisons
between two presented images) between individuals of high
mental rotation ability (HMRA) and low mental rotation
ability (LMRA) as they performed an untimed test of MRA
(Just and Carpenter, 1985). While the work of Just and Carpenter demonstrated differences in eye movements and in
approaches to mental rotation between ability-based groups,
the eye movement experiments by Roach et al. (2016, 2017)
further confirmed and dissected the dichotomy between
HMRA and LMRA. Through the use of specific performance
measures (mean fixation duration, response latency and mean
fixations per question) and an attentional salience measure,
differences between the HMRA and LMRA groups were
revealed (Roach et al., 2016, 2017). The “salience” measure
(Table 1) quantified where groups directed their attention as
they performed a spatial test, the EMRT.
While previous studies have demonstrated important salience
differences between HMRA and LMRA in isolated timing conditions (timed and untimed exclusively), little is known regarding how the addition of a time restriction impacts an
individual’s performance on an MRA test. In Lohman’s analysis
and subdivision of spatial ability, MRA is renamed “speeded
rotations” (Lohman, 1979; Shepard and Cooper, 1986; Lohman, 1988), with the implication that individuals who are able
to mentally rotate structures effectively, do so markedly faster
than those who are less proficient (Hegarty and Waller, 2005).
Many accepted and validated tests of MRA have incorporated
this assumption into their protocol. Stringent time limits on test
completion are enforced on both the timed electronic mental
Roach et al.

Figure 1.
Visual representations of different mental rotation tests. A) A typical Vandenberg and Kuse Mental Rotation Test (VKMRT)-style question (Vandenberg and Kuse,
1978) recreated using the digital block figure image bank redrawn by Peters et al. (1995a,b). Participants must identify if the block images are the same or mirrored
images of each other. The VKMRT consists of 24 questions, with a maximum total time allowance of 6 minutes. B) A typical timed electronic mental rotation test
(EMRT)-style question (Roach et al., 2016) recreated using the digital block figure image bank originally created by Peters et al. (1995a,b). Participants must judge
if the two block figures are the same (rotations) or different (reflections) within a span of 6 seconds. The EMRT consists of 48 questions, and has a maximum time
allowance of 5 minutes (Roach et al., 2016).

rotations test (Timed EMRT) (Roach et al., 2016) and the goldstandard of MRA evaluation, Vandenberg and Kuse’s mental
rotations test (VKMRT) (Vandenberg and Kuse, 1978; Peters,
et al., 1995a,b) (Fig. 1). While fundamentally different in
appearance, and in their execution, both of these MRA tests are
considered to be “speeded” tests, as each are so temporally constrained that most test-takers will not have sufficient time to
consider and answer every question (Bridgeman et al., 2004). By
imposing such strict time limits, speeded tests demand that testtakers work at the highest rate possible, and serve to evaluate
performance in terms of test-taker work rate (Lu and Sireci,
2007). Literature suggests that speeded tests favor high ability
individuals, as low ability individuals often have difficulty
assessing the difficulty of presented questions. As low ability
individuals struggle to assess difficulty, they often fail to allocate
their time appropriately to challenging questions (Schnipke,
1995). With this in mind, it is possible that the application of
strict time limits could differentially impact attention, the processing of visual information, and subsequently performance in
high and low ability individuals.
By tracking eye movements, the current study aims to
reveal the relationships that exist between mental rotation
Anatomical Sciences Education
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ability, test time limits, and visual salience. It is predicted
that both MRA groups will score lower on the spatial tests
when a time limit is applied. Further, it is predicted that the
two MRA groups will attend to different elements of the
presented images while problem solving, and that these elements will differ according to each timing condition.

MATERIALS AND METHODS
Participants
This experiment received approval from the University of Western Ontario’s Institutional Review Board (IRB). The IRB ensures
that all research conducted on human subjects is conducted in
accordance with all federal, institutional, and ethical guidelines.
Participants were volunteer graduate students in the allied
health sciences and anatomy and cell biology with normal, or
corrected to normal vision by way of contact lenses. Prior to
testing, participants (n 5 20; 14 female and 6 male) were
classified according to their MRA, through the completion of
a timed, electronic test of mental rotations ability, the Vandenberg and Kuse’s mental rotations test (VKMRT)
3

(Vandenberg and Kuse, 1978; Peters and Battista, 2008) (Fig.
1A). The VKMRT was chosen because it displays high internal consistency (Kuder–Richardson 20 5 0.88) and test–retest
reliability (0.83) (Vandenberg and Kuse, 1978). Individuals
with VKMRT scores in excess of one standard deviation of
the sample mean were considered to be HMRA (n 5 7; 3
female and 4 male) while those with VKMRT scores less
than one standard deviation below the sample mean were
considered to be LMRA (n 5 7; 6 female and 1 male). Individuals scoring within one standard deviation of the sample
mean were classified as having intermediate MRA (n 5 6; 5
female and 1 male) and were not included in this study. This
approach was adopted to emphasize the distinction between
HMRA and LMRA individuals (Kozhevnikov et al., 2007).

mental rotations test (EMRT) described initially in Roach
et al. (2016, 2017). The EMRT required participants to view
two three-dimensional (3D) block figures (a “block pair”)
and determine if the pair was the same (a rotation) or different (a nonsuperimposable reflection) as quickly and accurately as possible. Participants logged their responses using a
keyboard. A button-press of “1” indicated a “same” pair,
while a “2” indicated a “different” pair.
The EMRT was selected for this study over other tests of
mental rotations for its clarity and ease of use in the context
of eye tracking. As the task requires a comparison of only
two images, it facilitated a streamlined analysis of participants’ fixation locations, and subsequent analysis of salience.

Quantifying Salience
The Electronic Mental Rotations Test and the
Inclusion of the Low Mental Rotation Ability
Group
As this study sought to identify and distinguish attentional
salience differences between HMRA and LMRA groups in
timed and untimed test conditions, it was necessary to include
lower performing individuals in the analysis. A Binomial Test
(Howell, 2007) was employed to demonstrate that the included
LMRA individuals performed poorly as a result of failed
attempts at questions, and not because of guessing. The binomial test indicated that the proportion of correct answers obtained
by the LMRA group on the timed condition (0.63) was higher
than that expected by chance (0.5), P < 0.05 (1-sided). This calculation was also performed for the untimed condition (0.82)
and similar results were obtained (P < 0.001; 1-sided). These
findings affirmed the inclusion of the LMRA group and confirmed that their low scores were not the result of guessing, but
due to the impaired ability to solve spatial problems.

Experimental Design
Individuals allocated to the HMRA or LMRA groups, based on
their VKMRT score entered the next phase of experimentation.
All participants completed two additional tests of MRA while
their eye movements were collected. Participants completed
both a timed and untimed version of the electronic mental rotations test (EMRT: a secondary, novel task of mental rotations
ability, distinct from the initial VKMRT) (Fig. 1B), while monocular gaze was monitored from the right eye. The order of tests
(timed vs. untimed) was randomized across participants. Eye
movement metrics (fixation location (x,y), and the duration of
each fixation) were collected using EyeLink 1,000 eye-tracking
equipment (SR Research, Mississauga, Canada), with sampling
occurring at 1,000 Hz. All test images were presented at a consistent viewing distance of 40 cm. The ambient light in the testing room was held constant throughout all testing events. All
participants completed the timed and untimed tests in random
order, without feedback on their performance, on the same day,
over a twenty-minute period. A five-minute break was allotted
between the first and second test iterations.

Target Images Used in the Electronic Mental
Rotation Test
The target images presented to the participants in both the
timed and untimed conditions constituted the electronic
4

Salience distributions were generated according to the methodology described by Roach et al. (2016, 2017). Roach’s
quantitative analysis of salience was conducted using a methodology similar to the technique described by Lee et al.
(2011). Lee suggests that the magnitude and locus of an individual’s attention is measured by fixation density, collected
via eye tracking technology. Thus, fixation density maps were
used to represent the salient regions of the images. In the current study, fixation density maps were generated throughout
the data collection phase for each individual, within each
group, for each image presented in
 each test, where each
image held discrete fixation points xfn ; yfn ; n51; . . . ; N
and where N represented the total number of fixation points
conducted
 f
 by a participant on a single question, and where
xn ; yfn is the location of the nth fixation point (Lee et al.,
2011). The fixation points for each image were interpolated
using a Gaussian function, and scaled by fixation duration to
yield a salience map s(x,y),
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where x and y denote the horizontal, and vertical positions
of the fixated pixel, rs represents the standard deviation of
the Gaussian, and tnf is the fixation duration in milliseconds.
The value of rs is calculated based on the accuracy of the
eye tracking system using L, the viewing distance from the
display, and d, the display pixel density:
rs 5L 3 tan
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The salience map was, thus, obtained by summing the
time weighted Gaussian function of all fixations for each
question. The salience map allowed for discrete fixation pixels identified by the eye tracker to be represented as regions
of fixation based on the visual accuracy of the eye tracking
system (Lee et al, 2011). As a result, a pixel that resides in a
heavily fixated region is more “salient” than one in a scarcely
fixated area. The salience maps for right and left blocks from
each question were then normalized by dividing by the maximum pixel value in the map. Salience distributions for each
block were then created for each group by summing the normalized salience maps and normalizing again to the maximum pixel value (Roach et al., 2016, 2017). This salience, or
group salience distribution, was then represented visually
Roach et al.

Figure 2.
Observers classified each region of highest salience according to its location on the presented block figure. This collection of images depicts exemplars for each
categorical classification. In these exemplars, typical salience is illustrated according to color intensity, whereby areas approaching red indicate increasing salience.
The regions of highest salience represent the locations that garner the most visual attention, for the longest duration. Reprinted from Roach et al. (2016) with perC 2015.
mission of John Wiley & Sons on behalf of the American Association of Anatomists V

through the use of a color intensity scale. These data were
then sorted by question (1 through 16), by timing condition
(timed vs. untimed) and by MRA group (low vs. high).
These group salience maps thus represented where high
and low individuals attended with the most frequency, and
for the greatest duration, on each question, during the two
testing conditions. The region of highest salience for the
group means, denoted by the highest intensity of color, was
then classified according to its location on the image. Six discrete classifications for the location of the region of highest
salience existed: Bend 1, Bend 2, Middle bend, Tail, Straight,
and Background. Exemplars of each categorization can be
viewed in Figure 2. Three observers carried out the locationbased classification of each region of highest salience (ICC:
0.84). A frequency distribution was then created for each
timing condition, and MRA group, based on the number of
times (or frequency) the region of highest salience occurred in
each category.
The Fisher Exact test was used to distinguish differences in
the distribution of salience across the six categories. Cohen’s
Anatomical Sciences Education
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Kappa was used to identify differences in question-by-question
agreement, between the groups, and within the groups, across
timing conditions (Cohen, 1960). Cohen’s Kappa, and
question-by-question agreement is interpreted using the following classification structure (Table 2). This approach enabled a
quantitative analysis of where these groups were looking on
timed, and untimed testing conditions.

Data Analysis
All data analyses were completed using SPSS statistical software package (IBM Corp., Armonk, NY), and P-values less
than 0.05 were considered statistically significant.
Performance analysis. Timed EMRT scores were compared with untimed EMRT scores to illustrate the role of timing on spatial reasoning performance. Analyses were
conducted via a 2 (Timing) 3 2 (MRA Group) Mixed
ANOVA.
Analysis of salience distribution. The location-based
classification of the regions of highest salience enabled
5

comparisons between groups, between timing conditions, and
across each region using the Fisher Exact test (Fisher, 1922;
McDonald, 2014). This test is robust to small sample sizes
and specific to categorical data (McDonald, 2014) such as
salience. Comparisons of question-by-question agreement
were conducted using Cohen’s kappa (Cohen, 1960) to determine how often HMRA and LMRA groups attended to the
same location on a given question, in each timing condition
(McHugh, 2012).

RESULTS
Performance Effects of Time Limits
The VKMRT served as a diagnostic test to allocate individuals into two MRA groups (Vandenberg and Kuse, 1978;
Peters et al., 1995a,b). In line with current literature, significant differences in score on the subsequent EMRT
were observed between the two MRA groups’ overall
F(1.12) 5 14.41 (P 5 0.003) (Partial g2: 0.546) (Roach et al.,
2016). The average EMRT score (Mean 6 SD) was
41.29 6 4.65 in the HMRA and 34.71 6 6.93 in the LMRA
group, out of a possible maximum score of 48 (Fig. 3A).
As predicted, both groups demonstrated significantly
higher EMRT scores in the untimed condition 42.71 6 3.95
and 39.29 6 4.61, than in the timed condition 39.86 6 5.15
and 30.14 6 5.84 for HMRA and LMRA respectively,
F(1.12) 5 9.09 (P 5 0.011) (Partial g2: 0.431; Fig. 3B). No
interaction was observed between group and timing condition
F(1,12) 5 2.49 (P 5 0.14) (Partial g2: 0.172).

Distribution of Salience
An analysis of the salience distribution across the MRA
groups under the two timing conditions demonstrated significant differences with respect to where the groups directed

Table 2.
The Interpretation of Kappa Values for Agreement
Value of Kappa

Level of Agreement

0

Less than chance agreement

0.01–0.20

Slight Agreement

0.21–0.40

Fair Agreement

0.41–0.60

Moderate Agreement

0.61–0.80

Substantial Agreement

0.81–0.99

Almost Perfect Agreement

Interpretation based on Viera and Garret (2005).

visual attention on the block diagrams during problem solving (Fisher Exact Test 5 122.18, P < 0.001) (Fig. 4).
In untimed conditions, the HMRA and LMRA showed similar salience distributions on a question-by-question basis
(Fisher Exact Test: 1.31, P 5 0.95), with their regions of highest salience overlapping in 75% of questions (j 5 0.67; Fig. 4).
However, in the timed condition, the two group salience
distributions diverged (Fisher Exact Test: 33.24, P < 0.001),
as the question-by-question salience agreement decreased to
42%, representing a slight agreement between the groups
(j 5 0.20; Fig. 4).
The HMRA group demonstrated a fair agreement on 38%
of questions across the two timing conditions (j 5 0.25; Fig.
4). In contrast, the analysis of agreement for the LMRA
group revealed that across the two timing conditions, the
LMRA group showed agreement on only 13% of questions.
According to literature, this value suggests that nearly no

Figure 3.
Contrasts of performance on the electronic mental rotation test (EMRT). A) A between group comparison of performance (average EMRT score 6 SD), regardless
of timing condition. The high mental rotation ability (HMRA) group outperforms the low mental rotation ability (LMRA) group consistently and significantly
F(1.12) 5 14.41 (P 5 0.003). B) The performance (average EMRT Score 6 95% Confidence Interval) of both MRA groups for both timing conditions. Both groups
show lower EMRT scores in the timed condition, compared to the untimed condition. The presence of the lower case letter “a” indicates a significant difference
(P < 0.05) between the groups.
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Figure 4.
The between-group comparison of salience distribution frequency, for both timing conditions representing how often attention was devoted to pre-defined areas:
Bend 1, Bend 2, middle bend, tail, straight, or background. There is a significant difference between the four groups: (1) High mental rotation ability (HMRA):
Timed; (2) High mental rotation ability: Untimed; (3) Low mental rotation ability (LMRA): Timed; and (4) Low mental rotation ability: Untimed (Fisher Exact
Test 5 122.18, P < 0.001).

agreement exists in the LMRA group across the testing conditions (j 5 0.013) (Viera and Garret, 2005) (Fig. 4).

DISCUSSION
The goal of the current study was to characterize how differences in time limits manifest in the salience distributions of
high and low mental rotation ability (MRA) individuals. An
analysis of where each MRA group devoted visual attention
during testing revealed similarities between the groups in the
untimed condition, but significant differences between the
two groups in the timed condition. More specifically, on a
question-by-question basis, the HMRA group was more consistent across the two timing conditions (j 5 0.25), than the
LMRA (j 5 0.013).
The analysis of salience distribution (Roach et al., 2016)
between HMRA and LMRA groups across the two timing
conditions suggest that individuals with different MRA
attend to different visual elements of the images as they solve
complex spatial problems (Fig. 4). Further, where individuals
devoted their attention was contingent on the time available
to solve the problem. These results are supported by those
observed by Wilson et al. (2011), who monitored gaze and
task performance in novice and expert laparoscopists. In
Wilson’s experiment, experts (akin to the HMRA group in
the current experiment) demonstrated a more economical
gaze pattern than their novice counterparts (like the LMRA
group). The experts made fewer movements and arrived at
their decisions faster. Wilson referred to salience indirectly,
by referring to the participants’ time spent fixating on their
“tools” and on the “target” of the surgical procedure. Wilson
noted that experts attended specifically to their “target,”
while novices fixated heavily on their tools, and their surroundings (Wilson et al., 2011). However, in the context of
mental rotation tests, HMRA and LMRA individuals replace
Anatomical Sciences Education
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experts and novices, and the “tools” and “targets” of surgical
simulation are exchanged for the regions of the black and
white block figures of the EMRT. In the current study, when
the untimed condition was considered exclusively, the influence of MRA was not as apparent in the analysis of salience.
Individuals of HMRA and LMRA inspected the block pairs
in roughly the same fashion, yielding similar salience distributions and devoting attention to the same salient regions
(j 5 0.67). Specifically, both groups attended preferentially to
one specific feature of the block image (Bend 2) during the
untimed condition. However, when a time limit was applied,
the salience distributions diverged between the two groups
(j 5 0.20) as their focus shifted to different areas of the
images. When time was limited, the HMRA group expressed
more flexibility in their visual assessment of the image.
Instead of relying preferentially on the inspection of Bend 2,
they directed their attention to different regions of each block
figure on each question across the test. However, unlike the
HMRA in timed testing, the LMRA individuals continued to
devote their attention to a single feature in the timed condition (Bend 1).
In essence, it appears that the LMRA group attempted to
focus their visual search around a single feature, regardless of
the orientation of the image. This observation suggests that
the LMRA individuals are not cognizant of the fact that the
relevant pieces of the block pair will change according to the
blocks’ orientation in space. Instead, the LMRA adopt a
“feature-matching,” or analytic approach to problem solving.
The analytic approach, first characterized by Geiser et al.
(2006) is described as a nonspatial approach to mental rotation—as no real mental rotation takes place. Geiser suggests
this approach is the least effective method to complete tasks
of mental rotation, and is often adopted by the lowest performing individuals (Geiser et al., 2006). This finding aligns
with literature that suggests that experts and novices attend
7

to different structures as they problem-solve (Kundel and
Nodine, 1983; Krupinski, 1996; Chapman and Underwood,
1998; Haider and Frensch, 1999; Charness et al., 2001;
Nodine et al., 2002; Graesser et al., 2005; Van Gog et al.,
2005; Jarodzka et al., 2010).
Further, it is possible that the application of a time limit
may exacerbate differences in salience distributions, because
the HMRA may be equipped with enhanced resources for
visual processing, and thus may have surplus time available
to inspect more questions (Sternberg, 1984; Schweizer and
Ren, 2013). Literature suggests that higher processing rates
in the HMRA may be attributed to differences in individual
working memory capacity (Wilhelm and Schulze, 2002). This
is supported by research that suggests a very strong correlation between an individual’s ability to reason spatially, and
their working memory capacity (Kyllonen and Christal,
1990; Kyllonen, 1996; Engle et al., 1999; Oberauer et al.,
2000). Individuals who are proficient in reasoning will typically have high working memory capacities. With this considered, when visuospatial tasks are speeded, the burden on
working memory is elevated and the rate of mental processing becomes critical to performance. Thus, it is possible that
the application of a time constraint directly influences attention during problem solving, and reduces the ability to perform mental rotation tests accurately. The within-group
analysis of salience supports this hypothesis, as the LMRA
group demonstrated notable differences in salience across the
timing conditions. The HMRA group showed a fair agreement between the two conditions (j 5 0.25), while the
LMRA group diverged dramatically; with agreement on only
13% of questions between the two tests (j 5 0.013). With
this observation in mind, it is clear the two groups respond
to changes in time limits differently, and that difference is
particularly evident when considering how these individuals
visually inspect images while problem solving.
As the majority of existing spatial tests are administered
with time limits, it was unsurprising that the High MRA individuals consistently outscored the Low MRA individuals on
both timed, and untimed spatial tests. In contrast, the lack of
interaction between group and timing was unanticipated. The
lack of interaction suggests that despite MRA group
divisions, all individuals completed the EMRT with greater
success in the absence of time limits. This finding can be
explained for both groups, as theories exist that support
extra time for individuals at both ends of the ability spectrum
(Bridgeman et al., 2004; Lu and Sireci, 2007).
Weaver (1993) suggests that individuals of low ability are
handicapped by strict time limits, and that allowances of
extra time enable individuals to process questions more
completely, and then appropriately demonstrate their knowledge. As a result, the application of strict time limits may
mask LMRA individuals’ ability to perform on tests requiring
spatial reasoning. With this in mind, the observed decline in
score may not be directly attributed to a deficiency in ability
or the knowledge being tested, but instead on their ability to
process information quickly.
In contrast, the observation that the HMRA individuals
also suffered decreased scores as a result of the time constraint is supported by literature on scholastic assessment test
(SAT). Work by Bridgeman et al. (2004) suggests that highscoring individuals tend to benefit more than low-scoring students when additional time is allotted on tests (Bridgeman
et al., 2004). Bridgeman rationalizes that by allowing highability individuals more time on a test, they are able to
8

address more questions, and subsequently reap the benefits of
higher scores. In the context of performance on a spatial
problem-solving task, it appears that all individuals are
advantaged by relaxed time constraints, and all are disadvantaged by strict time limitations.

Limitations
This experiment may have been limited by several factors;
namely the use of repetitive image pairs in the EMRT, sample
size, and a low angular disparity between image pairs. As
each image pair was presented in triplicate to increase the
signal to noise ratio of eye-tracking parameters, there is a
remote possibility that participants may have based each their
response on the conclusions drawn from their first exposure
to a question, relying on memory and recognition, rather
than actively solving the problem presented. However, retrospective analysis of data did not show any patterns associated
with improved accuracy, or consistency in answer responses
as individuals progressed through the test. Second, the specificity of the experimental design may have limited the conclusions. Some conclusions derived from the data collected refer
to linkages with other cognitive process beyond mental rotation (including spatial working memory). This study did not
sample any cognitive processes beyond mental rotation, thus
these linkages are inferential, and further studies employing
tasks such as the N-Back Task (Kirchner, 1958) for working
memory could be explored to corroborate these inferences.
Finally, this experiment may have been limited by the
design of the main test metric, the EMRT. Block pairs in the
EMRT were staggered at intervals ranging from ten to ninety
degrees of angular disparity in a single axis to provide challenging visual stimuli for interpretation. However, it is possible that this range of disparity was too narrow, and stimuli
could have been made more challenging with greater disparity and multiple axes of disparity (Niall, 1997). This being
said, by incorporating greater angular disparity and/or multiple axes of rotation, it is likely that greater dichotomies
would be evident between the HMRA and LMRA groups.

CONCLUSIONS
This experiment describes a relationship between mental
rotation ability, time limits, and visual salience distribution.
These three factors contribute to an individual’s ability to
solve spatial problems. It is apparent that a learner’s mental
rotation ability dictates their approach to solving spatially
complex questions (Rehder et al., 2009). In this eye-tracking
paradigm using the EMRT, it was observed that the HMRA
individuals devoted their attention to different regions of the
block images, when they were presented in different spatial
orientations. This effect was not evident in the LMRA group,
who appeared to use a single feature as a landmark for all
questions, regardless of the landmark’s task-relevance, and
regardless of the block image’s orientation in space. With this
in mind, it is possible that “where” individuals attend during
problem solving may be essential to their ability to reason
spatially.
The research presented in the current experiment has
direct implications for the spatially complex discipline of
anatomy. Mastery in anatomy relies on a sound understanding of the interactions between three-dimensional structures
in the visually complex environment of the human body
Roach et al.

(Lufler et al., 2012; Nguyen et al., 2014; Zumwalt et al.,
2015). As many anatomical evaluations occur in timelimited, “bell-ringer” environments, anatomy educators may
wish to consider how their student’s spatial ability may
impact their ability to assess, and interpret anatomical structures and relationships under time-constraints. If instructors
have concerns about equity across the spatial ability spectrum, they may seek to apply instructional techniques that
minimize the negative aspects of extraneous cognitive load
imposed on a student’s cognitive resources (Mayer and Moreno, 2003), potentially by relaxing question-by-question time
limits, or by employing visual guidance strategies (Lai et al.,
2013) and visual signaling (Wilson, 2015) to better orient
low-ability individuals on time-restricted evaluations.
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