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ABSTRACT OF THE DISSERTATION 
 
 

Comparing Mental Rotation and Feature Matching Strategies in Adults and Children 
with Behavioral and Neuroimaging Techniques 

 
 

by 
 
 

Wendy S. Ark 
 

Doctor of Philosophy in Cognitive Science 
 
 

University of California, San Diego, 2005 
 

Professor Joan Stiles, Chair 
 
 
 

Visuospatial cognition is fundamental to our daily lives because it includes 

perceiving, comprehending, and conceptualizing visuospatial relationships among 

objects in the world. One widely researched visuospatial cognitive task is mental 

rotation. Mental rotation is the process of imagining an object and performing 

visuospatial transformations of that object in one’s mind. This dissertation will 

describe a series of studies that explore stimulus effects on different strategies used to 

accomplish a typical mental rotation task, the neural underpinnings of mental rotation, 

and the development of mental rotation abilities.  

The first 2 studies used behavioral and  Functional Magnetic Resonance 

Imaging (FMRI) methods to probe the differences in previous adult mental rotation 

studies by manipulating stimulus type (unmarked cube figures, UC, or feature marked 
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cube figures, FC) and task instruction (Mental Rotation, MR, or Feature Matching, 

FM). The behavioral and FMRI data indicated that task instructions and slight changes 

in the stimulus could induce a switch in visual processing strategies. MR and UC 

elicited higher slope values, right parietal lobe and MT activation; while FM and FC 

elicited lower slope values, more left parietal lobe, middle frontal gyrus, and fusiform 

gyrus activation.  

In Study 3, children were compared to adults using both behavioral and FMRI 

methods. The results indicate that children generally can perform mental rotation; 

however, the response times for children with high accuracy were more similar to 

adults than children with low accuracy. Also, children with high accuracy had similar 

patterns of neural activation to adults; specifically, they activated the right parietal and 

MT regions. Conversely, the children with low accuracy had activation similar to the 

adults who received FM instructions or FC stimuli and notably no MT activation. 

These studies present data that there are different strategies to perform a mental 

rotation task. Also, slight changes in the stimuli may cause a person to switch from a 

MR to a FM strategy. 
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I. INTRODUCTION 

 

Visuospatial cognition is fundamental to our daily lives because it includes 

perceiving, comprehending, and conceptualizing visuospatial relationships among 

objects in the world. At a basic level, visuospatial cognition is necessary to perform 

tasks such as recognizing objects. As people improve their understanding of 

visuospatial relationships, they are able apply these skills to more complex tasks such 

as spatial reasoning, problem solving, and mental imagery. For example, navigating in 

the world from a map requires a host of visuospatial skills including recognizing and 

imagining objects from multiple views. An important visuospatial cognitive skill 

thought to underlie map use is mental rotation. If the map is not aligned with the 

environment, mental rotation is needed to manipulate spatial information in such a 

way as to compensate for the misalignment (Boer, 1991; Levine et al., 1982).  

Mental rotation was first documented by Shepard and Metzler (Shepard & 

Metzler, 1971). In this seminal study, participants compared objects at differing 

orientations to decide if the objects were congruent or not. There was a linear 

relationship between the object’s orientation off vertical and the time it took to 

respond. They named this robust phenomenon mental rotation because the results 

implied that participants generated a series of mental images of the object rotating to 

the upright position and these imagined spatial transformations were analogous to a 

physical rotation. Since their seminal work, many studies have replicated the linear 
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relationship with a wide variety of stimuli and mental rotation has been a leading 

measure of visuospatial ability (Shepard & Cooper, 1986). 

Although the basic behavioral phenomena from the mental rotation tasks were 

widely reproduced, fundamental theoretical questions about the nature of mental 

visuospatial transformation such as 'How are the objects and the transformations 

represented internally?' and 'What are the neural systems that underlie the process of 

mental rotation?' remained unanswered. Recent advancements in neuroimaging 

technology can facilitate inquiry about associations between mental operations and the 

neural systems that mediate them. The recent neuroimaging studies have varied on the 

brain regions reportedly involved with mental rotation (for a review, see (Ark, 2002)). 

The variation in patterns of brain activation has given new insight into processes 

involved with mental rotation. For instance, different types of stimuli seem to recruit 

different neural systems, which might reflect different strategies adopted to perform 

the spatial transformations. The neuroimaging reports point to a need for a closer 

examination of the behavioral literature on mental rotation. 

In addition to understanding the adult profiles of mental rotation performance, 

it is important to understand how mental rotation performance develops. Mental 

rotation performance has been demonstrated by children as young as 4 years of age 

with simplified stimuli (Kosslyn et al., 1990; Marmor, 1977). Also, developmental 

change in mental rotation performance has been documented until the early teenage 

years (Hale, 1990; Kail et al., 1980; Merriman et al., 1985; Snow & Strope, 1990). 

Though many studies have examined behavioral developmental differences in mental 
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rotation performance, only a few studies have examined the neural development that 

accompanies mental rotation performance. Together, the profiles of both cognitive and 

neural development will give insight to the complex brain-behavior relationship. 

This dissertation describes a series of studies that explore mental spatial 

transformations and how they further our understanding of both the brain-behavior 

relationship and visuospatial development. The first study is a large-scale adult 

training study used to closely examine differences in the behavioral data presented in 

previous mental rotation studies. This study will examine how the different stimulus 

types used in the previous mental rotation studies affects the strategies employed in 

the mental rotation task. The second study is another adult training study used to 

understand how the neuroimaging and behavioral data together illustrate an altered 

story from the past 30 years of behavioral literature alone. The third study examines 

the developmental trajectories of both the Mental Rotation and Feature Matching 

strategies and provides an explanation for why these strategies are exhibited at 

different times. In short, this dissertation research will compare and contrast the 

cognitive and neurological development of two basic object comparison strategies by 

examining adults and typically developing children with functional Magnetic 

Resonance Imaging (FMRI) and behavioral techniques. 
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II: STRATEGY AND STIMULUS EFFECTS ON MENTAL ROTATION 

 

Mental rotation is a widely studied topic in the field of cognitive psychology. 

Simply stated, mental rotation is a process of forming a mental image and 

transforming that image in a variety of different orientations. Shepard and Metzler 

(1971) were the first to document mental rotation by asking participants to decide if 

two drawings of three-dimensional cube figures with different orientations were the 

same or mirror images of each other. The results revealed that the mean response time 

varied as a linear, monotonically increasing function of angular disparity. This linear 

relationship was interpreted as evidence of mental rotation. The authors concluded that 

people took longer to respond for pairs that are separated by a greater angle of rotation 

because it took time to mentally rotate one figure into an upright position before 

making the same-mirror comparison. 

Many researchers sought to understand this finding and to test its 

reproducibility. In doing so, they experimented with many different kinds of stimuli 

(e.g. different abstract figures, alphanumerics, line drawings of hands, faces, etc.) and 

many studies found a positive linear slope, which became the hallmark characteristic 

of mental rotation (for a review, see Shepard, R. N. & Cooper, L. A., 1986). In fact, 

the robustness and reproducibility of the linear relationship between the angle of 

rotation and the response time was taken as strong evidence that people regularly and 

easily employ a mental rotation strategy. 
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Although many studies found the characteristic positive linear slopes, the slope 

and intercept values varied across studies. The positive linear slopes might be an 

indication of mental rotation; however, the differences in the slope and intercept 

values might highlight interesting differences in the mental processes occurring when 

completing the mental rotation task. Some studies have offered various explanations 

for these differences by investigating effects of the amount of practice, the properties 

of the stimuli used in the experiments, and the strategies employed to do the task.  

While any one of these explanations might account for some of the differences in 

slope and intercept values, we would like to explore these differences as an entirety 

and try to uncover systematic variations. By exploring these differences in omnibus 

fashion, we may gain a better understanding of the mental rotation process. 

 

Practice and Familiarity 

It is no surprise that with practice, mental rotation can be executed more 

quickly, which is evident by decreased slope and intercept values (Kail, R., 1986). In a 

training study (Tarr, M. J. & Pinker, S., 1989), participants were shown abstract 

objects in particular orientations. When presented with the same objects at the learned 

orientations, participants performed almost equally quickly regardless of orientation. 

However, when the same objects were presented at novel orientations, the participants 

displayed the positive slope. They took this to be evidence that people may use a 

hybrid strategy of mental transformation and stored multiple views, where input 

shapes are transformed to a stored view. Their results highlight the effect of practice 
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during the experiment on the slope and intercept values as well as the importance of 

familiarity with an object.  

One of the most striking differences in slopes and intercept values was 

reported in the findings of two very early studies. In the Shepard and Metzler study 

(1971), the regression slope equation was approximately y=20x +1000 whereas in the 

Cooper and Shepard study (1973), the regression slope equation was approximately 

y=3x+500. In the Shepard and Metzler study, the participants saw 800 trials, and in 

the Cooper and Shepard study, participants saw 576 trials. Therefore, because the 

slope values in the Cooper and Shepard were significantly less than those in the 

Shepard and Metzler study even with fewer trials, practice was not the sole factor 

affecting the slope value. An obvious difference between these studies is that the 

Shepard and Metzler study used the three-dimensional cube figures and the Cooper 

and Shepard study used alphanumeric stimuli. One explanation for the differences in 

both slope and intercept values is the familiarity with the alphanumerics versus the 

novel cube figures.  However, familiarity alone cannot explain the marked differences 

in slope values if it is assumed that both classes of stimuli require subjects to mentally 

rotate the forms.  

 

Stimuli type and Frame of Reference 

An alternate explanation for differences between the slope and intercept values 

is the shape complexity. The alphanumerics are perceptually less complex than the 

cube figures. Cooper (1975) used random non-sense shapes and reported that shape 
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complexity did not affect mental rotation times. However, the complexity of a shape 

does not necessarily provide obvious orientation information such as the availability of 

a landmark. Hochberg and Gellman (1977) used line segment drawings and found 

evidence that salient perceptual landmarks decreased both slope and intercept values. 

In this study, slope values for unmarked stimuli were 25 ms/degree.  When prominent 

features were added, slope values dropped to 3 ms/degree. However, a confound in 

this study was that the stimuli without features were more perceptually complex, 

which could account for the increase in response times. 

Other studies have examined mental rotation with biological stimuli rather than 

abstract figures or alphanumerics. Parsons (1987) used line drawings of hands and feet 

to observe how people imagine spatial transformations of natural objects. When 

participants made left-right judgments for the hand stimuli, the regression slope 

equation was approximately y=2.7x + 700. The participants reported imagining their 

own hand moving to match the orientation of the stimulus. Also, reaction time 

increased with implicit awkwardness of stimulus orientation. Taken together, these 

findings suggest that the motor process involvement can affect the slope and intercept 

values. Another study (Wexler, M. et al., 1998) suggested that motor processes could 

guide transformations of mental images for not only biological stimuli, but for abstract 

objects, too. In fact, they posit that a change in the speed of motor rotation can 

correspondingly slow down or speed up the mental rotation. In a study that directly 

compared the three-dimensional cube stimuli and the line drawings of hands, the slope 

for the cube condition was 12.5 ms/degree while the hand condition was 3 ms/degree 
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(Kosslyn, S. M. et al., 1998). The study also examined functional neuroimaging 

activation and found that only the hand condition elicited brain areas related to motor 

processes, thus demonstrating that the type of rotation plays a major role in which 

brain systems are recruited. The authors concluded that some rotations include motor 

systems and some do not. However, while the cube figures and the hands differ on the 

recruitment of motor systems, they also differ on a basic perceptual level as well. The 

hands were less perceptually complex and more familiar than the cube figures. It is 

unclear if the lower slope values were a direct result of the recruitment of the motor 

system. 

Another series of studies suggest that frame of reference may play a role in the 

differences observed among mental rotation studies (Zacks, J. et al., 1999; Zacks, J. M. 

et al., 2000; Zacks, J. M. et al., 2002). In these studies, the authors assumed that 

certain tasks would elicit either an egocentric or an object-centered frame of reference. 

In order to elicit an egocentric frame of reference, one condition had drawings of a 

person with an outstretched arm, and participants were to decide if the outstretched 

arm was on the right or left side of the person’s body. To elicit an object-centered 

frame of reference, the participants viewed a pair of people with outstretched arms and 

decided if they were the same or different. In the egocentric task, the slope was flat 

(approximately 0.1 ms/degree) and in the object-centered task, the response time 

varied with the angular disparity (slope was approximately 4.5 ms/degree). The 

authors acknowledged the flat slope in the egocentric task might indicate that 

participants adopted a strategy other than mental spatial transformations. Though we 
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might assume that people rotate the cube figures with an object-based view rather than 

an egocentric view, the slope values from the object-based view in the Zacks et al 

study are flat. Perhaps the hand and alphanumeric stimuli are rotated using an 

egocentric view, but it is unclear how frame of reference explanation could account 

for the differences in the slope values for the cube figures and the hand or 

alphanumeric stimuli.  

Tomasino and Rumiati (2004) investigated the effect of strategies (i.e. 

reference frame) on mental rotation with four patients with unilateral brain lesions. In 

their study, participants saw both the cube figures and the line drawings of hands and 

they were asked to perform a motor task (egocentric transformation) and a visual task 

(allocentric transformation) with each stimulus type. The purpose of their study was to 

understand if object- and viewer-based transformations are dissociable as an effect of 

brain damage. The authors reported that independent of stimulus type, patients with 

left hemisphere lesions had trouble with the motor task and patients with right 

hemisphere lesions had trouble with the visual task. Therefore, similar to Kosslyn and 

Zacks, they suggest that different strategies are recruited to perform mental rotation. 

The authors also posit that the properties of the stimulus may trigger the use of a 

motor or visual strategy. 

A common theme to the aforementioned studies is that people adopt different 

strategies based on both the stimulus type and the task demands. Biological stimuli 

with a right-left task seem to elicit an egocentric perspective and thus participants 

engage a motor process strategy.  Abstract objects or biological stimuli that do not 
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need a self-comparison with a same-mirror/different task seem to elicit an object-

based perspective. However, this does not account for the slope and intercept 

differences alone. The biological and alphanumeric stimuli slope and intercept values 

on average are lower than the abstract figure stimuli values. Though reference frame 

may account for some differences in mental rotation studies, other factors may also 

contribute to the observed performance differences. 

 

Strategy: Mental Rotation vs. Feature Matching 

Burin et al (2000) described two general strategies for visually comparing 

objects:  spatial manipulation or feature comparison. The spatial manipulation strategy 

is a holistic method that involves mental rotation. A person employing this strategy 

will use the entire object and transform it through mental rotation. A feature 

comparison strategy is described as an analytic approach. A person employing this 

strategy will seek to verify the identity and location of a key feature of an object and 

match it with a target. A variant of the feature strategy is verbal labeling. For example, 

if a person sees a configuration that looks similar to the letter “L”, this person may 

label it an, “L” and then proceed to use the characteristically positioned features of the 

stimulus in judging orientation. The feature strategy is conjectured to require less time 

to do a comparison because only the feature is compared whereas the mental rotation 

involves whole-object transformation. Further, once critical stimulus features have 

been identified, the feature strategy may be a less effortful and more efficient strategy 

than mental rotation. Participants may identify and store a few critical pieces of 



11 

information about feature orientation and shape, and on each trial simply compare the 

new stimulus to the stored representations.  However, not all stimuli have distinct and 

readily identifiable features. One notable difference between the standard cube figures 

and the alphanumeric or hand stimuli is that the cube figures lack such salient features. 

The cubes figures were specifically designed to discourage participants from 

identifying particular configurations or features (Shepard, R. N. & Cooper, L. A., 

1986).   

These data suggest that even though the task instruction is to mentally rotate 

the target stimulus on each trial, the specific properties of the stimuli presented in the 

task could induce the participant to adopt a less effortful feature-matching strategy. 

Stimuli that are familiar or comparatively simple, or those containing prominent and 

easily identifiable features may invite the use of feature matching. Thus, these kinds of 

critical task variations could explain the differences slope values between tasks that 

employ the cube figures and those that use the line drawings of hands or feet, simple 

shapes, or alphanumerics. 

The present study was designed to investigate the stimulus effects on strategy 

for a mental rotation task using variations on the standard Shepard and Metzler-type 

cube figures. A training study that manipulated both stimulus type and task 

instructions was conducted to examine strategy. The goal of this study was to explore 

the slope differences of previous mental rotation studies and re-evaluate the method 

for assessing mental rotation performance. Experiment 1 was designed to have a 

within-subjects measure of different processesing strategies with the same set of 
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stimuli. Also, Experiment 1 was designed to elicit different processing strategies based 

on slightly different sets of stimuli. Since Experiment 1 had two experimental sessions 

with different training instructions, we wanted to examine possible order effects on the 

response times. Therefore, Experiment 2 was designed to examine possible practice 

effects in Experiment 1. 

EXPERIMENT 1 

Experiment 1 was designed to examine the effect of stimulus type on the 

standard mental rotation task. In order to address this issue, this experiment 

manipulated both stimulus type (unmarked cube figures or feature-marked cube 

figures) and task instructions (mental rotation or feature matching). Experiment 1 was 

a training study that took place over two sessions. In the first session, each participant 

was instructed to use a mental rotation strategy to make a same versus mirror-image 

judgment of the stimulus pairs. In the second session, they were trained to use a 

feature matching strategy to make the judgment. By examining response times, 

regression slope values, and accuracy, we predict that the stimuli and the task 

instructions will influence the strategies employed.  

Method 

Participants 

Thirty-six undergraduates from the University of California, San Diego were 

given class credit for participating in this experiment. The participants were between 

18-25 years of age. All participants were right-handed and had normal or corrected-to-
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normal vision. Half of the participants were male. None had previously participated in 

a mental rotation experiment. 

Stimuli 

The stimuli were similar to a subset of those used in the Shepard and Metzler 

(1971) study. Each of the eight stimuli used in this experiment was composed of a 

novel configuration of 10 cubes.  On each trial two examples of the same stimulus 

were presented side-by side on a computer monitor. The stimulus on the left was 

presented in an arbitrarily designated “canonical upright” position while the stimulus 

on the right was rotated at an angle of 40, 80, 120, or 160 degrees from vertical. The 

figure on the right was either the same or the mirror image of the figure on the left. 

There were a total of 64 stimulus pairs for each of the two stimulus sets used in this 

experiment.  One stimulus set contained Feature-marked Cubes (FC), and the other 

Unmarked Cubes (UC).  Each of the eight FC had two shaded cubes, while the UC 

had no shaded cubes.  The shaded cubes were designed to enhance a distinct feature 

on the figure (see Figure 1). Each figure averaged 4.5 cm in linear extent and each pair 

of figures was positioned with center-to-center spacing that subtended a visual angle 

of 9 degrees. 

Apparatus 

Participants viewed the stimuli on an IBM laptop computer with a 14” monitor. 

The stimuli were displayed with Presentation software, developed by Neurobehavioral 

Systems. The participants used a 2-button mouse that was connected to the computer 

to give their responses.   
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Design 

The participants were randomly assigned to either the Feature Group or the 

Non-Feature Group. Both groups were matched for gender. Each participant 

completed 2 sessions separated by at least a week. The first session was the Mental 

Rotation task session. The second session was the Feature Matching task session.  

The independent variables were task instruction (Mental Rotation or Feature 

Matching) as a within-subjects factor and stimulus type (Feature or Non-Feature) as a 

between-subjects factor.  

Because the Feature Matching task was both the less taxing of the two tasks 

and the one for which subjects received explicit training, in Experiment 1, the Mental 

Rotation task always preceded the Feature Matching task. However, while this design 

controlled for possible carry-over effects of a feature matching strategy into the mental 

rotation task, it introduced differences in the amount of exposure to the task, in general, 

that subjects had at time of testing in the two conditions. To assess the effects of order 

and practice on the task performance, a separate study was conducted using only the 

UC stimuli where the participants had Mental Rotation instructions for both sessions 

(see Experiment 2). 

Procedure 

The instructions were presented visually, on the computer monitor, and then 

verbally, by the experimenter. At the beginning of each session, the experimenter 

stated that the figure on the left is in the upright position and the figure on the right is 

rotated at some angle. Separate instructions were given for each group. After the 
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instructions, the participants were given a practice period followed by the 

experimental task. The procedures for the two sessions were identical except for the 

instructions. 

For the Mental Rotation Task session, the experimenter instructed the 

participant to mentally rotate the figure on the right to be in an upright position, 

compare the figures, and decide if they are the same or mirror images of each other. 

The participant was then given 16 practice trials with stimuli that were not included in 

the experiment trials. The participants were instructed to answer as quickly and 

accurately as possible. 

The experiment began with a fixation cross (presented for 0.5 seconds) that 

was immediately followed by a randomly chosen stimulus. The participant pressed the 

left mouse button if the figures were the same and the right mouse button if the figures 

were mirror images.  The next trial began immediately after one of the buttons was 

pressed, there was no maximum trial length. On each trial, a pair of figures with the 

same configuration was presented. Within each test block, each configuration 

appeared in a total of eight trials: once at each rotation, once in the same configuration, 

and once in the mirrored configuration. After all 64 stimuli had been presented once, 

the participants took a short break. This process was repeated two more times for a 

total of 3 test blocks per session. 

The Feature Matching Task session began with training on the FC. The 

participants were presented with eight 8.5” x 11” sheets of papers. Each paper 

provided an array all the possible stimuli (canonical and mirror image in all 
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orientations) for each configuration. The participants were given 4 minutes to study 

the papers and identify the salient feature for each figure. They were instructed to 

remember the feature and use it to help them decide if the figures are the same or 

mirror images when they did the computer task. The testing procedure was the same as 

that described for the Mental Rotation Task session except that they were explicitly 

instructed to use a feature matching strategy. 

Results 

The data were analyzed using a repeated measures ANOVA. The between-

subject factor was Stimuli (FC, UC) and within-subject factors were Instruction 

(Mental Rotation, Feature Matching), Block (1, 2, 3) and Angle (40, 80, 120, 160). 

Consistent with earlier studies of mental rotation, all the data presented for this 

experiment are from ‘same trials’ (trials with figure pairs that are the same, rather than 

mirror-images) that were answered correctly. Gender and Configuration-type (8 

different configurations) were also included as ANOVA factors in initial analyses to 

ensure that they did not interact with the effects of interest. They were both non-

significant. 

The analysis revealed significant main effects of Instruction [F(1,34)=42.436, 

p<0.001], Stimuli [F(1,34)=4.520, p<0.05], Block [F(2,34)=58.706, p<0.001], and 

Angle [F(3,34)=148.656, p<0.001]. There were a significant interactions for Angle x 

Stimuli [F(3,34)=5.167, p<0.05], Instruction x Block [F(2,34)=7.733, p<0.01], 

Instruction x Angle [F(3,34)=21.78, p<0.001], and Block x Angle [F(6,34)=10.597, 
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p<0.01].  A 3-way interaction of Instruction x Angle x Stimuli [F(3,34)=2.925, p<0.1] 

was significant at the 0.1 level. All other results were non-significant (p>0.05). 

In order to evaluate if the participants were adopting a mental rotation strategy, 

we examined the response times as a function of angle of rotation. All conditions had 

highly significant linear component (p< 0.001) when tested against deviations from 

linearity. Also, all conditions had regression slopes that were significantly different 

from 0 (p<0.001). However, it is important to note that the Feature Matching slopes 

were significantly different from the Mental Rotation slopes. The regression equations 

are: y = 18.17x + 1261.46 (MR/UC), y = 12.92x + 1234.58 (MR/FC), y = 12.13x + 

1011.98 (FM/UC), y = 9.62x + 840.33 (FM/FC) (see Figure 2). 

Figure 3 illustrates the accuracy for each condition. Consistent with other 

reports of mental rotation performance, accuracy decreased as the angle of rotation 

increased in all four conditions. The FM/FC condition had the least number of errors 

while the MR conditions had the most errors in the greatest angle of rotation. 

Discussion 

The results from the MR/UC condition replicated the findings from the 

Shepard and Metzler study (Shepard, R. N. & Metzler, J., 1971). For all conditions, 

the response times varied linearly as a function of angular disparity. The 

manipulations of both task instruction and stimuli were significant. Regardless of 

stimuli type, the response times at each angle were slower when instructions were 

given to mentally rotate than when instructions were given to match features. Also, the 

marking on the stimuli elicited faster response times than those that had no marking. 
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Moreover, the task instructions and the stimuli type together significantly affected the 

pattern of responses. 

The major finding from this experiment is that the instruction to use a Feature 

Matching strategy has a significant effect on RT performance. For both the UC and 

MC stimuli, the instruction to use a Feature Matching strategy changes the pattern of 

responses. Specifically, compared to the Mental Rotation task conditions, slope values 

in the Feature Matching conditions are significantly reduced, suggesting a change in 

how the participants are processing the target stimuli. Also, feature marking (colorings 

that were designed to induce landmark features) suggest that stimulus type is 

important to how a stimulus is processed, regardless of the explicit task instruction. 

It might be argued that because the Feature Matching condition always 

followed the Mental Rotation condition, these differences could be attributed to 

practice effects.  However, it is notable that the introduction of a marked feature 

affected performance during the first session for participants in the FC condition 

suggesting an independent role for feature information.  Nonetheless, practice effects 

have been reported in mental rotation studies, thus it is important to explicitly examine 

mental rotation performance during a second session using the current protocol.  

Experiment 2 was performed to examine this issue. 

EXPERIMENT 2 

Experiment 2 was conducted to examine the effects of practice on the response 

times. If the effect of instruction on the response times is simply a reflection of 

additional practice and does not reflect a change in strategy, the regression slope 
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values for a second session of Mental Rotation instruction should result in a slope that 

is similar to the Feature Matching condition. Therefore, the same basic procedure was 

used in Experiment 2 as Experiment 1 with the exception that only one stimuli set was 

used and the second session was Mental Rotation rather than Feature Matching. 

Method 

Participants 

Twelve undergraduates from the University of California, San Diego were 

given class credit for participating in this experiment. The participants were between 

18-25 years of age. All participants had normal or corrected-to-normal vision. Half of 

the participants were male. None had previously participated in a mental rotation 

experiment. 

Stimuli 

The stimuli were the Unmarked Cubes (UC) from Experiment 1. 

Apparatus 

The same apparatus was used as described in Experiment 1. 

Design 

Each participant completed 2 sessions separated by at least a week. For both 

the first and second sessions, each participant was given Mental Rotation instructions.  

Procedure 

The procedure was similar to Experiment 1. The participants were given 

Mental Rotation instructions for both sessions.  

Results 
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Two sets of analyses were completed for Experiment 2. The purpose of the 

first set of analyses was to compare the results of the two sessions for only the 

participants in Experiment 2, where participants had MR instructions for both sessions. 

The purpose of the second set of analyses was to compare the results from Experiment 

2 to the results in Experiment 1, where participants received MR instructions in 

session 1 and then FM instructions in session 2. To compare the results for the two 

sessions in Experiment 2, we conducted a paired t-test. The two sessions were 

compared at each angle (40, 80, 120, and 160) for each block (1, 2, 3). All the data 

presented for this experiment are from ‘same trials’ (trials with figure pairs that are the 

same, rather than mirror-images) that were answered correctly.  

Overall, for both sessions, the mean response times increased linearly with 

increasing angle of rotation, but the mean response times in the second session were 

lower than in the first session (see Figure 4). The paired samples test revealed that the 

two sessions were significantly different (p<0.05) except in Block 3 (see Figure 5). In 

Block 3, only the comparison at Angle 40 was significantly different [t(11)=2.615, 

p<0.05], but response times at Angles 80, 120, and 160 were not significantly different 

from session 1 to session 2 (p>0.05).  

However, the key point for conducting Experiment 2 was to investigate 

possible order effects from Experiment 1. The main question was to examine if the 

second session in Experiment 2 was significantly different to the second session from 

Experiment 1 from the FM/UC condition. Therefore, a repeated measures ANOVA 

was conducted to compare the second session of Experiment 2 (MR/UC2) with the 
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data from the second session of Experiment 1 from the FM/UC condition. Also, the 

regression slopes from the participants in Experiment 2 were compared with the 

similar group from Experiment 1 (participants who saw the Unmarked Cube stimuli) 

were compared. 

For the repeated measures ANOVA, the between-subject factor was Group 

(MR/UC2, FM/UC) and within-subject factors were Block (1, 2, 3) and Angle (40, 80, 

120, 160). All the data presented for this experiment are from ‘same trials’ (trials with 

figure pairs that are the same, rather than mirror-images) that were answered correctly. 

The number of participants in Experiment 1 was greater than the number of 

participants in Experiment 2. In order to have equal sample sizes, data was only used 

from twelve randomly chosen participants in Experiment 1. 

The significant main effects were Group [F(1,22)=4.592, p<0.05], Block 

[F(2,22)=20.137, p<0.001], and Angle [F(3,22)=89.070, p<0.001]. Significant 

interactions were Angle x Group [F(3,22)=0.01], Block x Angle [F(6,22)=14.860, 

p<0.01], Block x Angle x Group [F(6,22)=5.282, p<0.05]. 

Of particular interest to this experiment were the regression slope values from 

the participants in this experiment as compared to the regression slope values to their 

counterparts in Experiment 1. For the first session, both groups were given Mental 

Rotation instructions and the slope values were very similar: the average slope values 

across block were 18 ms/degree and 17ms/degree for Experiment 1 and Experiment 2, 

respectively. For the second session in Experiment 1, Feature Matching instructions 

were given (FM/UC); and in Experiment 2, Mental Rotation instructions were given 
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(MR2/UC). The average slope values were 12 ms/degree and 15 ms/degree, 

respectively. It is also important to inspect the slope values across blocks of trials. By 

doing so, it is evident that the regression slopes from the second session of Experiment 

2 (MR2/UC) are always steeper than the regression slopes from the second session of 

Experiment 1 (FM/UC) (see Figure 6).  

Discussion 

Experiment 2 was conducted to examine the effects of practice across sessions that 

present the same stimuli. Certainly there will be some practice effects for any 

cognitive task, specifically for mental rotation. However, the main question is whether 

practice can account for all of the changes observed during the feature matching 

conditions during the second session of Experiment 1. The analysis of the performance 

across blocks and across sessions in Experiment 2 allowed us to examine the separate 

contributions of practice and instruction on this task. As seen in the data from the first 

session, for both subject groups, slope values decline across blocks of trials, 

suggesting the influence of practice on performance on the task. However, during the 

second session, performance of participants who continued with the mental rotation 

instruction appeared to reach asymptote and no further changes in slope values were 

observed. Additional experience with the task during the second session did not 

further alter their performance (15 ms/degree to 14 ms/degree). By contrast, slope 

values for participants given the feature matching instruction continued to decline 

significantly through the second session (average 14 ms/degree in block 1 to almost 10 

ms/degree in block 3) suggesting a shift to an alternative strategy.  
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GENERAL DISCUSSION 

The goal of this study was to explore the differences observed in previous 

studies of mental rotation and re-evaluate the method for assessing mental rotation 

performance. The major finding from this experiment is that the instruction to use a 

Feature Matching strategy has a significant effect on RT performance. For both the 

UC and MC stimuli, the instruction to use a Feature Matching strategy changed the 

pattern of responses. Specifically, compared to the Mental Rotation task conditions, 

slope values in the Feature Matching conditions were significantly reduced, suggesting 

a change in how the participants were processing the target stimuli. The striking 

difference between studies in the mental rotation literature is the difference in slope 

values for the different stimuli types. The slope values for the cube figures are often an 

order of magnitude different for the slope values for the hands and alphanumeric 

stimuli. One explanation is that practice with a certain stimuli over time can greatly 

decrease the slope value. Repeated practice, exposure, and familiarity with an object 

will decrease response times. However, Experiment 2 demonstrated that practice could 

not account for all the difference in the slope values.  

Another explanation for the slope differences is that properties of the stimulus 

will cause people to process the stimulus differently. Landmarks could decrease 

response times while perceptual complexity may increase response times. Also, 

biologically-based stimuli might decrease response times because of the particular 

strategy that is recruited to perform mental rotation. In some cases, a motor strategy 

might be employed because the stimulus elicits a brain network that involves motor 
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processing. However, there are other properties of the stimulus that could cause people 

to process the stimulus differently such as basic perceptual differences. 

Interestingly, the simple introduction of marked features during the mental 

rotation instruction condition also had the effect of reducing slope values.  Experiment 

1 demonstrated that slight markings on a stimulus (shaded cubes) would in fact cause 

people to process the stimuli differently. The cubes with a subtle feature were 

processed more quickly than cubes without the highlighted segments. Also, regardless 

of stimuli type, the response times at each angle were faster when instructions were 

given to Feature Match rather than when instructions were given to Mentally Rotate. 

Moreover, the task instructions and the stimuli type together significantly affected the 

pattern of responses. Responses for the FM/UC condition were significantly faster 

than responses for the MR/UC condition.     

It is important to note that even though the slope values in the Feature 

Matching condition differed significantly from the values in the Mental Rotation 

condition, the slopes are not flat. This suggests that participants in the Feature 

Matching condition continued to engage in Mental Rotation at some level. These data 

suggest that the Feature Matching condition did not completely eliminate Mental 

Rotation from this task, but rather resulted in more limited, perhaps more efficient 

type of Mental Rotation. One possibility is that the Feature Matching instruction 

directed attention to the familiar salient feature of the stimulus, and obviated the need 

to rotate the entire stimulus. Under these conditions, participants may have been able 

match the stimuli by simply rotating the target feature. Data from the neuroimaging 
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task may shed light on this finding. A companion study will examine the underlying 

neural mechanisms of Mental Rotation and Feature Matching with functional 

Magnetic Resonance Imaging (fMRI).  This study will use the same basic stimuli, 

design, and procedures to investigate the neural responses while performing the 

training study. 

Overall, this paper stresses the importance of examining slope values to 

compare mental rotation studies. The differences in slope values could signify 

important systematic variations in the processing of the different stimuli. The 

converging evidence on mental rotation processes seems to imply that the mental 

rotation process is affected by a combination of factors including: properties of the 

stimulus, frame of reference, and the strategies employed to accomplish the task. 
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III: STRATEGY AND STIMULUS EFFECTS ON MENTAL ROTATION: 

AN FMRI STUDY 

 

Mental rotation is often described as the analog of perceived rotation. It is 

thought to underlie cognitive processes such as shape perception, spatial reasoning, 

and problem solving.  Shepard and Metzler (1971) were the first to document the 

phenomenon of mental rotation.  The experimental stimuli developed by Shepard and 

Metzler (1971) were figures composed of ten 3-Dimensional (3D) cubes in various, 

abstract configurations. A pair of figures, with the same configuration, was presented 

with one of the figures in a canonical upright position while the other was rotated at an 

angle between 0 to 180 degrees in the plane of the paper. The rotated figure was either 

the same as the upright figure or it was its mirror image. The task was to compare the 

figures and decide if they were the same or mirror images. The results revealed that 

response time varied as a linear, monotonically increasing function of angular 

disparity. This linear relationship was interpreted as evidence for a process of mental 

rotation. The authors concluded that people took longer to respond for pairs that are 

separated by a greater angle of rotation because it took time to mentally rotate one 

figure into an upright position before making the same-mirror comparison. 

Since the seminal publication by Shepard and Metzler (1971), many studies 

have been conducted to explore mental rotation.  Researchers found that they were 

able to reliably reproduce Shepard and Metzler’s behavioral results (for a review, see 

(Shepard, R. N. & Cooper, L. A., 1986)).  In fact, the robustness and reproducibility of 
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the linear relationship between the angle of rotation and the response time was taken 

as strong evidence that people regularly and easily employ a mental rotation strategy.  

These experiments raise a number of fundamental theoretical issues:  How are the 

objects represented internally?, How are the transformations of those objects 

represented internally?, and What are the neural systems that underlie the process of 

mental rotation (Shepard, R. N. & Cooper, L. A., 1986)?  Thus, although the basic 

behavioral phenomenon from the standard 3D mental rotation task has been widely 

reproduced, operations that underlie the ability to mentally rotate a visually presented 

object are not well understood.  To date, there remains controversy over which brain 

systems mediate this basic mental function. 

Recent advancements in neuroimaging technology allow investigators to ask 

questions about associations between mental operations and brain activity.  Mental 

rotation has been a focus of inquiry in a range of labs (see(Ark, W. S., 2002)). A 

standard neuroimaging approach is to first develop a behavioral task that reliably 

produces a target behavior and then ask participants to perform the task as their brain 

is imaged. Behavioral and neuroimaging techniques together should help researchers 

to converge on an improved understanding of mental rotation.  The long history of 

behavioral research in mental rotation appears to provide robust results.  Identifying 

the brain systems that mediate mental rotation should have been a promising step 

towards understanding the fundamental theoretical issues.     

However, though behavioral studies of mental rotation have reliably 

reproduced  consistent results, neuroimaging studies have found different areas of 
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neural activations (Ark, W. S., 2002). In particular, the data exhibit differences in 

activation in the parietal lobe, visual areas (e.g., MT+), and premotor areas across 

different studies. Though there is general agreement in the activation of the parietal 

area, the lateralization of activation is still unclear. Bilateral activation in the parietal 

lobe was present in 5 studies (Cohen, M. S. et al., 1996; Kosslyn, S. M. et al., 1998; 

Richter, W. et al., 1997; Richter, W. et al., 2000; Jordan, K. et al., 2001), yet 3 other 

studies had only left lateral activation (Alivisatos, B. & Petrides, M., 1997; 

Vingerhoets, G. et al., 2001; Kosslyn, S. M. et al., 1998). Associative visual areas 

were activated in 3 studies (Kosslyn, S. M. et al., 1998; Cohen, M. S. et al., 1996; 

Richter, W. et al., 1997) whereas primary visual area activation was present in 2 other 

studies (Kosslyn, S. M. et al., 1998; Vingerhoets, G. et al., 2001).  Premotor areas 

were activated in 3 studies (Cohen, M. S. et al., 1996; Richter, W. et al., 2000) yet 

were not in 5 others (Vingerhoets, G. et al., 2001; Richter, W. et al., 1997; Kosslyn, S. 

M. et al., 1998; Jordan, K. et al., 2001; Alivisatos, B. & Petrides, M., 1997). 

There are several possible explanations for the reported differences in 

activations across the studies. The studies varied on a number of aspects from which 

the differences could have resulted. The differences include:  gender differences, task 

difficulty, rotation of figure on the right, and stimuli differences.   

Since Maccoby and Jacklin (1974) reported gender differences on spatial and 

verbal tasks, many behavioral studies have published results either supporting or 

rejecting gender differences. From the neuroimaging literature, Jordan et al (2001) 

posited that the bilateral parietal activation was a result of gender because they only 
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used female participants.  Jordan et al (2001) speculated that females might use a 

strategy that would require bilateral activation while males may use a strategy that 

would require only unilateral activation. However, studies have shown both unilateral 

and bilateral parietal activation for females as well as males (for review, see Ark, 

2002). Therefore, gender does not appear to be a main factor in understanding the 

differences in neural activation.  

Tagaris et al (1996) found the activation in the superior parietal area to be 

positively correlated to the number of errors made in the standard 3D mental rotation 

task.  They concluded that the increase in difficulty of the task did not only result in 

more errors but also increased the demand for processing resources, which was 

supported by the increased involvement by the superior parietal area.  Though they 

found increased activation in the parietal area, they reportedly did not find 

lateralization effects.   

Because the behavioral findings of the standard 3D mental rotation task were 

robust with the standard 3D cube stimulus, other stimuli were used with the same task. 

Two common types of stimuli used in mental rotation studies include line drawings of 

hands and alphanumeric characters (see Figure 3). The line drawings of hands 

consisted of pairs of hands in which the hands differed by the number of fingers that 

were extended. The hand on the left was consistently the left hand and presented in the 

upright position, while the hand on the right was either the same or mirror image of 

the right hand presented in a rotated orientation. For this stimulus, participants are 

asked if the hands are the same or different. The alphanumeric stimuli typically 
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consisted of the characters: G, J, R, 2, 5, and 7. In recent neuroimaging studies, the 

characters were presented in pairs (see Figure 3, Jordan et al, 2001) or alone 

(Alivisatos & Petrides, 1997; Vingerhoets et al, 2001).  Participants were asked if the 

characters were canonically oriented or mirror-reversed. The results of the studies 

demonstrated the ‘hallmark’ mental rotation linear relationship, namely the increased 

response time with increased angular disparity (for review, see Shepard & Cooper, 

1982). The similarity of results of the studies across all stimuli strengthened the claims 

that that a mental rotation strategy was occurring during the same-mirror task. 

A consistent difference between the standard 3D cube stimulus and the hands 

or alphanumerics stimulus is the side of visual presentation. Kosslyn et al (1998) noted 

that it was possible that participants visualized manipulating their right hands to 

evaluate the figure on the right, and that processing may have occurred primarily in 

the left hemisphere. Also, the participants could have noticed that the hand on the left 

was always the left hand, thereby obviating the need to attend to the hand on the left. 

In this case, processing may have occurred primarily in the left hemisphere. Similarly, 

because the alphanumeric stimuli are very familiar, there is no need for the participant 

to reference the character on the left to make the comparison.  However, Jordan et al 

(2001) study used a single character in the center of the screen and found left 

hemisphere lateralization; thereby suggesting that lateralization of visual presentation 

alone does not affect lateralization of neural activation. Nevertheless, the results from 

these neuroimaging studies highlight the differences in stimuli types. 
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 A salient difference in activation appears to be correlated with the different 

stimuli used in the mental rotation studies (see Table 1). Three types of stimuli used in 

these studies were:  3D cubes (similar to those developed by Shepard and Metzler, 

1971), line drawings of hands, and alphanumerics. All three stimuli elicited the 

position linear relationship of reaction time as a function of angle, which is 

characteristic of mental rotation; however, the regions of neural activation varied. In 

fact, both the regions of neural activation and the differences in slope values from the 

behavioral studies appear to vary to stimulus type. 

The 3D cube stimuli elicited bilateral parietal and higher-order visual area 

activation while the other stimuli elicited unilateral parietal and no higher-order visual 

area activation. The premotor area was activated for hand stimuli, but did not 

consistently activate with the 3D cube or alphanumeric stimulus. However, activation 

in this area is commonly reported with mental rotation tasks; therefore, it is included 

in the table for later discussion and comparison.   

Differences in neural activation by stimulus type have been reported with 

varying interpretations of their results. Kosslyn et al (1998) compared the differences 

in neural activation for the standard 3D cubes and the 2D line drawings of hands. They 

constructed eight sets of line drawings of hands. Half of the sets had the palm facing 

the participant and the other half had the back of the hand facing the participant. The 

hand on the left was always presented in the upright position and was the left hand. 

The hand on the right was rotated at an angle between 0 to 180 and had varying 
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numbers of extended fingers. For both stimuli, the task was to determine if the figure 

on the right is the same or the mirror image of the figure on the left.   

One difference between the two stimuli types was the average response times 

to various angles of rotation for the two conditions. Both stimuli had increasing 

response times corresponding to increasing angular disparity; however, the regression 

slope for the cube condition was 0.0125 while the hand condition was 0.003. Another 

difference was that the 3D cubes elicited bilateral activation throughout the parietal 

lobe and the visual association cortex (Brodmann’s Area 19) while the line drawings 

of hands elicited only left lateral activation in the parietal, primary motor and 

premotor areas.  Kosslyn et al (1988) noted the differences in the literature regarding 

the lateralization of the parietal areas and attributed the differences in activation to the 

different brain systems that are recruited for different types of rotation.  The stimuli 

differ in numerous ways including depth perspective (3D versus 2D form), abstract 

versus familiar shapes, and types of rotation required.  Given these differences, it is 

unclear as to which aspect of the differences elicited different responses.   

An alternate explanation suggests that the perspective participants take when 

rotating a stimulus may affect both how a stimulus is processed and patterns of brain 

activation. Zacks et al (1999) propose that the differences in neural activation arise 

from egocentric versus object-based perspectives. They suggest that when participants 

are instructed to rotate abstract figures, such as the 3D cubes, they may adopt an 

object-based perspective, i.e., they image the figure rotating in the plane in front of 

them. However, participants may adopt an egocentric perspective with the line 
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drawings of hands they because they imagine rotating their own hand. The task in the 

Zacks et al (1999) study was different from others described in Table 1 because the 

participants viewed 2D line drawings of a man and they were asked to decide if the 

ball was in the man’s left hand or right hand. If the man was in the upright position, 

the experimenters conjectured that the participants would employ an egocentric 

perspective in order to make the left-right judgment, i.e., the participants would 

imagine themselves taking the man’s position and use their own hands for reference. 

However, if the man was inverted or rotated, they speculated it would be easier for the 

participants to employ an allocentric perspective, i.e., the participants would imagine 

the man rotating in the plane in front of them. The authors expected participants would 

not use the egocentric perspective for the inverted figures because it would require 

them to do a ‘mental somersault.’ They imply that when people perform mental 

rotation, they may adopt physical world properties into their mental space. 

They found primarily left lateral parietal activation for the upright condition (4 

out of 8 participants), which they took to be a sign of egocentric perspective rotation, 

whereas they found either bilateral parietal activation (2 out of 8 participants) or right 

lateral parietal activation (2 out of 8 participants) for the inverted condition. This study 

poses an interesting hypothesis, but cannot account for all cases such as the left lateral 

parietal activation for the alphanumeric stimuli. If we extend the claims of left parietal 

as a tool to perform egocentric rotations, then the left parietal lateralization for the 

alphanumeric stimuli implies that people imagine themselves rotating from the 
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perspective of the alphanumeric. It is unclear why or under what conditions people 

may adopt the object-based perspective over the egocentric perspective.   

While none of the individual proposals can fully account for the differences 

observed in the activation data, the preponderance of evidence point to the effect of 

stimulus type on performance, and thus brain activation. One possibility is that, 

although the basic task instruction was uniform across all the studies reviewed above, 

differences in stimulus structure may elicit different processing strategies. Specifically, 

stimuli with salient stimulus features may provide additional cues for solving the basic 

matching or orientation identification problem, thus obviating, or at least reducing the 

need to mentally rotate the target stimulus.   

 

Effects of Differences in Stimuli:  Mental Rotation versus Feature Matching Strategy 

In a previous study of Mental Rotation and Feature Matching (Ark, W. S. & 

Stiles, J., in prep), we found that there are at least two different strategies for doing a 

standard mental rotation task that was based on the task instruction and the stimuli. In 

that study, participants were shown figures similar to Shepard and Metzler (1971) and 

asked to decide if the figures were the same or mirror images. Participants were placed 

in one of two groups: group UC only saw unmarked cube figures and group FC only 

saw marked cube figures. The marked cube figures were similar to the unmarked 

cubes except they had 2 shaded cubes to enhance a particular feature on the figures. 

All participants were given the same instructions for a two session training study. In 

the first session, participants were asked to mentally rotate the figure on the object to 
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the upright position and then decide if the figures were the same or mirror images of 

each other. In the second session (at least a week apart from the first session), 

participants were trained to use a Feature Matching strategy and then use the identified 

features on the figures to decide if the figures were the same or mirror images of each 

other. The results of the study demonstrated that the instructions alone were enough to 

elicit a marked reduction in slope values (FM was faster than MR). Also, the stimuli 

alone were enough to elicit a significantly lower slope value (FC was faster than UC). 

Moreover, together the condition with the FM/FC had significantly faster response 

times than any of the other conditions. The results imply that slight changes in the 

stimuli could invoke a different strategy that takes advantage of the nature of the 

stimuli regardless of the task instructions. 

The previous study (Ark, W. S. & Stiles, J., in prep) suggested that it is 

possible to introduce processing changes in the basic mental rotation that are 

consistent with the availability of multiple strategies for solving the basic comparison 

task presented in typical mental rotation tasks. The intent of that study was to 

introduce an instruction change designed to elicit a fundamentally different strategy, 

specifically feature matching versus mental rotation. The data from that study suggest 

that the manipulation may have been only partially successful. While the slope values 

clearly indicated a change in processing strategy, a significant positive slope was still 

evident in the data under the Feature Matching instruction. It was suggested that the 

instruction manipulation might have elicited a partial change in strategy; specifically 

participants may have focused attention on the salient feature of the target stimulus 
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and limited mental rotation to that feature.  In the current study, functional brain 

imaging will be used to explore this processing shift in greater detail. There is 

substantial evidence to suggest that the left hemisphere is more efficient processor of 

featural information, while the right hemisphere is a more efficient processor of 

configural information. Evidence for this processing dissociation within ventral-

temporal regions is substantial (Martinez, A. et al., 1997; Fink, G. R. et al., 1997; 

Moses, P. et al., 2002; Passarotti, A. M. et al., 2003; Robertson, L. C. et al., 1988), and 

there is a small body of evidence to suggest a similar dissociation within parietal 

regions (Fink, G. R. et al., 1997). The current study will examine patterns of activation 

within the parietal regions that have been associated in previous studies with mental 

rotation. 

Therefore, even though a participant may be given instructions to mentally 

rotate, the participant may adopt a feature strategy because it is easier to use. In fact, a 

feature strategy may elicit different neural activations than a mental rotation. This 

theory could explain the differences in neural activation between the 3D cubes and the 

line drawings of hands. In addition, the alphanumerics are both visually simpler than 

the 3D cubes as well as very familiar to humans.  This theory could offer an 

explanation for differences in neural activation for all three stimuli.  

The association between stimulus type and processing strategy should also be 

reflected in the brain activation data, and may account for the discrepancies observed 

in the data from different laboratories. It is clear from Table 1, that all of the studies 

that used the cube stimuli reported bilateral parietal activation, while the studies using 
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simpler, familiar stimuli reported left lateralized activation. Kosslyn et al (1998) 

suggested that the right parietal lobe is associated with actual manipulation of multiple 

spatial representations of objects, while left parietal lobe has been associated with the 

representation of the body in space (for review, see Kosslyn, 1998).  While this may 

be the case, the left hemisphere has also been associated with processing of object 

features (Martinez et al, 1997) and the left posterior parietal regions with the 

requirement to shift from features to configural aspects of the stimuli (Fink et al, 1997). 

A possible account of the discrepancies is the data from neuroimaging studies of 

mental rotation is that the differences in stimuli elicit different processing strategies, 

and those strategies engage systematically different brain areas. The complex 3D cube 

stimuli offer few salient features, thus the most efficient strategy for matching is 

mental rotation; while simpler stimuli may elicit a feature transposition and matching 

strategy. Both tasks require orientation discrimination and engage spatial working 

memory and thus engage critical parietal systems, but the 3D cube stimuli also engage 

those systems involved specifically in the mental transformations required for mental 

rotation. 

Another area with significant activation with the 3D cube stimuli is MT. Area 

MT (also referred to as V5) is known to respond to the motion of stimuli. The 

activation of MT suggests there might be an imagined perception of rotation occurring 

when looking at the stimuli (Cohen, 1996). Taken together, the activation of the left 

parietal lobe and MT suggest that the 3D cube stimuli elicited the mental rotation 
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strategy while the line drawings of hands and alphanumerics elicited an alternative 

strategy.   

This paper discusses two studies that were both designed to investigate the 

effects of stimulus on the strategy employed when comparing different orientations of 

objects. Similar to the behavioral study reported by Ark & Stiles (in preparation), two 

experimental manipulations were introduced. The first involved the explicit 

manipulation of the strategy participants were asked to employ, and while the second 

manipulated the features of the target stimuli. In the strategy manipulation, 

participants were first tested in the standard mental rotation task using 3D cube stimuli, 

and then trained to use a feature strategy and tested with instruction to use the feature 

strategy. In the stimulus manipulation, a salient feature of standard 3D cubes stimuli 

was explicitly marked.   

The different methodologies used in these studies are complementary. In this 

study, we collected behavioral and neuroimaging data. The behavioral data provided 

evidence of the performance level of the participants and the neuroimaging data 

highlighted the active systems used to attain that level of performance. The neural 

areas that were activated during the task should give a sense of the strategy being used 

by the function of those brain areas. Both of these methods will aid in understanding 

the neural systems that underlie strategies of mental rotation and feature matching. 

 

Methods 

Participants 
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24 students (12 males/12 females) from the University of California, San 

Diego received $25 for participating in the experiment. All participants were right-

handed with no known cognitive disorders. None had participated in a mental rotation 

experiment before. Each person participated in 2 sessions at least 1 week apart. The 

participants were randomly assigned to either the Unmarked Group or the Feature 

Group. The groups differed only by the stimuli that they were shown. The Unmarked 

Group viewed the stimuli without feature markings and the Feature Group viewed the 

stimuli with feature markings. 

.  

Experimental Stimuli 

The figures were similar to a subset of those used in the Shepard and Metzler 

(1971) study. Each of the figures consisted of 1 of 8 possible configurations of 10 

cubes. On each trial, a pair of figures with the same configuration was presented. The 

figure on the left was in a canonical upright position while the figure on the right was 

rotated at an angle of 40, 80, 120, or 160 degrees. The figure on the right was either 

the same or the mirror image of the figure on the left. Within a test series, each 

configuration appeared in a total of eight trials: once at each rotation, once in the same 

configuration, and once in the mirrored configuration. There were a total of 64 stimuli 

per group. The Feature Cubes (FC) had two shaded cubes per figure while the 

Unmarked Cubes (UC) had no shaded cubes (see Figure 7).  The shaded cubes were 

designed to enhance a distinct feature on the figure. 
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Control Stimuli 

In addition to the stimuli used above, two sets of Control Stimuli were 

designed. The control stimuli consisted of the same figures used for the experimental 

stimuli. One set of stimuli had 2 shaded cubes (FC) while the other set of stimuli had 

no markings (UC). However, instead of the left figure being presented in the upright 

orientation, it was rotated at the same angle as the figure on the right (see Figure 8). 

The control task was designed to test matching performance with identical stimuli, 

under conditions where the demand to mentally rotate stimuli was unambiguously 

eliminated. 

 

Materials 

A 1.5 Tesla Siemens Vision MRI scanner was used to collect the neuroimaging 

data. Structural brain images were collected in the sagittal plane with a T1-weighted 

MP-RAGE sequence (FOV=256 mm, TE=5.2 ms, TR=10.7 ms, flip angle=10o, 

slices=180), which gave voxel dimensions of 1 x 1 x 1 mm. Functional images were 

collected in the axial plane with a single-shot EPI pulse sequence (FOV=220 mm, 

TE=40 ms, TR=3270 ms, flip angle=90¬o, Reps=100), which gave voxel dimensions 

of 3.4 x 3.4 x 5 mm. 

Inside the scanner, earplugs were used to reduce scanner noise and foam 

pillows were positioned under the head for stabilization on the scanning table. The 

participants were also fitted with a thermoplastic polyform mask to minimize head 

movement. 
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An IBM laptop computer presented the stimuli. The stimuli were displayed 

with Presentation software, developed by Neurobehavioral Systems (http://nbs.neuro-

bs.com/). The laptop was connected to an Epson Powerlite 7250 projector that rear 

projected the image through a screen to a mirror above the participant’s head. The 

participants responded with a fiber optic 2-button mouse that was connected to the 

laptop computer through the USB port.  

 

Procedure 

Each participant completed 2 FMRI sessions separated by a week. The 

procedures for the two sessions were identical except for the instructions (the first 

session gave the Mental Rotation instructions and the second session gave Feature 

Matching instructions and training). At each session, participants completed practice 

trials outside the scanner and 1 run of trials while being scanned. 

For the Mental Rotation session, the experimenter instructed the participant to 

mentally rotate the figure on the right to be in an upright-like position and then 

compare the figures to see if they are the same or mirror images of each other. The 

participants were instructed to answer as quickly and accurately as possible. 

To maximize signal-to-noise ratio, a block design was used for the FMRI 

experiment (Liu, T. T. et al., 2001); therefore, the experimental stimuli and the control 

stimuli were presented in alternating blocks of trials. Each block contained an 

instruction screen (1 second) and 8 trials (5 seconds per trial).  The fixed length of the 

visual presentation corresponded to the fixed length of time it took to acquire the brain 
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data.  The instruction screen (See Figure 9:  A) that preceded the trials read either 

rotation block or non-rotation block signifying the start of the either the experimental 

stimuli or the control stimuli respectively. The participant was instructed to use the 

mental rotation strategy or the feature strategy (for sessions 1 or 2, respectively) for 

the rotation block and to simply compare the figures for the non-rotation block. 

Each trial consisted of a fixation (see Figure 9:  B) immediately proceeded by a 

randomly chosen stimulus (see Figure 9:  Cx; x=1 to 8). The total length of a trial was 

5 seconds (0.5 s for fixation and 4.5 s for stimulus period). In order to compare across 

blocks, each block must be a fixed length of time. However, participants varied on 

their time to respond to the stimuli. To compensate for the varied reaction times, the 

average time plus the standard error of the mean (based on Shepard & Metzler, 1971) 

to complete a mental rotation task at the greatest angle configuration was used as the 

fixed stimulus time (4.5 s). Therefore, one of two things occurred during the stimulus 

period:  1) the participant did not give a response to the stimulus before the 4.5 

seconds period and the next fixation point appeared, i.e., no data was collected for that 

stimulus or 2) the participant gave a response before the 4.5 seconds period elapsed. In 

the latter case, the stimulus was replaced with a black screen, which remained to the 

end of the 4.5 seconds period. Similarly to the behavioral experiments, the participants 

were instructed to answer as quickly and accurately as they could. 

Each scan lasted 5.4 minutes. Participants completed 2 functional scans. After 

2 scans, participants had seen each stimulus once. 



43 

For the Feature Matching session, the participants were presented with eight 8” 

x 11” sheets of papers. Each paper provided an array all the possible stimuli for each 

configuration. The participants were given 4 minutes to study the papers and find a 

feature for each figure. They were instructed to remember the feature and use it to help 

them decide if the figures are the same or mirror images when they did the computer 

task. The presentation and the procedure was the same as the mental rotation strategy 

session. 

 

FMRI Data Analysis 

Functional data processing and statistics were performed using Analysis of 

Functional Neuroimages (AFNI,(Cox, R. W. & Hyde, J. S., 1997)). Functional images 

were corrected for motion and registered within and between runs using an automated 

alignment program (3dvolreg), which co-registered each volume in the time series to a 

fiducial volume (3rd acquired volume) using an iterative process (Cox, R. W. & 

Jesmanowicz, A., 1999). The functional image time series were then smoothed with a 

Gaussian filter (full-wdith, half-maximum = 6mm) and resampled into Talairach 

coordinates using the AFNI hand landmarking procedure (resampled volumes = 

3mm3). Global drift was removed on a voxel-wise basis over each functional run. To 

control for magnetic field inhomogeneities, the first two time points of each run were 

discarded a priori. 

Stimulus-related functional activation was detected by examining the time-

course correlation of the signal intensity for each voxel of the cortex with a family of 
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idealized hemodynamic response waveforms (FIM+) (Bandettini, P. A. et al., 1993). 

Statistical maps of the functional activation for each individual were overlaid on a co-

registered high resolution (1x1x1 mm voxels), talairached anatomical dataset 

(Talairach, J. & Tournoux, P., 1988) to identify the anatomical location of significant 

areas of functional activation.   

The whole-brain group analysis was completed by comparing the percent 

signal change values for each participant from the FIM analysis with a two-way 

repeated measures ANOVA using subject (random effect), task instructions (MR, FM; 

fixed effect), and stimuli type (UC, FC; fixed effect) as factors. Correction for 

multiple comparisons was established using a voxel-cluster threshold technique 

(Forman, S. D. et al., 1995) for an overall corrected level of significance (alpha) of 

0.05 (individual voxel p<0.005, two-tailed; minimum cluster threshold required = 810 

mm3).  

 

Region of Interest Analysis  

Functional data analysis for different brain areas was treated slightly 

differently depending upon the specific aspect of the area that we wanted to examine. 

In order to compare the current data to the mental rotation studies, we wanted to focus 

on 3 main regions:  the parietal lobe, a higher-order visual area (MT+), and a premotor 

area (SMA 6). 

Parietal Lobe. In order focus on the primary areas of activation, a cluster 

analysis was used to identify significant clusters of functional activation. A 3D cluster 
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analysis was performed to identify contiguous voxels that correlated to a modified 

waveform with Bonferroni corrected significance value of p<0.05. The cluster analysis 

detected significant clusters of activation within the brain (i.e., a set of activated 

voxels, each of which has a neighbor in the cluster that is within a pre-assigned 

“connectivity distance”) and reported statistics about the location and intensity of 

these clusters (Cox, R. W. & Hyde, J. S., 1997). To determine the minimum cluster 

size based on certain probability values, AlphaSim (Ward, B. D., 1997) was run using 

10,000 Monte Carlos simulations to determine the probability of voxels, or clusters of 

voxels, activated by chance on a mask of the parietal area. In this step, adjacent voxels 

with p values falling below 0.005 had to form connected regions of at least 378 mm3 

for significant activation. 

MT.  The location of MT is highly variable between people and is often 

difficult to pinpoint because it is a relatively small area, especially when compared to 

the sizes of the inferior or superior parietal areas. Therefore, adjacent voxels with 

p<0.005 had to form connected regions of at least 162 mm3 for significant activation. 

Premotor Area.  For the premotor area, we focused on a region that was 

anterior to the paracentral lobule in the medial aspect of BA 6. Because this region is 

small but we were interested in picking up differences in activation between the 

conditions, any values that were below p<0.01 were counted as significant activation. 

 

Behavioral Results 
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Behavioral data were analyzed using a repeated measures ANOVA. The 

between-subject factor was stimuli (Unmarked, Feature) and within-subject factors 

were Instruction (Mental Rotation, Feature Matching) and Angle (40, 80, 120, 160).  

All the data presented for this experiment are from ‘same trials’ (trials with figure 

pairs that are the same, rather than mirror-images) that were answered correctly. In 

order to compare the neuroimaging and the behavioral data, the behavioral data 

presented here is for when the participants were inside the scanner. 

Results revealed significant main effects of Instruction [F(1, 22)=7.018, 

p<0.05], Angle [F(3,22)=158.329, p<0.001], and Stimuli [F(1, 22)=4.566, p<0.05].  

There were a significant interactions for Angle x Stimuli [F(3,22)=4.546, p<0.05]. All 

other results were non-significant. 

In order to evaluate if the participants were adopting a mental rotation strategy, 

we can examine the response times as a function of angle of rotation (see Figure 10).  

The regression equations were: y=8.62x+1426.47 (MR/UC), y=5.95x+1275.03 

(MR/FC), y=7.61x+1245.07 (FM/UC), and y=4.52x+1246.26 (FM/FC). All conditions 

had highly significant linear component (p< 0.001) when tested against deviations 

from linearity. Also, all experimental conditions had regression slopes that were 

significantly different from 0 (p<0.001). However, it is important to note that the 

Feature Matching slopes were significantly different from the Mental Rotation slopes. 

Another marked difference is between the experimental stimuli and the control stimuli. 

The control stimuli regression slopes were not significantly different from 0 (p<0.87), 

though they were linear (p<0.001) (see Figure 11). 
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Figure 12 illustrates the accuracy for all conditions. In all experimental 

conditions, the accuracy decreased as the angle of rotation increased. The control 

stimuli had almost 100% accuracy except for 90% accuracy in the MR/FC condition 

for the 40 degrees rotation trials (see Figure 13). 

 

Behavioral Discussion 

The findings from this RT study largely replicate those of the larger behavioral 

study reported by Ark & Stiles (in preparation). Consistent with that study, the major 

finding from the current study is that the instruction to use a Feature Matching strategy 

has a significant effect on RT performance. For both the Unmarked and Feature 

stimuli, the instruction to use a Feature Matching strategy changed the pattern of 

responses. Specifically, compared to the Mental Rotation task conditions, slope values 

in the Feature Matching conditions were significantly reduced, suggesting a change in 

how the participants were processing the target stimuli. Also, slight differences in 

stimuli (colorings that were designed to induce landmark features) suggest that 

stimulus type is very important to how a stimulus is processed. 

It is also important to note the slope values in the Feature Matching condition 

differed significantly from those observed in the Control Stimuli condition. In the 

Control Stimuli condition, both members of a stimulus pair were present in the same 

angular offset thus providing a condition that eliminated the need to mentally rotate 

the target stimulus. It is clear from the flat slopes observed in this condition that the 

control manipulation was effective. But it should also be noted that performance, 
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specifically slope values, in the Feature Matching condition differed significantly from 

the Control Stimuli condition suggesting that participants in the Feature Matching 

condition continued to engage in mental rotation at some level. These data suggest that 

the Feature Matching condition did not completely eliminate mental rotation from this 

task, but rather resulted in more limited, perhaps more efficient type of mental rotation. 

One possibility is that the Feature Matching instruction directed attention to the 

familiar salient feature of the stimulus, and obviated the need to rotate the entire 

stimulus. Under these conditions, participants may have been able match the stimuli 

by simply rotating the target feature. 

 

FMRI Results 

Results are organized around the ROI analyses described in the Methods 

section. Given the current neuroimaging mental rotation literature, we focused on a 

selected subset of brain areas. We expected to find areas activated in the parietal 

region because of its relation to spatial perception, spatial attention, and spatial 

memory (Andersen, 1988). The extent of involvement of other brain areas during the 

different strategies may play a key role in understanding the large-scale processes. 

Therefore, we also would like to consider two other areas such as MT and SMA 6. MT 

is associated with motion perception. One salient difference between the mental 

rotation and feature matching strategies is the extent to which they rely on the 

imagining the movement of the target stimulus. One important marker of instruction 

and/or stimulus induced differences in task strategy may be the selective activation of 
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area MT. Reports of activation in SMA 6 region in previous studies has been varied. 

Premotor areas could be activated during a mental rotation task because in order to 

gain a different view of a rotated object is to physically rotate the object with our 

hands. When people imagine the rotation of an object, they might image their hand 

physically rotating the object. Conversely, the premotor area could simply be activated 

by the type of stimulus, e.g. a hand, which elicits the motor system network. In the 

current study, activation in SMA 6 will give an idea of the extent to which the motor 

system is involved in mental rotation or feature matching. 

 

Activation for each condition versus control 

In general, there was bilateral activation throughout the parietal lobe for all the 

conditions. This is logical because the parietal lobe plays a crucial role in basic 

visuospatial cognition. However, there were subtle differences in the parietal lobe for 

the different conditions in the three regions: superior parietal lobe, inferior parietal 

lobule, and the precuneus. Those differences will be discussed in the parietal ROI 

analysis. 

 

Whole Brain ANOVA 

Table 2 reports the areas of significant activation from the ANOVA analysis. 

There are many important differences of activation throughout the brain for each of 

the comparisons. There were significant differences in the parietal, frontal, occipital, 

and temporal lobes. In order to get a better understanding of the differences in these 
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areas, we will start with the ROI analyses. After the ROI analyses, we will identify 

other important areas of the brain activation. 

 

Parietal Lobe ROI 

Table 3 reports the areas of significant activation in the parietal lobes. In the 

main comparison of task instruction (Mental Rotation and Feature Matching), there is 

significantly more activation in the left hemisphere of the superior parietal, inferior 

parietal, and precuneus regions (see Figure 14). In the comparison of the extreme 

conditions (MR/UC and FM/FC), there is significantly more activation in the left 

hemisphere of the inferior parietal lobule. For the mixed condition comparison 

(FM/UC and MR/FC), there was significantly more activation in the FM/UC condition 

in the left superior parietal lobule, right and left inferior parietal lobules, and the right 

precuneus area. 

 

Visual Area:  MT 

Table 4 reports the conditions when the posterior region of MT was active. In 

each of the listed comparisons, the activation in area MT was significantly different 

for the Mental Rotation conditions versus the Feature Matching conditions (see Figure 

15). Specifically, the conditions with Mental Rotation instructions had significantly 

more activation than the conditions with Feature Matching instructions regardless of 

stimuli type. 
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Premotor Area:  SMA 6 

Table 5 reports the conditions when the medial aspect of BA 6 anterior to 

paracentral lobule was significantly active. In all conditions were Mental Rotation was 

compared to Feature Matching, SMA 6 was significantly active in the Feature 

Matching condition (see Figure 16). In the comparison of the stimuli (FM/UC and 

FM/FC), SMA was significantly active for the FM/FC condition. 

 

Ventral Temporal: Fusiform Gyrus (FG) 

When comparing the task instruction conditions (MR and FM) with the FC 

stimuli, there was significantly more left hemisphere FG activation in the MR/FC 

condition than the FM condition. Also, when directly comparing the FM/UC and the 

MR/FC conditions, there was significantly more activation in the left FG in the 

MR/FC. 

 

Frontal: Middle Frontal Gyrus 

There was consistently more significant activation in the Middle Frontal Gyrus 

(MFG) and BA 9 for the feature conditions in three comparisons. In the comparison of 

the tasks collapsed across stimuli, there was significantly more activation in the right 

MFG for the Feature Matching instructions. Also, there was significantly more 

activation of the MFG and BA 9 in the FM/FC condition when comparing the tasks 

(MR and FM) for the FC stimuli. Also, for the extreme comparison, MR/UC and 

FM/FC, there was significantly more bilateral MFG activation for the FM/FC. 
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Discussion 

The purpose of this study was to examine the effect of stimulus type on 

strategy. We expected to find different stimuli eliciting different strategies and the 

evidence for the different strategies would emerge from both the behavioral data and 

the patterns of neural activation. Our results found differing patterns of activation 

different stimulus types with the same task instructions that suggests that stimuli does 

affect the actual strategy being implemented. In general, the pattern emerging from the 

results is consistent with a distinction between a Mental Rotation and a Feature 

Strategy. Moreover, the patterns of activation are consistent with studies suggesting 

the left parietal area being a featural processing region and the right parietal area being 

a spatial manipulation region. In order to examine the results, we will discuss the 

findings from each of the main regions of activation in relation to other studies that 

have also found activation in that region. 

The parietal lobe has the greatest consensus regarding its involvement in the 

process of mental rotation. The functions of the parietal lobe include the encoding of 

spatial relations and the allocation of visual attention (Cohen, 1996). The parietal lobe 

is a large region with several functionally distinct subdivisions. Also, there is 

considerable evidence that the parietal lobe hemispheres are functionally distinct. 

Many studies found the right parietal lobe to be dominant in spatial processing 

(Andersen, R. A., 1988). Warrington (1982) found evidence that patients with right 

posterior parietal lesions have difficulty in identifying unusual views of objects.  
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These studies propose the importance of the right parietal lobule in a mental rotation 

strategy. In order to understand the patterns of activation, it is important to consider 

the function of the individual subdivisions.  

Damage to the inferior parietal lobule (IPL) in humans produces both visual 

attention and spatial perception defects. Side is a factor in the expression of this 

disorder in humans with right hemisphere lesions in right-handed individuals often 

causing more frequent and severe parietal lobe syndromes (Andersen, 1988). In the 

current study, the amount of activation in the right IPL is fairly uniform across the 

conditions; however, the activation in the left IPL varies. When the Mental Rotation 

task is directly compared to the Feature Matching task, there is significantly more 

activation in the Left IPL for the Feature Matching conditions. Fink et al (1997) found 

that the amount of activation in the left inferior parietal region is greater during a task 

that requires attention to the parts of the object rather than the configuration of the 

whole object. This suggests that when participants in our study receive Feature 

Matching training, they are attending to the parts of the object rather than the object as 

a whole. This confirms that participants are actively using their training when they are 

doing the Feature Matching task. Burin et al (2000) described mental rotation as a 

‘holistic’ approach, where the entire object rotated, and the feature strategy as a 

process of comparing key parts of the object. If we extend Fink’s claims to the stimuli 

used in this study, significant activation in left inferior parietal activation suggests a 

shift in processing from a whole-object strategy to a strategy that is primarily 

concerned with a subset of the object, such as featural details. We could infer that left 
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inferior parietal activation was a result of the participants using features of the 

stimulus to do the same-mirror comparison. 

The precuneus area has been linked to image generation, and orientation 

judgments. This area seems to be involved in storing and retrieving spatial information. 

Cornette (2001) found a considerable increase in the left precuneus particularly when 

there was additional memory demands. Our data show a significant amount of left 

precuneus activation in the Feature Matching conditions over the Mental Rotation 

conditions that could suggest there was an increase in storing or retrieving of spatial 

information. The participants were instructed to remember key features on the stimuli 

and to use them to make same-mirror decisions. The increase in activation could be 

related to the participants storing or retrieving the location of the key feature that 

helped them make the same-mirror decision for a particular figure. Alternatively, the 

increase in the left precuneus could be related to an increase in memory for the objects. 

If the participants were recognizing the figures because they were more familiar with 

them, i.e., practice effect, the memory demand could increase. 

The superior parietal region seems to play a major role in the multiple spatial 

representations of visual objects. Richter et al (1997) suggested that the superior 

parietal lobe (SPL) is involved with the actual execution of mental rotation because 

the onset of the FMRI signal was independent of the reaction time whereas its duration 

(minus a subject-specific, constant offset) was equal to the reaction time. Our results 

show large clusters of activation in the superior parietal region for all conditions. This 

leads us to believe that spatial manipulation is occurring. To return to our original 
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hypothesis, we expected less activation in the right hemisphere for the Feature 

Matching conditions, especially in the SPL because it is most closely linked to the 

actual execution of mental rotation. However, instead of less activation in the right 

superior parietal lobe, we found significantly more activation in the left SPL for the 

Feature Matching conditions as compared to the Mental Rotation conditions. We 

propose that our experiment did not elicit a purely or predominantly feature strategy 

such as what we originally expected. The cube figures are difficult to rotate and we 

believe that actual strategy that was elicited an intermediate strategy between the 

strategy employed for the 3D cubes and the strategy employed for the hand and 

alphanumeric stimuli. If we recall the reaction time data that Kosslyn et al (1998) 

collected from the 3D cubes and the hand stimuli, the respective slopes were 0.0125 

and 0.003. From data that we collected in a previous study (Ark, W. S. & Stiles, J., in 

prep), the regression slopes were 0.018 (MR/UC), 0.012 (MR/FC), 0.012 (FM/UC), 

0.009 (FM/FC). The slopes from our Mental Rotation conditions are similar to 

Kosslyn’s 3D cubes; however, the slopes from the Feature Matching conditions are 

not on the same order as his hand stimuli data. Given these intermediate results both in 

the neuroimaging and behavioral data, it seems that we may have hit upon a hybrid 

strategy that is a combination of mental rotation and a feature strategy. The behavioral 

and the neuroimaging data suggest that we have elicited a hybrid strategy that 

encourages participants to focus on the features of the object, but they may rotate the 

features to compare them. Correspondingly, participants were asked to give self-
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reports after their second sessions and many of them reported the use of a combination 

of the strategies.  

MT is an area that responds to the motion of stimuli and is associated with the 

perception of motion. The activation of MT during mentally rotation suggests that 

participants are actually imagining the motion of the object. This is particularly 

interesting because mental rotation is posited to be the analog of perceived motion. 

This provides evidence that mental rotation and perceived motion use the same neural 

resources. This gives neural evidence to support the theory of mental rotation. In 

particular, activation in this area during Mental Rotation and not during the Feature 

Strategy would help to disassociate these strategies. In our study, the results are as 

predicted whereby the conditions with Mental Rotation instructions had significantly 

more activation than the conditions with Feature Matching instructions regardless of 

stimuli type. The MR/UC condition was expected to elicit MT because participants 

would imagine the figure rotating. However, if the participant was simply performing 

Feature Matching, there should be no perception of motion.  

There is much debate on the topic of the involvement of motor areas in the 

standard mental rotation task. One reason motor areas might be activated is because in 

our daily lives, the way we collect different transformations of the same object (view it 

from different vantage points) is to either change our position with respect to the 

object (e.g., walk around it) or change the position of the object with respect to 

ourselves (e.g., rotate the object in our hand). Rizzolati et al (1988) demonstrated that 

SMA 6 is associated with grasping behavior; moreover, Sakata and Taira (1994) 
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suggested that connections between SMA 6 and the posterior parietal cortex provide 

information that allows a match between sensory input and motor output to take place 

in the parietal lobe. Kosslyn et al (1998) claim the use of premotor areas during a 

mental rotation task is related to the stimuli used in the experiment. Their claim is that 

the type of rotation plays a major role in which brain systems are recruited. Kosslyn et 

al’s (1998) hypothesis, given their findings, asserts that people will mentally use their 

right hand to rotate the object. This could also explain the left lateral activation with 

the hand stimuli. Indeed, they found SMA 6 activation for the hand stimuli; however, 

they did not find activation for the cube stimuli. In our study, we found SMA 6 

activation for the Feature Matching conditions and not the Mental Rotation conditions. 

The one exception was in the comparison of the UC and the FC stimuli with the 

Mental Rotation instructions. In this case, the MR/FC condition had significantly more 

SMA 6 activation than the MR/UC condition. Therefore, similar to Kosslyn’s study, 

we did not find significant premotor activation in the MR/UC condition when 

compared to other conditions; however, we did find it in the Feature Matching 

conditions. The consistent differences for the premotor activation could lead us to 

believe that the Feature Matching and the Feature Cubes are eliciting an alternate 

strategy perhaps mapping the features of the object onto the hand and then using the 

hand to help guide the Feature Matching. 

The fusiform gyrus plays a critical role in many object recognition tasks such 

as face perception (Haxby, J. V., Hoffman, E. A. et al., 2000) and reading (Devlin, J. T. 

et al., 2005, preprint). Since the FG is crucial to object recognition, it is not surprising 
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that we found activation of that region for this study. However, the main concern is to 

interpret its role the two conditions where there was significantly different amounts of 

FG activation. One method of recognizing objects is to make use of identifying 

aspects of object. In a study where participants had identify familiar featural 

information on buildings and landscapes, the FG was found to play a crucial role 

(Takahashi, N. & Kawamura, M., 2002). In the MR/FC condition, the participants 

were asked to mentally rotate the objects and were not specifically asked to pay 

attention to the features on the objects; however, the activity in the FG leads us to 

suspect that the features were drawing their attention. In the comparison of the task 

instructions (MR and FM), the FG may have been more active in the MR/FC case 

because even though they were not instructed to attend to the features, they spent time 

actively identifying the featural information; whereas in the FM/FC and the FM/UC 

conditions, the features were more easily and quickly identified because the 

participants were trained to find the features on the objects. 

In general, the MFG is located within the prefrontal cortical regions that have 

been identified to play an active role in visual working memory tasks. In a study that 

directly compared the activation of the areas of visual working memory, they found 

more MFG activation for a featural task (remembering faces) than for a visuospatial 

task (remembering locations) (Haxby, J. V., Petit, L. et al., 2000). Therefore, since 

there was consistently more significant activation in the (MFG) for the feature 

conditions in three comparisons, this gives more evidence that the feature conditions 
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are eliciting specific brain regions consistent with those that are involved with featural 

tasks.  

Overall, different strategies appear to emerge based on the combination of 

brain areas that are active for each of the conditions. For the MR/UC condition, the 

areas that are active are primarily related to mental rotation, specifically the right 

parietal lobe and MT. For the other conditions, there is more activation in areas related 

to processing features such as attention to features and additional memory demands 

for feature processing. For the conditions that involve either Feature Matching or 

simply a feature marking on the stimuli, the left parietal lobule is more active than the 

MR/UC condition and notably, there is no MT activation. 

Our original goal was to explore the effect of different stimuli on the strategy 

used when comparing two figures in the standard mental rotation task. We hoped to 

understand the effect by revealing the neural processes that are activated during this 

task. In doing this, we sought to understand the differences in the mental rotation 

neuroimaging literature as a reflection of different strategies employed due to stimuli 

differences. Our results suggest that stimuli do affect the strategy employed under 

certain circumstances and that people seem to be able to adopt a strategy to a certain 

extent. Also, a salient feature on a stimulus could result in patterns of neural 

activations that are similar to featural processing whereas the same, unmarked 

stimulus could result in patterns of neural activation that are similar to whole object 

processing. Our results underscore that mental rotation is not a simple process. Like 

more cognitive processes, mental rotation appears to be carried out by a system of 
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operations working together. Understanding the contributions of different operations 

to the overall process will require a series of additional studies. Nevertheless, our 

studies raise an important issue that even though participants are given instructions to 

perform a certain task, we can only infer what they are actually doing. People may 

adopt a strategy for doing a task that is influenced by the stimuli used in the 

experiment regardless of task instructions. 
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IV: DEVELOPMENTAL PERFORMANCE OF MENTAL ROTATION:  

AN FMRI STUDY 

 

Mental rotation is a well-studied cognitive phenomenon. A common method to 

study mental rotation is to show two objects, one that is upright and one that is rotated, 

and ask participants if the objects are the same or if they are mirror-images of each 

other. The robust result is that response times vary as a linear, monotonically 

increasing function of angular disparity between the two objects. In fact, this linear 

response time has become the hallmark characteristic of mental rotation (for a review, 

see (Shepard, R. N. & Cooper, L. A., 1986)). 

Though mental rotation is well-studied for adults, the development of this 

visuospatial ability is not as well-documented. The typical mental rotation task 

requires a host of visuospatial skills including complex visual pattern processing, 

visuospatial attention, and visuospatial working memory, all of which are still 

changing well into the adolescent period. The purpose of this paper is to understand 

how the behavioral and neuroimaging data provide complementary insights into the 

development of mental rotation performance. 

 

Evidence of early mental rotation ability 

Mental rotation performance has been demonstrated by children as young as 4 

years of age with simplified stimuli (Marmor, G. S., 1977; Kosslyn, S. M. et al., 1990). 

However, there is also evidence of  developmental change in mental rotation 
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performance through the early teenage years (Kail, R. et al., 1980; Hale, S., 1990; 

Snow, J. H. & Strope, E. E., 1990; Merriman, W. E. et al., 1985). The changes are 

reflected in task difficulty, stimulus differences, possible gender differences, etc. 

Given the range of task and stimulus variation evident in the literature, it is unclear 

what underlies the observed change in mental rotation performance across 

development. Do the changes observed reflect improvement in initially rudimentary 

mental rotation skills, or do the data reflect changing strategies in solving the 

matching problems presented within the context of the standard tasks?  Though many 

studies have examined behavioral developmental differences in mental rotation 

performance, only a few studies have examined the neural development that 

accompanies mental rotation performance. Together, the profiles of both cognitive and 

neural development will give insight to the complex brain-behavior relationship. 

Both mental rotation and the mental imagery skills needed to perform mental 

rotation start to develop at an early age (Kosslyn et al., 1990). Marmor (1975) found 

that children as young as 5 years of age had similar response time regression slopes as 

compared to adults and concluded that children are able to perform mental spatial 

transformations. In that study, she trained the children to mentally rotate the stimuli, 

but even if children were not explicitly given mental rotation instructions, 5 year olds 

demonstrated the hallmark mental rotation slope (Kosslyn et al., 1990; Marmor, 1977). 

When 6 year olds were asked to judge if two drawings of monkeys were the same or 

different, the children not only performed similarly to the adult comparison group, but 

they also gave verbal reports that indicated they were using mental rotation to make 
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the judgments even though no explicit instructions were given to mentally rotate 

(Estes, 1998). There is evidence that mental rotation is a universally available ability. 

For example, Nunez compared mental rotation performance of children 8-13 years of 

age in African and Swiss children and found few differences based on culture (Nunez, 

R. et al., 1998). 

 

Developmental change in mental rotation skills 

Although very young children appear to engage in mental rotation, 

developmental differences are observed in speed and efficiency of processing.  Several 

studies found a developmental decrease in the rate of mental rotation, until about 13 

years of age (Hale, S., 1990; Kail, R. et al., 1980; Merriman, W. E. et al., 1985; Snow, 

J. H. & Strope, E. E., 1990). Performance plateaus in mid-adolescence, but then 

declines again in older adults. A longitudinal study examined visuospatial skills of 

older people (65-94 years of age) and found decreased mental rotation performance as 

a function of age (Willis, S. L. & Schaie, K. W., 1988).  

Further, performance is affected by a wide range of factors including age, 

stimuli type, IQ, gender and socioeconomic background (Waber, D. P. et al., 1982). 

With age, children became more skillful at rotating and were more likely to show 

evidence of using the advance information as a visual image (Waber, D. P. et al., 

1982). Some studies have shown that mental rotation ability is correlated to IQ scores 

(Cai, H. & Chen, C., 2000), practice with mental rotation tasks (Willis, S. L. & Schaie, 

K. W., 1988), and video game playing (De Lisi, R. & Wolford, J. L., 2002; Okagaki, L. 
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& Frensch, P. A., 1994). Mental rotation performance can be greatly aided by the type 

of stimuli that is used.  It is important to use appropriate stimuli type for different age 

groups (Stefanatos, G. A. et al., 1998). Studies of mental rotation in young children 

typically use stimuli such line drawings of panda bears, monkeys, or candy canes 

(Marmor, G. S., 1975). For example, candy canes may be appropriate for a 4 year-old 

to elicit mental rotation, but adults would easily find features and may not need mental 

rotation. Simplified stimuli might change the nature of the task by changing a mental 

rotation task into a simple object matching task. 

Much of the mental rotation developmental literature focuses on the 

differences in mental rotation ability between genders. This literature varies on effects 

of gender on mental rotation performance (Gilger, J. W. & Ho, H.-z., 1989; Karadi, K. 

et al., 1999; Okagaki, L. & Frensch, P. A., 1994). Some studies found gender 

differences at early ages (Levine, S. C. et al., 1999; Merriman, W. E. et al., 1985) and 

others have found no differences (Snow, J. H. & Strope, E. E., 1990; Waber, D. P. et 

al., 1982). In sum, children exhibit mental rotation performance at a very young age, 

but there is fine-tuning going on for an extended period and there are a host of factors 

that could affect the development of this skill. 

Though many studies have examined mental rotation in children, only one 

research group has published data on the neural systems that underlie mental rotation 

development. children ages 9-10 show patterns of activation similar to adults, but 

show greater bilateral activation in the parietal region (Booth, J. R. et al., 1999; Booth, 

J. R. et al., 2001). The patterns of activation differences between the adults and 
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children are consistent with other developmental studies of visuospatial tasks (Moses, 

P. et al., 2002; Passarotti, A. M. et al., 2003). In a study that examined the 

development of spatial localization, children (9-10 years of age) displayed bilateral 

parietal activation, while adults had greater right than left parietal activation 

(Passarotti, A. M. et al., 2003). The behavioral data from the same study showed 

significantly faster and more accurate responses in teens and adults as compared to 9 

year olds. The behavioral and neuroimaging data offer an emerging developmental 

profile to link brain and behavior. The combined data suggest that increasing 

performance on a task correlates to lateralized activation. Thus, hemispheric 

lateralization accompanies cognitive development and functional specialization. 

Overall, the adult and children studies on mental rotation demonstrate a rich set 

of literature that should be examined in greater detail. Investigating the combined data 

from these groups will give insight to the brain and behavior relationship as well as 

understand the development of visuospatial transformation strategies such as mental 

rotation. 

 

Evidence of a feature strategy 

Though very young children have demonstrated the ability to mentally rotate, a 

closer examination of the data is necessary. In Marmor’s study (Marmor, G. S., 1977), 

most of the adult response times (RT) yielded significant linear regressions (92%), but 

only 46% of the 5-year olds, and 54% of the 4-year-olds RTs reflected the linearity in 

the group data. If the children’s responses did not exhibit the linear mental rotation 
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pattern, then they might not have been performing mental rotation. Since their error 

rates were significantly above chance, it indicates they were using a successful 

strategy; however, it is unclear what type of strategy they were using. Interestingly, 

the training method (half of the children were trained with mental rotation and half 

were not) was not a significant factor in the response times or error rates; thereby 

suggesting that the strategy employed is independent of task instruction.  

Children use spatial analysis to understand the objects in the world by 

identifying the parts as well as the overall configuration of the object and 

understanding how the parts are related to the object as a whole. Spatial analytic 

abilities are available to children at an early age; however the task complexities, the 

cognitive strategies available to the child, and the features of the object play a role in 

spatial analytic processing (Stiles, J. & Stern, C., 2001). If a task is too complex for a 

child to accomplish, the child will revert to a default strategy that they found useful to 

accomplish simpler tasks (Stiles, J. & Stern, C., 2001; Akshoomoff, N. A. & Stiles, J., 

1995a;1995b). Spatial analytic development is characterized by improved performance 

on the integration of the parts of a spatial pattern (Akshoomoff, N. A. & Stiles, J., 

1995b;1995a). In the case of the complex abstract cube figures, if the holistic mental 

rotation approach is too difficult, children might try adopt an approach that is based on 

smaller constituents of the object such as a featural based approach. Johnson and 

Meade (Johnson, E. S. & Meade, A. C., 1987) found that children under 9 or 10 years 

of age had difficulties with a mental rotation task based on Shepard and Metzler’s 

stimuli. By presenting the Shepard and Metzler stimuli to children less than 9 years of 
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age, the processing strategies may vary depending upon the difficulty for the 

individual.  

In a previous study (Ark, W. S. & Stiles, J., in prep-b), slight changes in the 

stimuli led to changes in performance and patterns of neural processing. These 

changes reflected changes similar to differences in strategy. For example, in the 

previous study, adults were given either Mental Rotation (MR) or Feature Matching 

(FM) instructions when comparing Shepard and Metzler-type figures that were either 

marked (FC) or unmarked (UC). The adults had steeper slopes for MR/UC condition 

that was accompanied by greater right than left parietal activation; and the adults in 

the FM/MC condition had flatter slopes that were accompanied by greater left parietal 

activation than right. The adults appeared to develop a hybrid featural rotation strategy. 

If children find mental rotation difficult, they may default to a process similar to this 

hybrid strategy. The behavioral data will help examine the developmental strategies 

used to perform spatial transformations. 

 

EXPERIMENT 1: BEHAVIORAL TASK 

Methods 

Participants 

There were three groups of participants: 30 children (ages 9-11 years), 30 

teenagers (ages 13-14 years), and 30 adults (ages 17-25 years). Half of each group was 

female. The children and teenagers were recruited from San Diego County and 

received a small prize for participating in the experiment, and the adults were recruited 
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from the University of California, San Diego and received course credit. All 

participants were right-handed with no known cognitive disorders. None had 

participated in a mental rotation experiment before. 

 

Stimuli 

The figures were similar to a subset of those used in the Shepard and Metzler 

(1971) study (see Figure 17). Each of the figures consisted of 1 of 8 possible 

configurations of 10 cubes. On each trial, a pair of figures with the same configuration 

was presented. The figure on the left was in a canonical upright position while the 

figure on the right was rotated at an angle of 40, 80, 120, or 160 degrees. The figure 

on the right was either the same or the mirror image of the figure on the left. Within a 

test series, each configuration appeared in a total of eight trials: once at each rotation, 

once in the same configuration, and once in the mirrored configuration. There were a 

total of 64 stimuli.  

 

Materials 

Participants viewed the stimuli on an IBM laptop computer with a 14” monitor. 

The stimuli were displayed with Presentation software, developed by Neurobehavioral 

Systems. The participants used a 2-button mouse connected to the laptop computer to 

give their responses. 

 

Procedure 
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Children first had a practice period in order for the experimenter to assess if 

the children understood the meaning of a ‘mirror image’. During the practice period, 

the children were given physical versions of the cube figures (not included in the 

experiment) and were asked to physically rotate the figures with their hands. The 

experimenter showed them the same and mirror pairs of each stimulus, the rotation of 

each stimulus, and explained the difference between same and mirror configurations. 

The experimenter then placed the cutouts in front of the participants and asked them to 

decide if they were same and mirror pairs. After the participants answered, the 

participants were required to use their hands to rotate the figure on the right to the 

upright position to see if they were correct. After the practice period, the children 

proceeded to the computer task. The teenagers and adults did not practice with the 

physical practice figures; they proceeded directly to the computer task.  

The instructions were presented visually, on the computer monitor, and then 

verbally, by the experimenter. At the beginning of each session, the experimenter 

stated that the figure on the left is in the upright position and the figure on the right is 

rotated at some angle. The participant was instructed to mentally rotate the figure on 

the right to an upright position, compare the figures, and decide if they are the same or 

mirror images of each other. The participant was then given 16 practice trials on the 

computer with stimuli that were not included in the experiment trials. The participants 

were instructed to answer as quickly and accurately as possible. 

The experiment began with a fixation cross (presented for 0.5 seconds) that 

was immediately followed by a randomly chosen stimulus. The participant pressed the 
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left mouse button if the figures were the same and the right mouse button if the figures 

were mirror images.  The next trial began immediately after one of the buttons was 

pressed, there was no maximum trial length. On each trial, a pair of figures with the 

same configuration was presented. Within each test block, each configuration 

appeared in a total of eight trials: once at each rotation, once in the same configuration, 

and once in the mirrored configuration. After all 64 stimuli had been presented once, 

the participants took a short break. This process was repeated two more times for a 

total of 3 test blocks per session. 

Results 

Dependent variables of RT and accuracy were analyzed using separate 

repeated-measures analyses of variance (ANOVA). Block (1, 2, 3), and Angle (40, 80, 

120, 160) were within-subject factors and Age Group (7-8, 9-11, 13-15, Adult) was a 

between-subject factor. Gender was also included as an ANOVA factor in initial 

analyses. Accuracy scores were based upon response to all trials, both same and 

different. RT data was from ‘same trials’ (trials with figure pairs that are the same, 

rather than mirror-images) that were answered correctly.  

There were significant main effects of Group, [F(2,87)=10.4, p<0.001], Block 

[F(2,87)=18.275, p<0.001],  and Angle [F(3,87)=114.132, p<0.001]. There were no 

significant interactions. All other results were non-significant (p>0.05). A post-hoc 

test on Group with Bonferroni correction revealed children were significantly different 

from both adults (p<0.001) and teens (p<0.001), but adults and teens were not 

significantly different from each other. 
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Figure 18 illustrates very similar patterns of performance for the adults and 

teenagers. Both groups had linear response times increasing as a function of increasing 

angular disparity and the groups are not significantly different. However, the children 

were significantly different from the other groups. In particular, the children’s RT at 

Angle 160 did not increase, but were similar to the RT at Angle 120. 

In order to evaluate if the participants were adopting a mental rotation strategy, 

we examined the response times as a function of angle of rotation. All conditions had 

highly significant linear component (p< 0.001) when tested against deviations from 

linearity. Also, all groups had regression slopes that were significantly different from 

0 (p<0.001). The regression slopes for the three groups were: y=16.76x + 1131.08 

(Adult), y=14.35x + 1546.82 (Teen), and y=18.44x + 2323.22 (Child).  

Figure 19 illustrates similar profiles of accuracy data for the different angles 

with greater errors for greater degrees of rotation. Children showed similar profiles as 

the other groups, but overall committed more mistakes. Although the mean 

performance of the child and Teen groups was well above change inspection of the 

individual subject data revealed considerable variability in performance, particularly 

on trials involving angular displacements of 80 degrees or greater.  Participants were 

reassigned to either the Hi-Performing or a Lo-Performing subgroup based upon the 

accuracy of their responses. Specifically, children with accuracy scores above 50% at 

each of the three angles of rotation (40, 80, and 120 degrees) were included in the Hi-

Performing group, and those with accuracy below 50% were included in the Lo-

Performing group.  Performance at the 160 degree angle was excluded from the 
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inclusionary criterion because it was difficult for all groups. The sub-groups are 

summarized in Table 6.  It is notable that none of the adults reached the criteria for 

Lo-Performing.   Four teens and eight children were included in the L-Performing 

groups for their ages. 

 

Table 6. Number of participants in each sub-group based on Accuracy where 
Hi-Performers had greater than 50% at the Angles of Rotation 40, 80, and 
120. The number of male participants is in parentheses. 
 

 Adults Teens Children 
Hi-Performance 30 (15 M) 26 (13 M) 22 (12 M) 
Lo-Performance 0 4 (2 M) 8 (3 M) 

 

With the introduction of the sub-groups, the repeated-measures ANOVA 

analysis was repeated without the Lo-Performing participants. Similar to the first 

ANOVA analysis, Group, [F(2,75)=13.076, p<0.001], Block [F(2,75)=23.521, 

p<0.001],  and Angle [F(3,75)=194.171, p<0.001] were all significant main effects. 

There were no significant interactions. All other results were non-significant (p>0.05). 

A post-hoc test on Group with Bonferroni correction revealed children were 

significantly different from both adults (p<0.001) and teens (p<0.001), but adults and 

teens were not significantly different from each other. 

Figure 20 illustrates the accuracy data for each of the sub-groups. The Hi-

Performing teens and children demonstrated a similar pattern of performance as the 

adults, where the accuracy was inversely proportional to increasing angle of rotation. 
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However, the sub-group division highlights the poor performance for the Lo-

Performing group even at the 40 degree rotation. 

Figure 21 illustrates the response time data for each of the sub-groups. The 

adults and Hi-Performing teens and children had RTs that were very similar to the data 

before the sub-groups were introduced. The Lo-Performing children and teens were 

responding much faster than their Hi-Performing counterparts. The regression 

equations for each of the sub-groups are represented in Table 7. 

 

Table 7. Regression equations for each of the sub-groups. 
 

 Adults Teens Children 
Hi-Perf y=16.76x+1131.08 y=15.57x+1512.64 y=19.79x+2345.24 
Lo-Perf  y=3.48x+1835.01 y=12.4x+2196.31 

 

Discussion 

These results are consistent with previous studies, which demonstrate that 

children as young as 9 years old can mentally rotate abstract objects. Though they 

commit more errors and take longer to respond, the characteristic mental rotation slope 

is present in the children. Even though the mental rotation slope is present, it is 

important to closely examine several areas of the behavioral data.  

The first area of closer examination is the difficulty that children had with the 

160 degree rotation. Both adults and teens had a linear response time with increasing 

angular disparity for all angles. Children had a similar linear response time except for 

the 160 degree rotation, which is typically the same for the 120 degree rotation. On 
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average, children took the same amount of time to respond to stimuli rotated to a 120 

degree rotation as it did for a 160 degree rotation. Even though children committed 

more mistakes at the 160 rotation than the 120 rotation, they were still performing 

above chance. This is very interesting because the children could obviously perform 

mental rotation to a certain point, but could not perform a rotation if the angle of 

rotation was too big. The difficulty could stem from a number of factors that 

contribute to mental rotation ability such as the visual working memory, visuospatial 

attention, or mental imagery. The neuroimaging data from Experiment 2 may give 

insight to this issue. 

The second area of interest is the difference between the Lo-Performers and 

the Hi-Performers. The four teens in the Lo-Performing sub-group had an accuracy of 

about chance for all angles except 40 degrees, and they had a relatively low accuracy 

for a 40 degree rotation. Also, this sub-group had a regression slope of 3 ms/degrees, 

which indicates that they probably were not attending to the using a mental rotation 

strategy. It would be reasonable to exclude these participants from the analysis 

because they were not attending to the task perhaps because it was too difficult. This 

group answered so quickly to the 120 and 160 angles that it does not appear as though 

they were attending to the task. 

On the other hand, the Lo-Performing child sub-group is rather intriguing. The 

main difference between the two sub-groups is that Hi-Performers took longer to 

respond while the Lo-Performers were quicker to respond. At first glance, this could 

be taken as a speed-accuracy trade-off; however, a closer examination of the RT data 
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within the Lo-Performing child group is important. Even though the Lo-Performers 

were committing more errors at the 80 degree angle than the 40 degree angle, they 

took longer to respond. As the angle of rotation of the stimuli increased, there was less 

of an increase in response time, but the response time was increasing, and it was more 

likely that the Lo-Performers would respond incorrectly. The Lo-Performers may have 

recognized that the angle of rotation was greater, but when it came to the actual 

rotation part of the task, they could not perform the actual mental rotation and were 

forced guess an answer. All the different angles of rotation were presented as mixed 

trials; therefore, the participants did not have prior knowledge about the amount of 

time or effort each trial might take. 

It is also important to note the difference in the y-intercept for the children as 

compared to the Adult and Teen groups. While the slope of the regression function 

reflects time taken for mental rotation, the intercept is thought to be related to visual 

encoding, comparison, and response production (Kail, R. et al., 1980). Children at this 

age continue to develop and the difference in the y-intercept certainly highlights this 

period of maturation.  

If the Lo-Performing children were trying to perform mental rotation as 

indicated by the longer response times, but are failing as indicated by the poor 

accuracy, they could have been using a different strategy. A flattened response time 

regression slope in the study that compared the mental rotation and feature matching 

strategy, indicated that a flattened slope represented a shift in strategy, specifically a 

shift to a featural strategy (Ark, W. S. & Stiles, J., in prep-a;in prep-b). Developmental 
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evidence suggests that when children are faced with complex visuospatial tasks, they 

will approach the task with a strategy that allows them to break down the complexity 

of the task or the stimulus by taking a piecemeal approach such as focusing on smaller 

features of the stimuli (Stiles, J. & Stern, C., 2001). Perhaps the Lo-Performing 

children were trying to use a featural approach to the mental rotation task when they 

found they could not mentally rotate the objects. Study 2 will examine the areas of 

neural activation related to the group differences to investigate this hypothesis. 

Overall, this study illustrates developmental differences in mental rotation 

performance. The difference between the Lo- and Hi-Performing groups as well as the 

differences across the age groups gives insight to an on-going developmental process. 

Perhaps one of the differences between the groups is a use of a different strategy when 

faced with a difficult visuospatial task. By examining the behavioral data in 

conjunction with the patterns of neural activation should help in understanding the 

processing strategies.  

 

EXPERIMENT 2: FMRI 

 Over the past decade, literally hundreds of studies have successfully 

used FMRI as a noninvasive means of imaging human brain function to map 

associations between specific behaviors and brain activity in adults. More recently, 

this method has begun to be applied in studies of children and is proving to be a 

powerful and effective means of assessing developmental change in brain-behavior 

relations. Though there are few neuroimaging studies on visuospatial developmental 
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change, studies have found that patterns of neural activation in adults such as 

hemispheric lateralization are associated with neural specialization. One group has 

demonstrated that children ages 9-10 show patterns of activation similar to adults, but 

show greater bilateral activation in the parietal region (Booth, J. R. et al., 1999; Booth, 

J. R. et al., 2001). These patterns of activation differences between the adults and 

children are consistent with other developmental studies of visuospatial tasks 

(Passarotti, A. M. et al., 2003; Moses, P. et al., 2002). These studies suggest that 

hemispheric lateralization accompanies cognitive development and functional 

specialization.  

This experiment was designed to examine the patterns of neural activation 

during mental rotation, and to investigate how the patterns change over time. It was 

also designed to examine the correlation between the change in behavioral profile and 

the activation profile over the period of development. Adult patterns of activation for 

the mental rotation task are typically bilateral parietal with more right Superior 

Parietal than left. However, patterns of activation for adults using a Feature Matching 

strategy have been shown to be greater left than right Superior Parietal. This study 

investigated posited different spatial processing strategies in children for the mental 

rotation task. Both the behavioral and neural patterns of activation were used to give 

insight into whether the children were performing mental rotation or another strategy, 

perhaps a featural strategy. 

 

Methods 
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Participants 

Participants were 25 children between the ages of 9-10 years (13 Females). 

Participants were recruited from within San Diego County and given $25 for their 

participation. All were right-handed with no known cognitive disorders. The data from 

these participants will be compared with data from adults from a previous study (Ark, 

W. S. & Stiles, J., in prep-a). The adults from the previous study were 12 students (6 

males/6 females; ages 18-25 years) from the University of California, San Diego who 

received $25 for participating in the experiment. All participants were right-handed 

with no known cognitive disorders. None had participated in a mental rotation 

experiment before. 

The participants were separated into Hi- and Lo-Performing subgroups with 

the same criterion defined in Experiment 1. The sub-group separation was based on 

performance on the behavioral task while inside the scanner. There were 11 Lo-

Performers (6 Females) and 14 Hi-Performers (7 Females) in the child group and all 

adults were Hi-Performers. 

 

Experimental Stimuli 

The figures were the same figures used in Experiment 1.  

 

Control Stimuli 

In addition to the stimuli used above, a set of Control Stimuli were designed. 

The control stimuli consisted of the same figures used for the experimental stimuli; 
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however, instead of the left figure being presented in the upright orientation, it was 

rotated at the same angle as the figure on the right (see Figure 22).  The control task 

was designed to test matching performance with identical stimuli, under conditions 

where the demand to mentally rotate stimuli was unambiguously eliminated. 

 

Materials 

A 1.5 Tesla Siemens Vision MRI scanner was used to collect the neuroimaging 

data. Structural brain images were collected in the sagittal plane with a T1-weighted 

MP-RAGE sequence (FOV=256 mm, TE=5.2 ms, TR=10.7 ms, flip angle=10o, 

slices=180), which gave voxel dimensions of 1 x 1 x 1 mm. Functional images were 

collected in the axial plane with a single-shot EPI pulse sequence (FOV=220 mm, 

TE=40 ms, TR=3270 ms, flip angle=90¬o, Reps=100), which gave voxel dimensions 

of 3.4 x 3.4 x 5 mm. 

Inside the scanner, earplugs were used to reduce scanner noise and foam 

pillows were positioned under the head for stabilization on the scanning table. The 

participants were also fitted with a thermoplastic polyform mask to minimize head 

movement. 

An IBM laptop computer presented the stimuli. The stimuli were displayed 

with Presentation software, developed by Neurobehavioral Systems (http://nbs.neuro-

bs.com/). The laptop was connected to an Epson Powerlite 7250 projector that rear 

projected the image through a screen to a mirror above the participant’s head. The 
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participants responded with a fiber optic 2-button mouse that was connected to the 

laptop computer through the USB port.  

 

Procedure 

The initial training period was the same as Experiment 1 where the children 

played with the physical practice figures and the experimenter made sure the children 

understand a mirror image. Then the children were able to practice on the computer. 

The experimenter instructed the participant to mentally rotate the figure on the right to 

be in an upright-like position and then compare the figures to see if they are the same 

or mirror images of each other. The participants were instructed to answer as quickly 

and accurately as possible. 

To maximize signal-to-noise ratio, a block design was used for the FMRI 

experiment (Liu, Frank, Wong & Buxton, 2001); therefore, the experimental stimuli 

and the control stimuli were presented in alternating blocks of trials. Each block 

contained an instruction screen (1 second) and 8 trials (5 seconds per trial).  The fixed 

length of the visual presentation corresponded to the fixed length of time it took to 

acquire the brain data.  The instruction screen (See Figure 23:  A) that preceded the 

trials read either rotation block or non-rotation block signifying the start of the either 

the experimental stimuli or the control stimuli respectively. The participant was 

instructed to use the mental rotation strategy for the rotation block and to simply 

compare the figures for the non-rotation block. 
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Each trial consisted of a fixation (see Figure 23:  B) immediately proceeded by 

a randomly chosen stimulus (see Figure 23:  Cx; x=1 to 8). The total length of a trial 

was 5 seconds (0.5 s for fixation and 4.5 s for stimulus period). In order to compare 

across blocks, each block must be a fixed length of time. However, participants varied 

on their time to respond to the stimuli. To compensate for the varied reaction times, 

the average time plus the standard error of the mean (based on Shepard & Metzler, 

1971) to complete a mental rotation task at the greatest angle configuration was used 

as the fixed stimulus time (4.5 s). Therefore, one of two things occurred during the 

stimulus period:  1) the participant did not give a response to the stimulus before the 

4.5 seconds period and the next fixation point appeared, i.e., no data was collected for 

that stimulus or 2) the participant gave a response before the 4.5 seconds period 

elapsed. In the latter case, the stimulus was replaced with a black screen, which 

remained to the end of the 4.5 seconds period. Similarly to the behavioral experiments, 

the participants were instructed to answer as quickly and accurately as they could. 

Each scan lasted 5.4 minutes. Participants completed 2 functional scans. After 

2 scans, participants had seen each stimulus once. 

 

FMRI Data Analysis 

Functional data processing and statistics were performed using Analysis of 

Functional Neuroimages (AFNI,(Cox, R. W. & Hyde, J. S., 1997)). Functional images 

were corrected for motion and registered within and between runs using an automated 

alignment program (3dvolreg), which co-registered each volume in the time series to a 
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fiducial volume (3rd acquired volume) using an iterative process (Cox, R. W. & 

Jesmanowicz, A., 1999). The functional image time series were then smoothed with a 

Gaussian filter (full-wdith, half-maximum = 6mm) and resampled into Talairach 

coordinates using the AFNI hand landmarking procedure (resampled volumes = 

3mm3). Global drift was removed on a voxel-wise basis over each functional run. To 

control for magnetic field inhomogeneities, the first two time points of each run were 

discarded a priori. 

Stimulus-related functional activation was detected by examining the time-

course correlation of the signal intensity for each voxel of the cortex with a family of 

idealized hemodynamic response waveforms (FIM+) (Bandettini, P. A. et al., 1993). 

Statistical maps of the functional activation for each individual were overlaid on a co-

registered high resolution (1x1x1 mm voxels), talairached anatomical dataset 

(Talairach, J. & Tournoux, P., 1988) to identify the anatomical location of significant 

areas of functional activation.   

The whole-brain group analysis was completed by comparing the percent 

signal change values for each participant from the FIM analysis with a t-test (3dttest). 

Multiple t-test were conducted to examine the differences between the Adult and child, 

Adult and Hi-Performing child, Adult and Lo-Performing child, and the Hi- and Lo-

Performing child groups. Correction for multiple comparisons was established using a 

voxel-cluster threshold technique (Forman, S. D. et al., 1995) for an overall corrected 

level of significance (alpha) of 0.05 (individual voxel p<0.005, two-tailed; minimum 
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cluster threshold required = 1242 mm3 (adult vs child); 1161 mm3 (adult vs Hi-Perf 

child); 1107 mm3 (adult vs Lo-Perf child); 100 mm3 (Hi- vs Lo-Perf child)). 

 

Behavioral Results 

Behavioral data were analyzed using a repeated measures ANOVA. The 

between-subject factors were Group (Adult, child) and Performance (Hi, Lo) and 

within-subject factor was Angle (40, 80, 120, 160).  All the data presented for this 

experiment are from ‘same trials’ (trials with figure pairs that are the same, rather than 

mirror-images) that were answered correctly. In order to compare the neuroimaging 

and the behavioral data, the behavioral data presented here is for when the participants 

were inside the scanner. 

Results revealed significant main effects of Angle [F(3,33)=82.416, p<0.001]. 

Differences for both Group and Performance were not significant. Angle x 

Performance approached significance (p<0.075), but there were no significant 

interactions at the p<0.05.  

In order to evaluate if the participants were adopting a mental rotation strategy, 

we can examine the response times as a function of angle of rotation (see Figure 24). 

The regression equations were: y=8.23x+1297.72 (Adult) and y=6.16x+1760.59 

(Child). All experimental conditions had regression slopes that were significantly 

different from 0 (p<0.001). The control stimuli regression slopes were not 

significantly different from 0, though they were linear (see Figure 24). Figure 25 

illustrates the response times when the groups were broken down into Hi- and Lo-
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Performing subgroups. The child-HiPerf and the adults show similar response patterns, 

but the child-LoPerf show a flattened slope. 

Figure 10 illustrates the accuracy for the experimental and control stimuli for 

both groups (Adult and child) inside the scanner. In all experimental conditions, the 

accuracy decreased as the angle of rotation increased. The adults performed at almost 

100% accuracy for the control stimuli; however, the children performed at about 80% 

for all the angles. Figure 27 shows the same data as Figure 26 but broken down into 

sub-groups. 

 

FMRI Results 

Table 8 reports the areas of activation from the t-tests. In the comparison 

between adults and children, it was clear that children had more activation throughout 

the right and left parietal lobes, particularly in the superior parietal lobules (see Figure 

28). Also, adults had more activation in the MT region than the children. Adults also 

had more activation in the Posterior Cingulate, Precentral Gyrus, and the Superior and 

Medial Frontal Gyri. 

In the comparison between the Lo-Performing and Hi-Performing children, the 

main areas of difference were in the Parietal Lobe, Ventral Temporal region, and the 

Anterior Cingulate. Both groups had precuneus activation, but the Lo-Performing 

group had more medial precuneus activation while the Hi-Performing group had more 

precuneus activation that extended into the SPL (see Figure 29). The Lo-Performing 

group had more Fusiform Gyrus activation. Also, the Hi-Performing group had more 
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activation in the Anterior Cingulate, which was similar to the difference between the 

adults versus child comparison where the adults showed more activation than the 

children. 

In the comparison of the adults and the Hi-Performing children, the Hi-

Performing children had more widespread activation in the left SPL (see Figure 30). 

The adults had significantly more activation in the Posterior Cingulate / BA 30, the 

Middle Temporal Gyrus (though, it is not MT/V5), the Precentral Gyrus/ BA6 (the 

activation is lateral, and not SMA), and the Medial Frontal Gyrus. 

In the comparison between the adults and the Lo-Performing children, the Lo-

Performing children had significantly more activation in the left SPL and deeply 

extending in the IPL (see Figure 30). This is similar to the Hi-Performing children 

who had more activation in the left SPL than the adults, but the extent and amount of 

activation for the Lo-Performing children was much greater than the Hi-Performing 

children. Also, adults had a significantly greater amount of activation in the Superior 

Temporal Gyrus that extended into the MT region, which was not the case in the 

comparison of the Hi-Performing children and the adults (see Figure 31). Adults also 

had significantly more activation in the Anterior and Posterior Cingulate Cortices and 

the Parahippocampal gyrus. 

 

Discussion 

The FMRI results show a distinct difference between the adults and the 

children in two important areas that directly related to mental rotation: the SPL and 
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MT. The SPL has been linked to the actual execution of mental rotation, specifically 

the right SPL (Richter, W. et al., 1997).In the current study, children had more 

activation throughout the right and left  parietal lobes, particular in the SPL. This 

finding is similar to previous neuroimaging studies that demonstrated greater bilateral 

activation in the parietal lobes for children than for adults (Booth, J. R. et al., 1999; 

Booth, J. R. et al., 2001). Children might use more parietal resources for a mental 

rotation task even though their behavioral performance does not match the adults, 

especially for accuracy. In fact, the difference in activation in the MT region may 

support the argument that children were not efficiently mentally rotating because they 

were not eliciting MT, which has been thought to play a role in imaging the rotation of 

the figures in the mental rotation task (Ark, W. S. & Stiles, J., in prep-a).  

Generally, frontal lobe processes that are involved with executive control of 

attention and working memory are thought to be particularly sensitive to 

developmental changes; therefore, the fronto-parietal network would show differences 

between children and adults (Konrad, K. et al., 2005). Adults had more activation in 

the Superior Frontal Gyrus and this might indicate that adults were better at directing 

their attention to the task, which required executive control of attention.  

The Cingulate Cortices are thought to be involved in decision making 

processes, particularly those that relate to the motor system (Rushworth, M. F. et al., 

2004). The Anterior Cingulate plays a role in linking cognitive and motivational 

processes, particularly those that require the generation of motor output, and the 

Posterior Cingulate is thought to be involved with memory and assessing the 
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environment. The Anterior Cingulate Cortex is closely linked to the Medial Temporal 

Lobe and the Prefrontal Systems, which are both involved in memory functions (Jones, 

B. F. et al., 2005). Also, frontal and parietal neural networks involved in spatial 

working memory change have been found to change over development and these 

changes are posited to reflect evolving strategies (Schweinsburg, A. D. et al., 2005). In 

the current study, the adults had more activation in the Posterior and Anterior 

Cingulate Cortices, the Middle Temporal Gyrus, and the Precentral Gyrus. This could 

indicate that the adults were using a different spatial working memory strategy from 

the children, perhaps one that involved recruiting neural systems related to the motor 

system. 

In the comparison between the Lo-Performing and Hi-Performing children, the 

main areas of difference were in the Parietal Lobe, Ventral Temporal region, and the 

Anterior Cingulate Cortex. Both groups had precuneus activation, but the Lo-

Performing group had more medial precuneus activation while the Hi-Performing 

group had more precuneus activation that extended into the SPL. In a previous studies, 

when adults were asked to pay attention to the features of an object, there was more 

activation in the left hemisphere of the Precuneus region(Ark, W. S. & Stiles, J., in 

prep-a; Fink, G. R. et al., 1997). This suggests that the Lo-Performing children did not 

have an effective mental rotation strategy and reverted to searching for features on the 

object.  

The Lo-Performing group had more Fusiform Gyrus activation. In a previous 

mental rotation study, participants were shown either cube stimuli marked with 
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features or cube stimuli without the feature markings; and activity was found in the 

Fusiform Gyrus for the group with the feature stimuli even though the participants 

were not specifically asked to pay attention to the features on the objects (Ark, W. S. 

& Stiles, J., in prep-a). The children might have tried to actively identify featural 

information because the object was too visually complex for them to mentally rotate.  

Also, the Hi-Performing group had more activation in the Anterior Cingulate, 

which was similar to the difference between the adults versus child comparison where 

the adults showed more activation than the children. This highlights the similarity 

between the Hi-Performing children and the adults while the Lo-Performing children 

had a different pattern of activation with respect to recruiting frontal systems involved 

with decision making, perhaps because the Hi-Performing and adult strategies were 

more similar than the Lo-Performing and either the Hi-Performing and adult strategies. 

In the comparison of the adults and the Hi-Performing children, the Hi-

Performing children had more widespread activation in the left SPL. Even though the 

Hi-Performing children looked more similar to the adults in some areas, there are still 

distinct differences. The children show a different pattern of activation in the SPL, 

which is closely linked to the mental rotation task.  

In the comparison between the adults and the Lo-Performing children, the Lo-

Performing children had significantly more activation in the left SPL and deeply 

extending in the IPL. This is similar to the Hi-Performing children who had more 

activation in the left SPL than the adults, but the extent and amount of activation for 

the Lo-Performing children was much greater than the Hi-Performing children. Also, 
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adults had a significantly greater amount of activation in the Superior Temporal Gyrus 

that extended into the MT region, which was not the case in the comparison of the Hi-

Performing children and the adults. Adults also had significantly more activation in 

the Anterior and Posterior Cingulates and the Parahippocampal gyrus.  

GENERAL DISCUSSION 

In the previous study, which compared mental rotation and feature strategies, 

we posited that adults might use a featural strategy because the features were apparent 

and it would require less effort to perform feature matching (Ark, W. S. & Stiles, J., in 

prep-a). In adults, feature matching occurred when a number of things were available 

to them: features were present, it might require less mental effort to match features 

than to mentally rotate, and it was faster (reduced slopes). In this study, we are 

suggesting that children are using a featural strategy, but because of different reasons 

than the adults. Instead of using a feature strategy because it is easier, the children may 

try to use a featural approach to the mental rotation task because of the complexity of 

the stimuli and the task. Mental rotation is a complex cognitive phenomenon that 

requires the culmination of many visuospatial skills. It is quite clear that the process of 

mental rotation uses a combination of many neural processes working in concert. 

Children will need to develop each component of the mental rotation process in order 

to successfully perform mental rotation. One method by which children could 

compensate for the complexity of the stimuli would be to break down the stimuli into 

smaller visual pieces, such as a featural approach (Stiles, J. & Stern, C., 2001; 

Akshoomoff, N. A. & Stiles, J., 1995a;1995b). In this case, the child would be able to 
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take a piecemeal approach to the task and rotate the smaller visual pieces. It would not 

be until later that the child could take the stimuli as a whole and use a holistic 

approach. Another method by which children could compensate for the complexity of 

the task is to simply match the features of the stimuli rather than perform a mental 

rotation. It may be difficult to find features on abstract stimuli, but if a mental rotation 

strategy is too complex, the child might be forced to revert to an alternate strategy.  

In the current study, there were a greater number of Lo-Performers in the child 

group than the teens and certainly the adults. It would be easy to exclude Lo-

Performers from the data analysis because it seems that they simply traded accuracy 

for speed, but we would be remiss if we did not explore the difficulties that are 

obviously part of the developmental process. By examining the RT data in Experiment 

1, the Lo-Performing children spent time to try and decide whether the figures were 

“rotatable” or not. They were above chance at the 40 degree angle. At the 80 degree 

angle, the response times did increase, but the accuracy was worse, which is counter 

intuitive. They spent more time examining the stimuli, but their performance would 

almost be at chance. For the 120 degree angle, the response time did not increase as 

much as it did between the 40 and 80 angles, but it did increase. Therefore, it was 

almost a flattened slope from 80 to 160. On the other hand, the Hi-Performing children 

had an increasing response time regression slope until 160 where the 120 and 160 

degree angles were about the same average response time. It seems that the children 

could mentally rotate to a certain extent, but then the task became too complex. The 

Lo-Performing children reached their maximum rotation capacity before the Hi-
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Performing children. Though the children took the time to try and accomplish the 

mental rotation task, they could not finish the actual rotation portion of the task if the 

angle of rotation was at the limit of their visuospatial capacity. 

The Lo-Performing children have patterns of neural activation somewhat 

similar to the adults using a Feature Matching strategy as described in the previous 

study (Ark & Stiles, in prep-b): more left parietal activation and notably little to no 

MT activation. On the other hand, Hi-Performing children have patterns of neural 

activation somewhat similar to the adults actively performing mental rotation: both 

have MT activation and similar parietal lobe activation, except that children have more 

left superior parietal lobe activation. In order to understand this left superior lobe 

pattern of activation, it is important to take their behavioral performance into account. 

The Hi-Performing children seemed to switch strategies at the greatest angle of 

rotation, which was evident by their flattened slope. The left superior parietal lobe 

activation in the Hi-Performing children could reflect a small amount of switching to a 

Feature Matching strategy. In fact, the Lo-Performing children had a flattened slope 

for an angle of rotation less than the Hi-Performing children possibly suggesting that 

they instantiated a Feature Matching strategy earlier than the Hi-Performing children.  

Therefore, it seems that the children are eliciting a feature matching strategy. 

The patterns of neural activation suggest that might be the case, but it is important to 

note that their performance was unlike adult feature matching described in the 

previous study (Ark & Stiles, in prep-b). Both the adults performing feature matching 

and the Lo-Performing children exhibit flattened slope values; however, their error 
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rates of these two groups are much different. Adults were performing well above 

chance, while the Lo-Performing children were almost at chance for most of the 

angles. Adults may have used a feature matching strategy because it was more 

efficient, but children may have used a feature matching strategy because mental 

rotation is a difficult task and the cube figures are visually complex. The children 

might have tried to switch to an easier strategy, namely feature matching, but were 

unsuccessful based on their higher error rates. 

Overall, the behavioral and the neuroimaging data suggest that many children 

between the ages of 9 and 11 years are successfully able to mentally rotate abstract, 

complex stimuli while others find the mental rotation task too difficult and will find it 

necessary to revert to an alternate strategy, perhaps featural, strategy. The complexity 

of the mental rotation task may lead children to adopt a strategy that relies on breaking 

down the stimuli to featural components. Even for the children that are successfully 

able to mentally rotate, they committed more errors and take longer to perform mental 

rotation than teenagers and adults. Along with several other studies, this study 

demonstrates that the visuospatial system continues to develop into the adolescent 

period. 
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V. CONCLUSION 

A series of three studies were presented in this dissertation. The overall goal of 

this dissertation was to take a closer look at the data presented in the mental rotation 

literature and to understand the processes involved in mental rotation from a 

behavioral, neuroimaging, and a developmental perspective. Mental rotation is a very 

well studied topic and there are many researchers with different theories and different 

methods to study mental rotation. Although the basic behavioral phenomena from the 

mental rotation tasks were widely reproduced, fundamental theoretical questions about 

the nature of mental visuospatial transformation such as 'How are the objects and the 

transformations represented internally?' and 'What are the neural systems that underlie 

the process of mental rotation?' remained unanswered. Recent advancements in 

neuroimaging technology can facilitate inquiry about associations between mental 

operations and the neural systems that mediate them. In fact, the recent neuroimaging 

studies pointed to a need for a closer examination of the behavioral literature on 

mental rotation because of the varied brain regions reportedly involved with mental 

rotation.  

In Study 1, the goal was to explore the differences observed in previous studies 

of mental rotation and re-evaluate the method for assessing mental rotation 

performance. The major finding from this experiment was that the instruction to use a 

Feature Matching strategy had a significant effect on RT performance. For both the 

UC and MC stimuli, the instruction to use a Feature Matching strategy changed the 

pattern of responses. Specifically, compared to the Mental Rotation task conditions, 
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slope values in the Feature Matching conditions were significantly reduced, suggesting 

a change in how the participants were processing the target stimuli. The striking 

difference between studies in the mental rotation literature is the difference in slope 

values for the different stimuli types. The slope values for the cube figures are often an 

order of magnitude different for the slope values for the hands and alphanumeric 

stimuli. Overall, this study stressed the importance of examining slope values to 

compare mental rotation performance. The differences in slope values seem to signify 

important systematic variations in the processing of the different stimuli. The 

converging evidence on mental rotation processes imply that the mental rotation 

process is affected by a combination of factors including: properties of the stimulus, 

frame of reference, and the strategies employed to accomplish the task. 

In Study 2, the purpose was to examine the effect of stimulus type on strategy. 

Specifically, we posited the differences in the mental rotation neuroimaging literature 

were a reflection of different strategies employed due to stimuli differences. We 

expected to find different stimuli eliciting different strategies and the evidence for the 

different strategies would emerge from both the behavioral data and the patterns of 

neural activation. Our results found differing patterns of activation different stimulus 

types with the same task instructions that suggests that stimuli does affect the actual 

strategy being implemented. In general, the pattern that emerged was consistent with a 

distinction between a Mental Rotation and a Feature Strategy. Moreover, the patterns 

of activation were consistent with studies suggesting the left parietal region being a 

featural processing region and the right parietal area being a spatial manipulation 
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region. Our results suggest that a salient feature on a stimulus could result in patterns 

of neural activations that are similar to featural processing whereas the same, 

unmarked stimulus could result in patterns of neural activation that are similar to 

whole object processing. Our results underscore that mental rotation is not a simple 

process. Like more cognitive processes, mental rotation appears to be carried out by a 

system of operations working together. Understanding the contributions of different 

operations to the overall process will require a series of additional studies. 

Nevertheless, our studies raise an important issue that even though participants are 

given instructions to perform a certain task, we can only infer what they are actually 

doing. People may adopt a strategy for doing a task that is influenced by the stimuli 

used in the experiment regardless of task instructions.  

Though many studies have examined behavioral developmental differences in 

mental rotation performance, only a few studies examined the neural development that 

accompanies mental rotation performance. Together, the profiles of both cognitive and 

neural development gave insight to the complex brain-behavior relationship. Overall, 

the behavioral and the neuroimaging data suggest that some children between the ages 

of 9 and 11 years will find the mental rotation task complex. This age group will have 

more errors and take longer to perform mental rotation than teenagers and adults. This 

study offers evidence that the complexity of the mental rotation task may lead the 

children to adopt a strategy that relies on breaking down the stimuli to featural 

components; however, that strategy might not be efficient for such a complex task. 
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Along with several other studies, this study demonstrates that the visuospatial system 

continues to develop into the adolescent period. 

In conclusion, we found that both stimuli and task instructions had effects on 

the strategy used to perform a standard mental rotation task. Also, development had an 

effect on strategy. If one’s spatial analytic ability is still developing, complex 

visuospatial tasks may need to be made simpler. One of the central themes of these 

studies is that mental rotation is a complex mental process that involves many brain 

areas. There are many systems that are engaged in order to perform the basic visual 

processing through to the higher cognitive processing. For adults, the mental rotation 

task is difficult and they may choose to use a feature matching strategy if it is more 

efficient. This was evident in the behavioral data with the flattened slope for either the 

feature stimuli or the feature matching instructions. Also, the FMRI data illustrated 

different patterns of brain activation for the feature matching task and the feature 

stimuli that was separate from the mental rotation task with the unmarked cubes. For 

the children, the mental rotation task is also difficult and they may use a feature 

matching strategy if the task demands are too complex. This was evident from their 

flattened slopes for the greater angles of rotation as well as the increase in the brain 

areas related to attention to features from the Lo- to the Hi-Performing children. 

Therefore, the cognitive and neural resources needed to perform the mental rotation 

task are changing beyond the pre-adolescent period. 

Although the fundamental theoretical questions about the nature of mental 

visuospatial transformation such as 'How are the objects and the transformations 
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represented internally?' and 'What are the neural systems that underlie the process of 

mental rotation?' remain ambiguous, we are a little bit closer to an answer. We might 

be a bit closer to understanding mental rotation not just because of the introduction of 

FMRI, but it was also the re-examination of existing data. We saw differences in the 

data from previous studies, which made us question the criteria by which we labeled 

something mental rotation, namely the positive linear slope, for both the adults and 

children. Also, it encouraged us to examine our own data by breaking the analysis by 

stimulus properties and task difficulty. Therefore, overall, FMRI and the closer 

inspection of our data did help us to get closer to answering some of the fundamental 

questions about mental rotation. Perhaps there isn’t one answer because the brain is so 

dynamic and tailored to each individual performing different tasks with different 

stimuli. In any case, our general understanding has been improved and we can 

continue to build upon this foundation with future studies.  
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APPENDICES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Unmarked Cubes (UC; top row) in same (left) or mirror (right) 
configurations; Feature Cubes (FC; bottom row) 
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Figure 2. Both the Instruction (MR, FM) and Stimuli type (UC, MC) were significant 
factors in the how the response time varied as a function of angular disparity. 
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Figure 3. Accuracy of the response times for each of the 4 conditions: Mental Rotation 
and Unmarked Cubes (MR/UC), Mental Rotation and Feature Cubes (MR/FC), 
Feature Matching and Unmarked Cubes (FM/UC), and Feature Matching and Feature 
Cubes (FM/FC). 
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Figure 4. Mean response times were faster for session 2 than for session 1 in 
Experiment 2. 
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Figure 5. Response times were not significantly different in block 3 for the two 
sessions in Experiment 2 (both sessions had MR instructions) except at Angle 40. 
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Figure 6. Regression slope values for each block of trials for groups that saw the 
Unmarked Cube stimuli in Experiment 1 and Experiment 2. Each group had 2 sessions. 
In Experiment 1, Mental Rotation instructions were given in session 1 (MR/UC) and 
Feature Matching instructions were given in session 2 (FM/UC). In Experiment 2, 
Mental Rotation instructions were given for session 1 (MR/UC) and session 2 
(MR2/UC). 
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Table 1.  Significant activations after subtracted from control condition grouped by 
stimulus (modified from Ark, 2002); B=Bilateral, L=Left, R=Right, M=Medial; 
*PET studies; †TMS study 
 

 Areas of Activation 

Stimuli Authors 
(# of study participants) 

Superior 
Parietal

Visual Pre-
motor 

Cohen et al, 1996 (7M) B B(39,19) B(6)
Kosslyn et al, 1998 (12M)* B B(19)  
Richter et al, 1997 (5F) B B(39,19)  
Richter et al, 2000 (5M,5F) B  L(6) 
Jordan et al, 2001 (9F) B   
Carpenter et al, 1999 (6M,3F) R>L   
Barnes et al, 2000 (4M,2F) L B(19) L 
Wraga et al, 2003 (16M)* B R(19)  

3D cubes 

Lamm et al, 2001 (13M) B  B(6) 
Alivisatos & Petrides, 1997 (10M)* L  
Podzebenko et al, 2002 (5M,5F) R>L  R 

Alpha-

numeric  Harris & Miniussi, 2003 (16M, 17F)† R   
Kosslyn et al, 1998 (12M)* L B(17) L(6)
Vingerhoets et al, 2001 (5M,5F) * L L(17,18) M(6) 
Parsons et al, 1995 (6M,1F)* B  L(6) 

Hands 

Bonda et al, 1995 (10M)* L>R  B 
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Figure 7:  Standard Stimuli (top row) in same (left) or mirror (right) configurations; 
Feature Stimuli (bottom row) 
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Figure 8:  Control Stimuli for Standard Group (top row) and Feature Group (bottom 
row) 
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Figure 9. Stimuli within one block of trials in the FMRI Experiment.
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Figure 10. Response times for the experimental stimuli in the 4 conditions inside the 
scanner: Mental Rotation Instructions and Unmarked Cubes Stimuli (MR/UC), Mental 
Rotation Instructions and Feature Stimuli (MR/FC), Feature Matching Instructions and 
Unmarked Cubes Stimuli (MR/UC), and Feature Matching Instruction and Feature 
Cube Stimuli (FM/FC)
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Figure 11. Response times for the control stimuli for the 4 different conditions inside 
the scanner. 
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Figure 12. Accuracy for the experimental stimuli for the 4 different conditions inside 
the scanner. 
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Figure 13. Accuracy for the control stimuli for the 4 different conditions inside the 
scanner. 
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Table 2. Regions of Significant Activation for the whole-brain ANOVA analysis 
(p<0.005) 
 
Region of Significant Activation X Y Z MI 

(F) 
X Y Z MI 

(F) 
 Mental Rotation Feature Matching 
Right Middle Frontal Gyrus / Right BA 
9 

    -49.5 -10.5 32.5 -
0.2252 
(-5.45) 

Left  Precuneus     16.5 70.5 47.5 -0.314 
(-3.25) 

 
 Mental Rotation /  

Unmarked Cubes 
Mental Rotation /  
Feature Cubes 

Left  Inferior Parietal Lobule / Left  BA 
40 

    55.5 43.5 38.5 (0.283) 
4.22 

 
 Feature Matching / 

Unmarked Cubes 
Feature Matching /  
Feature Cubes 

Right Middle Occipital Gyrus / Right 
BA 18 

    -31.5 88.5 2.5 0.578  
(-3.86) 

 
 Mental Rotation /  

Feature Cubes 
Feature Matching /  
Feature Cubes 

Right Middle Frontal Gyrus / Right BA 
9 

    -49.5 -10.5 32.5 -0.283 
(-4.85) 

Left  Declive/Left  Fusiform Gyrus 28.5 70.5 -
15.5 

0.539 
(3.20) 

    

 
 Mental Rotation /  

Unmarked Cubes 
Feature Matching /  
Feature Cubes 

Right Middle Frontal Gyrus     -49.5 -13.5 32.5 -0.343 
(-5.81) 

Left  Middle Frontal Gyrus     22.5 -13.5 56.5 -0.436 
(-3.81) 

Left  Inferior Parietal Lobule     43.5 43.5 56.5 -0.650 
(-4.44) 

Left  Middle Temporal Gyrus     55.5 31.5 -6.5 0.4145 
(-3.22) 

 
 Feature Matching / 

Unmarked Cubes 
Mental Rotation /  
Feature Cubes 

Left  Inferior Parietal Lobule / Left  BA 
40 

43.5 55.5 50.5 0.642 
(3.74) 

    

Right Inferior Parietal Lobule / Right BA 
40 

-
52.5 

37.5 44.5 0.307 
(3.47) 

    

Left  Lingual Gyrus     10.5 52.5 2.5 -0.327 
(-3.74) 

Left  Cuneus / Left  BA 19     16.5 88.5 29.5 -0.460 
(-3.27) 

Left  Declive Left  Fusiform Gyrus     31.5 64.5 -15.5 -0.514 
(-3.29) 

Right Middle Occipital Gyrus     -19.5 88.5  17.5 -0.490 
(-3.29) 
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Table 3. Significant activation in the Parietal region from the whole-brain ANOVA 
(p<0.005). Coordinates are in x y z with max intensity and F-score in parentheses. 
 

 Right 
Hemisphere 

Left Hemisphere Right 
Hemisphere 

Left 
Hemisphere 

 Mental Rotation Feature Matching 
Superior Parietal    23 68 47 (-

0.208, -3.28) 
Inferior Parietal    43 47 43 (-

0.199, -3.31) 
Precuneus    16 70 47 (-

0.314, -3.25) 
 

 Mental Rotation / Unmarked Cubes Feature Matching / Feature 
Cubes 

Inferior Parietal    43 43 56 
(0.650, -4.44) 

 
 Feature Matching / Unmarked Cubes Mental Rotation / Feature Cubes 

Superior Parietal  41 57 49 (0.414, 
3.74); 29 69 47 
(0.477, 3.32) 

  

Inferior Parietal -51 37 40 (0.302, 
3.84) 

43 55 50 (0.642, 
3.74) 

  

Precuneus -10 63 40 (0.229, 
3.84) 
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Fig 14. Activation in the parietal lobe for the MR (red) and FM (blue) comparison 
(p<0.005). There is significantly more activation in the Precuneus, Superior Parietal 
Lobule, and Inferior Parietal Lobule for the FM conditions (xyz = 16 68 45).
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Table 4. Significant activation in the Middle Temporal (MT) region from the 
whole-brain ANOVA (p<0.005). Coordinates are in x y z with max intensity and F-
score in parentheses. 
 

Right Hemisphere Left Hemisphere Right Hemisphere Left Hemisphere 
Mental Rotation Feature Matching 

-45 59 -1 (0.144, 3.46) 48 77 11 (0.363, 3.57)   
 

Mental Rotation / Unmarked Cubes Feature Matching / Unmarked Cubes 
-53 61 -1 (0.381, 3.23)    
 

Mental Rotation / Unmarked Cubes Feature Matching / Feature Cubes 
 46 74 11(0.369, 3.25)   
 

Feature Matching / Unmarked Cubes Mental Rotation / Feature Cubes 
  -57 44 9 (-0.143, -3.72)  
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Fig 15. Activation in the MT region for the MR (red) and FM (blue) comparison 
(p<0.005). There is significantly more activation for the MR conditions (xyz = -46 59 
0). 
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Table 5. Significant activation in the Supplementary Motor Area (SMA) from the 
whole-brain ANOVA (p<0.01). Coordinates are in x y z with max intensity and F-
score in parentheses. 
 

Right Hemisphere Left Hemisphere Right Hemisphere Left Hemisphere 
Mental Rotation Feature Matching 

  -10 -9 55 (-0.106, -
2.95) 

10 -5 55 (-0.096, -
2.98) 

 
Mental Rotation / Unmarked Cubes Mental Rotation / Feature Cubes 

   6 24 66 (-0.184, -
2.83) 

 
Feature Matching / Unmarked Cubes Feature Matching / Feature Cubes 

  -10 -2 55 (-0.143, -
2.45) 

 

 
Mental Rotation / Feature Cubes Feature Matching / Feature Cubes 

  -11 -4 55 (-0.122, -
2.44) 

9 -2 55 (-0.170, -
2.95) 

 
Mental Rotation / Unmarked Cubes Feature Matching / Feature Cubes 

  -8 -7 55 (-0.102, -2.64) 10 -4 55 (-0.126, -
2.77) 
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Fig 16. Activation in the SMA region for the MR (red) and FM (blue) comparison 
(p<0.01). There is significantly more activation for the FM conditions (xyz = 10 -4 54). 
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Figure 17:  Stimuli in same (left) or mirror (right) configurations 
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Figure 2. Average Response Times for each angle of rotation of the stimuli for three 
groups: Adults, Teens, and Children. 
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Figure 19. Accuracy for each group at each angle of rotation: Adults, Teens, and 
Children. 
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Figure 20. Accuracy for each group when the participants with High Performance 
(High Accuracy) are separated from the participants with Low Performance (Low 
Accuracy). 
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Figure 21. Response times for each group when the participants with High 
Performance (High Accuracy) are separated from the participants with Low 
Performance (Low Accuracy). 
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Figure 22:  Control Stimuli for the FMRI Experiment. The figures on the left are 
examples of ‘same’ pairs and the figures on the right are examples of ‘mirror’ pairs. 
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Figure 23. Stimuli within one block of trials in the FMRI Experiment. 
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Figure 24. Response times for the experimental and control stimuli for the Adult and 
Child groups inside the scanner.
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Figure 25. Response times for the experimental and control stimuli for the Adult and 
Child-HiPerforming and Child-LoPerforming groups inside the scanner. 
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Figure 26. Accuracy for the experimental and control stimuli for both groups (Adult 
and Child) inside the scanner. 
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Figure 27. Accuracy for the experimental and control stimuli for all groups (Adult, 
Child-Hi Performing, and Child-Lo Performing) inside the scanner. 
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Table 8. Regions of Significant Activation for the whole-brain t-test analysis 
(p<0.005). Coordinates are x y z with max intensity and t-value in parentheses 
 

 Right 
Hemisphere 

Left 
Hemisphere 

Right 
Hemisphere 

Left 
Hemisphere 

 
 Kids-HiPerf Kids-LoPerf 

Precuneus / BA 19 / Superior 
Parietal Lobule  

 31.5   79.5   38.5 
(0.4428,   3.403) 

  

Precuneus (more medial)    16.5   49.5   53.5 
(-0.201,  -3.465) 

Middle Occipital 
Gyrus/Right Fusiform Gyrus 

  -37.5   76.5 -9.5 
(-0.651,   -3.783) 

 

Superior Temporal Gyrus    -61.5   22.5  -0.5  
(-0.484,  -3.79) 

 

Inferior Frontal Gyrus / BA 
47 / Anterior Cingulate  

-16.5 -16.5  23.5 
(0.216,  3.367) 

19.5  -22.5   -6.5 
(0.34,   3.159) 

  

 
 Adult Kids-HiPerf 

Superior Parietal Lobule 
 

   25.5   70.5   56.5 
(-0.895,    -3.61) 

Posterior Cingulate / BA 30  1.5   49.5   20.5 
(0.597,     3.172) 

  

Middle Temporal Gyrus  
(not MT/V5) 

 61.5   19.5   -6.5 
(0.6271,   4.113) 

  

Precentral Gyrus / BA6 
(lateral, not SMA)  

-55.5    1.5   11.5 
(0.6734,  3.344) 

   

Medial Frontal Gyrus/BA 
10/BA9  

 4.5  -58.5   17.5 
(0.587,    5.234) 

  

 
 Adult Kids-LoPerf 
Superior Parietal 
Lobule/BA7/IPL 

   40.5   58.5 53. 5 
(-0.686,    3.688) 

Superior Temporal Gyrus/ 
MT   

-46.5 52.5   23.5 
(0.4178,  5.982) 

   

Superior Temporal Gyrus 
NOT MT/NEAR LATERAL 
SULCUS 

-61.5   10.5    8.5 
(0.4298,  3.349) 

   

Posterior Cingulate -1.5   37.5    8.5 
(0.9104,   3.335) 

   

Anterior Cingulate / BA 24   1.5  -31.5   11.5 
(0.309,    3.376) 

  

Parahippocampal Gyrus -28.5   49.5    5.5 
(0.3274,  4.53) 
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Fig 28. Activation in the Parietal region for the Adult (red) and Child (blue) 
comparison (p<0.005). There is significantly more activation for Children throughout 
the right and left parietal lobes. 
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Fig 29. Activation in the Parietal and Fusiform region for the Hi-Performing Child 
(yellow) and Lo-Performing Child (blue) comparison (p<0.01). There is more 
activation for the Hi-Performing Children in the Precuneus and SPL and there is more 
activation for the Lo-Performing Children in the Fusiform Gyrus (y=78). 
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Fig 30. Activation in the Parietal region for the Adult (red) and Hi-Performing Child 
(yellow) comparison (top row, p<0.005) and the Adult (red) and Lo-Performing Child 
(blue) comparison (bottom row, p<0.005). There is more activation for the Hi-
Performing Children in the left SPL than the Adults and there is more activation for 
the Lo-Performing Children in the left SPL and IPL than the Adults. 
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Fig 31. Overall activation in the MT region for the Adult (left) and Hi-Performing 
Children (middle) and Lo-Performing Children (right). There is significantly more MT 
activation for the Adults than the Lo-Performing Children (p<0.05, corrected), but 
there was no difference between the Adults and Hi-Performing Children or Hi-
Performing Children and Lo-Performing Children. 
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