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The functional significance of ERP effects
during mental rotation
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Abstract

In a parity judgment task, the ERPs at parietal electrode sites become more negative as more mental rotation has to be
executed. This article provides a review of the empirical evidence regarding this amplitude modulation. More
specifically, experiments are reported that validate both the functional relationship between mental rotation and the
amplitude modulation as well as the temporal relationship both in single- and in dual-task situations. Additionally,
ERP effects are reported in the psychological refractory peiiRi@P paradigm with mental rotation as the second

task. Finally, unresolved issues are discussed that, | hope, might stimulate future research.

Descriptors: Event-related brain potentia(ERP), Cognition, Mental rotation, Processing related negativity, Mental
chronometry, Psychological refractory pericd@RP

One of the basic goals of cognitive electrophysiology is to estabprime the subsequent word; see, e.g., Rolke, Heil, Streb, & Hen-
lish the functional significance of a certain event-related potentiahighausen, 2001can be drawronly if the functional significance
(ERP effect, that is, describing the ERP effect in terms of specificmentioned above was established previously.

cognitive operations or processes that elicifar a very profound Thus, to establish the functional significance of a certain ERP
discussion, see Rugg & Coles, ls\gﬁthe functional significance effect is not only worth the effort from a purely psychophysiolog-
is established, the ERP effect then can be used as a “tool” tical point of view. Moreover, it is the requisite to enlarge the focus
investigate the cognitive operation in more detail. Because thef research from a psychophysiological ofie., “What is mea-
cognitive operation cannot be observed directly, the ERP effecsured by the ERP effectPto a cognitive ondi.e., “What do we
then can be used to indicate, for example, the presence or abserlearn about the cognitive operation by measuring the ERP effect?”
of the cognitive operation in specific situations, even without the In the following, a series of experiments is presented aimed to
need of an overt response. Moreover, the latency of the ERP effeestablish the functional significance of the ERP effects at parietal
can tell us something about the latency of the cognitive operationelectrode leads during ental rotation of characteT$e experi-

To give a recent example of this approach, the functionalments validated the functional as well as the temporal relationship
significance of the N400 amplitude modulation was established abetween the cognitive process of mental rotation and the orientation-
reflecting the semantic relatedness between a word and its contertlated amplitude modulation that is observable in this task. Ad-
(see, e.g., Kutas & van Petten, 1994; Osterhout & Holcomb, 1995 ditionally, recent experiments directly focusing on the cognitive
Assume a condition in which a word cannot be identified due to amaspects of mental rotation are reported. Finally, a number of
attentional overload manipulation. The conclusion that if the se-unresolved issues are discussed that, | hope, might stimulate future
mantic association between this unidentified word and a wordesearch.
presented later affects the N40O evoked by the subsequent word,

then the unidentified word was processed semantidalhd can . )
ERP Effects during Mental Rotation

) ] ~If characters are presented in a number of different orientations in
| am indebted to Frank Résler for the long-standing support | receive

in the past. | very gratefully acknowledge the following colleagues for theirdelther their regular format or left—right mirror reversed, the time to

valuable social and scientific support: Erwin Hennighausen, for teachindl€cide upon the parity of the character increases monotonically
me all the details regarding analogue and digital signal processing, anwith the angular displacement from the uprig@ooper & Shep-
Bettina Rolke, for her important contributions to many of the experiments

reported here. | also thank all the collaborators of the work described in this
article. The studies reported were supported by the German Research 'This review is restricted to ERP effects during mental rotation tasks

Foundation(DFG). with charactersas stimuli. Moreover, the results reported are limited to
Address reprint requests to: Martin Heil, Department of Psychology,ERPs obtained at the mid-parietal electrode lead Pz. Both aspects are
University of Hull, Hull HU6 7RX, UK. E-mail: M.Heil@hull.ac.uk. discussed at the end of this article.
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536 M. Heil
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Figure 2. Grand average event-related potentials obtained from electrode
position Pz as a function of character orientation. Negativity is plotted up.

1000 - Character presentation ait= 0s. Data from the experiment of Heil et al.
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800 - Otten, Feenstra, Mulder, and Muldét989 with their results

replicated by Perronet and Farét989 and by Résler, Schuma-
cher, and Sojkg1990. The standard ERP effect most reliably
obtained at parietal electrode lea@ze Figure R consists of a

pronounced positive componefa P300 evoked by the presenta-

600 1 tion of the character. The amplitude of this positivity is inversely
related to the character orientation, that is, the amplitude becomes
relativelymore negativevith increasing angular disparity from the
upright.

400 . . . . . ‘ . Wijers et al. (1989 argued that the gradual decrease of the

positivity is caused by a modulation of a slow negativity that is
superimposed on the simultaneously prevailing P300, which itself
is independent of character orientation. Wijers et(4889 and
Rosler et al(1990 suggested that the negativity should be under-

—— parity judgement —O— character classification stood as a direct elgctrophysiological correlate of the mental

rotation process itse}?c Because the constant positivity and the

Figure 1. Mean response times as a function of_c;haracter orientation a”%rientation-dependent negativity are assumed to overlap in time,
type of task(parity judgment vs. character classificafion the decrease in positivity with increasing angular orientation is
measured as the net effect.

If valid, this, of course, would mean that the amplitude mod-

ard, 1973. If, however, subjects have to classify the character ag!lation could be used as a neurophysiological indicator of the
either a letter or a digit, response time is, at least after som&0gnitive process of mental rotation. For example, the ERP effect
practice trials, independent of the character’s orientatisee thus could provide independent evidence of whether or not mental
Figure 1. rotation is present in a certain task where it was suggested to be.
The most salient interpretation of this effect is that subjects carlloreover, theonsetof the effect could be used as a chronopsy-

classify, but are not able to judge the parity of a character withougoPhysiological marker for the onset of the process. Therefore,
an “orientation-normalization” process. It is generally assumedUite important debates in experimental psychology could benefit
(see, e.g., Shepard & Cooper, 198Bat a representation of the from that finding. )
letter is mentally rotated in a continuous way to align it with its _ Unfortunately, however, Wijers et al1989, Perronet and
upright orientation in which it is represented in mem¢sye, e.g., Farah (1989, and Rosler et al(1990 provided no empirical
Cooper, 1976; Heil, Bajric, Résler, & Hennighausen, 109his  evidence whatsoever for the assumptions mentioned above. The
process, referred to as mental rotation, takes an amount of time tht@in goal of this article is to review the empirical evidence
is proportional to the angular disparity from the upright. obtained during the last couple of years. Therefore, first the evi-
Although the termmental rotationis used throughout this dence regarding the functional relationship between mental rota-
article, none of the underlying logic of the experiments reportedion apd the amplitude quulation is presented. 'I.'herez.after, recent
here requires the full mental rotation hypothesis, that is, the as€xPerimental data regarding the temporal relationship are pre-
sumption of a continuous spatial transformation. These experiSented, and, finally, a first attempt is reported to use the amplitude
ments can be reframed as an empirical investigation of the functiondfdulation as a psychophysiological marker of mental rotation in
significance of the ERP effects during the orientation-normalizatiorPrder to address a theoretically important but empirically un-
process rather than as an investigation of the functional signifi/esolved problem in experimental psychology.
cance of the ERP effects during mental rotation.
The electrophysiological correlates of the mental rotation pro-

cess with characters as stimuli were first expléréyy Wijer The Functional Relationship between Mental
ploréy Wijers, Rotation and the Amplitude Modulation

0 60 120 180 240 300 360

Character orientation (degree)

2Stuss, Sarazin, Leech, and Pictd®83 compared the ERP effects of The functional relationship can be understood as the question of
mental rotation and picture naming but did not manipulate the orientatioivhether or not the amplitude modulation can indeed be traced back
of the stimuli systematically. to the process of mental rotation, or whether other processes
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Mental rotation and ERPs 537

involved in the task might be responsible for the effect to o[cur. Ifcondition, the amplitude modulation should be present despite the
the functional relationship is given, and that is the simplest line ofabsence of response execution.
reasoning, then the amplitude modulation should be absent, if the Therefore, we realized mental rotation in a different version of
task can be solved without mental rotati,én. As mentioned abovea 2AFC go—nogo taskHeil, Rauch, & Hennighausen, 1998
response times to classify a disorientadd probably even mirror-  which mental rotation should be present for both go and nogo
reversed character as a letter or a digit are independent of therials. The same stimuli were presented as in the task described
character’s orientatiorisee, e.g., Corballis & Nagourney, 1978; before/:l'he parity of the character now, however, determined go
Heil, Bajric, Rosler, & Hennighausen, 199&s a consequence, it versus nogo, whereas character classification determined the re-
is assumed that no mental rotation is involved in character classisponding hand. So, for example, for one subject, the instruction
fication. Therefore, no amplitude modulation as a function ofcould read: “Press a left-hand button in the case of a normal digit
character orientation should be present. but a right-hand button in the case of a normal letter. Do not
We realized mental rotation as a two-alternative forced choiceespond at all, however, if a mirror-reversed character—letter or
(2AFC) go—nogo taskHeil, Rauch, & Hennighausen, 1998he  digit—is presented.”
stimuli were the alphanumeric characters F, P, R, G, Q, 2, 3, 4, 5, In this version of the task, obviously, both go and nogo trials
and 7. Each character was presented either in its normal version amvolve character classification and also mental rotation in order to
in mirror image, rotated 30 9C°, or 150 either clockwise or determine the response. In concordance with the theoretical as-
counterclockwise from the upright position. Character classifica-sumptions, the amplitude modulation as a function of character
tion (letter versus digjt determined go versus nogo, whereas orientation should now be present for both go and nogo trials. The
character’s paritynormal versus mirror-reversgdetermined the results, in fact, fully confirmed these predictiofsee Figure %
responding handleft versus right So, for example, for one The question of whether a manual response had to be executed or
subject, the instruction could read: “Press a left-hand button in théad to be withheld turned out to be completely irrelevant for the
case of a normal digit but a right-hand button in the case of gresence of the amplitude modulation.
mirror-reversed digit. Do not respond at all, however, if a—normal  To summarize these findings, the study of Heil, Rauch, and
or mirror-reversed—letter is presented.” Hennighauseri1998 provided evidence that the amplitude mod-
Obviously, go trials involve character classification but also ulation as a function of character orientation is absent if the task
mental rotation in order to determine the responding hand. Nogeould be solved without mental rotation. If mental rotation, how-
trials, however, can be solved solely on the basis of characteever, is needed to solve the task, then the amplitude modulation is
classification with no mental rotation involved. Therefore, in con- present irrespective of whether a response is executed or withheld.
cordance with the theoretical assumptions of Wijers e{1889 These data provide first evidence suggesting that mental rotation
and Rosler et al1990, the amplitude modulation as a function of might constitute both a necessary as well as a sufficient requisite
character orientation should be present for go trials but should bér the amplitude modulation to occur.
absent for nogo trials. The results fully confirmed these predictions One important caveat, however, has to be taken into account.
(see Figure 8 The mental rotation task with characters as stimuli suffers from an
The simplest consequence of the functional relationship asimportant confounding. Presentation of the rotated character not
sumption was therefore validatésee also Heil et al., 1996that  only involves the mental rotation process itself, but might also
is, the amplitude modujation was absent when the task was solvedvoke processing of the difficulty of the rotation task. Unfortu-
without mental rotatiofi. However, in the task used by Heil, Rauch nately, both aspects are perfectly confounded. The greater the
& Hennighauseri1998), go trials and nogo trials do not only differ angular disparity from the upright, the more mental rotation has to
as to whether the process of mental rotation was present or absetg executed. At the same time, however, an additional relationship
but also as to whether a response had to be executed or W)'(hheltjolds true: The greater the angular disparity from the upright, the
The question of response execution itself, however, should benore difficult the task at hand j§. So one might argue that it is the
completely irrelevant for the presence or absence of the amplitudprocessing of the difficulty information rather than the mental
modulation. That is, if mental rotation was to be used in a nogorotation process itself that causes the amplitude modulation. UlI-
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Figure 3. Grand average ERPs as a function of character orientation for gd-igure 4. Grand average ERPs as a function of character orientation for go
trials involving mental rotatiorleft) and nogo trials solved without mental trials (left) and nogo trialgright) when both are involving mental rotation.
rotation(right). See text for the description of the experimental procedure.See text for the description of the experimental procedure. Data from Heil
Data from Heil et al(1998. et al. (1998.
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538 M. Heil

sperger and Gill€1988, for example, found that the P300 ampli-' The Temporal Relationship between Mental Rotation
tude evoked by a stimulus that signals the difficulty of a forthcomingand the Amplitude Modulation

task is related to the difficulty information conc_elve_d. An additional strategy for examining the relationship between
Therefore, the two aspects of mental rotation itself and pro-

cessing of difficulty information, usually confounded, were sepa mental rotation and the amplitude modulation is to investigate the
O AR . S “temporal aspects of the cognitive procéasd its proposed elec-
rated in time in the study of Bajric, Rosler, Heil, and Hennighause b P 9 procéa prop

. r‘Erophysiological correlajgn more detail. In doing so, it is possible
(1999, wsgal cue was preserde s before the character_for_the to take advantage of the high temporal resolution event-related
mental rotation task. The cue—an arrow—provided valid infor-

otentials do provide, a resolution that is not achieved by alterna-

mation about the a_ngular o_nentanon of the. character presentegbe brain imaging techniques like PET or fMRI providing a higher
later. Therefore, the information about the difficulty of the task Wasspatial resolution

given by the cue. Mental rotation itself, however, could not have This second strain of research, therefore, reads as follows:

' Iaﬁven that the amplitude modulation of the ERP due to character
orientation directly reflects the process of mental rotation, then the

planation based on the difficulty information. The effects of the onset of the amplitudg modulation consequently.should refle_ct the
orientation of the cue and the orientation of the character differeci:.)nset of the_ process |ts_ f Moreov_er, an experimental manipula-
according to their polarityand also according to the topography: ion prolonging mformgtlon processing st_ages before mental rota-

' tion and, thus, postponing mental ro?on itself should also postpone

two aspects were successfully separated in time.
The results(see Figure bclearly falsified the alternative ex-

see Bajric et al., 1999In fact, the amplitude of the P300 elicited the onset of the amplitude modulatién. Finally, experimental ma-

by the cue was more posilive when the cue signaled a mor?\ipulations affecting the duration of processing stages involved

dn‘IlcuIt tai_k (ie. n(t:)nluprtlg?t p0|hnt|ng Pres¢|9_n_ttat;ort1hof the” ckhar- after mental rotation has finished should have no effect whatsoever
acter evoking mental rotation, however, elicite e well- nownoln the onset of the amplitude modulation.

effects, that is, the potential was the more negative the more mental According to traditional theories of mental rotatiéag., Cor-

rotation had to be executed. . . .
. . allis, 1988; Shepard & Cooper, 1982unctionally independent
Atleast, these data S.hOW that the_amplltm_je modunlatlon Was Nk o rmation processing stages can be differentiated in a mental
evoked by the processing of the difficulty information but was

closely linked to the process of mental rotation itself. The data dorotatlon task. These ad) perceptual encoding?) identificatiory

. . discrimination of the character and identification of its orientation,
not prove that in a standard mental rotation task the two process

. . e i . ?%) mental rotation itself(4) judgment of the parity(5) response
fjmentallrotalt'l[on _aﬂf proclests;ln?hof dlﬁlc?tlwtytlhfclrhmat)tan((:ijeegt Igelection, and6) response executigz. These stages are assumed to
o overiap. 1L might Simply be Ihe case thal In Ihe standard tasi, organized sequentially with discrete information transmission

processing of the difficulty information is not relevght. If, how-

. . from one stage to the next. The discrete and sequential nature of
ever, this aspect does also take place in the standard task, the_”’tl’?e model currently is under debaee, e.g., Ruthruff & Miler,

anﬁthlng}[_, thted effect size of the amplitude modulation is 1995; Stoffels, 1996 The empirical evidence from experimental
underestimated. Spsychology so far suggests that the processes are either organized

tha the aterntiv interprestion fo he ampltucde modafon wair, & SUTCLY sequential mannde.g., Stoffels, 1996 or that con
P piitu u ecutive processing stages do overlap but only to a very small

faIS|f_|ed by these data. At the ”?Ome”tz the process of rner'tagxtent(e.g., Ruthruff & Miller, 1993. Given that this dichotomy is
rotation seems to be the most valid candidate in the search for t ot the purpose of the present review, based on the empirical

C?I\J/isev\?f t?e arrrlplltui?(ia rrilradulatilgln. from ailt?ve?'Stimvomt%'Cil Eomgvidence available, the assumption seems quite valid that these
ot view, of course, It 1S Impossibie 1o positively prove the func- subprocesses are executed successively.

tional relationship between mental rotation and the amplitude mod- That, of course, means that if the temporal relationship model

“'a"‘.’f‘- The.data pregented S0 far, howe\{er, at Iea§t shqw that "8 valid, then (a) the experimental manipulation of perceptual
empirical evidence exists against the functional relationship mOdelencoding should affect the onset of the amplitude modulation as

Th_e predictions we t_e_Sted so far based on the functional relatlons'hould(b) the experimental manipulation of character identification
ship model were verified.

discrimination, wherea&c) the experimental manipulation of the
parity judgment should have no effect.

We tested these predictions in a number of experiments. By
comparing a high perceptual quality condition with a low ¢less
contrast and visual noise addedve (Heil & Rolke, 2002a, Ex-
periment 2 manipulated the duration of perceptual encoding. This
manipulation had an effect on response times of about 200 ms that

0 was additive with the effect of orientatigeee Figure § suggest-
Y ing that the process of mental rotation was delayed in the case of
5 a low perceptual quality because of a prolonged perceptual encoding.
Figure 6 also presents the amplitude modulation as the differ-
10 ence potential calculated by subtracting thé 8m the 150

condition®/There is an amplitude effect present that was not
predicted by the model that we will ignore for the moment and
T 180° come back to at the end of this article. More important, there is
clearly an onset-latency effect present: In the low perceptual qual-

Figure 5. Grand average ERPs as a function of cue orientdfiefit) and
character orientatiofright). See text for the description of the experimen-
tal procedure. Data from Bajric et d(1999. 3For the original waveforms, see Heil and Roliz902a.
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Figure 6. Left: Mean response times as a function of character orientation 30 90 150
and perceptual quality. Right: Mental-rotation-related amplitude modula-
tion (difference waveforms 180minus 30) as a function of perceptual
quality. Data from Heil and Rolké2002h.

Figure 7. Left: Mean response times as a function of character orientation
and discrimination difficulty. Right: Mental-rotation-related amplitude mod-
ulation (difference waveforms 150minus 30) as a function of discrimi-
nation difficulty. Data from Heil and Rolké2002h.

ity condition, in which the onset of the cognitive process of mental
rotation is delayed, the onset of the amplitude modulation isof the mental rotation process is delayed due to a manipulation of
delayed, tog. Moreover, the version of the charagiermal versus  either the perceptual encoding or the character classification and
mirror-reverseg, affecting the duration of the parity judgment discrimination process. An experimental manipulation affecting
processing stage, had no effect whatsoever on the onset of thke parity judgment process, however, does not affect the onset of
amplitude modulation. To sum up, this experiment provided thethe amplitude modulation at all, even if the RT effect turns out to
first empirical evidence for the temporal relationship betweenbe of comparable size.
the cognitive process of mental rotation and the amplitude modu- The empirical evidence reported with respect to mental rotation
lation in the ERP. in single-task situations, however, cannot be automatically gener-
The same pattern of effects should also be found if the subalized towards mental rotation in dual-task situations. Heil and
sequent processing stage after perceptual processing but befdRelke (2002h, therefore, tested the validity of the temporal rela-
mental rotation, that is, character identification and discrimination tionship model in dual-task situations in which a considerable
is manipulatey( For this end, weleil & Rolke, 2002a, Experiment amount of ERP component overlap occurs.
2) went back to an experimental manipulation originally intro- 7/ In this experiment, subjects were presented sequentially with a
duced by Ruthruff,and Mille(1995 with response times as de- tone and a character with the sfimulus onset asynch(8GQA)
pendent variablgé. In this experiment, four different charactersnanipulatedeither 50 or 350 rﬁ%he tone had to be classified as
(e, F, g, 7 were used for the parity judgment. In each of the four high or low in pitch by a button-press response. The task for the
blocks, only one of two possible characters was presented in eadharacter(character classification vs. parity judgmgrtiowever,
given trial with the subject being aware of this manipulation. In thewas dependent upon the tone classification. So, for example, for
easy character discrimination blocks, the two characters used weane subject, the instruction was if the tone is low then decide if the
very dissimilar and thus, easy to identify and discrimin@tg., an  character is a letter or a digit; if the tone is high, however, decide
e or an Bﬁn the difficult character discrimination blocks, how- whether, the character is presented in normal or mirror-reversed
ever, the mirror version of the one character was quite similar to‘ormat/lrhe implications of this manipulation are straightforward:
the normal version of the other character uged., an F and a)7  With the long SOA, subjects have time to classify the tone before
Response times replicated the results of Ruthruff and Millerthe character pops up. Therefore, they should be able to go ahead
(1995; see Figure 7. The effect of character discrimination diffi- with the task indicated by the tone with no dejy. If the SOA is
culty and orientation turned out to be additive, suggesting that thishort, however, no information regarding which task is required is
manipulation delayed the onset of mental rotation proper. In acavailable when the character is presented. Therefore, subjects should
cordance with the temporal relationship model, the onset of thgostpone the processes involved in order to respond to the char-
amplitude modulation vyas delayed if character discrimination wasacter(classification vs. mental rotatipmintil they know what task
difficult (see Figure Y/Response time&RTs) for normal charac- was indicated by the tone.
ters were some 150 ms shorter than RTs for mirror-reversed char- As a consequence of that, the processing delay induced by the
acters, an effect assumed to be due to a prolonged parity judgmeBOA manipulation should be additive with the orientation effect if
stage(Shepard & Cooper, 1982Nevertheless, the onset of the the tone indicates mental rotation. Moreover, an amplitude mod-
amplitude modulation was the same irrespective of the parity. ulation as a function of character orientation should only be present
The two experiments reported so far validated the temporalf the tone indicates the mental rotation task. Finally, the amplitude
relationship model. The onset of the amplitude modulation as anodulation in the mental rotation task should be delayed if the
function of character orientation is delayed in time when the onseSOA is short because the process of mental rotation is postponed.
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540 M. Heil

1400 chronopsychophysiological marker for the onset of mental rotation
process proper.

Applying the Results to an Open Question

1200 A 7 in Experimental Psychology

In the following section, first the basic principles of the psycho-
logical refractory period PRP paradigm and the central bottle-
neck model(Pashler, 1994are reported. Then, the contradictory
1000 . S .
0 500 RT data concerning mental rotation in the PRP paradigm are
ms reviewed, with a possible theoretical solution originally suggested
by Ruthruff, Miller, and Lachmaii1995. Finally, recent ERP data
(Heil, 2002 will be reported as the first empirical support for this
800 1 theoretical claim.
The logic of the PRP paradigm reads as follows. The stimuli for
- -+ - SOA S50 ms two different taskgS1 and S2are presented in rapid succession
SOA 350 ms with the interval between theithe SOA varied. Participants are
600 ' ' ' asked to respond to both stimuli as quickly as possible with the
30 90 150 restriction (imposed in most but not all studiethat R1 should
Figure 8. Left: Mean response times as a function of character orientatiorPrecede RZ. Whereas RT1 proved to(tv@re or lessindependent
and SOA between the tone and the character in trials in which the ton®f SOA, decreasing SOA resulted in sharp increases of ®&
indicated a parity judgment task. Right: Mental-rotation-related amplitudeso-called SOA effe¢t Numerous studies using this paradigm have
modulation(difference waveforms 150ninus 30) as a function of SOA  produced results that are more or less in line with the central
in the mental rotation condition. Data from Heil and Rol2902b. bottleneck modelPashler, 1994 According to this model, the
chain of processing stages for each choice-reaction task can be
divided into three successive classes of processing stages:
prebottleneck stages, such as preprocessing or feature extraction,
Heil and Rolke(2002h obtained exactly the data predicted () stages of information processing that do require access to the
above. If the tone indicated a character classification task, both REgntral bottleneck, such as response sele¢tien, e.g., McCann &
and ERPs were independent of character orientation. If the to“%ohnston, 19920r short-term memory scannin@deil, Wahl, &
however, indicated a mental rotation task, RT revealed that th‘ﬁerbst, 1999, and(3) postbottleneck stages, like program loading
SOA effect and the orientation effect were additisee Figure 8 and motor adjustment. It is assumed that for any one task, this
suggesting that indeed the process of mental rotation was posgnain of processing stages is executed consecutively. In the case of
poned if the SOA was short. The ERP data, in fact, validated thigy,a|-task performance, the central bottleneck model allows for any
conclusion. The onset of the amplitude modulation was clearlyy|ass of processing stages of Task 1 to occur in parallel with any
delayed; see Figure 8. To sum up, these data show that the tergrass of processing stages of Task 2 with just one but important
poral relationship between mental rotation and the amplitude modrestriction: Processes that require the central bottleneck cannot
ulation does also hold in the case of dual-task situations in whichycoyr in parallel!
multiple stimuli are presented in short succession evoking a con-  There are important consequences of this processing model for
siderable amount of ERP component overlap. the PRP paradignisee Pashler, 1994, for a detailed account
Therefore, the empirical evidence regarding the temporal relagijyen the first task to be a simple high—low tone discrimination
tionship between mental rotation and the amplitude modulation s@nq the second task to be a visual discrimination task, let us first
far is quite convincing. Whatever experimental manipulation wasgnsider the case of a low task-overlap condition, that is, a long
used to postpone the process of mental rotaji@mceptual quality, goa. At some point after the tone had been presetaed thus,
difficulty of character classification, or SOA in a dual-task sitpa- ¢ processing chain for Task 1 has staytéie visual stimulus is
tion, respectively, the amplitude modulation was also postpoffed. yresented, and the chain of processing stages for Task 2 starts. At
At the same time, the difference between normal and mirror{he time response selecti¢a central bottleneck processf Task
reversed characters despite producing RT effects of about the sameg o begin, response selection of Task 1 is already finished—
size had no effect on the onset of the amplitude modulation. Fromy,s the central bottleneck is available for Task 2, and can start
a theoretical point of view, this is what was expected, because thi@orking without interference from Task 1. Therefore, in the low
manipulation was supposed to have affected the duration of progyerjap condition, RT2 is assumed to be equivalent to the RT in a
cessing stages located after mental rotation was executed. To SUfthgle-task condition.
up, all these data suggest that the onset of the amplitude modula- Next, let us consider the case of a high task-overlap condition,
tion as a function of the orientation of the character provides apg¢ is, a short SOA. Task 1 and Task 2 processing overlap tem-
porally, with Task 1 processing assumed to be unaffected by Task
“The postponement in ERP onset latency was always smaller than th@ Processing. Prebottleneck processes of Task 2 start as soon as S2
RT effect. This discrepancy, however, might be accounted for by methodiS presented, and they are assumed to be unaffected by Task 1
ological reasons. The RT-effect is based on the mean of the discretgorocessing. However, as soon as response sele@icmy other
A ey oo e Somsan e om e a  o apaegEnel botieneck procesaf Tas 2 is atlampted, a ‘cogive
waveforms averixged. "rhe onset 0;‘ the ERP effect is therefore det(grmine ack time” is (_:reated' Bottleneck processes of Task 2 ha\_/e_ to be
more by trials in the fast end of the RT distributi¢see Meyer, Osman, ~POstponed until after bottleneck processes of Task 1 are finished,
Irwin, & Yantis, 1989. and as a consequence, the SOA effect is created.
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Given these assumptions to be valid, then the PRP paradigrane orientation-dependent cognitive process involved in the men-
can be used as a diagnostic tool to establish the locus of atal rotation task but, actually, two. If one of these processes can be
experimental manipulation with respect to the central bottleneckcarried out without assistance from the bottleneck mechanism
as suggested by Pashlg994). If the effects of Task 2 manipu- whereas the other cannot, then the former one could be responsible
lation and the SOA effect are additive, then the manipulationfor the underadditivity whereas the latter one could be responsible
prolongs processes that require access to the central bottleneckor the very strong residual orientation effect at the shortest SOA
Because bottleneck processes of Task 2 have to wait until bottleisee also Ruthruff & Miller, 1996
neck processes of Task 1 are completed, the effect of the experi- Because this idea definitely would perfectly predict the pattern
mental manipulation is completely postponed until the end of theof results, it is quite appealing. Unfortunately, however, | am not
cognitive slack time. aware of any published independent empirical evidence for the

If there is an underadditive interaction of these effects, how-assumption that there are two independent cognitive processes
ever, then the process affected by the manipulation is to be locateidvolved in the mental rotation proce&mpirical support for this
prior to the central bottleneck. If the process does not requirassumption could open the deadlock created by the experiments
access to the central bottleneck, the cognitive slack time can bimvolving mental rotation in the PRP paradidideil et al., 1999;
used for this process, and as a consequence, the effect should Bethruff et al., 1995; Van Selst & Jolicoeur, 1997 his, in turn,
attenuated with increasing task overlap. In fact, the central bottlewould create the possibility for ending a very unsatisfying situa-
neck model allows the prediction of the amount of underadditivity,tion, in which researchers simply agree that they cannot really
based on the cognitive slack tinfestimated by the SOA effect explain a reliable pattern of results.
and probabilistic processing stage duratigese Ruthruff et al., Therefore, wdHeil, 2002 recorded the mental-rotation-related
1995, for the model details amplitude modulation in the PRP paradigm. On each trial, partici-

In three recent studigdeil et al., 1999; Ruthruff et al., 1995; pants first made a speeded response classifying a tone as high or
Van Selst & Jolicoeur, 1994 tone discrimination was used as low and afterward judged a character as being presented normal or
Task 1, and a character that was to be mentally rotated in order tmirror-reversed by a second key-press response. The SOA between
judge its parity was used as S2. The critical question was whethehe tone and the character was either 50 ms, 200 ms, or 350 ms.
mental rotation requires access to the central bottleneck. Ignoringdditionally, in a quarter of the trials, no character was presented
minor methodological differences between the three studies aat all after the tone in order to prevent response groufseg, e.g.,
well as minor differences in the results, the situation is quitePashler, 1994
straightforward but theoretically puzzling: First of all, most of the ~ Response times replicated our previous res(iisil et al.,
experiments reported reliable underadditive interactions betweeh999. RT1 was more or less independent of SOA. RT2, however,
the SOA effect and the orientation effect. The magnitude of theincreased as a function of character orientation and was the longer
orientation effect is attenuated as the overlap between the torde shorter the SOAsee Figure ®7 Close inspection of Figure 9
discrimination and the mental rotation task is increased. Secondyill eventually also reveal the small but reliable underadditive
however, a very strong residual orientation effect remained preserinteraction between SOA and character orientation. Again, the
despite a large amount of cognitive slack time. In fact, the centralnderadditivity observed turned out to be much smaller than pre-
bottleneck model would predict a much stronger attenuation of thelicted by the central bottleneck model. The onset of the mental-
orientation effect if mental rotation does not require access to theotation-related negativity expressed as the difference potential
central bottlenecksee Ruthruff et al., 1995 between the 150and the 30 condition, however, was completely

The first result excludes the possibility that mental rotationindependent of the SOA. That is, whatever the SOA, the amplitude
does require access to the central bottleneck, whereas the secomddulation starts at the very same time.
result excludes the possibility that mental rotation does not require  We want to stress, at this point, the similarity between the
access to the central bottleneck. The model suggested by Pashidual-task study reported earliéHeil & Rolke, 2002h and the
(1994, however, allows exactly for these two possibilities, both of PRP study(Heil, 2002. The former one, however, relied on a
which are to be rejected on the basis of the empirical data availablestrategic postponement of the process of mental rotation. In the

This contradictory situation in experimental psychology hasshort SOA condition, subjects simply do not know whether they
been obvious for a couple of years ngand is mentioned in all are asked to do mental rotation or character classification, and as
three papens but no real solution has emerged yet. Van Selst anda consequence of that, they most probably postpone all the pro-
Jolicoeur(1994), for example, discuss the assumption of proba-cesses related to mental rotation until they know for sure that this
bility mixtures. For instance, it might be possible that some sub-s the task required. In the PRP paradigm, however, subjects know
jects can perform mental rotation without access to the centrafor sure that they are required to mentally rotate the character.
bottleneck whereas the majority cannot. Alternatively, it might beAccording to Pashlef1994), the response times reveal the conse-
possible that all subjects can perform mental rotation withoutquences of a supposedly structural postponement due to processing
access to the central bottleneck, but they do so only on occasionémitations imposed by the central bottleneck that is unavoidable
trials. None of these probability mixture models is very appealing,by the system(see Pashler, 1994However, the strategic post-
however, and in fact, the empirical evidence shows no support foponement resulted in a delay in the onset of the mental-rotation-
any of these modelée.g., Heil et al., 1999 related amplitude modulation, whereas the structural one did not.

One solution for this contradiction was offered in the literature:
Ruthruff et al.(1995 consider the possibility that there is not only

6Some authorge.g., Ruthruff et al., 1995argue that character iden-
tification times are orientation dependent. The empirical evidence, how-

STheoretically, it is also possible in this case that the experimentalever, clearly contradicts this claim; see, for example, Heil et1£196.
manipulation prolongs processes located after the central bottleneck; see ’In PRP experiments, RT data are regularly shown in graphs with SOA
Pashler(1994. This possibility, however, is of no relevance for the exper- presented at the abscissa. This habit was violated in Figure 9 in order to
imental situations described in this article. realize a coherent presentation of the results.
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1300 + in psychophysiology, now, we hope, moves more towards exper-
imental psychology, a change from which both sides (cand, we
1200 - hope, wil) benefit.
2
7/
1100 - Pl Further Issues with Respect to the Electrophysiological
/’ Correlates of Mental Rotation
1000 - - g 2 The review presented here has focused on the functional as well
v as the temporal relationship between mental rotation and the
’ orientation-dependent amplitude modulation. As a consequence, a
900 + — number of important issues were ignored throughout the article,
0 500 ms and should at least be mentioned here.
800 - . . . . .
— —e— .S0A50ms Amplitude Effects in the Temporal Relationship Studies
77777 .- SOA 200 ms In some of the studiegsee above investigating the temporal
700 + relationship between the process of mental rotation and the onset
SOA 350 ms of the amplitude modulation, we obtained an unpredicted reduction
600 ‘ ‘ ‘ of the amplitude of the ERP modulation in those conditions in
30 90 150 which mental rotation was postponed. Some of this reduction

) ) ) ) __might be accounted for by methodological reasons. It is well
Figure 9. Left: Mean response times as a function of character orientatio

and SOA between tone and character in a PRP experiment. Right: Mentzk—nown that an. |n_crease in RT IS. a(?,companled.by an lncrefs\se in the
rotation-related amplitude modulatiddifference waveforms 150minus standa.rd deviation of RT‘_ This increase might result In some
30) as a function of SOA. Data from He(2002. smearing of the peak amplitude of the ERP effect. This would also

explain (at least in paptwhy the RT effect in these studies was
larger than the latency effect in the ER$2e also footnote)4lt is
still an open question, however, whether methodological reasons
) ) can fully account for the unpredicted amplitude effects. The em-
We are, actually, far from postulating that these data do finallypjrical evidence available so far, however, does not really justify
solve the problem presented above. But they are definitely a Wayheoretical reasons as an alternative. Some data suggest that infor-
forward on this approach. It is still perfectly possible that the mation processing in a mental rotation task should not be under-
whole central bottleneck modePashler, 1994simply is wrong  stood as being organized sequentially with discrete information
(see, e.g., Heil et al., 1999; Hommel, 1998; Meyer & Kieras, {ransmission(see below. More experiments are needed to see
1997a, 1997h and an alternative model might be able to explain yhether the supposedly nonsequential organization of information

the data(despite the f_act that it h_as not been proposed. yat processing can account for the amplitude effects.
regards to the alternative assumption put forward by Ruthruff et al.

(1999, however, these findings for the first time at least point T Topography of the Effect and the
towards a strategy of experimental investigation. Brain Structures Involved

~ Let us assume for a moment that Ruthruff et @999 are | 3| studies using ERPs, the orientation-dependent amplitude
indeed correct in claiming that there are two orientation-dependent,odulation showed its maximum at parietal electrode leads. Al-
processes involved in mental rotation, the first one working With'though there is some support for the notion that mental rotation
out access to the central bottleneck and the second one requiring,ouid be understood as a right parietal dominant fundiiog.,
access. The RT data, then, suggest that the first process causes ﬁ‘.ﬁric et al., 1999: Yoshino, Inoue, & Suzuki, 200€he majority
underadditivity, whereas the second is responsible for the strongs e papers published, however, suggest a bilateral cortical in-
residual orientation effect. The ERP data, now, would suggest thé\}olvement(e.g., Heil et al., 1996; Heil, Rauch, & Hennighausen,
the amplitude modulation is a electrophysiological correlate of thelggg; Heil & Rolke, 2002a; Résler, Heil, Bajric, Pauls, & Hennig-
first process, whereas the second is not reflected in the amplitudgaysen, 1995 This result fits perfectly with studies using fMRI
modulation. Still, we do not know what these two processes are ijemonstrating bilateral cortical activation in the superior and in-

det.ail? but if they do exist, then at least we do know how 0 ferior parietal lobe(see, e.g., Jordan, Heinze, Lutz, Kanowski, &
validate whether the first one is present in a certain task. Or, fro”]J'ancke, 2001; Richter et al., 2000

a different point of view, the experiments aimed at identifying the
relationship between mental rotation and the rotation related amgsfects of Stimulus Complexity and Type of Task

plitude modulation might benefit from a new momentum: The ap interesting but still unresolved question is whether the com-
search for the h_ypothe5|zeo_l two orlentatlon-dependen_t cognitiviexity of the stimulus antbr the type of the mental rotation
processes. That is, an experimental approach that was firmly basggsk affects “only” the difficulty of the process, or whether it
might introduce qualitative changes in the cognitive pro@ss
8More recent theorieée.g., Farah, 1995; Kosslyn, Maljkovic, Hamil- mvolvz_ed. The question cannot only be addressed from a purely
ton, Horowitz, & Thompson, 199%roke down the mental rotation process behavioral point of view(see, e.g., Bethell-Fox & Shepard,
into different subprocesses. It is assumed that while the image is actuall§988; Shepard & Metzler, 1988but also from a psychophysi-
rotated, control processes inspect and compare the transformed imag@logical one. By using fMRI, Jordan et a2001) showed that

These subprocesses are either assumed to occur in parallel, or in . . .
iterative chain(i.e., rotate, compare, rotate, compare, rotate).elduch ?Hore or less the same brain areas were involved during the

more empirical evidence is needed, however, before these new models cgaental rotation of three-dimensional-block figures similar to those
be applied to the problem ahead. used by Shepard and Metzl¢t971), of letters, and of two-
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dimensional abstract figures, respectively. Rosler, Heil, Bajric, PaulslJordan et al., 2001 Wexler et al.(1998 and Wohlischlager and
and Hennighausef1995 used a mental rotation task with abstract Wohlschlager(1998, however, based their argument on an ob-
two-dimensional figures in which participants had to rotate an im-served interference between mental and manual rotation. The exact
age on command of an instruction stimulus. Participants inspectelgvel of this interference, however, is still poorly underst@see

a starlike figure constructed from 12 black and white triangles. TherHeil, Rolke, and Hennighausen, 2002nd much more work is

the stimulus was withdrawn. On command of an instruction stim-needed to examine the role of motor processes in mental rotation
ulus, the memorized image had to be maintained for 9 s, to be ron more detail.

tated for 60, or to be rotated for 120The transformed image was

then compared with a test stimulus. In this situation, a very pro-Response Preparation during Mental Rotation?

nounced, long-lasting negativity appeared over the parietal cortexzinally, to complete the list of poorly understood aspects of
Its amplitude increased with increasing rotational angle. A tactilemental rotation from a psychophysiological point of view, one
version of the tasksee Rdder, Rosler, & Hennighausen, 1p97 has to mention the debate as to whether response preparation
yielded the same topographic pattern of effects, that is, an increasmn proceed during mental rotation or not. According to discrete
in negativity with increasing rotational angle at parietal electrodeserial stage models of information processifeg., Sanders,
leads(Rosler, Roder, Bajric, & Heil, 1995These results, however, 1980; Sternberg, 1969 this should not be possible, whereas
do not yet provide strong evidence as to whether the more phasiglternative modelde.g., Eriksen & Shultz, 1979; McClelland,
amplitude modulation reported in this review and the slow nega1979; Miller, 1988 explicitly allow for this possibility/ Theoret-
tivity observed by Rdésler, Roder, et 81995 are generated by the ically, the two-alternative forced-choice go-nogo task in combi-
same and only the same cortical tissue /amdhe same and only nation with the lateralized readiness potentieRP; see, e.g.,

the same cognitive procees). Miller & Hackley, 1992; Osman, Bashore, Coles, Donchin, &
Meyer, 1992; Smid, Mulder, Mulder, & Brands, 199@rovides
Individual Differences in the Mental Rotation Abilities the ideal approach to solve this dispute. Therefore, Band and

Mental rotation is one of the most important tasks to measureMiller (1997 presented rotated characters for the mental rota-
spatial intelligence, and, in fact, most of the gender differences irtion task in different colors. The color determined the respond-
spatial abilities have to be traced back to gender differences itng hand (left or right) whereas the parity of the character
speed and accuracy of mental rotatisee, e.g., Voyer, Voyer, & (normal vs. mirror-reversgddetermined whether the response
Bryden, 199%. Unfortunately, the relationship between individual had to be executed or withhejd. Because the color classification
differences in spatial abilities and their neuronal correlates are stilkould be done much faster than the parity judgment, the LRP
very poorly understoosee, e.g., Willerman, Schultz, Rutledge, & should provide evidence for response preparation during mental
Bigler, 1993. Rosler, Heil, Pauls, Bajric, and Hennighau$&894) rotation, if and only if this parallel processing is possible but
divided a larger sample of participants into two groups accordingnot if a discrete serial stage model is valid. Band and Miller
to their spatial intelligence scores, and found group difference$1997), in fact, obtained(almos) no LRP activity at all during
over left but not over right parietal electrode leads. Although theseanental rotation and therefore concluded that response prepara-
data fit nicely in Kosslyn'§1987) theoretical framework of mental tion is absent during mental rotatidsee also Stoffels, 1996
imagery, much more work needs to be done on this issue. To make In our two-alternative forced-choice go-nogo sttieil, Rauch,
things even more complicated, this work has to take into accoun& Hennighausen, 1998described in detail above, we also re-
the effects of practice on mental rotati¢see, e.g., Heil, Rosler, corded the LRP, and, in fact, obtained clear-cut evidence for response-

Link, & Bajric, 1998). hand preparation during mental rotation. The contrary results of Band
and Miller (1997) and of Heil, Rauch, and Hennighausgr998
Spatial Transformation versus Action Planning may be caused by the way the easy decision determining the re-

The involvement of the parietal cortex in mental rotation andsponding hand was realized. In our study, letter versus digit clas-
the fact that mental rotation is one of the most widely usedsification was used. Because it is generally assufaed, Jolicoeur
tasks to measure spatial abilities might, probably, make perfec& Cavanagh, 1992hat character identification is done before men-
sense for most readers. Mental rotation is understood as a tasél rotation, the information regarding the response hand can be seen
of spatial transformation, and spatial processing is believed t@s an obligatory by-product of the information processing that is
take place in the parietal cortefsee, e.g., Heilman & Valen- needed for mental rotation. Thus, even if participants exclusively
stein, 1993 /Based on this chain of reasoning, the finding of rely on mental rotation, the information for response-hand prepa-
Heil, Rosler, et al.(1998 fit into the overall pictur?eBy com- ration is present and, probably as a consequence, is actually used.
bining a spatial versus a verbal long-term memory retrieval task In the Band and Millel(1997) study, however, the responding
with a gender classification task for words versus a mentahand was determined by the color of the character, and thus, the
rotation task, the authors obtained a clear-cut double dissocissituation might be different. Mental rotation obviouslgn begin
tion. The gender classification task interfered much more stronglyvithout analyzing the color. Thus, in this study, the information for
with verbal than with spatial memory retrieval. More relevant, response-hand preparation is optional, and probably, therefore,
mental rotation interfered much more strongly with spatial thanparticipants might adopt a different strategy.
with verbal memory retrieval. Although this explanation is quite speculative, the distinction
Recently, however, the view of mental rotation as a spatial taslbetween—on the one hand—obligatory information that is present
located in the parietal cortex was challenged by an alternativén and indeed used by the system and—on the other hand—
view. Wexler, Kosslyn, and Berthd2998 and Wohlischlager and optional information that is not used might over and above the
Wohlschlagen1998 argue that mental rotation heavily relies on question of mental rotation have potential impact on mental chro-
motor processes. Some of the brain imaging studies using fMRhometry as such. Again, as with the other issues mentioned, further
indeed found activation in the motor cortés.g., Cohen et al., studies are strongly needddee, e.g., Heil, Hennighausen, &
1996 for at least some of the participants whereas others did no©zcan, 1998
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Summary and Conclusion cess of mental rotation is postponed. At the same time, the

L ) ) amplitude modulation is delayed.
In a parity judgment task, the ERPs at parietal electrode sites

become the more negative the more mental rotation has to be In a dual-task situation in which subjects strategically postpone
executed. It was claime@Wijers et al., 1989that this amplitude the process of mental rotation, the amplitude modulation also is
modulation should be understood as an electrophysiological cor- delayed.

relate of the mental rotation process itself. This article presented
the recent experimental investigations of this plausible although

. X : All these results confirm the hypothesis originally proposed by
speculative hypothesis that can be summarized as follows:

Wijers et al.(1989 regarding the functional significance of the
amplitude modulation obtained in mental rotation tasks. The am-
Classification of disoriented characters that can be done withouplitude modulation might indeed be a direct electrophysiological
mental rotation does not evoke the amplitude modulation. correlate of mental rotation. This most plausible hypothesis was
confirmed by experiments addressing both the functional and the

In a parity judgment task that involves mental rotation, theemporal relationship between mental rotation and the amplitude
amplitude modulation is present irrespective of whether a mang, qulation.

ual response had to be executed or withheld.

Applied to the PRP paradigm, the ERP results in themselves do
« Processing of the orientation of the stimukad thus, of the not solve the the_oretlcallylmportant pr_oblem outlined abov_e. They
do, however, point towards a cooperative strategy from which both

difficulty of the task does not evoke the amplitude modulation. ; . ) )
Moreover, the amplitude modulation also is present in experi-eXpe“memal psychology and cognitive psychophysiology might

mental situations where subjects know the orientation of theg ;otfr']te |t:‘s;ézsl\lu;fzggsesgfgzgc?%g ?:a(;:; I;%fjetr?riéo:arr?oztof
character before the character is presented. u u ) 9

areas that would benefit from experimental research into these

« If the perceptual quality of the character is reduced, the procesi$sues, however, would definitely include more disciplines, like
of mental rotation is postponed. At the same time, the amplitudd'@uroscience, spatial intelligence, individual differences, mental
modulation is delayed. chronometry, or motor processes. Despite more than 30 years of

research into mental rotation, there still exist many things we

« If the difficulty of character identification is increased, the pro- simply do not yet understand.
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