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Functional activation patterns of an auditory working memory task
wereexaminedprior to and after 5 daysof training (1 h/day).A control
group with no training was scannedtwice at the same intervals to
assesstestÐretesteffects.Basedon behavioral improvementscores,the
training group (n = 14) was divided into ÔÔStrong-Learners (SL)ÕÕand
ÔÔWeak-Learners (WL)ÕÕ.No significant functional or structural brain
differenceswere seenbetweenthe SL and WL groupsprior to training.
Imaging contrastscomparing post-with pre-training sessionsshoweda
significant signal increasein the left HeschlÕs gyrus (HG) as well as in
the left posterior superior temporal and supramarginal gyrus for the
SL group, while the WL group showedsignificant signal increasesin
the left HG and anterior insular cortex as well as in a lingual Ð
orbitofr ontalÐparahippocampal network. The testÐretest analysis in
the control group revealed only minimal signal increasesin a right
dorsolateral prefrontal region. A random effects analysis comparing
the SL group with the WL group using the post- and pre-training
contrast images showed increasedactivation only in the left supra-
marginal gyrus but not in HG. The importance of HG in pitch
discrimination has been established in previous studies. The pitch
memory component differentiated our task from a straight pitch
discrimination task. It is most likely that the activation of the SMG
reflects its importance in the short-term storageof auditory material,
and it was this activation that best differentiated between subjectsÕ
levelsof performance.
D 2005Elsevier Inc. All rights reserved.

Introduction

The functional activation patternsof training-induced,short-
term learning in the auditory domain have not been as well
examinedas thoseof training in otherdomains(e.g.,motor skill
learning).Thefew non-verbal,auditorytrainingstudiesin humans
that havebeenpublishedto date(CansinoandWilliamson,1997;
Menning et al., 2000; Janckeet al., 2001; Bosnyaket al., 2004)
have not providedconsistentresultswith regardto which brain

regions are modulatedby auditory training, whether training-
inducedperformanceimprovementis associatedwith increasesor
decreasesin regionalsignal,or how the improvementrate in the
given task actually relatesto the functional changesthat were
shown. In contrast,motor training studies(Jenkinset al., 1994;
Schlaugetal.,1994;Karni etal.,1995;Hazeltineetal.,1997) have
providedclearevidencefor signalincreasesin primaryandmotor-
relatedbrain regionsafter an initial learningphase,while in later
learning stages,more variation has been describedboth in the
directionof signalchangeandthe brain regionsaffected(Toni et
al., 1998). Whethersimilar effectscanbe detectedin the auditory
domainandwhethernon-verbalauditorytrainingleadsto changes
only in specializedneuronalcircuits within the primary auditory
cortexor alsoin higherorderauditoryassociationcorticeshasyet
to be determined.Animal experimentshaveshownan increasein
the cortical representationof trained frequenciesas well as a
correlation betweenthe size of the cortical representationand
training-induced performance improvement (Recanzone et al.,
1993). Others have found no training-induced changes in
frequencyorganizationin theprimaryauditorycortex,but changes
havebeenseenin the responsecharacteristicsof neuronswith a
frequencyimmediatelyabovethatof thetrainedfrequency(Brown
et al., 2004).

Studiesin humanshaveshowna relationshipbetweenauditory
training effects and electrophysiologicalchangesin frequency
discriminationdesigns(Cansinoand Williamson,1997; Menning
et al., 2000). A recentauditory discriminationtraining study in
non-musiciansfound evidencefor an enhancementof auditory-
evoked potentialsthat are typically localized to the secondary
auditory cortex, but no enhancement was found in evoked
potentials that are typically associatedwith primary auditory
cortex (Bosnyak et al., 2004). An fMRI study revealed a
relationship between signal decreases in both secondary and
primary auditory corticesand performancegains in a group of
strongimprovers,while no significantregionalchangeswereseen
in eitherthegroupwith weakimprovementscoresor theuntrained
control group (Jancke et al., 2001). The above-cited studies
reportedtraining-inducedchangesfollowing frequencydiscrimi-
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nationtrainingandthereforecanbeclassifiedasbasic(perceptual)
auditory learning studies(see Wright, 2001). The influence of
training on morecomplexauditory taskssuchas thoseinvolving
non-verbal,auditoryworking memoryrequiringa highercognitive
load has not beenexamined.Someof the previous,perceptual
auditory learning studieshad various shortcomingssuch as (1)
restrictingthe analysisto the superiortemporallobesonly, (2) no
examinationof correlationsbetweenbehavioralimprovementsand
functionalactivation,and(3) lack of a controlgroupto determine
testÐretesteffects.The importanceof correlatingbehavioraldata
with thefunctionalanatomywasdemonstratedby oneof our recent
studies in untrainedsubjectsin which we found a correlation
betweengoodperformancein a pitch memorytaskandincreased
activation of the supramarginal gyrus (Gaab et al., 2003).
Consideringthe mixed findings of previousstudies,the aim of
our presentstudywas to test (1) whethertraining on an auditory
taskthathascomponentsof bothmemoryandpitchdiscrimination
changesactivity in primaryand/orauditoryassociationareas,and
(2) whether auditory regions show MR signal increases or
decreasesas a result of the short-termtraining. In addition, our
intent was to improveupon previousauditorytraining studiesby
acquiringwholebraindataand,in particular, to examinetraining-
inducedchangesoutsideof temporalloberegions,controlfor testÐ
retestby addingacontrolgroupthatwouldbescannedtwice,relate
performanceimprovementwith imagingchanges,andusea sparse
temporalfMRI techniquethat seemsparticularly well-suitedfor
auditorystudies(e.g.,Gaabet al., 2003;Hall et al., 1999,2000).

Materials and methods

Subjects

Twenty-fournormal volunteers(agerange:19Ð34; 13 males,
11 females)participatedin this studyaftergiving written informed
consent.Although someof the subjectshad takengeneral,non-
instrumentalmusiceducationaspartof theirearlyeducation,none
of the subjectshadeverhadany instrumentalmusictrainingand,
therefore,can be regardedas non-musicians.All subjectswere
strongly right handed (Annett, 1970) and had no history of
neurologicalor hearingimpairment.This study wasapprovedby
theinstitutionalreviewboardof theBethIsraelDeaconessMedical
Center.

Experimentaltasks

Al l subjects performed a pitch memory task, which was
contrastedwith a motor control task (seeFig. 1a). During the
pitch memorytask,subjectswereinstructedto listen to sequences
of either 6 or 7 individual sine wave tonespresentedbinaurally
havinga total durationof 4.6 s for eachsequence.Subjectswere
askedto compareeitherthelastor thesecondto lasttone(specified
by thevisualpromptÔÔsecondlastÕÕor ÔÔverylastÕÕwhich appeared
immediatelyafter the last tone was played)to the first tone and
makea decisionwhetherthesetoneswereÔÔsameÕÕor ÔÔdifferentÕÕ
(Fig. 1a). The total numberof tonespersequence(6 or 7) andthe
comparisonto be made(ÔÔsecondlastÕÕor ÔÔvery lastÕÕtone with
first tone) varied acrosssequencesto reducethe possibility of
inattentionto the interveningtones.The intervalbetweenthe end
of eachtonesequenceandthe startof the visualpromptwaskept
constantfor both 6- and7-tonesequencesby introducinga short

pauseprior to the first tonefor the 6-tonesequences.No analysis
was plannedto comparethe 6-tone with the 7-tone conditions.
Subjectswereaskedto keeptheir eyesopenandfixate a crossin
the middleof the screenthatwasinterruptedonly for the purpose
of displayingthevisualprompt.Themotorcontrol taskwasa rest
conditionwith visual fixation, andsubjectswereaskedto pressa
buttonin responseto a visualprompt(ÔÔrightÕÕor ÔÔleftÕÕ).Thetime
lines for the pitch memorytask and the motor control task were
identical,andtherefore,the timing of the given visualpromptdid
not differ betweenthe two conditions.It alwaysappeared4.6 s
after the beginningof the auditorystimulationand4.6 s after the
beginningof the silenceperiod.

Eachtonewas300mslong with anattackanddecayrateof 50
ms.All tonesweregeneratedusingthesoftwareprogramCoolEdit
Pro(Syntrillium Software).A pauseof 300msseparatedeachtone
from the next. Target tonescorrespondedto the frequenciesof
semitonesin theWesternmusicalscale(basedon A = 440Hz) and
rangedin frequencyfrom 330Hz (D #4) to 622Hz (D #5).In those
trials in which thefirst andlastor second-to-lasttonediffered,the
absolutedifferencein frequencyvariedbetween41.2Hz and64.2
Hz (diff-1 = 41.2Hz; diff-2 = 44.6Hz; diff-3 = 51.7;diff-4 = 56.1
Hz anddiff-5 = 64.2Hz) amongall trials. In eachtonesequence,
the frequencyrangefrom the lowest to the highesttone was not
more than 108 Hz. The interveningmicrotones,whosepurpose
was solely to serveas distractors(modeledafter Deutsch,1974),
deviatedfrom the twelvesemitonesof theequaltemperedsystem.

All 24 subjectsweremadefamiliar with thepitch memorytask
approximately15 min prior to the first MR session.Investigators
explained the tasks using simple drawings of various tone
sequencesand a fixed numberof samplesfrom the stimulation
material.All subjectslistenedto the samenumberof trials. All
subjectsperformedabovechancein the pre-fMRI task familiar-
ization phase.Behavioral performanceduring the actual fMRI
sessionwascalculatedin termsof thenumberof correctresponses

Fig. 1. Task design,timing (a), and MR imageacquisitionprocedure(b)
usinga modifiedversionof a sparsetemporalsamplingtechnique.
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(%). The error rates(%) for eachof the five frequencydistances
(diff-1 to diff-5) for the ÔÔdifferentÕÕconditionsand the ÔÔsameÕÕ
conditionwerecalculatedseparately.

Training

Fourteenof the 24 subjectswere randomly assignedto the
training group. The training took place on 5 consecutivedays
beginningthe day after the pre-trainingfMRI sessionandending
theday beforethepost-trainingfMRI session(seeFig. 2). During
eachtrainingsession,subjectsperformedthepreviouslydescribed
pitch memorytask (seeabove)for 1 h with two short breaksin
between.The auditorytrainingwasnot adaptive.Training for the
motorcontroltaskwasnotprovided.Thetrainingduration(5 days)
waschosenbasedon previousauditorytrainingstudies.Menning
et al. (2000) trained subjectsfor 3 weeks,but their ability to
discriminate improved rapidly only during the first week of
training.Improvementgainsweremuchsmallerduringthesecond
week, and a nearly stableperformancerate was recordedin the
third week. Similarly, Janckeet al. (2001) showed significant
performancegainsandactivity changesaftera 1-weektraining in
an auditoryoddballprocedure.Subjectsin our training studydid
not receiveany feedbackfor individual trials. However, they did
receive feedback with regard to their overall performance
(%correcttrials) at the endof eachof their trainingsessions.This
experimentaldesignwasbasedon a studyby CampbellandSmall
(1963) who found a considerablypoorer performancerate in a
frequencydiscrimination-trainingtask when subjectswere given
feedbackduring the sessioncomparedto thosewho receivedno
feedbackon their performance.

Behavioraldata analysis

The testingscoresfor the two fMRI sessionsas well as the
trainingscores(for eachof the 5 trainingdays)wereobtainedby
dividing thenumberof trials answeredcorrectlyby thenumberof
overall trials which resultedin a %correctvalue.

All statistical analyseswere performed using the software
programSPSS(SPSSInc.). All subjectsperformedabovechance
in the pre-trainingfMRI session.An initial analysisof change

scores(%changecomparingthe post-trainingto the pre-training
session)acrossthe entire training group indicateda high inter-
individual variability. This suggesteda largeheterogeneityin the
improvementscoresand provided the possibility to divide the
learninggroup into thosethat wereÔÔStrong-LearnersÕÕand those
that were ÔÔWeak-LearnersÕÕ. A K-means cluster analysis as
implementedin SPSS(SPSSInc.) was performedto delineate
theentiretraininggroupinto two subgroups.Following this initial
classification, between and within group differences for the
behavioral improvementscoresas well pre-training and post-
training scoreswere analyzedusing non-parametrictestssincea
normaldistributionof the differencesbetweenthe samplescould
not be assumedandthe two subgroupshada small samplesize.

We alsoperformedWilcoxon testson thecollectiveerror rates
of each group (pre-training vs. post-training) for each of the
ÔÔdifferentÕÕ conditions and the ÔÔsameÕÕ condition in order to
determinewhethertrainingeffectsshowedanydependenceon the
frequencydifferencesbetweenthe targetandprobetones.

fMRI designand parameters

Functional magnetic resonanceimaging (fMRI) was per-
formed on a SiemensVision (Siemens,Erlangen,Germany)1.5
T whole-bodyMRI scanner, equippedwith echoplanarimaging
(EPI) capabilities using the standard head coil for radio-
frequency(RF) transmissionand signal reception.A gradient-
echo EPI sequencewith an effective repetitiontime (TR) of 17
s, an echo time (TE) of 50 ms and a matrix of 64 ! 64 was
used.Using a mid-sagittalscoutimage,a total of 24 axial slices
4 ! 4 ! 6-mm voxel size) Ð parallel to the bi-commissural
plane Ð were acquiredover 2.75 s every 17 s. A TTL pulse
from a PC triggeredthe initiation of the first set of 24 slices,
and all subsequentMR acquisitions were synchronizedwith
stimuluspresentation.A high-resolutionT1-weightedscan(1-mm3

voxel size) was acquired for each subject for anatomical
co-registration.

We useda variationof a sparsetemporalsamplingtechnique
acquiring one set of 24 axial slices every 17 s to circumvent
scannernoiseinterference.Although the TR waskept constantat
17 s, theMR acquisitionactuallyvariedin relationto theauditory
stimulation.By moving the auditorystimulationframewithin the
17 s time frame,thedelaybetweentheendof thestimulationand
theonsetof thenextMR acquisition(seeFig. 1b) wasvariedwith
eachtrial. Therewas a minimum delay of 0 s and a maximum
delayof 6 s betweenthe end of the auditorystimulationand the
onsetof the MR acquisition(seeFig. 1b). We will refer to these
imagingtime points(ITP) asITP0 throughITP6. Similarly, there
wasaminimumdelayof 4 sandamaximumdelayof 10sbetween
the endof the MR acquisitionand the onsetof the next auditory
stimulation.We acquired4 setsof axial imagesper time point
during each run (in a randomized order), and each subject
completed two runs. Thus, each acquisition time point was
sampled8 times.

fMRI data analysis

TheSPM99softwarepackage(Instituteof Neurology, London,
UK) wasusedto analyzeour fMRI data.Eachsetof axial images
acquiredduringindividualsubjectsÕpre-andpost-trainingsessions
wasrealignedto thefirst image.All images(pre-andpost-training
sessionscombined)werethenco-registeredwith thecorrespondingFig. 2. Experimental design.
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T1-weighteddataset,spatiallynormalizedto theSPM99template
using a non-linearspatial transformationwith 7 ! 8 ! 7 basis
functionsandsmoothedwith anisotropicGaussiankernel(12-mm
full-width-at-half-maximum). Conditions and subjectsÕ effects
were estimatedusing a general linear model (Friston et al.,
1995). The effect of global differencesin scan intensity was
removedby scalingeachscanin proportionto its global intensity.
Low-frequencydrifts were removedusing a temporalhigh-pass
filter with a cut-off of 200s.Thedatawerenot convolvedwith the
hemodynamicresponsefunction (HRF), anda low-passfilter was
not applied.Thepitch memorytaskwascontrastedwith themotor
controltaskin orderto obtaincontrastimagesfor eachof thethree
groups.Second-levelanalyseswith the SPM contrastimagesfor
thethreegroupsweresubsequentlyperformed.Wealsodetermined
signalchangesin the right and left HG for eachsubgroupbefore
andafter training.

Voxel-basedmorphometry

An optimized method of voxel-basedmorphometry(VBM)
(AshburnerandFriston,2000;Goodetal., 2001) usingtheSPM99
package (Institute of Neurology, London, UK) was used to
determinewhetherthere were any pre-existingstructuraldiffer-
encesbetweenour two subgroups.

Results

Behavioralresults

A preliminaryanalysisof the entiretraininggroupindicateda
high inter-individual variability in changescoresranging from
" 2% to +19%.Basedon this preliminaryanalysis,we dividedthe
training group into two subgroups,ÔÔStrong-LearnersÕÕ(SL) and
ÔÔWeak-LearnersÕÕ (WL) using a K-mean cluster analysis as
implemented in SPSS (SPSS Inc.). After two iterations, the
analysisrevealedtwo clusterswith sevensubjectsin eachcluster.
The SL group showeda cluster centerof 15.3% (improvement
score),while theWL grouprevealeda clustercenterof 4.8%.The
two subgroupsdiffered significantly from one anotherusing a
MannÐWhitney test (Z = " 3.035,P < 0.002).A separationinto
threegroupsdid not offer any useful resultsfor further analysis,
sinceonegroupcontained10 subjects(clustercenter:8.7%),while
theothertwo groupsconsistedof considerablyfewersubjects,one
with three(clustercenter:18.7%)and one with only one subject
(cluster center: " 2%). The control group (whose members
performed the experimenttwice with no training in between)
improvedon averageby 0.4%.A KruskalÐWallis testwith group
asa factorrevealeda significantdifferencein performancechange
scores(v2 = 13.45;df = 2; P < 0.001)betweenthe threegroups
(SL, WL, and control group). Post hoc MannÐWhitney tests
showeda significantdifferencebetweenthe SL and WL groups
(Z = " 3.148;P < 0.002)andbetweentheSL groupandthecontrol
group(Z = " 3.035;P < 0.002).However, therewasno significant
differencebetweenthe WL group and the control group (Z =
" 1.561; P = 0.118). The three groups did not differ in their
performancescoresprior to thetrainingperiod(v2 = 0.617;df = 2;
P = 0.735).TheSL andWL groupsÕbehavioralperformancedata
differedsignificantlyduringthepost-trainingfMRI experimentand
showedsimilar significantdifferences( P < 0.05) on eachday of
their training, although the differences on day 2 were only

significant if testedone sided.Fig. 3a showsthe learningcurves
for the two traininggroupsover the 5-daytrainingperiod.

Furthermore,we tested (Wilcoxon tests) whether the three
groupsshoweda significant improvementby comparingthe first
andlasttestingsessionfor thetwo traininggroupsandthefirst and
secondtestingsessionfor the control group.The SL group (Z =
" 2.36,P < 0.05)andthe WL group(Z = " 2.20,P < 0.05)both
showed a significant performanceimprovementcomparing the
post- with the pre-trainingtests.The control group showedno
significantdifferencecomparingthesecondto thefirst session(Z =
" 0.17,P = 0.85;Fig. 3b).

The Wilcoxon testson the performancescoresfor the ÔÔsameÕÕ
condition and for eachof the 5 frequencydistancesusedin the
ÔÔdifferentÕÕcondition showeda significantly better performance
within the SL groupfor the ÔÔsameÕÕcondition(Z = " 2.375;P <
0.05)andseveralof theÔÔdifferentÕÕconditions((diff-1) [(41.2 Hz)
Z = " 2.226;P < 0.05],diff-2 [(44.6Hz) Z = " 1.841;P < 0.05one
tailed]andthediff-5 [(64.2Hz) Z = " 2.070;P < 0.05]).Theother
two frequency distances (diff-3 and diff-4) showed a non-
significantpositivetrend(diff-3: Z = " 1.342;P = 0.18 anddiff-
4: Z = " 1.222; P = 0.222). The WL group did not show any
significant differencein their performancerates for any of the
ÔÔsameÕÕor ÔÔdifferentÕÕconditions.

Imagingresults

Baselineactivationpattern
All threegroups(Controls,WL, andSL) demonstratedasimilar

activationpatternin theirbaselinefMRI studieswith no significant
differencesin all possiblegroupcomparisons( P > 0.05,corrected
for multiple comparisons).Fig. 4 showsthe combinedactivation
patternof all subjectsthatparticipatedin thetrainingstudy(n = 14)
asanexampleof theactivationpatternfor eachof thethreegroups.
Thegroupmeanactivationpatternfor thecontrastÔÔpitchmemory>
motorcontrolÕÕrevealedextendedactivationof thesuperiortemporal

Fig. 3. Performancescoresfor the ÔÔStrong-LearnersÕÕ,ÔÔWeak-LearnersÕÕ,
andControlGroup.
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gyrus(STG)andthesuperiortemporalsulcus(STS)bilaterally(Fig.
4). In addition, therewas bilateral activationof the intraparietal
sulcus/superiorparietalregion,the posteriorinferior frontal gyrus
(left morethanright), thesuperiorpostero-lateralcerebellum(lobes
V andVI) andtheSMA.

Imagingeffectsin the ÔÔStrong-LearnersÕÕgroup
The post-trainingcontrastof ÔÔpitchmemory> motor controlÕÕ

showeda strong activation in the STG bilaterally (left: " 47.2/
" 33.8/17.3;right: 51.3/" 33.0/17.4;all coordinatesare given in
Talairachspace)including primary and secondaryauditoryareas.
In addition,therewasstrongactivationin the anteriorportion of
the left supramarginalgyrus (" 53.0/" 30.5/19.0), the posterior
portion of the left insularcortex(" 35.3/" 21.6/6.8),the posterior
cingulategyrus,andtheposteriorparahippocampalgyrus(" 10/48/
4) (Fig. 5a). Contrastingthepost-trainingsessiondirectly with the
pre-trainingsessionfor the pitch memory contrastin a random
effectsmodelrevealedsignificantlymoreactivationof theleft HG,
theleft SMG,andtheleft posteriorcingulate(Fig. 5b). Thereverse
contrast(pre-training> post-training)showedsignificantly more
activationin thesuperiorparietallobe(right: 40.5/" 53.7/41.3;left:
" 42.3/50.1/42.3)bilaterally (right more than left) and a small
activationin the right posteriorpremotorcortex(Fig. 5c).

Imagingeffectsin the ÔÔWeak-LearnersÕÕgroup
The post-trainingcontrastof ÔÔpitchmemory> motor controlÕÕ

showeda strong activation in the STG bilaterally, much more
centeredaroundHeschlÕsgyrus(Fig.6a)andnotasmuchextending
alongthe STG ascanbe seenin the SL group(seeFig. 5a for a
comparison).Applying a randomeffectsanalysismodelto a post-
training > pre-trainingcontrast,the WL group showedpositive
changesin thelingualgyrusbilaterally(right: 16.8/" 49.8/2.3),the
left anterior insula cortex (" 26.3/12.2/" 5.1), the orbitofrontal
cortexbilaterally(29.1/29.7/" 14.7and" 27.2/27.2/-11.3),andthe

Fig. 4. Pre-trainingactivationpatternfor the entire training group shows
prominentbilateral superiortemporalgyrus, inferior frontal gyrus, intra-
parietalsulcus/superiorparietalcortex,andcerebellaractivation( P < 0.05,
FWE, corrected)for the contrastpitch memory> motorcontrol.

Fig. 5. ÔÔStrong-LearnersGroupÕÕ:panela showssurfaceprojectionsof the
brainactivationpattern( P < 0.05,FWE,corrected) after5 daysof training
for thecontrastpitchmemory> motorcontrol.Panelb showstheactivation
patternfor the post-> pre-trainingcontrast;panelc showsthe activation
patternfor the pre-> post-trainingcontrast.

Fig. 6. ÔÔWeak-Learners GroupÕÕ:panela showssurfaceprojectionsof the
brainactivationpattern( P < 0.05,FWE,corrected)after5 daysof training
for thecontrastpitchmemory> motorcontrol.Panelb showstheactivation
patternfor the post-> pre-training contrast;panelc showsthe activation
patternfor the pre-> post-trainingcontrast.

Fig. 7. A randomeffectsanalysis(t test) acrossboth training subgroups
using the post- > pre-training as well as pre- > post-trainingcontrast
images.Therewassignificantlymoreactivation of the left SMG andless
activation of the intra-parietalsulcus/superiorparietal cortex in the SL
groupcomparedto theWL groupin thepost-> pre-training contrast( P <
0.05,FWE,corrected).TheWL grouphadsignificantlymoreactivationof
the orbito-frontalregionand lessactivation of the posteriormid-cingulate
region in the post- > pre-training contrast( P < 0.05, FWE, corrected).
Panelc showsactivationpatternfor the WL group comparedto the SL
group in the pre- > post-trainingcontrast,and paneld showsactivation
patternfor the SL group comparedto the WL group in the pre- > post-
contrast.
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left parahippocampalgyrus(" 32.4/" 16.9/" 13.6;Fig. 6b).A small
activationwasalsoseenin themesialportionof theleft HG(Fig.6b).
Thereversecontrast(pre-training> post-training)revealedpositive
differencesin themid-cingulategyrus(" 0.8/" 20.1/36;Fig. 6c).

Comparingthe ÔÔStrong-LearnersÕÕwith the ÔÔWeak-LearnersÕÕ:
Whenthe training effectswerecomparedbetweengroups[SL

group (post- > pre-contrast)> WL group (post- > pre-contrast)]
significantlymoreactivationwasseenin theanteriorpartof theleft
supramarginalgyrus (" 44.8/" 32.4/" 20.5; Fig. 7b). The reverse
contrast[SL group(pre-> post-contrast)> WL group(pre-> post-
contrast)]showeda positive effect in the right superiorparietal
cortex(36.1/" 51.8/" 54.0;Fig. 7a). A regionwithin the cingulate
cortexbecamesignificantlyactivatedwhenthepre-> post-training
contrastwas comparedbetweenthe WL and the SL group [WL
group(pre-> post-contrast)> SL group(pre-> post-contrast);Fig.
7c]. The reversecontrast[WL group (post-> pre-contrast)> SL
group (post- > pre)] showed a positive effect in the inferior
orbitofrontalcortexbilaterally(Fig. 7d).

Although the SL aswell as the WL subgroupsshowedhigher
post- vs. pre-training differencesin mean-weightedparameter
estimatesin the left HG (3.0 (1.5) for theSL and2.2 (1.7) for the
WL group),the between-groupdifferencesin the left HG did not
reach significancethreshold.This might explain why only the
SMG emergedas significantly different in the direct voxel-by-
voxel comparison.Theright HG did not showstrongpost-vs.pre-
training differencesin eithergroup (1.0 (1.8) for the SL and 0.7
(1.4) for the WL).

Imagingchangesin the control group
A randomeffectsanalysis(Fig. 8) comparingscan2 with scan

1 in the control group revealedchangesin the right dorsolateral
pre-frontalcortex(27.4/12.7/22.4;Fig. 8). No significantchanges
weredetectedin the reversecontrast(scan1> scan2).Therewas
only a marginal changein the post-vs. pre-trainingdifferencesin
theweightedparameterestimatesin theleft HG (0.4 (0.7))andthe
right HG (0.6(1.0)).

Gray and white mattervolumesin the ÔÔStrong-ÕÕand
ÔÔWeak-ImproversÕÕ

In order to excludethe possibility that structuralbrain differ-
encesbetweentheSL andWL groupscontributedto thebehavioral
differencesin training-inducedchanges,a voxel-basedmorpho-
metricanalysiswasperformed(AshburnerandFriston,2000). This
analysisdid not revealany significantstructuraldifferences( P <
0.05, corrected)in white or gray mattervolumebetweenthe two
traininggroups.

Discussion

Our resultsshowedMR signal increasesin the mesialportion
of HeschlÕs gyrus (HG), the posterior superior temporal and
inferior anteriorparietalbrainregion(supramarginalgyrus)on the
left following training for a pitch memory(PM) task in subjects
who showeda strongimprovementin accuracywhen comparing
post- with pre-training assessments. The ÔÔWeak-LearnersÕÕ
showed changesin an orbitofrontalÐparahippocampalÐlingual
network in addition to small changesin the anteriorinsular and
mesial HG on the left when comparingpost- with pre-training
assessments.Comparisonof the post- > pre-functionalchanges
betweenthesetwo subgroups(Strong-Learnervs. Weak-Learner)
revealedsignificantly higher activation only in the left SMG.
Therewas a positive trend in the left HG, but it did not reach
significance.Thesechangesin patternreflectthe two processesof
our pitch memory task: (1) the ongoing and repetitive pitch
discriminationprocesswhich is mostlikely relatedto the positive
changesin HeschlÕs gyrus; the HG has been found to play a
critical role in pitch discriminationtasks;and (2) the critical step
of memorizing the initial pitch in the 6- to 7-tone sequences
which may involve specializedregions for short-termauditory
memory(e.g., the supramarginalgyrus).Our findings arealso in
agreement with previous auditory training studies finding
covariationsbetweenfunctional activation patternsand perfor-
mance improvements(e.g., Janckeet al., 2001; Golestaniand
Zatorre,2004).

Training effectsin the ÔÔStrong-LearnersÕÕgroup

On average, the SL group showed a 15.3% behavioral
improvementover 5 daysof training on the pitch memorytask.
Positive MR signal changeswere found in left mesialHG, left
posterior superior temporal and inferior parietal regions (Fig.
5b), and posterior cingulate and parahippocampalgyrus. A
negative change was seen in the superior parietal lobule
bilaterally. The strong effects in the mesial portion of HeschlÕs
gyrus are most likely related to the ongoing pitch discrimina-
tion processes,which is in agreementwith the published
literature(Recanzoneet al., 1993; Menning et al., 2000; Tramo
et al., 2002; Brown et al., 2004), although Weinberger(2004)
suggesteda mnemonic function for primary auditory cortex.
Nevertheless, it is most likely that the pitch memory
componentmight require brain regions in addition to HG that
are more specialized for the short-term storage of auditory
information.

Several studies have shown the importance of auditory
associationareasin pitch perceptionand memory(Zatorreet al.,
1994;Binderet al., 1996;Platelet al., 1997;Griffithset al., 1999;

Fig. 8. Controlgroup:brainactivationpatternfor thepitchmemory> motor
controlcontrastof thecontrolgroup,scannedtwice separatedby oneweek
( P < 0.05,FWE, corrected).Contrastingscan2with scan1revealedmore
activationin the right prefrontalcortexdisplayedon an axial andcoronal
slice.
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Ohnishi et al., 2001). Furthermore,thereare recentelectrophysi-
ological datashowingthat enhancementsafter auditorydiscrimi-
nation training are seenpredominantlyin thoseauditory-evoked
potentialsthat map to secondaryauditorycortex(Bosnyaket al.,
2004). SincepreviousstudieshaveassociatedtheSMG with short-
term auditory storage(Caplanet al., 1995; Salmonet al., 1996;
Vallar et al., 1997;Clarkeet al., 2000), its strongpositivechange
after training in this studymay indicatea moregeneralshort-term
auditorystoragefunctionfor thisregionthatincludesverbalaswell
as non-verbalmaterial. When the pre-trainingvs. post-training
imageswerecontrastedbetweenthe two training groups(SL and
WL), theleft SMGwastheonly regionthatwassignificantlymore
activein theSL group.This finding supportsthoseof otherstudies
that have identified the SMG as a short-term,auditory storage
center(Caplanet al., 1995;Salmonet al., 1996;Vallaretal., 1997;
Clarke et al., 2000; Paulesuet al., 1993; Sakuraiet al., 1998).
Celsiset al. (1999)alreadyextendedthe verbalandphonological
memoryfunctionof theSMG to thenon-verbaldomainby finding
left SMGactivationin a taskrequiringmemoryjudgmentsbetween
tonesof differentpitch height or spectralcontent.Our previous
studyshoweda significantcorrelationbetweenthedegreeof SMG
activationand accurateperformancein a pitch memory task in
naõ¬vesubjects(Gaabetal.,2003). However, thereis onealternative
explanationfor our findings.Thevisualcuesin thepitch memory
andcontroltaskweresemanticallydifferentwhichcouldhavelead
to differencesin the functionalactivationpatterndueto irrelevant
between-taskdifferencesin semanticprocessingtime, reading
speed,word frequencyor memoryload. Nevertheless,due to the
timing of our sparsetemporal design, an influence of these
parametersseemsunlikely and would, at the earliest,affect only
thelasttwo imagingtime pointsof our sevenimagingtime points.

The parahippocampalas well as the posteriorcingulategyrus
have been associatedwith memory functions (Maddock et al.,
2001;Cabezaet al., 2002;Sakaiet al., 2002;Glabuset al., 2003).
Basedon studiesin both animalsand humans,Engelienet al.
(2000) suggestedthat the parahippocampalregion might play an
importantrole in selectingand filtering auditory information for
entranceinto the medial temporallobe memorysystemfor long-
term storage.In addition, the posteriorcingulategyrus seemsto
be of importancein episodic memory functions (Shah et al.,
2001). Tracing studies in monkeys have shown connections
between posterior cingulate and auditory associationcortices
(Yukie, 1995; Vogt and Pandya,1987). In addition to these
regionsshowing positive signal changesafter training, we also
found bilateral signal decreasesin the superiorparietal lobules.
This finding is consistentwith thoseof previousstudiesin which
decreasedactivation in the parietal associationcortex has been
shownfollowing training.A morewidely distributedsetof active
brain regionsduring the initial learningstageis shifted towarda
more efficient network as a result of increasedtask familiarity
and decreasedattentionaldemands(Jenkinset al., 1994; Schlaug
et al., 1994; Petersenet al., 1998; Kassubek et al., 2001;
Peterssonet al., 1999).

Training effectsin the ÔÔWeak-LearnersÕÕgroup

Unlike the SL group, the WL group showedpositive signal
changes after training in the lingual and orbitofrontal gyrus
bilaterally, the left parahippocampalgyrus, the right posterior
temporalÐoccipital region, the left anterior insular and a small
change in the left mesial HG. This activation pattern was

associatedwith a meanperformanceimprovementscoreof only
4.8%.Similar to the Strong-Learnersgroup,a signalchangewas
seenin HG on theleft, however, thischangeseemedto belessthan
what wasfound in the SL group.

The strong activation of the lingual gyrus was unexpected.
Previousstudieshaveshownthat activationof the lingual gyrus
canbe seenin working memoryexperiments(Honeyet al., 2000;
Raglandet al., 2002) and has also been seenassociatedwith
auditory tasks (Balsamoet al., 2002). In addition, there is an
increasingamountof literatureon connectionsbetweenauditory
cortex and orbitofrontalgyrus as well as on the involvementof
the orbitofrontalgyrusin auditoryinformationprocessing(Oscar-
Berman,1975;Hackettet al., 1999;Cavadaet al., 2000). Frey et
al. (2004) recently showed that the orbitofrontal cortex is
involved in the encoding of non-verbal auditory information
and observeda correlationbetweenactivity in the orbitofrontal
cortex and the superior temporal gyrus. Rauschecker(2001)
suggestedthat anteriorsuperiortemporaland orbitofrontal areas
are responsiblefor the processingof complex auditory patterns
possibly through top-downregulationof the orbitofrontalcortex
on the superior temporalcortex. Severalstudieshave revealed
reciprocalconnectionsbetweenthe orbitofrontal and parahippo-
campalregions(Deaconet al., 1983;Priceet al., 1991), and this
was further demonstratedby showing activation of parahippo-
campal regions in an auditory memory task (Engelien et al.,
2000;Grasbyet al., 1993). The post-> pre-contrastalsoshowed
positive changesin a right temporo-occipitalregion (Fig. 6b)
which could indicatethat theWL groupusedsomeform of visual
encodingof the tonal information in order to solve the pitch
memorytask.It is most likely that the WL groupuseda network
of regionsconsistingof lingual, orbitofrontal,andparahippocam-
pal gyrus that was lessefficient for non-verbalauditory learning.
The WL group also showed signal decreasesin the anterior
portion of the posteriorcingulategyrusafter training.This region
hasbeenimplicatedin memorytasksbut alsoin theevaluationof
sensoryinformation(Shahet al., 2001; Vogt et al., 2003). There
are extensive anatomical connections between the posterior
cingulatecortex and the auditory cortex (Yukie, 1995; Vogt and
Pandya, 1987). While there was only a very modest but
significant improvementof 4.8% for this subgroup,there are
severalexplanationsfor the prominentpatternof signal changes.
First, it may be possiblethat skilled and unskilled performances
of a particular task involve different brain regions,since these
two stages in the learning process may actually be like
performing two different tasks and, therefore, may involve
different,but not necessarilyexclusivebrainregions[seePetersen
et al. (1998) for morediscussionon this]. The ÔÔWeak-LearnersÕÕ
group in our study may be at a different stagein the learning
processthan the ÔÔStrong-LearnersÕÕdespite the fact that both
groupsstartedout at the samelevel andhad the sameamountof
training. It is possible that continued training in the Weak-
Learnersmight havelead to higher scoresas well as changesin
the activationpattern.Secondly, an alternativeexplanationfor the
differencesin the activation pattern betweenthe two training
groups could be that the changesin the functional activation
pattern reflect changes in non-performance related function.
However, this is less likely, since one would expect to find a
similar pattern acrossall three groups. Thirdly, the activation
patternin the WL group may indicatethe useof a lessefficient
network for pitch memoryand pitch discrimination,thus leading
to only a modestgain in accuracyin the task. This, of course,
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could be a transitionstageto a moreefficient patternof activated
brain regionssuchas that seenin the SL group.

TestÐretesteffectsin the ÔÔControlÕÕgroup

In ordertoassesstestÐretesteffects,acontrolgroupwasscanned
twiceseparatedby a weekwith no trainingin between.Significant
MR signalchangeswerefound in the right dorsolateralprefrontal
cortex(DLPFC),whenscansat timepoint2 werecontrastedwith
timepoint 1. The DLPFC is a region commonlyassociatedwith
working memory, particularly in relation to non-verbalmaterial
(Manoachet al., 1997;Barchet al., 1997;KaneandEngle,2002;
FunahashiandTakeda,2002;Sakai,2003), but recentpublications
alsosuggestthat this regionmay be involved in basicaspectsof
attention,suchasintrinsicandphasicalertness(SturmandWillmes,
2001) andespeciallyauditoryintrinsicalertness(Sturmetal.,2004).
Thus,therearetwo possibleexplanationsfor this testÐretesteffect.
Ononehand,thesignalchangemightindicateagreaterrelianceona
classicalworkingmemoryregion,andontheotherhand,intrinsicor
phasicalertnessmight havedifferedwithin controlgroupbetween
the first andthe secondscan.This mayhaveresultedin increased
wakefulnessandarousalor/andincreasedresponsereadinessduring
the secondscanwithout leading to any improved performance.
Nevertheless,the testÐretesteffect did not explain the training-
inducedeffectsseenin theWL andSL group.

In conclusion, the results of our study support the
ÔÔscaffolding-storageÕÕ framework proposed by Petersenet al.
(1998). The authors hypothesized that strong and weak
performancesof a given task reflect two stagesin a learning
process and therefore should be treated as performing two
different tasks. This may lead to the engagementof different,
although not necessarily exclusive, brain regions. Strong
improvement in a pitch memory task following a 1-week
training was associatedwith increasedsignal in brain regions
importantfor pitch discrimination(e.g.,HG) and auditory short-
term memory(e.g.,SMG), while activity was decreasedin brain
regions associatedwith attention and multi-sensoryintegration
(e.g., SPL). Interesting differencesemergedbetween subjects
that showedstrong improvementand subjectsthat showedno
significant improvementat all. Although both groupsdecreased
attentional demands comparing post- and pre-training MR
images, positive signal changes were seen in a posterior
superiortemporaland inferior parietalnetwork in the SL group,
while the WL group showed positive signal changesin an
orbitofrontal ÐparahippocampalÐlingual network. Both groups
had positive signal changesin the left mesial HG, although
the SL group showeda strongertrend. Thesesignal differences
in the post- vs. pre-training contrastswere not explained by
testÐretesteffects. No baselinedifferencesexistedbetweenthe
two subgroups,and the amount of training was the samefor
both groups.Besideshighlighting the importanceof the supra-
marginal gyrus for short-termverbal and non-verbal memory,
our results also underscorethe importance of obtaining and
correlating behavioral changeswith brain signal changes in
order to better understandthe functional correlatesof learning.
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