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Functional activation patterns of an auditory working memory task
were examinedprior to and after 5 daysof training (1 h/day). A control
group with no training was scannedtwice at the same intervals to
assessestbr etest effects.Basedon behavioral improvementscores,the
training group (n = 14) was divided into @Strag-Learners (SL)@and
@Veak-Learners (WL)@ No significant functional or structural brain
differenceswere seenbetweenthe SL and WL groups prior to training.
Imaging contrastscomparing post-with pre-training sessionshoweda
significart signalincreasein the left Heschl®gyrus (HG) aswell asin
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 lingualb
orbitofr ontalBparahippocanpal network. The testbretest analysisin
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 establishedin previous studies. The pitch
memory comporent 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 storage of auditory material,
and it was this activation that best differentiated between subjects®
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
examinedasthoseof training in otherdomains(e.g., motor skill
learning).The few non-verbal auditorytraining studiesin humans
thathavebeenpublishedto date(Cansinoand Williamson, 1997;
Menning et al., 2000; Janckeet al., 2001; Bosnyaket al., 2004
have not provided consistentresultswith regardto which brain
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regions are modulatedby auditory training, whether training-

inducedperformanceémprovemenis associateavith increase®r

decreasef regionalsignal, or how the improvementratein 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
providedclearevidenceor signalincreasesn primaryandmotor-

relatedbrain regionsafter aninitial learningphasewhile in later
learning stages,more variation has been describedboth in the

directionof signalchangeandthe brain regionsaffected(Toni et

al., 1998. Whethersimilar effectscanbe detectedn the auditory
domainandwhethemon-verbaluditorytrainingleadsto changes
only in specializedheuronalcircuits within the primary auditory
cortexor alsoin higherorderauditoryassociatiorcorticeshasyet

to be determinedAnimal experimenthaveshownan increasen

the cortical representatiorof trained frequenciesas well as a

correlation betweenthe size of the cortical representatiorand

training-indwced performane improvemen (Recanzame et al.,

1993). Others have found no training-induced changes in

frequencyorganizatiorin the primaryauditorycortex,but changes
have beenseenin the responsecharacteristice®f neuronswith a

frequencyimmediatelyabovethatof the trainedfrequency(Brown

etal., 2004.

Studiesin humanshaveshowna relationshipbetweerauditory
training effects and electrophysiologicalchangesin frequency
discriminationdesigns(Cansinoand Williamson, 1997; Menning
et al.,, 2000. A recentauditory discriminationtraining study in
non-musiciangound evidencefor an enhancemenof 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
relaionshp between signal deaeass in both secordary and
primary auditory corticesand performancegainsin a group of
strongimprovers,while no significantregionalchangesvereseen
in eitherthe groupwith weakimprovemenscoresor the untrained
contrd group (Janckeet al., 2001). The aboveeited studies
reportedtraining-inducedchangesfollowing frequencydiscrimi-
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nationtrainingandthereforecanbe classifiedasbasic(perceptual)
auditory learning studies (see Wright, 2001). The influence of
training on more complexauditory taskssuchas thoseinvolving
non-verbal auditoryworking memoryrequiringa highercognitive
load has not beenexamined.Some of the previous, perceptual
auditory learning studieshad various shortcomingssuch as (1)
restrictingthe analysisto the superiortemporallobesonly, (2) no
examinatiorof correlationsdetweerbehavioraimprovementsand
functionalactivation,and(3) lack of a controlgroupto determine
testretesteffects. The importanceof correlatingbehavioraldata
with thefunctionalanatomywasdemonstratetly oneof ourrecent
studiesin untrainedsubjectsin which we found a correlation
betweengood performancen a pitch memorytaskandincreased
activation of the supramarginal gyrus (Gaab et a., 2003).
Consideringthe mixed findings of previousstudies,the aim of
our presentstudy wasto test(1) whethertraining on an auditory
taskthathascomponent®f both memoryandpitch discrimination
changesctivity in primary and/orauditoryassociatiorareasand
(2) whether auditory regions show MR signa increases or
decreasess a result of the short-termtraining. In addition, our
intentwasto improve upon previousauditory training studiesby
acquiringwhole braindataand,in particular to examinetraining-
inducedchange®sutsideof temporaloberegions controlfor testb
retestoy addinga controlgroupthatwould be scannedwice, relate
performancemprovementvith imagingchangesandusea sparse
temporalfMRI techniquethat seemsparticularly well-suited for
auditorystudies(e.g.,Gaabet al., 2003; Hall et al., 1999, 2000).

Materials and methods
Subjects

Twenty-four normal volunteers(agerange:19934; 13 males,
11 females)participatedn this studyaftergiving written informed
consent.Although someof the subjectshad takengeneral,non-
instrumentamusiceducatioraspartof their earlyeducationnone
of the subjectshad everhad any instrumentamusictraining and,
therefore,can be regardedas non-musiciansAll subjectswere
strongly right handed (Annett, 1970 and had no history of
neurologicalor hearingimpairment.This study was approvedby
theinstitutionalreviewboardof the BethIsraelDeacones®ledical
Center

Experimentatasks

All subecs performed a pitch memay task, which was
contrastedwith a motor control task (see Fig. 1a). During the
pitch memorytask, subjectswvereinstructedto listento sequences
of either6 or 7 individual sine wave tonespresentedinaurally
having a total durationof 4.6 s for eachsequenceSubjectswere
askedo compareeitherthelastor thesecondo lasttone(specified
by the visual prompt@econdast@or @erylast®which appeared
immediatelyafter the last tone was played)to the first tone and
makea decisionwhetherthesetoneswere @amedor @ifferent®
(Fig. 1a). The total numberof tonesper sequencé6 or 7) andthe
comparisorto be made(@econdlast@®or @ery last®tone with
first tone) varied acrosssequenceso reducethe possibility of
inattentionto the interveningtones.The interval betweenthe end
of eachtone sequencandthe startof the visual promptwaskept
constantfor both 6- and 7-tonesequenceby introducinga short
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Fig. 1. Task design,timing (a), and MR imageacquisitionprocedure(b)
usinga modified versionof a sparseéemporalsamplingtechnique.

pauseprior to the first tonefor the 6-tonesequencedNo analysis
was plannedto comparethe 6-tone with the 7-tone conditions.
Subjectswereaskedto keeptheir eyesopenandfixate a crossin

the middle of the screenthatwasinterruptedonly for the purpose
of displayingthe visual prompt. The motor controltaskwasa rest
conditionwith visual fixation, and subjectswere askedto pressa
buttonin responseo a visual prompt(@ight@or Geft@®)Thetime

lines for the pitch memorytask and the motor control task were
identical,andtherefore the timing of the given visual promptdid

not differ betweenthe two conditions.It alwaysappeared.6 s

afterthe beginningof the auditory stimulationand 4.6 s afterthe
beginningof the silenceperiod.

Eachtonewas300mslong with anattackanddecayrateof 50
ms.All tonesweregeneratedsingthe softwareprogramCool Edit
Pro(Syntrillium Software) A pauseof 300 msseparate@achtone
from the next. Targettonescorrespondedo the frequenciesof
semitonesn the Westernmusicalscale(basedn A = 440Hz) and
rangedn frequencyfrom 330Hz (D #4)to 622Hz (D #5). In those
trialsin which thefirst andlastor second-to-lagionediffered,the
absolutedifferencen frequencyariedbetweemd1.2Hz and64.2
Hz (diff-1 = 41.2Hz; diff-2 = 44.6 Hz; diff-3 = 51.7;diff-4 = 56.1
Hz anddiff-5 = 64.2 Hz) amongall trials. In eachtone sequence,
the frequencyrangefrom the lowestto the highesttone was not
more than 108 Hz. The interveningmicrotones,whose purpose
was solely to serveas distractors(modeledafter Deutsch,1974),
deviatedfrom the twelve semitone®f the equaltemperedsystem.

All 24 subjectsveremadefamiliar with the pitch memorytask
approximatelyl5 min prior to the first MR sessionlnvestigators
explained the tasks using simple drawings of various tone
sequenceand a fixed numberof samplesfrom the stimulation
material. All subjectslistenedto the samenumberof trials. All
subjectsperformedabove chancein the pre-fMRI task familiar-
ization phase.Behavioral performanceduring the actual fMRI
sessionwascalculatedn termsof the numberof correctresponses
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(%). The error rates(%) for eachof the five frequencydistances
(diff-1 to diff-5) for the @dilerentOconditionsand the Bamed
conditionwere calculatedseparately

Training

Fourteenof the 24 subjectswere randomly assignedto the
training group. The training took place on 5 consecutivedays
beginningthe day after the pre-trainingfMRI sessiorand ending
the day beforethe post-trainingfMRI sessiorn(seeFig. 2). During
eachtraining sessionsubjectsperformedthe previouslydescribed
pitch memorytask (seeabove)for 1 h with two shortbreaksin
betweenThe auditorytraining was not adaptive.Training for the
motorcontroltaskwasnot provided.Thetrainingduration(5 days)
was chosenbasedon previousauditorytraining studies.Menning
et al. (2000) trained subjectsfor 3 weeks, but their ability to
discrminae improved rapidly only during the first week of
training.Improvemengainsweremuchsmallerduring the second
week, and a nearly stableperformanceate was recordedin the
third week. Similarly, Janckeet al. (2001) showed significant
performancegainsandactivity changesaftera 1-weektrainingin
an auditory oddball procedure Subjectsin our training study did
not receiveany feedbackfor individual trials. However they did
receive feedback with regard to their overall performance
(%correcttrials) at the end of eachof their training sessionsThis
experimentatlesignwasbasedon a studyby Campbelland Small
(1963) who found a considerablypoorer performancerate in a
frequencydiscrimination-trainingask when subjectswere given
feedbackduring the sessioncomparedo thosewho receivedno
feedbackon their performance.

Behavioraldata analysis

The testing scoresfor the two fMRI sessionsas well as the
training scores(for eachof the 5 training days)were obtainedby
dividing the numberof trials answeredorrectlyby the numberof
overalltrials which resultedin a %correctvalue.

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

Training group (n=14):

Pre-Training Training period: Post-Training
fMRI 5 consecutive days MRI
{ 1 hour per day l
Day1 Day2 -6 Day7
Control group (n=10):
Pre-Training Post-Training
MRI No Training MRI
Dayi Day2 6 Dayl  *

Fig. 2. Experimeaital design.

scores(%changecomparingthe post-trainingto the pre-training
session)acrossthe entire training group indicateda high inter-
individual variability. This suggested large heterogeneityn the
improvementscoresand provided the possibility to divide the
learninggroupinto thosethat were @Strong-Learne®s@d those
that were @Veak-Learners® A K-means cluster analysis as
implementedin SPSS(SPSSInc.) was performedto delineate
the entiretraininggroupinto two subgroupsFollowing this initial
classification, between and within group differences for the
behavioralimprovementscoresas well pre-training and post-
training scoreswere analyzedusing non-parametri¢estssince a
normal distribution of the differencedbetweenthe samplescould
not be assumedndthe two subgroupshada small samplesize.
We alsoperformedwilcoxon testson the collectiveerrorrates
of each group (pre-training vs. post-training)for each of the
@lifferent® conditions and the @amed condition in order to
determinewhethertraining effectsshowedany dependencen the
frequencydifferencesetweenrthe targetand probetones.

fMRI designand parameters

Functional magnetic resonanceimaging (fMRI) was per-
formedon a SiemensVision (Siemens Erlangen,Germany)1.5
T whole-bodyMRI scannerequippedwith 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 echotime (TE) of 50 ms and a matrix of 64 ! 64 was
used.Using a mid-sagittalscoutimage, a total of 24 axial slices
41 41 6-mm voxel size) B parallel to the bi-commissural
plane B 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 acquisitionswere synchronizedwith
stimuluspresentationA high-resolutionT 1-weightedscan(1-mnt
voxel size) was acquired for each subject for anatomical
co-registration.

We useda variation of a sparsetemporalsamplingtechnique
acquiring one set of 24 axial slices every 17 s to circumvent
scannemoiseinterferenceAlthough the TR waskept constantat
17 s, the MR acquisitionactuallyvariedin relationto the auditory
stimulation.By moving the auditory stimulationframewithin the
17 s time frame,the delaybetweerthe end of the stimulationand
the onsetof the nextMR acquisition(seeFig. 1b) wasvariedwith
eachtrial. Therewas a minimum delay of 0 s and a maximum
delay of 6 s betweenthe end of the auditory stimulationand the
onsetof the MR acquisition(seeFig. 1b). We will referto these
imagingtime points (ITP) asITPO throughITP6. Similarly, there
wasaminimumdelayof 4 sandamaximumdelayof 10 s between
the end of 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
sampled times.

fMRI data analysis

The SPM99softwarepackageInstituteof Neurology London,
UK) wasusedto analyzeour fMRI data.Eachsetof axialimages
acquiredduringindividual subjects@re-andpost-trainingsessions
wasrealignedo thefirstimage.All images(pre-andpost-training
sessionsombined)werethenco-registereavith thecorresponding
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T1-weighteddataset,spatiallynormalizedio the SPM99template
using a non-linearspatialtransformatiorwith 7! 8! 7 basis
functionsandsmoothedvith anisotropicGaussiarkernel(12-mm
full-width-at-half-maximum). Conditions and subjectsO effects

were estimatedusing a general linear model (Friston et al.,

1999. The effect of global differencesin scan intensity was
removedby scalingeachscanin proportionto its globalintensity

Low-frequencydrifts were removedusing a temporalhigh-pass
filter with a cut-off of 200s. The datawerenot convolvedwith the

hemodynamicesponsdunction (HRF), anda low-passfilter was

not applied.The pitch memorytaskwascontrastedvith the motor

controltaskin orderto obtaincontrasimagesfor eachof thethree
groups.Second-levebnalyseswith the SPM contrastimagesfor

thethreegroupsweresubsequentlperformedWe alsodetermined
signalchangesn theright andleft HG for eachsubgroupbefore
andaftertraining.

\oxel-basednorphometry

An optimized method of voxel-basedmorphometry(VBM)
(AshburnerandFriston,2000;Goodetal., 2001) usingthe SPM99
package (Insitute of Neurology, London, UK) was used to
determinewhetherthere were any pre-existingstructuraldiffer-
encesbetweenour two subgroups.

Results
Behavioralresults

A preliminaryanalysisof the entiretraining groupindicateda
high interindividual variability in changescoresranging from
" 2% to +19%.Basedon this preliminaryanalysiswe dividedthe
training group into two subgroups@Strong-Learne®¥8L) and
@Veak-Learners® (WL) using a K-mean cluster analysis as
implemerted in SPSS (SPSS Inc.). After two iteratons, the
analysisrevealedwo clusterswith sevensubjectsn eachcluster
The SL group showeda cluster centerof 15.3% (improvement
score)while the WL grouprevealeda clustercenterof 4.8%. The
two subgroupsdiffered significantly from one anotherusing a
MannbWhitney test(Z = " 3.035,P < 0.002).A separatiorinto
threegroupsdid not offer any useful resultsfor further analysis,
sinceonegroupcontainedLO subjectqclustercenter:8.7%),while
the othertwo groupsconsistedf considerablyfewersubjectspne
with three(clustercenter:18.7%)and one with only one subject
(cluster center: " 2%). The control group (whose members
performedthe experimenttwice with no training in between)
improvedon averagedy 0.4%.A KruskaPbWallis testwith group
asafactorrevealed significantdifferencen performancehange
scores(v? = 13.45;df = 2; P < 0.001) betweenthe threegroups
(SL, WL, and control group). Post hoc MannBWhitney tests
showeda significantdifferencebetweenthe SL and WL groups
(2 =" 3.148;P < 0.002)andbetweerthe SL groupandthe control
group(Z =" 3.035;P < 0.002).However therewasno significant
difference betweenthe WL group and the control group (Z =
" 1.561; P = 0.118). The three groups did not differ in their
performancecorerior to the trainingperiod(v? = 0.617;df = 2;
P = 0.735).The SL andWL groups®ehavioraperformancelata
differedsignificantlyduringthepost-trainingMRI experimentand
showedsimilar significantdifferenceq P < 0.05) on eachday of
their training, although the differenees on day 2 were only

significantif testedone sided.Fig. 3a showsthe learningcurves
for the two training groupsover the 5-daytraining period.

Furthermore,we tested (Wilcoxon tests) whether the three
groupsshoweda significantimprovementoy comparingthe first
andlasttestingsessiorfor 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
significantdifferencecomparinghesecondo thefirst session(Z =
" 0.17,P = 0.85; Fig. 3h).

The Wilcoxon testson the performancescoresfor the Gamed
condition and for eachof the 5 frequencydistancesusedin the
@lifferent®condition showeda significantly better performance
within the SL group for the @ameDcondition(Z = " 2.375;P <
0.05)andseveralbf the @ifferent@conditions((diff-1) [(41.2 Hz)
Z =" 2.226;P <0.05],diff-2[(44.6Hz) Z =" 1.841;P < 0.050ne
tailed]andthediff-5 [(64.2Hz) Z =" 2.070;P < 0.05]). The other
two frequency distances (diff-3 and diff-4) showed a non-
significantpositivetrend (diff-3: Z =" 1.342;P = 0.18 and diff-
4: 7 =" 1.222;P = 0.222). The WL group did not show any
significant differencein their performanceratesfor any of the
G@GameDor @ifferent@conditions.

Imagingresults

Baselineactivationpattern

All threegroups(Controls,WL, andSL) demonstrated similar
activationpatternin their baselindMRI studieswith no significant
differencesn all possiblegroupcomparisongP > 0.05,corrected
for multiple comparisons)Fig. 4 showsthe combinedactivation
patternof all subjectghatparticipatedn thetrainingstudy(n = 14)
asanexampleof theactivationpatternfor eachof thethreegroups.
Thegroupmearnactivationpatterrfor thecontrast®pitclmemory>
motorcontrol@evealedxtendedctivationof thesuperiotemporal
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Fig. 3. Performancescoresfor the @Strong-LeaersO,@Veak-LearneO,
and Control Group.
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Pre Training (training groups combined)

Fig. 4. Pre-trainingactivationpatternfor the entire training group shows
prominentbilateral superiortemporalgyrus, inferior frontal gyrus, intra-
parietalsulcus/speriorparietalcortex,andcerebellaactivation( P < 0.05,
FWE, corrected)or the contrastpitch memory> motor control.

gyrus(STG)andthesuperiotemporabulcugSTS)bilaterally(Fig.

4). In addition, there was bilateral activationof the intraparietal
sulcus/superioparietalregion, the posteriorinferior frontal gyrus
(left morethanright), the superiopostero-lateraterebellun{lobes
V andVI) andthe SMA.

Imagingeffectsin the ©@Sting-Learner€@roup

The post-trainingcontrastof @pitchmemory> motor control®
showeda strong activationin 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 secondanauditory areas.
In addition, therewas strongactivationin 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,andthe posteriomparahippocampayrus(" 10/48/
4) (Fig. 5a). Contrastinghe post-trainingsessiordirectly 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 thesuperiomparietallobe (right: 40.5/" 53.7/41.3]eft:
" 42.3/50.1/42.3)bilaterally (right more than left) and a small
activationin the right posteriorpremotorcortex(Fig. 5c).

Strong Learner (SL)

]
]
]
]
]
1
]
]
]
]
]
'
]
1
]
]
]
]
]
'

Post >Pre Training Pre >Post Training

Fig. 5. ©®Strong-larnersGroupOpanela showssurfaceprojectionsof the
brainactivationpattern( P < 0.05,FWE, correcté) after5 daysof training
for thecontraspitch memory> motorcontrol.Paneb showsthe activation
patternfor the post-> pre-trainingcontrast;panelc showsthe activation
patternfor the pre-> post-trainingcontrast.

Post >Pre Training

Fig. 6. @Veak-Learner GroupO;panela showssurfaceprojectionsof the
brainactivationpattern( P < 0.05,FWE, correctedpfter5 daysof training
for thecontraspitch memory> motorcontrol.Paneb showstheactivation
patternfor the post-> pre-trainhg contrast;panelc showsthe activation
patternfor the pre-> post-trainingcontrast.

Imagingeffectsin the @\eak-Learneréroup

The post-trainingcontrastof @pitchmemory> motor control®
showeda strong activationin the STG bilaterally much more
centeredgiroundHeschl€gyrus(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
changesn thelingual gyrusbilaterally(right: 16.8/" 49.8/2.3) the
left antefor insula cortex (" 26.312.2/' 5.1), the orbitofrontal
cortexbilaterally(29.1/29.7/ 14.7and" 27.2/27.2/-1.3),andthe

Contrasting Strong Leamer with Weak Leamer
: :

i
SL (Pre > Post) >
WL (Pre > Post)

\ e o -
WL (Post > Pre) >
SL (Post > Pre)

WL (Pre > Post) >
SL (Pre > Post)

Fig. 7. A randomeffectsanalysis(t test) acrossboth training subgroups
using the post- > pre-trainng as well as pre- > post-trainingcontrast
images.Therewas significantly more activaton of the left SMG andless
activation of the intra-parietalsulcus/superioparietal cortex in the SL

groupcomparedo the WL groupin the post-> pre-trainhg contrast( P <

0.05,FWE, corrected)The WL grouphadsignificantlymoreactivationof

the orbito-frontalregionand lessactivaton of the posteriormid-cingulade

regionin the post- > pre-trainng contrast(P < 0.05, FWE, corrected).
Panelc showsactivationpatternfor the WL group comparedo the SL

group in the pre- > post-trainingcontrast,and paneld showsactivation
patternfor the SL group comparedo the WL groupin the pre- > post-

contrast.
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left parahippocampayrus(" 32.4/" 16.9I' 13.6;Fig. 6b). A small
activatiorwasalsoseerin themesiaportionof theleft HG (Fig. 6b).
Thereversecontrasipre-training> post-trainingyevealedositive
differencesn the mid-cingulategyrus(" 0.8/" 20.1/36;Fig. 6c).

Comparingthe @Sting-Learner€dvith the @\eak-Learner€d

Whenthe training effectswere comparecbetweengroups[SL
group (post- > pre-contrastp WL group (post- > pre-contrast)]
significantlymoreactivationwasseenn theanteriompartof theleft
supramarginagyrus (* 44.8' 32.4I' 20.5; Fig. 7b). The reverse
contras{SL group(pre-> post-contrasty WL group(pre-> post-
contrast)]showeda positive effect in the right superiorparietal
cortex(36.1)' 51.8I' 54.0; Fig. 7a). A regionwithin the cingulate
cortexbecamesignificantlyactivatedvhenthe pre-> post-training
contrastwas comparedbetweenthe WL and the SL group [WL
group(pre-> post-contrasty SL group(pre-> post-contrast)-ig.
7c]. The reversecontrastfWL group (post-> pre-contrastp SL
group (post- > pre)] showed a positive effect in the inferior
orbitofrontalcortexbilaterally (Fig. 7d).

Althoughthe SL aswell asthe WL subgroupsshowedhigher
post- vs. pre-training differencesin mean-weightedparameter
estimatesn theleft HG (3.0 (1.5) for the SL and2.2 (1.7) for the
WL group),the between-grouplifferencesn the left HG did not
reach significancethreshold. This might explain why only the
SMG emergedas significantly different in the direct voxel-by-
voxel comparisonTheright HG did not showstrongpost-vs. pre-
training differencesin eithergroup (1.0 (1.8) for the SL and 0.7
(1.4) for the WL).

Imagingchangesn the control group

A randomeffectsanalysis(Fig. 8) comparingscan2 with scan
1 in the control group revealedchangesn the right dorsolateral
pre-frontalcortex(27.4/12.7/22.4Fig. 8). No significantchanges
were detectedn the reversecontrast(scanl> scan2).Therewas
only a maginal changein the post-vs. pre-trainingdifferencesn
theweightedparameteestimatesn theleft HG (0.4 (0.7))andthe
right HG (0.6(1.0)).

Control Group

Scan 2 > Scan 1

Fig. 8. Controlgroup:brainactivationpatternfor the pitch memory> motor
controlcontrasiof the controlgroup,scannedwice separatethy oneweek
(P < 0.05,FWE, corrected) Contrastingscan2with scanlrevealedmore
activationin the right prefrontalcortexdisplayedon an axial and coronal
slice.

Gray and white mattervolumesin the ©@Stng-Gand
@\eak-Impovers®

In orderto excludethe possibility that structuralbrain differ-
encedetweerthe SL andWL groupscontributedo thebehavioral
differencesin training-inducedchanges,a voxel-basedmorpho-
metricanalysisvasperformedAshburnemndFriston,2000. This
analysisdid not revealany significantstructuraldifferenceg P <
0.05, corrected)in white or gray mattervolume betweenthe two
training groups.

Discussion

Our resultsshowedMR signalincreasesn the mesialportion
of Heschl® gyrus (HG), the posterior superior temporal and
inferior anteriorparietalbrain region(supramarginagyrus)on the
left following training for a pitch memory (PM) taskin subjects
who showeda strongimprovementin accuracywhen comparing
post- with pre-training assessments. The @Veak-Learners®
showed changesin an orbitofrontabparahippocampélingual
network in additionto small changesn the anteriorinsular and
mesial HG on the left when comparingpost- with pre-training
assessmentComparisonof the post- > pre-functionalchanges
betweenthesetwo subgroupgStrong-Learnews. Weak-Learner)
revealedsignificantly higher activation only in the left SMG.
Therewas a positive trend in the left HG, but it did not reach
significance Thesechangesn patternreflectthe two processesf
our pitch memory task: (1) the ongoing and repetitive pitch
discriminationprocesswhich is mostlikely relatedto the positive
changesin Heschl®gyrus; the HG has beenfound to play a
critical role in pitch discriminationtasks;and (2) the critical step
of memorizingthe initial pitch in the 6- to 7-tone sequences
which may involve specializedregions for short-termauditory
memory (e.g., the supramarginagiyrus). Our findings are alsoin
agreement with previous auditory training studies finding
covariationsbetweenfunctional activation patternsand perfor-
manceimprovements(e.g., Janckeet al., 2001; Golestaniand
Zatorre,2004).

Training effectsin the @Sting-Learner€®@roup

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
negatve change was seen in the supeior parietal lobule
bilaterally The strong effectsin the mesial portion of Heschl®
gyrus are most likely relatedto 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 regionsin addition to HG that
are more specializedfor the short-term storage of auditory
information.

Several studies have shown the importance of auditory
associatiorareasin pitch perceptionand memory(Zatorreet al.,
1994;Binderetal., 1996; Platelet al., 1997; Griffiths et al., 1999;
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Ohnishiet al., 2001). Furthermorethereare recentelectrophysi-
ological datashowingthat enhancementafter auditory discrimi-
nation training are seenpredominantlyin those auditory-evoked
potentialsthat mapto secondaryauditory cortex (Bosnyaket al.,
20049). Sincepreviousstudieshaveassociatethe SMG with short-
term auditory storage(Caplanet al., 1995; Salmonet al., 1996;
Vallaretal., 1997;Clarkeet al., 2000, its strongpositivechange
aftertrainingin this study may indicatea moregeneralshort-term
auditorystoragdunctionfor thisregionthatincludesverbalaswell
as non-verbalmaterial. When the pre-trainingvs. post-training
imageswere contrasteetweenthe two training groups(SL and
WL), theleft SMG wasthe only regionthatwassignificantlymore
activein the SL group.This finding supportghoseof otherstudies
that have identified the SMG as a short-term,auditory storage
center(Caplanetal., 1995;Salmonetal., 1996;Vallaretal., 1997;
Clarke et al., 2000; Paulesuet al., 1993; Sakuraiet al., 1999.
Celsiset al. (1999) alreadyextendedhe verbaland phonological
memoryfunctionof the SMG to the non-verbadomainby finding
left SMG activationin ataskrequiringmemoryjudgmentdetween
tonesof differentpitch height or spectralcontent.Our previous
studyshoweda significantcorrelationbetweerthe degreeof SMG
activation and accurateperformancen a pitch memory task in
nade subject{Gaabetal.,2003. However thereis onealternative
explanatiorfor our findings. The visual cuesin the pitch memory
andcontroltaskweresemanticallydifferentwhich could havelead
to differencedn the functionalactivationpatterndueto irrelevant
between-taskdifferencesin semantic processingtime, reading
speedword frequencyor memoryload. Neverthelessdueto the
timing of our sparsetemporal design, an influence of these
parameterseemsunlikely and would, at the earliest,affect only
thelasttwo imagingtime pointsof our sevenimagingtime points.

The parahippocampads well asthe posteriorcingulategyrus
have been associatedvith memory functions (Maddock et al.,
2001;Cabezeetal., 2002; Sakaiet al., 2002; Glabuset al., 2003.
Basedon studiesin both animalsand humans,Engelienet al.
(2000) suggestedhat the parahippocampaiegion might play an
importantrole in selectingand filtering auditory information for
entranceinto the medialtemporallobe 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
regions showing positive signal changesafter training, we also
found bilateral signal decreasen the superiorparietal lobules.
This finding is consistentvith thoseof previousstudiesin which
decreasedctivationin 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 decreaseattentionaldemandgJenkinset al., 1994; Schlaug
et al., 1994; Petersenet al., 1998; Kassubeket al., 2001;
Peterssoret al., 1999.

Training effectsin the @\eak-Learner&group

Unlike the SL group, the WL group showedpositive signal
changes after training in the lingual and orbitofrontal gyrus
bilaterally the left parahippocampagyrus, the right posterior
temporaboccipital region, the left anteriorinsular and a small
change in the left mesia HG. This activation pattern was

associatedvith a meanperformancemprovementscoreof only
4.8%. Similar to the Strong-Learnergroup, a signal changewas
seenin HG ontheleft, howeverthis changeseemedo belessthan
whatwasfoundin the SL group.

The strong activation of the lingual gyrus was unexpected.
Previousstudieshave shownthat activationof the lingual gyrus
canbe seenin working memoryexperimentgHoneyet 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 orbitofrontal gyrus as well as on the involvementof
the orbitofrontalgyrusin auditoryinformationprocessingdOscar-
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)
suggestedhat anterior superiortemporaland orbitofrontal areas
are responsiblefor the processingof complex auditory patterns
possibly through top-down regulationof the orbitofrontal cortex
on the superiortemporal cortex. Severalstudieshave revealed
reciprocalconnectionshetweenthe orbitofrontal and parahippo-
campalregions(Deaconet al., 1983; Priceet al., 1991), andthis
was further demonstratedy showing activation of parahippo-
campal regions in an auditory memory task (Engelien et al.,
2000; Grashyet al., 1993. The post-> pre-contrasalso showed
positive changesin a right temporo-occipitalregion (Fig. 6b)
which couldindicatethatthe WL groupusedsomeform of visual
encodingof the tonal information in order to solve the pitch
memorytask. It is mostlikely thatthe WL groupuseda network
of regionsconsistingof lingual, orbitofrontal,and parahippocam-
pal gyrusthat was lessefficient for non-verbalauditorylearning.
The WL group also showed signal decreasesn the anterior
portion of the posteriorcingulategyrus after training. This region
hasbeenimplicatedin memorytasksbut alsoin the evaluationof
sensoryinformation (Shahet al., 2001; Vogt et al., 2003. There
are extersive arstomical 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
severalexplanationdor the prominentpatternof signal changes.
First, it may be possiblethat skilled and unskilled performances
of a particulartask 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 more discussioron this]. The @Veak-Learner€0
group in our study may be at a different stagein the learning
processthan the @Strong-Learndfaf@spite the fact that both
groupsstartedout at the samelevel and had the sameamountof
training. It is possible that continued training in the Weak-
Learnersmight havelead to higher scoresas well as changesn
the activationpattern.Secondly an alternativeexplanatiorfor the
differencesin the activation pattern betweenthe two training
groups could be that the changesin the functional activation
patern refledt changes in nonpeformarce related function.
However this is less likely, since one would expectto find a
similar pattern acrossall three groups. Thirdly, the activation
patternin the WL group may indicatethe use of 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 more efficient patternof activated
brain regionssuch as that seenin the SL group.

Testbretesteffectsin the @Contl@group

In orderto assesgestreteseffectsacontrolgroupwasscanned
twice separatethy a weekwith no trainingin betweenSignificant
MR signalchangesverefoundin the right dorsolateraprefrontal
cortex (DLPFC), whenscansat timepoint2 were contrastedvith
timepoint1. The DLPFC is a region commonly associatedvith
working memory particularly in relation to non-verbalmaterial
(Manoachet al., 1997;Barchetal., 1997; Kaneand Engle,2002;
FunahashandTakeda2002; Sakai,2003, but recentpublications
also suggesthat this regionmay be involved in basicaspectof
attentionsuchasintrinsicandphasicalertnesgSturmandWillmes,
2001) andespeciallyauditoryintrinsicalertnesgSturmetal.,2004).
Thus,therearetwo possibleexplanationgor this tesbretesteffect.
Ononehandthesignalchangamightindicateagreaterelianceona
classicalvorkingmemoryregion,andontheotherhand,intrinsicor
phasicalertnessnight havedifferedwithin controlgroupbetween
thefirst andthe secondscan.This may haveresultedin increased
wakefulnesandarousabr/andincreasedesponseeadinessluring
the secondscanwithout leadingto any improved performance.
Neverthelessthe testretesteffect did not explain the training-
inducedeffectsseenin the WL andSL group.

In conclusion, the results of our study support the
@scaffolding-storadeftamework proposedby 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 engagementf different,
although not necessarily exclusive, brain regions. Strong
improvementin 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 decreasedh brain
regions associatedwith attention and multi-sensoryintegration
(e.g., SPL). Interesting differences emergedbetween subjects
that showed strong improvementand subjectsthat showed no
significantimprovementat all. Although both groupsdecreased
attentional demands comparing pod- and pre-training MR
images, positive signal changes were seen in a posterior
superiortemporaland inferior parietalnetworkin the SL group,
while the WL group showed positive signal changesin an
orbitofrontal Pparahppocampalblingud 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
testtretesteffects. No baselinedifferencesexisted betweenthe
two subgroups,and the amountof training was the same for
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 changesin
order to better understandhe functional correlatesof learning.
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