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Abstract

Adult humans were unilaterally trained in a tactile discrimination task of sequentially applied multi-finger stimuli. Magnetic source
imaging (MSI) was performed before and after the training to evaluate use-dependent neuronal plasticity. All subjects showed fa
improvements in performance and complete transfer of the learned task. MSI recordings revealed an unilateral decrease in current dif
strength in the somatosensory system contralateral to the trained hand. Attenuation of sensory evoked fields and a complete learr
transfer indicate learning in associative and secondary cortices rather than perceptual plasticity operating on neuronal populations invol
in early sensory processing. This findings are discussed with respect to an equivalent animal model and to learning specificity a
generalizationd 1997 Elsevier Science Ireland Ltd.
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Perceptual learning and memory appear to be based onmean age 2& 6 years) gave informed written consent to
neuronal plasticity operating during ontogeny as well as in participate in this study [11]. The subjects placed their non-
the adult [8]. Psychophysical learning data obtained from dominant hand, serving as experimental hand, on a fixation
primates and humans demonstrate refinements in discrimi-mold and were stimulated at six glabrous skin sites. The
nation abilities after practice. They further indicate that dominant hand served as a control. Tactile stimuli were
perceptual and procedural learning is paralleled by neuronalapplied simultaneously to the distal or proximal segments
reorganization in the primary sensory and motor cortices of the fingers II-IV using two bars, A and B (Fig. 1A). Each
[8,10,12,13]. These studies demonstrate that one mechanstimulation train was composed of alternating stimuli deliv-
ism of learning-induced neuronal plasticity is an increase in ered by bar A and B (background) and two consecutive
the cortical representation of trained inputs. The purpose of stimuli applied by either bar (target) (Fig. 1B). The total
our study was to analyze training induced neuronal plasti- number of background stimuli and the site of the target
city in the human somatosensory system using multi-chan- were randomized. The task was to press a button with the
nel magnetic source imaging (MSI). We used a training other hand within a given time window (hit window) when
paradigm previously applied in an animal model to intro- the subject detected the target. A response was categorized
duce a comparative study on neuronal learning mechanismsas hit if it occurred within the given time window, and as
[16]. false positive or miss if it occurred before or after it (Fig.

Ten right-handed subjects (two females, eight males; 1B). To assure continuous learning and attention to the sti-

mulus, the hit window was successively shortened from
* Corresponthg author. Tel.: +49 234 7007969 fax: +49 2347094209; initial 1000 ms down to 800 ms. Discrimination perfor-
email: friederikespengler@neuroformaik.ruhr-uni-bochm.de mance was defined in relation to the hit window: relative
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Fig. 1. Training setup andpsychophgical learningdata.(A) Dorsalview
on the left handwith the stimulusconfiguraton usedin the tactile discri-
mination training. (B) Stimulus paramete and schematicdrawing of an
exampleof a tactile stimulus sequence(C,D) Behavioraltraining data.
Eachcurveandcorrespondig symboldepictthe meanrelativeperforman
cé® (C) and meanreactiontime (D) of eachsubjectfor the first training
sessionof the experimetal hand (control), the experimeral handat the
end of the training (trained) andfor the first contralaterahandtestingat
the endof thetraining (transfer) Learningtransferis indicatedby compar-
ablerelative performarme ratesand reactiontimesfor trainedand control
handsat the end of unilateral training. *Relative performance= (total
numberof hits)/((totalnumberof trials) x hit window duration(ms)).

performance= (total numker of hits)/((total number of
trials) x hit window duration (ms)). Subjects performed
100-300 hits/ses®mn 3-5 times a week for 3—4 weeks.
For within-subjectcontrols, the contol hand was trained
only attheendof thetrainingin orderto avoidanylearning
atthe contol sideitself. Both handswere retestedaftera 6
month training bre.

MSI wasrecordedat baselhe andfollowing thetermina-
tion of the behavioal training. Compkete data setswere
obtaned from six behavorally trainedsubpects.Threesub-

Tablel
Summaryof behavioraland neuronaldata

jectswereadditiorally rescannd 6 monthslater. Magnetic
evokedfieldsin responseo contalatera tactile stimulation
wererecadedin a magetically shieldel room usinga 37-
channelSQUID-basedbiomagretomeer (MAGNES, BTi).
Passivestimuldion was appliedto the distal, middle and
proximal segment®f fingerll, 1ll andV usinganair-driven
diaphragn. The interstinulus interval rangedfrom 400 to
500 ms. Eachstimuluswasrepeted512 times. Datawere
sampledvith abandwdth of 400Hz, low-pasdiltered (<40
Hz) andanalyzedvith asingleequivalentdipolemodd. For
eachevokedmagnetic field, a single ECD modé (equia-
lent current dipole/bes fitting local sphere)wasfitted and
the mediars of the dipole momentanddipole locationwere
computa from a section of points within a 20 ms time
window (11 sampling points) arourd the maximal root
mean square(rms) acrass the 37 channés within a time
frame of 30—70 ms poststimuus. Responssin the 30-70
ms time-window areroutindy usedto locdize the primary
somateensorycortex [14]. Latertime windows (e.g. 100-
200msand300-400ms)reflectingactvity in thesecomary
somatgensorycortex were not analyzedasthey requirea
different positioring of the senso arrayto effectivdy cap-
turetheactivity overtheparietaloperalum[5]. Pantswere
selectedollowing threecriteria: rmsindicatinga signal-to-
noiseratio >3; correltion betwea goodnes of thefit and
the measuredield >0.97; confidencevolume of the ECD
location<300 mm?® [14]. Thedipole localizaion wasdeter-
mined by coregisteing the magetoencphalogrghy
(MEG) data with high resdution magnetic resonance
imagesusing stardardanatonic landmaks asexterna fidu-
cial points.

Within 3—4 weeksof training all subjectsshowed fast,
asympbtic learning on the discrimination task. Learning
was expressed by significantly improved discriminaton
accuracyandshortend reactiontimesfor the experimenal
hand(Fig. 1C,D; Table 1). Two of our subgctswereiniti-

mean SE
Group Baseline Trained Recovery
(A) Discriminatian training data
Relative performare Experimental 4.7+ 0.7 9.1+ 0.4 8.2+1.3
Control 7.8+ 0.6 7711
Reactiao time (ms) Experimental 5155.5+ 1.6 364.4+ 13 371.6+15.3
Control 364.8+ 3.9 377.4+ 14
(B) MSI data
Currert dipole strength(nA x m) Experimental 9.7+ 0.6 6.2+ 0.2 [8 +0.4]
Control 8.2+1.2 79+12 [8.6+1.2]

(A) Discriminaton training data.Discrimination accuracyandreactiontime weresignificantlyimprovedover all subjectscompariry baselinevs. trainedof
theexperimetal hand(*P < 0.005;** P < 0.0001 pairedt-test). The dataobtainedfrom the experimeteal handarehighlightedin bold. Thelearningeffect
waspersistentisrevealedby high performarce ratesandshortreactiontimes6 monthswithout training (recovery) A high discriminationaccuracyon the
controlhandindicatescompletetransferof learning(control). (B) MSI data.All subjectshoweda significantdecreasén the magnitue of the currentdipole
strengthwith training recordedcontralaterato experimetal handstimulatian (controlvs. trained;*P < 0.0001,Wilcoxon signed-rankest). This response
attenuatiorwasreversibleasindicatedby recoverydatarevealedrom threesubjectsRecoverydataaregivenin bracketsecausef the deviatingsampling
size.Non-significam changesvere observedn the datarecordedfor control handstimulation.
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ally testedat both handsstartingat eitherhand(expeimen-
tal hand,6.8 + 0.5; control hand,7.0 £ 1.0; meanz SE of
relatve performance).The quesion of learning transferwas
addressedat the endof the training. The learningwasfully
transerredto the contalateralhand,as shownby conpar-
ablerelatve performane ratesand readion timesfor the
expeimentalandcontol handwhen testedat the endof the
training (Fig. 1CD; Tablel). Generéization of thelearned
tak wasobservedywhen testingothe ‘naive’ skin siteswith
differentbarorientationalongthethreesegmerg of fingerll
and IV, and testing the dorsumof the trained hand (data
not shown).Subjectswere retesteds monthsafter the end
of the training. All of them revealed high discrimination
accumacy with short readion times for both hands (Fig.
1CD; Tablel).

The MSI dataobtainal from six expeimental subgects
revealeda sigrificant decieasein the magnitude of the cur-
rent dipole strengthin responseto training, but no clear
effectson dipolelocdization andlateng of peakresponses
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Fig. 2. (a) Mean equivalen currentdipole (ECD) localizationssuperim-
posedontoa MRI reconstructin of the cortexof a trainedsubjectelicited

by experimental(right hemisphere)and control hand stimulation (left

hemispherejindercontrol (blackarrowswith black dots)andaftertraining

(white arrows with white dots). The arrows representthe location and
orientation of the ECD vector averagedover nine stimulation sites on

theright/left hand.The width of the arrowsindicatesthe meanmagnitua

of the dipolesfor eachhandstimulation.Small light grey arrowsindicate
the localization of the central sulcus. (b) After training all subjects
revealeddecreasednagnitucs of the dipole strengthaveragedover all

tactile stimulationsiteson the experimettal hand.The meancurrentdipole
magnitudeis indicated for each subjectas a filled circle for baseline
recordings an opensquarefor trainedand a shadedrianglefor recovery
conditions:KD: 9.7(0.6),6.8(1.9),7.4(3.1); PS:10.0(0.8),6.5(0.7); DP:

12.3(1.6),6.2(0.5),8.7(0.7); PW: 8.6 (1.4),5.3(1.0); NF: 7.6 (0.9), 6.1

(0.5); FS: 10.0 (0.8), 6.5 (0.7), 7.9 (1.3); meancurrent dipole strength
(£ SE), (nA x m); for baselineand trained (all subjects),and recovery
imagingsessiongsubjectKD, DP, FS).(c) Meancurrentdipole magnitua

for control hand stimulation revealed invariant mean current dipole

strengthfor all subjectsexpectKD for baseline,trained and recovery
imaging sessionskD: 7.5(1.0),9.3 (1.4),6.4 (2.5); PS:11.2(1.6),11.4
(0.8); DP: 8.2(0.9),8.3(1.0),9.0(0.9); PW: 5.1 (1.0),5.4 (0.6); NF: 5.2

(0.8),5.9(1.0); FS:11.2(1.6),11.4(0.8),10.3(1.1); meancurrentdipole

strength( = SE), (nNA x m), conventionsasin (b).

(Fig. 2a). The meandipole strengh obtdned in the highly
trainedstae wassignificantly decrease comparel to base-
line for expeimental hand stimulation (Wilcoxon sigred-
rank te€, P < 0.0001) (Fig. 2b, Table 1). Control hand
stimulaion revealed no sigrificant difference in mean
dipole strength between baselhe and trained condiion
(Fig. 2c; Table 1). The decreasein the current dipole
strengthin the cortical hemisghere contralaterh to the
trainedhandis consisent over all subjecs exceft KD. KD
showeda decreasén dipole magiitudeevenfor the control
hand,indicating bilateralneuraal changs or, altematively,
individual variability in recadingsdueto modificaionsin
the stateof alerthessand motivation during scaniing ses-
sions. The data obtained6 monthslater sugges that the
training effecton the mean currentdipole strengh is reve-
sible (Fig. 2b; Table1).

Themosg dominar effectof thepsychophysial datapre-
sentedhere is the compleae transfer of the learnedtask
revealedby testing the untrained hand and othe ‘naive’
skin sites.Perceptal learningspecificty is widely regaded
asanindication of theneurologicallocalization of thelearn-
ing process.Specift pereptuallearning is contributel to
early stageswhereasunspedic learningandgeneralkation
arecontributel to neuraal learningmechansmson higher
stagef informationprocessing4,7]. Theissueof learning
transfer and learning speciftity is highly complex as
revealedby controvesial findings on nearlyidertical train-
ing paraligms[7,15]. We concludethatlearningtransferis
also relatedto the interaction of sensoy processingand
attention involved [1,2]. Here, strong attentbnal contol
may have involved highe steges of cortical information
processingn learning and may havegeneratd asso@tive
imagesof the trainedparaligm andthe training procelure
which allowed performance widely independat of local
percepion.

We repott adecreasén the currentdipole strengthof the
sensoryevokedmagnetidield with perceptualearning.The
currentdipole strengthis hypothesizedo be anindicatorof
the net strengh of cortical polarizaton which reflectsthe
totalnumberof synchronouly firing neursmscontibutingto
the stimulusdriven cortical respnse[17]. Our finding of
posttraining redued currentdipole strengthwould impli-
cateeithera decreasef the neuraal populationcontribut-
ing to the sigral evokedby trained hand stimulaion or a
decreasein tempoal or spatid coherencein the evoked
neuronalactvity. Thus,two hypothetcal explanatiors of
our obsevation arise: (1) that the effect of the highly
attendedraining is to reducethe neuran countinvolvedin
the evoked magnetic field in the primary somatsensory
cortex; (2) that a largerspatid extentof cortexis involved
with conseguent paradoxical cancellatim of extracranal
fields dueto alossof spatid andtemporl neuraal coher-
ence,arising from the extendedhon-plana anatonic orga-
nization. Also the largernumberof neuras could resut in
temporaly asyntironousfiring pattens. Eledrophysiobgi-
cal studiesonanimalmodelsreportincreasedortical repre-
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senttionsof trainedskin sites[13,16. Similar effects are
repotedin a MEG study in longtem stringplayers[3]. Our
disaiminationtraining appeas simpleandshortin compar-
ison to learning to play a mudcal instrument. It required
attenton directedtoward every singe stimulusandoperatel
exclusively on the localization of cutaneousinputs. We
assune thatthe natureof learning-elatedcortical reorgani-
zafon is dependenbnthe complexity of thetask in termsof
sensoy-motor and asso@tive/cognitive requiremats and
on the period of learning [2]. The amaunt of attentin
requred for correctperformane mostlikely excludesthat
autamatizaton of the task occurredwith training. A domi-
nant top-down control also minimizes the possibiity that
subcotical levels were involved in behavioal learnirg,
althoughthalamic structures play a role in geneal arousal
andvigilance[9].

Isswesof compleity, durationandattenton may also be
importantto considerwhen interpreting the obsenation of
increagng neuronalpopulationsrepresating learnedinputs
in animalmodelsandthedecreasén currentdipolestrengh
afterthattadile discriminationtak in humangeportel here
[13,1G. In any event,a behaviorthat resuts in striking
postive representional changs including changs in dis-
tributed neuronaldischage coherencen monkeysappears
to resultin adeceasen currentdipole strengthin humans.
It is possble thattherearedifferences in the way the mon-
keysandthe human subgctsprogresshrough the training
tak, andthatthis mayimplement differentcorticallearning
straegies[18]. Alternatively, plasticity phenomenlogy in
monkeysandin humans on the appied training paradigm
may be fundamentally differentin the two speciesFinally,
we haveto takeinto consideation that differentmethode
logical appracheshad beenusedin the two studes. Plau-
sible explanatiors of our observabn of amplituce
attenudion in responseto training in humansbasedon
MSI datamight include neuronaladaptaibn to simple tac-
tile stimuli during the MSI-recordingsafter a period of a
complex discriminatin training, and increasedtemporal
and local interference of current sourcesinducedin the
sensoy and motor corticesby the highly attendel perfor-
marceof thetaskevokedby simple tactile stimulation[6,9].
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fruitful discussbns. We acknowedgethe MSI equpment
andpartialfinancialsuppot of BTi. The autlorswould like
to thank SusannéHonma,RT for excelenttechrical assis-
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