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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 fast
improvements in performance and complete transfer of the learned task. MSI recordings revealed an unilateral decrease in current dipole
strength in the somatosensory system contralateral to the trained hand. Attenuation of sensory evoked fields and a complete learning
transfer indicate learning in associative and secondary cortices rather than perceptual plasticity operating on neuronal populations involved
in early sensory processing. This findings are discussed with respect to an equivalent animal model and to learning specificity and
generalization. 1997 Elsevier Science Ireland Ltd.
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Perceptual learning and memory appear to be based on
neuronal plasticity operating during ontogeny as well as in
the adult [8]. Psychophysical learning data obtained from
primates and humans demonstrate refinements in discrimi-
nation abilities after practice. They further indicate that
perceptual and procedural learning is paralleled by neuronal
reorganization in the primary sensory and motor cortices
[8,10,12,13]. These studies demonstrate that one mechan-
ism of learning-induced neuronal plasticity is an increase in
the cortical representation of trained inputs. The purpose of
our study was to analyze training induced neuronal plasti-
city in the human somatosensory system using multi-chan-
nel magnetic source imaging (MSI). We used a training
paradigm previously applied in an animal model to intro-
duce a comparative study on neuronal learning mechanisms
[16].

Ten right-handed subjects (two females, eight males;

mean age 28± 6 years) gave informed written consent to
participate in this study [11]. The subjects placed their non-
dominant hand, serving as experimental hand, on a fixation
mold and were stimulated at six glabrous skin sites. The
dominant hand served as a control. Tactile stimuli were
applied simultaneously to the distal or proximal segments
of the fingers II–IV using two bars, A and B (Fig. 1A). Each
stimulation train was composed of alternating stimuli deliv-
ered by bar A and B (background) and two consecutive
stimuli applied by either bar (target) (Fig. 1B). The total
number of background stimuli and the site of the target
were randomized. The task was to press a button with the
other hand within a given time window (hit window) when
the subject detected the target. A response was categorized
as hit if it occurred within the given time window, and as
false positive or miss if it occurred before or after it (Fig.
1B). To assure continuous learning and attention to the sti-
mulus, the hit window was successively shortened from
initial 1000 ms down to 800 ms. Discrimination perfor-
mance was defined in relation to the hit window: relative
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performance= (total number of hits)/((total number of
trials) × hit window duration (ms)). Subjects performed
100–300 hits/session 3–5 times a week for 3–4 weeks.
For within-subjectcontrols, the control hand was trained
only at theendof thetrainingin orderto avoidanylearning
at thecontrol sideitself. Both handswere retestedaftera 6
month training break.

MSI wasrecordedat baselineandfollowing thetermina-
tion of the behavioral training. Complete data setswere
obtained from six behaviorally trainedsubjects.Threesub-

jectswereadditionally rescanned 6 months later.Magnetic
evokedfieldsin responseto contralateral tactilestimulation
wererecordedin a magnetically shielded roomusinga 37-
channelSQUID-basedbiomagnetometer (MAGNES,BTi).
Passivestimulation was applied to the distal, middle and
proximal segmentsof fingerII, III andV usinganair-driven
diaphragm. The interstimulus interval rangedfrom 400 to
500 ms.Eachstimuluswasrepeated512 times.Datawere
sampledwith abandwidth of 400Hz, low-passfiltered(,40
Hz) andanalyzedwith asingleequivalentdipolemodel. For
eachevokedmagnetic field, a singleECD model (equiva-
lent current dipole/best fitting local sphere)wasfitted and
themedians of thedipolemomentanddipole locationwere
computed from a section of points within a 20 ms time
window (11 sampling points) around the maximal root
meansquare(rms) across the 37 channels within a time
frameof 30–70 ms poststimulus. Responsesin the 30–70
ms time-window areroutinely usedto localize the primary
somatosensorycortex [14]. Later time windows (e.g.100–
200msand300–400ms)reflectingactivity in thesecondary
somatosensorycortex werenot analyzedas they requirea
different positioning of the sensor arrayto effectively cap-
turetheactivity overtheparietaloperculum[5]. Pointswere
selectedfollowing threecriteria: rms indicatinga signal-to-
noiseratio .3; correlationbetween goodness of thefit and
the measuredfield .0.97; confidencevolume of the ECD
location,300 mm3 [14]. Thedipole localization wasdeter-
mined by coregistering the magnetoencephalography
(MEG) data with high resolution magnetic resonance
imagesusing standardanatomic landmarksasexternal fidu-
cial points.

Within 3–4 weeksof training all subjectsshowed fast,
asymptotic learning on the discrimination task. Learning
was expressed by significantly improved discrimination
accuracyandshortened reactiontimesfor theexperimental
hand(Fig. 1C,D; Table1). Two of our subjectswereiniti-

Fig. 1. Trainingsetup andpsychophysical learningdata.(A) Dorsalview
on the left handwith the stimulusconfiguration usedin the tactile discri-
mination training. (B) Stimulusparameter and schematicdrawing of an
exampleof a tactile stimulus sequence.(C,D) Behavioral training data.
Eachcurveandcorresponding symboldepictthemeanrelativeperforman-
cea (C) and meanreactiontime (D) of eachsubjectfor the first training
sessionof the experimental hand(control), the experimental handat the
endof the training (trained), andfor the first contralateralhandtestingat
theendof thetraining(transfer).Learningtransferis indicatedby compar-
ablerelativeperformance ratesandreactiontimesfor trainedandcontrol
hands at the end of unilateral training. aRelative performance= (total
numberof hits)/((totalnumberof trials) × hit window duration(ms)).

Table1

Summaryof behavioralandneuronaldata

mean± SE

Group Baseline Trained Recovery

(A) Discrimination training data
Relativeperformance Experimental 4.7 ± 0.7 9.1 ± 0.4* 8.2 ± 1.3

Control 7.8 ± 0.6 7.7 ± 1.1
Reaction 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

Current dipole strength(nA × m) Experimental 9.7 ± 0.6 6.2 ± 0.2** [8 ± 0.4]
Control 8.2 ± 1.2 7.9 ± 1.2 [8.6 ± 1.2]

(A) Discrimination trainingdata.Discrimination accuracyandreactiontime weresignificantlyimprovedoverall subjectscomparing baselinevs. trainedof
theexperimental hand(*P , 0.005;** P , 0.0001,pairedt-test).Thedataobtainedfrom theexperimental handarehighlightedin bold.Thelearningeffect
waspersistentasrevealedby high performance ratesandshortreactiontimes6 monthswithout training (recovery). A high discriminationaccuracyon the
controlhandindicatescompletetransferof learning(control).(B) MSI data.All subjectsshoweda significantdecreasein themagnitude of thecurrentdipole
strengthwith training recordedcontralateralto experimental handstimulation (control vs. trained;*P , 0.0001,Wilcoxon signed-ranktest).This response
attenuationwasreversibleasindicatedby recoverydatarevealedfrom threesubjects.Recoverydataaregivenin bracketsbecauseof thedeviatingsampling
size.Non-significant changeswereobservedin the datarecordedfor control handstimulation.
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ally testedat both handsstartingat eitherhand(experimen-
tal hand,6.8 ± 0.5; control hand,7.0 ± 1.0; mean± SE of
relative performance).Thequestion of learning transferwas
addressedat theendof the training.The learningwasfully
transferredto the contralateralhand,asshownby compar-
able relative performance ratesand reaction timesfor the
experimentalandcontrol handwhen testedat theendof the
training (Fig. 1C,D; Table1). Generalization of the learned
task wasobserved,when testingother ‘naive’ skinsiteswith
differentbarorientationalongthethreesegmentsof fingerII
and IV, and testing the dorsumof the trained hand(data
not shown).Subjectswere retested6 monthsafter the end
of the training. All of them revealed high discrimination
accuracy with short reaction times for both hands(Fig.
1C,D; Table1).

The MSI data obtained from six experimental subjects
revealeda significant decreasein themagnitudeof thecur-
rent dipole strengthin responseto training, but no clear
effectson dipole localization andlatency of peakresponses

(Fig. 2a). The meandipole strength obtained in the highly
trainedstate wassignificantly decreased compared to base-
line for experimental handstimulation (Wilcoxon signed-
rank test, P , 0.0001) (Fig. 2b, Table 1). Control hand
stimulation revealed no significant difference in mean
dipole strength between baseline and trained condition
(Fig. 2c; Table 1). The decreasein the current dipole
strength in the cortical hemisphere contralateral to the
trainedhandis consistent over all subjects except KD. KD
showeda decreasein dipolemagnitudeevenfor thecontrol
hand,indicating bilateralneuronalchangesor,alternatively,
individual variability in recordingsdueto modifications in
the stateof alertnessand motivation during scanning ses-
sions.The data obtained6 months later suggest that the
trainingeffecton themean currentdipolestrength is rever-
sible (Fig. 2b; Table1).

Themost dominant effectof thepsychophysicaldatapre-
sentedhere is the complete transfer of the learnedtask
revealedby testing the untrained hand and other ‘naive’
skinsites.Perceptual learningspecificity is widely regarded
asanindicationof theneurologicallocalization of thelearn-
ing process.Specific perceptual learning is contributed to
earlystageswhereasunspecific learningandgeneralization
arecontributed to neuronal learningmechanismson higher
stagesof informationprocessing[4,7]. Theissueof learning
transfer and learning specificity is highly complex as
revealedby controversial findings on nearlyidentical train-
ing paradigms[7,15]. We concludethat learningtransferis
also related to the interaction of sensory processingand
attention involved [1,2]. Here, strong attentional control
may have involved higher stages of cortical information
processingin learning andmay havegenerated associative
imagesof the trainedparadigm andthe training procedure
which allowed performance widely independent of local
perception.

We report a decreasein thecurrentdipolestrengthof the
sensoryevokedmagneticfield with perceptuallearning.The
currentdipolestrengthis hypothesizedto beanindicatorof
the net strength of cortical polarization which reflectsthe
totalnumberof synchronously firing neuronscontributingto
the stimulus-driven cortical response[17]. Our finding of
post training reduced currentdipole strengthwould impli-
cateeithera decreaseof theneuronal populationcontribut-
ing to the signal evokedby trained handstimulation or a
decreasein temporal or spatial coherencein the evoked
neuronalactivity. Thus, two hypothetical explanations of
our observation arise: (1) that the effect of the highly
attendedtraining is to reducethe neuron countinvolved in
the evokedmagnetic field in the primary somatosensory
cortex;(2) that a largerspatial extentof cortexis involved
with consequent paradoxical cancellation of extracranial
fieldsdueto a lossof spatial andtemporal neuronal coher-
ence,arising from the extendednon-planar anatomic orga-
nization.Also the largernumberof neuronscould result in
temporally asynchronousfiring patterns.Electrophysiologi-
calstudiesonanimalmodelsreportincreasedcorticalrepre-

Fig. 2. (a) Mean equivalent currentdipole (ECD) localizationssuperim-
posedontoa MRI reconstruction of thecortexof a trainedsubjectelicited
by experimental(right hemisphere)and control hand stimulation (left
hemisphere)undercontrol(blackarrowswith blackdots)andaftertraining
(white arrows with white dots). The arrows representthe location and
orientation of the ECD vector averagedover nine stimulation sites on
the right/left hand.Thewidth of thearrowsindicatesthemeanmagnitude
of the dipolesfor eachhandstimulation.Small light grey arrowsindicate
the localization of the central sulcus. (b) After training all subjects
revealeddecreasedmagnitudes of the dipole strengthaveragedover all
tactilestimulationsiteson theexperimental hand.Themeancurrentdipole
magnitudeis indicated for each subject as a filled circle for baseline
recordings,an opensquarefor trainedanda shadedtriangle for 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 × m); for baselineand trained (all subjects),and recovery
imagingsessions(subjectKD, DP,FS).(c) Meancurrentdipolemagnitude
for control hand stimulation revealed invariant mean current dipole
strengthfor all subjectsexpect KD for baseline,trained and recovery
imagingsessions:KD: 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), (nA × m), conventionsas in (b).
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sentationsof trainedskin sites[13,16]. Similar effects are
reportedin aMEG study in longterm stringplayers[3]. Our
discriminationtraining appearssimpleandshortin compar-
ison to learning to play a musical instrument. It required
attention directedtoward every single stimulusandoperated
exclusively on the localization of cutaneousinputs. We
assume that thenatureof learning-relatedcortical reorgani-
zation is dependentonthecomplexity of thetask in termsof
sensory-motor and associative/cognitive requirements and
on the period of learning [2]. The amount of attention
required for correctperformance most likely excludesthat
automatization of the task occurredwith training.A domi-
nant top-down control also minimizes the possibility that
subcortical levels were involved in behavioral learning,
althoughthalamic structures play a role in general arousal
andvigilance[9].

Issuesof complexity, durationandattention mayalso be
important to considerwhen interpreting the observation of
increasing neuronalpopulationsrepresenting learnedinputs
in animalmodelsandthedecreasein currentdipolestrength
afterthattactile discriminationtask in humansreported here
[13,16]. In any event, a behavior that results in striking
positive representational changes including changes in dis-
tributed neuronaldischarge coherencein monkeysappears
to resultin a decreasein currentdipolestrengthin humans.
It is possible that therearedifferences in theway themon-
keysandthe human subjectsprogressthrough the training
task, andthatthismayimplement differentcortical learning
strategies[18]. Alternatively, plasticity phenomenology in
monkeys and in humans on the applied training paradigm
maybefundamentally different in the two species. Finally,
we haveto take into consideration that differentmethodo-
logical approacheshadbeenusedin the two studies.Plau-
sible explanations of our observation of amplitude
attenuation in responseto training in humansbasedon
MSI datamight includeneuronaladaptation to simple tac-
tile stimuli during the MSI-recordingsafter a period of a
complex discrimination training, and increasedtemporal
and local interference of current sourcesinduced in the
sensory and motor corticesby the highly attended perfor-
manceof thetaskevokedby simpletactilestimulation[6,9].
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