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a b s t r a c t 

Somatosensory short-term memory is essential for object recognition, sensorimotor learning, and, especially, 
Braille reading for people who are blind. This study examined how visual sensory deprivation and a compen- 
satory focus on somatosensory information influences memory processes in this domain. We measured slow 

cortical negativity developing during short-term tactile memory maintenance (tactile contralateral delay activ- 
ity, tCDA) in frontal and somatosensory areas while a sample of 24 sighted participants and 22 participants who 
are blind completed a tactile change-detection task where varying loads of Braille pin patterns served as stimuli. 
Auditory cues, appearing at varying latencies between sample arrays, could be used to reduce memory demands 
during maintenance. Participants who are blind (trained Braille readers) outperformed sighted participants be- 
haviorally. In addition, while task-related frontal activation featured in both groups, participants who are blind 
uniquely showed higher tCDA amplitudes specifically over somatosensory areas. The site specificity of this com- 
ponent’s functional relevance in short-term memory maintenance was further supported by somatosensory tCDA 

amplitudes first correlating across the whole sample with behavioral performance, and secondly showing sensi- 
tivity to varying memory load. The results substantiate sensory recruitment models and provide new insights into 
the effects of visual sensory deprivation on tactile processing. Between-group differences in the interplay between 
frontal and somatosensory areas during somatosensory maintenance also suggest that efficient maintenance of 
complex tactile stimuli in short-term memory is primarily facilitated by lateralized activity in somatosensory 
cortex. 
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. Introduction 

Humans are constantly confronted with considerable sensory input.
aintaining and processing such information is indispensable for mas-

ering everyday activities. Furthermore, bridging temporally separated
ensory information is vital to fully perceive, understand, and inter-
ct with our environment ( Goldman-Rakic, 1992 ). Research has accord-
ngly focused on the maintenance of sensory information in short-term
emory (STM), given its fundamental importance to complex cognition

uch as decision making and goal-directed behavior ( D’Esposito, 2007 ;
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oldman-Rakic, 1992 ; Shah and Miyake, 1999 ). STM maintenance is
enerally considered a process which allows higher-order manipulations
uch as comparisons between sensations across time (working memory,
ben et al., 2013 ; Atkinson and Shiffrin, 1968 ; Cowan, 2008b ) and ex-

ends beyond ultra-short-term unconscious sensory traces in modality-
pecific brain areas ( Atkinson and Shiffrin, 1968 ; Gallace et al., 2008 ;
perling, 1967 ). While STM capacity is limited to a few items, sensory
emory can hold more (unconscious) information, with its capacity and
aintenance differing across modalities ( Cowan, 2008a ). 

In addition to visual and auditory inputs, STM maintenance of tac-
ile information is essential for all humans, not only in terms of ob-
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Table 1 

Causes for blindness in n = 22 participants. 

Causes for blindness n Age of onset 

Retinopathy of prematurity 8 six at birth; 1.5; 13 years 
Tumor disease 3 1; 3; 18 years 
Genetic diseases (non-defined) 2 both at birth 
Unknown 3 two at birth; 4 years 
Optic nerve atrophy 2 1; 22 years 
Macular degeneration 2 at birth; 12 years 
Retinopathy (adolescent) 1 12 years 
Incontinentia pigmenti 1 6 years 
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ect recognition ( Gallace and Spence, 2009 ; Rincon-Gonzalez et al.,
011 ), but also for motor learning; sensory and proprioceptive feed-
ack during movement guides adaptational processes that minimize dis-
repancies between intended and actual motion paths ( Krakauer et al.,
019 ; Rossi et al., 2021 ). In addition, tactile STM forms the basis
or Braille reading. However, compared to visual and auditory mem-
ry, somatosensory STM receives less research focus ( Gallace and
pence, 2009 ). A better understanding of both its characteristics and
nderlying neurophysiological processes would greatly assist with the
evelopment of new concepts for teaching Braille reading to people who
re blind ( Ma š i ć et al., 2020 ). 

Sensory recruitment models of general STM propose that sensory
nformation is maintained through the activation and interplay be-
ween modality-specific brain regions recruited during initial sensory
rocessing, and supramodal brain areas corresponding to higher-order
rocessing ( Jonides et al., 2008 ; Linden, 2007 ; Postle, 2006 ; Reuter-
orenz and Jonides, 2007 ; Ruchkin et al., 2003 ; D’Esposito and Pos-
le, 2015 ). The prefrontal cortex (PFC) in particular plays an important
op-down (supramodal) role, by recruiting task-relevant neuronal net-
orks, monitoring attention, and representing task goals ( Chai et al.,
018 ; D’Esposito and Postle, 2015 ; Fuster, 2015 ; Lenk et al., 2014 ;
ostle, 2006 ). Concerning the somatosensory modality in particular,
on-human primate studies show activation in the (dorsolateral) PFC
nd somatosensory areas during tactile STM tasks ( Pasternak and Green-
ee, 2005 ; Resch et al., 1992 ; Romo and Salinas, 2003 ; Wang et al.,
015 ; Zhou and Fuster, 1996 ). Studies with humans have revealed sim-
lar activation patterns ( Bender et al., 2007 ; Burton and Sinclair, 2000 ;
arris et al., 2002 ; Katus et al., 2015 ; Ohara et al., 2008 ; Savini et al.,
012 ; Spitzer and Blankenburg, 2011 ; Staines et al., 2002 ; Zhao et al.,
018 ). However, a number of key characteristics of somatosensory mem-
ry remain unclear, in particular the duration of tactile memory traces
n sensory (haptic) memory and also STM capacity. Also, to date, no
tudy has demonstrated a functional relevance to the sensory recruit-
ent model with specific reference to somatosensory STM. 

An exciting advancement in human neurophysiological research
n STM involves contralateral delay activity (CDA). CDA is a slow-
oving waveform recordable with non-invasive electroencephalog-

aphy (EEG), which classically scales in amplitude with memory
oad during the maintenance period of visual change-detection tasks
 McCollough et al., 2007 ; Vogel and Machizawa, 2004 ). More recently,
atus et al. (2015) report late contralateral negativity at lateral central
lectrodes during a tactile change-detection task. This so-called ‘tactile
DA’ (tCDA) also seems to be, within limits, sensitive to varying mem-
ry load ( Katus and Eimer, 2018 ; Katus et al., 2015 ). Most researchers
nterpret (t)CDA as the shift of memory relevant attention ( Berggren and
imer, 2016 ; Hecht et al., 2016 ; Katus and Eimer, 2015 , 2018 ; Lewis-
eacock et al., 2012 ). 

For the present study, we accordingly designed a tactile change-
etection paradigm to help address the above outstanding issues. In ad-
ition to memory arrays varying in terms of a wider range of load (two,
our or six items), we compared the effects of a cue, which narrowed
own the possible locations of impending change. The cue appeared ei-
her before, or at various stages after the memory array (S1), and always
efore the appearance of the target array (S2). The various latencies of
ue onset allow us to identify how long after S1 cueing remains effective,
nd thus, for how long traces are likely held in haptic memory. 

We present behavioral and EEG data recorded while both regular-
ighted and human participants with blindness performed our paradigm.
ue to their intense use of the tactile sense (e.g. for navigation and ob-

ect recognition) and their experience in Braille reading, people who are
lind have extraordinary expertise in somatosensory information pro-
essing ( Fine and Park, 2018 ). Proficient Braille readers are especially
ntensively trained in perceiving, processing, and memorizing small-
ized haptic stimuli at their fingertips. Previous work in the context
f blindness-driven cortical plasticity demonstrates expanded neuronal
epresentation of fingers used for Braille reading ( Pascual-Leone et al.,
2 
993 ; Pascual-Leone and Torres, 1993 ; Sadato et al., 1998 ), a stronger
unctional connection between different regions in the somatosensory
ortex ( Heine et al., 2015 ), and the recruitment of occipital areas for the
rocessing of nonvisual input (e.g., Fine and Park, 2018 ). Additional evi-
ence supports the hypothesis of cross-modal compensation; individuals
ho are blind show enhanced sensory and cognitive function ( Fine and
ark, 2018 ; Kupers and Ptito, 2014 ; Withagen et al., 2013 ), and, in par-
icular, hyperacuity in the senses of hearing and touch ( Arnaud et al.,
018 ; Boven et al., 2000 ; Kauffman et al., 2002 ; Kupers and Ptito, 2014 ;
enier et al., 2014 ). We therefore expected participants who are blind to
ignificantly outperform sighted controls behaviorally in our paradigm.
he present study will therefore detail the neurophysiological under-
innings of this superior performance, adding to the compensation lit-
rature, while also using this de facto expert-vs-novice contrast across
ur wider analyses to ascribe functional relevance to neurophysiological
ndings related to somatosensory STM and the tCDA. 

. Materials and methods 

.1. Participants 

We initially recruited 28 participants who are blind and 28 partici-
ants with normal or corrected-to normal vision. We approached various
pecialized social socities to contact and recruit people who are blind.
or the latter sample we used advertisments on information boards and
n the webpage of the University of Dresden. We excluded four sighted
articipants and three participants with blindness from analysis due to
echnical problems during EEG recording. We excluded three more par-
icipants who are blind during pre-processing. Two participants had sub-
tantial artefacts in their EEG data, such that removing artefact-laden
pochs would have left no trials for further analyses. We removed the
hird participant with blindness due to performance below chance level.
he final sample thus contained 22 participants who are blind (11 fe-
ale, 11 male, mean age 35.7 ± 9.0, range 23-57 years) and 24 sighted
articipants (15 female, 9 male, mean age 29.8 ± 10.3, range 18-50
ears). There were no significant differences between the two groups re-
arding age ( t (44) = − 2.10, p = .08) and sex ( t (44) = 0.84, p = .40). None
f the participants were diagnosed with a neurological or psychiatric dis-
rder, and no participants were taking psychoactive medication at time
f testing. Aside from one ambidextrous participant in the group of par-
icipants with blindness, all participants were right-handed as assessed
y the Edinburgh Handedness Inventory (EHI, Oldfield, 1971 ). For as-
essing handedness in participants who are blind, we used an adjusted
HI, modifying three unsuitable items (e.g., ‘reading a text in Braille’ in-
tead of ‘writing’). As most people who are blind typically learn to read
raille with both hands, the cut-off score for right-handedness was con-
equently lowered from 0.4 to 0.35. One such person did not complete
he EHI, but reported during anamnesis as being right-handed. Half of
he participants with blindness were blind at birth; the other half had
ecome blind later in life. All of them were blind for at least 16 years.
lindness etiologies are summarized in Table 1 . Participants with blind-
ess were either totally blind or visually strongly impaired, satisfying
riteria for the category four (which permits rudimentary desercnment
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Fig. 1. Schematic illustration of one trial in the change-detection task with auditory cue. S1 = first stimulus, S2 = second stimulus. 
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f different levels of brightness) and five of the classification of blind-
ess provided in ICD-10 ( ICD-10-CM 2022 , 2021 ). All participants met
he inclusion criteria of at least one year of experience in Braille read-
ng (mean 27.6 ± 8.7 years). None of the sighted participants had ex-
erience with Braille reading. In the supplementary material, we report
dditional analyses comparing participants who are congenitally blind
ith those who lost their sight later in life, and correlational analyses
ssessing influencing factors on performance rates in the group of par-
icipants with blindness. Results suggest that blindness onset was not a
onfounding factor in this sample. All participants gave informed con-
ent and received €30 monetary compensation for their participation
plus reimbursement of travel expenses, if necessary). The study was
pproved by the ethics committee at the Technische Universität Dres-
en, and conformed to the Declaration of Helsinki. 

.2. Experimental protocol 

Participants performed a change-detection task based on established
aradigms for the visual system (e.g., Vogel and Machizawa, 2004 ),
dapted for tactile stimuli. With their index, middle, and ring fingers
f both hands placed on a Braille-reading device (InfoDot 40, Flusoft),
articipants were presented with a tactile stimulus (S1) for 150ms. Six
istinguishable pin patterns were used as stimuli ( Fig. 1 ). Stimuli did not
epresent Braille letters, but arbitrary patterns of four pins. After a reten-
ion interval of two seconds following S1 onset, a second stimulus (S2)
as presented for 150ms. Two seconds after S2 onset, an auditory tone
rompted participants to state via mouse click whether they perceived
1 and S2 to be the same, or whether they recognized a change. Changes
ccurred on 50% of trials, and always occurred only at a single finger.
he nature of the pin combinations ensured that each change involved
 minimum of two pins. Deferring the motor response avoided prepara-
ory motor activity overlapping with somatosensory memory mainte-
ance. Both the order of the hand experiencing a change and the combi-
ation of presented pin patterns were pseudo-randomized. A schematic
llustration of one trial of the change-detection task is shown in Fig. 1 . 

We manipulated additional task parameters to address our core hy-
otheses. The first parameter related to an auditory cue, providing in-
ormation about the hand at which change would occur (‘left’ or ‘right’).
uch a cue reduces memory load by half, if used effectively. To further
ssess whether the cue was most effective at different stages of trials,
e altered the latency of its appearance (1500ms prior to S1, 150ms,
00ms, 500ms, 800ms, 1200ms after S1). A second parameter related
o memory load, i.e., the number of presented pin patterns. This var-
ed between two (one at each index finger), four (one at each index
nd middle finger), and six items (one at each index, middle, and ring
nger). 

The whole task consisted of 12 blocks with 40 trials each. One block,
erving as a baseline condition without memory demands, was not in-
luded in the final analysis. Design for the remaining 11 blocks ascribed
pecific parameters to trials of a given block (blocked conditions). Five
locks respectively probed five levels of cue-latency effects (1500ms
3 
rior to S1, 300ms, 500ms, 800ms, 1200ms after S1) and used a con-
tant memory load of four items (i.e., four pin patterns) presented at S1.
he other six blocks probed the interaction between memory load (two,
our or six items presented at S1) and discrete cue effects (150ms post S1,
r none). The inter-trial interval was pseudo-randomized trial-by-trial,
nd ranged from six to ten seconds. Due to the high number of blocked
onditions, a completely counterbalanced block order was not possible
cross our participant sample. Nonetheless, every block condition ap-
eared at each possible order position for at least two (and maximum
ix) times. 

All participants completed two training sessions, one on the day of
ata acquisition, and another at an appointment beforehand. Training
ontained eight practice blocks with 12 trials each . A block was repeated
hen a performance rate above chance level was not achieved. No par-

icipants were excluded due to insufficient performance in the practice
rials. All participants were instructed to keep their eyes closed during
he whole task. 

.3. EEG recording and pre-processing 

While participants performed the tactile change-detection task, we
ollected simultaneous EEG data at a sampling rate of 5000Hz with an
nline band-pass filter (DC as low cut-off and 1000Hz as high cut-off;
rainAmpDC amplifier; Brain Products GmbH, Gilching, Germany). We
sed a 64-channel electrode cap (equidistant layout, Easycap GmbH,
errsching, Germany) with sintered Ag/AgCl electrodes. An electrode
ear Fpz served as the online reference, before transformation to an av-
rage reference during offline pre-processing. Three additional horizon-
al and vertical electrooculogram electrodes were applied; one lateral to
he right eye and one above and one below the left eye (1cm distance).

e kept impedances < 10k Ω. We conducted offline pre-processing using
rainVision Analyzer 2.1 software (Brain Products GmbH, Gilching, Ger-
any). We initially segmented the continuous data into epochs spanning
500ms, starting 2000ms prior to S1, and created separate sets for cor-
ect and incorrect responses as well as for the auditory cues (left/right).
e included only trials containing a response within 2000ms of the

esponse-prompt signal tone for further analysis. Eye movement arte-
acts were removed by calculating the propagation factors for blinks
nd eye movements ( Gratton et al., 1983 ). We removed DC trends by
ubtracting linear estimates fitted to intervals of 500ms at the begin-
ing and end of the segments. By comparing averages with and without
C-detrend correction a systematic bias caused by the correction pro-
ess was ruled out. We next used an automatic artefact rejection proce-
ure to exclude segments with amplitudes > 100 𝜇V, and then low-pass
ltered (30 Hz) remaining segments using a Butterworth filter (slope
dB/octave). The time interval of 500ms prior to S1 served as baseline.
e computed participant-level averages across all correct trials. We then

alculated CDA following the rationale of the lateralized readiness po-
ential ( Coles, 1989 ): CDA = [Mean(el2-el1) left + Mean(el1-el2) right ]/2,
here el1 and el2 respectively correspond to the left and right lateral-

zed electrode of a region-specific pair (see specific electrodes in Data
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nalysis section) and subscripts ‘left’ and ‘right’ respectively correspond
o trials cued to a change at that hand, i.e., subtracting ipsilateral from
ontralateral activity, relative to hand. The average signal-to-noise ratio
f all correct trials at the relevant electrodes was 45.5. 

.4. Data analysis 

We selected a time window spanning from 700 to 900ms relative to
ue onset to calculate the amplitude of tCDA. This window allowed time
o process the auditory stimulus and focus attention on the respective
and, i.e. capturing activity during the plateau after the tCDA’s inital
ise. In the condition in which the cue was presented 1500ms prior to
1, we used the time window 700-900ms after S1. We used a shorter
ime interval than previous work (e.g., Vogel and Machizawa, 2004 ,
atus and Eimer, 2018 ; Katus et al., 2015 ) in order to obtain better

emporal resolution and to avoid strong overlaps of the analyzed time
indows across experimental conditions. Our selection of this specific

ime window of tCDA was guided by previous work on the sensory
ost-processing N700 component, which might be related to CDA and
ther memory-maintenance-related slow waves ( Bender et al., 2007 ;
ender et al., 2010 ), and by work on early CNV ( Bender et al., 2004 ). 

On the basis of former research ( Postle, 2006 ; Ruchkin et al., 2003 )
e investigated neural activity in the frontal and the somatosensory

ortex, respectively representing the supramodal ’monitoring’ area and
he modality-specific region involved in somatosensory memory main-
enance. Based on existing anatomical knowledge and in line with pre-
ious research, we selected pairs F5/F6 as electrode sites overlaying
he dorsolateral prefrontal cortex (DLPFC; Gupta and Tranel, 2012 ;
aiser, 2010 ) and pairs CP3/CP4 to capture cortical activity in the
rimary and secondary somatosensory cortex (SI and SII; Holmes and
amè, 2019 ; Kaiser, 2010 ; Martuzzi et al., 2014 ). We a priori performed
 data-driven principal component analysis (PCA) which confirmed the
elected areas of interest ( Kayser and Tenke, 2006 ; Pourtois et al., 2008 ).
hese target electrode sites also provided separation between frontal
nd somatosensory activity. 

To conduct source analysis, we used low-resolution electromagnetic
omography (LORETA in BrainVision Analyzer 2.1), which provides cur-
ent density estimates for 2349 voxels spanning the gray matter and
ippocampus ( Pascual-Marqui et al., 1999 ). We used LORETA to ana-
yze the cortical distribution of tCDA in the respective time windows
escribed above. 

To test the hypothesis that tCDA reflects access of somatosensory rep-
esentations, we tested whether the onset of site-specific tCDA varied in
atency in accordance with cue latency. We used the inflection point of
CDA waves at CP3/CP4 and F5/F6 as a marker for when the gradient
n the somatosensory and DLPFC sites were respectively maximal. This
nflection point latency was automatically determined as the minimum
f the second derivate during a 1000ms interval which extended from
0ms prior to the auditory cue to 950ms afterwards. We computed these
radients for both sites on participant-averaged waveforms, separately
or each cue latency. For a reliable automatic inflection point detection
he data was filtered with a high cutt-off filter of 1Hz. All relevant pa-
ameters were exported to SPSS for further analysis. 

.5. Statistics 

Statistical analyses were performed using the IBM SPSS Statistics 27
oftware (IBM Corp., Armonk, NY, USA; Version 27). The p -value for
ignificance was set at .05. If not stated otherwise, the 𝛼-level was ad-
usted for all performed post-hoc t -tests using the Bonferroni-Holm cor-
ection for multiple comparisons. One-sided p -values are reported for
ost-hoc t -tests assessing directed hypotheses. We applied Greenhouse-
eisser correction when ANOVAs contained factors with more than two

evels and sphericity was not met. The ANOVAs contained all possible
nteraction terms. 
4 
1) Task performance (% correct) – Cue effects. In order to examine the
effects of participant group and cue latency on performance rate,
we conducted a two-way mixed ANOVA with between-subjects fac-
tor GROUP (blind, sighted) and within-subject factor CUE LATENCY
(seven conditions containing four items: no cue, cue 1500ms prior
to S1, cue 150ms, 300ms, 500ms, 800ms, and 1200ms after S1).
Task performance (% correct) – Load effects. In order to examine the
effect of participant group, memory load and cue presence on perfor-
mance rate we conducted a three-way mixed ANOVA, with between-
subjects factor GROUP (blind, sighted) and within-subjects factors
LOAD (two, four, and six items) and CUE (none, cued). 

2) Time course of tCDA – cue effects. We next examined whether tCDA
onsets in temporal accordance with the appearance of a cue detailing
the upcoming location of task-relevant change, and whether this was
localized to frontal or somatosensory sites. For this, we conducted
a three-way mixed ANOVA on tCDA inflection point latencies, as
a function of between-subjects factor GROUP (blind, sighted) and
within-subjects factors CUE LATENCY (six conditions with four pre-
sented items and cues: 150ms, 300ms, 500ms, 800ms, and 1200ms
after S1), and ELECTRODE (F5/F6, CP3/CP4). Load effects. To ana-
lyze whether the varying task difficulty was reflected in site-specific
alterations in the amplitude of tCDA, and whether this was in turn
modulated by blindness and tactile proficiency, we performed a
three-way mixed ANOVA on the amplitude of tCDA as a function of
between-subjects factor GROUP (blind, sighted) and within-subjects
factors LOAD (two, four, and six items), and ELECTRODE (F5/F6,
CP3/CP4). We restricted this analysis to cued trials. 
Topographic comparison across cue conditions. To analyze whether
site-specific tCDA amplitude differed between sighted participants
and participants with blindness, as a function of the latency of the
cue, we performed a three-way mixed ANOVA with between-subjects
factor GROUP (blind, sighted) and within-subjects factors ELEC-
TRODE (F5/F6, CP3/CP4) and CUE LATENCY (1500ms prior to S1,
150ms, 300ms, 500ms, 800ms, and 1200ms after S1). 

3) Correlation between performance rates and tCDA. We used Spearman’s
correlation coefficient rho to assess the general relationship between
performance rates and tCDA measured at frontal and centroparietal
electrodes (tCDA F , tCDA CP ). In order to contrast ‘load’ and ‘latency’
conditions, correlation coefficients for each site were calculated sep-
arately for the blocks with four presented items and varying cue la-
tencies (trials with cues 1500ms before S1, 150ms, 300ms, 500ms,
800ms, and 1200ms after S1), and the cued blocks with varying
memory load (two, four, and six items). Four correlation analyses
were performed in total: tCDA F with performance in latency con-
ditions, tCDA F with performance in load conditions, tCDA CP with
performance in latency conditions, and tCDA CP with performance
in load conditions. In each of the four correlations, we regressed
the n-element vector of individual subject means of tCDA amplitude
for those given conditions, with the n-element vector of each sub-
ject’s overall performance rate for those conditions, where n is the
total number of subjects in the experiment, i.e., participants with
and without blindness. 

. Results 

.1. Task performance 

.1.1. Cue effects in participants with and without blindness 

A two-way mixed ANOVA revealed main effects for the factors
ROUP ( F (1,44) = 10.35; p = .002, 𝜂p 

2 = .19) and CUE LATENCY
 F (6,264) = 3.59, p = .002, 𝜂p 

2 = .08). Participants who are blind per-
ormed significantly better than sighted controls ( t (44) = 3.22, p = .002,
 = 0.95; Fig. 2 ). For both groups, performance rates increased signifi-
antly when cues appeared 1500ms before, and 150ms and 800ms post
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Fig. 2. Percentage of correct responses reported by sighted participants and 
participants who are blind for all cue latencies. Error bars indicate the 95% con- 
fidence interval. Asterisks below x-axis reflect post-hoc comparisons (collapsed 
across groups) with the no-cue condition. Participants who are blind n = 22, 
sighted participants n = 24, ∗ p < .05, ∗ ∗ p < .01. 

Table 2 

Post-hoc analyses of main effect of cue latency on task 
performance. N = 46, ∗ p ≤ .05, ∗ ∗ p < .01. 

df t p d 

no cue vs -1500ms 45 -3.77 .001 ∗ ∗ -0.55 
no cue vs 150ms 45 -2.32 .050 ∗ -0.34 
no cue vs 300ms 45 -1.63 .11 -0.24 
no cue vs 500ms 45 -2.16 .054 -0.32 
no cue vs 800ms 45 -3.40 .004 ∗ ∗ -0.50 
no cue vs 1200ms 45 -1.05 .15 -0.15 

Fig. 3. Percentage of correct responses reported by sighted participants and 
participants who are blind for all load conditions (cued and uncued trials av- 
eraged). Error bars indicate the 95% confidence interval. Blind n = 22, sighted 
n = 24. 
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Fig, 4. Percentage of correct responses reported by sighted participants and 
participants who are blind with and without a cue. Each boxplot reflects the 
average scores across all load conditions (two, four, and six items). Blind n = 22, 
sighted n = 24, ∗ p = .002. 

Fig. 5. Percentage of correct responses for each load condition reported by 
sighted participants and participants who are blind with and without cues. Blind 
n = 22, sighted n = 24. ∗ p = .038. 
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nset of S1, relative to no cue ( Fig. 2 ; Table 2 ). For the 500ms condi-
ion, after Bonferroni-Holm correction for six comparisons, a trend in
he same direction was still found ( p = .054). For cues 300ms after S1,
o overall trend emerged. Also, long-latency cues (1200ms) were not
sed effectively by the participants. There was no significant interac-
ion between GROUP and CUE LATENCY ( F (6,264) = 1.01, p = .42).
escriptive statistics can be found in supplementary Table 1. 

.1.2. Load effects 

A three-way mixed ANOVA showed main effects of LOAD ( F (1.68,
4.06) = 186.90, p < .001, 𝜂p 

2 = .81) and GROUP ( F (1,44) = 7.59,
 = .008, 𝜂p 

2 = .15; Fig. 3 ) on task performance. Post-hoc analyses re-
pectively revealed that performance worsened with increased memory
oad (2 items – 4 items: t (45) = 13.65, p < .001, d = 2.01; 4 items – 6
tems: t (45) = 7.86, p < .001, d = 1.16; 2 items – 6 Items: t (45) = 15.50,
5 
 < .001, d = 2.29) and that participants who are blind were superior
o sighted participants ( t (44) = 2.76, p = .008, d = 0.81; Fig. 3 ). This
NOVA also returned a significant interaction between CUE and GROUP
 F (1,340) = 7.25, p = .01, 𝜂p 

2 = .14). Post-hoc analyses suggest this inter-
ction was driven by participants with blindness benefitting more from
ues than sighted participants (blind – sighted, with cue: t (44) = 3.48,
 = .002, d = 1.02; blind – sighted, without cue: t (44) = 1.89, p = .07,
 = 0.56; Fig. 4 ). 

This ANOVA also returned a significant interaction between CUE and
OAD ( F (2,88) = 3.38, p = .04, 𝜂p 

2 = .07), suggesting cues had a dif-
erent impact on performance rates depending on the amount of pre-
ented items. Post-hoc analyses reveal performance increased in trials
ith four items when a cue was present ( t (45) = 2.32, p = .04, d = 0.34;
ig. 5 ), which was not the case for the other two load conditions (load
: t (45) = 1.27, p = .21, load 6: t (45) = − 1.19, p = .21). Descriptive
tatistics can be found in supplementary Table 2. 

.2. Time course, topography, and amplitudes of tCDA 

.2.1. Effects of cue latency on tCDA 

A three-way mixed ANOVA with between-subjects factor GROUP and
ithin-subjects factors CUE LATENCY and ELECTRODE showed an ef-

ect of CUE LATENCY on the onset of the tCDA over F5/F6 and CP3/CP4
 F (4,176) = 221.63, p < .001, 𝜂p 

2 = .83). As mentioned in the methods
ection, we used the inflection point, i.e., highest gradient in the wave-
orm, as a proxy for component onset. The later the cue was presented,
he later this inflection point emerged (see Table 3 ). 
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Table 3 

Timing of inflection points in tCDA (tactile contralateral delay activity) measured at frontal and centroparietal 
electrodes as a function of cue latencies. Data are given in ms; standard deviation is displayed in brackets. 

All ( N = 46 ) Blind ( n = 22) Sighted ( n = 24) 
F5/6 CP3/4 F5/6 CP3/4 F5/6 CP3/4 

150ms 424.9 (286.3) 469.1 (291.0) 424.6 (287.3) 336.1 (220.7) 425.1 (291.6) 591.1 (297.9) 
300ms 530.6 (266.2) 611.9 (309.7) 479.0 (257.6) 528.4 (297.1) 577.9 (270.5) 688.6 (307.0) 
500ms 817.4 (310.6) 877.0 (297.1) 768.0 (307.4) 850.2 (310.1) 862.6 (313.0) 901.4 (289.1) 
800ms 1093.6 (290.6) 1152.0 (310.1) 1041.5 (257.9) 1092.1 (277.7) 1141.4 (315.5) 1206.9 (333.5) 
1200ms 1677.4 (253.6) 1479.2 (238.6) 1650.3 (209.5) 1444.1 (213.4) 1702.2 (290.5) 1511.4 (259.9) 

Fig. 6. tCDA (tactile contralateral delay activity) 
evoked by different cue latencies at frontal and 
centroparietal electrodes of sighted participants and 
participants who are blind . S1 = first stimulus, 
S2 = second stimulus. Colors indicate latency of 
cue: black = 150ms, red = 300ms, blue = 500ms, 
green = 800ms, grey = 1200ms. Dots in matching col- 
ors highlight the inflection points in each time course. 
Triangle markers along x-axis, using the same color 
scheme, show the timing of the corresponding cue on 
the time line. Blind n = 22, sighted n = 24. Note that the 
strong filter was only used for the purpose of a reliable 
automatic inflection point detection and better visual- 
isation; analyses were all performed on wave forms as 
described in the methods section. (For interpretation of 
the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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This ANOVA also returned a main effect of GROUP ( F (1,44) = 10.38,
 = .002, 𝜂p 

2 = .19). The time courses of participants who are blind
eached the inflection points approximately 100ms earlier compared to
hose of sighted participants ( t (44) = 3.22, p = .002, d = 0.95). This
NOVA also returned a significant interaction between CUE LATENCY
nd ELECTRODE ( F (4,176) = 4.46, p = .002, 𝜂p 

2 = .09). Post-hoc anal-
ses suggest that when the cue was presented 1200ms after S1, cen-
roparietal activity preceded frontal activity ( t (45) = 4.10, p < .001,
 = 0.60) while in conditions with an earlier cue (notably, where be-
avioral data indicate their strongest benefit), inflection points were
ore comparable at the two sites (all p-values > .66). Analyses using
 different approach to identify the onset of the tCDA, i.e. automatic
etection of the positive peak 500ms after cue onset, showed similar
esults (see supplementary Table 4 and 5). Fig. 6 visualizes the time
ourses recorded in participants with and without blindness. Note the
ronounced rises in frontal electrodes in sighted participants and in cen-
roparietal electrodes in participants who are blind. Descriptive statistics
f the amplitudes, and t -tests comparing them to zero, can be found in
upplementary Table 6. Parameters of the post-hoc t -tests are in supple-
entary Table 3. 

.2.2. Load effects on tCDA in frontal and somatosensory areas 

A three-way mixed ANOVA on the tCDA amplitudes (restricted
o cued trials) revealed a main effect of the factor ELECTRODE
 F (1,44) = 7.06, p = .01, 𝜂p 

2 = .14) and a significant interaction between
6 
LECTRODE and GROUP ( F (1,44) = 10.12, p = .003, 𝜂p 
2 = .19, Fig. 7 ).

ost-hoc analyses reveal this interaction was driven by participants with
nd without blindness differing in the topographic distribution of neural
ctivation over all load conditions; participants who are blind showed
igher negative potentials over centroparietal areas compared to sighted
articipants ( t (44) = − 3.10, p = .006, d = − 0.92). The influence of mem-
ry LOAD (two, four, or six presented items) on neural activation did not
each significance but trended towards it ( F (1.5,68.1) = 2.81, p = .08,

p 
2 = .06). Amplitudes evoked by intermediate memory load seemed to

e higher compared to those evoked by low and high memory load (4 –
 items: t (45) = − 2.75, p = .018, d = − 0.40; 4 – 6 items: t (45) = − 1.89,
 = .07, d = − 0.28) . There was no significant interaction between LOAD
nd GROUP ( F (1.5,68.1) = 0.60, p = .51, 𝜂p 

2 = .01). Descriptive statis-
ics and t -tests against zero can be found in Table 7 in the supplementary
aterial. 

.2.3. Topographic comparison across cue conditions 

A three-way mixed ANOVA on tCDA amplitudes revealed an inter-
ction between GROUP and ELECTRODE ( F (1,44) = 8.69, p = .005,

p 
2 = .17). Post-hoc analyses reveal participants with and without blind-

ess differed in topography; participants who are blind showed more
egative tCDA amplitudes over centroparietal sites compared to sighted
articipants ( t (44) = − 2.05, p = .046, d = − 0.61), while at frontal elec-
rodes no difference was evident ( t (44) = 1.27, p = .21). No main effect
f cue latency was observed ( F (3,146) = 1.68, p = .17), suggesting cues
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Fig. 7. A. Time course of tCDA and topographic distribution of neural activation for different load conditions for participants with and without blindness. Red 
line = two presented items, i.e., load 2, black = four presented items, i.e., load 4, blue = six presented items, i.e., load 6, S1 = first stimulus, S2 = second stimulus. 
Cue onset depicted by black marker on the x-axis, 150ms after S1 (time 0). B. Topographies. Each trio of topographies contains cues to the left hand, cues to the 
right hand, and, beneath them, the lateralized potential (LP; calculated as described in the method section). Topography maps are the average activity across time 
window 850-1050ms relative to S1 (shaded grey area in left panels). Blind n = 22, sighted n = 24. Note that the depicted waveforms have been filtered with a 5Hz 
high cut-off filter for a better visualisation; analyses were all performed on wave forms as described in the methods section. 

Fig. 8. Distribution of neural activation in participants with and without blindness for all cue latencies. LP = lateralized potentials, F5/F6 is marked in dark red, 
CP3/CP4 in black. Topographies are averaged across the window 700-900ms after onset of the relevant cue (or after S1 condition -1500ms). Time of these windows 
on the original time scale is written at the top of each column in italics. Blind n = 22, sighted n = 24. 
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ppearing before or after S1 had no bearing on tCDA amplitudes. The
opographies are visualized in Fig. 8 . 

.2.4. Source analysis 

LORETA analysis showed wide-spread frontal activity, including the
orsolateral and ventrolateral prefrontal cortex (DLPFC, VLPFC), and
remotor areas (PMA), with a clear lateralization contralateral to the
ued hand. Activation of somatosensory areas was also found. T -tests
gainst zero with the amplitudes in the mentioned areas confirmed sig-
ificant activation. In the condition with cues after 300ms, the p- value
7 
oncerning primary somatosensory cortex (SI; BA 1, 2, 3) was .021 for
articipants who are blind; all other p -values were < .001. Exemplar-
ly for all other conditions, Fig. 9 shows the activity distribution during
rials with cues after 800ms. 

.3. Correlation performance and tCDA 

We conducted correlation analyses to probe the relation between
CDA and task performance across subjects, separately for different task
onditions. In frontal areas, in conditions with four presented items and
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Fig. 9. Results of LORETA-source analysis (BrainVision Analyzer 2.1) for frontal and somatosensory areas, exemplarily displayed for trials containing the cue ‘left’ 
in the condition with cue presentation after 800ms. The time window of 700-900ms after the auditory cue was analyzed, i.e., 1500-1700ms after S1. Note the 
wide-spread frontal activity with prominent activity contralateral to the presented cue. 
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arying cue latencies, we observed no relation ( r = .25, p = .09). There
as similarly no correlation between performance and neural activation

n centroparietal areas ( r = − .12, p = .42). In the conditions with vary-
ng memory load, we found a negative correlation between performance
ate and tCDA in the centroparietal area ( r = − .35, p = .02). The nature
f this correlation suggests that performance rate increases with increas-
ng lateralized negativity at centroparietal electrodes. We observed no
orrelation between neural activation in frontal areas and performance
ates ( r = − .03, p = .84). 

. Discussion 

The purpose of this study was to shed further light on the effects
f visual sensory deprivation and a compensatory focus on somatosen-
ory memory processes as reflected by tactile contralateral delay activity
tCDA). To that aim, we tested both participants with and without blind-
ess performing a tactile change-detection task, and further explored
he behavioral and neurophysiological effects of memory load and a
ue, which narrowed down the possible locations of impending change.
CDA was seen in both frontal regions and somatosensory areas, consis-
ent with sensory recruitment theories. tCDA amplitudes seemed to be
ighest with intermediate memory loads. We observed that participants
ho are blind, and with enhanced tactile proficiency due to their experi-

nce in Braille reading and intense usage of tactile information showed
 number of key differences to sighted participants. They first showed
etter performance in the change-dection task, across all levels of load,
nd made better use of the cue. Secondly, they showed an earlier rise in
CDA in both frontal and somatosensory sites. Third, they showed more
8 
ronounced lateralized negativitiy over somatosensory regions. Finally,
e observed that across all subjects, better performance was associated
ith higher lateralized negativity over somatosensory areas in condi-

ions with short cue latency, pointing towards a functional relevance of
ttention-based contralateral stimulus post-processing in primary and
econdary somatosensory areas. 

Seperately, we additionally observed that the cue, appearing up to
00ms after the memorized array, improved task performance in both
roups, providing evidence that somatosensory traces last for up to over
 second after stimulus offset. 

.1. Differences in task performance between participants with and without

lindness and experience in Braille reading 

Participants who are blind outperformed sighted participants in the
actile change-detection task across all experimental conditions. Our
ata therefore reinforce the findings of previous research demonstrat-
ng enhanced sensory and cognitive function in people who are blind,
nd support cross-modal compensation in blindness with respect to
TM ( Boven et al., 2000 ; Fine and Park, 2018 ; Kauffman et al., 2002 ;
upers and Ptito, 2014 ; Pascual-Leone et al., 1993 ; Pascual-Leone and
orres, 1993 ; Sadato et al., 1998 ; Withagen et al., 2013 ). The sense
f touch is one of the main channels for people who are blind to per-
eive their environment, explaining why their processing of tactile in-
ormation is greater than that of regular-sighted people. Our data make
dditional cognitive contributions to the compensation literature. We
rst observed that increasing memory load impaired task performance

or both participants with and without blindness in a similar manner.
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owever, participants who are blind evidently profited more from cues,
cross a wider range of memory loads. Descriptive data suggested that
ighted participants garnered no benefit from cues in low-load condi-
ions, and even performed better in the high-load condition when no cue
as presented. This surprising latter effect may have been due to cues
eing perceived as an additional distraction, which disrupted mainte-
ance of the larger, more effortful array. Alternatively, cues may not
ave been helpful due to initial unsuccessful encoding outright. The
nique ability amongst participants who are blind to utilize the cue un-
er heavy load conditions demonstrates not just a potentially greater
apacity in somatosensory STM, but also more efficient task-relevant
uning of this process by affiliated top-down resources. 

More generally, deteriorating performance with increasing memory
oad is consistent with previous work across different STM modalities
 Katus et al., 2015 ; Vogel and Machizawa, 2004 ). Prior studies using
artial report procedures further report effective tactile STM to be lim-
ted to five items ( Gallace and Spence, 2014 ). Our results suggest a sim-
lar capacity limitation of around four items, which might be slightly
igher in participants who are blind. 

.2. Haptic memory: duration of somatosensory memory traces 

Performance rates of participants with and without blindness im-
roved with the presentation of cues up to 800ms after stimulus onset
i.e., 650ms after the offset). Participants apparently made use of these
ues, which theoretically reduced their memory load by half (from two
tems at each hand to only two items at the relevant hand). Cues prior
nd post the sample stimulus (S1) led to performance improvement,
uggesting that directing attention to task-relevant stimuli, makes the
ncoding and/or access of memory representations more efficient. The
act that cues 650ms after S1 offset still had an impact on performance
resents evidence that initial somatosensory memory traces last at least
his long. Given the duration of the cue, the time needed for its decod-
ng and the ensuing redeployment of attention, somatosensory memory
races seem to endure up to one second. The positive effect of cues on
erformance disappeared only when they appeared 1200ms after S1.
hile this may reflect the temporal limit of somatosensory memory

races, an alternative explanation is that the trace was interrupted by
he soon-following second stimulus (S2; 600ms after cue offset). Overlap
etween processing of the auditory cue and S2 is at least plausible, given
hat word recognition itself can take up to 500ms ( Balass et al., 2010 ;
ylkkänen and Marantz, 2003 ) and further experiments could include
onger cue latencies and extend inter-stimulus intervals to disentangle
hese effects. Furthermore, additional cues with long latencies could
elp substantiate the limit of two seconds for somatosensory memory
races suggested by previous work ( Bliss et al., 1966 ; Shih et al., 2009 ).

Notably, performance amongst participants did not seem to improve
hen cues appeared 300ms post S1, deviating from the broader pat-

ern seen in the other conditions. Descriptive data suggested this was
ainly due to sighted participants not using the cue effectively. As we

ontrolled for order effects, and the SNR was not noticeably different
rom other latency conditions, with few outliers, the insignificant cue
ffect in this condition might be random. Haptic-auditory attentional
link effects might also be linked to the observed results. However, re-
earch on this topic focuses on the visual system and rarely concerns
ombined haptic and auditory stimuli ( Dell’Acqua et al., 2006 ; Dux and
arois, 2009 ; Rau et al., 2020 ). Another possible explanation could be

he cue overlapping with a still ongoing encoding process related to S1.
eneficial use of cues with latencies beyond 300ms likely depend on
he development of a functional memory representations of S1, while
ith lower cue latencies, S1 and the cue might be temporal integrated
 Brockmole et al., 2002 ; Coltheart, 1980 ). Participants who are blind
ere possibly faster to encode the bilateral sample array and therefore
ade use of the cue at this early latency, and thus did not show a drop

n performance in the condition with cues 300ms after S1. 
9 
.3. Characteristics of tCDA in participants with and without blindness 

.3.1. Source analysis 

LORETA-analysis revealed wide-spread frontal activity, suggesting
orsolateral areas are not exclusively involved during somatosensory
TM maintenance. The results instead propose a frontal network might
e collectively activated during the maintenance of complex tactile in-
ormation. Activity in PMA (Broadman areas 6), and VLPFC (Broad-
an areas 44, 45, and 47) was also evident in our data. Previous re-

earch reports activations in VLPFC during maintenance of tactile infor-
ation encoded through passive perception ( Kostopoulos et al., 2007 ;

pitzer et al., 2014 ). In addition, supplementary motor areas and PMA
ctivate when presented tactile stimuli are complex ( Savini et al., 2012 ).
ortical activation may further differ depending on the method of per-
eption, i.e., active exploring versus passive perception ( Miller, 1978 ;
avini et al., 2012 ; Simões-Franklin et al., 2011 ) which is worth consid-
ration in future research. 

Our source analysis also confirmed involvement of somatosensory re-
ions, with source activity bilaterally distributed. As our reported three-
imensional cortical maps show general current density and do not con-
ider polarity ( Pascual-Marqui et al., 1994 ; Pascual-Marqui et al., 1999 ),
hey cannot confirm whether bilateral activity reflects inhibitory posi-
ivity ipsilateral to the cue, and excitatory contralateral negativity, or
hether activity of the same valence was present on both sides of the
rain. However, the topographies in Figs. 7 and 8 point towards the
atter interpretation. The few extant EEG studies on tCDA did not apply
ource analysis ( Katus and Eimer, 2015 , 2018 ; Katus et al., 2015 , 2015 ),
owever, their reported topographies show lateral activity distributed
ver SI and SII. Frontal lateral activity was rather small if evident at all.
part from fundamental involvement of somatosensory areas, the pro-
essing of complex tactile stimuli apparently drives more frontal (i.e.,
upramodal) activity than that of simpler vibrotactile stimuli, as seen in
atus and Eimer (2015 , 2018 ). 

The source analysis also showed some activity in temporal and oc-
ipital regions. Both regions might be involved in a wider network con-
ributing to memory maintainenane. However, activity in the tempo-
al lobe may also have been related to auditory processing of the me-
hanical noise created by presentation of the Braille pins. Visual cortex
ay also have been involved for group-specific reasons, i.e. blindness-
riven cortical reorganisation in participants who are blind ( Fine and
ark, 2018 ), and efforts to visualize the tactile input in sighted par-
icipants. An exciting avenue for future research would be to explore
he wider network configurations and dynamic blindness-driven func-
ional reorganization during somatosensory short-term memory with
rain imaging techniques offering higher spatial resolution (e.g., func-
ional connectivity of fMRI data). 

.3.2. Sensitivity of tCDA to cue latency and memory load 

In the present study, the time courses of tCDA varied in temporal
ccordance with different cue latencies which further substantiates
he interpretation of tCDA as an attention-based activation of mem-
ry representations ( Berggren and Eimer, 2016 ; Hecht et al., 2016 ;
atus and Eimer, 2015 , 2018 ; Lewis-Peacock et al., 2012 ). We also
bserved synchronicity between prefrontal and somatosensory activity.
nly in the condition with cues 1200ms after S1 did we see tCDA in

omatosensory regions precede its analogue in prefrontal areas. This
ight be explained by preparatory somatosensory activity in light of the

mpending S2 and further studies could tackle this issue by expanding
he inter-stimulus interval. Nonetheless, simultaneous prefrontal and
entroparietal activation in all other conditions provides evidence that
actile memory performance requires monitoring activity in DLPFC to
upport modality-specific regions ( Chai et al., 2018 ; Fuster, 2015 ). 

We observed tCDA’s amplitude trending toward significant modula-
ion by load conditions, hinting as its sensitivity to memory load and
ask difficulty. In the descriptive data of sighted participants, we ob-
erved an increase in tCDA amplitudes from two to four memory items.
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n contrast, tCDA amplitudes registered by participants who are blind,
articularly at prefrontal electrodes, did not differ considerably between
he low- and medium-load condition. This suggests that in these condi-
ions, task difficulty, and the corresponding cognitive effort required to
olve the task, might have been lower for participants with blindness.
resumably their experience and enhanced skills with tactile processing
ight explain this difference, relative to controls. In previous studies
ith sighted participants and vibrotactile stimuli, amplitudes increased

n line with increasing memory load from one to two items ( Katus and
imer, 2015 , 2018 , 2015 ), but no further increase occurred from two
o three items ( Katus and Eimer, 2018 ). Differences in features and the
omplexity of presented stimuli most likely account for these different
esults. 

.4. What makes somatosensory STM effective? 

.4.1. Interplay of frontal and somatosensory areas 

Both participants with and without blindness showed dorsolateral
refrontal tCDA during the tactile change-detection task. Furthermore,
ource analysis confirmed activity in a wide-spread frontal network.
rontal activation may therefore be necessary for the maintenance of
actile information, although not related to levels of expertise in tac-
ile processing. Previous research on somatosensory memory has also
ointed to a contributing role of frontal areas to successful memory
aintenance ( Burton and Sinclair, 2000 ; Curtis and D’Esposito, 2003 ;
arris et al., 2002 ; Kostopoulos et al., 2007 ; Staines et al., 2002 ;
hao et al., 2018 ). Furthermore, marginally lower prefrontal tCDA am-
litudes in the descriptive data of participants who are blind suggest that
hey possibly did expend less cognitive effort to solve the memory task
ompared to sighted participants. A possible explanation might lie in the
eneral enhancement in executive functions and an increased prefrontal
fficiency, which some studies have recently attributed to participants
ho are blind ( Fine and Park, 2018 ; Singh et al., 2018 ). Likewise, the

lightly higher frontal amplitudes of sighted participants might be in-
erpreted as an inefficient, effortful attempt to recruit modality-specific
reas to fulfil the memory task. 

However, frontal activity alone does not appear to be sufficient for
uccessful somatosensory STM maintenance. As participants with blind-
ess performed better than sighted controls and showed greater tCDA
ver somatosensory regions in all experimental conditions, parallel ac-
ivation of frontal and somatosensory areas instead seem particularly
elevant for behavior. The extent of attention allocated to tactile mem-
ry representations in modality-specific areas may therefore be crucial
or efficient memory maintenance. Enhanced tCDA in somatosensory
egions amongst participants who are blind can possibly be attributed
o cortical plasticity driven by their everyday usage of the tactile sense
or perception and navigation ( Fine and Park, 2018 ). Adaptively altered
ask-related neuronal networks may drive better encoding of sensory
nputs and easier activation of memory traces in the somatosensory
ortex. Enlarged cortical representation of the fingers used for Braille
eading ( Pascual-Leone et al., 1993 ; Pascual-Leone and Torres, 1993 ;
adato et al., 1998 ) and increased connectivity in somatosensory re-
ions ( Heine et al., 2015 ) could also contribute to higher tCDA ampli-
udes. For a clearer understanding of the functional relevance of tCDA
n frontal and somatosensory regions, future studies could additionally
ocus on comparisons between correct and incorrect trials. 

Prefrontal and somatosensory tCDA also onsetted earlier in partic-
pants who are blind, relative to controls . Higher levels of expertise
nd training in tactile and auditory perception might therefore also
ead to faster processing in corresponding neuronal networks ( Fine and
ark, 2018 ; Heine et al., 2015 ), which possibly contributed to the en-
anced performance of participants who are blind. However, seeing as
ighted participants showed generally rather low tCDA amplitudes over
omatosensory areas, this latency effect should be interpreted with cau-
ion as it cannot be separated from amplitude effects. 
10 
.4.2. Relation of tCDA and performance rates 

It is reasonable to hypothesize that the enhanced negativity in so-
atosensory areas in participants who are blind is part of the neuronal

asis for their superior performance in the tactile change-detection task.
he correlation analysis with the whole sample comparably showed a
irect linear relationship between lateralized negativity at centropari-
tal electrodes and performance rates in conditions with varying mem-
ry load. More negative tCDA amplitudes in the somatosensory cor-
ex were associated with better performance. This was particularly the
ase for memory tasks with cues appearing at short latencies after S1
150ms), i.e., those used in blocks assessing load effects. In conditions
ith long cue latencies, the correlation was also negative, but not signif-

cant. These results augment our knowledge of the pivotal role that so-
atosensory regions play for tactile memory. Not only have single-unit

ecordings in primates demonstrated delay activity in the somatosensory
ortex during tactile memory tasks ( Romo and Salinas, 2003 ; Zhou and
uster, 1996 ), imaging studies with humans have also identified SI and
II, along with the DLPFC and parietal areas, as relevant cortical re-
ions for maintenance of haptic information ( Burton and Sinclair, 2000 ;
taines et al., 2002 ). TMS studies have affirmed the functional rele-
ance of SI and SII ( Harris et al., 2002 ; Zhao et al., 2018 ), which is
urther substantiated with our observed correlation between tCDA in so-
atosensory areas and memory performance. Studies on the visual CDA
ave reported a comparable relation between CDA over lateral-occipital
nd posterior-parietal regions and performance ( Adam et al., 2018 ), as
ell as lower CDA amplitudes in incorrect trials ( McCollough et al.,
007 ). Similar neuronal mechanisms underlying STM processes across
odalities have been suggested ( Bender et al., 2010 ; Sreenivasan and
’Esposito, 2019 ). Analogous relations between performance and delay
ctivity across modalities can be interpreted as further support for that
ssumption, as well as evidence for sensory recruitment models. 

The correlation not consistently yielding significance in all experi-
ental conditions might be due to the different timing of the cues. Cues
resented shortly after S1 most likely interfere with the initial stimulus
rocessing, in contrast to cues with long latency. Higher tCDA in early
rocessing states could facilitate a more pronounced memory represen-
ation and, on that basis, better performance rates. Also, it is plausible
hat the additional challenge of the curtailed encoding creates the ideal
ontext to see individual differences in both behaviour and underlying
euronal processes. 

We did not observe statistically significant correlations between pre-
rontal tCDA and performance in conditions with varying cue latencies,
or in load conditions with short cue latency. However, activity in this
egion onsetting in tandem with centroparietal activity in blocks where
ues help performance stresses its likely relevance for task accomplish-
ent. If prefrontal tCDA contributes to efficient STM, it however does
ot have a direct linear relation with performance. 

To conclude, the results tentatively suggest a direct relation between
CDA in somatosensory areas and performance. Especially given com-
ined superior task performance and higher tCDA amplitudes in so-
atosensory regions of participants who are blind, the efficient acti-

ation of relevant sensory areas seems to be crucial for somatosensory
emory tasks. In particular, high (negative) tCDA amplitudes in the so-
atosensory cortex, coupled temporally with an active frontal network,

eem to facilitate good performance. The effectiveness of tactile STM
eems to increase with expertise, and appears to be related to activity
n modality-specific brain areas. 

.5. Limitations 

To capture activity originating in the DLPFC and SI we employed a
ypothesis-driven approach that selected electrodes implicated by previ-
us studies as overlying these cortical areas. Nonetheless, deterministic
orrespondance between electrode sites and site-specific cortical activ-
ty is complicated by volume conduction effects. Activity measured at
ites over specific cortical areas might also entail activity originating
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rom more distant regions. We addressed this issue by first perform-
ng a source analysis, which revealed no specific between-group shifts
n cortical sources or surface topography. Second, a data-driven topo-
raphic a priori PCA analysis showed that waveform timeseries at our
arget electrodes correlated with timeseries of spatially related frontal
nd centroparietal components. Our hypothesis-driven electrode selec-
ion therefore seemed appropriate and unlikely to have impacted our
ore findings. However, further studies employing data-driven meth-
ds such as permutation-based clustering ( Maris and Oostenveld, 2007 )
r multivariate pattern analysis ( Fahrenfort et al., 2018 ) may help re-
ne the relative contributions of different supramodal areas or the spe-
ific parts of the somatosensory system. Even though we did not find
espective first indications in our data, such techniques may lend key
nformation regarding wider plastic reorganization or compensatory re-
ruitment beyond classic electrode sites (e.g., visual areas), or uncover
elevant time frames harder to discover with more conventional meth-
ds ( Fahrenfort et al., 2017 ). 

Variation in the onset of blindness amongst our participants may also
ave resulted in heterogeneity regarding neural plasticity and brain de-
elopment ( Fine and Park, 2018 ; Sadato et al., 2002 ). However, in ad-
itional analyses we compared participants who are congenitally blind
ith those who lost their sight later in life and did not observe differ-

nces regarding performance rates or tCDA characteristics. We addition-
lly did not see a correlation between blindness onset or disease dura-
ion with performance rates (see supplementary material). Nonetheless,
uture studies could attempt to reduce such tempero-etiological hetero-
eneity or potentially examine its effects more formally. 

In this study, Braille-like patterns were used as tactile stimuli. Even
hough the stimuli did not represent Braille letters, experienced Braille
eaders might have nonetheless drawn upon top-down strategies to as-
ist with encoding, such as connecting them to existing letter repre-
entations or applying strategies used while learning Braille to keep
he Braille-like stimuli in mind. Thus, their superior performance might
ot solely be due to enhanced tactile processing. Also, Romo and Sali-
as (2003) argue that the additional spatial component of Braille pat-
erns makes the stimuli too complex for investigations into basic tactile
nformation processing, and propose vibrotactile stimuli as more appro-
riate. However, we chose the Braille-like stimuli in this study due to
heir high ecological validity; tactile information in daily life almost
lways entails spatial components. Also, Braille-like stimuli allow infer-
nces about neural networks involved in the passive haptic perception
f Braille letters, which might facilitate a better understanding of Braille
eading and, in the long run, new learning approaches for Braille read-
ng ( Ma š i ć et al., 2020 ). Furthermore, memory research shows that dif-
erent stimulus features are memorized differently, involving different
rain areas and conforming to individual time horizons across memory
races ( Pasternak and Greenlee, 2005 ). The use of Braille patterns there-
ore holds the potential to lead to additional insights into more complex
actile memory processing. However, future study designs using vibro-
actile stimuli will have better compatibility with existing literature. 

. Conclusion 

During a tactile change-detection task, presented cues could be used
fficiently to streamline memory performance up to 800ms after the on-
et of a tactile sample stimulus. In line with sensory recruitment mod-
ls, tCDA was seen in both frontal regions and somatosensory areas.
einforcing cross-modal compensation hypotheses and adding new in-
ights on neurophysiological underpinnings of vision loss, participants
ho are blind outperformed sighted participants and made better use of

he cue, while uniquely showing more pronounced lateralized negativ-
ty in the somatosensory cortex. These group differences, and additional
orrelational analyses, suggest a direct relation between tCDA in the so-
atosensory cortex and performance, which provides new evidence for

he functional relevance of tCDA in somatosensory memory. Efficient
TM maintenance of complex tactile stimuli depends on the activation
11 
nd interplay between a wide-spread neural network involving frontal
reas and somatosensory regions, with a pivotal role of lateralized ac-
ivity in the latter. 

unding 

We acknowledge support for the Article Processing Charge from the
FG (German Research Foundation, 491454339). 

thics statement 

The study was approved by the ethics committee at the Technische
niversität Dresden, and conformed to the Declaration of Helsinki. 

oftware availability statement 

The following software packages were used, and are available via the
orresponding websites: BrainVision Analyzer - Brain Products GmbH,
ilching, Germany; IBM SPSS Statistics 27 software - IBM Corporation,
rmonk, NY, USA. 

uthor contributions 

Breitinger: Formal analysis, Data curation, Validation, Visualization,
ethodology, Writing- original draft 

Pokorny: Formal analysis and Visualization 
Biermann: Formal analysis and Visualization 
Jarczok: Methodology, Writing- Review & Editing 
Dundon: Writing- Review & Editing 
Roessner: Methodology, Resources, Project administration 
Bender: Conceptualization, Methodology, Project administration,

esources, Writing- Review & Editing, Supervision 

ata availability statement 

The ethics committee did not grant permission to share study data
ith third parties or to upload data in anonymized form. 

eclaration of Competing Interest 

None. 

cknowledgment 

Thanks go to Franziska Wuttig for data acquisition. 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.neuroimage.2022.119407 . 

eferences 

ben, B., Stapert, S., Blokland, A., 2013. About the distinction between working
memory and short-term memory. Front. Psychol. 3 (301), 1–20. doi: 10.3389/fp-
syg.2012.00301 . 

dam, K.C.S., Robison, M.K., Vogel, E.K., 2018. Contralateral delay activity tracks fluc-
tuations in working memory performance. J. Cogn. Neurosci. 30 (9), 1229–1240.
doi: 10.1162/jocn_a_01233 . 

rnaud, L., Gracco, V., Ménard, L., 2018. Enhanced perception of pitch changes
in speech and music in early blind adults. Neuropsychologia 117, 261–270.
doi: 10.1016/j.neuropsychologia.2018.06.009 . 

tkinson, R.C., Shiffrin, R.M., 1968. Human memory: a proposed system and its control
processes. In: Spence, J.T., Spence, K.W. (Eds.), Psychology of Learning and Moti-
vation Volume 2: Advances in Research and Theory. Academic Press, pp. 89–195.
doi: 10.1016/s0079-7421(08)60422-3 . 

alass, M., Nelson, J.R., Perfetti, C.A., 2010. Word learning: An ERP investigation of word
experience effects on recognition and word processing. Contemp. Educ. Psychol. 35
(2), 126–140. doi: 10.1016/j.cedpsych.2010.04.001 . 

https://doi.org/10.1016/j.neuroimage.2022.119407
https://doi.org/10.3389/fpsyg.2012.00301
https://doi.org/10.1162/jocn_a_01233
https://doi.org/10.1016/j.neuropsychologia.2018.06.009
https://doi.org/10.1016/s0079-7421(08)60422-3
https://doi.org/10.1016/j.cedpsych.2010.04.001


E. Breitinger, L. Pokorny, L. Biermann et al. NeuroImage 259 (2022) 119407 

B  

 

 

B  

 

B  

 

B  

 

B  

 

B  

 

B  

 

B  

 

C  

 

C  

C  

C  

C  

 

 

C  

 

D  

 

D  

D  

D  

F  

 

F  

 

F  

F
G  

G  

G  

G  

G  

 

G  

H  

 

H  

 

H  

 

 

H  

 

I

J  

 

K  

K  

 

K  

K  

 

K  

 

K  

 

K  

 

 

K  

 

K  

K  

 

L  

 

L  

 

L  

M  

M  

 

M  

M  

 

M  

O  

 

O  

P  

 

P  

 

P  

 

 

P  

 

P  

P  

P  

 

 

P  

R  

 

R  

 

ender, S., Behringer, S., Freitag, C.M., Resch, F., Weisbrod, M., 2010. Transmodal
comparison of auditory, motor, and visual post-processing with and without inten-
tional short-term memory maintenance. Clin. Neurophysiol. 121 (12), 2044–2064.
doi: 10.1016/j.clinph.2010.05.008 . 

ender, S., Hellwig, S., Resch, F., Weisbrod, M., 2007. Am I safe? The ventrolateral pre-
frontal cortex ’detects’ when an unpleasant event does not occur. Neuroimage 38 (2),
367–385. doi: 10.1016/j.neuroimage.2007.07.044 . 

ender, S., Resch, F., Weisbrod, M., Oelkers-Ax, R., 2004. Specific task anticipation versus
unspecific orienting reaction during early contingent negative variation. Clin. Neuro-
physiol. 115 (8), 1836–1845. doi: 10.1016/j.clinph.2004.03.023 . 

erggren, N., Eimer, M., 2016. Does Contralateral Delay Activity Reflect Working Memory
Storage or the Current Focus of Spatial Attention within Visual Working Memory? J.
Cogn. Neurosci. 28 (12), 2003–2020. doi: 10.1162/jocn_a_01019 . 

liss, J.C., Crane, H.D., Mansfield, P.K., Townsend, J.T., 1966. Information avail-
able In brief tactile presentations. Percept. Psychophys. 1 (4), 273–283.
doi: 10.3758/BF03207391 . 

oven, R.W.van, Hamilton, R.H., Kauffman, T., Keenan, J.P., Pascual-Leone, A., 2000.
Tactile spatial resolution in blind braille readers. Neurology 54 (12), 2230–2236.
doi: 10.1212/WNL.54.12.2230 . 

rockmole, J.R., Wang, R.F., Irwin, D.E., 2002. Temporal integration between visual im-
ages and visual percepts. J. Exp. Psychol. Hum. Percept. Perform. 28 (2), 315–334.
doi: 10.1037/0096-1523.28.2.315 . 

urton, H., Sinclair, R.J., 2000. Attending to and remembering tactile stimuli: a review of
brain imaging data and single-neuron responses. J. Clin. Neurophysiol. 17 (6), 575.
doi: 10.1097/00004691-200011000-00004 . 

hai, W.J., Abd Hamid, A.I., Abdullah, J.M., 2018. Working memory from the psycholog-
ical and neurosciences perspectives: a review. Front. Psychol. 9, 401. doi: 10.3389/fp-
syg.2018.00401 . 

oles, M.G., 1989. Modern mind-brain reading: Psychophysiology, physiology, and cogni-
tion. Psychophysiology 26 (3), 251–269. doi: 10.1111/j.1469-8986.1989.tb01916.x . 

oltheart, M., 1980. Iconic memory and visible persistence. Percept. Psychophys. 27 (3),
183–228. doi: 10.3758/BF03204258 . 

owan, N., 2008a. Sensory memory. In: Learning and Memory: A Comprehensive Refer-
ence. Elsevier, pp. 23–32. doi: 10.1016/B978-012370509-9.00172-8 . 

owan, N., 2008b. What are the differences between long-term, short-term, and working
memory? In V. F. Castellucci, W. S. Sossin, & J.-C. Lacaille (Eds.), Progress in Brain

Research: Vol. 169. Essence of Memory (1st ed., Vol. 169, pp. 323–338). Elsevier Text-
books. doi: 10.1016/S0079-6123(07)00020-9 . 

urtis, C.E., D’Esposito, M., 2003. Persistent activity in the prefrontal cortex during work-
ing memory. Trends Cogn. Sci. 7 (9), 415–423. doi: 10.1016/S1364-6613(03)00197-9 .

ell’Acqua, R., Jolic œ ur, P., Sessa, P., Turatto, M., 2006. Attentional blink and
selection in the tactile domain. Eur. J. Cogn. Psychol. 18 (4), 537–559.
doi: 10.1080/09541440500423186 . 

’Esposito, M., 2007. From cognitive to neural models of working memory. Philos. Trans-
act. R. Soc. Lond. Ser. B 362 (1481), 761–772. doi: 10.1098/rstb.2007.2086 . 

’Esposito, M., Postle, B.R., 2015. The cognitive neuroscience of working memory. Annu.
Rev. Psychol. 66, 115–142. doi: 10.1146/annurev-psych-010814-015031 . 

ux, P.E., Marois, R., 2009. The attentional blink: a review of data and theory. Attent.
Percept. Psychophys. 71 (8), 1683–1700. doi: 10.3758/APP.71.8.1683 . 

ahrenfort, J.J., Grubert, A., Olivers, C.N.L., Eimer, M., 2017. Multivariate EEG analyses
support high-resolution tracking of feature-based attentional selection. Sci. Rep. 7 (1),
1886. doi: 10.1038/s41598-017-01911-0 . 

ahrenfort, J.J., van Driel, J., van Gaal, S., Olivers, C.N.L., 2018. From ERPs to MVPA
using the amsterdam decoding and modeling toolbox (ADAM). Front. Neurosci. 12,
368. doi: 10.3389/fnins.2018.00368 . 

ine, I., Park, J. ‑M., 2018. Blindness and human brain plasticity. Ann. Rev. Vis. Sci. 4,
337–356. doi: 10.1146/annurev-vision-102016-061241 . 

uster, J.M., 2015. The Prefrontal Cortex, 5th ed. Elsevier Science . 
allace, A., Spence, C., 2009. The cognitive and neural correlates of tactile memory. Psy-

chol. Bull. 135 (3), 380–406. doi: 10.1037/a0015325 . 
allace, A., Spence, C., 2014. Touch with the Future. Oxford University Press

doi: 10.1093/acprof:oso/9780199644469.001.0001 . 
allace, A., Tan, H.Z., Haggard, P., Spence, C., 2008. Short term memory for tactile stimuli.

Brain Res. 1190, 132–142. doi: 10.1016/j.brainres.2007.11.014 . 
oldman-Rakic, P.S., 1992. Working memory and the mind. Sci. Am. 267 (3), 110–117.

doi: 10.1038/scientificamerican0992-110 . 
ratton, G., Coles, M.G., Donchin, E., 1983. A new method for off-line removal

of ocular artifact. Electroencephalogr. Clin. Neurophysiol. 55 (4), 468–484.
doi: 10.1016/0013-4694(83)90135-9 . 

upta, R., Tranel, D., 2012. Memory, Neural Substrates. In: Encyclopedia of Human Be-
havior. Elsevier, pp. 593–600. doi: 10.1016/B978-0-12-375000-6.00230-5 . 

arris, J.A., Miniussi, C., Harris, I.M., Diamond, M.E., 2002. Transient storage of a tactile
memory trace in primary somatosensory cortex. J. Neurosci. 22 (19), 8720–8725.
doi: 10.1523/JNEUROSCI.22-19-08720.2002 . 

echt, M., Thiemann, U., Freitag, C.M., Bender, S., 2016. Time-resolved neuroimaging of
visual short term memory consolidation by post-perceptual attention shifts. Neuroim-
age 125, 964–977. doi: 10.1016/j.neuroimage.2015.11.013 . 

eine, L., Bahri, M.A., Cavaliere, C., Soddu, A., Laureys, S., Ptito, M., Kupers, R.,
2015. Prevalence of increases in functional connectivity in visual, somatosen-
sory and language areas in congenital blindness. Front. Neuroanat. 9, 86.
doi: 10.3389/fnana.2015.00086 . 

olmes, N.P., Tamè, L., 2019. Locating primary somatosensory cortex in human brain
stimulation studies: systematic review and meta-analytic evidence. J. Neurophysiol.
121 (1), 152–162. doi: 10.1152/jn.00614.2018 . 

CD-10-CM 2022: The complete official codebook , 2021. American Medical Association . 
12 
onides, J., Lewis, R.L., Nee, D.E., Lustig, C.A., Berman, M.G., Moore, K.S., 2008. The mind
and brain of short-term memory. Annu. Rev. Psychol. 59, 193–224. doi: 10.1146/an-
nurev.psych.59.103006.093615 . 

aiser, D.A., 2010. Cortical cartography. Biofeedback 38 (1), 9–12.
doi: 10.5298/1081-5937-38.1.9 . 

atus, T., Eimer, M., 2015. Lateralized delay period activity marks the focus of spatial
attention in working memory: evidence from somatosensory event-related brain po-
tentials. J. Neurosci. 35 (17), 6689–6695. doi: 10.1523/JNEUROSCI.5046-14.2015 . 

atus, T., Eimer, M., 2018. Independent attention mechanisms control the activation of
tactile and visual working memory representations. J. Cogn. Neurosci. 30 (5), 644–
655. doi: 10.1162/jocn_a_01239 . 

atus, T., Grubert, A., Eimer, M., 2015. Electrophysiological evidence for a sensory recruit-
ment model of somatosensory working memory. Cereb. Cortex 25 (12), 4697–4703.
doi: 10.1093/cercor/bhu153 . 

atus, T., Müller, M.M., Eimer, M., 2015. Sustained maintenance of somatotopic infor-
mation in brain regions recruited by tactile working memory. J. Neurosci. 35 (4),
1390–1395. doi: 10.1523/JNEUROSCI.3535-14.2015 . 

auffman, T., Théoret, H., Pascual-Leone, A., 2002. Braille character dis-
crimination in blindfolded human subjects. Neuroreport 13 (5), 571.
doi: 10.1097/00001756-200204160-00007 . 

ayser, J., Tenke, C.E., 2006. Principal components analysis of Laplacian wave-
forms as a generic method for identifying ERP generator patterns: I. Eval-
uation with auditory oddball tasks. Clin. Neurophysiol. 117 (2), 348–368.
doi: 10.1016/j.clinph.2005.08.034 . 

ostopoulos, P., Albanese, M. ‑C., Petrides, M., 2007. Ventrolateral prefrontal cortex and
tactile memory disambiguation in the human brain. Proc. Nat. Acad. Sci. U.S.A. 104
(24), 10223–10228. doi: 10.1073/pnas.0700253104 . 

rakauer, J.W., Hadjiosif, A.M., Xu, J., Wong, A.L., Haith, A.M., 2019. Motor Learning.
Comprehens. Physiol. 9 (2), 613–663. doi: 10.1002/cphy.c170043 . 

upers, R., Ptito, M., 2014. Compensatory plasticity and cross-modal reorganiza-
tion following early visual deprivation. Neurosci. Biobehav. Rev. 41, 36–52.
doi: 10.1016/j.neubiorev.2013.08.001 . 

enk, S., Bluschke, A., Beste, C., Iannilli, E., Roessner, V., Hummel, T., Bender, S., 2014.
Olfactory short-term memory encoding and maintenance - an event-related potential
study. Neuroimage 98, 475–486. doi: 10.1016/j.neuroimage.2014.04.083 . 

ewis-Peacock, J.A., Drysdale, A.T., Oberauer, K., Postle, B.R., 2012. Neural evidence for a
distinction between short-term memory and the focus of attention. J. Cogn. Neurosci.
24 (1), 61–79. doi: 10.1162/jocn_a_00140 . 

inden, D.E.J., 2007. The working memory networks of the human brain. Neuroscientist
13 (3), 257–267. doi: 10.1177/1073858406298480 . 

aris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG- and MEG-data.
J. Neurosci. Methods 164 (1), 177–190. doi: 10.1016/j.jneumeth.2007.03.024 . 

artuzzi, R., Zwaag van der, W., Farthouat, J., Gruetter, R., Blanke, O., 2014. Human
finger somatotopy in areas 3b, 1, and 2: A 7T fMRI study using a natural stimulus.
Hum. Brain Mapp. 35 (1), 213–226. doi: 10.1002/hbm.22172 . 

a š i ć, V., Š e či ć, A., Tro š t Bobi ć, T., Femec, L., 2020. Neuroplasticity and Braille reading.
Acta Clin. Croat. 59 (1), 147–153. doi: 10.20471/acc.2020.59.01.18 . 

cCollough, A.W., Machizawa, M.G., Vogel, E.K., 2007. Electrophysiological measures
of maintaining representations in visual working memory. Cortex 43 (1), 77–94.
doi: 10.1016/s0010-9452(08)70447-7 . 

iller, S., 1978. Aspects of information from touch and movement. In: Gordon, G. (Ed.),
Active Touch. Pergamon Press, pp. 215–227 . 

hara, S., Wang, L., Ku, Y., Lenz, F.A., Hsiao, S.S., Hong, B., Zhou, Y. ‑D., 2008. Neural ac-
tivities of tactile cross-modal working memory in humans: an event-related potential
study. Neuroscience 152 (3), 692–702. doi: 10.1016/j.neuroscience.2007.12.043 . 

ldfield, R.C., 1971. The assessment and analysis of handedness: The Edinburgh inven-
tory. Neuropsychologia 9 (1), 97–113. doi: 10.1016/0028-3932(71)90067-4 . 

ascual-Leone, A., Cammarota, A., Wassermann, E.M., Brasil-Neto, J.P., Cohen, L.G., Hal-
lett, M., 1993. Modulation of motor cortical outputs to the reading hand of braille
readers. Ann. Neurol. 34 (1), 33–37. doi: 10.1002/ana.410340108 . 

ascual-Leone, A., Torres, F., 1993. Plasticity of the sensorimotor cortex rep-
resentation of the reading finger in Braille readers. Brain 116 (1), 39–52.
doi: 10.1093/brain/116.1.39 , Pt 1 . 

ascual-Marqui, R.D., Lehmann, D., Koenig, T., Kochi, K., Merlo, M.C., Hell, D.,
Koukkou, M., 1999. Low resolution brain electromagnetic tomography (LORETA)
functional imaging in acute, neuroleptic-naive, first-episode, productive schizophre-
nia. Psychiatry Res. 90 (3), 169–179. doi: 10.1016/s0925-4927(99)00013-x . 

ascual-Marqui, R.D., Michel, C.M., Lehmann, D., 1994. Low resolution electromagnetic
tomography: a new method for localizing electrical activity in the brain. Int. J. Psy-
chophysiol. 18 (1), 49–65. doi: 10.1016/0167-8760(84)90014-x . 

asternak, T., Greenlee, M.W., 2005. Working memory in primate sensory systems. Nat.
Rev. Neurosci. 6 (2), 97–107. doi: 10.1038/nrn1603 . 

ostle, B.R., 2006. Working memory as an emergent property of the mind and brain.
Neuroscience 139 (1), 23–38. doi: 10.1016/j.neuroscience.2005.06.005 . 

ourtois, G., Delplanque, S., Michel, C., Vuilleumier, P., 2008. Beyond conventional event-
related brain potential (ERP): Exploring the time-course of visual emotion processing
using topographic and principal component analyses. Brain Topogr. 20 (4), 265–277.
doi: 10.1007/s10548-008-0053-6 . 

ylkkänen, L., Marantz, A., 2003. Tracking the time course of word recognition with MEG.
Trends Cogn. Sci. 7 (5), 187–189. doi: 10.1016/S1364-6613(03)00092-5 . 

au, P. ‑L.P., Zheng, J., Wang, L., Zhao, J., Wang, D., 2020. Haptic and auditory-haptic
attentional blink in spatial and object-based tasks. Multisens. Res. 33 (3), 295–312.
doi: 10.1163/22134808-20191483 . 

enier, L., Volder, A.G. de, Rauschecker, J.P., 2014. Cortical plasticity and
preserved function in early blindness. Neurosci. Biobehav. Rev. 41, 53–63.
doi: 10.1016/j.neubiorev.2013.01.025 . 

https://doi.org/10.1016/j.clinph.2010.05.008
https://doi.org/10.1016/j.neuroimage.2007.07.044
https://doi.org/10.1016/j.clinph.2004.03.023
https://doi.org/10.1162/jocn_a_01019
https://doi.org/10.3758/BF03207391
https://doi.org/10.1212/WNL.54.12.2230
https://doi.org/10.1037/0096-1523.28.2.315
https://doi.org/10.1097/00004691-200011000-00004
https://doi.org/10.3389/fpsyg.2018.00401
https://doi.org/10.1111/j.1469-8986.1989.tb01916.x
https://doi.org/10.3758/BF03204258
https://doi.org/10.1016/B978-012370509-9.00172-8
https://doi.org/10.1016/S0079-6123\05007\05100020-9
https://doi.org/10.1016/S1364-6613(03)00197-9
https://doi.org/10.1080/09541440500423186
https://doi.org/10.1098/rstb.2007.2086
https://doi.org/10.1146/annurev-psych-010814-015031
https://doi.org/10.3758/APP.71.8.1683
https://doi.org/10.1038/s41598-017-01911-0
https://doi.org/10.3389/fnins.2018.00368
https://doi.org/10.1146/annurev-vision-102016-061241
http://refhub.elsevier.com/S1053-8119(22)00524-9/sbref0027
https://doi.org/10.1037/a0015325
https://doi.org/10.1093/acprof:oso/9780199644469.001.0001
https://doi.org/10.1016/j.brainres.2007.11.014
https://doi.org/10.1038/scientificamerican0992-110
https://doi.org/10.1016/0013-4694(83)90135-9
https://doi.org/10.1016/B978-0-12-375000-6.00230-5
https://doi.org/10.1523/JNEUROSCI.22-19-08720.2002
https://doi.org/10.1016/j.neuroimage.2015.11.013
https://doi.org/10.3389/fnana.2015.00086
https://doi.org/10.1152/jn.00614.2018
http://refhub.elsevier.com/S1053-8119(22)00524-9/sbref0038
https://doi.org/10.1146/annurev.psych.59.103006.093615
https://doi.org/10.5298/1081-5937-38.1.9
https://doi.org/10.1523/JNEUROSCI.5046-14.2015
https://doi.org/10.1162/jocn_a_01239
https://doi.org/10.1093/cercor/bhu153
https://doi.org/10.1523/JNEUROSCI.3535-14.2015
https://doi.org/10.1097/00001756-200204160-00007
https://doi.org/10.1016/j.clinph.2005.08.034
https://doi.org/10.1073/pnas.0700253104
https://doi.org/10.1002/cphy.c170043
https://doi.org/10.1016/j.neubiorev.2013.08.001
https://doi.org/10.1016/j.neuroimage.2014.04.083
https://doi.org/10.1162/jocn_a_00140
https://doi.org/10.1177/1073858406298480
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1002/hbm.22172
https://doi.org/10.20471/acc.2020.59.01.18
https://doi.org/10.1016/s0010-9452(08)70447-7
http://refhub.elsevier.com/S1053-8119(22)00524-9/sbref0057
https://doi.org/10.1016/j.neuroscience.2007.12.043
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1002/ana.410340108
https://doi.org/10.1093/brain/116.1.39
https://doi.org/10.1016/s0925-4927(99)00013-x
https://doi.org/10.1016/0167-8760(84)90014-x
https://doi.org/10.1038/nrn1603
https://doi.org/10.1016/j.neuroscience.2005.06.005
https://doi.org/10.1007/s10548-008-0053-6
https://doi.org/10.1016/S1364-6613(03)00092-5
https://doi.org/10.1163/22134808-20191483
https://doi.org/10.1016/j.neubiorev.2013.01.025


E. Breitinger, L. Pokorny, L. Biermann et al. NeuroImage 259 (2022) 119407 

R  

 

 

R  

 

 

R  

 

R  

R  

 

R  

 

S  

 

S  

 

S  

 

S  

 

S  

 

S  

 

S  

 

S  

S  

S  

 

S  

S  

 

 

V  

 

W  

 

 

W  

 

Z  

 

Z  
esch, F., Merzenich, M.M., Schreiner, C.E., 1992. Changes in the distributed temporal
response properties of SI cortical neurons reflect improvements in performance on
a temporally based tactile discrimination task. J. Neurophysiol. 67 (5), 1071–1091.
doi: 10.1152/jn.1992.67.5.1071 . 

euter-Lorenz, P.A., Jonides, J., 2007. The executive is central to working memory: in-
sights from age, performance and task variations. In: Conway, A.R.A., Jarrold, C.,
Kane, M.J., Miyake, A., Towse, J.N. (Eds.), Variation in Working Memory. Oxford
University Press, pp. 250–271 ebrary . 

incon-Gonzalez, L., Warren, J.P., Meller, D.M., Tillery, S.H., 2011. Haptic interaction of
touch and proprioception: Implications for neuroprosthetics. IEEE Trans. Neural Syst.
Rehabil. Eng. 19 (5), 490–500. doi: 10.1109/tnsre.2011.2166808 . 

omo, R., Salinas, E., 2003. Flutter discrimination: Neural codes, perception, memory and
decision making. Nat. Rev. Neurosci. 4 (3), 203–218. doi: 10.1038/nrn1058 . 

ossi, C., Bastian, A.J., Therrien, A.S., 2021. Mechanisms of proprioceptive re-
alignment in human motor learning. Curr. Opin. Physiol. 20, 186–197.
doi: 10.1016/j.cophys.2021.01.011 . 

uchkin, D.S., Grafman, J., Cameron, K., Berndt, R.S., 2003. Working memory retention
systems: a state of activated long-term memory. Behav. Brain Sci. 26 (6), 709–728.
doi: 10.1017/s0140525x03000165 , discussion 728-77 . 

adato, N., Okada, T., Honda, M., Yonekura, Y., 2002. Critical period for cross-modal
plasticity in blind humans: a functional MRI study. Neuroimage 16 (2), 389–400.
doi: 10.1006/nimg.2002.1111 . 

adato, N., Pascual-Leone, A., Grafman, J., Deiber, M.P., Ibañez, V., Hallett, M., 1998.
Neural networks for Braille reading by the blind. Brain 121 (7), 1213–1229.
doi: 10.1093/brain/121.7.1213 . 

avini, N., Brunetti, M., Babiloni, C., Ferretti, A., 2012. Working memory of so-
matosensory stimuli: An fMRI study. Int. J. Psychophysiol. 86 (3), 220–228.
doi: 10.1016/j.ijpsycho.2012.09.007 . 

hah, P., Miyake, A., 1999. An introduction. In: Miyake, A., Shah, P. (Eds.), Models of
Working Memory: Mechanisms of Active Maintenance and Executive Control. Cam-
bridge Univ. Press, pp. 1–25 . 

hih, R., Dubrowski, A., Carnahan, H., 2009. Evidence for haptic memory. World Haptics

2009 - Third Joint EuroHaptics conference and Symposium on Haptic Interfaces for Virtual

Environment and Teleoperator Systems . IEEE doi: 10.1109/whc.2009.4810867 . 
13 
imões-Franklin, C., Whitaker, T.A., Newell, F.N., 2011. Active and passive touch differ-
entially activate somatosensory cortex in texture perception. Hum. Brain Mapp. 32
(7), 1067–1080. doi: 10.1002/hbm.21091 . 

ingh, A.K., Phillips, F., Merabet, L.B., Sinha, P., 2018. Why does the cortex reorganize
after sensory loss? Trends Cogn. Sci. 22 (7), 569–582. doi: 10.1016/j.tics.2018.04.004 .

perling, G., 1967. Successive approximations to a model for short term memory. Acta
Psychol. 27, 285–292. doi: 10.1016/0001-6918(67)90070-4 . 

pitzer, B., Blankenburg, F., 2011. Stimulus-dependent EEG activity reflects internal up-
dating of tactile working memory in humans. Proc. Natl. Acad. Sci. 108 (20), 8444–
8449. doi: 10.1073/pnas.1104189108 . 

pitzer, B., Goltz, D., Wacker, E., Auksztulewicz, R., Blankenburg, F., 2014. Maintenance
and manipulation of somatosensory information in ventrolateral prefrontal cortex.
Hum. Brain Mapp. 35 (5), 2412–2423. doi: 10.1002/hbm.22337 . 

reenivasan, K.K., D’Esposito, M., 2019. The what, where and how of delay activity. Nat.
Rev. Neurosci. 20 (8), 466–481. doi: 10.1038/s41583-019-0176-7 . 

taines, W.R., Graham, S.J., Black, S.E., McIlroy, W.E., 2002. Task-relevant mod-
ulation of contralateral and ipsilateral primary somatosensory cortex and the
role of a prefrontal-cortical sensory gating system. Neuroimage 15 (1), 190–199.
doi: 10.1006/nimg.2001.0953 . 

ogel, E.K., Machizawa, M.G., 2004. Neural activity predicts individual differences in
visual working memory capacity. Nature 428 (6984), 748–751. doi: 10.1038/na-
ture02447 . 

ang, L., Li, X., Hsiao, S.S., Lenz, F.A., Bodner, M., Zhou, Y. ‑D., Fuster, J.M., 2015. Dif-
ferential roles of delay-period neural activity in the monkey dorsolateral prefrontal
cortex in visual–haptic crossmodal working memory. Proc. Nat. Acad. Sci. U.S.A. 112
(2), E214–E219. doi: 10.1073/pnas.1410130112 . 

ithagen, A., Kappers, A.M., Vervloed, M.P., Knoors, H., Verhoeven, L., 2013. Short term
memory and working memory in blind versus sighted children. Res. Dev. Disabil. 34
(7), 2161–2172. doi: 10.1016/j.ridd.2013.03.028 . 

hao, D., Zhou, Y. ‑D., Bodner, M., Ku, Y., 2018. The causal role of the prefrontal cortex and
somatosensory cortex in tactile working memory. Cereb. Cortex 28 (10), 3468–3477.
doi: 10.1093/cercor/bhx213 . 

hou, Y. ‑D., Fuster, J.M., 1996. Mnemonic neuronal activity in somatosensory cortex.
Proc. Nat. Acad. Sci. U.S.A. 93 (19), 10533–10537. doi: 10.1073/pnas.93.19.10533 . 

https://doi.org/10.1152/jn.1992.67.5.1071
http://refhub.elsevier.com/S1053-8119(22)00524-9/sbref0071
https://doi.org/10.1109/tnsre.2011.2166808
https://doi.org/10.1038/nrn1058
https://doi.org/10.1016/j.cophys.2021.01.011
https://doi.org/10.1017/s0140525x03000165
https://doi.org/10.1006/nimg.2002.1111
https://doi.org/10.1093/brain/121.7.1213
https://doi.org/10.1016/j.ijpsycho.2012.09.007
http://refhub.elsevier.com/S1053-8119(22)00524-9/sbref0079
https://doi.org/10.1109/whc.2009.4810867
https://doi.org/10.1002/hbm.21091
https://doi.org/10.1016/j.tics.2018.04.004
https://doi.org/10.1016/0001-6918(67)90070-4
https://doi.org/10.1073/pnas.1104189108
https://doi.org/10.1002/hbm.22337
https://doi.org/10.1038/s41583-019-0176-7
https://doi.org/10.1006/nimg.2001.0953
https://doi.org/10.1038/nature02447
https://doi.org/10.1073/pnas.1410130112
https://doi.org/10.1016/j.ridd.2013.03.028
https://doi.org/10.1093/cercor/bhx213
https://doi.org/10.1073/pnas.93.19.10533

	What makes somatosensory short-term memory maintenance effective? An EEG study comparing contralateral delay activity between sighted participants and participants who are blind
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Experimental protocol
	2.3 EEG recording and pre-processing
	2.4 Data analysis
	2.5 Statistics

	3 Results
	3.1 Task performance
	3.1.1 Cue effects in participants with and without blindness
	3.1.2 Load effects

	3.2 Time course, topography, and amplitudes of tCDA
	3.2.1 Effects of cue latency on tCDA
	3.2.2 Load effects on tCDA in frontal and somatosensory areas
	3.2.3 Topographic comparison across cue conditions
	3.2.4 Source analysis

	3.3 Correlation performance and tCDA

	4 Discussion
	4.1 Differences in task performance between participants with and without blindness and experience in Braille reading
	4.2 Haptic memory: duration of somatosensory memory traces
	4.3 Characteristics of tCDA in participants with and without blindness
	4.3.1 Source analysis
	4.3.2 Sensitivity of tCDA to cue latency and memory load

	4.4 What makes somatosensory STM effective?
	4.4.1 Interplay of frontal and somatosensory areas
	4.4.2 Relation of tCDA and performance rates

	4.5 Limitations

	5 Conclusion
	Funding
	Ethics statement
	Software availability statement
	Author contributions
	Data availability statement
	Declaration of Competing Interest
	Acknowledgment
	Supplementary materials
	References


