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Abstract

Visual world experience is thought to play a significant role in the development of an abstract representation of quantity in the human brain.
Nevertheless, some congenitally blind individuals demonstrate excellent numerical abilities. We show that blind adults have a phenomeno-
logically normal semantic representation of number. Electro-encephalography data demonstrate that the numerical distance effect has similar
parietal correlates both in the blind and in matched sighted controls. Our interpretation is that number comparison in the blind relies on a
compensation network in the initial phase of number comparison. In a second phase, an evolutionarily hardwired parietal system is exploited.
The representation of number meaning has both plastic and evolutionarily hardwired components.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Cognition in the blind

Animals[4], human infant§19], and adult humans witfi1] Moreover, some achieve a university degree (all of our
and withouf9] an extensive counting list appear to interpret subjects), or may become outstanding mathematigidis
numerosity in an abstract, amodal, approxinjé@jeepresen- There are two interpretations of such achievements: either

tation in the bilateral parietal lobes of the brain. According some blind individuals use sophisticated compensating
to some views, this circuit provides a biological foundation strategies to overcome the absence of visuo-spatial input in
for number sensgl5]. According to others, a hard-wired building a system capable of the interpretation of numerical
system for something as complex as humber representatiorinformation or this system is hardwired. In Hungary, the
is untenablg14]. Proponents of both views assume that the blind learn spatial relations and number meaning via tactile
development of this numerosity representation depends oninput. They learn to interpret numerical distance by placing
the extraction of object-location information via the occipito- pegs in a peg board. The distance between pegs representing
parietal pathway involved in the visuo-spatial individuation different numbers is used to convey magnitude information.
of objects[15,14,6] Accordingly, number representation The blind brain shows a remarkable plasticity in response
may be differentfrom normalin humans lacking visuo-spatial to altered stimulatiorjl]. The question addressed here is
information. whether brain plasticity allows the tactile input to build on
In blind people, the visuo-spatial individuation of objects a dedicated neural and cognitive system, resulting in the
is absent. Blind individuals usually have poor mathematical classic parietal circuitry for number sense. We investigated
abilities. Yet, 5-10% of blind teenagers in Hungary obtain whether blind individuals demonstrate the classic properties
good or excellent grades in advanced maths examinations.of normal number representation: (1) the behavioural numer-
ical distance effect (reaction times are longer and accuracy
* Corresponding author. Tel.: +44 1223 767636; fax: +44 1223 767602. 1S Worse when discriminating numerically closer than
E-mail addressds377@cam.ac.uk (D. §as). further away quantitieglL1]). (2) Amplitude modulations of
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electroencephalographic parameters in function of numerical Letters tested for the stimulus-specificity of effects. Be-
distance as measured at parietal electrode [&t&%,13,16] haviourally, the distance group interaction was tested by a

In experiment 1, 12 sighted subjects (native Hungarians groupx material (number versus letter)distance (distance
in all experiments) decided whether digits were smaller or from 5 is 1 versus distance from 5 is ¥)magnitude
larger than 5 (high-school students; six women; mean age:(smaller than 5 versus larger than 5) ANOVA. For clearer
24.42+ 454 years). All subjects gave informed written interpretability other effects were tested by separate within-
consent in all studies. Stimuli were the Arabic digits subject distance magnitude ANOVAs. The percent of
1-4 and 6-9. Black stimuli on light-green background accepted epochs was above 75% in all accepted subjects.
appeared for 200ms at the centre of a 17in. computer The ERP and a generalized measure of event-related syn-
monitor (800x 600 pixels) positioned at about 80 cm from chronization and desynchronizati¢t?], the event-related
the subjects’ eyes. Four hundred and eighty stimuli were spectral perturbation (ERSP) transform of the EEG were
presented in two blocks, preceded by 72—72 practice stimuli. computed[8]. The ERSP is the mean change of spectral
Responses, counterbalanced across blocks, were given byower relative to a baseline. The ERP, computed by averag-
either the left or right index finger. Possible response priming ing brain responses, recorded at each presentation of a certain
effects were balanced for each number. The percent of correctstimulus class, contains only information both phase-locked
responses (PC), individually normalized and raw reaction and time-locked to the stimulus (evoked activity). The ERSP
times (RTs) were assessed by response pattern (left-rightcontains not only phase-locked but also not phase-locked in-
versus right-left)x relation (<5 versus >5) distance (from formation (both evoked and induced activity). Considering
5) ANOVAs. The analysis of normalized and raw RTs yielded only phase-locked information (the ERP) may not be an ad-
nearly equivalent results, therefore, only results based on rawequate representation of the ongoing neural procd8es
values are reported. In all experiments, Greenhaus—Geisseilime-frequency decomposition was performed by short-time
epsilon €) correction ofp-values was used when necessary Fourier transform in EEGLa[B] using a sliding temporal
to compensate for the violation of the sphericity assumption. window of 128 points, applied 200 times providing output
OriginalF and d.f. values and correctpdialues are reported.  frequency bins at about 2 Hz steps. Th&00 to O ms in-

In experiment 2, congenitally blind and gender-, age-, terval before stimulus presentation served as the baseline
and education-matched sighted control subjects solved afor both stimulus-locked and response-locked ERSP com-
number comparison task with spoken digits. Apart from the putation. One stimulus-locked ERSP analysis included the
acoustic stimulation the procedure and the stimuli was the response-interva{100 to 900 ms) while (in order to have a
same as in experiment 1. Subjects were eight congenitallybetter temporal resolution) another analysis focused more on
blind (age: 26.62-3.96; range: 21-33; four women) and the stimulus-processing phasel(00 to 600 ms). The second
eight control adults (age: 26453.42; range: 22-32). analysis was subjected to the reported ANOVAS. Response-
All participants were fulfilling or had finished college or locked epochs ranged from250 to +100 ms relative to the
university studies. Participants came from working-class or response time. Epochs receiving a correct response between
lower middle-class families. Blind participants were born 250 and 1000 ms were used.
blind or became blind due to perinatal accidents. According  For the evaluation of distance and magnitude effects
to self-reports participants did not have further neurological within-subject distance magnitude ANOVAS were run on
or psychiatric problems. According to the statement of the each point of the time-frequency landscape, separately for
Hungarian School of the Blind all of the blind participants number and letter tasks. To compensate for multiple test-
were well-functioning with no serious problems except their ing a conservativep< 0.004) significance level was used.
blindness. Control subjects were blindfolded in all acoustic As 115 sampling points (120-450 msR5 frequency bins
studies. Stimuli, delivered bilaterally via earphones, were (2—48 Hz) were of interest, atmlevel of 0.004, 11.5 points
Hungarian number words from 1 to 9, spoken by a native could be detected as significant due to chance at each elec-
speaker, digitized at 11 025 Hz. Results were assessed by @rode. This is considerably less than the number of points in-
groupx response side relationx distance ANOVA. terpreted as showing significant effects. Effects with an area

In experiment 3, EEG data was collected. Eight blind (6 of less than 16 data points were overall discarded. The six
subjects were the same as in experiment 2) and eight controlargest area effects (per electrode) were selected for analysis.
subjects decided whether numbers 1, 4, 6 and 9 were smalleEffects showing great overlap across electrodes were counted
or larger than 5; or that letters a, e, f and i stood before or as one.
after letter e in the alphabet. The paradigm, EEG recording In experiment 1, the behavioural distance effect was
conditions and the processing of event-related potentialsreplicated in Hungarians (RTE(3, 33)=87.85;:=0.681,
(ERPs) have been described elsewlig¢ The meanageof p<0.0001. PC:F(3, 33)=26.571;:=0.605; p<0.0001.
the blind group was 26.8% 3.65 years (range: 21-31 years; Table 1 Normalized reaction times for all experiments are
four women), that of the control group was 25:82.49 shown insupplementary Fig.)1In experiment 2, both con-
years (range: 21-32 years). Further subject variables weregenitally blind and sighted control subjects showed robust
similar to those in experiment 2. Due to EEG artefacts in distance effectsTable 1 RT: F(3, 42)=177.912¢=0.611,
one of the blind subjects, 7-7 subjects’ data was analyzed.p<0.0001. PCF(3, 42)=10.681¢ =0.396;p=0.0033. dis-
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Table 1
Reaction time (RT) and the percent of correct responses (PC) in experiment 1 (visual) and experiment 2 (control and blind)
Group Numbers
1 2 3 4
RT Visual 401.6+ 39.3 400.9+ 45.4 413.5+ 46.2 440.0+ 46.1
Control 495.6+ 66.8 534.3+ 67.3 567.2+ 70.4 634.8+ 69.0
Blind 440.9+ 67.8 487.4+ 71.5 503.1+ 78.6 583.4+ 59.8
PC Visual 96.7+ 2.7 96.8+ 2.3 95.6+ 2.2 90.4+ 6.0
Control 98.7+ 2.6 99.2+ 0.9 98.8+ 1.9 94.6+ 5.4
Blind 985+ 1.8 98.6+ 1.4 98.44+ 3.1 93.6+ 7.7
9 8 7 6
RT Visual 409.6+ 42.6 408.54 45.1 421.24+ 43.1 432.0+ 40.7
Control 541.9+ 70.2 580.1+ 67.9 564.3+ 77.6 578.0+ 73.6
Blind 486.9+ 86.7 524.5+ 68.6 509.5+ 65.7 510.6+ 74.1
PC Visual 96.9+ 2.0 95.7+ 3.3 94.1+ 3.1 92.2+ 3.4
Control 99.0+ 1.5 99.5+ 0.6 98.2+ 3.4 97.1+ 4.3
Blind 99.24+ 1.2 98.4+ 2.1 98.5+ 1.3 95.9+ 4.3
Distance
4 3 2 1
RT Visual 405.6+ 40.9 404.74+ 45.2 417.3+ 44.7 436.0+ 43.4
Control 518.7+ 68.5 557.2+ 67.6 565.8+ 74.0 606.4+ 71.3
Blind 463.9+ 77.2 505.9+ 70.1 506.3+ 72.1 547.0+ 67.0
PC Visual 96.8+ 2.3 96.2+ 2.8 94.94+ 2.6 91.3+ 4.7
Control 98.8+ 2.1 99.3+ 0.8 98.5+ 2.6 95.8+ 4.9
Blind 98.8+ 1.5 98.5+ 1.8 98.5+ 2.2 94.7+ 6.0

tancex group interactions: n.s.), and performed at a simi- In experiment 3, we asked whether the two subject groups re-
lar level (97.6% and 98.1% correct). Further, responses werecruited similar brain circuits in numerical comparison. Accu-
faster when subjects responded to numbers above 5 with theirracy was the same in both groups (98.4%) and the blind were
right hand and numbers below 5 with their left hand than vice fasterthanthe controls (416 versus 529F{4; 14) =10.331;
versa F(1, 14)=9.473p=0.0081; response pattern: leftis p=0.006. See data ifable 3. The behavioural distance ef-
smaller, rightis larger: 507.1 ms. Right-left: 530.2 ms). Thus fect was significant and similar in both groups (humber task:
both groups showed the so-called spatial-numerical associ-RT: F(1, 14)=109.131;p<0.0001. PC:F(1, 14)=8.501;
ation of response-codes, which is thought to be an index p=0.0112. Letter taskE(1, 14)=75.778;p<0.0001. PC:

of a number-line like organization of number representation n.s.). The magnitude effect was not significant.

[5]. Blind subjects responded 58 ms faster than the controls Guided by prior studie$3,17,13,16] the EEG analysis

(p=0.06). was focused on the 120-450 ms interval after stimulus onset.
In order to exclude the possibility that the distance ef- The EEG of both groups was dominated by a clear stimulus-
fect was seriously confounded by word-length effg@ks locked effect between 100 and 300 nssigplementary Fig.

in a complementary analysis individual reaction times were 2). The P3 accompanying the response was more expressed
pooled across subjects. Word-length, estimated minimum between 300 and 400 ms in the blind than in the control group
identification time of words and the number of phonemes due to shorter and less scattered reaction times in the blind.
in words were taken as partial variables in calculating cor- Apart from a general amplitude difference showing a maxi-
relations between numerical distance and response time (pamum at central electrodes (segpplementary Fig.)2there
rameters from 1 to 9 are: Word-length (ms): 200, 450, 450, were no apparent morphological or distribution discrepan-
350, 350, 400, 500, 500. Estimated minimum identification cies in ERPs between subject groups. Moreover, at around
time (ms): 140, 350, 350, 300, 180, 250, 400, 450. Number 200 ms, we found similar lateral parietal (N2p component at
of phonemes: 2, 4, 5, 3, 3, 3, 4, 6). The minimum identifica- electrodes P9, P7, P8 and P10) and frontal (P2 component
tion time was the average of the estimation of 12 Hungarian at electrodes F3, Fz and F4) ERP deflections and distance
speakers. The effect of distance remained significant in all of effects in the amplitude of ERPs in both subject groups as
the partial correlations (reaction time—distance partial corre- in our former study{16]. The peak amplitude of the N2p
lations: —0.36 <r < —0.47;p<0.0001, in all cases). (Fig. 1, measured between 150 and 300 ms) was more nega-
Experiment 2 showed that the phenomenological organi- tive in case of numerical distance 4 than in case of distance 1
zation of numerical representation was similar in both groups. (F(1, 14) =17.724p=0.0009). The amplitude of the frontal
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Table 2
Reaction time in milliseconds (RT) and the percent of correct responses (PC) in experiment 3
Group Number task Letter task
12 42 62 98 a2 d@ j2 fa
Control
RT
Mean 4786 5812 5517 5092 4815 5856 5195 5277
Standard deviation 2 907 836 882 881 773 76.8 707
Minimum 3717 4280 4257 3793 3852 4616 4013 4394
Maximum 5781 6887 6674 6244 6568 7064 6203 6387
PC
Mean 993 980 97.7 991 996 97.3 990 97.3
Standard deviation 2 25 27 21 0.8 22 18 19
Blind
RT
Mean 3692 4642 4262 4084 3699 4623 4183 4169
Standard deviation 43 401 523 457 455 485 5562 525
Minimum 3136 4108 3749 3545 2994 3807 3318 3463
Maximum 4499 5332 5125 4684 4277 5352 4955 4874
PC
Mean 994 97.8 97.7 995 990 97.8 986 97.8
Standard deviation B 14 11 0.7 14 17 22 22
a Stimuli.

P2 (140-260 ms) was more positive for distance 4 than for according to the timing of the bursts of distance effects and
distance 1F(1, 14)=15.300p=0.0015). differences in their topography. From here on, these are called
Infact, apart from general amplitude differences, we could phase 1 and phase 2 (see phase boundarkgg.it3).
not demonstrate any divergence in the ERP topographies and In the controls, the locality of left and right frontal and
in the ERP distance effects in the blind and in the control sub- parietal ERSP distance effects corresponded to the localiza-
jects. Afeasible interpretation is that that number comparison tion of formerly reported ERP effecf3,17,13]and to fMRI
relied on similar neural circuits in both groups as reflected activations[2] characteristic of number comparison tasks.
by ERPH17]. Wishing to further refine our understanding of In phase 1, the blind failed to show similar effects to con-
the underlying processes, we analyzed additional information trols but showed a left-parietal effect. In phase 2, both groups
provided by the ERSP. Between 200 and 500 ms, the ERSPshowed similar parietal effects and the blind demonstrated
of the controls was dominated by a posterior-peaking ERSP a left frontal effect as found in controls in phase 1. Most
decrease (desynchronizatid?]), while that ofthe blindwas  importantly, initially the topography of the distance effects
characterized by a centro-parietal ERSP increase (synchrowas rather different in the two groups but later both groups
nization) Fig. 2). These landscapes were clearly distinctfrom showed similar expected parietal effects. It is to note that the
later, movement-related effects focusing over electrodes C3definition of phases is mainly a convenient way of describing
and C4[12], onsetting at certain frequency ranges at about the data and itis somewhat arbitrary. Phase definition is based
3—-400 ms in the blind and at 500 ms in the controls. Distance on the temporal overlap of effects at certain electrodes, the
effects in the time-frequency landscapes are summarized inlarger between-group similarity at the second burst of effects
Fig. 3 Two phases of number comparison were identified than at the first burst, and on the similar temporal relation of
the second burst of effects to the reaction time in both groups
(see also later). Speculatively, task-execution phases may in-
dexrecurrent, increasingly refined processing of information.
In the controls, phase 1 parietal distance effects coincided
with alpha and beta range ERSP decrease, and frontal effects
coincided with gamma range ERSP decrease. In phase 2,
the controls showed an left-parietal ERSP decrease. Interest-
ingly, at 600 ms, the gamma range ERSP decrease at frontal
0 200 400 600 800 0 200 400 600 800 sites turned into ERSP increase. This may signal a kind of

_ o _ _“idling” of previously engaged brain areas as put forward by
Fig. 1. Event-related potentials in the number task at parietal electrode sites

for the blind and for the control subjects. The N2p componentis labelled. D1 [12]' The blind |n|t|ally Showed a Centro-parIEt_al ERSP_m-
and D4 stand for numerical distance 1 and numerical distance 4, respectively.Creéase. At 600 ms, the blind showed an ERSP increase in the

51 P10 Control D1 Control D4

\V «— N2p
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gamma range over similar frontal and parietal areas as the
controls. This may be a further sign of functional similarity
in frontal areas in the blind and in the control group.

Between-group similarity was much more striking in the
distance effect in the number task compared to the letter task
(showing a different pattern of the distance effect), and in
the distance effect than in the (behaviourally non-significant)
magnitude effect. First, all this supports the specificity of the
numerical distance effect. Second, the assessment of letter
serial position was accompanied by different ERSP-effect
topographies in the blind and in the controls. There may be
several reasons for this. For example, the blind never explic-
itly encounter with a visually represented alphabet. Further,
the representation of letter shape and phoneme information
probably substantially differs in the blind relative to sighted
subjectq1].

The temporal relation of phase 2 distance effects to
the reaction time was similar in both groups. This sug-
gests that these effects indexed a similar cognitive deci-
sion stage in both groups. In order to explore whether these
stages are more related to stimulus-processing or response-
organization, response-locked EEG epochs were subjected
to ERSP analysis. Apart from a small effect in the con-
trols (at P4,—~200 to—50 ms; 6—12 Hz) no effect of distance

Fig. 2. The temporal course of ERSP topographies at certain frequencies.Similar to the stimulus-locked effects were found, suggest-
The selected frequencies are shown to the upper left of each map. Whereing that the formerly described distance effects were locked
motor effects are seen, frequencies are underlined. The mean ERSP of threg¢g stimulus-processing and not to response-organization
consecutive time points centred on the given times were used for the maps.(e|eca“.0deS showing distance effects before the response

Mean ERSP values for all four numbers and letters are given.
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were F10 and T10 in the blind; and P4 and T3 in the Appendix A. Supplementary data
controls).

Differences found in the overall ERSP landscape, elec- Supplementary data associated with this article can
trodes, and in the frequency ranges demonstrating distanceébe found, in the online version, atoi:10.1016/j.neulet.
effects point to general and specific functional reorganization 2005.04.050
in the blind participants relative to the controls. Our results
suggest that in the initial phase of number comparison, the
blind participants utilized a unique compensation network. References
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