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Abstract

Current theories of number processing postulate that the human abilities for arithmetic are based on cerebral circuits that are partially laif
down under genetic control and later modified by schooling and education. This view predicts the existence of genetic diseases that interfel
specifically with components of the number system. Here, we investigate whether Turner syndrome (TS) corresponds to this definition
TS is a genetic disorder which affects one woman in 2500 and is characterized by partial or complete absence of one X chromosome
In addition to well-characterized physical and hormonal dysfunction, TS patients exhibit cognitive deficits including dyscalculia. We
tested 12 women with Turner syndrome and 13 control subjects on a cognitive battery including arithmetical tests (addition, subtraction,
multiplication, division) as well as tests of the understanding of numerosity and quantity (cognitive estimation, estimation, comparison,
bisection, subitizing/counting). Impairments were observed in cognitive estimation, subitizing, and calculation. We examine whether these
deficits can be attributed to a single source, and discuss the possible implications of hormonal and genetic factors in the neuropsychologic
profile of TS patients.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction ing the hypothesis that number sense in humans has a long
evolutionary history $awamura, Shima, & Tanji, 20D2
What are the origins of human arithmetical abilities? Al- ~ Our working hypothesis, therefore, is that the basic layout

though arithmetic is, to a large extent, a cultural construc- of neural circuitry in the parietal lobe is under genetic control
tion acquired at school, an elementary sense of numbers hagind provides the human infant with the ability to attend
been proposed to be part of the genetic endowment of ourto the numerosity parameter of sets in their environment.
speciesDehaene, 1997 Several arguments support this hy- Later epigenetic enhancements of this representation and
pothesis. First, the ability to recognize the approximate nu- its connection to other circuits for language or the visual
merosity of a collection and to incorporate it into elementary recognition of Arabic symbols would provide a basis for
calculations is present in all cultures, emerges in the first children’s acquisition of the cultural tools of arithmetic.
year of life, and has precursors in various animal species If this model is correct, then it should be possible to
(Dehaene, Dehaene-Lambertz, & Cohen, }9%&irther- identify genetic defects or mutations that perturb the lay-
more, brain imaging methods have revealed that calculationing down of parietal lobe circuits and interfere with the
relies on a reproducible cerebral network. In particular, a normal development of arithmetic, resulting in develop-
small area of the left and right intraparietal sulci is system- mental dyscalculia. Developmental dyscalculia, defined as
atically activated whenever numerical quantities are manip- a disproportionate deficit in calculation and arithmetic, is a
ulated Dehaene, Piazza, Pinel, & Cohen, 2D0Recently, relatively frequent deficit (3—6% of children) which can be
a possible homolog of this area has been identified in the in- observed either in conjunction with reading and/or attention
traparietal sulcus of macaque monkeys, further strengthen-disorders, or in isolationKosc, 1974 Sokol, Macaruso, &
Gollan, 1994 Spellacy & Peter, 1978 Two recent papers
have observed clear impairments of the left parietal cortex
* Corresponding author. in children with developmental dyscalculia associated with
E-mail address: dehaene@shfj.cea.fr (S. Dehaene). prematurity (saacs, Edmonds, Lucas, & Gadian, 2pot
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of unknown origin Levy, Reis, & Grafman, 1999In those tems, if any, is responsible for the arithmetic impairments

cases, no link to a genetic defect could be made. However,exhibited by TS patients.

the hypothesis that at least some of the dyscalculias are of Many studies of arithmetic impairments in TS have used

genetic origin is strengthened by the finding that dyscalcu- standardized batteries or overall arithmetic scores, but a
lia is often found in several members of the same family few have provided more specific information relevant to

(Shalev et al., 2001 the present work. In the Mazzocco et al. stuagzocco,

In the present paper, we investigate the possibility that 1998, a broad population of 5-16-year-old children was
children with Turner syndrome (TS) suffer from a geneti- tested with the Woodcock-Johnson-R battery. The results in-
cally determined impairment of cerebral circuits involved in dicated poorer calculation scores and a greater prevalence
the cognitive manipulation of numbers. TS is a genetic dis- of calculation errors in Turner syndrome relative to either
ease that affects one in 2500 girls and is due to the partial orfragile X patients or normal controls. Rovet et @Rolet,
total deletion of one X chromosome (long arm isochromo- Szekely, & Hockenberry, 1994using the WAIS-R and the
some, circular chromosome, partial deletion). Although the WRAT-R in 7 to 16-year-old children, observed a reduced
phenotype of TS may vary with the genotype and the mo- performance in the digit span and arithmetic subtests in
saicity, it is mainly characterized by well-documented phys- TS patients. Subanalyses showed impairments mainly in
ical features (short stature, webbing of the neck, abnormal multidigit addition and in multiplication fact retrieval. Two
carrying angle of the elbow), and abnormal estrogen produc- more recent studiesTémple & Marriott, 1998; Temple &
tion and pubertal development. The treatment of TS includes Sherwood, 2002 measured the patients’ calculation time
growth factor supplementation in childhood and, after the with a stopwatch during the performance of simple number
normal age of puberty, estrogen and progesterone suppleprocessing and arithmetic problems. The results indicated
mentation. Patients with Turner syndrome also have moder-that basic number processing (reading, writing, copying, and
ate cognitive impairments, which include deficits in visual comparing numbers) was unimpaired, but that calculation
memory, visual-spatial and attentional tasks, and social rela-(single-digit addition, single-digit multiplication, and mul-
tions, in the context of a normal verbal IQgvet, 1993 and tidigit calculation procedures) was slowed, more prone to
normal or even superior language and reading sKittsr(ple errors, or both.

& Carney, 199%. Most interestingly in the present context In the present study, we aimed at providing finer-grained
is the documentation of a mild to severe deficit in math- measures of number processing and calculation in TS. Our
ematics, particularly clear in arithmetidlézzocco, 1998 study was designed to improve on earlier work in several
Temple & Marriott, 1998. Brain imaging studies suggest respects. First, we measured the performance of TS patients
that this may be related to a bilateral parieto-occipital dys- using computerized tests, which permitted the measurement
function. A positron emission tomography study of five adult of response times with millisecond accuracy. Second, we
women demonstrated a glucose hypometabolism in bilateralstudied a group of young adults, thus reducing to some
parietal and occipital regionsC(ark, Klonoff, & Hadyen, extent the impact of the patient’s educational difficulties.
1990. Two anatomical MR studies also demonstrated bilat- Third, as regards calculation and number comparison, we
eral reductions in parieto-occipital brain volume, together did not simply study the patients’ overall response time and

with several other cortical and subcortical regiokki(phy error rate, but also computed derivative measures that have
et al., 1993; Reiss et al., 199Reiss, Mazzocco, Greenlaw, been used in cognitive psychology to characterize normal
Freund, & Ross, 1995 subjects’ performance. For instance, we examined separately

The goal of the present paper is to better characterize thethe response to tie and non-tie problems, we measured the
dyscalculiain TS girls. Arithmetic is a complex ability which  impact of problem size on the patients’s response times, and
reflects the coordination of multiple cerebral networks that we also measured the size of the distance effect in number
vary with task demand$ehaene & Cohen, 1995Current comparison. Fourth, we included four new tests that were
cognitive theories distinguish at least two subcomponents not studied in previous work. Two of them, numerical bisec-
in the mental manipulation of numbebDéhaene, Spelke, tion and cognitive estimation, are tests of the understanding
Stanescu, Pinel, & Tsivkin, 1999Some operations, such as of numerical quantities that are known to be highly sensitive
multiplication and exact addition rely on arithmetic tables to both adult and developmental dyscalculi2ebaene &
stored in rote verbal memory and engage left-hemispheric Cohen, 1997; Kopera—Frye, Dehaene, & Streissguth, 1996
language circuits in the angular gyrus and inferior prefrontal The other two new tests, subitizing and estimation, measured
cortices. Other operations, such as comparison, subtractiorthe ability of TS patients to evaluate numerical quantities
and approximate addition, are not learned by rote and arepresented in a non-symbolic format, as a set of dots. All
solved by quantity manipulations that rely on the bilateral previous studies of TS have used tests of calculation with
intraparietal sulci Chochon, Cohen, van de Moortele, & numerical symbols, such as digits or number words. How-
Dehaene, 1999 ee, 2000. The quantity and verbal systems ever, the extraction of numerosity from a set of dots figures
are anatomically contiguous in the left parietal lobe and in- amongst the most basic numerical abilities which are present
teract closely during any calculatioBtgnescu-Cosson etal., in animals and in human infantféhaene, 1997and may
2000. Thus, it is important to clarify which of those sys- thus be laid down early on in development, possibly under



290 M. Bruandet et al./ Neuropsychologia 42 (2004) 288-298

genetic control. It would therefore be particularly interest- tion, estimation and subitizing); and arithmetic tests (addi-

ing if those basic functions were found impaired in a genetic tion, subtraction, multiplication, and division).

disease, such as Turner syndrome. For the first three simple input—output tests, response
times were recorded globally for the entire block of trials.
The timer was manually controlled, and subjects were asked

2. Method to answer as quickly as possible. For the forward and back-
ward counting blocks, subjects had to recite the numbers
2.1. Participants from 1 up to 20, then from 20 to 1. For the reading block,

subjects read 20 Arabic numerals 1-4 digits long (0, 3, 4, 6,

12 TS patients participated in the study after giving in- 9,18, 11, 30, 74, 93, 169, 207}_ 472, 800, 353, 1047, 2708,
formed consent. The patients were recruited from a hospi- /400, 4414, 3293). For the writing block, they wrote down
tal in Paris and from contacts with the French Turner Syn- _20 similar Arabic numerals that were dictated by the exper-
drome association (AGAT). Age ranged from 18 to 40 (mean imenter (1,2,5,7, 8, 19, 12, 50, 76, 95, 138, 409, 673, 700,
24). All patients had a 45X karyotype (complete deletion, 929, 1032, 6801, 9109’ 8717'.2798)- ) ]
no mosaicity) and were treated with oestrogen since the A second part examined various quantity evaluation tests.
normal age of puberty; three had received growth hormone - o
during their youth. Note that the patients were recruited 2-2-1. Cognitive estimation _ o
on a volunteering basis, and thus we cannot ascertain that 1hiS test was a French translation and modification of
our population is a representative sample. TS patients were? sk previously used to demonstrate number estimation
matched to a control group of 13 normal subjects based deficits in fcetal alcohol syndromkgpera-Frye etal., 1996
on age (range 20-40, mean 26) and education. Participants>UPiects were asked 30 questions whose answer is gener-
were tested with four tests from the WAIS-R including two &lly not known but can be approximately evaluated. (e.g.
verbal tests (vocabulary and similarities tests), and two per- WWhat is the length of a bus? How much does a typical chair
formance tests (design-picture completion and cubes tests)Weight?) The main variable of interest is the proportion of
T-tests revealed that TS did not differ than controls subjects Strange responses that betray an incorrect adequation of nu-
except on the vocabulary test in which controls subjects were Merical quantity to the context. No strong speed pressure
significantly better (se@able J). Because inclusion was on Was imposed, and responses times were recorded globally
a voluntary basis, some bias in recruitment cannot be ex-for documentation purposes.
cluded. This, together with the exclusion of calculation tests

from our performance measures, may explain that our TS 2-2-2. Digit comparison
patients score better on tests of performance IQ that is usu- WO Arabic digits were presented on the computer screen,
ally reported in the literature. left and right of a central fixation point. Subjects had to press

a button with their left hand or their right hand to indicate
the side of the larger digit as quickly as possible. There were
72 trials corresponding to all pairings of the numbers 1-9.

. ) This test reflects access to an internal quantity representation
Participants were tested for 2 h. They were seated in front (Moyer & Landauer, 1967

of a computer at a distance of 40-50 cm. Response times
were recorded with millisecond accuracy via a voice key or 5 5 3 Bisection

two large response buttons connected to the computer, which 1, o Arabic digits were presented side by side on the
was running the EXPE softwarB4llier, Dupoux, & Jeannin, - comnyter screen, with the smaller digit to the left of the

1997). The problems stayed on the computer’s screen until 5 4o gigit. Subjects had to find as quickly as possible the
the subjects answered. There were 12 tests divided into thre‘%ligit located in the middle of the interval (e.g. when the

parts: ,Si_mple_ ipput—output test; (verbal counting, readipg interval is 2 and 4, the expected response is 3). There were
and writing digits); tests evaluating the sense of numerosity 3, yjais corresponding to two presentations of each of the

and quantity (cognitive estimation, digit comparison, bisec- pairs of numbers 1-9 with a distance of 2, 4, 6 or 8. This

test has been found to be severely impaired in a patient
with acalculia and Gerstmann’s syndrome following parietal

Table 1 _ lesion Dehaene & Cohen, 1997
Background performance measures for the patient (TS) and control groups

2.2. Cognitive battery

TS S.D. Controls S.D. P 2.2.4. SQubitizing
Age 2% 7 26 7 0.45 Subjects were asked to say aloud, as precisely as possible,
Vocabulary test 12 2 14 2 0.04 the number of dots in a randomly organized square display
Similarities test 13 13 2 0.14  that remained on screen until the response. They were told
Design-picture completion 12 2 11 1 045 that the numbers ranged from 1 to 8. This test allows the
Cube test 8 2 10 3 0.13

evaluation of the speed and accuracy of ‘subitizing’ (fast
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quantification of small numbers of dots, generally 1-3), the 2.2.7. Subtraction
size of the subitizing range, and the speed and accuracy All 54 subtractions of the same digit pairs as in addition
of counting beyond that rang&l@ndler & Shebo, 1982 were presented once (e.g—%).
All numbers 1-8 were presented 10 times each, for a total
of 80 trials. On each trial, a new random pattern of white 2.2.8. Multiplication
rectangular dots was generated, with the constraints that the The same digit pairs, but this time with the larger number
dots resided within a framed 26200 voxels regions onthe  on the right, were presented for multiplication (e.gx 8).
screen (approximately’®f visual angle), and that there was
a minimal distance of eight voxels between any two dots. 2.2.9. Division
Dot size was fixed for a given display, but varied randomly  Only very simple division problems were used. The prob-
from trial to trial between 6 and 12 voxels. Response times lem set comprised 24 integer divisions problems with the
were recorded via a voice key, and the vocal responses weralividend ranging from digits from 4 to 20, the divisor rang-
later scored for accuracy. ing from 2 to 9, and the result ranging from 2 to 9 (e.qg. 4/2,
20/4)
2.2.5. Estimation
A random sequence of green squares was quickly flashed
on the computer screen. Subjects were asked to estimate3. Results
without attempting to count, how many squares had been
presented. They were not told anything about the range of3.1. Mean response times and error rates in each task
numbers tested. This test was introduced by Whalen et al.
(Whalen, Gallistel, & Gelman, 19990 estimate the vari- Table 2presents the mean response times and error rates
ability of non-verbal numerosity estimation in humans using in each task for the groups. Statistical comparisons indi-
a procedure similar to the one used in animals. No speedcated that the patients were always slower than controls, and
pressure was imposed, as the dependent measure was accthat this reached significance only in reading, writing, cog-
racy rather than response time. Individual squares were pre-hitive estimation, subitizing, addition, subtraction and divi-
sented for 29 ms, separated by random blank periods whosesion. Nevertheless, the patients’ performance was relatively
duration was a 71 ms plus a Poisson-distributed variable with well preserved, as indicated by low error rate48%) which
a mean of 100 ms. All the odd numbers between 7 and 21 were significantly higher than those of the controls only in
were presented five times each, for a total of 40 trials. the cognitive estimation task. We now present a detailed
In the third part, the four arithmetical operations were analysis of the different tasks.
tested. Response times were recorded via the voice key and
error rates were computed for each problem. All problems 3.2. Number processing and counting
stayed on the computer screen until the subject answered.
Neither the patients nor the controls made any errors in
2.2.6. Addition forward or backward counting, oral reading of Arabic nu-
All 54 additions of two digits from 0 to 9, including ties merals, and writing Arabic numerals to dictatiorable 2.
but excluding 0+ 0, were presented once. The larger digit This isimportant since it implies that our subsequent tests of
was always presented to the left of the smaller digit (e.g. calculation were not affected by basic problems in number
9+ 6). comprehension and production. On response tir&ssts

Table 2
Mean response times and error rates for the experimental tasks

Reaction time (ms) Error rate (%)

Turners S.D. Controls S.D. P-value Turners S.D. Control S.D. P-value
Forward counting 264 38 239 43 NS 0 0 0 0 NS
Backward counting 354 69 323 57 NS 0 0 0 0 NS
Reading 844 136 709 104 0.02 0 0 0 0 NS
Writing 2258 329 1811 480 0.02 0 0 0 0 NS
Cognitive estimation 12915 4732 10464 2617 0.05 6.4 2.6 0.26 0.05
Digit comparison 521 108 493 53 NS 2.2 2.8 1.2 2.3 NS
Subitizing/counting 1417 354 1129 228 0.01 2 3 17 3.3 NS
Bisection 2192 974 1768 827 NS 17.9 20.3 17.8 18.8 NS
Addition 1151 286 964 174 0.03 121 2 0.6 1.3 NS
Multiplication 2145 1275 1554 615 NS 10 10 6 6.2 NS
Subtraction 1336 339 1028 210 0.004 3 8.7 15 3.7 NS
Division 1744 539 1308 389 0.02 2.8 55 1.2 3.2 NS
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indicated that TS patients were no slower than the controlsthe numbers increased(®, 138 = 3538, P < 0.0001).

in counting forward or backward?(> 0.1), but were mod-  The main effect of group was not significarfi({, 23) =
erately slower in reading numbers (844 versus 709 ms per0.78, P = 0.38), patients being only 28 ms slower than con-
item, P = 0.02) and in writing numbers (2.25 versus 1.81s trols. Nor was there an interaction between group and dis-
per item, P = 0.02). Those results should be taken with tance ¢(6, 138 = 0.74, P = 0.62). Similar results were
caution, however, because they were derived from a manualobtained with error rates. There were more errors for close

measurement of an entire block of trials. than for far digits, thus revealing a significant distance ef-
fect (F(6, 138 = 124, P < 0.001), but no main effect of
3.3. Cognitive estimation group (F(1, 23) = 2.41, P = 0.13), nor a group by distance

interaction ¢(6, 138 = 0.72, P = 0.63).

For each numerical question, a range of approximately
reasonable answers was defined a priori based on our pre3.5. Bisection
vious work Kopera-Frye et al., 1996A t-test showed that
TS patients made a significantly greater proportion of un-  |n the bisection test, one control subject was excluded
reasonable answers than the controls (6.4 versus 26%;  from the analysis due to microphone failure. Mean re-
0.05). This was true even though the patients tended to re-sponse times from the remaining subjects were submitted
spond more slowly than the controls (12.9 versus 10.4 s perto ANOVA with factors of group and the numerical interval
problem, P = 0.056). The type of errors tended to differ between the bisected numbers (2, 4, 6 or 8). There was no
between patients and controls. In the patients group, errorsdifference between patients and contrai§1 22) = 1.75,
were frequently made on questions about length, and alwaysp = 0.19), and no group by interval interactioA(@, 66) =
in the direction of underestimation. For instance, six patients 1.77, P = 0.16). The response times of all subjects varied
gave an answer below 4 m for the length of a bus. Another similarly with distance £(3, 66) = 11.8, P < 0.0001), first
four patients gave an answer below 6 m for the size of the increasing from 2 to 6, then decreasing for the single trial
highest tree in the world. Control subjects erred more often with a distance of 8 (interval 1-9). Note that the patients
on questions of general culture (e.g. the duration of Christo- were, on average, slower than the controls (e.g. 922 ms

pher Columbus’ transatlantic trip). slower for bisecting pairs with an interval of 6), but this did
not reach significance due to a high variance in the control
3.4. Number comparison group. A similar ANOVA on error rates revealed a signifi-

cant effect of interval (3, 66) = 15.9, P < 0.0001), with

Mean response times and error rates were calculated fora profile similar to the response times curve, but again with
each level of distance between the two numbers to be com-no significant group effect or any interaction (b&th < 1).
pared Fig. 1). Because there were fewer measures for larger
distances, all distances larger than or equal to 7 were grouped 6, Subitizing/counting
together. The response times were submitted to an ANOVA
with group (patients or controls) and distance (7 levels) as  Response times in the subitizing/counting task are pre-
factors. There was a main effect of distance, as both patientssented irFig. 2 Mean response times were submitted to an
and controls were increasingly faster as the distance betweemnOVA with factors of group and the number of dots in

RT TS Controls RT TS Controls

700 30007

600+ 20004

500+ 1000}

400 | | | | | | - 0 | | | | | | | | —Number
] 5 3 4 5 6 7 Distance 1I ﬁ é :[t é fIS ; EI! of dots

Fig. 1. Response times in number comparison as a function of the nu- Fig. 2. Response times in the subitizing/counting task as a function of
merical distance between the compared numbers. the number of dots.
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the stimulus (from 1 to 8). Response times increased signif- . TS Controls
icantly with the number of dotsA(7, 161) = 16697, P <
0.0001). As reported in the literatureMéndler & Shebo,
1982 this increase was non-linear. A significant quadratic
trend (F(1, 23) = 47.31, P < 0.0001) indicated that re-
sponses times increased only moderately in the range 1-4,
and started to increase much more sharply by about 300 ms
per number above that range (d&ig. 2). This reflects the
classical distinction between subitizing, the fast apprehen-
sion of numerosities below 4, and counting, the serial verbal
process used to enumerate more than four items.
Examination of group differences revealed that subitiz-
ing, but not counting, differed between the patients and
the controls. There was a main difference between the re- | | | | | | | | Number
sponse times of patients and controlX, 23) = 7.42, 709 11 13 15 17 19 21offlashes
P = 0.012) and an interaction between group and numeros- _. . .
ity (F(7, 161 = 370, P = 0.001). Patients and CONtIolS  gicq 1o estmate the numerosty of & fass seauence of fashes.
did not differ on numerosity 1A(1, 23) = 1.31, P = 0.26),
but started to diverge significantly starting at numerosity 2,
where patients were already 133ms slower than controlsmeasured the standard deviation (S.D.) of response to each
(F(1,23) = 7.37, P = 0.012). In the subitizing range, the numerosity. As reported by othersiVbalen et al., 1999
patients showed an abnormally elevated increase in respons®.D. increased with numerosity"(7, 161) = 3.86, P <
times, as assessed by the interaction of group with the lin- 0.0001, but there was again no overall difference between
ear contrast from 1 to 4H(1, 23) = 9.62, P < 0.005). This ~ groups (7, 23) = 0.83, P = 0.37), nor any interaction
suggested that many of the patients were counting within (F(7, 161) = 0.52, P = 0.82). Fourth, we computed the co-
the range in which controls normally subitize. Indeed, the efficient of variation, which is the standard deviation divided
increase in response time from 3 to 4 dots was 237 ms in theby the mean response to each numerosity. The coefficient
patients, close to the value observed in the counting range,0f variation was essentially constant for all numerosities
where it was only 72 ms in the controls, a significance dif- (mean= 0.13), though there was a marginal decrease with
ference ((1, 23) = 9.42, P = 0.005). For numbers above humerosity ¢(7, 161) = 2.01, P = 0.056). Again, there
4, in the counting range, response times increased linearlywas no difference between groupél, 23) = 0, P = 0.96)

with numerosity and there was no difference in the slope nor any interaction K(7, 161) = 0.49, P = 0.84). Finally,
of this increase between patients and contréiel ( 23) = as expected from those results, the Weber fraction, which is

1.95, P = 0.17). the average coefficient of variation did not differ in the two
A similar ANOVA on error rates showed that the two groups (0.13 for both).

populations did not differ, neither on overall error rate

(F(1, 23) < 1) nor on the group by numerosity interaction 3.8. Addition

(F(7, 16) = 1.77 P = 0.09). All subjects made more

20

104

errors when the numerosity increasddq{, 161) = 5.61, Response times for addition and the other three arithmetic

P < 0.0001). operations are presentedhiy. 4. For the purpose of statis-
tical analysis, addition problems were divided into four cat-

3.7. Estimation egories: problems with identical digits (ties), problems that

can be solved by a rule: ¢ 0 = n), small problems (with a

Several measures were derived from subjects’ estimatessum smaller than 10), and large problems (with a sum of 10
of the numerosity of a random series of flashes. First, or more). An ANOVA on mean response times (RT) between
we examined the subjects’ mean numerical response tothe four categories and the two groups was computed. It re-
each of the presented numerosities, from 7 to 21 flashesvealed a significant group effect. TS patients were slower
(seeFig. 3. An ANOVA revealed that although responses than the control groupH(1, 23) = 4.800, P = 0.03). RTs
increased with numerosity overalF(l, 154 = 36428, from the two groups were significantly different between
P < 0.0001), the patients did not differ from controls sub- the four categoriesA(3, 69) = 76.52, P < 0.0001). Fi-
jects overall €(1, 23) = 2.73, P = 0.11) and there was nally, there was a significant interaction between category
no group by numerosity interactionf(7, 154 = 1.54, and group £(3, 69) = 3.55, P = 0.0188). Comparisons
P = 0.15). Second, examination of the mean correlation within each category indicated that the patients did not dif-
coefficient between subjects’ mean responses and inputfer from the controls on ties problemg((l, 23) = 0.33,
numerosity revealed no difference between groups (meanP = 0.57), but were slower than controls on rules-based
correlation coefficient0.99 in both groups). Third, we problems §(1, 23) = 4.50, P = 0.044), small problems
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Addition RT TS Controls Subtraction RT TS Controls
200071 1900
1800+
1700+
1600+
1500+
1400+
1000
1300+
1200
1100+
1000+
900t
0 1 | | | 800
tie rules small large
Multiplication RT TS Controls Division RT TS Controls
6000 2000 T
1900
5000+
1800
40001 1700 T
30001 T
1500 T
2000+ 1q00 T
1000{ R N
0 I l I I 1100 | I
tie ruies small large small 1arge

Fig. 4. Response times in the four calculation tasks as a function of problem type.

(F(1, 23) = 9.36, P = 0.006), and marginally on larger than six. This effect tended to be more prominent in the

problems ¢(1, 23) = 3.69, P = 0.067). TS patients, but the interaction between the group and cat-
The statistical analysis of error rates revealed an overall egory factors failed to reach significanc&8, 69) = 2.50,
difference between the four types of problen#%3, 69) = P = 0.066). A similar ANOVA on mean error rate yielded

6.67, P = 0.0005), indicating more frequent errors for small no significant effects.
and large categories than for tie or rule-based problems.

However, neither the main effect of group, nor the interaction 3.10. Multiplication
between group and category were significant (respectively

F(1, 23) = 1.22, P = 0.28, andF < 1). Four categories of multiplication problems were com-
pared: ties i x n), problems that could be solved by a
3.9. Subtraction rule @ x 0 = 0, n x 1 = n), small problems (in which

the first digit was 4 or less), and large problems (in which

Four categories of subtraction problems were compared:the first digit was larger than 4). An ANOVA on mean re-
ties (2 — n), problems that can be solved by a rute{0 = sponse times showed that the patients were globally 591 ms
n), small problems (in which the digit to be subtracted was slower than controls, but this effect failed to reach conven-
6 or less) and large problems (in which the digit to be sub- tional levels of significanceA(1, 23) = 3.11, P = 0.091).
tracted was 7, 8 or 9). An ANOVA on mean response times The group by category interaction also fell short of signif-
found that patients were 307 ms slower than the controls icance ¢(3, 69) = 2.53, P = 0.064). Examination of the
(F(1, 23) = 9.83, P = 0.004). Response times varied with response time curve&ig. 4) showed that the patients were
the category £(3, 69 = 255, P = 0.001), and were es- considerably slower that the patients by 1569 ms on large
pecially slower when the digit to be subtracted was larger multiplication problems only, but even this difference did
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not reach significance due to a large variance in the patientin a simple addition task, Temple and Marriotemple &
group (F(1, 23) = 3.35, P = 0.080). Marriott, 1999 report that TS patients were increasingly
A similar ANOVA on error rates revealed a main ef- slower as the numbers increased, resulting in a elevated nu-
fect of category, indicating that errors were nearly exclu- merical size effect compared to controls, similar to what we
sively concentrated in the large categoR(3, 69) = 17.44 found. It is likely that, as the numbers increase, the subjects
P < 0.0001). However, there was no main effect of group have to rely increasingly on multidigit calculation strate-
(F(1, 23) = 2.18 P = 0.15), nor any interaction between gies, which have been shown to be reduced in TS patients

group and categoryH(3, 69) = 1.36, P = 0.26). (Mazzocco, 1998; Rovet et al., 199%emple & Marriott,
1998. Indeed, our results indicate that TS patients behave
3.11. Division essentially normally on simple arithmetic problems, that are

thought to be solved by rote verbal memory or by elemen-

Because of the small number of division trials, only two tary rules. Addition ties (e.g.-22), as well as multiplication
categories were defined for the statistical analysis: divisionsties (3x 3), rule-based (e.g: x 0), and small multiplica-
by 2 and division by a number larger than 2. An ANOVA tion problems (e.g. & 3), were solved with a normal speed
revealed that patients were significantly slower than con- and error rate. This suggests that the simple verbal storage
trols by 437 ms F(1, 23) = 6.01, P = 0.02). There was a  of arithmetic facts is not impaired in TS, a hypothesis that
main effect of problem category, as both patients and con-would fit with their preserved comprehension and produc-
trols were slower with the divisions by a number larger than tion of numbers, their intact verbal counting, and their gen-
2 (F(1, 23) = 4.98, P = 0.035). However, no group by cat-  erally normal verbal 1Q.

egory interaction was foundr(1, 23) = 0.61, P = 0.44). The impairment observed in arithmetic respected the gra-
On error rates, none of the effects reached significafce ( dient generally attributed to impaired quantity processing
0.2). (Dehaene & Cohen, 199Dehaene et al., 2003with sub-

traction being globally impaired, addition being impaired for

small and large problems (but not rule-based problems), and
4. Discussion multiplication showing no significant impairment. Research

with normal subjects indicates that large addition are gen-

Our goal was to examine the performance of TS patients erally not solved by direct memory retrieval, but rather by
in simple tests designed to study the elementary cognitive the application of various strategies, often involving seman-
mechanism of number in normal subjects. The results re-tic mental manipulations of numbers (e.g. solving 15-6 as
vealed the following cognitive profile of dyscalculia in TS. (15-5)-1 by noticing that 6 is close to H)éhaene & Cohen,
First, no problems were found in simple comprehension and 1997 Dehaene et al., 2003 eFevre, Sadesky, & Bisanz,
production of numbers. Oral counting, reading and writing 1996 LeFevre et al., 1996 In fMRI, this increased de-
were normal. Second, no significant impairment was de- mand on “semantic elaboration strategie®ebaene &
tected in three of five tests of quantity processing: num- Cohen, 199bis reflected in an increased activation in pari-
ber comparison, numerosity estimation, and bisection. Only etal, frontal, and cingulate areas as the size of the operands
subitizing and cognitive estimation were impaired. Subitiz- of an addition problem increaseStanescu-Cosson et al.,
ing in patients was restricted to smaller numerosities than in 2000. It seems that the design and/or the application of
controls, resulting in an earlier onset of counting. The cogni- such strategies was particularly slow and difficult for TS
tive estimation task resulted in a greater number of anoma- patients. Little is known about the resolution of simple divi-
lous responses in TS than in controls. Third, TS patients sion problems, but the global slowing down of TS patients
were slower in all arithmetic tasks except multiplication, and with this operation, even with problems that were matched
showed a greater impairment as the numbers increased. Ito the simple multiplication facts that they could solve (e.g.
was a general characteristic of our results that the impair- 4:2), suggests that a similar component of semantic strategi-
ments manifested themselves mostly as increased responseal processing may be involved and may be impaired in TS.
times rather than elevated error rates. The patients’ reduced ability to resolve non-rote arith-
Our results fit well with previous studies of arithmetic metic problems could potentially arise from either a reduced

in TS. Preservation of basic number processing (readingcapacity for semantic understanding of numbers, or from
and writing numbers), relative to impaired arithmetic, was a more general inability to execute any complex strategy.
reported previously by several groupslgzzocco, 1998 As noted above, TS patients are known to exhibit exec-
Temple & Marriott, 1998; Temple & Sherwood, 200Zem- utive and working memory impairment®¢ss, Roeltgen,
ple and SherwoodTemple & Sherwood, 2002 although Feuillan, Kushner, & Cutler, 1998, 200Boss et al., 2002
studying a small sample of six TS children and measuring Temple & Marriott, 1998. Although those functions were
RTs with a stopwatch, found that, as in our young adult not tested in our patients, they might presumably account
group, performance was slower in addition and subtraction, for their calculation deficits. However, we also found ba-
but not in multiplication (though their patients did make sic deficits in number processing that do not seem so easily
more errors than controls in multiplication). Furthermore, reducible to an executive or working memory dysfunction.
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Most notably, subitizing was subtly impaired: TS patients tially dissociable subsystems of quantity knowledge, and in
resorted to counting earlier than the controls, suggesting thatparticular that subitizing relies on a small-number system
they had a reduced ability to immediately identify a small specifically concerned with the numbers 1, 2 and 3. This
numerosity. It is notable that counting itself, as assessed bypossibility requires further investigation.
the amount of increase of response time with numerosity  Our investigation of TS patients was motivated by the hy-
in the counting range of 4-8 dots, was normal. This sug- pothesis that this genetic disease could affect some of the
gests that there might be an impairment in quantity process-genes responsible for an early biasing of the parietal lobe for
ing, over and above any strategical processing impairment.quantity processing. While this hypothesis remains tenable,
The errors in cognitive estimation, occasionally resulting in we would like to conclude by stressing the complex intrica-
grossly incorrect responses, such as 3m for the length of ation of genetic and hormonal mechanisms in Turner’s syn-
bus, also testify to a basic problem in relating number sym- drome. The complete deletion of one X chromosome results
bols to quantities in the external world. in an absence of estrogens throughout infancy and childhood,
A difficulty for this interpretation, however, is that three before the patients are treated with estrogen at the normal
other tests thought to tap quantity processing were not sig-time of puberty. The hormonal deficit itself could be a critical
nificantly impaired. TS patients could decide which of two factor in cognitive development. Estrogens are known to en-
digits is the largest, with a normal response time (confirming hance working memory performance in menopausal women
an earlier reportTemple & Sherwood, 2002 and a nor- (Haberecht et al., 200Keenan, Ezzat, Ginsburg, & Moore,
mal distance effect. They could bisect a numerical interval 2001, Sherwin, 1997, 1998 Shaywitz et al Shaywitz et al.,
with the same accuracy as controls. Finally they could es- 1999 have shown with 46 post-menopausal women that es-
timate the numerosity of a sequence of visual flashes, with trogen intake modulates the activation of the inferior parietal
an accuracy comparable to normal subjects. In explaining lobule, increasing it during storage of verbal material and
those results, at least three non-exclusive possibilities mustdecreasing it during storage of non-verbal material. Further-
be considered. more, estrogens improve visuo-spatial memory in ovariec-
First, some of our tests might be insensitive. This is a tomized rhesus monkeyd dcreuse, Wilson, & Herndon,
likely possibility for the bisection and estimation tests. In 2002 and in rats und et al., 200). Conversely, knockout
bisection, TS patients did not perform well, and were on mice for the estrogen beta receptor fail to learn spatial tasks
average slower than the controls. However, no significance (Rissman, Heck, Leonard, Shupnik, & Gustafsson, 2002
differences were observed because several normal controldn Turner's syndrome, Ross et aR@ss et al., 1998, 2000
also found this test quite difficult, especially for an interval of have studied the cognitive effects of estrogen therapy started
4 or 6 (e.g. bisect the interval 2—8), and because performancesarly on in childhood (7-9 years old). They found benefits in
was thus extremely variable in both controls and patients. verbal and non-verbal memory. In particular, backward digit
Similarly, in estimation, we only collected five numerical span and recall of the Rey figure were better in TS patients
estimates for each target numerosity, which may have madetreated with estrogens than in untreated patients, although
it difficult to detect a subtle impairment. A trend towards performance did not reach the level attained by normal fe-
underestimation was present in the patients, but did not reachmale controls. Both tasks are known to involve the parietal
significance. Furthermore, response times, which were thelobes. Thus, the results suggest that parietal impairment may
only sensitive measure in most calculation subtests, werebe partially, but not totally compensated by estrogen replace-
not collected during numerosity estimation. ment therapy, perhaps pointing to an early effect of estro-
Second, patients were tested in adulthood, at a pointgen on parietal lobe organization. Various neurobiological
when considerable developmental compensation could havemechanisms support this possibility. The presence of estro-
taken place. We consider this a likely possibility for the gen receptorsinthe cortex suggests a local action of this hor-
good performance of the number comparison task. Even mone Shughrue & Merchenthaler, 20p0n ovariectomized
in adults with acquired lesions, this test rarely shows im- rats, the formation of new excitatory synapses is induced by
portant deficits, and they are often quickly compensated estradiol and involves the participation of a neurotransmit-
(Dehaene & Cohen, 1997; Delazer & Butterworth, 1097 ter, glutamic acid, acting through NMDA receptovs§dolley
seems likely that, should some of our subjects have suffered& McEwen, 1994. Estrogens can also modify attentional
from an initial difficulty with a capacity as basic as number and memory processes indirectly through their known influ-
comparison, it would have been the target of much training ence on cholinergic, noradrenergic, and dopaminergic sys-
and rehabilitation during their years of schooling, so that no tems McEwen, 199%.
deficit would be visible in adulthood. This seems possible  There are at least two other biological factors that fur-
because overall the numerical deficits in TS are rather mild ther complicate the interpretation of TS impairments. First,
and concern response time more than error rate, so that theyomen suffering from TS are often treated with growth hor-
are presumably accessible to drilling. mone, which could perhaps influence cognitive functions.
A third possibility, finally, is that the preserved tests point The current suggestion is that growth hormone replace-
to a partially preserved quantity system. It is conceivable mentin TS does not improve the neuropsychological profile,
that subitizing, estimation, and comparison tests rely on par- even when this therapy is started early in childhoRd<s,
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Feuillan, Kushner, Roeltgen, & Cutler, 199 our study, Dehaene, S., Dehaene-Lambertz, G., & Cohen, L. (1998). Abstract
comparisons of treated and untreated patients also did not representations of numbers in the animal and human braénds in
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chromosome originates from the father show milder execu- Prefrontal cortex as the site of estrogen’s effect on cognition.
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