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bstract

Children with one of two genetic disorders (chromosome 22q11.2 deletion syndrome and Turner syndrome) as well typically developing
ontrols, participated in three cognitive processing experiments. Two experiments were designed to test cognitive processes involved in basic
spects numerical cognition. The third was a test of simple manual motor reaction time. Despite significant differences in global intellectual
bilities, as measured by IQ tests, performance on the two numerical cognition tasks differed little between the two groups of children with genetic
isorders. However, both performed significantly more poorly than did controls. The pattern of results are consistent with the hypothesis that
mpairments were not due to global intellectual ability but arose in specific cognitive functions required by different conditions within the tasks.
he fact that no group differences were found in the reaction time task, despite significant differences in the standardized processing speed measure,

urther supports the interpretation that specific cognitive processing impairments and not global intellectual or processing speed impairments explain
he pattern of results. The similarity in performance on these tasks of children with unrelated genetic disorders counters the view that numerical

ognition is under any direct genetic control. Instead, our findings are consistent with the view that disturbances in foundational spatiotemporal
ognitive functions contribute to the development of atypical representations and processes in the domains of basic magnitude comparison and
imple numerical enumeration.

2007 Elsevier Ltd. All rights reserved.
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Difficulty with numerical competence, most typically noticed
n the form of math disability, is characteristic of several dis-
inct neurogenetic syndromes whose cognitive phenotypes share
ome characteristics. Numerical and mathematical impairments
ave been consistently reported in individuals with chromosome
2q11.2 (DS22q11.2) or Velocardiofacial syndrome (VCFS)
e.g. Campbell & Swillen, 2005; Eliez et al., 2001; Simon,
earden, McDonald-McGinn, & Zackai, 2005), Fragile X syn-
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

rome (FXS) (e.g. Mazzocco, Singh Bhatia, & Lesniak-Karpiak,
006; Rivera, Menon, White, Glaser, & Reiss, 2002), Turner syn-
rome (45,X TS) (e.g. Bruandet, Molko, Cohen, & Dehaene,
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004; Rovet, Szekely, & Hockenberry, 1994; Temple CM,
996) and Williams (WS) syndrome (e.g. Paterson, Brown,
sodl, Johnson, & Karmiloff-Smith, 1999; Paterson, Girelli,
utterworth, & Karmiloff-Smith, 2006). Although not exclu-

ively the case, recent research has focused on explicitly
omputational aspects of the numerical domain, namely arith-
etic and simple mathematics. Such tasks have been employed

n order to understand the neural and, to some extent, the genetic
asis of the problems (Eliez et al., 2001; Kesler, Menon, & Reiss,
006; Molko et al., 2004; Rivera et al., 2002).

On the surface, this would seem to be an appropriate
pproach, since basic arithmetic is typically the first domain
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

n which most children’s difficulties with this sort of process-
ng becomes evident and problematical. However, the focus on
omputational impairments may not be the most fruitful or com-
rehensive one to adopt if the goal is to understand how and why

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
mailto:tjsimon@ucdavis.edu
dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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hese difficulties occur. This is because even the relatively basic
bilities required to carry out simple addition and subtraction
re dependent upon several coordinated underlying cognitive
rocesses and a significant amount of acquired knowledge (e.g.
uson, 1988). Impairments in even the most basic mathemat-

cal tasks are developmentally closer to an “end state” rather
han the “start state.” The “start state” is a specification of the
oundational components of an ability described in terms of a
istinct and simpler set of typical and atypical processes (for sim-
lar neuroconstructivist perspective see Karmiloff-Smith, 1998).
hus, it is our view that in order to understand the causes of the

mpairment, studies of more basic cognitive processes should be
argeted instead of investigations of the “end state.”

Here we propose that the “start state” for typical, and thus also
typical, development of basic numerical and later arithmetical
nd other computational abilities is defined in terms of a set of
ognitive competencies relating to spatial and object cognition
Ansari & Karmiloff-Smith, 2002; Simon, 1997, 1999). These
ave been shown, in many studies of typically developed adults,
o largely depend on cognitive functions that implemented by the
rontoparietal attention network. Such functions include object
etection and individuation, orienting of attention to objects in
esponse to spatial cues or internally generated search paths,
ngaging and disengaging from those objects and, at a slightly
ater point in development, orienting attention within internal
epresentational structures such as mental number lines (e.g.
orbetta & Shulman, 2002; Dehaene, Piazza, Pinel, & Cohen,
003). Thus, it has been proposed (e.g. Simon, Bearden, et al.,
005; Simon, Bish, et al., 2005) that an important precursor to
rithmetical and mathematical disability in children with one
f the above listed disorders (DS22q11.2) is dysfunctional cog-
itive processing in the spatiotemporal domain. There is also
vidence of a similar relationship in Williams syndrome (e.g.
nsari et al., 2003). The premise underlying this view is that

he processing of objects and the spatial relationships between
hem is a required component of early numerical ability such
s counting and comparative magnitude reasoning. These and
ther tasks appear to depend to a considerable degree on spatial
ttention processes. The link becomes particularly clear when
xamining impairments that are evident in visuospatial tasks that
ngage aspects of the frontoparietal attention system. This is a
etwork involving posterior parietal and frontal cortical areas,
mong others, that has been well established as the neural basis
or a range of spatial and executive attentional functions in typ-
cal adults (e.g. Corbetta & Shulman, 2002; Posner & Petersen,
990), and which has also been shown to be involved when
hildren engage in such tasks (e.g. Booth et al., 2003; Rueda
t al., 2004). In the case of children, however, the structure and
unction of the network appears to show developmental changes
e.g. Bunge, Dudukovic, Thomason, Vaidya, & Gabrieli, 2002;
ohnson, 2000).

To investigate this linkage, Simon, Bearden, et al. (2005) used
hierarchical set of tasks to test the hypothesis that visuospa-
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

ial impairments in children with DS22q11.2 would be related
o performance decrements in tasks that depended heavily on
oundational competencies in spatial and object cognition. In a
tandard spatial orienting task (e.g. Posner, Walker, Friedrich,
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Rafal, 1984) children were required to press a button to iden-
ify the location of a target stimulus that was either validly,
eutrally or invalidly cued with a central arrow-like stimulus
hat pointed to one or both (in the case of the neutral con-
ition) of the possible target locations. As predicted, children
ith DS22q11.2 performed much more poorly on the invalid

rials than did controls, suggesting some degree of dysfunc-
ion in, what in typically developed adult and children is, the

ore parietally controlled component of the visual attention
ystem. An “enumeration” task was used to test the effect of
mpaired visual search on determining the number of items in
display. Counting has been shown, again primarily in adults,

o depend heavily on visual search processes that activate the
rontoparietal network, but subitizing, or enumeration of very
mall sets of items, does not (Piazza, Mechelli, Butterworth,

Price, 2002; Sathian et al., 1999). As predicted, subitizing
erformance did not differ between the groups, while count-
ng produced significantly poorer performance in children with
S22q11.2 than in controls. Also, a numerical “distance effect”

ask, in which children were required to judge whether a set of
ots or an Arabic numerical had a value “greater than” or “less
han” 5, was used. The stimuli consisted of the values “one”,
four”, “six” and “nine”. The distance effect is one where speed
nd accuracy decrease as the “numerical distance” between two
omparison values is reduced. This phenomenon is thought to be
by-product of reduced discriminability of neighboring values

rranged along a mental number line. In adults (e.g. Dehaene,
pelke, Pinel, Stanescu, & Tsivkin, 1999; Göbel, Walsh, &
ushworth, 2001; Pinel et al., 1999) and children (Temple &
osner, 1998), such tasks appear to be primarily dependent
n posterior parietal regions with performance deteriorating as
umerical distance decreases (e.g. comparing four to five rather
han one to five). Again, as predicted, results indicated that
hildren with DS22q11.2 did not perform as efficiently or as
ccurately as control children when making relative magnitude
udgments.

Using a similar magnitude comparison task, Bachot, Gevers,
ias, and Roeyers (2005) report converging evidence from chil-
ren aged 7 to 12 years who met criteria for visuospatial
isability (VSD) and showed a reduced “distance effect” than
id typically developing controls. Also, the stimulus–response
ompatibility effect of faster “greater than” responses made with
he right hand (in Western participants) and slower “greater
han” responses when made with the left hand was only found in
he control group. This result suggested that a different spatial
ormat existed in the mental representation of numbers in the
SD group, an inference supported by the fact that results on

his aspect of the test were most strongly related to the VSD
roup’s scores on standardized tests of visuospatial processing.
he authors concluded that it was the children’s impairment

n the spatial domain that best explained the lack of the typ-
cal numerical responses in the VSD group. Further evidence
or relationships between visuospatial dysfunction and perfor-
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

ance in the arithmetical domain comes from Mazzocco’s et
l. (2006) finding that girls with FXS and TS showed signifi-
ant impairments in memory tasks that focus on spatial location
where) rather than object form (what) aspects of a grid-like dis-

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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for DS22q11.2 it was 52–103 and for 45,X TS the range was 58–101.

These results show that the three samples of children that we recruited
were, in general, typical of the larger populations from which they were drawn.
The lowest performing, in terms of global measures of intellectual function-
ARTICLESY-2697; No. of Pages 13
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lay. While performance was high for all groups (at around 90%
ccuracy), girls with TS performed significantly more poorly
han controls. For girls with FXS, the number of locations cor-
ectly recalled also correlated positively and significantly on
cores from the Test of Early Math Ability (TEMA-2) while no
imilar correlations were found for any group for performance
n the object form memory task.

In the current study, we compared the performance of chil-
ren from two genetic disorder populations (DS22q11.2 and
5,X TS) to a similar group of typically developing (TD) con-
rols. Both clinical groups scored significantly lower than did
ontrols on standardized measures of visuospatial function; the
erceptual organization (PO) subscale from the WISC III and the
erceptual reasoning index (PRI) of the WISC IV. Both clinical
opulations are known to exhibit numerical and mathematical
mpairments as well as those in the visuospatial domain. Yet,
n many ways, these two disorders are significantly different
rom one another. They have different genetic etiologies, there
s not a great deal of overlap in physical manifestations, and
he global intellectual outcomes show significant differences.
pecifically, most children with DS22q11.2 have full scale IQ
FSIQ) in the mid-1970s, almost 2S.D. below the “normal” score
f 100 and mild to moderate mental retardation is not uncom-
on (Campbell & Swillen, 2005; Moss et al., 1999; Sobin et al.,

005; Swillen et al., 1999; Swillen, Vogels, Devriendt, & Fryns,
000; Woodin et al., 2001). In contrast, girls with TS, most of
hom have 45,X TS, typically have FSIQ and verbal IQ (VIQ)

evels that are essentially “normal” (Ratcliffe, Butler, & Jones,
991; Robinson, Bender, Linden, & Salbenblatt, 1990; Rovet,
991; Stewart, Bailey, Netley, & Park, 1990) with mental retar-
ation being rare. However, the two groups are similar in terms of
he differential between their verbal and performance IQ (PIQ)
cores. As in DS22q11.2, the PIQ scores of girls with 45,X TS
end to be significantly lower (Rovet, 1993; Temple CM, 1996),
eading to the cognitive phenotype of both syndromes being
abeled as consistent with nonverbal learning disorders. Thus,
lthough girls with 45,X TS function at a much higher level
n general than children with DS22q11.2, both groups manifest
articular weaknesses in visuospatial, visuomotor and numerical
ompetencies.

We reasoned that, in the experiments that follow, a finding of
ifferent performance, in line with the between-group discrep-
ncies in IQ subscores, would suggest that global intellectual
ompetence determines the outcome observed in numerical cog-
ition. However, if the two genetic disorders groups appear to
e impaired to a similar extent on these tasks then it would
eem reasonable to conclude that the basic cognitive processes
equired for the development of numerical competence are the
ource of the problem and that these may be considered a form
f endophenotype of numerical disability. As such, these “foun-
ational” abilities would make a better target for investigation
nto biological and cognitive basis for the impairment. However,
uch an investigation is not part of the research reported here.
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

herefore, the current study was designed to investigate whether
hildren with DS22q11.2 and 45,X TS share a common cogni-
ive phenotype in terms of performance on two tasks considered
o be developmental precursors to formal arithmetical ability:

w
w
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numeration and magnitude comparison. We also explored the
ossibility that a global difference in a performance character-
stic, such as psychomotor speed, rather than intellectual level
ould account for performance differences between the control
nd clinical groups. This is especially true given that our major
ependent variable is based partly on reaction times. Thus a third
xperiment to address this was carried out.

. Methods

.1. Participants

Data from one hundred and one 7–14-year-old children were included in
he present investigation after excluding participants who performed at chance
n at least one condition2: 28 TD (10 female, 18 male), 58 DS22q11.2 (37
emale, 21 male), 15 45,X TS (15 female). Mean age in the TD group was
0 years, 5 months (S.D. = 2 years, 4 months), DS22q11.2 group 10 years, 6
onths (S.D. = 2 years, 4 months), TS group 10 years, 5 months (S.D. = 2 years,
months). There were no significant differences in age between the three groups

p > .73). All children with DS22q11.2 were included based on positive findings
n the standard Fluorescence in situ Hybridization (FISH) test and full scale IQ
bove 55. All girls with Turner syndrome were confirmed to have 45,X status
y karyotype analysis, i.e. only those with one missing X chromosome were
nrolled and those with mosaic expression were not. To match these girls to
hose from another population (full mutation Fragile X) in the larger study in
hich they were enrolled, they were included if their VCI score on WSIC IV
as ≥75 and their arithmetic score on the Wide Range Achievement Test was
elow the 25th percentile. For the analyses presented here, two girls (scores
f FSIQ 58, PRI 59 and FSIQ 59, PRI 67) were included because of overlap
ith the range of children with DS22q11.2. All were prepubertal and none was

eceiving any estrogen treatment. Children with DS22q11.2 were recruited from
utpatient visits to the Children’s Hospital of Philadelphia “22q & You” center
ho were willing to participate, and subsequently run at the M.I.N.D. Institute

t the University of California, Davis. Girls with 45,X TS were recruited in a
imilar fashion to the initial DS22q11.2 group, from the Endocrinology Clinic
un by JLR at Thomas Jefferson University in Philadelphia. For all participants,
arental consent and child assent was given in accord with the requirements of
he Institutional Review Board of the Children’s Hospital of Philadelphia or of
he University of California, Davis.

The distance effect task included data from 63 children (17 TD, 31
S22q11.2 and 15 45,X TS). The enumeration task included data from 64 par-

icipants (19 TD, 34 DS22q11.2 and 11 45,X TS). Out of the children included:
TD, 7 DS22q11.2 and 11 TS contributed data to analyses of both enumer-

tion and distance effect. A subset of 30 children also completed a reaction
ime Task (6 TD, 17 DS22q11.2 and 7 TS). The number of children who com-
leted all three tasks was 5 DS22q11.2 and 5 45,X TS and 0 TD. Sample sizes
ere small or uneven because data included in these analyses were combined

rom children recruited into two independently funded studies that were initi-
ted and carried out separate 5-year periods with only some overlap. Not all
hildren participated in every task because some tasks were introduced into the
ifferent studies’ research protocols at different times as required by the aims
f the research, i.e. after the testing of earlier participants had been completed.
y the same token, each study required different inclusion criteria to ensure
nrollment of children who were typical of the different disorder populations.
herefore, matching could not be done on anything other than average age. Data
n IQ (from WASI, or WISC III/IV) were available for 15 TD participants, 43
S22q11.2 and 14 45,X TS. Range of full scale IQ (FSIQ) for TDs was 94–132,
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

2 For Experiment 1, eight children with DS22q11.2 and three with 45,X TS
ere excluded on this basis. For Experiment 2, three children with DS22q11.2
ere excluded. No other exclusions were made.

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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ng, was the DS22q11.2 group, with mean (S.D.) FSIQ, PRI/PO and VCI/VC,
espectively of 76.63 (11.56), 77.74 (13.00), 81.44 (11.67). Girls with 45,X TS
howed significantly higher function on two of the three scores (PRI = 88.43
13.66) and VCI = 95.14 (10.71), p’s < .05, while FSIQ was marginally higher
t 84.07 (13.33)). In fact, this sample was slightly skewed by two rather
ow-functioning girls with 45,X TS who did not meet any exclusion criteria.

ithout the scores of these two participants, FSIQ (M = 88.33, S.D. = 8.45), PRI
M = 92.67, S.D. = 8.99) and VCI (M = 97.67, S.D. = 8.05) are all significantly
igher for 45,X TS than for DS22q11.2, p’s < .05. Finally, as expected, the typ-
cally developing controls had the highest level of global intellectual function
ith mean FSIQ, PRI/PO and VCI/VC scores, respectively of 110.07 (12.61),
07.13 (12.98) and 113.53 (15.18), p’s < .01. The patterns of IQ differences
ere the same when we analyzed the IQ scores separately for each task, i.e.

t was not the case that the cognitive tasks contained different subsets of the
hildren based on IQ. Interestingly, despite global intellectual differences, pro-
essing speed scores did not differ between children with 45,X TS (M = 74.85,
.D. = 11.63) and those with DS22q11.2 (M = 82.55, S.D. = 13.19), Cohen’s
′ = .61. This suggests a particular weakness in speeded processing task for girls
ith 45,X TS, a result that has been documented elsewhere (Ross, Roeltgen,
euillan, Kushner, & Cutler, 1998). However, the most relevant result for the
urrent studies is that all three groups differed significantly on their PO/PRI
core, which is the measure of intellectual function most directly related to the
xperiments we conducted. One-way ANOVAs with group as a between sub-
ects factor were computed on FSIQ, PRI/PO, VCI/VC and processing speed:
SIQ: F(2, 69) = 42.34, p < .001; PRI/PO F(2, 61) = 26.35, p < .001; VCI/VC
(2, 62) = 36.29, p < .001; processing speed F(2, 63) = 10.23, p < .001. Due to

imitations in the testing environment in the early phases of this research, IQ
ubscales for eight children with DS22q11.2 were not made available. However,
here was no effect on the pattern of the group differences whether we compared
he groups using PRI and the reduced set of PO scores or whether we used PRI
nd the full set of PIQ scores.

. Experiment 1—enumeration of visually presented
bjects

.1. Design and procedure

The enumeration task required each child to sit in front of
computer screen and to say into a microphone, as quickly

s possible, the number of objects seen on the screen. Target
timuli consisted of one to eight bright green bars, measuring
25◦ × .14◦ on a red background square of side 2◦ visual angle
hen viewed from a distance of 60 cm. Targets were presented
ntil the child responded. For each numerosity, 20 different stim-
li were used (in which the requisite number of targets was
laced randomly within an invisible 8 × 8 grid). The experi-
ent began with instructions followed by 16 practice trials (2

or each numerosity). Trials were made up of 20 blocks each
ith 8 trials (for numerosities 1–8) randomly distributed within

hem for a total of 160 trials. A rest period was provided after
very four blocks. Example stimuli are presented in Fig. 1.

Predictions for this experiment based on the “global intelli-
ence” hypothesis (HG) were that performance in the counting
ange of the enumeration task, which appears to depend most
eavily on abilities that are measured by the PO or PRI scales of
ISC III and IV (e.g. Sathian et al., 1999), would differ in line
ith the scores on that measure produced by each group. Thus,

he best counting performance would be seen in typically devel-
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

ping controls. Girls with 45,X TS would perform significantly
orse than the controls while the performance of children with
S22q11.2 would be significantly worse than those with 45,X
S. Performance on the subitizing component of the task, which

u
o
a
h

Fig. 1. Example stimulus for the enumeration task.

s typically not on visuospatial cognition, would not be expected
o differ in either the TS or DS22q11.2 groups, compared to
he controls. We would have to reject HG if group differences
id not match those described earlier in terms of IQ subscales.
nstead we would have to accept the “cognitive process” hypoth-
sis (HC), that similarities between any groups were based on
he deployment of a similar set of cognitive processes and their
ttendant impairments.

.2. Results

Trials with reaction times over 2.5S.D. above the condition
ean for that participant were excluded from the analyses. This

s the standard we have applied in our other analyses with the
ame or related tasks (Bish, Chiodo, Mattei, & Simon, in press;
ish, Ferrante, McDonald-McGinn, Zackai, & Simon, 2005;
imon, Bearden, et al., 2005). Trials with reaction time less

han 550 ms for verbal responses were classified as anticipa-
ory response and excluded from the subsequent analyses. After
xcluding trials with outlier responses, reaction times were aver-
ged for each trial condition. Reaction times (RT) were adjusted
o reflect both speed and accuracy of performance by combin-
ng the RT and error rates using the formula RT/(1 − %error).
sing this adjustment, RT remains unchanged with 100% accu-

acy and is increased in proportion with the number of errors.
his adjustment is typically used in RT experiments when it is
esirable to equate groups such as is the case when controlling
or any speed/accuracy tradeoffs (e.g. Akhtar & Enns, 1989) or
hen examining the performance of children with developmen-

al disorders who are hypothesized to make errors on the tasks
elected since excluding all trials with errors would likely skew
he performance of such children away from a representative
haracterization of their performance (e.g. Bish et al., 2005).

Because distributions of adjusted reaction times were
xtremely skewed, we identified outliers for each group using
1.5 times interquartile range from upper and lower quartiles as

ut-offs, then outliers were truncated to the highest or lowest val-
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

es from the remaining distributions for each condition. Degrees
f freedom were adjusted using the Welch procedure for t-tests
nd one-way ANOVAs and Dunnett’s T3 test was used for post
oc comparisons when the equality of variance assumption was

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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Fig. 2. Mean reaction time (±1S.E.M.) for control, DS22q11.

iolated. For repeated measures ANOVAs, Greenhouse–Geisser
orrections were used to correct for violations of the sphericity
ssumption.

Adjusted reaction times from the enumeration task were
nalyzed using a 3 × 8 (group × number of items) analysis of
ariance (ANOVA). In all groups, reaction times increased as
ore items were presented, see Fig. 2. However, this increase
as greater in DS22q11.2 and TS groups, F(14, 427) = 6.19,
< .001. Subitizing ranges for each group were estimated using a

ong-established method (e.g. Chi & Klahr, 1975). This involves
onducting one-way ANOVAs within each group with one- to
hree-item conditions and one- to four-item conditions until the
uadratic trend yielded significance. For the TD and DS22q11.2
roups, significant quadratic trends emerged with one to three
tems, indicating a subitizing range of two items, F(1, 18) = 6.92,
< .05 and F(1, 33) = 21.56, p < .001, respectively. For the 45,X
S group, the quadratic trend became significant with one to

our items, indicating a subitizing range for three items, F(1,
0) = 21.49, p < .01.

To characterize performance in subitizing and counting
anges for each group, corresponding slopes of adjusted reaction
ime × number of Items were computed for each group using a

ethod proposed by Lorch and Myers (1990). In short, aver-
ge adjusted reaction times were calculated for each subject for
ach condition. Separate regression equations were computed
or each subject using condition as the predictor variable. The
onstants and slopes for the group regression equation were cal-
ulated from averages of coefficients derived from the individual
nalyses. To compute slopes for the subitizing range, numbers
f items 1 and 2 were used for the TD and DS22q11.2 groups
nd items 1–3 were used for the 45,X TS group. For the count-
ng range, numbers of items 3–8 were used for the TD and
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

S22q11.2 groups, and items 4–8 were used for the 45,X TS
roup.

For typically developing children, average error rates were
27% (median 0%, range 0–2.63%) for the subitizing range

n
c
t
t

45,X TS groups for each numerosity in the enumeration task.

nd 3.30% (median 3.46%, range .93–7.16%) for the count-
ng range. Regression equations for subitizing and counting
anges revealed significant slopes for each enumeration mode,
(18) = 4.18, p < .01 and t(18) = 12.23, p < .001, respectively. The
verage slope for TD children in the subitizing range was
4.89 ms/item (intercept = 749.47 ms) and their counting slope
as 530.05 ms/item (intercept = −577.89 ms). For children with
S22q11.2, average error rates were .80% (median 0%, range
–6.12%) for the subitizing range and 7.08% (median 4.76%,
ange 0–31.80%) for the counting range. Regression equations
or subitizing and counting ranges revealed significant increases
n slope for each enumeration mode, t(33) = 4.51, p < .001 and
(33) = 13.41, p < .001. The average slope for children with
S22q11.2 in the subitizing range was 74.59 ms/item (inter-

ept = 832.82 ms) and their counting slope was 739.62 ms/item
intercept = −843.26 ms). For children with 45,X TS, average
rror rates were .003% (median 0%, range 0–.04%) for the
ubitizing range and .029% (median .01%, range 0–.08%) for
he counting range. Regression equations for subitizing and
ounting ranges revealed significant slopes for each enumeration
ode, t(10) = 3.85, p < .01 and t(10) = 7.93, p < .001. The aver-

ge slope for children with 45,X TS in the subitizing range was
60.82 ms/item (intercept = 823.0 ms) and their counting slope
as 766.64 ms/item (intercept = −1016.27 ms). In order to test

or the relationship between global intelligence measures and
erformance on this task, correlations between PO/PRI scores
nd slopes for blocks and numbers were carried out. There were
o significant associations between PO/PRI and task perfor-
ance when all children’s data were combined (Pearson’s r = .13

or subitizing slope, −.25 for counting slope, p’s > .09). We also
nalyzed the relationship by group, though this reduced the sam-
le size for each test. The only significant correlation was a
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

egative relationship between PRI/PO and subitizing slope for
hildren with DS22q11.2 (r = .52, p < .01). However, no rela-
ionships at all were found between the PRI/PO measure and
he attentionally demanding task of counting predicted by HG.

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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.2.1. Direct comparison of groups
Slopes were compared between the groups using a repeated

easures group × range (subitizing or counting) ANOVA,
hich yielded a significant group × range interaction, F(2,
1) = 4.23, p < .05. The 45,X TS group had significantly larger
lopes in the subitizing range than the other two groups, Dun-
ett’s T3, p’s < .01. This is not due to the inclusion of an extra
umber (N = 3) in their range because the slopes computed using
tems 1 and 2 are quite similar to those computed with items 1
hrough 3 (160.76 ms/item versus 179.43 ms/item). In the count-
ng range, the DS22q11.2 group had significantly larger slopes
han the TD group, Dunnett’s T3, p < .01. The counting range
lope for the 45,X TS group did not differ statistically from
ither that of the controls or the DS22q11.2 groups, Dunnett’s
3, p = .121 and .992, Cohen’s d′ of 1.06 and .16, respectively

or 45,X TS versus TD and 45,X TS versus DS22q11.2 groups.
owever, it is clearly evident from Fig. 2 that the counting per-

ormance in the DS22q11.2 and 45,X TS groups is essentially
dentical for the numerosities of 4 through 8 and the lack of
tatistical significance is probably due to variability within the
5,X TS sample.

Error rates were analyzed using non-parametric tests since
he distributions were not normal. Kruskal–Wallis test was used
o compare error rates across groups, and error rates in the count-
ng range were statistically different, χ(2) = 24.39, p < .001,
ut not in the subitizing range χ(2) = 1.589, p = .459. Pairwise
ann–Whitney tests showed that the 45,X TS group had sig-

ificantly lower error rates than the other two groups, Z = 4.5,
< .001 for TD versus 45,X TS, and Z = 4.42, p < .001 for
S22q11.2 versus 45,X TS.

.3. Discussion

Predictions based on the “global intelligence” hypothesis HG
n this experiment were that the groups would differ significantly
n the counting component of the enumeration task but not in
he subitizing component. This is because the former appears to
epend on visuospatial attentional processes and the frontopari-
tal attention network while the latter does not. Since all three
roups differed significantly in the most relevant IQ subscale
PO/PRI), predictions based on global scores would be that the
D group would perform significantly better on the counting
omponent of the task than girls with Turner syndrome who,
n turn, would perform significantly better than children with
hromosome 22q11.2 deletions. Results showed that hypothesis
G was not supported and the lack of any correlation between
O/PRI scores and counting performance adds weight to the
iew that general nonverbal intelligence levels did not deter-
ine numerical task performance. Thus HG was rejected in favor

f hypothesis HC. We suggested that the cognitive processes
hat underlie subitizing are not ones that we hypothesized to
iffer between the groups and here we found that the perfor-
ance of children with DS22q11.2 and controls did not differ.
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

his remained the same when we included common subitiz-
ng range of one to two items only in the analysis. Girls with
5,X TS did produce significantly greater slopes, possibly due
o their tendency to trade off speed for accuracy. In contrast,

m
v
I
a

 PRESS
logia xxx (2007) xxx–xxx

ognitive processes required for counting were expected to pro-
uce a similar degree of impairment compared to the TD group.
ere children with DS22q11.2 and controls did differ signif-

cantly. Furthermore, although no other significant differences
ere found, which in itself is a finding that contradicts the predic-

ions of HG, Fig. 2 shows that performance in the counting range
or girls with 45,X TS was essentially identical to that of chil-
ren with DS22q11.2 although they could not be distinguished
tatistically from the controls despite an effect size of greater
han 1S.D. This suggests that future replications should be car-
ied out with samples larger in size than the one reported here.
owever, even though their study of 12 individuals with Turner

yndrome was of 18–40-year-old adults with much more expe-
ience in the numerical domain, Bruandet et al. (2004) reported
ssentially the same results on a very similar task.

In this task we did find one difference between the DS22q11.2
nd 45,X TS groups in the form of a steeper subitizing slope
n the latter than in the former (and also than in the TD con-
rol group). The standard statistical method for determining
he extent of the subitizing range also indicated that the 45,X
S group subitized three items compared to two each in the
S22q11.2 and TD groups. Visual inspection of Fig. 2 appears

o indicate similar subitizing ranges for the TD and 45,X TS
roups but with a steeper slope in the former than the latter. The
S22q11.2 group appears to have a smaller subitizing range but
ith similar profile to the TD group. However, we chose not

o adopt an arbitrary visual inspection criterion for separating
he different enumeration modes since the statistical method we
dopted has long been used as the standard. These subitizing
lope differences, if real, might indicate that some other process
ith a stronger serial component than classical subitizing was

aking place, at least in the 45,X TS group. If so, the poten-
ial contribution of attentional impairments to such unspecified
rocesses is far from clear. However, even given that a real dif-
erence did exist within the subitizing range, this does not affect
he primary hypothesis being evaluated since that is focused
n counting, which is a form of numerical processing that has
learly been shown to depend upon visuospatial attention.

Our hypothesis that visuospatial attention processing impair-
ents in children with DS22q11.2 and 45,X TS would lead to

ifficulty in accurately and efficiently counting sets of four or
ore dots was generally supported by the results. Thus, despite

arge differences in the overall functioning of children with 45,X
S versus those with DS22q11.2, we have identified a compo-
ent of each group’s cognitive phenotype where they apparently
unction in a very similar fashion. This is consistent with the
osition that there is a set of shared impairments in visuospatial
ttentional and object processing functions that they draw upon
n the service of counting visually presented stimuli. Our next
uestion was whether these same spatial cognition impairments
ould produce a common performance profile in a different task

hat depends upon more conceptual representations of numbers;
hat of magnitude comparison. This task, in contrast to enu-
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

eration performance, is not primarily dependent on explicitly
isual attentional processes to navigate a display of objects.
nstead, as demonstrated in studies with typically developing
dults, it requires the participant to process mental representa-

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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ions in which are quantities arranged along a “mental number
ine” and where relative magnitude is depicted in terms of spa-
ial contiguity and other relationships. It has been proposed, by
ehaene et al. (2003) that attentional processes like those used

n the enumeration task are required by typical adults to navigate
his representation and this is why a region of posterior superior
arietal cortex is necessary for this kind of processing. Thus the
istance effect task could still be expected to produce a similar
rofile of performance in children with 45,X TS and DS22q11.2
f hypothesis HC is correct because it taps into some of the very
ame spatial and attentional processes that we assume created
he pattern seen when the children were engaged in counting.
owever, if global ability rather than specific processes were to

ccount mainly for differences in performance then all groups
hould differ significantly, as would be predicted by hypothesis
G.

. Experiment 2—magnitude comparison (distance
ffect)

.1. Design and procedure

The distance effect task was adapted from a similar task
eveloped by Ansari and Karmiloff-Smith (2002) for a study
f children with Williams syndrome. On each trial the child’s
ask was to indicate, by pressing one of two buttons, which was
he larger of either two blue bars 2 cm wide and varying in height
etween 1 and 12 cm (in 1 cm increments) or two numbers. The
umbers ranged from 1 to 12 and were created from blue Arabic
umerals. Each single or double-digit number was in Helvetica
ont, 5 cm high and between 4.5 and 7 cm in width. The center
f each of the pair of bars was displaced 3 cm horizontally from
he center of the previously presented fixation and was vertically
entered at the same point. Numbers, also vertically centered on
he same point, were presented at a distance where the center
f the single or double-digit number is displaced between 2.5
nd 3 cm from a central vertical line 4.5 cm tall that separated
he numbers. Stimuli were presented until the child responded
r until 7 s had elapsed. There were 120 trials in the experiment.
hese were separated into two blocks of trials (60 block trials
nd 60 number trials) divided by a short break.

The 60 trials were made up of 10 pairs of stimuli with dif-
erences of 1, 2, 3, 5, 6 and 7 (either in terms of length in cm or
umerical value). To reduce the overall number of trials needed,
o differences of 4 were included in the experiment. We rea-
oned that since differences of 4 were in the center of our range
f they would not contribute much to our understanding of how
ither small or large differences affected performance on mag-
itude comparison. Example stimuli are presented in Fig. 3.
wo versions of the experiment were created and counterbal-
nced to control the order of which type of stimuli came first.
here was no statistical difference in reaction time obtained by

he two versions so the data were collapsed for the subsequent
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

nalyses.
As with the enumeration task, predictions for this experiment

ere based on the “global intelligence” hypothesis (HG) that
erformance in the small numerical distance range of the task,

e
a
t
r

ig. 3. Example stimulus for the distance effect task for both blocks and digits
onditions.

hich appears to depend most heavily on spatial and numer-
cally relevant abilities that are measured by PRI/PO, would
iffer in line with the scores on those measures produced by
ach group. This is because the task difficulty is greatest in this
ask when numerical distance is smallest and thus draw most
eavily on spatial and numerical competence. Thus, the best
erformance would be seen in typically developing controls.
irls with 45,X TS would be expected to perform significantly
ore poorly than the controls while the performance of children
ith DS22q11.2 would be significantly worse than those with
5,X TS. Therefore, we would have to reject HG if any of the
roups produced a pattern of performance, particularly in the
mall distance range that was not significantly different from
ny other group. Instead we would have to accept the “cognitive
rocess” hypothesis (HC), that similarities between-groups were
ased on a similar set of cognitive processes or impairments in
hose processes.

.2. Results

As in the enumeration task, participants were excluded from
he present report if they performed at chance in at least one
ondition. Trials with reaction times over 2.5S.D. above the
ondition mean for that participant were excluded from the
nalyses. Trials with reaction time less than 150 ms for manual
esponses were classified as anticipatory response and excluded
rom the subsequent analyses. After excluding trials with outlier
esponses, reaction times were averaged for each trial condition.
eaction times (RT) were adjusted as in Experiment 1. Outliers
ere defined for each group using ±1.5 times interquartile range

rom upper and lower quartiles as cut-offs, then outliers were
runcated to the highest or lowest values from the remaining dis-
ributions for each condition. Degrees of freedom were adjusted
sing the Welch procedure for t-tests and one-way ANOVAs
nd Dunnett’s T3 test was used for post hoc comparisons when
he equality of variance assumption was violated. For repeated

easures ANOVAs, Greenhouse–Geisser corrections were used
o correct for violations of the sphericity assumption.

In order to determine the range in which a reliable “distance
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

ffect” was observed, pairwise comparisons were computed
cross groups. There was no significant decrease in reaction
ime after a distance of 5; thus, we limited our analyses to this
ange for between-group comparisons. Similar to the approach

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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Cohen’s d′ = .23. The same results were found when each group
ig. 4. Mean reaction time (±1S.E.M.) for control, DS22q11.2 and 45,X TS
roups on enumeration task both the blocks (A) and digits conditions (B).

n the Enumeration task, data from the distance effect task were
nalyzed using a regression method appropriate for repeated
easures data (Lorch & Myers, 1990). Results for each group

re presented below followed by comparisons between-groups;
ean adjusted reaction times are shown in Fig. 4 for both block

nd digit conditions.
Typically developing controls produced average error rates

f 1.29% with a maximum of 5.19% in the blocks condition
nd 3.46% with a maximum of 10.00% in the digits con-
ition. Regression analyses showed that numerical distance
ontributed significantly between distances 1 through 5 for
oth the blocks and numbers conditions (t(16) = −6.03 and
4.90, p < .001, respectively). The slopes produced by varia-

ions in numerical distance in this range were 45.43 ms/distance
intercept = 787.39 ms) for blocks and 30.88 ms/distance (inter-
ept = 877.39 ms) for numbers.

Children with DS2q11.2 produced average error rates of
.35% with a maximum of 16.67% in the blocks condition
nd 5.08% with a maximum of 18.52%. Regression analy-
es showed that numerical distance contributed significantly
etween distances 1 through 5 for both the blocks and numbers
onditions, t(30) = −8.05 and −6.28, p < .001, respectively. The
lopes produced by variations in numerical distance in this rage
ere 97.86 ms/distance (intercept = 1162.12 ms) for blocks and
00.29 ms/distance (intercept = 1405.43 ms) for numbers.

Children with 45,X TS produced average error rates of
.47% with a maximum of 8.52%, in the blocks condition
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

nd 3.56% with a maximum of 10.19%. Regression analy-
es showed that numerical distance contributed significantly
etween distances 1 through 5 for both the blocks and numbers
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onditions (t(14) = −10.44 and −5.53, p < .001, respectively).
he slopes produced by variations in numerical distance in

his rage were 94.40 ms/distance (intercept = 1111.66 ms) for
locks and 72.07 ms/distance (intercept = 1252.36 ms) for num-
ers. There was no significant differences between slopes for
lock and number conditions, t(60) = −.91, p = .37. In order to
est for the relationship between global intelligence measures
nd performance on this task, correlations between PO/PRI
cores and slopes for blocks and numbers were carried out.
here were no significant associations between PO/PRI and

ask performance for all children combined (Pearson’s r = .20
or blocks slope 1–5, .15 for numbers slope 1–5, p’s > .23). We
lso analyzed the relationship by group and condition (blocks
nd numbers), though this reduced the sample size for each test.
o correlations reached significance (all p’s > .18).

.2.1. Direct comparison of groups
There were no differences in the error rates between the three

roups for block and number conditions F(2, 60) = .71, 1.21,
espectively, p’s > .31; Cohen’s d′ for blocks and numbers con-
itions: TD versus DS22q11.2 = −.30, −.38; TD versus 45,X
S = −.08, −.03; DS22q11.2 versus 45,X TS = .24, .35. There
as a group difference in average reaction time for distances
through 7, F(2, 60) = 5.23, 4.69, respectively; p’s < .01. Reac-

ion time of the TD group was significantly faster than that of the
S22q11.2 group (p < .01), and marginally faster than that of the
5,X TS group (p = .06), Cohen’s d′ for blocks and numbers con-
itions: control versus DS22q11.2 = −.95, −.95; control versus
5,X TS = −.89, −.85; DS22q11.2 versus TS = .22, .15.

In order to determine if the groups differed from each
ther with regard to the distance effect for distances 1–5, a
epeated measures ANOVA was calculated on the slopes for
oth the block and digit conditions. Results indicated that
lopes were significantly smaller in the control group than
ither the DS22q11.2 or 45X, TS groups, F(2, 60) = 8.12,
= .001. As illustrated in Fig. 4A, slopes for both the DS22q11.2

97.86 ms/distance) and 45,X TS (94.40 ms/distance) groups
ere steeper than those of the TD group (45.43 ms/distance)

n the block condition. As illustrated in Fig. 4B, slopes
or both the DS22q11.2 (100.29 ms/distance) and 45,X TS
72.07 ms/distance) groups were steeper than those of the TD
roup (30.88 ms/distance) in the digits condition. These results
ere consistent when slopes were calculated on distances 1

hrough 7 as well. Group membership significantly contributed
o slope values for the distance effect in the block condition,
(61) = −2.62, p = .01, and marginally in the digit condition,
(61) = −1.72, p = .09 with the no differences between the slopes
or children with DS22q11.2 and those with 45,X TS (Cohen’s
′ = −.06 for blocks, and −.36 digits, respectively or −.28 for
he average slope) but a significant difference between those and
he slopes generated by controls. There were no significant dif-
erences between the blocks and numbers conditions for any of
he groups for all participants combined t(62) = −.91, p = .37,
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

as analyzed separately—TD: t(16) = −1.66, p = .12, Cohen’s
′ = .83; DS22q11.2: t(30) = .155, p = .88, Cohen’s d′ = .06; 45,X
S: t(14) = −1.46, p = .17 Cohen’s d′ = .78.

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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.3. Discussion

The “global intelligence” hypothesis HG in this experiment
as of significant group differences in distance effect task, espe-

ially in the part of the task where numerical distance between
wo values is small, because of the dependence of spatial, atten-
ional and numerical process. Since all three groups differed
ignificantly on the most relevant IQ scores of PRI/PO, pre-
ictions based on global scores alone would be that the TD
roup would perform significantly better here than girls with
urner syndrome who, in turn, would perform significantly bet-

er than children with chromosome 22q11.2 deletions in the
ange of differences of 1–5. Results did not conform to the
redictions of hypothesis HG and so we rejected it in favor of
ypothesis HC. Furthermore, the lack of any correlation between
O/PRI scores and task performance adds weight to the view

hat general nonverbal intelligence levels did not determine task
erformance. Our hypothesis, that visuospatial attention pro-
essing impairments in children with DS22q11.2 and 45,X TS
ould lead to difficulty in distinguishing quantities where the
ifference between the values of the two stimuli was small,
as supported by the results. All three groups produced an

lmost identical performance profile when numerical distance
as large (5 or more), although response times differed. In the
locks condition, which most directly depended on visuospatial
ttention and spatial relational representations and processes,
he slopes produced by the children with either 45,X TS or
S22q11.2 were almost identical to one another and both were

ignificantly greater than the slope produced by TD children.
his means that performance for those two groups did not

each plateau until the numerical distance was much greater
han was the case for TD controls. In the numbers condition,
hich required higher order conceptual and symbolic knowl-

dge, children with 45,X TS showed a slight advantage over
hildren with DS22q11.2 but still could not match the per-
ormance of the controls. Again, despite large differences in
he overall functioning of children with 45,X TS those with
S22q11.2 we have identified a component of their cognitive
henotype where they apparently function in an almost iden-
ical manner. Again, we claim that this is consistent with the
osition that they shared a set of impairments in visuospatial
ttentional and numerical processing functions upon which they
raw in the service of comparing mentally represented magni-
udes.

Thus, Experiments 1 and 2 appear to have provided evidence
n favor of the cognitive processing hypotheses rather than the
lobal intelligence hypotheses. In other words, our results are
onsistent with the hypothesis that children with 45,X TS and
hose with DS22q11.2 share a common set of impairments in the
pecific attentional and numerical cognitive processes that we
ssume are required to carry out the tasks we presented to them.
nder conditions that rely heavily on those specific processes,
oth groups performed in a similar and poorer level than the
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

ypically developing controls, despite the differing from each
ther in the most relevant domain of global intellectual func-
ion. However, our results do not (unquestionably) disprove the
ossibility that some global impairment in cognitive process-
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ng determined the similar performance problems in those two
roups but not the controls.

One obvious remaining candidate for the source of these
roup differences is global processing speed because the two
roups with developmental disorders scored at a similar level
n the processing speed subscale of the WISC III and IV and
oth populations’ scores were significantly lower than those of
D controls. Perhaps then, the slower speed of these two groups

nteracted with difficulty within the tasks presented and created
he profiles seen in Experiments 1 and 2. This possibility is
omewhat less likely to be the correct interpretation when one
xamines the reaction times to sets of one or two objects on
he enumeration task where it is evident that reaction times are
lmost identical for all three groups. However, those are the eas-
est of all the conditions we created and so the processing speed
y difficulty interaction account could still consistent with the
esults.

However, because the processing speed subscale generated
y the WISC derives from a composite of the scores on the “cod-
ng” and “symbol search” tests it is not a very good measure
f response time. While these are indeed timed tasks, several
igher-level cognitive processes are required such as selecting
tems to process, keeping track of progress, using rules, etc.
o in Experiment 3 we presented children with a simple motor
eaction time task to generate a pure measure of time taken
o complete a manual button press response to a visually pre-
ented stimulus. If there were significant differences between
he three groups as might be predicted by the response time
rofiles in almost all conditions of the tasks described above,
hen the hypothesis based on a global difference (HG), in this
ase processing speed, would be supported. However, if no dif-
erences were detected then that hypothesis would have to be
ejected and a cognitive processing hypothesis HC would have
o be accepted. This would be consistent with our hypothesis that
pecific cognitive processes required for the tasks presented in
xperiments 1 and 2 were equally impaired in the 45,X TS and
S22q11.2 groups and that speed of cognitive processing was
ot the appropriate way to account for the observed differences.

. Experiment 3—motor reaction time

.1. Design and procedure

The reaction time task was designed to assess each indi-
idual’s motor reaction time when cognitive demands were
inimized. The stimuli included a drawing of a house that was

9 cm in height and 7.9 cm wide with an entrance that was 5.4 cm
igh and 3.2 cm wide on the monitor. On each trial the child’s
ask was to indicate, by pressing a single button as quickly as
ossible, when a picture of a friendly alien appeared at the right
r left side of the entrance. The alien figure was 5.4 cm tall and
.8 cm in the widest extend. This image remained on the screen
ntil the button was pressed. To ensure understanding of the
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

ask, instructions were followed by demonstration and six prac-
ice trials. The child then completed 1 block consisting of 60
rials. Delays between trials were set to one of three intervals
400, 800 or 1200 ms), which were presented in a random order

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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o minimize anticipatory responses. Results of the task were cal-
ulated as the average of reaction times across all trials and all
elays.

.2. Results

Trials with reaction times over 2.5S.D. above the condi-
ion mean for that participant were excluded from the analyses.
rials with reaction time less than 150 ms were classified as
nticipatory response and excluded from the subsequent analy-
es. After excluding trials with outlier responses for each delay
ondition, reaction times were averaged across trial conditions.
ean reaction times (and standard deviations) were as follows:

D group = 379.06 ms (48.46), DS22q11.2 group = 438.82 ms
147.25), 45,X TS group = 446.49 ms (164.06). There were no
ignificant differences in reaction time between the three groups,
(2, 27) = .49, p = .62. Power of this analysis was estimated to
e approximately 12% with small Cohen’s d′ values for each
roup contrast: .46 for TD versus 22q11.2, .54 for TD versus
5,X TS, and .05 for DS22q11.2 and 45,X TS, which con-
rms that the means for the different groups were generally
imilar.

.3. Discussion

The prediction from the “global processing speed” hypothe-
is HG in this experiment, based on the processing speed index
rom the WISC III/IV scores, was of no group differences reac-
ion time between the 45,X TS and DS22q11.2 groups with both
f them being significantly slower than the typically develop-
ng controls. Results were not consistent with this prediction
ince no significant group differences were detected in reaction
imes. This suggests that differences detected in Experiments 1
nd 2 were not the result of a global difference in psychomotor
peed. Differences in this major component of response time
ould have interacted with difficulty within the conditions of
hose experiments to produce the performance profiles observed
f speed alone was a significant determinant of performance.
owever, since processing speed index measures were slower

n the DS22q11.2 and 45,X TS groups than TD controls but
imple reaction measures were not, this is consistent with the
C hypothesis that impairments in specific cognitive processes

equired by the tasks in the DS22q11.2 and 45,X TS groups and
ot in a global speed measure explain why their performance
as slower in Experiments 1 and 2.

. General discussion

In the three experiments reported in this paper we found a con-
istent pattern of results that supports the view that children with
5,X Turner syndrome and those with chromosome 22q11.2
eletion syndrome suffer from a common pattern of impairments
n visuospatial attention, spatial relationships and simple numer-
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

cal cognitive processes. Despite significant differences in global
ntellectual functioning between the three groups, especially in
he most relevant domain of nonverbal function as measured
y PO & PRI subscales of the WISC III and IV, respectively,
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hildren with 45X, TS and DS22q11.2 produced very similar
erformance profiles in the conditions of two numerical process-
ng tasks that are believed to depend most heavily on visuospatial
nd approximate numerical processing functions that are typi-
ally supported by the frontoparietal attention network. Despite
imilar scores on the WISC III and IV scale of processing speed
n the 45X, TS and DS22q11.2 groups, Experiment 3 indicated
hat overall rate of processing, at least as measured by a simple

anual motor reaction time task, does not explain the overlap-
ing performance profiles of the two developmental disability
roups.

Thus we believe that our experiments have demonstrated that
sample of participants that can be objectively divided into

hree distinct subpopulations based on global intelligence scores,
ctually contained only two distinct subgroups when they were
ompared in terms of cognitive processing performance on two
umerical cognition tasks. One is a group of typically develop-
ng children. The other is a group of children with one or other
f two genetically distinct syndromes who appear to be almost
ndistinguishable in terms of what might be termed a cogni-
ive subphenotype of attentionally based numerical processing.
lobal intellectual differences between the two developmental
isorder groups did not account for the overlapping performance
atterns seen, nor did the global processing speed similar-
ty. Neither did we find any relationship between measures of
eneral nonverbal intelligence (PO/PRI) and performance on
ither attentionally demanding numerical task. Instead, results
ere consistent with predictions based on the hypothesis that
common set impairments in a set of lower level visuospa-

ial cognitive functions would produce similar performance in
he two developmental disability groups were supported. This
ypothesis is based on Simon’s (1997) suggestion that these
orm the foundation for the construction of a range of higher-
evel domain specific competencies in attentional, spatial and
umerical cognition. In this view, processing problems at that
ower level will cascade into impairments in a range of higher-
evel competencies that typically depend on those component
rocesses. The results generated here are at least consistent with
he view that this holds, at least as far as the basic numerical
omains of simple magnitude comparison and enumeration are
oncerned.

However, as we stated earlier, our results do not unquestion-
bly disprove the possibility that some global impairment in
ognitive processing, or even a different set of specific cogni-
ive processes, determined the similar performance problems in
hose two groups but not the controls. Moreover, our “cognitive
rocess” hypothesis has the disadvantage of predicting a null
esult and such an outcome could, of course, be due to any of a
arge set of different factors that were not directly tested here.
evertheless, our results are demonstrably not consistent with

he predictions made by the “global intelligence” hypothesis
ince significant differences were found for the perceptual orga-
ization and perceptual reasoning subscales of WISC III and
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

V that most directly index the aspects of cognitive functioning
ost relevant to our investigations and for the verbal domain,

long with marginal global differences between the DS22q11.2
nd 45,X TS groups. Furthermore, while we did not directly

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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tudy more basic visuospatial functions in the current experi-
ents, we do have (as yet unpublished) data relevant to this

ssue. For the “cognitive process” hypothesis to be supported it
hould be true that children with DS22q11.2 and 45,X TS also do
ot differ on tests of basic visuospatial function. To date, we have
ound almost identical performance on a spatial attention task
ompleted by children with 45,X TS and others with DS2211.2,
any of whom participated in the experiments reported here.
ven bearing in mind the notion of “equifinality”, which is the

dea that “a diversity of pathways, including chance events [. . .]
ay lead to the same outcome (Cicchetti, 2006, p. 13), the find-

ngs we report here are at least consistent with the idea that
isuospatial cognitive impairment is one candidate cause of the
typical development of numerical competence.

One interpretive weakness in our dataset is that only seven
f the children with DS22q11.2 completed both of the numer-
cal tasks, a fact that resulted from the way in which tasks
ere introduced into separate stages of a pilot study followed
y a full scale, federally funded project. Given the character-
stic variability between individuals within this population, it
s possible that these seven may have constituted an atypical
ubgroup of the total sample. Examination of several measures
hows this not to be the case. The average full scale, perfor-
ance and verbal IQ scores (and standard deviations) for five of

hese seven participants (we were unable to acquire IQ data from
wo for practical reasons and not due to intellectual functioning
imitations) were 68(±15), 76(±17) and 73(±8), respectively,
ompared to 78(±11), 78(±11) and 81(±12) for the other 38
articipants with DS22q11.2. The ranges for each measure were
lmost identical for the two groups. They were (for the 7 versus
8 subgroups): FSIQ (52–91 versus 54–103), PIQ (57–104 ver-
us 55–104) and VIQ (61–83 versus 58–107). We also compared
ctual performance measures in the two tasks. For the enumer-
tion task, the mean reaction time means of the two subgroups
iffered by no more than 9–11% in each condition. For the mag-
itude comparison task, the mean adjusted reaction time means
f the two subgroups also differed by no more than 9–11% in
ach condition. Therefore, we have a high degree of confidence
hat those children who did complete both numerical tasks were
ighly characteristic of the recruited sample of children with
S22q11.2.
Numerous researchers (e.g. Badian, 1983) have equated

cquired and developmental dyscalculias and separated them
nto three categories. “Anarithmetria” is the most high-level cat-
gory of disorder and deals with the retrieval of arithmetical facts
rom long-term memory. As such, it applies the least to early
eveloping competence. “Alexia and Agraphia for Numbers”
nvolves difficulties in the reading and writing of numbers while
kills in other areas of arithmetical processing remain intact.
hese kinds of deficits are rather rare in younger children. The
nal category, “spatial acalculia”, is characterized by difficulties

n the spatial representation of numerical information. While
haracteristic problems have been described in terms of align-
Please cite this article in press as: Simon, T. J., et al., Overlapping nume
deletion or Turner syndromes, Neuropsychologia (2007), doi:10.1016/j.ne

ent errors in column arithmetic, number omission, misreading
rithmetic operation signs and difficulties with place values and
ecimals (e.g. Geary, 1993) it may also be the case that the atten-
ionally based cognitive functions tested in Experiments 1 and

f
a
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d
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, and some yet more basic ones (see Simon, Bearden, et al.,
005) form the foundational competence for the development
f early numerical abilities that precede such computational
nowledge.

Therefore, it is possible that spatial acalculia is a phenomenon
ore accurately described in terms of the processes tested by our

xperiments and related one. Beyond our current results, it has
een well documented that both TS and DS22q11.2 are disorders
ssociate with impairments in spatial ability and show particular
ifficulties in numerical and mathematical tasks. It has also been
laimed, at least for Turner syndrome (e.g. Bruandet et al., 2004;
olko et al., 2004) that these impairments may be under specific

enetic control of the genes in the deleted copy of the X chromo-
ome and that these change the structure and function of brain
egions critical to numerical processing such as the intra-parietal
ulcus. It is our contention that such an interpretation is prob-
bly incorrect for two reasons. One is that it relies on several
ssumptions that are inappropriate when considering the neu-
al basis of atypical (and typical) development. Johnson, Halit,
rice, and Karmiloff-Smith (2002) present several assumptions

hat may be incorrect when trying to understand typical and
typical neural development in any domain. One, the “static”
ssumption, is that brain-behavior relationships are fixed and the
ge at which individuals are studied in order to determine that
elationship is unimportant. Another, the “deficit” assumption,
efers to the unidirectional inference that “damage to specific
eural substrates both causes and explains the behavioral deficits
bserved in developmental disorders” (p. 525). Despite this cri-
ique, the above assumptions remain widespread and are implied
y Landerl, Bevan, and Butterworth (2004) recent statement
hat “that numerical processing is localized to the parietal lobes
ilaterally, in particular the intra-parietal sulcus (Dehaene et
l., 2003), and is independent of other abilities. Developmen-
al dyscalculia is likely to be the result of the failure of these
rain areas to develop normally, whether because of injury or
ecause of genetic factors” (p. 121).

Given the lack of any identified common genetic changes in
hildren with deletions of chromosome 22q11.2 or those affected
y Turner syndrome, the genetic influence on outcomes is likely
o be indirect at best and primarily in terms of engendering
eurodevelopmental changes that increase the risk for devel-
pment numerical cognitive dysfunction. Furthermore, children
ith other disorders that do not directly result from changes in

he X or 22nd chromosomes also show similar impairments. One
xample is children with Williams syndrome (O’Hearn, Landau,

Hoffman, 2005; Paterson et al., 2006) a disorder caused by a
eletion of material on chromosome 7q13. Therefore, we believe
ur current data and the results of a range of other studies cited
hroughout this paper are consistent with a more parsimonious
ypothesis that, because of a similarly impaired visuospatial
ognitive foundation, children with 45,X TS and DS22q11.2
hare a single cognitive phenotype in the area of numerical
ompetence as the consequence of a developmental progression
rical cognition impairments in children with chromosome 22q11.2
uropsychologia.2007.08.016

rom common impairments in a set of spatial/attentional abilities
nd that it is this, and not any direct genetic control of arith-
etical ability, that more fully explains their “developmental

ysnumeracy”.

dx.doi.org/10.1016/j.neuropsychologia.2007.08.016
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