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Abstract

Arithmetical reasoning ability has been investigated in a group study of patients with unilateral cerebral lesions.

Two series of 38 and 39 patients, who had suffered unilateral cerebral lesions of the right and left cerebral
hemisphere, respectively, were investigated. They completed a neuropsychological battery that included a test of
computation (Graded Difficulty Arithmetic, GDA; Jackson & Warrington, 1986), and a new test of numerical series
completion (Arithmetical Reasoning Test, ART). Whereas the left-hemisphere lesion group were markedly more
impaired on the GDA compared to both the right-hemisphere lesion group and a standardization sample, both lesion
groups were equally severely impaired on the ART. It is suggested that the abstraction of numerical relations, which
is essential to numerical series completion, relies on the integrity of the right hemisphere. A global model of
arithmetic processing that incorporates these findings is propadé&t (1997,3, 260-268.)
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INTRODUCTION group studies to be dependent on the integrity of the left

hemisphere.

The structure and organization of the cognitive processes that Héczen etal. (1961) reported that patients with posterior
subserve calculation are increasingly well understood; howesjons of the left hemisphere were impaired at calculation.
ever, the cognitive systems required for arithmetic reasonings afman et al. (1982) were able to show that patients with in-
have yetto be studied intensively. Similarly, a consistent bodya ¢t reading and writing of numbers could be poor calcula-
of work now indicates that the left cerebral hemisphere take§0rs, and this was especially true of those who had suffered
acrucialrole in the storage and application of number knowlosterior damage to the left hemisphere. The same disadvan-
edge and rules. In contrast, despite a few reports scatterggged calculation of patients with left-hemisphere lesions was
throughthe literature suggesting right cerebral hemisphere ingemonstrated by Jackson and Warrington (1986), using their
vo!vement.in some arithmetic operations, the precise naturgraded difficulty test (Graded Difficulty Arithmetic, or GDA)
of its contribution remains unclear. of oral addition and subtraction. In the study, patients with left-

Dyscalculia is frequently observed in conjunction with hemisphere damage were significantly more impaired than pa-
language disorders. An early account by Henschen (191jents with right-hemisphere lesions, all of whom scored within
described patients who had difficulty in reading and writinghe range of controls. In a large retrospective study (War-
numbers. However, a selective impairment of dyscalculigington etal., 1986), patients with left-hemisphere lesions were
was also described, independent of any aphasia. Bergeiyain significantly more impaired than those with right-
(1926) distinguished between patients in whom the impairhemisphere lesions on the WAIS Arithmetic subtest. Inter-
ment of calculation was secondary to other cognitive im'estingly, within the left-hemisphere lesion group, those
pairments and those patients with a primary impairment ifatients with left-parietal involvement were more impaired
calculation processes. He terms the latter disoatherith-  than those patients with intact parietal lobes, which supports
metria Calculation has been demonstrated by subsequeiyservations made by Henschen (1919).

Although the preeminent role of the left hemisphere in

Reprint requests to: D.W. Langdon, National Hospital for Neurology the utilization of arithmetic rules and number kn0W|edge is

& Neurosurgery, Queen Square, London WC1N 3BG, England. now well established, intriguingly some studies have impli-
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cated the right hemisphere and spatial skills in certain ast923, Spearman had noted that tests of arithmetic separate
pects of arithmetical problem-solving. Henschen (1926) ison g depending on whether they require the solving of a
credited with one of the first discussions on this topic, inproblem or merely the application of arithmetic rules. In
which he suggested that the right hemisphere could act as@oblem arithmetic, where the arithmetic operations are not
substitute for damaged left-hemisphere processes in simpkxplicit and the subject must analyze the information given
arithmetic. His analysis of cases led him to conclude that and decide which rules to apply, tigdoading is very high
“visual factor” that related to spatial processing at some leve(r = .7-.8). However, in the mechanical arithmetic items,
was important. the operations required are explicitly stated andgtead-

Cohn (1961), in a qualitative account of 40 patients preding is moderater(= .4—.6).
senting with disturbances in calculation ability, de- Each of the validated tests of arithmetic referred to so far
scribed how his subjects performed written multiplication examine a specific aspect of arithmetic operations, but none
problems and drew simple geometric figures. He noted thaspecifically target arithmetical reasoning. For example, the
whenever arithmetical functions were markedly disturbed WAIS Arithmetic subtest items (Wechsler, 1955) consist of
geometric ability was also profoundly affected. The Graf-one or several sentences that are presented aurally to the
man et al. (1982) study of written addition, subtraction, multi- subject (on a maximum of two occasions). It clearly relies
plication, and division problems found that patients with bothon the subject being able to exercise good attentional skills
right- and left-hemisphere lesions were impaired when comand a competent syntactic analysis. The WAIS Arithmetic
pared to control subjects, although the left posterior lesiorsubtest thus tests many skills in addition to arithmetical rea-
group were especially weak. soning. The GDA targets addition and subtraction opera-

In an early attempt to identify the processes that mightions by presenting specific sums aurally to the subject. No
underlie arithmetical functions, Hécaen (1962) tested largelecision is required by the subject regarding which arith-
groups of unilateral lesion patients for three types of im-metic rules to apply, or to which numerals. The arithmetical
pairment. He demonstrated that the reading or writing ofreasoning component is deliberately minimal, to produce a
digits, simple calculation, and visuospatial processing ofmore precise measure of the computation skills involved in
arithmetic tasks could each be disrupted by unilateral leaddition and subtraction.
sions to either the left or right hemisphere, with varying fre- The WAIS Arithmetic and GDA are both well-validated
quency. Hécaen concluded that a plurality of mechanismseasures of aspects of calculation competence, but a more
underlie calculation tasks. focused measure of arithmetical reasoning, less confounded

The different cognitive processes subserving arithmetidy language processing demands, would enable a more pre-
became more distinct with the advent of information- cise exploration of arithmetic reasoning to be undertaken.
processing models. Based on the selective pattern of imn particular, its relative resistance to the effects of mild apha-
pairments observed in patients who had suffered cerebralic deficits might afford the opportunity to disentangle the
lesions, a modular cognitive architecture was proposed. Farsually interactive roles of language, calculation and rea-
example, Warrington (1982) described a patient with a spesoning processes in a group of patients who had suffered
cific impairment of the retrieval of arithmetic facts, who unilateral cerebral lesions.
nevertheless enjoyed preserved arithmetic processes duringA test of arithmetical reasoning that minimizes atten-
comprehension and comparative judgments. Other workersonal and language skills has recently been developed (Lang-
(e.g., McCloskey et al., 1985) have supported Warrington’slon & Warrington, 1995). The arithmetical reasoning test is
conclusions of two functionally independent neural mech-one of six separately validated sections designed to test spe-
anisms: one for number facts, and the other for number preeific types of reasoning, presented in matched sets of verbal
cedures. and spatial format stimuli (together called the Verbal and

Evidence for a third type of numerical ability has been de-Spatial Reasoning Test or VESPAR).
scribed by Dehaene (1992). He suggested that comparison andThe aim of this study was to investigate the performance
approximation do not depend on linguistic competence, bubf patients with unilateral cerebral lesions on a numerical se-
rather constitute an analogical representation of numericaies completiontask, the ART, and to compare arithmetical rea-
guantities. The approximation skills are close to the numersoning abilities with arithmetical computation skills. In
ical competence demonstrated in preverbal children and arparticular, the contributions of the right and left cerebral hemi-
imals, leading to the conclusion that they may function as apheres to these arithmetical procedures would be explored.
separate preverbal system of arithmetic processes (Gallistel
& Gelman, 1992). Dehaene and Cohen (1995) have develyeTHOD
oped the idea of magnitude representation to encompass both
the direct comparisons of numerical quantities and the rel
tive positions of numbers on a number line.

Apart from the specific high-level arithmetical opera- Two consecutive series of 38 and 39 patients with unilateral
tions that are required to solve arithmetic problems, it seemkeft and right cerebral lesions were tested. The mean ages
likely that there would also be some general intelligence offor the left and right hemisphere lesion groups were 43.8 years
reasoning contribution to the problem solution. As early aySD = 16.8) and 48.6 year$SD = 14.3) respectively. There

aExperimentaI Groups

https://doi.org/10.1017/51355617797002609 Published online by Cambridge University Press


https://doi.org/10.1017/S1355617797002609

262

were 28 malesinthe left-hemisphere group and 24 inthe rightt.
hemisphere group. All patients physically fit enough to be2
tested in the Psychology Department and able to cooperate
with the task demands were included (severe dysphasia was
not a basis for exclusion). All patients who had not been eds-
ucated inthe normal English school system (at presentamin-
imum of 11 years) were excluded, as were patients with a.
previous medical history that might compromise the cere-

brum. The distribution of social economic status (SES; Of-

D.W. Langdon and E.K. Warrington

Similarities: to provide a measure of verbal reasoning.

Digit Span: to provide a measure of short-term auditory
verbal memory.

Block Design: to provide a measure of spatial intelli-
gence.

Picture Completion: to provide a measure of “perceptu-
al” intelligence.

fice of National Statistics, 1990) was also similar in both lesionArithmetic tests

groups. The percentage for the standardization sample and the

left and right cerebral lesion patients were, respectively; 5, 81.
and 14 for SES 1; 39, 23, and 24 for SES 2; 44, 46, and 27 for
SES 3; 3, 18, and 22 for SES 4; 8, 3, and 3 for SES 5; and O,
3,and 0 for SES 6. This suggested that there were no system-
atic differences in premorbid status levels between the two le-
sion groups, and furthermore, the two experimental group<2.
premorbid status levels were similar to the current status lev-
els of the standardization sample.

In all cases a CT scan became available, and the right- and
left-lesion hemisphere groups were allocated to an anterior or
posterior group (3 patients with extensive lesions could not
appropriately be designated anterior or posterior and were ex-
cluded from the precise localization analysis). Patients clas-
sified as anterior had frontal, frontoparietal, or frontotemporal
lesions (13 had left-hemisphere lesions and 11 right-hemi-

sphere lesions). Those classified as posterior had parietal, tem-

poral, temporoparietal, occipitoparietal, or occipitotemporal
lesions (23 had left-hemisphere lesions and 25 had right-
hemisphere lesions). In order to investigate the possibility of

Graded Difficulty Arithmetic (GDA): The GDA consists

of 12 additions and subtractions, each graded in diffi-
culty from pairs of single digits to two- and three-digit
numbers. Each test is preceded by two practice items,
and there is a 10-s time limit for each item of the GDA.

Arithmetical Reasoning Test (ART): The ART consists
of 25 graded-difficulty reasoning items. Each item con-
sists of three numbers from a progressive series. They
range in difficulty from a simple arithmetic series (i.e.,
1, 2, 3) to a complex geometric series (2, 4, 8). The sub-
jectis required to select a fourth number to complete the
series from a multiple choice of four numbers (i.e., 2, 4,
6, 7—10, 8, 6, 12). Our aim was to have a sufficient
spread of difficulty in order to obtain a normal distribu-
tion of scores and to avoid floor and ceiling effects. In
addition there are three practice items and two “screen”
items. Any subject failing both screen items was ex-
cluded from the study. The test items together with the
verbatim instructions are given in Appendix I.

a systematic age bias in lesion location, Pearson prOdUC[RESULTS

moment correlation coefficients were calculated, and two-
tailed probabilities derived. Neither the laterality< .1546,
p = .179) nor the anterior—posterior position of lesions:(

Baseline Tests

.1754,p = .138) were significantly related to age.

Standardization Sample

The mean and standard deviation of the raw scores of each
of the baseline tests for each of the hemisphere lesion and
location subgroups are given in Table 1. Age effects were

assessed by combining the baseline test raw scores of the
two lesion series and then calculating Pearson product—

Arepresentative cross section of the population was assessgﬁment correlation coefficients with age and deriving two-

contemporaneously with the experimental subjects.Thissan}é”ed probabilities. Although only Block Design reached
ple consisted of 155 normal controls ages 18 to 70years'Th§gnificance ( = —.4157,p < .001), the other three base-

controlshad amean age of 45.1 ye&B € 14.9), and 59 were
male. A measure of intelligence in this sample was derive
from the National Adult Reading Test (NART; Nelson, 1982).

Performance on the NART for each of three age bard)

= .062; Digit Sparr = —.2211,p = .055; Picture Com-
pletionr = —.2178,p = .060). Age was therefore included
in laterality by location analyses of covariance (ANCO-

%ne tests were close to significance (Similarittes —.2134,

years, 40-55 years, 55-70 years) was normally distribute As), which were computed (SPSS, 1992) for each of the

about mean 1Q equivalents of 105.80 = 12.3), 104.8
(SD= 12.1), and 105.33D = 12.4), respectively (for fur-
ther details see Langdon and Warrington, 1995).

Procedures

Baseline tests

four baseline tests (see Table 2). There was a main effect of
laterality on three of these tests: Digit Span, Similarities and
Picture Completion. There was not a main effect of lateral-
ity on the Block Design Test. There were significant main
effects of location on Similarities, Digit Span, and Block
Design. There were no significant LateralityLocation in-
teractions.

Performance on these four measures in the two experi-

The following four subtests of the WAIS were adminis- mental groups was compared by reference to the perfor-

tered:
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Table 1. Raw scores of the baseline tests for each of the hemisphere lesion and location subgroups
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Similarities Digit Span Block Design  Picture Completion

Group or Subgroup M (SD) M (SD) M (SD) M (SD)
Left-hemisphere groupg\( = 39) 9.80 (6.24) 8.79 (3.57) 28.00(11.21) 12.41 (4.51)
Right-hemisphere groupN(= 38)  14.47 (4.24) 11.05(2.14)  29.13 (10.39) 14.03 (3.69)
Left anterior \ = 13) 12.69(2.93) 10.23(2.28) 33.58 (9.04) 13.58 (3.61)
Right anterior N = 11) 15.82(2.48) 12.09 (2.39) 33.55(9.18) 15.55 (2.54)
Left posterior N = 23) 8.33(7.00)  8.13(4.07) 26.13(11.18) 12.09 (4.91)
Right posterior = 25) 13.80 (4.87) 10.68(1.99) 27.04 (10.65) 13.48 (4.03)
Standardization sampl&(= 155) 15.5(4.1) 12.2 (2.6) 36.2 (8.8) 15.3(3.0)

Means and standard deviations of the standardization sample are given for comparison.

percentile frequency of the scores of the normative sampl@rithmetic Tests

were used to derive 5th, 25th and 50th percentile cutoff

scores. Each experimental subject’s score was thus allGgraded Difficulty Arithmetic (GDA)
cated to 1 of 4 grades of competence.

In order to compare the experimental data to the controThe means and standard deviations of the raw scores for
sample, expected frequencies were calculated with refereach of the lesion hemisphere groups and the location sub-
ence to the 5th, 25th and 50th percentile cutoff scores ofiroups on the GDA are given in Table 4. As a reference
the control sample. These expected frequencies were corpoint, the 50th percentile score of the control group is also
pared to the observed frequencies using the chi squamgiven. The age effects on the GDA were assessed by com-
for linear trend. This statistic was appropriate for this anal-bining the GDA raw scores of the two lesion series and
ysis for two reasons. First, it allows the comparison ofthen calculating a Pearson product-moment correlation co-
groups of unequal size. Second, it is influenced by the trenefficient with age, and deriving a two-tailed probability
of the data, which results in special weight being given to(r = —.2392,p = .037). Age was therefore included in a
a systematic skew toward poorer performance in the exkaterality X Location ANCOVA of the raw GDA scores
perimental groups, rather than a simple difference betwee(see Table 5). There was a main effect of laterality but not
cells. for location, and the Lateralitx Location interaction was

Chi squares for linear trend were performed (Epi-statnot significant.

1984) to compare the two lesion series, first with the con- Performance on the GDA in the two experimental groups
trol group and second with each other (see Table 3). Theswas compared by reference to the performance of the stan-
findings largely corroborate the results of the ANCOVASs. dardization sample, using the same method as described
In comparison with the normal sample, the left-hemispherebove for the baseline tests. The observed and expected fre-
lesion group is impaired on all four tests, whereas the righjuencies of each grade on the GDA for each lesion group
hemisphere lesion group is only impaired on Block Designare given in Appendix Il.

In the comparison of the right- and left-hemisphere lesion Chi squares for linear trend were performed (Epi-stat,
groups, a significant difference has been found on the twd 984) to compare the two hemisphere lesion groups, first
verbal tests, Similarities and Digit Span.

Table 3. Comparison of experimental groups: Values

Table 2. Laterality X Location ANCOVA of chi squares for linear trend

Digit Block Picture Digit Block Picture
Similarities Span Design Completion Similarities Span Design Completion

Factor df F F F F Groups X2 x? X2 X2
Laterality 3 15.34** 12.56**  0.73 4.23* Lvs.S 20.73** 15.42* 4.93* 5.61*
Location 3 4.29* 4.04* 5.08* 1.78 Rvs.S 0.01 0.78 4.42* 0.55
Interaction 7 0.13 0.004 0.45 0.64 Lvs.R 18.03** 11.80** 0.98 3.18
*p < .05. *p < .05, **p < .001. L is left-hemisphere group, R is right-hemisphere
**p < .001. group, S is standardization sample.
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Table 4. Raw scores of the two arithmetic tests for each Table 6. Comparison of experimental groups: Chi squares
of the hemisphere lesion and location subgroups for linear trend

GDA ART GDA ART
Group or subgroup N M (SD) M (SD) Comparison X2 X2
Left-hemisphere group 38 6.9 (6.1) 13.6 (4.6) L vs.S 17.03** 13.79**
Right-hemisphere group 39 11.2 (5.5) 14.2 (4.1) Rvs.S 4.84* 11.96**
Left anterior 13 8.4 (5.9) 14.3(5.1) Lvs.R 5.96* 0.24
Right anterior 11 12.6 (6.8) 15.2 (3.6)
Left posterior 23 6.4 (6.4) 13.3 (4.6) *p < .05, **p < .001, L is left-hemisphere group, R is right-hemisphere
Right pos_terl_or 25 10.5(5.0) 13.5(4.3) group', S’is stan&ardi’zation sample. ’
Standardization sample 155 14.4 (5.6) 17.4 (3.8)

Means and standard deviations of the standardization sample are given for

comparison. above for the baseline tests. The observed and expected
frequencies of each grade in the ART for each lesion
group are given in Appendix Il. Chi squares for linear trend

were performed (Epi-stat, 1984) to compare the two le-

with the control group and secondly with one another. Thegjo series; first with the control group and secondly with
left-hemisphere lesion group was demonstrated to be morg.o another (see Table 6). However, there was not a sig-

severely impaired, both when compared with the control,ificant difference between the right- and the left-hemisphere
group and with the right-hemisphere lesion group (S€§esjon groups, although both these lesion groups were sig-

Table 6). nificantly impaired in comparison with the standardization
sample.
Arithmetical Reasoning Test The relationship between GDA and ART scores within

the two lesion series was initially assessed by calculating
The means and standard deviations for the hemisphere I@wo partial correlation coefficients, controlling for age, and
sion groups and the location subgroups are given in Table 4jeriving a two-tailed probability. The scores of the left-
As areference point, the 50th percentile score of the contrahemisphere lesion group on the GDA and ART were highly
group is also given. The age effects on the ART were ascorrelated (= .7505,p < .001). In contrast, the correlation
sessed by combining the ART raw scores of the two lesionf the scores of the right hemisphere lesion group on this
series and then calculating a Pearson product-moment cjzas not significantr( = .3063,p = .065).
relation coefficient with age and deriving a two-tailed prob-  The format of the ART is lines of numbers. The question
ability (r = —.2673,p = .020). Age was therefore included arises as to whether any spatial-skills deficits or neglect syn-
in a Laterality Location ANCOVA of the raw ART scores  dromes might have systematically biased the responses of
(see Table 5). There was no main effect of either lateralitythe right-hemisphere lesion group. To investigate this, the
or location, and the Lateralit Location interaction was number of responses selected from each of the four serial
not significant. positions was calculated for the two lesion groups. Because
Performance on the ART in the hemisphere lesion groupgorrect answers might have a special salience, correct and
was compared by reference to the performance of the stamcorrect responses were analyzed separately. Chi squares
dardization sample, using the same method as describg@r linear trend, which would be especially sensitive to a
systematic lateral position bias, revealed no significant dif-
ference in the position of chosen responses that were cor-
rect [x?() = 0.13,p = .716] or incorrect ¢*() = 0.08,p =
.784], when the positions of answers chosen by the left- and
Table 5. Laterality X Location ANCOVA of the GDA and ART  right-hemisphere lesion groups were compared.

GDA ART
Factor df F F DISCUSSION
Main effects A new test of arithmetical reasoning (ART), which re-
Laterality 3 12.1%* 0.9 quires the completion of a numerical series, has been de-
Location 3 0.9 0.7 vised and administered to patients who have suffered
Interaction of Lateralityx Location 7 0.5 0.8  unilateral cerebral lesions. Their performance has been com-
pared with a standardization sample. Patient groups who
*p < .05. had suffered both left- or right-hemisphere lesions were
**p < .001. significantly impaired when compared to the standardiza-
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tion sample. In addition, the two unilateral lesion groupssion group, in terms of the serial position of their selec-
did not differ significantly from each other when their scorestions, was performed. No significant differences were
on the numerical series completion task were directly comdemonstrated between the right- and left-hemisphere le-
pared. There was no effect of lesion location when pasion groups for either correct or incorrect responses. Be-
tients with anterior lesions were compared with patientscause the spatial processing of the left-hemisphere lesion
with posterior lesions in either the right- or the left- group are unlikely to have been significantly compro-
hemisphere groups. mised, the similar performance of the right-hemisphere le-
The lack of a statistically significant difference betweension group indicates that no systematic bias relating to
the right- and left-hemisphere lesion group on the ART wagesponse position occurred.
arather unexpected result. The question arises as to whetherTurning now to a more detailed discussion of the two arith-
this could be accounted for by an unrepresentative patienhetic tests: we note that the pattern of performance of the
sample. two lesion groups differed between the GDA and the ART.
Performance on established tests of cognitive function sugFhe left-hemisphere lesion group was significantly more im-
gested that the two unilateral lesion groups were represempaired on the GDA than was the right-hemisphere lesion
tative. Predictably, the left-hemisphere lesion group wagroup. In contrast, there was no significant difference be-
significantly impaired on the WAIS Similarities and Digit tween the two lesion groups’ performance on the ART, both
Span subtest. In comparison and equally predictably, thgroups having a significant impairment when compared with
right-hemisphere lesion group was not impaired on the twdhe standardization sample. The left-hemisphere lesion group
verbal subtests of the WAIS. Both right- and left-hemispherewas significantly disadvantaged on the relatively pure com-
lesion groups were impaired on the Block Design subtestputations of the GDA compared to the right-hemisphere le-
another finding that is in line with previous reports (War- sion group. This poses the problem of what additional
rington et al., 1986). The only possible anomaly was thecognitive processes the ART may require that are vulnera-
finding that the left-hemisphere lesion group was impairedble to right-hemisphere damage.
on the Picture Completion subtest, whereas the right- Any arithmetic computation must at some point require
hemisphere lesion group was not. However, a similar findthe application of arithmetic facts and procedures for its so-
ing has been reported in a large retrospective analysis dfition, however sophisticated the reasoning processes that
patients with cerebral lesions (Warrington et al., 1986). Insupport their selection and operation. It could be argued that
that study, the left-hemisphere lesion group’s weakness oa primary computation deficit underlay the left-hemisphere
the Picture Completion subtest was attributed to a subclinlesion group’s poor performance on the ART. In contrast,
ical visual agnosia causing difficulties for some patients withthe right-hemisphere lesion group were more competent on
left-hemisphere lesions. Overall, we would argue that theréghe more straightforward computational task (GDA) than the
was nothing remarkable about the cognitive profile of theleft-hemisphere lesion group. Other aspects of the ART must
two experimental lesion groups. have compromised the performance of the right-hemisphere
Before turning to a detailed discussion of the pattern oflesion group.
arithmetic test results, we will consider possible confound- The ART numerical series completion task requires not
ing factors for the right-hemisphere lesion group’s impair-only computational ability but also the solution of an arith-
ment on the ART. First, there is the question of task difficulty. metic reasoning problem. The subject must determine how
Might the equal impairment of the left- and right-hemispherethe three numbers given in the series relate to each other,
lesion groups on the ART simply reflect a nonspecific brainabstract a relationship to calculate the missing fourth text
damage effect? Such an explanation would not account fatem, and then verify their own calculated solution against
the right-hemisphere lesion group performing better than théhe four offered solution alternatives. If no match is found,
left-hemisphere lesion group on Digit Span, Similarities andthe whole process must be repeated, perhaps informed by
more importantly, on the GDA, all demanding graded-the discrepancy between the magnitude of the incorrect, cal-
difficulty tests on which normal subjects do not perform atculated solution and the magnitude of each of the four pos-
ceiling. Thus, their susceptibility to global task difficulty sible answers. Insofar as the right-hemisphere lesion group
cannot explain similar performance of the right- and left-was very impaired on the ART, but only mildly impaired on
hemisphere lesion groups on the ART. the GDA, could it be that the more the abstraction of rela-
A second possible explanation for the right-hemispheraionships is required by a numerical task, the more vulner-
lesion group’s poor performance on the ART would be aable it might be to right-hemisphere damage?
global deficit in series completion. This is an unlikely pos-  Although it is obvious how right-hemisphere dysfunc-
sibility in view of the right-hemisphere lesion group’s nor- tion might compromise reasoning problems presented in a
mal performance on a verbal series completion taskspatial format, it is less clear why right-hemisphere dys-
(Langdon, 1993). function should impair the abstraction of relations in the con-
Third, there is the question of a deficit in spatial pro- text of numerals. There is evidence from both developmental
cessing and neglect syndromes having contributed to thstudies (Hermelin & O’Connor, 1986) and normal adults
poor performance of the right-hemisphere lesion group or{Benbow et al., 1983; Casey et al., 1990) that mathematical
the ART. An analysis of the chosen responses by each lgalent is linked to spatial skills (and hence, in all probabil-
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ity, to right-hemisphere function). The role of the right hemi-

sphere in spatial processing is established in the lesion ENCODING

literature (e.g., Benton et al., 1978; Warrington & James,

1988). The studies of Hécaen (1962) and Cohn (1961), which *

were discussed in the introduction, emphasized the impor-

tance of spatial skills in the solution of some arithmetic probA SCHEMA

lems. It seems plausible that the abstraction of humericg

relations should be at least as vulnerable to spatial skills g *

written calculation problems. Therefore it may be that the

mechanism of the right-hemisphgre lesion group's impair APPROXIMATION A

ment on number series completion was allied to compro ~¢—— ART R

mised spatial skills. 1
We wish to propose a tentative speculation to account fo * H

our finding of a significant deficit in the performance of the - ',Y:‘

right-hemisphere lesion group on the ART. Dehaene (1992 ALGEBRA ~<—— waisk | T

highlighted the role of comparison and approximation, which c

suggests that some representations of numerical quantitig 1 T

may not be primarily linguistic. Such comparisons may rely A

on a general appreciation of numeral magnitude. Hence thie—=s- COMPUTATION < GDA 5

solution of a numerical series may rely on a general appre- s

ciation of the magnitude of the intervals involved as part of
the abstraction of the relation. These “sizing” operations™ig. 1. Suggested model of cognitive processes involved in arith-
might be linked to spatial analysis, which could require themetic tasks.
integrity of the right hemisphere.

Dehaene and Cohen (1995) have suggested that both ce-
rebral hemispheres possess magnitude representation that
is at least sufficient for each to determine which of two quan- If the involvement of the two cerebral hemispheres in
tities are larger or smaller. They suggest that the right hemiarithmetic series completion is as suggested above, then
sphere may be superior to the left in the processing ofin account of our findings would be as follows. Patients
quantities. They have suggested that magnitude comparwith right-hemisphere lesions would not be able to approx-
son may rely on a representation in the form of a numbeimate a “ball-park” function for the left-hemisphere formu-
line. A number line could be used to approximate a numerfas and computation processes to derive and verify. Possibly
ical series, by first locating the given numbers and therthe left-hemisphere formula-generation processes, de-
assessing and comparing the magnitude of the steps berived of a reliable framework to guide their formulas,
tween them. However, a two-dimensional array is a morevould be reduced to generating possible solutions in a more
efficient way of representing a series, which can then beandom way, and thus be less likely to hit on the correct
described by a single line. Perhaps the representation of twdermula and subsequent solution. Thus the relatively spared
dimensional number space places greater demands on sgamputation processes of the right-hemisphere lesion group
tial processing. would confer no advantage on ART performance. In con-

Taking account of the role of spatial skills in the abstrac-trast, those patients with left-hemisphere lesions, despite
tion of numerical relations allows a plausible account ofhaving good approximation skills, would be compromised
why both right- and left-hemisphere lesion groups wereon the ART by their inefficient computation processes,
equally impaired on the numerical series completion taskessential for the derivation and verification of the correct
An essential contribution is required from each hemi-solution.
sphere for an efficient solution. Their individual contribu- At this point it is of interest to consider the work of Fas-
tions might be as follows: the spatial processing of the righsotti et al. (1992) in relation to the model. Fassotti and col-
hemisphere contributes to an initial rough appreciation ofeagues demonstrated the augmentation of encoding and
the series progression (the slope of the function or, moreschema formation for verbal arithmetic problems to the spe-
basically, the magnitude of the intervals). The verbal com-<ific advantage of patients who had suffered left-frontal and
putation processes of the left hemisphere generate and tdstateral-frontal cerebral lesions (there was no advantage to
likely formulae. The most efficient mode of operating would patients with right-frontal or left-posterior lesions, nor to
be for the approximation, formula generation, computa-control subjects). This work suggests that a set of encoding
tional rules, and calculation processes to operate interand schema processes are involved in the solution of some
actively. The generating and testing procedures wouldrithmetic problems, which apparently require the integrity
probably be performed iteratively, but not to the exclusionof the left frontal lobe. The encoding and schema processes
of the approximation processes. This speculation is deare therefore added to the model, which is described in Fig-
scribed in Figure 1. ure 1.
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Other researchers have devised more fine-grained modsohen, L. & Dehaene, S. (1995). Number processing in pure alexia:
els of specific processes involved in arithmetic. The more The effect of hemispheric asymmetries and task demaels-
general processing structure that we propose does not con- rocase 1, 121-137.
flict with these detailed schemes. Gallistel and Gelmarohn, R. (1961). Dyscalculigrchives of Neurologyd, 79-85.
(1992) proposed that preverbal arithmetic skills are base@ehaene, S. (1992). Varieties of numerical abilit@sgnition 44,
on magnitude appreciation. They maintained that these pro= ~ .
cesses remain acive alongside acul numercal arimet 1257, £ oren L 1995) e o nstoyca and
providing approximate verification of the answers pro- 1 83-115.
duced by verbal computations. Our model extends the rolgp; stat. (1984). Statistical package for the IBM Computer. Ver-
of the magnitude-judgement processes to the approxima- sjon 3.0. Roundrock, Texas.
tion of mathematical functions. This could occur by meansrassotti, L., Bremer, J.J.C.B., & Eling, P.A.T.M. (1992). Influence
of appreciating the magnitude of intervals between pairs of of improved text encoding on arithmetical word problem-
consecutive series items. solving after frontal lobe damag8leuropsychological Reha-

For example, McCloskey’s (1992) model of calculation Dbilitation, 2, 3-20.
describes the relationship between transcoding processes afigllistel, C.R. & Gelman, R. (1992). Preverbal and verbal count-
computation processes, but does not discuss the operatign "9 @nd computatiorCognition 44, 43-74.
of the computational module. The elaboration of McClos-C"aman. J., Passafiume, D., Faglioni, P., & Boller, . (1982). Cal-

key’s model put forward by McNeil and Warrington (1994) (C:L:)I?tginlcgs;%):gces in adults with focal hemispheric damage.

suggests 'pOSSIb|e dlssoqlatlons W'thm the transcoding anEUttman, E. (1937). Congenital arithmetic disability and acalcu-
computation stages, which again can be accommodated iz (Henschen)British Journal of Medical Psychologylé,
within this more general account. Nor is there any discrep- 16-35.

ancy between the main stages that we propose and Detécaen, H. (1962). Clinical symptomatology in right and left hemi-
haene’s (1992) triple-code model of number processing. spheric lesions. In V.B. Mountcastle (Edlpter-hemispheric
Dehaene’s representation models fit comfortably within the  relations and cerebral dominandgp. 215-243). Baltimore:
processing stages we define. The schema formation stage The Johns Hopkins Press.

has not previously been made explicit in this context, butiécaen, H., Angerlergues, R., & Houllier, S. (1961). Les varietés
we would support its inclusion as a major part of the global cliniques de_s :_alcalcullas au gours des Ies_lo_ns retrqla_ndlques: Ap-
processing structure for arithmetic. proche statistique de probléme. [The clinical varieties of acal-

In conclusion. our findinas suddest that the integrity of culias associated with rolandic lesions: A statistical approach
' 9 99 grity to the problem.]Revue Neurologiqye, 85-103.

bo_th the ”g_ht and_ left hemlspheres is necessary for the SQenschen, S.E. (1919). UberSprach, Musik-und Rechenmechanis-
lution of arithmetical reasoning. The performance of the e ynd ihre Lokalisation im Gerhirn [Speech, music and cal-
right-hemisphere lesion group on this test was unexpected, culation mechanisms and their localization in the brain.].
and clearly in future studies one would predict and test for  Zzeitschrift fiir die Gesamte Neurologie und Psychiat® 273—

a high correlation with spatial-processing tasks. Our notion 298.

of magnitude comparison could be put to a more direct emHenschen, S.E. (1926). On the function of the right hemisphere of
pirical test. Future work could also address the question of the brain in relation to the left in speech, music, and calcula-
how different types of arithmetic reasoning, such as arith- tion. Brain, 49, 110-123.

metic and geometric progressions, relate to our proposed€™melin, B. & O'Connor, N. (1986). Spatial representations in
model mathematically and in artistically gifted childreBritish Jour-

nal of Educational Psycholog6, 150-157.
Jackson, M. & Warrington, E.K. (1986). Arithmetic skills in pa-
tients with unilateral cerebral lesionSortex 22, 610-620.
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APPENDIX | 20. 5 6 4 — 3 2 8 7
21. 1 1 2 — 3 4 1 5

- 22. 1 3 6 — 9 10 12 8

Test Instructions 3. 5 6 9 16 15 18 10
4 1 2 6 — 8 10 14 22

Here are the numbers followed by a blank. On each of thes§5 1 5 E 9 11 15 26

practice items, your job is to look at the first three numbers,

on the left, and then choose a number, from the four on the

right, to fit on the end of the first three. For the first one, 7,

89 - _ APPENDIX Il

The instructions are repeated as necessary for each of the
five practice items. Help and prompts are given according ~ Number of patients scoring within each percentile band
to the specified administration details.

Now you have finished the practice items, here are the 25 GDA ART Expected
main items. As you have practised, you must choose one aroup and percentile band n n n
the four numbers on the right, to complete the series given )

. Left-hemisphere group
on the left. If you are not sure, just have a guess.

At or below 5th %ile 18 9 2
6th—25th %ile 9 13 8
Practice Items 26th—50th %ile 3 12 10
a. 7 8 9 — 6 10 12 23 51st—100th %ile 8 4 18
b. 2 4 6 — 8 5 7 0  Right-hemisphere group
C. 5 4 3 — 1 2 10 0 At or below 5th %ile 5 7 2
6th—25th %ile 15 15 8
. 26th-50th %ile 7 12 10
c?creerlw ems . _ ., 4 g  5ist100th S%ile 12 5 19
e. 5 10 15 — 1 25 20 18
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