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Two skills necessary for the execution of proficient calculation, retrieving

arithmetic facts from memory and accessing number magnitude information, were

studied in a group of patients diagnosed with Alzheimer’s disease (AD), mild cognitive

impairment (MCI), and healthy controls to try to elucidate the locus of impairment in

AD-related calculation deficits. This was achieved through the use of an arithmetic

production task and a number-matching task as measures of explicit and implicit retrieval

of arithmetic facts, and a numerical Stroop task that assesses automatic access to number

magnitude representation. AD patients, but not MCI patients, showed high response
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latencies and a high number of errors when performing multiplications in the production 

task, and reduced automatic retrieval of arithmetic task in the number-matching task. All 

participants showed the classic problem-size effect often reported in the mathematical 

cognition literature. Performance on the numerical Stroop task suggests that access to 

number magnitude information is relatively resistant to cognitive impairment. The 

expected distance effect was evidenced in all groups in this task. Results for the AD 

group are consistent with a pattern of preserved and impaired cognitive processes that 

might mediate the reported calculation deficits in AD. 
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INTRODUCTION 

 The ability to manipulate numbers and perform simple calculations is central to 

many aspects of everyday life such as shopping, following a recipe, or telling time. 

Evidence from both group (Allen, Bucur, Lemaire, Duverne, Pgrocki, & Sanders, 2005; 

Carlomagno, Iavarone, Nolfe, Bourene, Martin, & Deloche, 1999; Deloche et al., 1995; 

Duverne, Lemaire, & Michel, 2003; Mantovan, Delazer, Ermani, & Denes, 1999; 

Marterer, Danielczyk, Simanyi, & Fischer, 1996; Martin, Annis, Darling, Wadley, 

Harrell, & Marson, 2003; Parlato, Lopez, Pannissett, Iavarone, Grafman, & Boller, 1992) 

and single case studies (Grafman, Kampen, Rosenberg, Salazar, & Boler, 1989; Pesenti, 

Seron, & van der Linden, 1994) suggests that impairments in numerical processing are an 

early feature of Alzheimer’s disease (AD). Related to these impaired numerical abilities 

in AD patients is an early decline in everyday number-dependent activities such as 

understanding a time-table or management of personal finances (Marson et al., 2000; 

Martini, Domahs, Benke & Delazer, 2002; Sherod et al., 2009), a decline that has 

important economic and legal implications for the patients and their families (Earnst et 

al., 2001). AD-related deficits have been described in basic number abilities like counting 

patterns of dots (Maylor, Sheehan, Watson & Henderson, 2008; Delazer, Karner, Proell 

& Benke, 2006), in transcoding from one numerical code to another (such as writing the 

word “two” when presented with digit 2; Kessler & Kalbe, 1996; Tegner & Nyback,  
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1990) and in single-digit and multiple-digit calculations (Arnaud, Lemaire, Allen & 

Michel, 2008; Duverne, Lemaire & Michel, 2003). 

A popular model proposes two routes for performing simple calculations, one 

involving quantitative number processing, and the other involved in storing and retrieving 

rote verbal knowledge, such as multiplication tables, from memory (Dehaene & Cohen, 

1997). Based on this double-route model, the main purpose of the present study is to 

examine the cognitive processes involved in each calculation route, mainly access to 

numerical magnitude and retrieval of arithmetic facts from memory, and shed some light 

into their possible contribution to the reported impairment of AD patients in calculation. 

Both access to magnitude representation (Girelli, Lucangeli & Butterworth, 2000; 

Mussolin & Noel, 2008) and retrieval of arithmetic facts from memory (Ashcraft, 1992; 

LeFevre, 1988) are candidates for automatic processes in numerical cognition and the 

present study has the additional objective of investigating whether this automaticity is 

maintained in AD-related cognitive impairment and whether a lack of automaticity is 

responsible for AD-related calculation deficits. 

 

Review of research in mathematical cognition 

The term acalculia was first used by Henschen to refer to an inability to perform 

basic arithmetic operations after brain damage (Boller & Grafman, 1983; Henschen, 

1920). Henschen drew attention to various important aspects of calculation, and proposed 

an anatomical substrate for arithmetic processing that included distinct cortical centers 

responsible for abilities such as pronouncing numbers, reading numbers, and writing 
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numbers (Ardila & Rosselli, 2002; Boller & Grafman, 1983). He also reported that 

impairments in carrying out calculations could exist independent from deficits in reading 

or recognizing numbers, and independent from language abilities (Cipolotti & van 

Harskamp, 2001; Gitelman, 2003).  

 Since that time research has focused extensively on mathematical cognitive 

processes. Our current understanding of the mechanisms involved in calculation and 

numerical processing are based on evidence from developmental studies on the 

acquisition of numerical abilities, experimental studies with healthy adults, analysis of 

performance by brain-lesioned patients (Delazer, 2003) and, more recently, functional 

neuroimaging methods. Two aspects of numerical cognition will be discussed in the 

present thesis: arithmetic fact retrieval, and access to number magnitude.  

 

Arithmetic Fact Retrieval 

 In 1982 Elizabeth Warrington described the case of patient DRC who 

demonstrated calculation impairments due to an inability to retrieve the answers of 

previously familiar single-digit problems (Warrington, 1982). Consequently, he had to 

use back-up counting procedures to solve even the simplest arithmetical operation. 

Warrington concluded that DRC’s calculation problem resulted from difficulty in 

accessing his store of arithmetic facts. Arithmetic facts generally refer to simple 

arithmetic problems (e.g. 3 + 4, 2 x 5) whose solution does not require a computational 

process but which are stored in, and can be retrieved directly from, long term memory 
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(Domahs & Delazer, 2005). Retrieval of arithmetic facts from memory is central to 

almost any form of arithmetic problem solving that requires an exact result (McCloskey, 

Harley & Sokol 1991); estimation of an approximate answer would not activate 

arithmetic fact retrieval mechanisms. Although there is no circumscribed set of 

operations subsumed under the label of arithmetic facts, they commonly include 

problems with one-digit operands which have been learned by virtually all adults who 

have received a formal education (Domahs & Delazer, 2005; McCloskey, Harley & 

Sokol, 1991). Not all simple calculations are considered arithmetic facts and certain 

operations involving 0’s and 1’s (e.g. 3 x 0; 1 x 6) are believed to be answered not by 

retrieving the solution directly from memory, but by the application of a stored rule 

(Dagenbach & McCloskey, 1992; Stazyk, Ashcraft & Hamann, 1982).   

Both neuropsychological and neuroimaging data suggest that arithmetic facts are 

stored separately from other numerical skills (Warrington, 1982; Zaunmuller et al., 2008; 

Gruber, Indefrey, Steinmetz & Kleinschmidt, 2001). Warrington’s (1982) patient DRC 

demonstrated intact performance in various mathematical tasks, such as estimating the 

number of dots presented, providing the approximate result to both simple and complex 

calculations, understanding  mathematical symbols, and giving accurate definitions of 

arithmetic operations, but was unable to retrieve solutions to simple arithmetic problems 

from memory. Similarly, Hittmair-Delazer, Sailer and Benke (1995) reported the case of 

a patient with severe problems in retrieving arithmetic facts from memory, who showed 

intact processing of algebraic expressions, and accurate comprehension of complex 

arithmetical text problems. The opposite pattern of intact arithmetic fact retrieval 
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accompanied by complete loss of conceptual knowledge of arithmetic and severe 

calculation problems has also been reported (Delazer & Benke, 1997; Dehaene & Cohen, 

1997) thus confirming the dissociation between the two types of knowledge involved in 

arithmetic: memorized arithmetic facts and conceptual arithmetical knowledge (i.e. 

understanding arithmetic operations and principles).  

 

The representation of arithmetic facts: one or many? 

Despite a vast amount of research dedicated to the topic, it remains unclear 

whether segregated mental representations exist for the four basic arithmetic operations, 

whether they are separate but interrelated, or whether they are all represented in one 

common network of representations (Domahs & Delazer, 2005). Evidence for the 

complete separation of the four arithmetic operations comes from neuropsychological 

case studies of patients with specific patterns of impaired and preserved arithmetic skills. 

Singer and Low (1933) described a severely acalculic patient who had completely lost the 

ability to perform even simple subtractions and divisions. He was, however, able to 

perform very simple additions (the sum of which was less than 10), and his performance 

on multiplication was almost intact.  McCloskey, Aliminosa, & Sokol (1991) found the 

opposite results in a group of acalculic patients whose performance was generally 

impaired for multiplication operations when compared to addition and subtraction.  

Similar results were obtained by Van Harskamp and Cipolotti (2001) who 

reported the cases of three patients with intact number comprehension skills, who 
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demonstrated selective impairments in simple calculation abilities. Patient F.S. had 

sustained left parietal damage, including extensive damage to the angular and 

supramarginal gyri, after a cerebral vascular accident. F.S. demonstrated selective 

impairment of simple addition and retrieval of addition facts, with intact multiplication 

and subtraction skills. Patient V.P., who was diagnosed with Alzheimer’s disease, 

demonstrated a selective impairment in multiplication with almost flawless performance 

on complex subtraction and addition. Lastly, patient D.T., also diagnosed with 

Alzheimer’s disease, showed marked impairment in performing simple and complex 

subtraction with intact addition and multiplication skills.  

The authors interpreted these findings based on Dagenbach & McCloskey’s 

(1992) view of segregated memory representations for arithmetical operations. This 

position assumes that arithmetic facts are stored in the form of semantic memory 

networks with arithmetic facts segregated by operation. Thus, according to this view, the 

semantic network for subtractions would be segregated from the one for addition facts 

and multiplication facts. A main problem with this view is that it remains unclear to what 

extent healthy, educated adults retrieve the solutions to simple operations as arithmetic 

facts from memory (e.g. 2 + 3). In fact, it has been reported that adults utilize non-

retrieval strategies (e.g. counting with their fingers, or transforming the operation into a 

simpler form such as 5 + 6 = 5 + 5 + 1) when solving even very simple additions 

(LeFevre, Sadesky & Bisanz, 1996). Multiplication operations, on the other hand, are 

believed to be solved by direct retrieval from memory 80% of the time according to 

LeFevre and colleagues (LeFevre, Bisanz, Daley, Buffone, Greenham & Sadesky, 1996); 
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when non-retrieval strategies are used, it is generally when operations are included which 

have 0s and 1s as operands and can thus be solved by the application of a rule. While, 

compared to addition, multiplication operations are a better candidate for the study of 

arithmetic fact retrieval, care should be taken to include only operations that cannot be 

solved by a general rule.  

Other evidence suggests that representations are separable but interrelated 

especially for the two operations most commonly thought to be solved by direct retrieval: 

multiplication and addition. Cross-operation errors (when 2 + 4 is answered 8), for 

example, were found to constitute one quarter of the types of mistakes adults make when 

performing simple additions and multiplications (Miller, Perlmuter & Keating, 1984). 

Similarly, when correct multiplication results are presented for addition problems (e.g. 2 

+ 4 = 8) during verification tasks, there is significant interference, represented by reaction 

times (RT) that are longer for the related result (e.g. 2 + 4 = 8) than for the unrelated 

results (e.g. 2 + 4  = 9; Winkelman & Schmidt, 1974).  

Evidence exists both supporting and denying the interrelationship between 

representations for multiplication and division. Available theories can be summarized 

under the label of either a) single representation frameworks which predict that answers 

to complementary multiplication and division problems (e.g. 2 × 4 = 8/ 8 ÷ 4 = 2) are 

retrieved through one common underlying representation, or b) an independent 

representations framework that assumes separate representations for multiplication and 

division (Rickard,  2005).  
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Supporting common representations for division and multiplication Campbell 

(1997) reported similar error characteristics for multiplication and division operations 

when compared to other operation types. Additionally, response latencies for 

multiplication and division were highly correlated, and multiplication errors (e.g. 7 × 9 = 

56) were primed by previous division trials (e.g. 56 ÷ 7 = 8). LeFevre & Morris (1999) 

also found related error and latency patterns for multiplication and division as well as 

cross-operational facilitation by complementary problems, especially when division (56 ÷ 

7 = 8) was presented earlier than its multiplication counterpart (7 x 8 = 56). Moreover, 

participants in this study reported that when faced with a complex division problem, they 

would restate the division problem as a multiplication (e.g. 72 ÷ 8 = ?  8 × 9 = 72). 

These findings are taken as evidence of an interrelationship between multiplication and 

division. Alternatively, it is possible that, in general, educated adults have been more 

frequently exposed to multiplication problems than to division (Rickard, Healy, and 

Bourne, 1994) leading to easier solving of a division operation when the problem is 

recast as a multiplication. Less frequent exposure might also produce a representation of 

division facts that is too weak to support fact retrieval (Siegler, 1988), leading subjects to 

use back-up strategies. 

 Evidence against a high interrelationship between multiplication and division 

comes from studies by as McCloskey, Caramazza, and Basili (1985) who reported a 

patient from the Vietnam Head Injury Study who exhibited a clear multiplication deficit, 

but was able to perform long division correctly. The authors concluded that this 

dissociation suggests that each operation is represented independently. Other reports have 
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demonstrated a lack of transfer from multiplication training to division performance, a 

transfer that would be expected if the representations for multiplication and division were 

highly interrelated (Richard, Healy, and Bourne, 1994). A recent study investigating the 

brain activity underlying the transfer of arithmetic knowledge (Ischebeck, Zamarian, 

Schocke & Delazer, 2009) trained participants on multiplication problems and reported 

faster RTs and smaller error rates for the trained vs. the untrained multiplication 

problems. Fronto-parietal activation was observed upon presentation of untrained 

problems and left angular gyrus activation for the trained multiplication problems at 

testing. When transfer between multiplication and division was investigated, results failed 

to show any improvement for related divisions (division problems for which a related 

multiplication problem had been included in the training) vs. unrelated divisions. 

However, significant changes were observed in the left angular gyrus with increased 

activation for related division problems vs. unrelated. These findings seem to suggest that 

participants do utilize the newly-acquired multiplication knowledge when solving 

divisions, even if it does not result in better performance compared to untrained division 

trials. 

While neuropsychological studies have demonstrated operation-specific deficits, 

interpreted as evidence for segregated representations for each arithmetic operation, an 

alternative is to emphasize the processing components employed in answering the four 

basic operations. For instance, while multiplications are generally taught by rote 

memorization, subtractions rely on back-up counting strategies. Patterns of selectively 

preserved and selectively impaired operations may reflect problems in specific processing 
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components, rather than selective damage to stored representations, according to some 

authors. Dehaene and Cohen (1995) proposed such a processing-specific account for the 

deficits reported in the neuropsychological data. The next section describes their triple-

code model of number processing and their double-route model of calculation (Dehaene 

& Cohen, 1997).   

 

Dehaene & Cohen’s (1995, 1997) triple-code and double-route models: implications for 

the representation of arithmetic knowledge in the brain 

Calculation deficits have been observed following lesions both to the left inferior 

parietal area, and left subcortical areas (Hittmair-Delazer, Semenza, & Denes,1994; 

Rosselli & Ardila, 1989). To try to account for the fact that two very different lesion sites 

can produce deficits in computing simple operations such as 9 – 3 or 6 × 7, Dehaene & 

Cohen (1997)  propose a double-route model of calculation subserved by two distinct 

neural networks.  

Dehaene and Cohen’s (1997) double-route model of calculation was developed from 

their earlier triple-code model of number processing. This earlier number-processing 

model proposed a cognitive and neuroanatomical architecture for number processing 

which postulates that numbers are represented in three codes that serve different 

functions, have distinct neural bases, and are related to performance of specific numerical 

tasks.  
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The visual Arabic code, or numberform, represents and manipulates numbers in 

Arabic format (e.g. 5). It is believed to be subserved by areas of the left and right inferior 

ventral occipito-temporal areas. This representation is recruited during multidigit 

operations and tasks of parity judgment. The verbal code represents numbers as 

syntactically organized sequences of words. The verbal code is associated with the left 

angular gyrus and greater activation of this area is present as a numerical task puts greater 

requirements on verbal processing (Dehaene, Piazza, Pinel & Cohen, 2005). This 

representation is the primary code for accessing rote verbal memory for arithmetic facts, 

for counting, and general production of spoken or written (i.e. spelled out, e.g. thirteen) 

numbers. Neither the Arabic numberform nor the verbal code contain any semantic 

knowledge about numerical quantities,
1
 only the third code, the analogical quantity or 

magnitude code, contains a semantic representation of the number. This nonverbal, 

magnitude code represents numerical quantities on a mental number line and includes 

semantic knowledge regarding numerical quantities. It is therefore accessed when 

proximity judgments must be made (e.g. is 4 closer to 6 or to 9?), or larger-smaller 

relations established (e.g. is 9 smaller than 10?).  

According to this triple-code model, there are two basic routes through which simple, 

one-digit arithmetic operations can be solved. The direct route involves an initial step of 

transcoding the problem operands (e.g. 3 × 4) into a verbal representation of the problem 

(“three times four”). The verbal representation of the problem then triggers completion of 

                                                 
1
 While the semantics of a given numbers can include many different kinds of information, such as the 

knowledge that 17 is a prime number or the encyclopedic knowledge of certain culturally meaningful 

numbers such as 1914 or 1492, for the purposes of the present work number semantics refers to the 

magnitude associated with a number, the understanding of the “manyness” of a particular set or numerical 

symbol. 
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the word sequence by accessing rote verbal memory (“three times four is twelve”). This 

sequence completion is assumed to be subserved by a left cortico-subcortical loop 

through the basal ganglia and thalamus, a circuit involved in the execution of sequences 

and retrieval of lexical items from pre-existing stores during language generation 

(Crosson, Benefield, Cato, et al. 2003; Houk and Wise, 1995). This direct route, which is 

blind to number semantics, (i.e. it does not need to access magnitude information for the 

numbers it manipulates), is the assumed route for overlearned calculations such as single-

digit additions and multiplications. Complex operations such as 13 – 7 would not be able 

to be solved by the direct route, unless this particular operation has been rehearsed by an 

individual and subsequently acquired by rote verbal learning.   

The indirect semantic route, on the other hand, initially encodes operands as quantity 

representations, mediated bilaterally by inferior parietal areas. Semantic manipulations 

are then performed on these internal quantities, starting with a mental representation of 

one operand (e.g. in the operation 6 – 2, operand 6) and then decrementing this initial 

quantity by the number of units represented by the second operand (e.g. 6 –1 – 1= 4). 

This indirect route, the authors propose, is mostly utilized when operations have not been 

acquired through rote verbal learning, most typically in the case of subtractions.  

Evidence for the existence of these two routes for calculation (a language-based route 

of verbal fact retrieval and a semantic route of quantity processing) comes from acalculic 

patients showing selective calculation impairments. Patient BOO (Dehaene & Cohen, 

1997), who suffered from a left subcortical infarct, demonstrated an excellent 

understanding of numerical quantities in tasks such as deciding which of two single or 
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multi-digit numbers was larger. In contrast to fast and accurate responding during tasks of 

quantitative number knowledge, severe impairments in multiplication were evident 

together with a generalized slowness in responding to even simple calculations. Additions 

were mostly answered correctly, albeit slowly, suggesting the use of back-up counting 

strategies when direct retrieval of arithmetic facts is not available. Patient MAR, who 

sustained a lesion to his inferior parietal lobule, showed severe difficulties in tasks of 

quantitative number knowledge such as making judgments of number proximity or 

deciding which of two numbers is larger. Although he did not present an intact ability for 

multiplication (27.2% errors), in comparison to performance on operations such as 

subtraction (75% errors), his performance was significantly better.  Dehaene and Cohen 

(1997) assumed from these double dissociations the existence of two calculation routes, a 

quantitative number processing route that is subserved by inferior parietal areas, and a 

route for rote verbal arithmetic memory, possibly mediated by a left cortico-striatal loop.    

It is unlikely that these two routes function in strict independence of each other in the 

healthy brain, and, possibly, they are both activated to a different degree during 

calculation tasks. In fact, several reports suggest that adults solve simple arithmetic 

problems by using a combination of procedures (Campbell & Xue, 2001; Hecht, 1999; 

LeFevre, Bisanz et al., 1996; LeFevre & Morris, 1999; LeFevre, Sadesky, & Bisan, 

1996). Some of these procedures include retrieval of facts from memory (e.g. 3 × 4 = 12), 

counting (e.g. 8 + 3 = 8 + 1 + 1 + 1), performing transformations (e.g. 7 + 8 = [7 + 7] + 

1), or recasting operation as a different operation (e.g. 56 ÷ 7 = 7 × ? = 8).  These 

strategies, however, can still be divided into procedures that involve retrieving facts from 
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memory and procedures that involve accessing quantity number knowledge. For instance, 

when calculating 7 + 8 and choosing to apply a transformation strategy ([7 + 7] + 1), the 

individual might retrieve 7 + 7 = 14 from a rote verbal store, and subsequently access 

number quantity information on a mental number line to know that adding one unit to 14 

equals 15.  The finding that multiple strategies are utilized by different individuals to 

solve even simple arithmetic problems, therefore, is not incompatible with the existence 

of two basic routes for doing simple calculations.   

 

Experimental phenomena in arithmetic fact retrieval 

The problem size effect 

One of the most pervasive findings in arithmetic research is that solutions to 

problems with large operands (e.g. 7 × 8) take longer and are more error-prone, than 

solutions to small problems (e.g. 2 × 3), which are generally solved faster and more 

accurately. This problem-size effect has been found for all arithmetic operations and is 

well documented for addition (Ashcraft & Battaglia, 1978; Parkman & Groen, 1971) and 

multiplication (Campbell & Graham, 1985) while the effects in subtraction and division 

are believed to derive from the multiplication and addition effects (Campbell, 1997; 

Kamii, Lewis & Kirkland, 2001; LeFevre & Morris, 1999). Thirty years of research on 

the problem-size effect has produced a variety of explanations for this phenomena 

centered around differences in the frequency with which small and large problems are 

presented (Ashcraft, 1982, 1992; Ashcraft & Christy, 1995), the use of non-retrieval, 
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counting strategies acquired during development used for larger problems (Siegler, 

1988), the order in which problems were acquired (Campbell & Graham, 1995), and 

variations in individual strategy use dependant on problem difficulty (Campbell & 

Fugelsang, 2001; Campbell & Timm, 2000; LeFevre, Sadesky & Bisanz, 1996). No 

agreement has yet been reached regarding the basis of the problem-size effect, and this 

phenomenon remains extensively researched. 

The tie effect and operations involving 0 and 1 

Important exceptions to the problem-size effect occur in the case of tie problems 

(e.g. 7 + 7) and in multiplication or addition problems involving a 0 or 1 as operands (e.g. 

4 × 0; 1 + 5). Groen & Parkman (1972) suggested that tie problems might be solved by 

memory retrieval, arguing that ties are especially salient and may be easily memorized. 

An encoding-based explanation was offered by Blankenberger (2001) who proposed that 

repetition of the same physical stimulus resulted in faster encoding of ties versus non-tie 

problems. Alternatively, access-based approaches attribute this effect to variability in the 

accessibility to mental representation of ties versus non-ties (Campbell & Gunter, 2002; 

LeFevre, Shanahan, and DeStefano, 2004).   

 A general finding is that single-digit operations involving 0s and 1s are solved 

faster and more accurately than other single-digit operations, both for addition and 

multiplication, and in production and verification tasks (Miller, Perlmutter & Keating, 

1984; Parkman & Groen, 1971; Stazyk, Ashcraft & Hamman, 1982 ). It is generally 

accepted that operations involving 0 and 1 are solved by applying a general rule (e.g. 0 x 
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N = 0; 0 + N = N; Ashcraft, 1985; Campbell & Graham, 1985).   Ashcraft (1982, 1983) 

believes that zero and 1 rules make up an aspect of an individual’s procedural knowledge 

of arithmetic, distinct from declarative knowledge which is composed mainly of stored 

arithmetic facts.  

 

Error patterns in arithmetic fact retrieval  

Both normal and brain-damaged individuals demonstrate specific patterns of 

errors when performing multiplications. These patterns of highly systematic errors 

provide evidence regarding the underlying cognitive processes involved in arithmetic 

processing and have led to the development of several models of arithmetic fact retrieval.  

 Operand-related errors refer to erroneous answers to a problem that are 

nonetheless correct for similar problems sharing an operand with the presented problem. 

For instance, answering 48 when presented with 8 × 7 would constitute an operand-

related error as 48 is the correct answer for the problem 8 × 6, which shares the same 

operand 8. Campbell & Graham (1985) reported that 79% of adults’ multiplication errors 

were operand-related (see also Miller et al, 1984); these errors also constitute the most 

frequent error type in acalculic patients (Domahs & Delazer, 2005).  

 Table errors are made when an erroneous answer is provided to a presented 

operation which is correct for a different operation that does not share any operands with 

the stimulus operation (e.g.  6 × 9 = 56; 56 is correct for 8 × 7). In Campbell and 

Graham’s (1985) study 13% of errors were of this type. Studying a brain-damaged 
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patient, Sokol, McCloskey, Cohen, and Aliminosa (1991) found that both operand and 

table errors remained constant even across different number surface formats (Arabic 

numbers and written number words).  

A third common type of error made by normal adults when performing simple, one-digit 

operations is operation errors. These types of errors refer to instances when an erroneous 

response is given that is correct for a different arithmetic operation involving the same 

operands (e.g. 2 + 3 = 6). Miller et al. (1984) reported that 24% of multiplication errors 

and 35% of addition errors were operation errors in a sample of healthy adults.  

 Finally, nontable errors are an infrequent type of error (7% of errors made by 

adults; Campbell & Graham, 1985) made when a response is given that is not an operand-

related, table, or operation error (e.g. 8 × 7 = 59). To account for these characteristic 

errors observed in arithmetic fact retrieval, several theoretical models have been 

developed which will be discussed later. 

 

Experimental models in arithmetic fact retrieval  

In order to sort out the claims of the main arithmetic fact retrieval models 

proposed, McCloskey, Harley and Sokol (1991) analyzed the different models in light of 

the arithmetic fact retrieval errors types frequently reported in the literature. Some of the 

conclusions from their analyses are discussed below. 

Ashcraft’s (1987) Network Retrieval Model 
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Ashcraft’s (1987) network retrieval model is one of the first to propose that simple 

arithmetic problems are retrieved from a network of stored facts. His model postulates a 

memory network with nodes representing the first operand, the second operand, and the 

answer to a simple, single-digit arithmetic operation (e.g. 8 x 4). According to this model, 

all arithmetic problems, even those that share an answer (e.g. 6 x 3 and 9 x 2), have their 

distinct set of nodes and thus two answer nodes would exist (e.g. 18), one for each 

problem. When a problem is presented and retrieval processes must be engaged, the 

corresponding operand nodes are activated and activation then spreads to the associated 

answer nodes.   For example, if 2 × 7 is presented, activation spreads from the 2 operand 

node to the answer nodes for all 2 × N problems, and from the 7 operand node to answer 

nodes for all N × 7 problems. Since only the 14 (2 × 7) answer node will receive direct 

activation from both the 2 and the 7 operand nodes, this node will be most highly 

activated and is thus chosen as the answer.  Activation of the correct answer node will, 

however, produce spreading activation to neighboring answer nodes (especially for 

problems which share an operand or have operands close in magnitude to the presented 

operand, for example 12 and 16) which accounts for the common operand-related errors 

reported in the literature.  

 Ashcraft also postulates that the amount of activation that spreads from an 

activated operand node to an associated answer node is proportional to the strength of the 

operand-answer association. This operand-answer association is strengthened by learning 

and frequent exposure to the problem, so the greater the problem’s frequency of 

presentation, the stronger the operand-answer association will be. The problem-size effect 
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is then easily explained by this model which attributes the effect to differences among 

arithmetic problems in the strength of their operand-answer association, based on 

frequency of presentation. Problems with small operands, it is argued, are encountered 

more frequently during formal education (Ashcraft & Christy, 1995) and in everyday life 

(Dehaene & Mehler, 1989) leading to stronger operand-answer associations for small 

problems compared to larger problems. Hamann and Ashcraft (1986) found, however, 

that while a small-problem bias was present in widely used first-grade textbooks, it was 

essentially absent in second-grade texts, and actually reversed in third-grade texts. It is 

unlikely that a frequency-based explanation for the problem size effect accounts for the 

observed performance in adults when small-problem presentation biases in education are 

only present at a very early age.    

While the network retrieval model provides an adequate explanation for operand-

related errors, it was mostly developed to account for reaction time phenomena (problem-

size effect) and many commonly-found error types in arithmetic fact retrieval are more 

difficult to interpret. Table errors, for instance, are interpreted based on assumptions of 

spreading activation among answer nodes. That is, when 6 × 9 is presented, it will 

activate answer node 54, but may also activate answer node 56 (correct answer node for 7 

× 8) and select this node as the correct answer. The mechanism by which this secondary 

activation could occur is for instance, through activation of all 6 × N answer nodes which 

includes 6 × 8 and subsequent activation of other nodes which share an operand with 6 × 

8   (e.g. 7 × 8 = 56). The model offers little evidence or a satisfactory explanation as to 

why this secondary activation (which according to the frequency account should have a 
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very weak operand-answer association) leads to the retrieval of an incorrect answer. The 

model is also unable to account for non-table errors as answer nodes would only be 

available for numbers that are the correct result of an operation. Theoretically, non-table 

answer nodes (for instance 38 for 4 × 9) could not be activated even through secondary 

activations as described above because there is no available node for 38 in the network 

(i.e. it is not part of the multiplication table).  

 

Siegler’s (1988) Distribution of Associations Model  

Siegler’s model (Lemaire & Siegler, 1995; Siegler, 1988; Siegler & Shrager, 

1984) was developed to account for procedural differences in learning of associations 

between problems and their answers during development. Siegler noted that during initial 

learning, children engage in non-retrieval backup strategies such as adding (e.g. 2 × 3 is 

two added to itself three times). As the problem is presented repeatedly and the adding 

strategy is applied several times, the problem eventually becomes strongly associated 

with the answer. Once the problem has accrued enough associative strength, the answer 

can be directly retrieved. During the use of backup strategies, however, errors can be 

made (e.g. 2 × 3 = 2 + 2 + 2 + 2 or 2 + 2 + 2 = 7) and these errors will result in several 

answers becoming associated with the problem (2 × 3 = 6/ 8/ 7). The larger the problem, 

the higher the probability of counting errors and the more likely multiple answers will 

become associated with the problem.  

According to this model nodes representing whole problems (e.g. 2 × 3) are 

associated in a memory network with nodes representing both correct and incorrect 
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answers. Generally, associations between a problem and its correct answer are stronger 

than between the problem and an incorrect answer. When a problem is presented, one 

answer is retrieved based on that particular answer’s associative strength relative to other 

answers associated with the problem; answers strongly associated with the problem (e.g. 

2 × 3 = 6) are more likely to be retrieved than answers weakly associated with the 

problem (e.g. 2 × 3 = 8). Each retrieved answer is evaluated against a confidence 

criterion; if the strength of association between the problem and the chosen answer falls 

below the threshold value the processes of choosing an answer and comparing its strength 

to the criterion are repeated.   

The problem-size effect is explained by this model as greater time needed to sort 

out through all the incorrect answers weakly associated with large operand problems 

before retrieving the correct answer. Thus, when 9 × 8 is presented, the problem node is 

activated and activation then spreads to the various answers associated with the problem. 

Each of the activated, incorrect answers needs to be evaluated against the confidence 

criterion until the correct answer is found, a time-consuming, error-prone process. 

Operand and non-table errors are also interpreted based on incorrect associations formed 

during early calculation resulting from inaccurate use of backup strategies. 

Two types of errors, operation errors and table errors are especially problematic 

for this model. For a table error to be possible under the assumptions of this model, 

repeated addition errors in childhood should have yielded an answer that is part of the 

multiplication table (e.g. 2 + 2 + 2 = 10). It is actually more likely that children would 

make errors that result in answers that lie in close proximity to the correct answer (e.g. 2 
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× 3 = 2 + 2 + 2 = 7). This, however, would mean that non-table errors would be more 

frequently produced than table errors, a prediction that is not supported by the available 

evidence (Campbell & Graham, 1985). Another commonly-found type of error, operation 

errors, would also be virtually impossible under the assumptions of the distribution of 

associations model. For these types of errors to be interpreted by this model, it would 

have to be assumed that backup strategies often produce addition answers to 

multiplication problems and vice versa (McCloskey et al., 1991). This means that a child 

attempting to solve 8 + 5 through the use of backup strategies would somehow arrive at 

the number 40. Siegler (1988)  suggests that during early arithmetic training, a child 

might confuse a problem (e.g. 7 x 5) with its corresponding addition problem (e.g. 7 + 5) 

therefore forming an association with the incorrect answer 12. This explanation, however, 

could only account for errors in which an addition answer is provided to a multiplication 

operation (e.g. 2 x 3 = 5), not the other way around. Since generally children learn 

addition earlier than multiplication, addition problems should have obtained enough 

associative strength and should not be influenced by multiplication answers which have 

not been learned yet.    

                                                                                                                                                                                     

Campbell’s (1995) Network Interference Model 

Like Ashcraft (1987), Campbell’s (1987a; 1987b; 1995; Campbell & Graham, 

1985) network interference model assumes that nodes representing operands are 

associated with nodes representing answers. The main difference with Ashcraft’s model 

is that Campbell’s network includes only a single answer node. The operations 2 x 9 and 
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3 x 6 would thus activate the same answer node 18, in contrast to Ashcraft’s model in 

which each operation would have its own 18 answer node. Additionally, this model 

assumes that answer nodes are associated, not only with operand nodes, but also with 

nodes that represent the whole problem. When 6 x 4 is presented, it would therefore 

produce activation of two operand nodes, 6 and 4, as well as a problem node, 6 x 4, and 

an answer node 24. Additionally, problem nodes may be linked with incorrect nodes as 

well, so in the case of problem 6 x 4, answer nodes 30, or 16 might also be activated.  

Based on the empirical observation that incorrect answers close in magnitude to 

the correct (e.g. 6 x 4 = 26) answer influence performance more than incorrect answers 

distant in magnitude (e.g. 6 x 4 = 79), Graham (1987) proposed that problem nodes might 

also be associated with general magnitude representations that produces increased 

activation of answer nodes that are in close magnitude to the correct answer. A final 

assumption of this model is the association between answer nodes, for example answer 

nodes that share a digit (e.g. 25 and 54). 

 Under the assumptions of the network interference model, when a problem is 

presented, a set of response candidates (both correct and incorrect) receive activation in 

proportion to their acquired strength. A direct relation is assumed by the model, between 

the activation level and the probability of retrieval.  An important assumption of this 

model is that interference caused by the activation of incorrect answer nodes influences 

performance on simple arithmetic. Activation of both incorrect and correct responses will 

produce an increase in RT during generation of the correct response to an operation. This 

increase in RT is able to generate a problem-size effect, according to this model; small 
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problems are generally presented more frequently and earlier during arithmetic training 

than larger problems, which leads to stronger associations between operands/problems 

and correct answer nodes (McCloskey et al., 1991).  In a later version of the model 

(Campbell, 1995), reference to the magnitude code was made to explain the problem-size 

effect: when larger problems are presented, activation of the larger magnitude code 

activates more problem nodes than smaller problems and more incorrect answer 

activations must be inhibited. Additionally, an activated incorrect answer might be 

chosen as the correct answer, through a process unspecified by the model, leading to the 

production of an error. The frequency of a particular error is a reflection of the strength of 

association between a problem and a false answer (Campbell, 1987b). 

 

 

Verguts and Fias (2005) Interactive Neighbors Model  

 Verguts and Fias’ (2005) recent model agrees with earlier ones in that RT and 

error phenomena in arithmetic fact retrieval can be explained in terms of interference 

between a problem and multiple activated answers (correct and incorrect) to the problem. 

This model, however, does not rely on frequency or order of acquisition explanations for 

phenomena such as the problem-size effect. The core component of this model includes a 

semantic field representing the multiplication tables which is organized on the bases of 

the size of the operands. Problems with similar operands (e.g. 7 x  8 and 8 x 8) are stored 

closely together.  
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 According to this model, presentation of a problem (e.g. 5 x 3) will activate two 

separate input fields, a max operand field will be activated by the maximum number in 

the problem (5) and a min operand field will be activated by the minimum number in the 

problem (3). Activation from the max and min fields then diffuses to the semantic field 

and, in the present example (5 x 3) activation will be most strongly concentrated at row 5, 

column 3 of the triangularly structured semantic field. Some activation, however, will 

also occur at neighboring positions (e.g. row 5, column 4).  The semantic field then 

activates decomposition fields that are separate for decades and units and from here 

activation is projected to a response field.  

 The problem-size effect is explained by this model by a more consistent activation 

of decades from smaller operands than from larger operands.  For example, upon 

presentation of problem 5 x 3, semantic field neighbors 5 x 2, 6 x 3, and 4 x 3 are also 

activated which all consistently activate the same decade field (1). Only one neighboring 

problem (4 x 5) activates a different decade (2). In contrast, large problems are associated 

with less consistent activation of a single decade; for example in problem 8 x 7 = 56, 

neighboring problems activate a variety of decade fields (8 x 8 = 64; 8 x 6 = 48) leading 

to more competition among different decades, slower responses, and increased errors 

(Domahs & Delazer, 2005).  

Summary and conclusions 

 Although there is not a specific set of arithmetic operations that can be labeled as 

arithmetic facts, it is generally assumed that educated adults solve simple, one-digit 
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additions and most multiplications via retrieval from long-term memory. It remains 

unclear whether different representations exist for the different types of operations, but 

research from acalculic patients has reported dissociations between operations, 

suggesting independent stored representations for addition, subtraction, division, and 

multiplication. An alternative view, however, is to interpret these findings in terms of 

deficits in processing components, mainly processes involved in retrieval of arithmetic 

facts from memory, and processes involved in accessing semantic information about 

number in order to perform calculations. A variety of experimental models have been 

developed around characteristic errors and experimental effects observed in, mostly, 

multiplication. Most of these models assume that arithmetic facts are stored in long-term 

memory as a semantic network, much like the one for words, including operand and 

answer nodes, and with fluctuating levels of activation.  

 

 

Representation of numerical magnitude 

A fundamental numerical skill is the ability to judge the relative value of a 

numerical symbol. Performing this simple task requires an understanding of numerical 

magnitude, or the “manyness” that a particular numerical symbol represents. It has been 

suggested that these basic numerical abilities underlie higher mathematics and children 

must master these skills before being able to acquire and execute more complex 

calculation (Butterworth, Zorzi, Girelli, & Jonckheere, 2000; Girelli, Lucangeli, & 
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Butterworth, 2000).  Inefficient access to magnitude representations has been proposed to 

underlie the mathematical difficulties experienced by children with dyscalculia (Geary, 

Hamson & Hoard, 2000; Rubinsten & Henik, 2005, 2006)  

 

Experimental phenomena in magnitude processing 

Adult studies of magnitude processing have identified several robust experimental 

phenomena. Two of these phenomena, the distance effect and the size-congruity effect, 

are generally regarded as evidence that numerical symbols are converted into an analogue 

representation of magnitude and that this process is automatic.  

 Number comparison tasks, where subjects must select the larger (or the smaller) 

of two visually presented digits, are often used to assess magnitude representation. Moyer 

and Landauer (1967) were the first to report one of the most robust effects in numerical 

cognition research, the distance effect. Using a number comparison task, they observed 

that the larger the numerical difference between two presented digits, the shorter the time 

required to determine which number was larger. Deciding that 6 is larger than 4 would 

take significantly longer than deciding that 6 is larger than 1. Moyer and Landauer 

interpreted these findings by suggesting that numbers are converted to analog 

magnitudes, and then those magnitudes are compared in “much the same way that 

comparisons are made between physical stimuli such as loudness or length of line” (p. 

1520).  Digits are not compared, therefore, at a symbolic level; instead they are initially 

recoded and compared as quantities (Dehaene, 1992). These assumptions of an abstract 
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representation of magnitude have been evidenced by finding a distance effect across 

stimulus formats including single and double-digit Arabic numerals, written numbers 

(e.g. five and seven), dot patterns, and Japanese kana and kanji ideograms (Buckley & 

Gillman, 1974; Foltz, Poltrock, & Potts, 1984; Hinrichs, Yurko, & Hu, 1981; Sekuler, 

Rubin & Armstrong, 1971; Takahashi & Green, 1983).  

In line with the proposition by Moyer and Landauer, Dehaene and colleagues 

(Dehaene, 1989; Dehaene, Dupoux, & Mehler, 1990) suggest that digits to be compared 

are first mapped into quantities on an analogical number line (Restle, 1970). According to 

Dehaene and colleagues (Dehaene, Dupoux, & Mehler, 1990) this number line is 

compressed in such a way that for equal numerical distance, the subjective distance 

between the corresponding mental representations is smaller as number size increases. 

Therefore, the internal semantic representation of close numbers, such as 1 and 2 overlap 

more than that of more distant numbers like 1 and 7 (Dehaene & Changeux, 1993; 

Gallistel & Gelman, 1992).  

Additional evidence for the representation of numerical symbols as quantities 

comes from a studies by Hinrichs, Yurko, & Hu (1981). Hinrichs and colleagues (1981) 

presented participants with a 2-digit number and asked them to compare it to a standard 

reference. If Arabic digits were simply compared on the bases of their symbolic 

appearance, argues Dehaene (1992), it would take the same time to compare 51 to 65 or 

59 to 65; paying attention to the decades would be sufficient to determine which is larger 

and the units would even be ignored.  Results of such tasks, however, reveal that 

comparing 59 to 65 takes longer than comparing 51 to 65 as symbols are initially 
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converted into an internal magnitude code and then mapped into a compressed number 

line. The distance effect is also resistant to training: even after extensive training in trying 

to avoid the distance effect (over 1900 training trials), this effect was still present in a 

group of university students (Dehaene, 1997).  

Adults and young children have been found to process number magnitude even in 

instances when it is irrelevant to the task. That is, just seeing an Arabic numeral is 

claimed to activate its magnitude representation (Dehaene, Bossini, & Giraux, 1993; 

Duncan & McFarland, 1980; Henik & Tzelgov, 1982). For instance, when asked to 

decide whether two presented digits were the same or different, both adults and children 

in a study by Duncan and McFarland (1980) were slower to say “different” when the 

numbers were numerically close (e.g. 2  3) than when they were numerically distant from 

one another (2  8). These results suggest that a distance effect is present starting at a 

young age (in kindergartners) even when magnitude comparisons are completely 

irrelevant to the task at hand. In a study by Dehaene and Akhavein (1995), participants 

were asked to count how many numerical symbols are presented, while ignoring the 

identity associated with the symbol. Participants were slower during incongruent trials 

when the number of items differs from the identity of the items (e.g. 555) than congruent 

trials when identity and number of items matches (e.g. 333).  

The numerical Stroop paradigm has been used to investigate automatic and 

unintentional activation of magnitude representations. In this task, pairs of digits of 

varying physical size are presented, in both a numerical and a physical condition, where 

subjects must select the physically larger (physical condition) or numerically greater 
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(numerical condition) digit from the pair. Congruency between magnitude and physical 

dimension is manipulated in these tasks and three types of trials are compared: congruent 

trials are those where the digit that is physically larger is also numerically greater (e.g. 7  

2); incongruent trials are those where the digit that is physically larger is numerically 

inferior (e.g. 7  2); neutral trials are those where both numbers have the same physical 

size (e.g. 2  7; numerical condition) or the same magnitude (e.g. 7  7; physical condition). 

Presence of an interference effect in the physical comparison task (slower reaction times 

for incongruent than neutral trials), also known as the size-congruity effect, is an 

indication that magnitude information, though irrelevant to the task, has been 

automatically accessed.  

This automatic access to magnitude representations has been studied in children 

and has deemed to be achieved gradually during development. Girelli, Lucangeli, and 

Butterworth (2000) examined first, third, and fifth graders using the numerical Stroop 

task and found that size-congruity for the physical condition was present in adults and 

emerged in children in the third grade. They concluded that automatic access to 

magnitude occurs as numerical skills improve. A similar study was conducted by 

Rubinsten, Henik, Berger, and Shahar-Shalev (2002). These authors analyzed students at 

the beginning and end of first, third, and fifth grade and determined that the size-

congruity effect begins to appear at the end of first grade.    

It has been suggested that developmental dyscalculia, a disorder of mathematical 

cognition, is associated with a dysfunction in the representation of numerical magnitude 
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and deficient automatic access to it. A case study presented by Butterworth (1999) 

described the case of Charles who, at the age of 31, relied on counting strategies to 

perform simple tasks such as selecting the larger of two presented digits. Not only did he 

present with abnormally long reaction times, but he showed a reversed distance effect: he 

was faster to respond when digits were numerically close than when they were 

numerically distant.  

Rubinsten and Henik (2005, 2006) have investigated access to magnitude 

representations in dyscalculic adults and found a reduction in the size-congruity effect 

during performance of a numerical Stroop task. That is, there seems to be a reduction in 

the automaticity with which the numerical values of the presented digits are accessed in 

dyscalculics. Additionally, the authors reported a lack of a facilitation effect in the 

developmentally dyscalculic adults. Facilitation is one aspect of the size-congruity effect 

in which reaction times are faster for congruent trials (e.g. 7  2) in physical comparison 

tasks than for neutral trials (e.g. 7  7). Absence of a facilitation effect has also been 

reported in normal adults after transcranial magnetic stimulation to the interparietal 

sulcus (Cohen Kadosh et al 2007) and in acquired dyscalculia (Ashkenazi, Henik, 

Ifergane, & Shelef, 2008). In a recent study, increases in cognitive load during a 

numerical Stroop task elicited dyscalculia-like patterns in normal adults (reduced 

facilitation) which lead the authors to suggest that in addition to numerical processing 

deficits, dyscalculics might suffer from a difficulty in recruiting attention (Ashkenazi, 

Rubinsten, & Henik, 2009).  
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Neural bases of arithmetic and number processing 

The parietal lobe has been known to play a protagonist role in numerical and 

mathematical processing since the time when Henschen first reported a case of acalculia 

(1925) and Gerstmann (1940) described the co-occurrence of acalculia, agraphia, finger 

agnosia, and left-right confusion after parietal damage (Gerstmann’s syndrome). The 

lesions that cause acalculia of the Gerstmann type were later identified as occurring in 

Brodmann’s area 39, the portion of the left intraparietal sulcus located immediately 

behind the angular gyrus (Dehaene et al, 2005; Mayer, Martory, Pegna, andis, Delavelle, 

& Annoni, 1999; Takayama, Sugishita, Akiguchi, & Kumura, 1994).  

Roland and Friberg (1985) were the first to study the involvement of the parietal 

cortex in healthy subjects while they performed calculations. Regional cerebral blood 

flow (rCBF) increases were present in the inferior parietal and prefrontal cortex 

bilaterally when subjects repeatedly subtracted three from a given number. Functional 

magnetic resonance imaging (fMRI) techniques were later utilized to confirm activation 

of parietal areas during calculation: during tasks of mental subtraction activation was 

present in areas of the left dorsolateral prefrontal cortex (DLPFC) and inferior parietal 

cortex (Burbaud, Camus, Guehl, Bioulac, Caille, Allard, 2000; Burbaud, et al., 1995; 

Rueckert et al., 1996). A positron emission tomography also demonstrated bilateral 

activation of the intraparietal region during a study of multiplication and digit comparison 

(Dehaene, et al., 1996). 
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Dehaene and colleagues (2005) have further delineated the central role of parietal 

areas for calculation-related processes by proposing that three circuits coexist in the 

parietal lobe, each associated with a specific aspect of calculation and numerical 

processing.  

Number processing 

The human brain has the ability to comprehend and produce a variety of 

numerical formats including written Arabic numerals, or written and spoken number 

words. Neuroimaging techniques have revealed that numbers of different surface formats 

seem to elicit activation of distinct cerebral areas during number viewing tasks. Using 

intracranial event-related potential (ERP) recordings, Allison et al. (1994) identified areas 

of the fusiform gyrus and the inferior temporal lobe which were responsive to viewing 

numbers but not letters.  

Similarly, an fMRI study using a number comparison task by Pinel, Le Clec’h, 

van de Moortele, Naccache, LeBihan, and Dehaene (1999) found greater activation for 

Arabic numerals compared to number words in the right fusiform gyrus. No occipito-

temporal area was conversely more activated for number words than Arabic numerals but 

the authors reported a prolonged hemodynamic response for number words in the left 

superior, precentral gyrus, probably related to a slower subject response to number words 

during the task. The authors noted that while distinct areas of the temporal lobe 

responded to different numerical notations, parietal areas seem to be notation-

independent, in agreement with theories that suggest abstract representation of numerical 

quantity in areas of the parietal cortex.  
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Magnitude processing 

Tasks such as estimating the numerosity of a set, subtracting one-digit numbers, 

and estimating the approximate results of an addition problem seem to consistenly 

activate the horizontal segment of the intraparietal sulcus (HIPS; Piazza, Mechelli, 

Butterworth, & Price, 2002; Chochon, Cohen, van de Moortele, & Dehaene, 1999; 

Dehaene, Spelke, Stanescu, Pinel, & Tsivkin, 1999).  

Several lines of evidence suggest that the HIPS is activated whenever access is 

needed to the semantic representation of a number, as it contains a bilateral representation 

of numerical quantity, analogous to a number line (Dehaene, Piazza, Pinel, & Cohen, 

2005). The HIPS is more active, for instance, when subjects perform calculations or 

compare the magnitude of two numbers than when they only have to read numerical 

symbols (Chochon et al., 1999; Pesenti, Thioux, Seron, & De Volder, 2000).  It is also 

more activated during number comparisons than when comparisons must be made 

between categories of objects on non-numerical scales, such as comparing the relative 

position of body parts (Le Clec’h et al., 2000).  

Activation of the HIPS has also been shown to be specific for the number domain 

and independent of the particular modality of input used to present the numbers. Arabic 

numerals, number words, and sets of dots or tones can activate the HIPS if subjects are 

asked to attend to the numerosity of the stimuli as opposed to their physical 

characteristics like color or pitch (Piazza, Mechelli, Price, & Buttworth, 2006). A study 

by Thioux and colleagues (Thioux, Pesenti, De Volder, & Seron, 2002) presented 

subjects with number words and names of animals matched for length and asked them to 
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perform a classification (e.g. is seven odd?; is a dog a mammal?) or a comparison task 

(e.g. is seven larger than five?; is a bear more ferocious than a dog?). The bilateral HIPS 

showed greater activation for number words in both tasks, while animal names were 

associated with increased activity of the left inferior temporal regions in both tasks. The 

HIPS thus shows category-specificity independent of the context of the task.  

Priming studies have also revealed activation of the HIPS even when the subject 

is not aware of having seen a numerical symbol (Naccache & Dehaene, 2001). In a study 

by Naccache & Dehaene (2001) subjects decided whether presented numbers were 

smaller or greater than 5. Performance was significantly faster when the target number 

was immediately preceded by the subliminal presentation of the same number than when 

it was preceded by a different number. Results from the fMRI analysis revealed that there 

was less parietal activation when the prime and target number corresponded to the same 

quantity, than when the prime and the target number represented different quantities. 

Increased HIPS activation was present when neural assemblies for two different 

numerical quantities were activated, relative to neural assemblies activated for a single 

number quantity (Dehaene et al., 2005).  

Finally, electrophysiological data provides evidence for the neural bases of the 

mental number line, represented as distributions of activation over a numerical continuum 

(Dehaene et al., 2005). Sawamura, Shima, & Tanji (2002) showed that populations of 

neurons in the intraparietal sulcus may be tuned to an approximate numerical quantity. 

They trained macaque monkeys to perform an action exactly five times and the timing of 

the actions was varied to prevent the animals from responding to temporal parameters 
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instead of numbers. Populations of neurons were tuned to 1, 2, 3, 4, and 5 actions in a 

well-delimited area of the parietal lobe, a possible homolog of the HIPS in humans. 

Similar results were reported by Nieder, Freedman, & Miller (2002) who also found 

number-coding neurons in the parietal cortex of macaque monkeys using a match-to-

sample task with visual displays containing between 1 and 5 items.  

Retrieval of arithmetic facts  

Retrieval of arithmetic facts is assumed to be mediated by a verbal processing 

loop involving the left-hemisphere language areas, the thalamus, and the basal ganglia 

(Dehaene & Cohen, 1995). The verbal aspects of fact retrieval have been ascribed to the 

left angular gyrus, a region found to be more strongly activated during performance of 

operations such as multiplications and single-digit problems (presumed to be stored as 

strings of words and solved by fact retrieval) than subtractions or multi-digit operations 

that are not generally solved by direct retrieval (Grabner et al. 2007; Stanescu-Cosson et 

al., 2000). The left angular gyrus is not merely involved in calculation, but in other types 

of language-mediated processes; an fMRI study by Simon et al. (2002) found overlapping 

activity in the angular gyrus for calculation and phoneme detection proving that it is 

jointly recruited by language and calculation processes. 

Several studies have reported increased activity in the left angular gyrus during 

performance of arithmetic operations that require access to rote verbal memory of 

arithmetic facts, such as the case of multiplication (Chochon et al., 1999; Dehaene et al., 

2005; Delazer et al., 2003; Gruber, Indefrey, Steinmetz, & Kleinschmidt, 2001; Jost, 

Khader, Burke, Bien & Rosler, 2009; Jost, Khader, Burke, Bien, & Rosler, 2010 ). Lee 
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(2000) presented participants with subtraction and single-digit multiplication operations 

and observed stronger activation of the intraparietal sulcus during subtraction and greater 

activation of the left angular gyrus during multiplication. Another group of researchers 

found that addition problems with small operands activated areas of the angular gyrus 

more strongly than additions with larger operands; as more complex (larger operand) 

additions are less likely to be solved by direct retrieval, these results provide evidence to 

the role of the angular gyrus in retrieval of arithmetic facts that are retrieved from long-

term memory. Similar results were reported by Jost et al. (2009); small operand problems 

(e.g. 2 x 4) activated areas of the angular gyrus and basal ganglia, and larger operand 

problems (8 x 9) activated areas of the anterior cingulate cortex and left inferior frontal 

gyrus, probably due to the coordination of multiple processing steps required when a 

problem cannot be directly retrieved. An additional contribution of this study was the 

finding that zero problems involving the application of a zero rule (e.g. N x 0 = 0), 

activated areas distinct to those activated by small and large operand problems, mainly 

areas of the caudate nucleus and right inferior frontal cortex.   

Additional evidence for the role of the angular gyrus in arithmetic fact retrieval 

comes from a study by Delazer and colleagues (2003). Delazer trained participants on a 

set of 18 complex two-digit multiplication problems over a period of 5 days until they 

achieved high accuracy. During a subsequent fMRI session, participants were presented 

with multiplication problems that included trained and untrained operations. Solving 

untrained problems resulted in higher activation of  intraparietal sulcus and frontal areas, 

while the trained problems resulted in higher activation of the left angular gyrus. The 
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observed shift in activation from intraparietal areas to the angular gyrus reflects a 

transition from quantity-based processing to retrieval of arithmetic facts from memory, a 

pattern also found in children as they acquire and later master multiplication tables. 

Whalen and colleagues (1997) used cortical stimulation to identify the cerebral areas 

associated with arithmetic fact retrieval. The researchers analyzed patient AA who was 

suffering from a left-hemisphere brain tumor and associated seizures. For clinical 

purposes and prior to surgery, AA had to wear a series of electrodes and received cortical 

stimulation. Whalen and colleagues found that cortical stimulation at a single site in the 

anterior parietal region (an area distant from the tumor site) impaired AA’s performance 

on single-digit multiplication problems. Performance was normal when stimulation was 

not applied, when it was applied to adjacent electrodes, and was near normal for simple 

addition problems (87% correct). Although there are several limitations to this study, 

mainly related to the lack of assurance that the stimulation was precisely disrupting 

activity of the angular gyrus, it is interesting to note that stimulation of a distinct region 

of the parietal lobe was able to disrupt direct retrieval of arithmetic facts from memory, 

while the ability to use back-up strategies when direct retrieval was not available (such as 

in the case of simple additions) remained intact.  

 

 

Arithmetic and number processing in healthy aging 
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Compared to the wealth of information regarding the arithmetic abilities of 

children, their development and dysfunction, relatively little is available on the arithmetic 

skills of the elderly. Upon finding few age-related differences in central arithmetic 

processes, the available research has mostly centered on age-related differences in the 

distribution and execution of strategies used by older adults to solve simple and complex 

arithmetic operations.  

Geary and Wiley (1991) were among the first to investigate simple arithmetic 

skills in a sample of healthy older adults. Young (mean age 19.8 years) and older (mean 

age 71.3 years) participants were presented with 40 simple addition problems. They were 

asked to provide a verbal answer to the problem and were subsequently asked to describe 

the strategy they used to solve the problem. While older adults took longer to provide 

answers, they were somewhat more accurate than younger adults. No real differences in 

overall performance were found between the young and old groups which lead the 

authors to conclude that there are no qualitative age differences for arithmetic processes. 

Younger adults, however, retrieved answers to simple additions faster than older adults 

and the authors further investigated the possible locus of this group difference.  

A distinction has been proposed in the cognitive aging literature between central 

and peripheral processes (Cerella, 1985). Central processes in arithmetic refer to those 

that directly allow for arithmetic problem solving. Central processes vary with 

characteristics of the task, such as problem difficulty, and examples include direct 

retrieval and calculation processes. Peripheral processes, on the other hand, refer to 

processes that are common to all problems such as encoding the stimuli, selecting an 
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appropriate strategy, and responding (i.e. production of a verbal or a written response). 

Individual regression analyses are commonly used to assess central and peripheral 

processes. Central processes are assessed with slopes, and peripheral processes are 

assessed with intercepts in individual regression equations that predict solution times 

from problem characteristics (e.g. size of the correct solution). Using these techniques, 

Geary and Wiley (1991) found that the younger group advantage was limited to faster 

encoding of the problem, faster selection of an appropriate strategy, and faster verbal 

production of an answer. The central processes of retrieving arithmetic facts from 

memory, therefore, showed no real age differences. 

Similar results have been found for multiplication (Allen, Ashcraft, & Weber, 

1992; Allen, Smith, Jerge, & Vires-Collins, 1997). Allen and colleagues (1997) 

investigated age-related changes in multiplication by varying task type (production versus 

verification task) and by manipulating stimulus quality (problems presented for 600ms 

and 300ms). For both task and stimuli manipulations, results revealed process-specific 

slowing with advancing age. Older adults were slower to retrieve answers for both 

production and verification tasks, and also demonstrated an intact problem-size effect. No 

age effect was found for slope, but the mean regression intercepts for older adults was 

significantly higher, suggesting that age-related decreases in the retrieval of arithmetic 

facts were accounted for by impairments in processes such as encoding and production of 

a response.    

While central processes of arithmetic do not seem to be affected by age, what the 

Geary and Wiley (1991) study did find were differences in the strategy repertoire of 
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younger and older adults: older adults solved 98% of the trials using direct retrieval of 

arithmetic facts from memory, while younger adults retrieved the answer only 88% of the 

time. Younger adults demonstrated a more varied repertoire of strategies that included 

problem decomposition (e.g. 7 + 4 = 7 + 3 = 10 + 1 = 11), and verbal counting strategies 

(e.g. 7 + 1 + 1 + 1 + 1 = 11). A reduced repertoire of available strategies in older adults 

has also been reported in later studies. Geary, Frensch, and Wiley (1993) investigated 

simple and complex subtraction skills, and found that while young adults utilized a 

variety of strategies that included counting down (e.g. solving 8 – 3 by doing 8 – 1 – 1 – 

1), and using addition as a reference (e.g. 8 + 5 = 13 is used to solve 13 – 8), older adults 

used direct retrieval more frequently. The same results were found for complex 

subtractions with older adults mostly recurring to columnar retrieval (i.e. adding units and 

then decades, e.g. 12 + 46 = [2 + 6] + [10 + 40]), while their younger counterparts 

employed a variety of different strategies (Geary et al., 1993).  Using a complex addition 

task (e.g. 43 + 58) Lemaire and Arnaud (2008) found that, while both groups favored 

columnar retrieval as a strategy for solving both “easy” (solution less than 100) and 

“hard” (solution more than 100) operations, older adults used it for 77% of operations 

compared to 44% in younger adults who also relied on operand rounding strategies in 

addition to columnar retrieval. The repertoire of available strategies to use, suggested the 

authors, seems to become smaller with advancing age possibly due to decreased working 

memory resources. Cohort and education effects, however, cannot be ruled out. 

While the evidence suggests that older adults use fewer strategies to solve 

arithmetic problems than younger adults, it is possible that the few strategies that are used 
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are executed more proficiently. Geary and Wiley (1991) found that older adults solved 

simple addition problems by direct retrieval 98% of the time. The younger group, on the 

other hand, solved 12% of the very simple problems presented in the experimental task 

using verbal counting strategies or decomposition. Additionally, the authors found that 

the use of verbal counting increased as problem difficulty increased. The authors suggest 

from these findings that younger adults used backup strategies when the answer was not 

readily retrievable from memory, so the use of additional strategies compared to older 

adults would involve more immature processes of calculation. In a study that investigated 

simple arithmetic as well as basic numerical processes (enumerating, comparing 

magnitudes), Geary and Lin (1998) failed to find significant age differences for what they 

call biologically secondary abilities, or those abilities that are acquired only through 

formal schooling such as simple arithmetic; in fact, older adults showed an advantage in 

the speed with which they borrowed during subtraction operations. Younger adults, 

however, were faster at biologically primary abilities like subitizing.  

In general, studies on arithmetic processing and aging seem to suggest that older 

adults process numerical information more slowly, although just as accurately as younger 

adults. These findings are generally interpreted in light of Cerella’s (1985) distinction 

between age-related effects on peripheral and central arithmetic processes, with the latter 

remaining intact with advancing age. An alternative interpretation involves issues in 

development of arithmetic skills mainly that at the college-age level arithmetic abilities 

may not yet be fully mature. By this account, older adults would have used a variety of 

strategies as young adults eventually strengthening the association between problem and 
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answer (Geary & Wiley, 1991). Cohort differences cannot be ruled out either. It is 

possible that group differences seen in strategy selection might stem from different 

emphasis placed on rote memorization of arithmetic facts at different points in time 

(Washburne & Vogel, 1928) and availability and use of calculators and computers for 

later cohorts. 

 

Arithmetic and number processing in Alzheimer’s disease 

While the literature on arithmetic abilities in AD is scarce, the available reports 

suggest that AD is generally associated with impaired numerical skills leading some 

scientists to speak about an AD-related dyscalculia. Efforts have been directed towards 

identifying those general areas of arithmetic processing that are impacted by AD. Studies 

that attempt to identify the locus of this impairment are needed.  

Impairments in numerical and calculation skills can have a huge impact on a 

demented patient’s ability to live and function independently. Although a specific pattern 

of impairments in numerical ability in AD has not been defined, investigations have 

described deficits in several areas of mathematical cognition such as simple and complex 

arithmetic, numerical transcoding, visual enumeration, and comparison of numerical 

magnitudes.  

A better understanding of the specific deficits of numerical processing in AD is 

important as they are not a feature of all types of dementia, and can thus aid the 

differential diagnosis of AD. Mendez  et al. (1996), for instance, compared 39 patients 



44 
 

with frontotemporal dementia (FTD) with 101 patients with AD on a battery of 

neuropsychological tests that included memory, constructional praxis, language, and 

simple calculation measures. FTD patients exhibited preserved construction and 

calculation abilities compared to AD patients who were markedly impaired on these 

areas. Performance of AD patients on numerical tasks has also been reported to correlate 

with the severity of the disease. Marterer and colleagues (1996) found a significant 

correlation between severity of dementia using the Mini-Mental State Examination 

(MMSE) and arithmetic impairment in a group of 19 AD patients. The use of the MMSE 

to establish disease severity, however, is questionable, and subsequent studies have 

reported mixed findings regarding the correlation between arithmetic performance and 

severity of dementia.    

Information available on AD-related impairments in arithmetic performance is 

scarce and many of the available studies were not designed specifically to test for 

numerical abilities, but involved a post-hoc analysis of available data from longitudinal 

studies (e.g. Parlato, Lopez, Pannisset, Iavarone, Grafman, & Boller, 1992). Others 

consist of single-case studies which have limitations related to the generalizability of 

their results.  Others have utilized complex measures of arithmetic achievement such as 

the Wide Range Achievement Test (WRAT) or the Wechsler Assessment of Intelligence 

Scale – arithmetic subtest (WAIS-arithmetic) which are likely to recruit a variety of 

cognitive functions in addition to more basic numerical skills. A review of the available 

findings on numerical abilities in Alzheimer’s disease is detailed below.  

Simple arithmetic  
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Among the earliest descriptions of arithmetic abilities in AD is that of Grafman, 

Kampen, Rosenberg, Salazar, and Boller (1989) who demonstrated a progressive decline 

of calculation abilities in a patient diagnosed with AD. Their patient, a retired Army 

General, exhibited a severe deficit in arithmetical abilities with preserved function in 

other cognitive domains. At first examination, the patient showed preserved abilities to 

read Arabic numerals and compare magnitudes with written and spoken numbers. 

Addition and subtraction abilities were preserved, but he was incapable of performing 

multiplication or division. Two years later, the patient demonstrated important cognitive 

deterioration including the inability to read Arabic numerals and handle money. Simple 

addition was preserved, but subtraction was impaired. 

To determine whether dyscalculia was among the early features of Alzheimer’s 

disease, Parlato, Lopez, Pannisset, Iavarone, Grafman and Boller (1992) tested 28 

individuals with probable AD.  Participants were included in the study whose basic 

number-processing skills were intact (i.e. counting, reading numerals).  Two tests were 

used to assess mental calculation abilities, the Serial Seven Subtraction Test (SSST) and 

the Stamp Test (ST; “If I give you a dollar and ask you to buy me three 26 cents stamps 

and bring me the change, how much change would you bring me?”). A significant 

difference was found between AD patients and healthy controls in the performance of 

both calculation tasks, and the authors concluded that early AD is associated with 

dyscalculia. This often-cited study, however, does not make a significant contribution to 

our understanding of AD-related dyscalculia due mainly to the types of tasks used: a 

subtraction-only task, highly correlated with measures of receptive and productive 
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language, and a single arithmetic text problem which requires verbal comprehension, 

memory, planning, mental addition or multiplication, and one subtraction (Girelli & 

Delazer, 2001). No conclusions can be drawn from this study regarding the selective 

impairment of arithmetic operations, and whether dyscalculia is a true feature of early 

AD. 

A more comprehensive analysis of numerical and calculation deficits in AD was 

carried out by Deloche and colleagues (1995) utilizing a standardized battery of 

numerical processing, the EC301 (Deloche et al., 1994). The EC301 battery includes 

subtests tapping calculation, and comprehension and production of numbers in different 

formats. Of the 17 patients tested in the study, 12 demonstrated deficient overall 

performance. Independent results for number processing and calculation are not reported, 

but EC301 overall scores were correlated with MMSE score and language tasks. A 

revised version of the same battery was later used by Carlomagno, Iavarone, Nolfe, 

Bourene, Martin and Deloche (1999). These authors tested 68 individuals with mild AD 

in a variety of number processing tests belonging to four arithmetic domains: number 

production, number comprehension, numerical judgments, and calculation and problem 

solving. Tasks of enumeration of dot patterns and counting backwards were eliminated 

from analysis as they presented ceiling effects. The authors reported that 94% of AD 

patients were impaired on the calculation battery. Overall performance was correlated 

with measures of attention and executive function, and did not correlate with dementia 

severity, language, and visual-spatial processing in contrast to previous studies. A 

principal components analysis revealed a common underlying factor related to difficulties 
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in number comprehension tasks. This factor was identified as a deficit in accessing 

number semantic representations (abstract numerical entities). In addition to an 

attentional-executive factor, this defective access to number semantics seems to underlie 

the dyscalculic deficits observed in AD. Neither Deloche et al. (1994) nor Carlomagno et 

al. (1999) were able to find a homogenous pattern in the breakdown of calculation skills 

in AD: some patients exhibited number processing deficits, while others had calculation 

problems.  

Mantovan,  Delazer, Ermani, and Denes (1999) investigated the retrieval of 

arithmetic facts and execution of calculation procedures in a group of AD patients. 

Arithmetic fact retrieval was investigated in this study using addition, subtraction, and 

multiplication problems. Execution of calculation procedures was used using two-digit 

problems. Compared to healthy controls, and individuals with left hemisphere lesions, 

AD patients demonstrated difficulties in calculation, particularly executing arithmetic 

procedures. For arithmetic fact retrieval, the main area impaired in AD patients was 

multiplication. Significant differences were also found between AD patients and controls 

in solving operations involving zeros; accuracy for these operations was 30% for AD and 

92% for healthy controls. These authors concluded that, rather than a loss of arithmetic 

facts, AD patients’ difficulty with arithmetic procedure lies in the variety of cognitive 

processes necessary to perform them. Execution of calculation procedures involves many 

steps such as the retrieval of the correct calculation algorithm from memory, the planning 

and sequential execution of operational steps, the monitoring of the procedure, and the 

temporary storage of intermediate results in short term memory. Additionally, the authors 
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found a significant correlation between calculation performance and MMSE score, in 

contrast to Carlomagno et al.’s (1999) study.  

 Martin and colleagues (2003) investigated the hierarchical deterioration of 

calculation abilities and specific calculation error types by comparing 20 patients with 

mild and moderate AD. The authors hypothesized that early AD is associated with 

impairments in complex arithmetic skills, extending eventually to more basic operations 

as the disease progresses. Results revealed that, in general, calculation errors were 

affected by problem complexity, for instance, single digit operations versus multiple digit 

operations. Both controls and patients demonstrated their poorest performance on the 

more complex arithmetic problems of the WRAT-3 and WAIS-arithmetic subtests. A 

wider range of error types as well as a higher incidence of errors was associated with 

disease severity. Compared to controls, moderate AD patients frequently committed zero 

errors, operation errors, factual errors, and errors in carrying and borrowing.  Errors of 

perseveration and borrowing were unique to AD patients. No differences were found 

between mild and moderate AD in the incidence of factual and zero errors. Based on 

moderate-mild AD differences, the authors concluded that a progressive deterioration of 

calculation abilities is a characteristic of AD. The use of the WRAT, however, is not ideal 

for the reasons stated above and, in addition, for containing few samples of each 

arithmetic operation.  

 Based on findings of impaired abilities of calculation and number processing in 

AD patients, Martini, Domahs, Benke, and Delazer (2002) investigated everyday 

numerical abilities such as those involved in reading a bus schedule or paying with 
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money, in 21 AD patients. While no differences were found between patients and healthy 

controls in numerical background tasks (number comparison, transcoding, simple 

calculation), everyday numerical tests posed a problem for AD patients who scored 

significantly lower than controls. This stands in contrast to previous reports suggesting 

that a meaningful context facilitates numerical processing in patients (Delazer & Girelli, 

1997). Everyday tasks, however, require several cognitive processes in addition to 

number and arithmetical competence, such as working memory, attention, visual 

scanning, visual-spatial processing, executive functioning, and it is to be expected that 

tasks that require functioning of larger cortical networks are affected in AD. It is 

interesting to note that the authors report that AD patients did not differ from controls in 

tasks of basic number processing that included tasks of reading Arabic numerals and 

number comparison, when the inclusion criteria for this study included intact ability to 

“read one-and two-digit numbers aloud and to indicate correctly the larger of the two 

numerals in pairs including one- to three-digit numerals” (pg. 872). These inclusion 

criteria, they add, were adopted to exclude “problems in the comprehension of Arabic 

numerals and in transcoding Arabic numerals to spoken number words” (pg. 872) the 

very thing an analysis of basic number processing aims to investigate. 

 To try to simulate real-life situations in which a combination of different 

arithmetic abilities needs to be performed to solve a problem (i.e. purchasing several 

items and calculating change), Zamarian, Semenza, Domahs, Benke and Delazer (2007) 

tested a group of cognitively impaired adults (15 AD and 18 MCI patients) on a mixed 

condition featuring alternating addition and multiplication problems (i.e. 2 x 6, 3 + 4). In 
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addition, a blocked condition resembled traditional clinical assessment with different 

arithmetic operation tested separately. During the blocked condition AD patients 

demonstrated poorer performance in subtraction and division operations compared to 

healthy controls; performance of addition operations was similar to that of controls. 

During mixed conditions AD patients demonstrated higher response latencies and 

increased errors. The authors concluded that, while patients can easily retrieve simple 

arithmetic facts from memory (for example in simple additions), this ability is 

compromised when an extra load is placed on attentional and executive resources such as 

in the mixed (shifting) condition.  

 These studies have demonstrated that dyscalculia can be an early sign of AD but 

there does not seem to be a homogenous pattern of calculation or number processing 

decline. Evidence from developmental dyscalculia demonstrates that dyscalculic children 

present difficulties not only in retrieval of arithmetic facts, and execution of arithmetic 

operations, but also in basic numerical processing such as understanding numerosity 

(Geary & Hoard, 2005). A few studies have investigated such abilities in AD patients and 

their results are described below.  

Basic numerical skills   

Only a handful of studies have concentrated on basic numerical competencies in 

AD such as visual enumeration and numerical comparison. Most of the available studies 

have focused on the assessment of numerosity mostly through visual enumeration tasks.  

Seron and colleagues (1991) conducted an exploratory analysis of dot counting in brain 
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damaged patients and analyzed complex dot counting abilities in a group of patients that 

included individuals with aphasia, dementia, and right hemisphere damage. This study 

analyzed both accuracy of counting and the use of different counting strategies such as 

referring to the dot pattern, (i.e. pointing to the pattern, use of oral or finger counting), or 

calculation strategies (i.e. adding clusters of dots). Patients with dementia scored 

significantly lower than the two other brain damaged groups. Demented patients 

evidenced continuous manual pointing as their dominant dot counting strategy as it is 

presumably the least attention-demanding strategy.  

To extend the work of Seron and colleagues (1991), and to investigate the 

flexibility of use of counting strategies, Delazer and colleagues (2006) tested AD patients 

in a complex dot counting task that included three types of dot arrays. The three 

configuration of dots included dots presented in curved lines, circles, and in random 

order. For both groups counting dots in the random array was more difficult (i.e. lower 

accuracy) than counting them in the circular array, which in turn was more difficult than 

the curvilinear array. No group differences were found for curvilinear arrays, and a trend 

towards significance was found for random dot arrays. Significant differences were found 

between AD and healthy controls for the circular arrays. Counting strategy choice also 

varied between controls and AD. AD patients, for instance, favored continued pointing 

(the least attentionally demanding strategy) for all dot arrays, even though this strategy 

was not advantageous for circular arrays and actually led to an increase in errors such as 

double counting. The authors interpreted their results as a failure of the executive system 

to adopt advantageous strategies based on array design. This was in part based on a 
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significant correlation found between accuracy in counting circle arrays and performance 

on the clock drawing test.   

Efficiency of enumeration seems to be unaffected in healthy aging, according to 

several reports (Watson, Maylor & Manson, 2002). In light of these findings, Maylor and 

colleagues (Maylor, Watson, & Muller, 2005) set out to find whether impairment in 

enumeration in dementia would constitute a qualitative difference between the effects of 

normal and abnormal aging. These authors found that while moderate-stage AD patients 

were overall slower than healthy controls, they were no less accurate in determining how 

many items were present in a visual display of 1 to 9 dots.  An important finding of this 

study was a significant difference between subitization spans between AD patients and 

healthy controls. Subitizing refers to a rapid and preattentive labeling of small quantities 

(generally for or less) of simultaneously presented items (Butterworth, 1999).  While the 

mean subitization span of healthy controls was 3.45, the rate for AD patients was 2.32. 

Based on these results, AD patients were counting subitizable numerosities, a finding 

similar to that of Koontz and Berch ( 1996) with developmentally dyscalculic children. 

Reduced subitization in AD, according to the authors, is a consequence of an inability to 

switch between modes of enumeration from one trial to the next. Maylor and colleagues 

(Maylor, Sheehan, Watson, & Henderson2008) replicated these findings in a later study 

with early AD patients and added that a reduced subitization span is not a unique 

characteristic of AD, but is also found in vascular dementia (vAD), although not in 

depression.  
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In a recent study, Gandini, Lemaire and Michel (2009) investigated the ability of 

young adults, healthy older adults, and AD patients to approximate quantities in a visual 

dot display. Participants were presented with either small arrays of dots (including 20 – 

39 dots) or large arrays of dots (between 40 – 65). In one condition, participants were 

asked which strategy they used for quantification of dots; in another condition they were 

forced to use either a benchmarking strategy (visually scanning the array and finding an 

approximate numerosity, presumably by retrieving numerosity information from long-

term memory) or an anchoring strategy (counting a subset of dots, and then globally 

estimating the remaining dots as a function of the results of the first estimation). Results 

revealed that all groups favored the benchmark strategy and that older adults and AD 

patients varied their use of strategies less than did younger adults. AD patients also 

showed decreased performance when forced to use the anchoring strategy, compared to 

benchmarking. The authors argue that this deficit is due to anchoring involving an 

enumeration aspect that has been previously found to be altered in AD (i.e. reduced 

subitizing range).  

Few studies have investigated the relationship between basic number processing 

skills, such as enumeration and processing of magnitudes, and simple or complex 

arithmetic. Halpern et al. (2003) compared performance on basic calculation abilities and 

dot counting on three patient groups: Alzheimer’s disease, frontotemporal dementia 

(FTD), and corticobasal degeneration (CBD). Compared to healthy controls, all patient 

groups demonstrated impairment in simple calculation. For dot counting, while FTD and 

CBD showed significant impairment compared to controls, AD patients did not seem to 
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differ from healthy older adults. While AD patients were found not to have a limited 

number knowledge, results in an oral calculation task evidenced difficulties particularly 

in division and multiplication.  

Kaufman and colleagues (2002) studied the relationship between basic numerical 

knowledge and arithmetic (both fact retrieval and execution of arithmetic processes) in a 

group of AD patients. Significant differences were found between AD and controls for 

dot counting both in accuracy and RT. Both groups were shown to subitize for 

presentations of 2, 3, and 4 dots and change to counting strategies for larger numerosities 

(5,6,8,9). Compared to other reports (e.g. Maylor et al., 2005) subitizing range results in 

the previous study might have been affected by the removal of numerosities 1 and 7 due 

to abnormally long RTs. In a number comparison task, significant differences were found 

in the time AD and controls took to decide whether a presented number was larger or 

smaller than 5. AD patients also committed more arithmetic fact retrieval errors than 

controls, especially in subtraction and division. Dissociations between basic numerical 

knowledge were observed showing intact basic numerical processing and impaired 

arithmetic skill in AD patients. The authors concluded that basic numerical knowledge is 

not a prerequisite for maintenance of arithmetic in AD, and that numerical abilities are 

differentially affected in mild AD.  

The ability to transcode from one numerical code to another (e.g. 45   forty-

five) constitutes another aspect of numerical cognition that is often studied in acalculic 

patients.  A specific pattern of transcoding errors in AD has frequently been reported. 

Examples of transcoding errors present in AD patients are exemplified in the work of  
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Noel & Seron (1993, 1995). These authors described the case of a patient with probable 

AD who demonstrated impairment in the production of Arabic numerals from number 

words (three  3). The patient produced partial lexicalization errors, or literally 

transcoding each individual word of the verbal form into the Arabic form according to its 

lexical value. For example, the patient transcoded “two hundred seventy-three” into 2 100 

70 3. Upon qualitative analysis of errors, the authors report that compared to product 

relationships (two thousand > “2  1000), sum relationships were relatively more impaired 

(one thousand two hundred > “1000 200”). In a different case of probable AD, Noel and 

Seron (1993) describe a patient with deficits in Arabic numeral reading. The patient 

exhibited errors where numeral 236 was read “two thousand six” and then judged to be 

greater than 1258.    

Among the most characteristic errors types in transcoding by AD patients is that 

presented by Thioux and colleagues (Thioux, Ivanoiu, Turconi, & Seron, 1999) who 

reported the case of an AD patient who produced intrusions of the verbal code into the 

Arabic one (“3 thousand” instead of 3000). Proportion of errors was dependent on how 

associated was the task to the use of the Arabic code (i.e. written calculations are strongly 

associated with the use of Arabic numerals) and the familiarity of the task to the 

participant. The authors interpreted intrusion errors as a deficit in inhibitory processes; 

the patient, they argued, had difficulty activating representations from written number 

code and moved to the verbal code to complete the transcoding sequence. The authors 

also reported a progressive disappearance of the Arabic code from the patient’s written 

production in a period of one year, evidenced by an increasingly higher rate of complete 
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lexical shift errors (when the whole number is produced in the unintended code: two is 

transcoded into two, instead of 2) at each testing session. By the end of the examination 

of this patient, she was no longer able to write down elements in Arabic numeral format.  

Group studies of Alzheimer’s patients have oftentimes found intrusion of one 

code into the other. Tegner & Nyback (1990), for example, found intrusions of the Arabic 

code into the verbal code (i.e. 43 > forty3). Out of 13 patients tested, 11 made such 

intrusion errors. These types of errors, the authors reported, are not usually found in 

normal subjects or aphasic patients. The authors interpreted these findings as a failure to 

inhibit the automatized behavior of using Arabic numerals in daily life as opposed to 

verbal numerals. This explanation is unlikely, however, in light of Kessler and Kalbe’s 

(1996) findings of frequent errors in transcoding from verbal numerals into Arabic 

numerals.  

Della Sala and colleagues (Della Sala, Gentileschi, Gray & Spinnler, 2000) tried 

to resolve some inconsistencies with previous studies, mainly making a distinction 

between intrusion errors and perseveration errors, a distinction that the authors believed 

was not made in Tegner & Nyback and Kessler & Kalbe’s studies. Errors are judged 

perseverations when the response is completely produced in the unintended source code: 

i.e. fifty > “fifty”, instead of fifty > “50”). Della Sala and colleagues found that 

Alzheimer’s patients consistently made lexical and syntactical errors when transcoding 

from verbal code to Arabic code and vice versa. Additionally, they found that 14 out of 

20 patients made intrusion errors and 13 out of 20 patients made perseveration errors. 

Perseveration errors were described as those where numerals are produced entirely in the 
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source code, but further explanation between perseverations and intrusions is not given. 

70% of AD patients made intrusion errors, and 65% made perseverations errors and the 

authors conclude that intrusion errors are not a feature characteristic of AD. They also 

conclude that perseverations and intrusions errors do not have a common origin, although 

they mention that “perseverations may eventually be shown to be an extreme form of 

intrusions” (pg. 772). Gentilschi and colleagues (1998) compared intrusion errors in 

transcoding between normals, AD patients, and aphasics and found that intrusion errors 

were a characteristic of performance of demented patients only.  

Investigations into the basic numerical abilities of AD patients have yielded 

inconclusive results. While some find intact basic number processing in tasks of visual 

enumeration, others find that even the most basic of number skills, such as subitizing, 

differ from controls. In calculation, AD patients seem to be impaired in multiplication 

and division compared to their age-matched counterparts, and seem to have special 

difficulty with processing operations involving zeros. All studies also seem to find that 

even when AD patients perform as accurately as their healthy counterparts in certain 

areas, they perform the tasks more slowly. Further investigations are needed to determine 

which factors contribute to the dyscalculic features reported in AD.  

 

The present study 

The main purpose of the current study is to investigate some of the factors that 

might mediate calculation performance in individuals with Alzheimer’s disease and Mild 



58 
 

Cognitive Impairment. Mainly, the present study wishes to determine whether AD-related 

deficits in arithmetic are related to an impaired representation of number, such as 

deficient access to number magnitude, or whether loss of calculation abilities is 

dependent on impaired or sub-optimal retrieval of arithmetic facts from memory. 

Additionally, this study aims to investigate whether the arithmetic deficits often observed 

in AD also occur in MCI. Little data is available on numerical and arithmetic processing 

in MCI and mild AD and this study may help to further characterize these conditions by 

comparing performance of MCI patients with that of healthy, older adults and AD 

patients. As a main aim of current research on dementia is finding ways to diagnose 

cognitive decline earlier in the progression of the disease, a finding of pervasive 

arithmetic difficulties both in AD and MCI might merit the inclusion of calculation items 

in dementia screening measures.  

Individuals with Alzheimer’s disease often demonstrate a progressive decline on 

tests that depend upon intact semantic memory including word finding and picture 

naming tasks (Hodges & Patterson, 1997; Rogers, Ivanoiu, Patterson, & Hodges, 2006). 

Available theories suggest that impairment on tests of semantic memory could be linked 

to a degradation of the internal semantic network, or to a failure in the retrieval of the 

information from the network (Nebes, 1989; Rogers & Friedman, 2008). While some 

authors believe the semantic deficits observed in Alzheimer’s disease are a result of 

degraded semantic networks (Chertkow & Bub, 1990; Hodges & Patterson, 1997), others 

attribute it to impaired strategic processing required to retrieve information from the 

network (Nebes, 1989; Nebes, Martin & Horn, 1984). It has also been suggested that the 
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integrity of the semantic representations can be better assessed through an implicit 

processing task, such as a priming task, which does not require use of conscious strategic 

processing (Glosser & Friedman, 1991; Ober & Shenaut, 1988). Using implicit semantic 

priming tasks, researchers have found intact priming effects in patients with Alzheimer’s 

disease (Ober & Shenaut, 1988; Ober, Shenaut, Jagust & Stillman, 1991; Glosser, 

Friedman, Grugan, Lee, & Grossman, 1998) suggesting that the deficits observed in 

explicit tasks must be limited to the retrieval of semantic information from an intact, or 

only mildly degraded, network (Rogers & Friedman, 2008).  Studies are not conclusive, 

however, as authors have also found less-than-normal priming, increased priming effects 

or hyperpriming, and no priming effects at all (Giffard, Desgranges, & Eustache, 2005).  

While considerable research has been conducted on lexical ability in Alzheimer’s 

disease, much less has been produced on the topic of Alzheimer’s and numerical skills 

and arithmetic performance. It has been suggested that arithmetic fact knowledge is 

stored in long-term memory, represented in a network that is similar to that of word 

representations with nodes representing numbers and links between nodes representing 

arithmetic relationships (Ashcraft, 1987). These arithmetic facts can then be retrieved 

from the network in a similar fashion to semantic knowledge (Ashcraft, 1992; 

McCloskey, Caramazza, & Basili, 1995). One of the goals of the present study is to 

investigate retrieval of multiplication facts in individuals with Alzheimer’s disease and 

Mild Cognitive Impairment through the use of a number-matching task, an implicit test of 

arithmetic fact knowledge.  
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Several studies have investigated whether activation of arithmetic facts is 

automatic, in the sense that activation of related nodes occurs without intention upon the 

presentation of an arithmetic problem (Rusconi, Galfano, Speriani & Umilta, 2004). 

Using a number-matching task, LeFevre, Bisanz, and Mrkonjic (1988) demonstrated that 

activation of simple arithmetic facts is obligatory, present even when performing 

arithmetic is completely irrelevant to the task at hand. In their study, pairs of numbers 

were presented briefly separated by an addition sign (e.g. 4 + 1). After a delay, the pair of 

numbers disappeared and a target number appeared (e.g. 5). Participants were trained to 

respond “yes” if the target number was one of the previously presented numbers and “no” 

if the target number had not been presented in the cue pair. Significant differences were 

found between the time taken to respond “no” to trials where the target number was the 

sum of the cue numbers (e.g. 4 + 1 / 5), and trials where the target number was 

arithmetically unrelated to the cue numbers (e.g. 4 + 1 / 9), leading the researchers to 

propose the obligatory nature of the activation of arithmetic facts. In a second 

experiment, the researchers found that this obligatory activation was still maintained 

when the addition sign was omitted (e.g. 4  1 / 5) and when the target digits were replaced 

with number words (“five” instead of 5). These results have been replicated for addition, 

multiplication, and division (De Brauwer & Fias, 2009; Galfano et al., 2009; Rusconi et 

al., 2004; Galfano, Rusconi & Umilta, 2003, Zamarian, Stadelmann, Nurk, Gamboz, 

Marksteiner, Delazer, 2007). Rusconi and colleagues (2004), for instance, found an 

interference effect when comparing product trials where the target number is a product of 

the cue numbers (e.g. 3   4 /12) to neutral trials where the target number is unrelated to 
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the cue numbers (e.g. 3   4 /15); product trials yielded higher reaction times and higher 

proportion of errors than neutral trials.  

In the current study, a number-matching task for multiplication was used to 

investigate the obligatory nature of access to arithmetic facts in individuals with mild AD 

and MCI. Finding an interference effect in AD and MCI patients would mean that upon 

presentation of a pair of numbers, arithmetic facts are automatically activated even when 

irrelevant to the task. Presence of interference effects would lead to the interpretation that 

the multiplication deficits reported in AD are not a consequence of a degraded network 

for arithmetic facts or deficient access to it. Lack of an interference effect would mean 

that arithmetic facts are not automatically activated in patients with AD. The notion of 

obligatory activation is central to theories of the automaticity of cognitive processes 

(Zbrodoff & Logan, 1986). Three criteria have been proposed for automaticity (Jonides, 

1981): The first criterion is capacity: if a process such as accessing arithmetic facts is 

automatic then it should not require processing resources. The second criterion is 

resistance to suppression: automatic processes should be difficult to suppress. The third 

criterion is expectancy: an automatic process should be triggered by the presentation of 

the relevant stimuli regardless of the subject’s expectations about the task. Reduced 

automaticity with which arithmetic facts are activated could explain the arithmetic 

difficulties observed in AD. Automaticity of arithmetic fact retrieval is associated with 

better arithmetic performance; a lack of automaticity leads to poor performance in multi-

digit calculations as it reduces the cognitive resources available for more complex 

processes involved in complex arithmetic operations (Orrantia, 2005). Such was the case 
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of Hittmair-Delazer, Semenza, and Denes’ (1994) acalculic patient who showed reduced 

automaticity for multiplication fact retrieval; this was identified by the authors as the 

main disturbance that interfered with the patient’s overall calculation performance.  

In addition to investigating automatic access to arithmetic facts in AD and MCI, 

the present study also wishes to examine another area where automaticity of numerical 

processing is associated with better arithmetic performance. Comprehension of numerical 

magnitude has been identified as a fundamental skill necessary for acquiring calculation 

abilities; developmentally dyscalculic children as well as acquired dyscalculics have been 

found to lack automaticity to access these magnitude representations which hinders their 

arithmetic performance. The second goal of the present study is to investigate 

automaticity of accessing magnitude representation in individuals with AD and MCI. 

This will be achieved through the use of a Number Stroop task. If patients with AD have 

been deemed by some authors to suffer from an AD-related dyscaculia, it is important to 

determine whether similarities exist between developmental dyscalculics and patients 

with AD. This will allow for a better characterization of AD-related dyscalculia.  

For the present study, working hypotheses are detailed below. Analysis of 

performance of the AD group expects to find: 

 

a) Reduced automaticity for the retrieval of multiplication arithmetic facts from memory 

It was predicted, that AD patients will show reduced automaticity for retrieval of 

arithmetic facts from memory, as evidenced through a lack of an interference effect on a 
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number-matching task. While healthy older adults and young adults will show a 

significant slowing of reaction times when the target number corresponds to the product 

of the cue digits (e.g. 2  3 / 6; interference effect) compared to target numbers that are 

unrelated to the cue digits (e.g. 2  3 / 5), it is hypothesized that AD patients will show a 

lack of interference from product trials  or this effect will be inconsistent or significantly 

reduced in comparison to healthy controls. An AD-related reduction in the expected Le 

Fevre interference on the number-matching task reveals a reduced obligatory activation 

of arithmetic facts upon presentation of a pair of digits. Based on previous findings, no 

differences were expected to be found between the MCI and healthy groups in terms of 

presence of product-target interference.  

Performance on the number-matching task was expected to be significantly 

correlated to performance on an arithmetic production task where subjects were asked to 

produce the answer to single digit multiplications. While it is possible that AD patients 

demonstrate accurate performance on multiplications, a lack of automaticity would result 

in slower reaction times in comparison to the age-matched control group, even after 

parsing out the effects of a slowdown in processing speed. An alternative to the lack of 

automaticity interpretation for the number-matching task is that compared to age-matched 

controls, AD patients have an exceptional ability for inhibiting irrelevant information and 

thus show no interference during product trials. This alternative explanation, of course, is 

at odds with the wealth of available data (Amieva, Phillips, Della Sala, & Henry, 2004; 

Belleville, Rouleau, & Van der Linden, 2006) on the subject of AD and inhibitory 

processes.   
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To better understand the underlying causes of possible reductions in automaticity 

of arithmetic fact retrieval, the present study also analyzed one of the most robust 

findings in arithmetic research, the problem-size effect. According to some authors, the 

problem-size effect constitutes one of the signatures of intact semantic processing in 

arithmetic tasks (Allen, Sliwinski, & Bowie, 2002; Allen, Sliwinski, Bowie, & Madden, 

2002) and is therefore of interest as it relates to the issue of intact versus degraded 

semantic networks in Alzheimer’s disease. The problem-size effect was studied using 

both the arithmetic production task and the number-matching task. For the present study, 

it was predicted that AD participants would show a larger problem-size effect than the 

rest of the cognitive groups, demonstrated by significantly longer latencies for large 

multiplication problems (e.g. 7 x 8) than for small multiplication problems (e.g. 2 x 3) in 

the arithmetic production task. In the number-matching task, a problem-size effect would 

be evident through significant differences between product trials that contain large (i.e. 

>5) cue digits (e.g. 7   8 / 56) and those with small (i.e. <5) cue digits (e.g. 2   3 / 6); these 

small-large differences are expected to be larger in the AD group compared to the other 

cognitive groups. It was hypothesized that MCI patients would show problem-size effects 

similar to those of the healthy older adult group. 

 

b) Intact representation of numerical magnitudes  

The second objective of the present study was to investigate automatic access to 

magnitude representation through the use of a numerical Stroop task. The basic ability to 
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discriminate the relative magnitude of a number has been associated with an individual’s 

ability to perform simple arithmetic (Holloway & Ansari, 2008) and this analysis is 

therefore relevant when investigating possible mediating factors in AD-related arithmetic 

deficits. 

 In this task, presence of size-congruency effects indicates automatic access to 

magnitude information even when this information is irrelevant to the task. Two types of 

size-congruency effects will be evaluated: interference effects refers to slower response 

latencies for incongruent (e.g. 3  6) when compared to congruent (e.g. 3   6) 

comparisons, while facilitation effects occur when congruent trials are responded to faster 

than neutral trials (e.g. 3   6).  

Results of the present study are expected to replicate those of Girelli, Sandrini, 

Cappa, and Butterworth (2001) who found that AD patients exhibited greater interference 

effects than the rest of the cognitive groups in both conditions of the numerical Stroop 

task: physical comparison and magnitude comparison. Participants in the AD group were 

expected to show a disproportionate difficult in ignoring irrelevant stimuli dimensions 

but intact access to number magnitude information. In regards to facilitation, it was 

expected that AD participants would show a reduced facilitation effect in both tasks in 

comparison with the rest of the cognitive groups. It was hypothesized that AD patients 

would have difficulty inhibiting the task-irrelevant stimuli dimension information even 

when it could possibly facilitate performance.  The Girelli et al. study (2001) 

demonstrated a similar pattern of performance (lack of a facilitation effect) between their 
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old-old group (76.2) and their AD group (mean age 76.5) but the authors do not report 

whether measures were taken to ensure that their older adult groups were free from 

dementia. It remains to be seen whether advancing age is associated with a lack of a 

facilitation effect, a pattern of performance that has been associated with dyscalculic 

children. The present study aims to shed some light on this issue.  

In addition to finding intact access to magnitude information in AD and MCI 

patients, the present study also wishes to examine whether differences exist between 

normal adults and cognitively impaired participants in the mental representation of 

numerical magnitude. As has been discussed before, it has been proposed that mental 

representations of numerical magnitude are stored in a format-independent manner, with 

the presentation of the Arabic numeral (5) activating the same mental representation of 

number as the written word (five), the spoken word “five” or the presentation of five dots. 

Digits are not compared, therefore, at the symbolic level but are recoded and mapped into 

an analog number line (Dehaene, 1989; Dehaene, Dupous, & Mehler, 1990; Moyer & 

Landauer, 1967; Restle, 1970). Experimentally, these characteristics of numerical 

magnitude representations are evidenced through the distance effect, or the finding that in 

number comparison tasks, the larger the numerical distance between two presented digits, 

the shorter the time required to determine which is larger. The present study wishes to 

examine whether AD and MCI patients exhibit a numerical distance effect and whether 

this effect varies in size across cognitive groups, as large numerical distance effects have 

been associated with lower scores on arithmetic performance tests in children (Holloway 

& Ansari, 2008).  It is hypothesized that a distance effect of similar size will be 
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maintained across groups suggesting that no differences exist between the mental 

representation of numerical magnitude of patients and healthy controls.  
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METHODS 

Participants  

Demographic characteristics of the sample are presented on Table 1. The present 

study included a total of 91 subjects, divided into 4 groups: 20 patients diagnosed with 

probable AD (AD group); 20 patients diagnosed with MCI (MCI group), 21 healthy older 

adults (HOA group), and 30 healthy young adults (YA group). An analysis of variance 

(ANOVA) revealed that the three older groups did not differ in age, F(2,56)=.633, p 

<.535, or educational attainment, F(2,57)=2.721, p <.074, but significant differences were 

found between the AD and HOA groups, F(1,38)=4.773, p <.035, for educational 

attainment. Significant differences were found in functional status, as measured with the 

Functional Activities Questionnaire described below, with the AD group scoring as 

significantly more functionally impaired, F (3,85) = 20.68, p = .000, than the rest of the 

groups.  

AD and MCI patients were recruited from the Louis and Anne Green Memory and 

Wellness Center at Florida Atlantic University. AD and MCI patients underwent medical 

examination, and neuropsychological and laboratory testing at the memory center.  AD 

patients were evaluated and diagnosed following National Institute of Neurologic and 

Communicative Disorders and Stroke – Alzheimer’s Disease and Related Disorders  
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Association (NINCDS-ADRDA) criteria, which includes gradual and progressive 

episodic memory decline plus dysfunction in other cognitive domains, causing significant 

impairment in social or occupational functioning (McKhann, Drachman, Folstein, 

Katzman, Price & Stadlan, 1984). At the memory center, MCI patients had received a 

diagnosis of MCI of the amnesic type, according to standard criteria (Petersen, 2004): 

absence of dementia, presence of a memory complaint, impaired memory function for 

age and education, and preserved autonomy for instrumental activities of daily living 

(IADLs). Patients who had agreed to be contacted for research purposes during their visit 

to the Memory and Wellness Center were sent a letter of invitation to participate in the 

present study. The content of the letter was approved by IRB. Patients who were 

interested in participating responded to the letter and scheduled an appointment.  During 

a brief telephone interview participants from the three older groups were screened for the 

main exclusion criteria that was set for all study participants and included history of 

neurological disorders (epilepsy, cerebrovascular accidents), active psychotic 

symptomatology, visual or hearing deficits that would preclude cognitive assessment, and 

current use of medications that could adversely affect cognition with the exclusion of 

medications used to treat cognitive symptoms of dementia, including donepezil 

hydrochloride, memantine, rivastigmine, and galantamine. Ninety percent of participants 

in the AD group, and 50% of participants in the MCI group received pharmacological 

treatment for memory, with 37% of them taking donepezil, 18.5% receiving a 

combination of donepezil and memantine, and 18.5% receiving treatment with a 

rivastigmine patch. Inclusion criteria for the cognitively impaired group included a 

MMSE score of ≥ 21.  
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Healthy older adults were recruited through flyers posted on senior active 

communities in the Boca Raton and Davie areas as well as flyers distributed among 

members of the Lifelong Learning Society in the Boca and Jupiter campuses.  

Inclusion criteria for the healthy, older adult group include absence of a memory concern, 

a MMSE score of 26 or higher for individuals with more than eighth grade education, 

performance within the normal limits in all tests of the CERAD, and normal functioning 

in daily life activities. 

Cognitively impaired and healthy older volunteers were tested either in their 

homes, the memory clinic, or FAU lab. As compensation for participating they were 

offered a $10 gift card. College-aged adults were tested at FAU-Davie and Boca 

campuses and were given extra credit points towards a psychology course or research 

credits. All participants had normal or corrected-to-normal vision. Informed consent was 

obtained for all participants in the current study. Two participants scored <23 on the Mini 

Mental State Examination (MMSE) and their ability to consent to participation was 

assessed using the Decisional Capacity Instrument (Dr. Ruth Tappen, personal 

communication). They were able to correctly answer all the instrument questions 

regarding the experiment and their involvement as participants and were deemed able to 

consent to participation. 
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Table 1 

Demographic characteristics of the sample 

    AD            MCI             HOA  YA 

n    20  20  21  29 

Mean age                    82.31 (7.94)       80.36 (6.21)       79.65 (6.87)        23.13 (4.50) 

Age range             70-94             68-90            61-90            18-35 

# years education        14.10 (2.42)       14.75 (2.73)       16.30 (3.43)        15.20 (1.77) 

% female   40  35  62  57 

% right-handed   90  90  81  80  

% pharmacological treatment 90  50  0  0 

% receiving monotherapy* 67  90  0  0 

% receiving polytherapyˆ 33  10  0  0 

Standard deviations in parenthesis. AD = Alzheimer´s Disease, MCI = Mild Cognitive 

Impairment, HOA= Healthy Older Adults, YA = Young adults,  *monotherapy: donepezil 

hydrochloride, memantine, galantamine or rivastigmine, ˆpolytherapy: combination of donepezil 

hydrochloride and memantine or combination of rivastigmine and memantine.  

 

Table 2 presents mean scores obtained by each group on the neuropsychological 

background tests that were given, as well as analyses of variance (ANOVA) conducted 

on the three older groups on neuropsychological measures. Analyses were performed on 
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the three older groups in order to determine whether differences existed and to better 

characterize the three diagnostic groups. Significant group differences were found for 

MMSE score with AD patients obtaining a lower score than MCI patients and healthy 

older controls, F(3,86)=30.46, p <.000. The AD group also scored significantly lower 

than the rest of the cognitive groups on all measures of memory including learning, 

delayed recall and recognition of learned material on the CERAD word-list memory task 

and number of errors on the SOPT, F(3,74)=27.52, p <.000.  

Significant group differences were also found in measures of divided attention 

and cognitive flexibility (TMT-B; F(3,84)=20.45, p <.000), categorical verbal fluency 

(animals/min; F(3,86)=14.412, p <.000), confrontation naming (BNT-15; F(3,84)=3.868, 

p =.012, and information processing speed, both for letter , F(2,53)=5.150, p =.009, and 

number stimuli, F(2,53)=6.226, p=.004.  

A repeated-measures ANOVA conducted on the processing speed task data with 

task stimuli (numbers vs. letters) as the within-subjects factor and cognitive group  (AD, 

MCI, HOA, and YA) as the between-subjects factor revealed significant differences in 

RT between the letter and number stimuli conditions. In general, numbers were 

responded to faster than letters, F (1,51) = 156.08, p = .000, ηp²  = .754. A main effect 

of group was highly significant, F (3,78) =  19.97, p = .000, η² = .434 with the AD and 

MCI group showing a significantly increased processing speed compared to both healthy 

control groups; post-hoc analyses revealed no significant differences between the AD and 

MCI groups. A significant group x task stimuli interactions emerged, F (3,78) = 4.108, p 

= .009, η² = .136.  
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The three groups did not differ on measures of psychomotor speed (TMT-A; 

F(2,54)=3.119, p=.052, constructional praxis, F(2,57)=1.151, p =.323, and in a self-rating 

depression scale (GDS; F(2,57)=.136, p =.873. Post-hoc planned comparison analysis 

revealed that the MCI patient group differed from the healthy older adult control group 

only on measures of verbal delayed recall (CERAD WML-delayed) and category verbal 

fluency (animals/min).  

 

Tasks and Procedures 

All participants completed an initial interview where they provided demographic 

information and medical history. They also completed the shortened, 15-item version of 

the Geriatric Depression Scale (GDS-15; Sheik & Yesavage,1986) and the Functional 

Activities Questionnaire (FAQ; Pfeffer et al., 1982) used to asses IADLs.  

All participants were tested on the Consortium to Establish a Registry for 

Alzheimer’s Disease (CERAD) battery which assesses general cognitive status (MMSE), 

object naming, verbal memory (learning, recall, and recognition), construction abilities 

(copying shapes), and verbal fluency (generation of animal names). In addition, the 

clock-drawing test (CLOX) was added as a measure of goal-directed executive behavior.  
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Table 2 

 Neuropsychological profile of the sample   

 

 AD      MCI                  HOA          YA       p^ 

MMSE   24.10 (2.85)  27.85 (1.53)   28.80 (1.10)               29.13 (1.88)    .000*   

Clock Drawing Test 4.25 (1.29)  4.85 (.36)   5 (.00)                      5.00 (.00)     .001* 

CERAD Battery      

            WLM Learning 9.17 (5.50)     16.25 (3.95)   18.50 (4.97)        22.53 (2.77)      .000 

WLM Delayed Recall .27 (.75)   3.20 (2.11)   5.45 (3.33)     8.20 (1.24)      .000* 

    WLM Recognition  5.88 (2.54)  8.70 (1.21)      9.05 (1.05)     9.96 (.18)     .000* 

Constructional Praxis 9.75 (1.68)  10.20 (1.28)             10.40 (1.14)     10.90 (.54)     .323* 

Verbal fluency   14.79 (6.24)  16.20 (4.23)   21.10 (5.26)     22.23 (3.32)     .001* 

BNT (15-items)  13.71 (1.83)  14.65 (.74)   14.75 (.55)     14.46 (.97)     .008* 

TMTa   57.12 (21.64)  48.63 (14.26)     43.70 (14.63)            23.17 (6.05)     .052  

TMTb   221.05 (154.84)  112.95 (36.94)   99.90 (29.88)            52.30 (18.56)     .000* 

SOPT Total Errors 11.61 (2.9)  9.47 (3.45)   7.44 (2.79)     4.10 (2.20)     .002* 

Processing Speed Task  

                         Letters RT  2906.11 (739.84)     2699.13 (535.10)     2283.07 (547.40)      1797.94 (377.48)      .009* 

                    Numbers RT  2305.91 (576.24)     2098.29 (495.03)     1731.71 (398.14)      1448.84 (266.89)       .004* 

GDS   2.50 (2.00)   2.50 (2.70)    2.10 (2.50)                .44 (.86)       .820 

 

Standard deviations in parenthesis. AD = Alzheimer´s Disease, MCI = Mild Cognitive 

Impairment, HOA= Healthy Older Adults, MMSE = Mini Mental State Examination, CERAD = 

Consortium to Establish a Registry for Alzheimer Disease, WLM=Word List Memory,  BNT 

= Boston Naming Test, TMT = Trail Making Test, SOPT = Self-Ordered Pointing Task, GDS = 

Geriatric Depression Scale. ^ANOVAS were performed on the 3 older groups. Significant group 

differences are specified by asterisks (*)  
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The three older groups were given the opportunity to choose whether they 

preferred to be tested over one or two sessions in order to minimize the effects of fatigue 

on task performance. Seventy two percent of participants chose to be tested in one 

session. Second sessions were scheduled within a 7-day period from the first one. The 

order of tests was counterbalanced with two main conditions: 1) the number-matching 

task was always presented before the arithmetic production task or the numerical Stroop 

task in order to avoid any activation of arithmetic or numerical processes and keep the 

number-matching task as a perceptual matching task only, and 2) the two conditions of 

the numerical Stroop task were kept as separated as possible during the testing session or 

were given in two different testing sessions when applicable. No differences in 

performance on the main experimental tasks were found between participants who 

completed testing in one or two sessions.  

 

Neuropsychological background tests:  

     In addition to the CERAD battery, participants were evaluated on measures of 

executive function, working memory and processing speed described below. Both 

computerized and paper-and-pencil tests were included. Computerized tests are noted in 

the descriptions below. 

1. Executive function:  the Trail Making Task (TMT; Conditions A and B) was used to 

assess cognitive shifting. In this task (TMT-B) participants must switch between 

connecting numbers and letters in the correct order.  
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2. Working memory: a version of Petrides & Milner (1982) Self-Ordered Pointing Task 

(SOPT) using representational drawings was used to assess working memory. In this 

task, participants must point to one of twelve drawings per trial (per page in a booklet) 

with the restriction that they should point to a different one on each trial, and that they 

cannot point to the same location within the grid on consecutive pages. Participants 

were also discouraged from verbalizing the pictures and were instructed to only point to 

them. The representational drawings version was chosen instead of the abstract design 

version to keep the level of task complexity lower. 

3. Processing speed: a computerized version of Salthouse’s (1996) letter comparison task 

was used to assess processing speed. This task requires subjects to determine whether 

strings of 3, 6, and 9 letters are the same or different. For this study, an additional 

number comparison task was also used to investigate whether differences exist between 

processing letter and number stimuli in MCI and AD. Instructions for these tasks 

emphasized accuracy and speed. 

 

Number-processing task: 

Number-Stroop Task: To investigate whether MCI and AD is associated with 

deficits in basic numerical processes such as the automatic association between Arabic 

numerals and their internal representations of magnitude, a computerized Number-Stroop 

paradigm task was used.  

Stimuli: This task was developed based on the one used by Girelli, Lucangeli, & 

Butterworth (2000) and consists of two parts: in the numerical (or magnitude) 
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comparison condition, participants were presented with two numbers of different 

physical sizes and were asked to determine which of the two numbers is larger in 

magnitude (relevant dimension is conceptual size); in the physical comparison condition, 

participants must choose the physically larger digit (relevant dimension is physical size) 

and ignore semantic information. 

Trials can be of three different congruity types: 1) congruent trials are those where 

a numerically larger number is also physically larger (e.g. 7 2); 2) incongruent trials are 

those where the numerically larger number is physically smaller (e.g. 7 2);  3) neutral 

trials in the numerical condition are those that present two digits of the same physical size 

(e.g. 6 4), and neutral trials in the physical condition are those that present the same digit 

in two different sizes (e.g. 3 3).  

For congruent and incongruent trials in both the physical and numerical 

comparison tasks, as well as neutral trials in the numerical comparison task, the pairs of 

digits presented were classified as unilateral or bilateral pairs. Unilateral pairs refer to 

those where both numbers are either small (1 < x < 4) or large (6 < x < 7), and are 

separated by a distance of 1 (e.g. 2 3 or 7 8); bilateral pairs refer to those where one 

number is small (<5) while the other one is large (>5), and are separated by a distance of 

5 (See Appendix 1 for the stimuli used).  

Including all numbers from 1 to 9 (excluding 5) yields eight possible 

combinations of numbers for the bilateral pairs, and 12 combinations for the unilateral 

pairs. While all 12 combinations were presented in order to have every number appear 
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both as a smaller and as a larger digit, four number combinations were removed during 

analysis (2 3, 3 2, 7 8, 8 7) to maintain the same number of unilateral and bilateral pairs.  

Each task consisted of two 60-trial blocks, yielding a total of 120 trials. Each 

block contained 40 congruent trials, and 40 incongruent trials. Congruent and 

incongruent trials consisted of 12 unilateral, and 8 bilateral trials per block. Neutral trials 

in the numerical task were divided into 12 unilateral and 8 bilateral trials, while neutral 

trials in the physical task also contained number ties (e.g. 2 2). For both numerical and 

physical conditions, the left/right position of the correct answer was counterbalanced and 

the correct answer did not appear on the same side on more than three consecutive trials. 

The same congruity condition (congruent, incongruent, or neutral) was not presented on 

more than two consecutive trials, and the laterality of the pairs (unilateral or bilateral) 

was not the same on more than three consecutive trials. All participants were given 20 

practice trials before the experiment began.  

Procedure: The research software DirectRT (Jarvis, 2006) was used to display stimuli and 

record reaction times. Participants were instructed to try to maintain a viewing distance of 

50 cm from the computer screen. Each trial began with a 500 ms fixation cross in the 

center of the screen followed by a blank screen lasting 500 ms after which the number 

pairs to be compared were presented.  Due to the inclusion in the present study of elderly 

participants, the font sizes for the number stimuli were increased from Girelli et al.´s 

(2000) study by 10 points. The physically larger digits were presented in Arial font, size 

58 (16 mm in height x 11 mm in width), the physically smaller digits were presented in 

Arial font, size 48 (10 mm in height x 6 mm in width), and the neutral stimuli (numerical 



79 
 

comparison task) were presented in Arial font, size 46 (13 mm in height x 10 mm in 

width). Stimuli were presented in white in a black background and remained on the 

screen until the participant provides a response by pressing the right shift key if the 

physically/numerically larger stimulus was on the right side of the screen and the left 

shift key if the physically/numerically larger stimulus was on the left.  An interstimulus 

interval of 1500 ms followed the participant’s response and subjects were given the 

opportunity to take a short break between the two blocks.  

 For the numerical comparison task, participants were instructed to respond, by 

pressing the left or right keys, according to the position of the numerically larger number. 

Instructions emphasized the question “Which of the two numbers is greater?” For the 

physical comparison task, participants were instructed to respond to the physically larger 

number and instructions emphasized the question “Which of the two numbers is taller?” 

For both tasks, instructions emphasized speed and accuracy.  

Arithmetic tasks 

Production task: An arithmetic production task was given to assess retrieval of arithmetic 

facts and simple calculation. The main objective of the inclusion of this task was to 

compare a direct measure of arithmetic fact retrieval (especially multiplication) to an 

indirect measure (i.e. the number-matching task).  

Stimuli: 58 arithmetic operations were chosen to be included in this task. Operations 

included 17 one-digit additions, 17 one-digit subtractions, and 24 one-digit 

multiplications. Addition and multiplication operations were classified as small, medium, 

large. Small operations were those whose operands were both less than five (e.g. 2 + 3); 
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large operations included those whose operands are both greater than five (e.g. 8 + 7); 

medium operations were those that included one operand that is smaller than or equal to 5 

and one operand that is greater than 5 (e.g. 7 + 3). For multiplication operations, rule-

based operations were those that included a zero or a one as one of their operands (e.g. 6 

x 0).  

Procedure: Participants were presented with visually-presented arithmetic operations in 

the center of a computer monitor. The problems remained visible on the screen until the 

participant provided an oral answer or until five seconds had elapsed. Participants 

responded by speaking into a microphone connected to a laptop computer that recorded 

the 5 second period allowed for participants’ responses and measured voice reaction 

times. Participants were asked to answer as fast and as accurately as possible. Inspection 

of data from this task revealed that the voice operated relay was frequently triggered by 

non-responses (e.g. cough), so all responses and reaction times were manually obtained 

using the audio editing software program Audacity (Mazzoni & Dannenberg, 1999).  

 

Number-matching task: A computerized  number-matching task (LeFevre et al.1988; 

Rusconi et al., 2004; Zamarian et al. 2007) was used as a measure of indirect access to 

arithmetic knowledge of multiplication facts.  

Stimuli:  In this task, each trial included an initial cue (e.g. 2 7) and a subsequent probe 

(e.g. 14). Subjects were asked to determine whether the probe number matched either one 

of the numbers presented in the cue; if the probe number matched either one of the cue 

numbers, they were instructed to press a “Yes” key; if the probe number did not match 
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any of the cue numbers, they would press a “No” key. Six types of stimuli were 

presented: three belonging to the non-matching category, and three belonging to the 

matching category. For non-matching trials, product trials consisted of probes that were 

the correct products of the cue numbers (e.g. 2 7 and 14; n = 14). Neutral trials had the 

same cues as the product stimuli but the probe was unrelated to either digit in the cue 

(e.g. 2 7 and 38; n=14). Two types of filler stimuli were presented which had either a 

double-digit number in either the left or right position of the cue, and a double-digit 

number as the probe (e.g. 23 8 and 54; n=7), or single-digits as cues and a single-digit as 

probe (e.g. 7 5 and 2; n=7). All of the non-matching trials required a No response by the 

participant. For the matching trials, product probe-balancing trials included the same 

probe used in the product non-matching trials (e.g. 2 14 and 14; n=14). Similarly, neutral 

probe-balancing trials included the same probe used in the neutral non-matching trials 

(e.g. 7 38 and 38; n=14). Cue balancing trials included the same cues as the product non-

matching trial with one cue number matching the probe (e.g. 2 7 and 7; n=14).  

In total, participants responded to three types of stimuli configurations: a) single-

digit cues with a double-digit target which were non-matchig 100% of the time (28 

trials); b) one single-digit and one double-digit cue with a double-digit target that were 

non-matching 20% of the time (35 trials); c) and single-digit cues with a single-digit 

target which were non-matching 33.33% of the time (21 trials). Fifty percent of the trials 

were matching trials that required a YES response by the subject and 50% were non-

matching trials requiring a NO response.  A total of 84 different stimuli were presented 

twice in 4 blocks each containing the same number of trial types.  
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Procedure: Participants were told that this task involved matching numbers and no 

reference to arithmetic was made. They were given the number-matching task before any 

other numerical task in order to avoid interference from direct retrieval of arithmetic 

facts. The research software DirectRT (Jarvis, 2006) was used to display stimuli and 

record reaction times. Participants were instructed to try to maintain a viewing distance of 

50 cm from the computer screen. Each trial began with presentation of a fixation point 

(asterisk) in the center of the screen for 400 ms. Cue numbers were then presented for 

200 ms followed by 150 ms of blank screen. The target number remained on the center of 

the screen until a response was made by the subject.  

 Numbers were presented in Arial font, 30 mm wide and 50 mm tall. Stimuli were 

white presented on a black background. The task included 10 practice trials. The AD 

group was found to have increased difficulty with the task instructions and the practice 

trial was repeated until full comprehension of the task was achieved; some of the AD 

participants needed to have the practice session repeated for a second or third time. 

Participants were asked to respond to matching trials by pressing a key labeled as “Yes” 

on a computer keyboard, and to non-matching trials by pressing a “No” key. Speed and 

accuracy were emphasized during instructions.  

  After providing informed consent and basic demographic and medical 

information, all participants completed the MMSE (in order to determine whether 

inclusion criteria was met) the GDS and FAQ. Immediately after, they performed the 

number-matching task which was presented first to avoid any interference from other 

arithmetic or number-processing tasks. Then they performed either the numerical 
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comparison or physical comparison version of the Number Stroop. The version they did 

not complete at this time was administered at the end of the testing session or during a 

second session to avoid interference (i.e. instructions confusion) between the two 

versions.  The CERAD battery was then administered, followed by the production task, 

SOPT and processing speed tasks. Depending on participant speed of performance, one 

testing session lasted between 1 and 2 hours.   

 

 

 

 

 

 

 

 

 

 



84 

 

RESULTS 

Data analysis was aimed at answering the two main questions posed by the 

present study, mainly a) do individuals with AD show reduced automaticity for the 

retrieval of multiplication arithmetic facts from memory during the early stages of the 

disease? Do MCI patients still show intact retrieval of arithmetic facts?  b) Do AD and 

MCI patients show intact representation of numerical magnitude?   

a) Analysis of direct and indirect retrieval of multiplication arithmetic facts  

To evaluate direct retrieval of multiplication facts a repeated-measures analysis of 

variance was conducted on the arithmetic production task with problem type (addition, 

multiplication, subtraction) as the within-subjects variable and group (AD, MCI, HOA, 

YA) as the between-subjects variable, with the goal of determining whether participants 

showed differences in performance between the three operation types. Due to a computer 

malfunction, some voice reaction time data from the production task were lost and the 

following analyses were performed on a reduced sample size (AD n=16, MCI n=19, 

HOA n=16, YA n=15). 

 Mauchly´s test indicated violation of the assumption of sphericity so degrees of 

freedom were corrected using Greenhouser-Geisser estimates of sphericity. RT analysis 

revealed a main effect of problem type with significantly longer response latencies for  
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multiplication operations, F (1.77, 109.77) = 13.57, p = .000, ηp²  = .180, than for 

additions and subtractions, as well as a significant main effect of group, F (3,62) = 13.16,  

p = 000, ηp²  = .389, with the AD group taking significantly longer to respond to 

multiplication operations compared to the rest of the groups (see Figure 1). Performance 

of MCI did not differ significantly from that of the HOA group. No group × operation 

type interaction was found, F (5,31, 109.77) = 1.35, p = .244, ηp²  = .062.  

Similarly, error proportion analysis demonstrated that all participants made 

significantly more errors on multiplications, F (1.16, 71.78) = 60.69, p = .000, ηp²  = 

.495, than on the rest of arithmetic operations. A significant main effect of group was also 

present with the AD group committing significantly more errors than the rest of the 

groups, F (3,62) = 7.86, p = .000, ηp² = .275 (see Figure 1). When added to the analysis 

as a covariate, the effect of education was found to be non-significant both for RT (p 

=.181) and accuracy data (p =.276).   

To further characterize the multiplication deficits found in the AD group, 

multiplication errors were categorized as a) operation errors, b) table errors, c) operand 

errors, d) non-table errors, e) rule-based errors, and f) don’t know responses or failure to 

provide a response. Significant main effects of group were found for rule errors 

(operations where a general rule needed to be applied, e.g. n × o, n × 1),  F (3,64) = 

5.486, p = .002, η² = .212,  operation errors (providing that answer to a presented 

problem that would be correct for a different operation type, e.g. 2 × 3 = 5), F (3,64) = 

8.35, p = .000, ηp² = .291, and failures to provide a response, F (3, 61) = 6.407, p = .001, 

ηp² = .248. 
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 Through post-hoc examination of the data it was found that both cognitively 

impaired groups differed from both healthy control groups in the number of operation 

and rule-based errors produced. The AD group provided more “I don’t know” responses 

than the rest of the cognitive groups.  

To investigate problem-size effects, a repeated-measures analysis of variance with 

multiplication problem size (small, large) as within-subject variable and group (AD, 

MCI, HOA, YA) as the between-subject variable was performed on RT data and error 

proportion data. The expected advantage (fewer errors and faster RTS) for small over 

large multiplications was found for all groups for both error, F (1, 62) = 59.69, p = .000, 

ηp²   = .491, and RT data, F (1, 62) = 5.214, p = .026, ηp²   = .078 (Figure 2). No 

significant group × problem size interaction emerged. 

To investigate indirect access to multiplication fact retrieval data from the 

number-matching task was analyzed.  A repeated measures ANOVA with target (product, 

neutral) as the within-subject variable and cognitive group (AD, MCI, HOA, YA) as the 

between subject variable was carried out on both RT and error proportion data. Overall, a 

main effect of target type was evident, F (1,85) = 13.54, p = .000, ηp²   = .138, with faster 

responding to neutral than to product targets (See Figure 3). Error proportion data 

replicated these findings and participants made more errors on product trials when 

compared to neutral trials, F(1,85) = 5.66, p = .020, ηp²   = .062.  Significant group 

effects were also present for both RT, F (3,85) = 21.007, p = .000, ηp²   = .426, and error 
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Figure 2. Differences between cognitive groups for A) Mean response latencies  

            (in milliseconds) for small and large multiplications, and B) mean number of  

            errors for small and large multiplications. 
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Figure 1. Differences between cognitive groups for A) Mean response 

latencies (in milliseconds) and B) mean number of errors committed on 

the three arithmetic operations studied. 
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Figure 3. Number-matching task - mean correct RTs (ms) as a function of target 

                (product vs. neutral) and cognitive group (AD, MCI, HOA, YA).   

                 Significant differences between target types are specified by asterisks (*). 

 

data, F (3,85) = 8.38, p = .000, ηp²   = .228. The target effect did not enter into a 

significant interaction with group for either RT,    F (3,85) = 1.23, p = .304, ηp²  =.042 or 

error proportion, F(3, 85) = .824,  p = .484, ηp² = .028.  Differences in education 

between the AD and HOA were found to make no significant contribution to the results.  

Paired-sample t-tests conducted on individual groups confirmed slower 

responding to product targets in all groups except the AD group. For this group, no 

significant difference in response latency was found, t (19) = 1.19, p = .248, between 

product (M= 1576,56,  SD= 664.42) and neutral (M=1456.32, SD=550.39) targets. The 
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difference between number of errors made in product trials (M = 3, SD = 3.8) and in 

neutral trials (M = 1.9, SD = 2,3) was also non-significant, t (19) = -1.729, p = .100. 

These findings of a reduced interference effect are consistent with a lack of 

automatic and non-intentional retrieval of multiplication facts for the AD group only. To 

investigate this possibility further, AD participants were divided into two groups based 

on multiplication performance on the production task. High performers were those who 

committed few multiplication errors (M = 3.36, SD = 1.12; n = 11 ) and low performers 

were those committed a higher number of multiplication errors (M = 12.6, SD = 1.51; n = 

5).  

High performers (i.e. AD participants with few multiplication errors) exhibited a 

larger interference effect (slower response latencies for product than neutral trials; M = 

303, SD = 439) than low performers (M = -115, SD = 399).Paired comparisons revealed 

significant differences between product and neutral response latencies (a product 

interference effect) for high performers, t (10) = 2.29, p = .045, but not for low 

performers, t (4) = -.642, p = .556 (Figure 4), confirming that the expected interference 

effect would only be evident in  individuals with preserved multiplication abilities.  

   To determine whether a problem-size effect is also evident when participants are 

not explicitly asked to retrieve arithmetic facts from memory a repeated-measures 

ANOVA was conducted with size (small, large) as the within-subject variable and 

cognitive group (AD, MCI, HOA, YA) as the between subject variable. It was 

hypothesized that AD participants would show an increased problem-size effect, with 

special difficulty for retrieval of large multiplication facts. A main effect for problem size 
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was evident for the RT data, F (1,82) = 6.698, p = .011, ηp²  = .076, where small product 

targets were responded to faster (M=1047.14, SD = 557.31) than large product targets (M 

= 1186, 57, SD = 932).  Group effects were also found, F (3,82)= 10.09, p = .000, ηp²  = 

.270. Problem size failed to enter into a significant interaction with cognitive group, F 

(3,82) = 2.35, p = .078, ηp²  = .079, but upon visual inspection of the data it was noticed 

that the AD group exhibited a considerably larger problem-size effect than the rest of the 

groups which also approximated significance, F (3,85) = 2.35, p = .078.  Analysis of 

error data failed to reveal differences between small and large multiplications, F (1,83) = 

.102, p = .750, ηp²   = .001. As hypothesized, all groups presented a problem-size effect. 

A numerical (yet non-significant) difference between groups suggests a stronger 

problem-size effect in the AD group, as hypothesized.  

 

Production task – analyses of individual’s intercept and slopes 

To determine whether AD-related deficits were generalized or process-specific an 

analysis was conducted based on Cerella’s (1985) method of differentiating between 

central and peripheral processing. A generalized slowdown of peripheral processing 

(stimulus encoding, selection of an appropriate strategy, responding) and not central 

processing (direct retrieval of arithmetic facts) has been suggested to account for 

calculation differences between healthy older adults and young adults (Allen, Smith, 

Jerge, & Vires-Collins, 1997). The same central/peripheral distinction was investigated 

for the AD and MCI groups in the present study.  
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       Figure 4. Response latencies for product and neutral trials in high and low  

              performers.  Paired comparisons between target types revealed significant  

              differences for high performers only. Significant differences between target  

              types are specified by asterisks (*).  

 

Data from the production task (multiplication trials only, not including n × 1 or n × 0 

operations) were analyzed regressing RTs on problem size (product values ranging from 

6 to 72) for each individual. The obtained intercept and slope values for each subject 

were then used to examine group differences in peripheral and central stages of 

processing following similar analyses performed by several authors (Allen et al., 2002; 

Multiplication proficiency group  
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Cerella, 1985; Zamarian et al., 2007). Cerella proposed that slope values are a measure of 

central processing efficiency while intercept values represent peripheral processing 

speed.  Slopes and intercepts across groups were compared through an analysis of 

variance: Main effects of group were found for both slope, F (3, 42) = 5.189, p =.004, 

and intercept, F (3,42) = 7.91, p = .000, with the YA group differing significantly in both 

slope and intercept values from the three older adult groups. Slope and intercept means 

for the three older groups did not significant differ from each other. Differences in 

intercept, but not slope, between the HOA group and both cognitively impaired groups 

approximated significance (p =.058). These results suggest both aging and cognitive-

impairment effects on both central and peripheral processing in mental arithmetic. 

b) Representation of numerical magnitude.  

 Automaticity in accessing number magnitude representation was investigated in 

the present study by observing the presence of size-congruency effects (both facilitation 

and interference) and distance effects in the physical and magnitude comparison 

conditions of the numerical Stroop task. Reaction times and error rates for each condition 

are given in Table 3. Independent analyses were carried out for each of the two task 

conditions (numerical and physical comparisons). Responses were excluded from the RT 

analysis if they were incorrect or fell outside ±2.5 standard deviations (SD) from the 

individual average response latencies. 

In general, physical comparisons were performed faster than magnitude 

comparisons. A main effect of task condition was present, F (1, 83) = 12.54, p = .001, ηp²  

= .131, in a repeated-measures ANOVA performed on RT data collapsed over the three 
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congruency types, with task condition (physical, numerical) as the within-subjects 

variable and group (AD, MCI, HOA, YA) as the between-subjects variable. Group effects 

were also present, F (3, 83) = 13.39, p = .000, ηp²  = .326.  A significant task × group 

interaction was found, F (3,83) = 3.039, p = .031, ηp²   = .099.  

For the AD group, paired comparisons between physical and numerical task 

response latencies failed to reveal significant differences between the two task conditions, 

t (16) = -.464, p = .649, suggesting a lack of physical comparison advantage for this 

group. Upon closer inspection of physical and numerical condition differences for the AD 

group a physical advantage (although nonsignificant) was observed only for neutral trials 

where no competing task-irrelevant information is presented. Incongruent trials, on the 

other hand, revealed a numerical comparison advantage. 

Overall, accuracy rate was high for all groups on both task conditions (higher than 

95%). A similar advantage to the one found in the RT data was also obtained for error 

rates. A main effect of task condition emerged and performance was more accurate on the 

physical comparison task compared to the magnitude comparison task, F (1,83) = 4.531, 

p = .036, ηp²   = .052. Paired comparisons revealed no significant differences in accuracy 

between physical and numerical comparison tasks for the AD group, t (16) = -.175, p = 

.864. Since the accuracy rate was high for all groups, error data was not analyzed any 

further.  
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Table 3 

Group performance on Stroop task  

                                AD  MCI      HOA          YA 

Numerical comparison condition.  

Congruent RT                    976.57 (430.59)      775.37 (160.07)       722.61 (167.46)      554. 87 (151.74) 

Neutral RT                         995.10 (465.85)      838.98 (167.03)       780.84 (194.39)      613.07 (172.43) 

Incongruent RT                  1063.46 (631.05)    975.67 (261.19)       880.37 (210.98)      657.47 (178.49) 

Facilitation^                            p =.012*               p =.000*                 p = .001*       p = .000* 

Interference^                           p = .001*               p = .001*   p = .000*       p = .000* 

Physical comparison conditions 

Congruent RT      976.57 (430.50)     649.51 (108.19)    636.95 (112.51)   513.70 

(143.17) 

Neutral RT       995.10 (465.85)        686.60 (115.53)        648.50 (101.45)     536.61 (149.47) 

Incongruent RT      1336.73 (631.04)      830.79 (190.70)        802.95 (175.06)     601.67 (176.27) 

Facilitation^             p =.610            p =.000*                     p = .305         p = .000* 

Interference^                  p = .000*           p = .000*             p = .000*         p = .000* 

 

^ Paired-samples t-tests were conducted to compare mean congruent and neutral trials 

data (facilitation) and mean incongruent and neutral trials data (interference) for each 

group. Significant differences between trial types are specified by asterisks (*).  
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Size-congruency effects 

Physical comparison task  

Facilitation: a 2 (neutral vs. congruent) by 4 (AD, MCI, HOA, YA) repeated measures 

ANOVA was conducted on RT data to determine whether response latency varies as a 

function of trial congruency type. A facilitation effect was defined as faster responding to 

congruent trials than neutral ones. Main effects of group, F (3,86) = 15.68, p = .000, ηp²   

= .354, and congruency, F(1,86) = 6.473, p = .013, ηp²  = .070, were found: all 

participants responded faster to congruent trials than to neutral ones. No congruency × 

group interaction was evidenced, F(3,86) = .344, p = .794, ηp²   = .012. Paired 

comparisons conducted independently on cognitive groups, however, failed to 

demonstrate a facilitation effect for the AD group, t (19) = .519, p = .610 (see Figure 5).  

 

Interference:  Interference effects (i.e. faster responding to neutral compared to 

incongruent trials) were explored using a 2 (neutral vs. incongruent) by 4 (AD, MCI, 

HOA, YA) repeated measures ANOVA. Results revealed main effects of congruency, 

F(1,86) = 141.76, p < .0001, ηp²  = .622, and group, F(3,86) = 17.62, p = .000, ηp²   = 

.381. A congruency × group interaction was found, with the AD group exhibiting a 

significantly larger interference effect, F (3,86) = 15.99, p < .0001, ηp²   = .358, when 

compared to the rest of the cognitive groups.   
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Figure 5. Stroop task- physical comparison condition. RT as a function trial type 

                  (congruent, neutral or incongruent) and cognitive group (AD, MCI, HOA,  

                  YA).Significant differences between congruency types are specified by                      

                  asterisks  (*). 

 

Numerical comparison task  

Facilitation: When performing magnitude comparisons significant main effects of 

congruency, F (1,83) = 66.19, p < .0001, ηp²   = .44, and group, F (3,83) = 9.034, p = 

.000, ηp²   = .246, were found. The congruency effect was characterized by faster 

responding to congruent than to neutral trials (facilitation effect). The relative size of the 

facilitation effect was similar across the three older groups, but different from the YA 

group. The congruency effect did not enter into a significant interaction with group, F 

(3,83) = .143, p = .934, ηp²   = .005.  
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Interference:  A repeated-measures ANOVA revealed main effects of congruency, 

F(1,83) = 85.15, p < . 0001, ηp²   = .506, and group, F (3.83) = 9.73, p = .000, ηp²   = 

.260. All participants showed a significant interference effect (see Figure 6). A significant 

congruency × group interaction also emerged, F (3, 83) = 4.181, p = .008, ηp²   = .131. 

Post-hoc analyses revealed that the youngest group differed significantly from the three 

older groups suggesting that an increase in Stroop interference effects are evident in both 

normal and abnormal aging when performing magnitude comparisons.  

 

Figure 6.  Stroop task- numerical comparison condition. RT as a function trial type   

                  (congruent, neutral or incongruent) and cognitive group (AD, MCI, HOA, 

                  YA) Significant differences between congruency types are specified by  

                  asterisks (*). 
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Distance effects 

The standard distance effect, without the interference of irrelevant stimuli 

dimensions, was investigated using neutral trials from the magnitude comparison 

condition where participants had to determine which of two Arabic numerals of equal 

physical characteristics was numerically larger. Analysis of response latencies revealed a 

significant distance effect in which bilateral pairs were responded to faster, F(1,82) = 

77.51, p = .000, ηp²   = .486, and more accurately, F(1,81) = 7.995, p = .006, ηp²   = 

.090, than unilateral pairs (see Figure 7).   

 

Figure 7.   Response latencies for magnitude comparisons between unilateral and bilateral  

                  trials as a function of cognitive group.  
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Physical comparison task   

Laterality effects were then analyzed as a function of trial congruency. For 

congruent trials, a repeated-measures ANOVA failed to reveal any differences in RT 

between unilateral and bilateral pairs in any of the cognitive groups, F (1,86) = .230, p = 

.633, ηp²   = .003. For incongruent trials, a main effect of distance was found, F (1,86) = 

12.0, p = .001, ηp²   = .122 where bilateral trials in all cognitive groups were answered 

more slowly than unilateral trials, F(1,86) = .230, p = .633, ηp²   = .003. No distance × 

group interaction emerged, F (3,86) = 1.41, p = .244, ηp²   = .047.  

 

Numerical comparison task  

When performing magnitude comparisons, a main effect of distance emerged 

where response latencies were faster for bilateral pairs than for unilateral trials in both 

congruent, F (1,83) = 42.23, p = .000, ηp²   = .337, and incongruent trials, F (1,83) = 

38.91, p = .000, ηp²   = .319. For incongruent trials, a distance × group interaction 

emerged, F (3,83) = 2.88,  p = .041, ηp²   = .094 where the youngest group differed 

significantly from the three older groups.  

The present findings are consistent with the original hypothesis of preserved 

automatic access to number magnitude information and normal presentation of arithmetic 

experimental phenomena (i.e. the congruency effect and the distance effect) in 

cognitively impaired groups. Group differences in education did not significantly 

contribute to the results of either version of the Number Stroop task. 
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Correlation analyses between numerical tasks and neuropsychological tests 

Pearson product correlations were carried out for AD and MCI patients between 

neuropsychological background tests and numerical tasks (i.e.RT for multiplications , 

number-matching task product interference, congruent and incongruent trials on both 

conditions of the Stroop task (see Table 4). Results indicated that indirect retrieval of 

arithmetic facts (product interference on the number-matching task) correlated 

significantly with memory measures (learning, r=-.498, p = .001; delayed memory, r = -

.318, p = .045), psychomotor speed (TMT-A, r = .468,  = .001), executive function 

(TMT-B, r = .428, p = .007), and confrontation naming (BNT, r = .420, p = .009), as well 

as both congruent and incongruent trials of the Stroop task, physical condition 

(congruent, r = .343, p = .030; incongruent, r = .365, p = .020)   

Response latencies for direct retrieval of multiplication facts (production task) 

also correlated with performance on congruent (r = .498, p = .002) and incongruent (r = 

.404, p = .016) trials of the physical Stroop task. Correlations were also found between 

retrieval and measures of psychomotor speed (r = .454, p = .007), executive function 

(TMT-B, r = .587, p = .000 and category fluency, -.375, p = .027), as well as 

confrontation naming (BNT, -.737, p = .000).  

Response latencies for congruent trials on the physical condition of the Stroop 

task significantly correlated with memory (learning, r = -.608, p = .000), confrontation 

naming (r = -..534, p = .001), constructional praxis (r = -.448, p = .004) and executive 

function (TMT-B, r = .482, p = .002), while incongruent trials correlated with both 

aspects of memory (learning, r = .609, p = .000, and delayed memory, r = -.342, p = 
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.031), constructional praxis (-.464, p = .003), executive function (TMT-B, r = -400, p = 

.013) and confrontation naming (r = .550, p = .000) 

On the numerical condition of the Stroop task, response latencies for congruent 

trials  showed significant correlations with learning (-.402, p = .014), constructional 

praxis (-.345, p = .021) and both conditions of the information processing speed test 

(letter, r = .471, p = .004, and number, r = .457, p = .007). The incongruent condition, on 

the other hand, only correlated significantly with the letter portion of the processing 

speed task (r = .371, p = .028). 

 

 



Table 4. Correlation coefficients (r) calculated for neuropsychological tests and numerical tasks. 

  MRT ME SPC SPI SNC SNI MMSE WLML WLMD CP TMTA TMTB VF BNT SOPT PSL PSN 

NMP .577
**

 .311 .343
*
 .365

*
 .243 .296 -.394

*
 -.498

**
 -.318

*
 -.087 .468

**
 .428

**
 -.188 -.420

**
 .113 .237 .071 

MRT 
 

 .658
**

 .498
**

 .404
*
 .109 .044 -.402

*
 -.309 -.223 -.131 .454

**
 .587

**
 -.375

*
 -.737

**
 .101 .003 -.057 

ME 
  

.397
*
 .441

**
 .048 -.102 -.291 -.101 -.132 -.086 .369

*
 .513

**
 -.248 -.386

*
 .223 -.044 -.103 

SPC 
   

.922
**

 .824
**

 .645
**

 -.652
**

 -.608
**

 -.307 -.448
**

 .368
*
 .482

**
 -.238 -.534

**
 .145 .274 .249 

SPI 
    

.723
**

 .529
**

 -.660
**

 -.609
**

 -.342
*
 -.464

**
 .307 .400

*
 -.150 -.550

**
 .168 .180 .089 

SNC 
     

.887
**

 -.392
*
 -.402

*
 -.143 -.345

*
 .255 .216 -.213 -.064 .013 .471

**
  .457

**
 

SNI 
      

-.349
*
 -.379

*
 -.191 -.267 .205 .196 -.221 -.062 -.183 .371

*
 .326 

MMSE 
       

.660
**

 .563
**

 .361
*
 -.157 -.351

*
 .430

**
 .674

**
 -.215 -.115 -.056 

WLML 
        

.710
**

 .367
*
 -.274 -.274 .256 .510

**
 -.240 -.110 -.082 

CP 
          

-.087 .025 .255 .412
*
 -.057 -.310 -.137 

TMTA 
           

.732
**

 -.077 -.295 .126 .496
**

 .453
**

 

TMTB 
            

-.244 -.548
**

 .104 .433
**

 .337 

VF 
             

.441
**

 .223 -.190 -.144 

BNT 
              

-.337 .153 .332 

SOPT 
               

-.102 -.074 

PSL                                 .833
**

 

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed). BNT=Boston Naming 

Test; CP = Constructional Praxis; ME= multiplication errors; MMSE= Mini Mental State Examination; MRT= multiplication reaction 

time; SNC= Stroop numerical condition, congruent trials; SNI=Stroop numerical condition, incongruent trials; SPC=Stroop physical 

conditions, congruent trials, SPI=Stroop physical condition, incongruent trials; SOPT= Self-ordered pointing task; PSL=Processing 

speed letter; PSN=Processing speed number; TMTA=Trail Making Test, part A; TMTB=Trail Making Test, part B;  VF=Verbal 

fluency; WLMD=Word list memory delayed retrieval; WLML=Word List Memory Learning. 
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DISCUSSION 

Calculation deficits have been reported to occur early in the course of AD and can 

have substantial consequences for daily functioning. The present study aimed to 

investigate the effects of AD-and MCI-related memory impairment on two cognitive 

processes involved in calculation, mainly quantitative number processing and retrieval of 

arithmetic facts from memory. To pursue this goal, participants classified into four 

cognitive groups (AD patients, MCI patients, healthy older adults, and young adults) 

performed tasks of direct and indirect retrieval of multiplication facts from memory, as 

well as tasks of numerical comparison. The direct assessment of arithmetic fact retrieval 

was achieved via a production task where participants had to provide the correct solution 

to a presented problem. A number-matching task, where participants had to compare a 

problem cue (e.g. 3 × 4) and digits in the target (e.g. 12) was used as an indirect measure 

of arithmetic knowledge. A numerical Stroop task was used to evaluate mental 

representation of numerical magnitude.  

 Two principal hypotheses guided the present study: Firstly, it was predicted that 

cognitively impaired participants would retrieve arithmetic facts from memory in a less 

automatic fashion, thus incurring in more errors and slower reaction times when doing 

simple multiplications, and failing to present interference effects in implicit tasks of 

arithmetic retrieval. Secondly, it was hypothesized that cognitively impaired participants  
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maintain intact representations of number magnitude. Reduced automaticity for retrieving 

arithmetic facts, it was proposed, would be a good candidate for a basic cognitive process 

that underlies the reported calculation deficits often reported for patients in the early 

stages of Alzheimer’s disease. 

  

Retrieval of arithmetic multiplication facts 

 Direct assessment of arithmetic fact retrieval through a production task revealed 

that, overall, participants were slower and less accurate when retrieving multiplication 

facts from memory compared to other single-digit operations such as additions and 

subtractions. AD patients performed worse on multiplications (longer RTs and more 

errors) when compared to the rest of the cognitive groups, while MCI patients solved 

multiplications comparably to healthy controls. These findings for the AD group are 

consistent with group study (Mantovan, et al., 1999; Marterer et al., 1996) and single case 

(Grafman et al., 1989, Pesenti et al., 1994) reports of worse performance on 

multiplications in AD patients. While several explanations have been proposed to account 

for the observation of multiplication-specific deficits in brain-damaged patients, it is 

important to note that these might not extend to the AD group in the present study as they 

exhibited a mean accuracy rate of 75% on multiplications, an accuracy rate lower than 

the rest of the cognitive groups but hardly on the impaired range.  

Analysis of multiplication error types revealed that, in comparison to the other 

groups, AD patients made significantly more errors that were classified as operation 
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errors and rule-based errors. They also produced a higher number of “I don’t know” 

responses or an inability to provide an answer within the 5 second time frame that was 

allowed for each response in the production task. In regards to the latter type of errors, 

inability to produce a verbal response within 5 seconds is most probably related to a 

generalized information-processing slowing that is evident in the AD group (see Table 2).  

These types of errors, however, were fairly infrequent (M =1,92, SD = 2,19 for the AD 

group) and it can be concluded that 5 seconds gave most of the participants sufficient 

time to produce a response. In regards to operation errors, these were significantly higher 

in both cognitively impaired groups compared to healthy controls. To try to account for 

operation errors, network retrieval models (Ashcraft, 1987) hypothesize that upon 

presentation of a problem (e.g. 6 × 7) answer nodes are activated for various arithmetic 

operations (in this case, 42 and 13). In addition, these answer nodes also receive input 

from an operation node whose activation ensures that the correct answer node (i.e. 42 and 

not 13) will receive the most activation and will be chosen as the response. The model 

does not specify, however, what leads to a stronger activation of the incorrect answer 

node (i.e. 13). Weakened associations in the network of arithmetic facts might provide an 

explanation (Sokol et al., 1991): weakened operand-answer associations produced by 

cognitive impairment might fail to produce activation of correct answer nodes upon 

problem presentation or the activation of the correct answer node, relative to that of 

incorrect answer nodes, may be lower than normal (McCloskey, Harley & Sokol, 1991).  

An alternative explanation to the presence of operation errors in the cognitively 

impaired group is based on AD- and MCI-related deficits in visual discrimination. 
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Operation errors in this population generally consisted in providing an addition answer 

when presented with a multiplication operation (e.g. 2 × 3 = 5); no operation errors were 

committed that involved subtractions. Visual discrimination deficits have been described 

in AD (Harnish et al., 2010; Tippet, Blackwood & Farah, 2003) and for perceptually 

similar visual stimuli in MCI (Newsome, Duarte & Barense, 2012) and operation errors 

might have been produced by confusion between two visually similar operation signs. (+ 

and ×).   

Both cognitively-impaired participants (AD and MCI groups) were found to 

commit a significantly larger number of rule errors compared to healthy controls, 

especially for multiplication operations involving zero. This has been reported previously 

for AD patients (Allen et al., 2005; Kaufmann et al., 2002;  Mantovan et al., 1999). 

Selective impairment of rule versus other types of multiplication fact knowledge is in line 

with the assumption of separate mental representations for arithmetic rules such as n × 0 

= 0 or n × 1 = 1. It is also possible that cognitively-impaired participants might have 

confused the (n × 0 = 0) rule with the (n + 0 = n or n – 0 = n) rule. Solving zero and one 

operations has been found to not activate processes of fact retrieval an instead rely on 

choosing a strategy from many available and then applying a stored rule. AD, however, 

has been found to preserve arithmetic strategy selection (Duvere, Lemaire & Michel, 

2003) so this explanation is less plausible.  

Another possibility suggested by some of the present findings is that memory 

impaired participants are faster and more comfortable at using the back-up counting 

strategies that allow solving simple sums and subtractions and have more difficulty in 
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directly retrieving facts from memory, a skill necessary for answering multiplication 

problems where counting would not be efficient. It is possible, then, that cognitively 

impaired participants have a bias towards addition (or less probably subtraction) and that 

zero-rule errors are caused by a generalization of the fact that in additions and 

subtractions a 0 operand leaves the other operand unchanged. This possibility is 

supported by findings of less efficient solving of multiplication operations in relation to 

addition and subtraction, as well as the high frequency of operation errors previously 

described, where participants showed a tendency to solve the presented operations as 

additions even when a multiplication sign was presented; few operation errors involved 

the opposite process.  

Direct assessment of arithmetic fact retrieval in the present study revealed 

effortful processing of multiplication facts by AD patients, with performance that was 

significantly lower than the rest of the cognitive groups. This would seem to indicate the 

existence of an AD-specific deficit in retrieval of multiplication facts from memory. It is 

possible, however, that the group differences in multiplication retrieval may be related to 

the demands of the task, mainly that it required volitional retrieval and production of a 

verbal response. An implicit task of arithmetical fact retrieval was included to analyze 

this possibility.  

According to current models, multiplication facts are stored in long-term memory 

in a highly interrelated network of associations (Ashcraft, 1987; Campbell, 1987; 

Lemaire & Siegler, 1995; Verguts & Fias, 1995). Presentation of a problem triggers 

activation of corresponding operand and answer nodes, as well as table-related neighbors 
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whose activation may interfere with memory retrieval (Campbell & Graham, 1995). This 

activation is said to be automatic, in the sense that it is obligatory and occurs without 

intention upon presentation of the appropriate stimuli (Rusconi et al., 2004; Zbrodoff & 

Logan, 1983). Network activation occurs even when arithmetic processes are irrelevant to 

the task at hand, such as in the number-matching task used in the present study as a 

measure of indirect or implicit retrieval of multiplication facts.  

 In the number-matching task, participants were overall slower and less accurate 

in answering product targets compared to neutral ones thus demonstrating the product 

interference effect reported for adults (Le Fevre, Bisanz & Mrkonjic, 1988; Rusconi et 

al., 2004), children (DeBrawer & Fias, 2009; Lemaire, Barrett, Fayol & Abdi, 1994), and 

patients diagnosed with MCI (Zamarian et al., 2007). Presence of an interference effect 

suggests automatic retrieval of arithmetic facts upon presentation of two operands, even 

when arithmetic is irrelevant to the task. In the present study, response latencies for 

product trials correlated significantly with RTs for direct retrieval of multiplication, as 

well as with measures of learning, psychomotor speed, confrontation naming and 

executive functioning; both language and executive skills have been suggested to make 

important contributions to arithmetic fact retrieval (Zamarian et al., 2007; De Smedt & 

Boets, 2010). The number-matching task was presented before any other arithmetic task 

during the testing session so practice effects can be excluded.  

 Paired comparisons for the AD group, however, failed to show significant 

differences in response latency to product and neutral targets suggesting that the 

presentation of a target number that corresponded to the product of two previously 
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presented cues did not produce an interference effect for this group. These findings seem 

to indicate that AD patients do not retrieve arithmetic facts from memory in an automatic 

fashion as has been described for healthy adults: activation of operand and product nodes 

does not occur unintentionally upon presentation of number cues.   

Investigation of the problem-size effect, for both explicit and implicit tasks, 

revealed the presence of problem-size effects for RT data in all groups. The problem-size 

effect has been explained by network models of arithmetic as short distances and stronger 

connections between small operands and their products and long distances and weaker 

connections between large operands and their product (Allen et al., 2005; McCloskey et 

al., 1991). On the number-matching task, AD patients demonstrated a numerically larger 

problem-size effect compared to the rest of the groups suggesting more effortful retrieval 

of larger problems, compared to smaller ones. 

According to Ashcraft’s (1987) network retrieval model arithmetic facts are 

accessed upon presentation of a pair of numbers. Activation then spreads from the 

presented numbers to related nodes, such as sum and product nodes, and this spread is 

assumed to be obligatory (De Brawer & Fias, 2009; Galfano et al., 2009; Le Fevre et al., 

1988; Rusconi et al., 2004).  Research findings in arithmetic fact retrieval are converging 

on the conclusion that number knowledge could be represented in a fashion similar to that 

of word knowledge, where a semantic network exists that is accessed via automatic 

spreading activation (Le Fevre et al., 1988). In AD, prominent deficits in semantic 

memory (i.e. knowledge of facts, vocabulary, and concepts acquired through life; Squire, 

1987) have been described that manifest themselves through the presence of semantic 
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paraphasias, superordinate responses to object naming tasks, and low word production on 

timed verbal fluency tasks (Bayles, Tomoeda & Trosset, 1990; Chertkow & Bub, 1990; 

Hodges & Patterson, 1995; Hodges, Salmon & Butters, 1992). Some authors have 

proposed that AD is related to a breakdown in the organization and structure of semantic 

knowledge due to degradation of neocortical association areas presumed to store 

semantic representations (Chertkow, Bub & Seidenberg, 1989; Glosser & Friedman, 

1991), while others believe that the problem lies in defective access and retrieval of 

knowledge from a relatively intact semantic store (Nebes, 1989; Nebes et al., 1984). This 

access versus storage debate has permeated to arithmetic knowledge research (Kaufman 

et al., 2004; Lochy, Domahs & Delazer, 2004) and the present study contributed to this 

issue by demonstrating that, compared to healthy older adults and patients with MCI, AD 

patients presented deficits in multiplication retrieval in an explicit task of arithmetic 

retrieval, as well as deficient access to multiplication facts in an implicit task of 

arithmetic retrieval. It has been proposed for research in semantic memory networks that 

while both access/retrieval to and degradation of semantic networks are expected to affect 

explicit tasks, only degradation should have an impact on implicit tasks that do not 

require a conscious search in the semantic memory network (Rogers & Friedman, 2008). 

The present findings, then, are more consistent with a partially degraded network of 

multiplication facts in AD that interferes with patients’ ability to retrieve facts 

automatically when presented with the appropriate stimuli and that possibly limits the 

execution of more complex calculations.  
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An alternative to this account would be to explain the lack of automaticity to 

retrieve arithmetic facts as an artifact of a generalized slowing of processing speed 

characteristic of AD. This alternative needs to be explored further using a more 

appropriate experimental design but the current findings do not seem to support an 

explanation based solely on processing speed differences as no differences in processing 

speed were found between AD and MCI groups and yet the MCI group retrieved 

arithmetic facts from memory comparably to healthy older adults. A degraded network of 

arithmetic facts in AD patients where spreading between nodes is more effortful 

(spreading between nodes takes longer and operand-answer nodes activation is weaker)  

would seem a better explanation to account for a) the lack of automatic activation of 

product information in the number-matching task, b) slower and more error-prone 

retrieval of multiplication facts in the production task, and c) stronger problem-size 

effects in the AD group.   

 

Magnitude processing  

To study access to number magnitude representation participants completed both 

a numerical or magnitude comparison condition and a physical comparison condition of 

the numerical Stroop task . As has been reported in previous studies (Girelli et al, 2001; 

Kaufmann et al. 2008) groups presented an advantage for physical comparisons (faster 

RTs and fewer errors) than numerical comparisons. The AD group, however, failed to 

demonstrate this advantage. Upon investigation of task condition advantages as a 



 

113 
 

function of congruency in the AD group, a numerical (but not significant) advantage was 

found for neutral trials only, while for incongruent trials, physical comparisons were done 

much slower than magnitude comparisons. In other words, in contrast to the MCI patients 

and healthy controls who showed an advantage of perceptual processing despite 

congruency status, AD patients showed a physical comparison advantage only when a 

single relevant stimulus dimension needed to be paid attention to; they were more 

disturbed by the presentation of irrelevant variations of the physical dimension than the 

rest of the groups.  

A reliable Stroop interference was found for all groups in both the physical and 

magnitude comparison conditions. The presence of interference effects in the cognitively 

impaired groups suggests that number magnitude representations are automatically 

activated in this group even when irrelevant to the task and thus interfere with current 

task performance. In contrast to the MCI and healthy control groups who showed 

comparable interference effects for numerical and physical comparison, the AD group 

demonstrated a significantly larger interference effect for the physical comparison 

condition. This is interpreted as an inability to ignore salient number magnitude 

information that was automatically activated although irrelevant to the task. MacLeod & 

Dunbar (1988) have proposed that the impact of the irrelevant dimension on performance 

will occur as a function of its degree of automaticity: the more automatic the processing, 

the more it will interfere on a task. The present findings for the physical comparison 

conditions would suggest, then, than compared to the rest of the groups, AD patients 

show a higher degree of automaticity of access to number magnitude. Although previous 
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studies have found preserved abilities for numerical comparison in AD patients (Cano et 

al., 1998; Girelli et al., 2001; Kaufmann & Delazer, 1998) a more likely possibility is that 

this group shows a disproportionate difficulty in ignoring irrelevant task information due 

to deficits in executive attention and inhibitory control (Amieva, Lafont, Rainville, 

Dargitues & Fabrigoule, 1998;  Bondi et al., 2002; Collete, Van der Linden & Salmon, 

1999; Fisher, Freed & Corking, 1990; LaFleche & Albert, 1995). It remains to be 

determined, however, why the interference effect is smaller in the numerical comparison 

condition, that is, why irrelevant physical information is not disproportionally salient in 

the AD group. Physical size, being a perceptual dimension, is assumed to be highly 

automatic from an early age and thus likely to exert great influence on the numerical 

comparison task (Girelli, Lucangeli & Butterworth, 2000). It is possible that progressive 

deterioration of visual association cortex and visual object perception in AD (Alegret et 

al., 2009; Laatu, Revonsuo, Jäykkä, Portin, & Rinne, 2003) might produce a decrease in 

the expected advantage for physical processing.  

In line with previous studies, a consistent facilitation effect across groups was 

only produced in the numerical comparison task. Physical comparisons produced 

facilitation effects for the MCI and YA groups only. Henik and Tzelgov (1982) proposed 

that a lack of interference in physical comparison tasks was partially attributed to the 

nature of the neutral stimuli in this task: as they are made up of identical digits (e.g. 7  7) 

they may be particularly easy to process reducing the chance that congruent pairs may 

increase decision speed. The current results are at odds with that assumption, however, as 

the young group did produce an interference effect  
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Both cognitively impaired groups demonstrated robust distance effects, revealed 

by faster processing of the more distant bilateral pairs in comparison to unilateral pairs in 

the numerical task. This effect is assumed to be semantic, in that it depends only on 

numerical proximity and is unrelated to the surface format of the input symbol (Pinel, 

Dehaene, Riviere & Le Bihan, 2001). It is assumed to arise from a conversion of the 

presented visual symbols into analog magnitudes along a mental number line (Moyer & 

Landauer, 1967), a process which appears to be preserved in AD and MCI.  

Analysis of distance effects as a function of congruency type revealed results 

consistent with previously published data (Tzelgov, Meyer & Henik, 1992; Girelli et al. 

2000). For the numerical comparison task, the expected distance effect was found for all 

groups in both congruent and incongruent trials. That is, decision time was faster for the 

more distant bilateral pairs than for unilateral pairs.  

For the physical comparison task, a robust and counterintuitive finding for all 

groups was that of slower bilateral pair processing compared to unilateral pairs in 

incongruent trials. Tzelgov and colleagues (1992) have made the distinction between an 

intentional, algorithm-based, processing that maps the numerical stimuli onto an internal 

size scale, and a memory-based automatic processing that, during initial stages of 

encoding, categorizes numbers into small (less than 5) or large (greater than 5); according 

to these authors both of these processes can occur simultaneously. Slower processing of 

bilateral pairs when numerical size is irrelevant, they claim, occurs because intentional 

processing of numerical size is so slow that it does not interfere with the physical 

comparison. In addition, the information obtained from the automatic small/large 
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categorization (automatic processing) is not refined enough to discriminate between 

consecutive numbers, therefore failing to produce a distance effect.  

Alternatively, these findings can be explained in terms of a “horse race” between 

mental processing for the two stimuli dimensions. It has been found, in both the present 

and previous studies that physical comparisons are generally faster than numerical 

comparisons; in other words, adults show an advantage for physical processing, as it is a 

perceptual dimension. Based on the findings of the present study, it is believed that faster 

processing of unilateral pairs during physical comparisons is caused by an advantage for 

perceptual processing that is faster than the numerical processing required to either map 

the numbers on an internal number line, or categorize digits into small and large. In other 

words, upon presentation of two numerically close digits (e.g. 2 3), numerical 

discrimination between two consecutive numbers is so slow that physical comparison 

occurs before magnitude information has the chance to produce an interference. When 

physical comparisons of incongruent bilateral pairs must be made both the physical 

advantage and the bilateral advantage work together to produce a fast decision. This 

explanation is supported by the finding that AD patients do not demonstrate slower 

processing of bilateral pairs when performing physical comparisons. It was previously 

discussed that AD patients fail to show a perceptual processing advantage, possibly due 

to AD-related visuoperceptual deficits. During physical comparisons, perceptual 

information regarding physical size of the digits is not as salient as in healthy adults and 

the automatically-activated magnitude information has the time and opportunity to 

produce an interference. Further investigation is required to confirm this hypothesis. 
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Results from the present study are consistent with the proposed notion of impaired 

calculation abilities during the early stages of Alzheimer´s disease. While previous 

studies have reported marked deficits in complex calculation in Alzheimer´s patients, the 

present investigation revealed that while patients have intact access to magnitude 

information, they demonstrate effortful retrieval of arithmetic facts from memory which 

hinders their ability to solve both simple and complex operations that are memory based 

and not amenable to the use of back-up counting strategies. MCI patients in the present 

study demonstrated calculation performance similar to that of healthy older adults 

suggesting that calculation impairments are not a consistent feature of MCI. Similarities 

between the MCI and AD groups were found only for presence of several operation and 

rule-based errors in both cognitively-impaired groups. It is possible that memory systems 

that support arithmetic rules (4 × 0 = 0) and arithmetic facts (4 × 3 = 12) are dissociable 

and MCI has an effect only on the former one while the latter remains intact.  

The present study also allows for a better characterization of the cognitive profile 

of the MCI patient. While a diagnosis of MCI of the amnesic type automatically requires 

documented memory impairment with all other cognitive functions intact, calculation 

abilities are rarely taken into account. The present findings confirm that MCI patients 

have preserved calculation abilities and preserved functioning for all those everyday 

activities that require numerical manipulations (i.e. managing finances, medication 

dosages, etc.). While the association between calculation deficits and everyday activities 

needs to be further investigated, by identifying the calculation routes whose processing is 

impaired in patients suffering from Alzheimer´s disease the possibility opens to develop 
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and implement cognitive interventions aimed at remediating those calculation deficits and 

prolonging functional independence on number-based activities for AD patients.    

The main limitation of the present study is a small sample size in each of the 

cognitive groups, a limitation commonly found when doing research with patient 

populations. A larger sample size for the AD group would have possibly permitted a re-

classification of subjects based on cognitive status as AD patients tend to show great 

variability in cognitive task performance. Also, for the present study no information 

could be obtained regarding the amount of time that had elapsed since diagnosis of AD 

and MCI or presentation of early symptoms to better characterize the group. All 

participants had a fairly high MMSE, however, so there is a high probability that they all 

lie in the mildly impaired range.   

The present study aimed to investigate the underlying cognitive abilities 

represented in Dehaene & Cohens (1997) double-route model of calculation. It is the first 

study that has used explicit and implicit measures of arithmetic retrieval in the same 

sample, in addition to measures of automatic access to magnitude processing, to better 

elucidate the effects of cognitive impairment on automatic processes involved in 

calculation.  Results suggest a pattern of impaired and preserved numerical abilities that 

speaks to the functional independence between components of the number processing and 

calculation systems, as has been previously suggested. AD patients seem to suffer from a 

partially degraded network of arithmetic facts that prevents automatic activation of these 

facts and slows down retrieval. Further studies should help determine in what way this 

reduced automaticity of fact retrieval interferes with the individuals’ ability to solve both 
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simple and complex arithmetic operations. Access to magnitude information, a basic skill 

that allows quantity-based operations and use of back-up counting strategies when 

arithmetic facts cannot be directly retrieved from memory, seems to be intact in the 

present sample.  

Although AD as been associated with early deficits in calculation, patients with 

MCI in the present study were not found to show the types of impairments observed in 

the AD group (with the exception of multiplication error types) suggesting qualitative 

differences between the two conditions. It is also possible that pattern of impaired and 

preserved arithmetic and numerical abilities varies greatly across AD individuals and this 

needs to be explored further with a greater sample size. Since several cognitive skills are 

involved in performing simple and complex calculations, studies should further explore 

the contributions of executive functioning, especially self-monitoring and inhibitory 

processes, to numerical processing in dementia.   
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APPENDIXES 

 

 Appendix  1. Unilateral and bilateral pair stimuli used for the Number Stroop Task 

Unilateral pairs         Bilateral pairs        
1          2                        1              6             
 2 1              6              1            
(2 3)                    2    7    
(3 2)      7    2              
 3 4       3    8    
 4 3       8    3     
 6 7       4    9    
 7 6       9    4    
(7 8) 
(8 7) 
 8 9 
 9 8 
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Appendix 3. Stimuli used for the Number-Matching Task  

Non-matching trials  

Product     

8  9  2  7 4  2 6  3 6  7 3  4 4  6 4  8 2  3 7  8 9  6  5  2 

  72           14    8   18  42  12  24  32   6  56  54   10 

Neutral    

8  9  2  7 4  2 6  3 6  7 3  4 4  6 4  8 2  3 7  8 9  6 5  2  

 35   16  13  17  39  15  21  29   7  53  49  13 

Fillers     

2  75  64  3 8  13 5  78 43  7 27  5 6  35 93  4 69  5 7  54 9  62 56  3   

  94      87   46  62   29   34  91   86   71  29  73  24 

 

Matching trials  

Product- balancing 

7  10  3  54 8  6 3  56 9  32 5  24 3  72 3  18 9  14 5  42 2  8 3  12    

  10            54    6  56   32   24   72   18   14   42    8   12 

Cue-balancing     

  3  4  6  3 6  7 8  9 4  2 2  7 4  8 7  8 9  6 2  3 5  2 4  6 

     4    3   7   9   2   7   4   8   6   2   5   4 

Fillers  

   2  75   64  3 8  13 43  7 27  5 6  35 93  4 69  5 7  54 9  62 56  3 5  78 

      2      3   13   43   27   35   93    5    7    9    56    5  
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