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INTRODUCTION

The emergence of memory-based problem solving is a cardinal feature of 
children’s cognitive development. Two decades of behavioral studies with 
children have demonstrated that a shift from the use of procedure-based to 
memory-based problem solving is a hallmark of children’s cognitive develop-
ment (Geary, 1994; Menon, 2014; Siegler, 1996). The use of memory-based 
approaches to solve mathematical problems can the academic achievement of 
typically  developing children and children with dyscalculia who do not transi-
tion to the use of memory-based strategies (Cho, Ryali, Geary, & Menon, 2011; 
Geary, 2011; Geary & Brown, 1991; Geary & Hoard, 2003).

During their learning and skill acquisition years, children have available 
to them a mix of procedural and memory-based approaches for solving prob-
lems in a given domain. Elaborate computational procedures (e.g., counting 
to solve arithmetic problems, phonetic decoding to sound out and read words) 
are used more frequently than memory-based procedures (e.g., addition fact or 
word  retrieval) (Butterworth, 1999; Geary, 1994; Menon, 2014; Siegler, 1996). 
Cognitive development is characterized by the use of different overlapping stra-
tegic approaches to problem solving, with learning reflected in less efficient 
procedures that are gradually replaced by more efficient memory-based ones 
(Geary, 1994; Siegler, 1996). In contrast to the tremendous advances in our un-
derstanding of children’s cognitive development at the behavioral level, knowl-
edge of their neurobiological mechanisms is only now beginning to emerge.

Within the domain of mathematical cognition, arithmetic learning has 
been the focus of most investigations of efficient fact retrieval. This process is 
 preceded by an extended period during which children use a mix of  counting, 
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decomposition, retrieval, and other procedures to solve addition problems 
(Geary, 1994; Siegler & Shrager, 1984). Despite considerable advances in our 
understanding of the behavioral and cognitive mechanisms characterizing these 
shifts (Siegler & Svetina, 2006), the role of memory systems in building rep-
resentations for basic arithmetic facts, including addition, is only now being 
recognized. Children’s arithmetic problem solving therefore provides an ideal 
domain for studying the brain mechanisms that underlie this cardinal feature of 
cognitive development.

Although the posterior parietal cortex (PPC), and its intraparietal sulcus 
(IPS) subdivision in particular, has been the focus of most neurobiological 
research on mathematical cognition and learning (Ansari, 2008; Butterworth, 
1999; Dehaene, Piazza, Pinel, & Cohen, 2003), recent research is begin-
ning to emphasize a multisystem approach (Fias, Menon, & Szucs, 2013; 
Menon, 2015a, Qin et al., 2014). Specifically, multiple distributed neural 
processes involved in number form, magnitude, and quantity representa-
tions, working memory, and declarative memory have been identified as be-
ing important for numerical problem solving and mathematical learning. This 
chapter focuses on the declarative memory system (Figure1), which plays a  
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FIGURE 1 Medial temporal lobe memory system. (A) Schematic view of the medial temporal 
lobe declarative memory system, which is composed of the hippocampus and the perirhinal, en-
torhinal, and parahippocampal cortices. (B) MTL connections with the prefrontal coretex. (a,b) 
Major subdivisions of the prefrontal cortex (PFC) that are linked to the MTL. The dorsolateral 
(DLPFC, BA 46 and 9) and ventrolateral (VLPFC, BA 44, 45, and 47) are the two main PFC 
regions involved in mathematical cognition. (c) MTL-PFC connections. There are large cortico-
cortical direct reciprocal connections between the MTL and the PFC, passing through the uncinate 
fascicle, anterior temporal stem, and anterior corpus callosum. The DLPFC has strong reciprocal 
connections with the perirhinal and entorhinal cortices. The MTL receives information from a 
range of unimodal and polymodal sensory association areas. This information predominantly en-
ters through the perirhinal and parahippocampal cortices, which project back to these regions. The 
PFC has reciprocal connections with sensory association cortices including temporal and parietal 
regions and many subcortical structures. Adapted from Squire and Dede (2015) and Simons and 
Spiers (2003).
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critical, but heretofore underappreciated, role in scaffolding children’s math-
ematics learning and skill development.

The importance of the medial temporal lobe (MTL), particularly its hippo-
campal subdivision, in learning and memory for events in space and time is well 
known (Davachi, 2006; Davachi, Mitchell, & Wagner, 2003; Diana, Yonelinas, 
& Ranganath, 2007; Eichenbaum, Yonelinas, & Ranganath, 2007; Tulving, 
1983), but its contributions to mathematics learning and cognitive development 
more broadly have received little attention until recently. This chapter presents 
a neurocognitive framework for conceptualizing the development of memory-
based fact retrieval and highlights the role for which MTL systems have hereto-
fore been largely neglected in the field. An important and novel aspect of these 
findings is that it cannot be assumed that brain systems engaged by children 
during critical stages of development are the same as those in adults with well-
developed schema knowledge (McClelland, McNaughton, & O'Reilly, 1995; 
Tse et al., 2007; van Kesteren, Ruiter, Fernandez, & Henson, 2012).

DEVELOPMENT OF MEMORY-BASED STRATEGIES 
IN CHILDREN’S MATHEMATICS LEARNING

The ability to quickly and efficiently retrieve basic arithmetic facts from long-
term memory is a core feature of children’s early mathematical skill develop-
ment. During development, children’s mathematical problem-solving skills 
gradually become more dependent on memory-based strategies such as direct 
retrieval, and are less dependent on effortful procedures such as counting (Geary, 
Hoard, Byrd-Craven, & DeSoto, 2004). Children’s cognitive development is 
characterized by “overlapping waves” (Siegler, 1996), wherein advances are 
characterized not by broad and abrupt shifts from one stage of thinking to an-
other, but rather by changes in the distributions of strategies children use for 
problem solving (Figure 2). This developmental shift in strategy use is most 
evident during second and third grades (Ashcraft & Fierman, 1982; Carpenter 
& Moser, 1984; Geary, 1994; Siegler, 1996). Critically, a shift to fact retrieval 
serves as a foundation for the efficient solution of more complex arithmetic 
problems in which simple arithmetic is embedded (Geary & Widaman, 1987), 
and failure to undergo such a shift is a prominent deficit in children and adults 
with dyscalculia (Kaufmann, 2002; McCloskey, Harley, & Sokol, 1991).

Children primarily use four strategies to solve single-digit addition prob-
lems: (a) counting fingers, (b) verbal counting, (c) retrieval, and (d) decom-
position (e.g., 6 + 7 = 6 + (6 + 1) = (6 + 6) + 1 = 12 + 1 = 13) (Ashcraft, 1982; 
Geary, Hamson, & Hoard, 2000). Repeated use of counting results in the for-
mation of associations between problem stems (e.g., 5 + 7) and answers (e.g., 
12) such that presenting the stem will eventually trigger retrieval of the correct 
answer (Siegler & Shrager, 1984). Such paired associations are precisely the 
kind of encoding processes that engage the MTL memory system (Diekelmann, 
Wilhelm, & Born, 2009; Frankland & Bontempi, 2005; Kumaran, Summerfield, 
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Hassabis, & Maguire, 2009; Nadel & Moscovitch, 2001; Schacter, Addis, & 
Buckner, 2007; Schacter, Norman, & Koutstaal, 1998; Tse et al., 2011; Tulving, 
1983, 2002).

It is also thought that the representation of addition facts in long-term mem-
ory is aided by the repeated use of counting and other procedures during prob-
lem solving (Ashcraft, 1982; Groen & Parkman, 1972; Siegler, Shipley, Simon, 
& Halford, 1995; Siegler & Shrager, 1984). As an example, counting up from 
5 to 8 (“five, six, seven, eight”) to solve the problem “5 + 3 = ?” results in an 
association between the answer (“eight”) and the problem stem (“5 + 3”). After 
many such counts, children begin to retrieve the answer directly when presented 
with the stem (Siegler & Shrager, 1984). In this way, schema knowledge of 
counting principles, cardinality and ordinality, helps frame the problem space 
for use of counting procedures to solve arithmetic problems and supports en-
coding of information into long-term semantic memory.

A variety of behavioral methods have been employed to assess the mix of 
strategies young children use to solve arithmetic problems, ranging from verbal 
report (Carpenter & Moser, 1984) to mathematical modeling of reaction times 
(Ashcraft, 1982; Groen & Parkman, 1972). Concerns were initially raised re-
garding the validity of child reports (Hamann & Ashcraft, 1985), but subsequent 
studies showed that self-reported strategies were consistent with associated 
mean response time (RT) patterns and experimenter observation (Geary, 1990; 
Groen & Parkman, 1972; Siegler, 1987; Wu et al., 2008). Crucially,  self-report, 

FIGURE 2 Developmental changes in children’s problem-solving strategies. Decreased reliance 
on inefficient problem-solving strategies such as finger and verbal counting to memory-based strate-
gies is a hallmark of children’s mathematical skill development. Adapted from Geary and Hoard 
(2003).
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observer-report, and RT patterns show high concordance (Kappa = 0.948), sug-
gesting that by the age of 7 children are aware of, and can accurately report on 
the strategies they used to solve a given problem. Despite the fidelity of these 
measures, behavioral research leaves unclear the underlying brain systems that 
support the shift to fact retrieval over development and how they are related to 
individual differences in learning. Neurobiological investigations can provide 
insights into the mechanisms underlying such transitions in ways that behav-
ioral studies alone cannot.

DECLARATIVE MEMORY AND ITS DEVELOPMENT

Declarative memory is central to our ability to remember facts and events 
(Davachi, 2006; Davachi et al., 2003; Diana et al., 2007; Eichenbaum et al., 2007; 
Tulving, 1983). It lies at the foundation of learning and memory (Diekelmann 
et al., 2009; Frankland & Bontempi, 2005; Kumaran et al., 2009; Nadel & 
Moscovitch, 2001; Schacter et al., 1998, 2007; Tse et al., 2011; Tulving, 1983, 
2002). Declarative memory abilities show significant changes from child-
hood through adolescence and into adulthood (Ghetti & Bunge, 2012; Ghetti, 
DeMaster, Yonelinas, & Bunge, 2010; Kail, 1990; Ofen et al., 2007; Schneider 
& Pressley, 1997). Memory capacity, speed, and accuracy of retrieval as well 
as strategies used to retrieve information undergo a protracted developmen-
tal trajectory (Billingsley, Lou Smith, & Pat McAndrews, 2002; Cycowicz & 
Friedman, 2003; Cycowicz, Friedman, & Duff, 2003; Cycowicz, Friedman, 
Snodgrass, & Duff, 2001; Dirks & Neisser, 1977; Drummey & Newcombe, 
2002; Ghetti & Bunge, 2012; Ghetti et al., 2010; Mandler & Robinson, 1978; 
Ofen et al., 2007; Schneider & Pressley, 1997). This increased capacity likely 
contributes to academic learning and knowledge acquisition in children, but the 
links between the two have not been adequately investigated. Even in adults, 
much of what we have learned about the development of declarative memory is 
based on retrieval of recently learned materials (e.g., minutes or hours). Thus, 
we know very little about how memories for facts, such as arithmetic facts, are 
formed, stabilized, and consolidated over longer intervals of months and years 
(Bauer, 2008; Ostby, Tamnes, Fjell, & Walhovd, 2011). Nevertheless, by age 
7-8, the long-term memory capacity is sufficiently mature to facilitate math-
ematics learning and fluent retrieval of facts. As described below, this occurs in 
parallel with the maturation of the MTL memory system, a system important for 
encoding new information and forming long-term memories.

MEDIAL TEMPORAL LOBE MEMORY SYSTEM

The MTL forms the structural core of the declarative memory system (Figure 1), 
and research over the past two decades has clarified the specific roles of its 
functional subdivisions in different aspects of encoding and retrieval of novel 
information (Kumaran et al., 2009; Schacter et al., 1998, 2007; Tulving, 1983, 
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2002). The MTL and its associated functional circuits play an important role 
in memory encoding and retrieval in both children and adults (Ghetti et al., 
2010; Menon, Boyett-Anderson, & Reiss, 2005; Ofen et al., 2007). The MTL 
is thought to contribute to declarative memory through binding of inputs from 
multiple cortical areas (Davachi, 2006; Eichenbaum, 2004; Eichenbaum et al., 
2007), while its functional interactions with the prefrontal cortex (PFC) are 
thought to facilitate memory formation and retrieval through cognitive control 
processes acting on the contents of memory (Qin et al., 2007, 2009; Qin, van 
Marle, Hermans, & Fernandez, 2011).

Declarative memory relies on the coordinated interactions of distributed brain 
areas, most prominently, the hippocampus and the PFC (Figure 1) (Norman & 
O'Reilly, 2003; Qin, Hermans, Rijpkema, & Fernández, 2011; Simons & Spiers, 
2003). Research in rodents has helped in the framing of large-scale circuit mod-
els of how newly acquired memories are consolidated into long-term memory 
(Diekelmann et al., 2009; Frankland & Bontempi, 2005; McGaugh, 2000). These 
studies suggest that newly acquired memories are strongly dependent on the hippo-
campus and its interactions with the PFC, and become a increasingly independent 
of the MTL over time (Figure 3). Such systems-level functional reorganization 
appears to be mediated by the lateral as well as the medial PFC (Frankland & 
Bontempi, 2005; Takashima et al., 2006). In adults, neuroimaging studies have re-
cently begun to examine memory consolidation and test the translational validity 
of theoretical models based on studies in animals (Takashima et al., 2006, 2009; 
van Dongen, Takashima, Barth, & Fernandez, 2011; Wang & Morris, 2010).  

FIGURE 3 Model of time-dependent functional interactions underlying long-term memory 
 formation and consolidation. Encoding of perceptual, motor, and cognitive information initially 
occurs in several specialized primary and associative cortical areas. The hippocampus integrates 
information from these distributed cortical modules that represent the various features of an expe-
rience, and rapidly fuses these features into a coherent memory trace. Successive reactivation of 
this  hippocampal-cortical network leads to progressive strengthening of cortico-cortical connec-
tions. Incremental strengthening of cortico-cortical connections eventually allows new memories 
to become independent of the hippocampus and to be gradually integrated with preexisting cortical 
memories. Adapted from Frankland and Bontempi (2005).
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This neurocognitive model provides a framework for conceptualizing how dis-
tributed neural representations for arithmetic facts develop over time, and how the 
declarative memory system can contribute to the formation of memories that are 
eventually independent of the MTL.

MEMORY PROCESSES IN THE CONTEXT 
OF MATHEMATICS LEARNING

The role of the declarative memory system in mathematics learning must be 
considered in the context of other core neurocognitive processes that support 
the development and mastery of numerical skills. First, the understanding of 
numerical quantity, knowledge of numerical magnitude, and manipulations of 
symbolic and nonsymbolic quantity (“number sense”) may be critical build-
ing blocks from which all mathematical knowledge is constructed. These basic 
building blocks rely on visual and auditory association cortices that help decode 
the visual form and phonological features of numerical stimuli and the parietal 
attention system (Dehaene et al., 2003), which helps to build semantic repre-
sentations of quantity (Ansari, 2008) from multiple low-level, visuo-spatial 
primitives such as eye gaze and pointing (Simon, Mangin, Cohen, Le Bihan, & 
Dehaene, 2002). Second, procedural and working memory systems anchored 
in the basal ganglia and fronto-parietal circuits create short-term representa-
tions that support the manipulation of multiple discrete quantities over several 
seconds. Third, prefrontal control processes guide and maintain attention and 
working memory during goal-directed decision making.

In contrast, the declarative memory system plays a distinctive role in facili-
tating encoding, retrieval, and long-term memory formation of mathematical in-
formation. Together, these processes contribute to associative encoding of facts, 
as well as generalization beyond individual problem attributes within a broader 
schema. Crucially, until recently, most studies of mathematics learning in both 
adults and children have primarily focused on the role of ventral-temporal, oc-
cipital and parietal cortices in number sense and quantity manipulation, and in 
so doing almost entirely neglected the role of memory systems in mathematics 
learning. Although the MTL is known to be critical for memory formation, its po-
tential role in learning arithmetic facts has been largely ignored in previous brain 
imaging studies because adults are less likely to use this system during retrieval.

CHILDREN ENGAGE THE MTL MEMORY SYSTEM 
DIFFERENTLY THAN ADULTS

Over the past few years, evidence has been slowly accumulating for the dif-
ferential involvement of the MTL memory system in mathematics learning, es-
pecially during key stages of skill acquisition in children. Theories of memory 
consolidation posit that the MTL plays an important role in the early stages of 
learning and retrieval, but its involvement decreases over time with a concomi-
tant increase in reliance on neocortical memory systems. Furthermore, MTL 
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 involvement in retrieval also depends on how well schema and domain knowl-
edge, which are poorly developed in young children, are established (Tse et al., 
2007). If such a model applies to arithmetic fact learning, for example, one 
would predict that compared to adults, children will rely more on MTL memory 
systems during the initial stages of formal skill acquisition.

The first evidence for the differential engagement of the MTL memory sys-
tem in arithmetic skill acquisition came from a cross-sectional study in children, 
adolescents, and adults who ranged in age from 8 to 19 (Rivera, Reiss, Eckert, & 
Menon, 2005). Participants viewed arithmetic equations in the form ‘a + b = c’ 
or ‘a−b = c’ and were asked to judge whether the results were correct or not. 
The groups were matched for accuracy, allowing the researchers to probe dis-
similar trajectories of functional maturation independent of performance dif-
ferences. Analysis of brain areas that showed linear changes with age revealed 
greater activation in the left PPC and lateral occipital temporal cortex along 
with lower activation in multiple PFC areas in adults (Figure 4), leading to the 

FIGURE 4 Children engage the MTL memory system differently than adults. (A) Brain areas that 
showed significant increases and decreases in activation with age on mental arithmetic trials. The 
red color scale shows areas of activation that are positively correlated with age, while the blue color 
scale shows areas of activation that are negatively correlated with age. (B) Age-related decreases in 
medial temporal lobe response. Adapted from Rivera et al. (2005).



The Role of Memory Systems in Children’s Math Learning Chapter | 4  87

proposal that increased expertise in arithmetic is accompanied by functional 
specialization of the PPC along with decreased reliance on attentional resources 
for sequencing and execution of procedures. Importantly, younger children ex-
hibited significantly greater engagement of multiple MTL regions including the 
hippocampus, a subdivision of the MTL memory system that plays a major role 
in encoding and retrieval of novel information (Squire, Stark, & Clark, 2004). 
In addition, the parahippocampal gyrus—a region that mediates convergence 
of high-level input from the visual association cortex into the hippocampus 
(Suzuki & Amaral, 1994)—also showed greater activation in younger children 
(Figure 4). Together, these regions facilitate the associative encoding of infor-
mation in short-term memory (Eichenbaum, 2000).

In the same vein, De Smedt, Holloway, and Ansari (2011) found greater 
hippocampal response in children as compared to adults when solving addition 
problems; hippocampal activation was not detected for subtraction problems 
that are less well rehearsed and more difficult to memorize because subtraction 
problems are not commutative (e.g., 5 − 3 ≠ 3 − 5). These studies provided tan-
talizing hints that the hippocampus may be involved in children’s mathematics 
skill acquisition in ways that are quite different from adults.

INDIVIDUAL DIFFERENCES IN CHILDREN’S RETRIEVAL 
STRATEGY USE ARE ASSOCIATED WITH THE MTL

Cross-sectional developmental studies spanning wide age ranges do not ade-
quately capture key processes involved in the acquisition of mathematics skills. 
To capture the mechanisms driving cognitive change, it is critical to focus on 
the age ranges in which the rate of change is the steepest. Examining age-related 
differences between children, adolescents, and adults alone is not sufficient for 
drawing accurate conclusions about the interaction between cognitive develop-
ment and individual differences in performance; for example, comparison of 
7- and 12-year-olds may be insensitive to change occurring in specific math-
ematical abilities between the ages of 7 and 9. Furthermore, cognitive develop-
mental change cannot be conflated with age-related changes, and critically, it 
cannot be assumed that learning in the developing child’s brain relies on mecha-
nisms similar to those used by adults (Karmiloff-Smith, 2010).

As noted earlier, children’s gains in problem-solving skills during the 
 elementary school years are characterized by shifts in the mix of problem- 
solving approaches they use and gradual replacement of inefficient procedural 
strategies with direct retrieval of domain relevant facts. Cho et al. (2012) used a 
relatively large sample of 2nd and 3rd graders (n = 86) to capture the full range 
of children’s strategy mix for solving addition problems, from those who relied 
predominantly on counting to those who used a mix of counting and retrieval, 
to those who primarily used retrieval. Analysis of the associated brain imag-
ing data focused on neurodevelopmental changes related to increased use of 
retrieval strategies.
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Behavioral strategy use was indexed by computing the retrieval frequency 
in each child. During strategy assessment, participants were asked to solve 
each problem without the use of paper and pencil as quickly as possible and 
to verbally state the answer out loud. They were also asked to report how they 
solved each problem immediately after stating the answer. Based on each par-
ticipant’s self-reported strategy and the experimenter’s observations, strate-
gies for solving addition problems were classified into two major categories 
of interest: “counting” (such as counting fingers, verbal counting, count by 
numbers, or counting in mind), and “direct retrieval” (such as just know, 
remember, or guess responses). This approach allows us to quantify the fre-
quency of memory-based strategy use, or “retrieval fluency,” which provides 
a reliable assessment of putative memory-based strategy use in arithmetic 
problem solving (Geary et al., 2004; Wu et al., 2008). Higher retrieval flu-
ency was associated with greater response in multiple brain regions, includ-
ing the hippocampus and parahippocampal gyrus (Figure 5) subdivisions of 
the MTL. This study demonstrated for the first time that individual differ-
ences in children’s retrieval strategy use, far from being idiosyncratic, are in 
fact associated with a predictable profile of MTL response. Furthermore, use 
of counting strategies was not associated with any consistent pattern of brain 
response across children, suggesting significant variability in brain response 
associated with counting and other inefficient strategies in young children.

DECODING BRAIN ACTIVITY PATTERNS ASSOCIATED 
WITH COUNTING AND RETRIEVAL STRATEGIES

Additional insights into the differential brain processes associated with distinct 
problem-solving strategies in 7- to 9-year old children were afforded by com-
paring brain activation patterns between two groups of children—those who 
primarily used retrieval and those who primarily used counting strategies (Cho 
et al., 2011, 2012). Children in the latter group were well-practiced at counting 
and could solve arithmetic problems as accurately and as quickly as those who 
used retrieval (Figure 6A). Retrieval and counting strategies were associated 
with different activation patterns in MTL regions important for memory encod-
ing and retrieval, including bilateral hippocampus and parahippocampal gyrus 
as well as the PPC and ventrolateral PFC (Figure 6B). These results demon-
strate that retrieval and counting strategies during early learning are character-
ized by distinct patterns of activity in a distributed network of brain regions that 
includes the MTL. The existence of decodable fine-scale pattern differences 
in fMRI signals suggests not only that the MTL is differentially engaged in 
relation to retrieval, but also that the underlying neural resources are accessed 
and used differently in each strategy. Memory-based arithmetic problem solving 
evokes distinct fine-scale neural representations that are independent of overall 
differences in task-related activation levels. This demonstrates that even when 
behavioral performance is equivalent, counting and retrieval are associated with 
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FIGURE 5 Individual differences in children’s retrieval strategy use are associated with the MTL. 
(A) Behavioral results from the in-scanner addition task. (a) Children were significantly faster in 
their RTs for the control task compared with the addition task. (b) Children were significantly more 
accurate on the control task compared with the addition task. (c,d) Children with higher retrieval 
fluency were faster and more accurate on the addition task. (B) Brain responses associated with 
greater retrieval fluency. Activity levels were positively correlated with retrieval fluency in the right 
hippocampus and parahippocampal gyrus (PHG), fusiform gyrus (FG), and lingual gyrus (LG), left 
ventrolateral PFC, bilateral dorsolateral PFC, bilateral posterior angular gyrus (AG), right superior 
parietal lobule (SPL), and superior occipital gyrus (SOG). No brain areas showed negative correla-
tions with retrieval fluency. L = left; R = right.



FIGURE 6 Differential brain responses associated with retrieval and countring strategy use. 
(A) (a,b) Differential strategy use in Retrievers and Counters measured from the strategy assessment 
session outside the scanner. The two groups differed significantly on percentage of trials in which 
retrieval or counting were used. (c,d) Performance in Retrievers and Counters on the Addition task 
performed inside the scanner. The two groups were well matched on performance, with no differ-
ences in either accuracy or reaction time (RT). *** p < .001; ns, not significant. (B) Multivariate pat-
tern analysis (MPA) revealed significant differences in spatial activation patterns between Retrievers 
and Counters in three brain areas: (1) bilateral medial temporal lobe—hippocampi and parahip-
pocampal gyri; (2) left prefrontal cortex—ventrolateral prefrontal cortex (VLPFC) and adjoining 
anterior insula; (3) bilateral posterior parietal cortex—left and right supramarginal gyrus (SMG), 
right intra-parietal sulcus (IPS) and angular gyrus (AG). Peak classification accuracies (CA) in each 
brain region are shown in parentheses. Adapted from Cho et al. (2011).
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differential patterns of activity in core brain regions that support memory en-
coding and formation (Tse et al., 2007; Wang & Morris, 2010).

HIPPOCAMPAL-PREFRONTAL CORTEX CIRCUITS AND 
THEIR ROLE IN CHILDREN’S MATHEMATICS LEARNING

The dynamic coordination between the MTL and PFC plays an impor-
tant role in memory formation (Norman & O'Reilly, 2003; Qin, Hermans, 
Rijpkema, & Fernández, 2011; Simons & Spiers, 2003), and connectivity 
analyses are beginning to shed light on how the MTL and PFC interact to 
support memory formation for arithmetic facts. Both the ventrolateral and 
dorsolateral PFC are associated with increased retrieval use (Cho et al., 
2012). The ventrolateral PFC is known to play a prominent role in cog-
nitive control over memory retrieval processes, both in adults (Badre & 
Wagner, 2007; Koechlin, Ody, & Kouneiher, 2003; Miller, 2000) and chil-
dren (Adleman et al., 2002; Bunge & Wright, 2007; Houde, Rossi, Lubin, 
& Joliot, 2010; Kwon, Reiss, & Menon, 2002). In children, these control 
processes are thought to be important for accurate retrieval of relevant 
facts and inhibition of irrelevant information (DeStefano & LeFevre, 2004; 
Kaufmann, 2002; Kaufmann, Lochy, Drexler, & Semenza, 2004; Logie, 
Gilhooly, & Wynn, 1994).

Analysis of task-related MTL connectivity has identified distributed 
functional circuits associated with retrieval fluency. In particular, right 
 hippocampus connectivity with bilateral ventrolateral and dorsolateral PFC 
were strongly correlated with retrieval fluency (Figure 7A) (Cho et al., 
2012). Additionally,  dynamic causal modeling of fMRI data provides fur-
ther insights into the  temporal profile of interactions between MTL and 
PFC regions involved in mediating retrieval fluency. This analysis revealed 
strong bidirectional interactions between the hippocampus and the left ven-
trolateral and dorsolateral PFC (Figure 7B). Crucially, causal influences 
from the left ventrolateral PFC to the hippocampus appear to serve as the 
main “top-down” component, while causal influences from the hippocam-
pus to the left dorsolateral PFC serve as the main “bottom-up” component 
of this retrieval network. While still preliminary, these analyses highlight 
the differential contribution of hippocampal- prefrontal circuits to the early 
development of retrieval fluency in arithmetic problem  solving, and provide 
a novel framework for studying dynamic developmental processes involving 
the MTL and PFC that accompany the maturation of cognitive skills. Further 
research is needed to investigate how these processes contribute to concomi-
tant improvements in cognitive control over retrieval, including successful 
inhibition of irrelevant information, such as incorrect answers, intermediate 
steps, and operand intrusions (Barrouillet & Lepine, 2005; Passolunghi & 
Siegel, 2004).
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LONGITUDINAL CHANGES IN MTL RESPONSE, 
REPRESENTATIONS AND CONNECTIVITY ASSOCIATED 
WITH MEMORY-BASED RETRIEVAL

A major limitation of past research is the use of cross-sectional designs, where 
inferences are made about development on the basis of data acquired from co-
horts that differ in age. Cross-sectional studies cannot provide a clear picture of 
how individuals change over time, why certain cognitive abilities grow faster in 
some individuals than in others, and what factors predict heterogeneous growth 
rates (Kraemer, Yesavage, Taylor, & Kupfer, 2000). Developmental research-
ers emphasize the importance of longitudinal studies for examining individual 
variability in mathematical skill development (Bjorklund, 1999; Stern, 1999), 
as this can provide a more comprehensive picture of the maturation of brain 
systems with learning. Longitudinal studies are beginning to provide crucial 
new information about the neurobiological mechanisms that underlie the transi-
tion to memory-based problem solving and long-term memory formation on an 
individual level.

Qin et al. (2014) investigated the transition from procedure-based to 
 memory-based problem-solving strategies using longitudinal fMRI data from 
7- to 9-year-old children. The transition from use of counting to memory-based 
retrieval strategies over a 1.2-year interval was mediated by increased hippo-
campal activation and decreased prefrontal-parietal engagement (Figure 8). 
Following an initial increase in hippocampal engagement during middle 
childhood, this hippocampal dependency decreased during adolescence and 
adulthood despite further improvements in memory-based problem solving 
(Figure 9). This pattern of initial increase and subsequent decrease in activa-
tion provides novel support for models of long-term memory consolidation 
which posit that the hippocampus plays a time-limited role in the early phase of 
knowledge acquisition (McClelland et al., 1995; Tse et al., 2007). Consistent 
with this pattern of developmental change, previous studies of adults have re-
ported no reliable hippocampal engagement in basic arithmetic tasks. Thus, 
the hippocampal system is critical to children’s early learning of arithmetic 
facts (Cho et al., 2011, 2012; De Smedt et al., 2011), while retrieval is largely 
dependent on the neocortex in adults (Dehaene et al., 2003; Menon, 2015a). 
Through further schooling and experience with mathematics, fact retrieval be-
comes increasingly independent of the hippocampal memory system during 
adolescence and adulthood.

Furthermore, longitudinal improvements in retrieval-strategy use were best 
predicted by increased functional connectivity in hippocampal-neocortical cir-
cuits (Qin et al., 2014). Increased hippocampal functional coupling with pre-
frontal and parietal cortices was positively correlated with individual gains in 
use of memory-based strategies (Figure 10). Hippocampal-neocortical func-
tional reorganization therefore plays an important role in children’s shift from 
effortful counting to more efficient memory-based problem solving. Consistent 
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with this view, increased intrinsic connectivity of the hippocampus with the 
neocortex predicted performance gains associated with 8 weeks of mathematics 
tutoring in children ages 7–9 (Supekar et al., 2013) (Figure 11).

More broadly, hippocampal-neocortical interactions have been implicated 
in human episodic memory (Eichenbaum, 2004; Squire & Zola-Morgan, 
1991) and early stages of conceptual learning in adults (Kumaran et al., 2009; 
McClelland et al., 1995), but there has been limited evidence for its role in 
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FIGURE 11 MTL structure and connectivity predict children’s math learning. (A) Gray matter vol-
ume in hippocampus correlates with improvement in arithmetic performance in response to 8 weeks 
of one-to-one math tutoring. (B) Intrinsic functional connectivity of the hippocampus correlates 
with improvement in arithmetic performance in response to 8 weeks of one-to-one math tutoring. 
Performance gains were predicted by hippocampal connectivity with the left dorsolateral prefrontal 
cortex (L DLPFC), left ventrolateral prefrontal cortex (L VLPFC), right supplementary motor area 
(R SMA), left basal ganglia (L BG), and right middle temporal gyrus (R MTG). Composite 3D 
view of connectivity network is shown in the central panel with the right hippocampus seed ROI 
highlighted in red and voxels showing peak connectivity with the hippocampus highlighted in green. 
Surrounding panels show brain areas correlated with performance gains with tutoring. Scatterplots 
in each panel are based on voxels showing peak connectivity.
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the development of children’s memory-based problem-solving skills. Findings 
from longitudinal and training studies in children thus establish a tighter link 
between  hippocampal-neocortical functional reorganization and the emergence 
of memory-based problem solving during childhood.

Beyond childhood, retrieval strategy use continues to improve through 
adolescence into adulthood, and is associated with decreased activation 
as well as more stable inter-problem representations in the hippocampus. 
Specifically, although mean hippocampal activation decreases during ado-
lescence, inter-problem pattern stability in the hippocampus, prefrontal and 
temporal cortices increases with the refinement of memory-based problem 
solving from childhood to adolescence and adulthood. Although retrieval 
of arithmetic facts no longer requires the same level of engagement of the 
hippocampus-dependent memory system, the manner in which it is engaged 
gets refined over time and gradually becomes more stable across individual 
problems. This pattern of results is consistent with recent adult studies in 
memory encoding and retrieval tasks that found that greater pattern similar-
ity across stimuli in the MTL predicts better behavioral performance through 
strengthening of discrete information distributed over neocortical regions 
(Kriegeskorte & Kievit, 2013; Xue et al., 2010). Such developmental changes 
likely reflect fine-tuned integration and reconfiguration of local functional 
circuits through experience-dependent plasticity (Casey, Tottenham, Liston, 
& Durston, 2005; Qin, Young, Supekar, Uddin, & Menon, 2012; Toga, 
Thompson, & Sowell, 2006). In sum, emerging evidence suggests that chil-
dren’s mathematics learning is characterized by reorganization and refine-
ment of neural activity patterns in the MTL and its associated neocortical 
circuits, and this process plays a dominant role in the transition to memory-
based problem solving.

WHY ADULTS MAY NOT RELY ON MTL MEMORY SYSTEMS 
FOR MATHEMATICS PERFORMANCE AND LEARNING

The pattern of results from the cross-sectional and longitudinal studies we have 
reviewed in this chapter raises the question of whether adults might engage the 
MTL for learning complex arithmetic problems. Findings to date from several 
short-term training studies involving multi-digit subtraction and multiplication 
problems do not provide support for such a role (Delazer et al., 2005; Ischebeck, 
Zamarian, Egger, Schocke, & Delazer, 2007; Zamarian, Ischebeck, & Delazer, 
2009). For example, Ischebeck et al. (2007)) trained adult participants to solve 
complex arithmetic problems (e.g., 13 x 8 using repeated problems during a 
fMRI session). Accuracy and RT improved over time for the trained problems—
training effects were rapid and became significant after approximately eight 
repetitions of a problem and remained stable over the course of the experiment. 
The brain basis of these improvements was investigated by contrasting re-
sponses to repeated versus novel problems in each adult. Increased proficiency 
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with  recently learned arithmetic facts was associated with reduced responses 
in the IPS and ventrolateral PFC, and increased activation in the angular gyrus 
(Delazer et al., 2005; Ischebeck et al., 2006, 2007). Critically, there was no evi-
dence for the involvement of the MTL memory system and the route to learning 
appears to be mediated entirely by neocortical systems.

Finally, a related question is whether adults engage the MTL differentially 
for problems in which they use retrieval strategies. Grabner and colleagues used 
trial-by-trial strategy self-reports to identify brain regions underlying retrieval 
and calculation strategies in arithmetic problem solving (Grabner et al., 2009). 
They found that self-reported retrieval use was associated with greater response 
in the angular gyrus, whereas self-reported procedural strategies were associ-
ated with responses in IPS and superior parietal lobule regions of the PPC as 
well as the PFC, occipital cortex, and basal ganglia. No differential responses 
were found in the MTL, similar to findings from the developmental study by 
Qin et al. (2014).

Taken together, these findings suggest that children and adults likely engage 
the MTL system differently during arithmetic problem solving and mathematics 
learning, and that even as memory-based retrieval continues to improve beyond 
childhood, MTL responses decrease over time. Further research is needed to 
investigate whether adolescents and adults engage the MTL during learning of 
more complex mathematical materials, for which they may lack appropriate 
schema and domain knowledge.

CONCLUSIONS

The development of efficient problem-solving strategies is one of the most im-
portant milestones of children’s learning. Emerging data suggest that it is no 
longer appropriate to focus solely on parietal circuits as the basis of arithmetic 
skill development (Fias et al., 2013; Menon, 2015a; Qin et al., 2014; see also 
Chapter 8). A number of scaffolding systems are engaged during development, 
and new studies are beginning to investigate brain systems that are otherwise 
missed in studies involving adults. In this context, the present review has un-
derscored the crucial, and heretofore unappreciated, role played by the MTL 
memory system in the development of children’s mathematical skills.

This review has highlighted recent discoveries regarding an essential build-
ing block of children’s cognitive development—the transition from procedure-
based to memory-based problem-solving strategies. Recent research suggests 
that the hippocampal system is pivotal to this strategic transition. Functional 
reorganization and refinement of neural activity within the MTL as well as 
its associated neocortical regions plays a crucial role in the development of 
memory-based problem solving in young children. Findings to date highlight 
the dynamic role of the MTL in the maturation of memory-based problem-
solving strategies, characterized by greater engagement in childhood, followed 
by a decreased role in adolescence and adulthood. Hippocampal-neocortical 
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reorganization facilitates fluent retrieval and long-term neocortical memory 
consolidation in children, eventually resulting in retrieval processes that are in-
dependent of the MTL. At the same time, problem representations in the MTL 
become more stable with development, suggesting alternate mechanisms by 
which information can be retrieved in adults. In this manner, the hippocampal 
system fosters the gradual establishment of long-lasting knowledge represented 
in the neocortex, through its role in rapid learning and integration of new infor-
mation into existing knowledge schemas (McClelland et al., 1995; Tse et al., 
2007; van Kesteren et al., 2012). In this view, the hippocampus plays a criti-
cal, but time-limited, role in the early phase of knowledge acquisition, and this 
hippocampal dependence is reduced following reconfiguration of neocortical 
connections and stabilization of newly acquired knowledge (McClelland et al., 
1995; Squire & Zola-Morgan, 1991).

More broadly, this pattern of changes provides new insights into integra-
tion and differentiation of functional circuits over development, mediated by 
transient engagement, refinement of local circuits, functional specialization, 
strengthening of specific prefrontal connections, and experience-dependent 
plasticity—reflecting general organizing principles of neurocognitive de-
velopment (Bourgeois & Rakic, 1993; Fair et al., 2007; Rakic, Bourgeois, & 
Goldman-Rakic, 1994; Supekar, Musen, & Menon, 2009; Toga et al., 2006; 
Uddin, Supekar, & Menon, 2010).

This review has also highlighted several important differences between 
brain systems engaged in children and adults. In the early stages of arithmetic 
skill acquisition, children show a different profile of brain responses associated 
with mathematics learning and skill acquisition than that found in adults. A 
truly developmental approach requires focusing on a narrow window of school-
ing in order to understand graduated change over time (Karmiloff-Smith, 2010) 
and studies comparing children with adults are likely to be insensitive to major 
developmental changes that occur during early elementary schooling. Critically, 
brain systems and circuits in the developing child’s brain are clearly not the 
same as those seen in more mature adult brains sculpted by years of learning.
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