Elise Klein, Stefanie Jung, and Liane Kaufmann
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the development of and the interrelation
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1 Introduction

Impairments in number processing (e.g., dyscalculia, acalculia) are often associ-
ated with impairments in language processing (e.g., dyslexia, aphasia) in both
developmental disorders and adult neurological syndromes (e.g., Geary, 1993;
Willmes, 2008). However, number processing deficits in aphasics are not neces-
sarily reducible to the language impairment (Basso et al., 2005). Recent studies in
mathematical experts even suggest the existence of two distinct, non-overlapping
networks for mathematics and language (Amalric & Dehaene, 2018). This under-
scores the importance to understand the neuropsychological foundations of mathe-
matics and language processing. The main aim of this chapter is to present
the current neuropsychological literature of numerical cognition so that in
a second step similarities and intersections with language processing can be
briefly outlined.

2 Number processing and mental arithmetic
2.1 Models for numerical cognition

In the past four decades, various theoretical models have been proposed to pro-
vide a conceptual framework for the cognitive components involved in number
processing and mental arithmetic (e.g., Campbell, 1994; Cipolotti & Butterworth,
1995; Dehaene, 1992; McCloskey, 1992; for an overview, see Deloche & Willmes,
2000). These models differ in the number and type of postulated representations
and their interactions. The goal of all attempts was to develop a sufficiently de-
tailed model to explain the numerical and arithmetical skills of adults with and
without specific (learning) impairments. In the last two decades, the Triple-Code
Model (TCM) of Dehaene and its elaborations (1992; Dehaene & Cohen, 1995,
1997; Dehaene et al., 2003) became the most influential model in numerical
cognition because of its unique integration of behavioral and neurofunctional
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aspects. However, it is important to note that the original TCM is based on
adults (i.e., mature brain systems) only (Kaufmann et al., 2013).

2.2 The Triple-Code Model

One of the most important postulates of the TCM (Dehaene, 1992) is the distinction
between a number magnitude representation on the one side and arithmetic fact
retrieval from memory on the other side. Moreover, a visual number form represen-
tation in bilateral fusiform areas is assumed for recognizing Arabic digits. Fig. 1.

As regards the number magnitude representation, a bilateral fronto-parietal
network around the intraparietal sulcus (IPS) subserves the representation and
mental manipulation of numerical quantities (e.g., 28 + 52). In contrast, simpler
tasks such as multiplication with one-digit numbers (e.g., 3 x 2) are solved by
arithmetic fact retrieval in a left-hemispheric network including perisylvian lan-
guage areas and the angular gyrus (Dehaene et al., 2003).

It is important to note that these representations can dissociate. For instance,
patients suffering from a left-hemispheric stroke can present with a selective deficit
of rote verbal knowledge (including multiplication facts, e.g., Zaunmuller et al.,
2009) with preserved semantic knowledge of numerical quantities. On the other
hand, patients with IPS lesions can show specific impairments of quantitative nu-
merical knowledge (e.g., in subtraction), while knowledge of rote arithmetic facts
is preserved (e.g., in simple multiplication; Dehaene & Cohen, 1997). These double
dissociations suggest that numerical knowledge is processed in different codes
within distinct cerebral areas.
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Fig. 1: Schematic Integration of Functional and Anatomical Assumptions of the Triple-Code
Model (modified from Dehaene & Cohen, 1995). The brain regions postulated for the three
codes (magnitude representation, verbal representation, visual representation) are projected
onto lateral views of the left and right hemispheres. Arrows represent theory-based
assumptions about transcoding pathways between codes rather than empirically
substantiated white matter connections.
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2.2.1 Neurofunctional correlates of number magnitude

The TCM incorporates evidence from studies on brain-lesioned patients, human
functional neuroimaging, and primate neurophysiology in indicating that nu-
merical cognition is subserved by a fronto-parietal network centered around the
IPS. In particular, the IPS is dedicated to the mental manipulation of numerical
quantities, if, for instance, it has to be decided which of two numbers is the nu-
merically larger one. Here, numbers are coded as analogue magnitudes in an
abstract notation-independent format (Piazza et al., 2007; but see Cohen Kadosh
et al., 2007), each of them activating a small segment on a nonverbal, logarithmi-
cally compressed left-to-right oriented quantitative representation called “mental
number line.” The bilateral IPS are connected through transcallosal fibers, which
enable the interplay between both hemispheres when semantic number magnitude
is processed (Ratinckx et al., 2006). The IPS is active even in numerical tasks that
do not necessarily require quantity processing (Eger et al., 2003, Klein et al., 2010)
or that present numerical stimuli unconsciously (Naccache & Dehaene, 2001). In
more complex numerical problems, the quantity-specific IPS is complemented
by (pre)frontal areas involved in more general cognitive processes such as at-
tention, working memory, or problem solving. However, the involvement of
prefrontal cortices was only vaguely specified in the TCM. Based on an fMRI
meta-analysis, Arsalidou and Taylor (2011) suggested a modification and exten-
sion of Dehaene’s model specifying a refined picture of (pre)frontal functions
and, thus, of supporting and domain-general functions implicated in solving
arithmetic tasks.

Finally, the TCM considers the bilateral posterior superior parietal lobe (PSPL)
to support magnitude processing via mental orientation of attention on the mental
number line (Dehaene et al., 2003).

2.2.2 Neurofunctional correlates for arithmetic fact retrieval

Neurofunctional evidence on arithmetic fact retrieval primarily comes from stud-
ies that pursued the acquisition of arithmetic facts by means of drill training
of difficult multiplication problems (e.g., 43 x 9=___; Delazer et al., 2003). A
consistent finding was a switch from magnitude-related processing to ver-
bally-mediated arithmetic fact retrieval with learning, reflected by a shift in
activation from the bilateral fronto-parietal network of number processing to a
left-hemispheric network including perisylvian language areas and angular
gyrus (AG). The authors interpreted this to reflect a shift from quantity-based
and working memory demanding computations to automatic retrieval of arithmetic
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facts from long-term memory. Consequently, it was argued that the left AG consti-
tutes a key area for these retrieval processes (e.g., Dehaene et al., 2003).

In recent years mounting evidence suggested the additional involvement of
long-term memory processes, subserved by the medial temporal lobe centered
around the left hippocampus (Klein et al., 2016; Menon, 2016), while the role of
the AG for arithmetic fact retrieval was challenged (e.g., Bloechle et al., 2016).
The involvement of long-term memory areas in fact learning was corroborated
by diffusion tensor imaging (DTI) data showing a significant increase of struc-
tural connectivity in fibers encompassing the left hippocampus but not the left
AG following drill training of multiplication facts (Klein et al., 2019). Converging
evidence for a central role of the hippocampus in mental arithmetic in general
and arithmetic fact retrieval in particular comes from developmental research
on functional connectivity in arithmetic fact learning (e.g., Rosenberg-Lee et al.,
2018). For instance, hippocampal activation and functional connectivity increased
with the acquisition of mathematical knowledge following a short-term training.
However, the question whether the role of the hippocampus in fact learning is
time-limited is not resolved yet. Recent neuropsychological single-case studies sug-
gest that the hippocampus might be necessary only for the consolidation of arith-
metic facts in memory rather than the retrieval of well-consolidated facts from
memory (Delazer et al., 2019).

Taken together, it is assumed that the magnitude representation is sup-
ported by both cerebral hemispheres, while the verbal representation of arith-
metic facts is situated in the left hemisphere only. Thus, only a bilateral parietal
lesion would lead to a permanent impairment of the quantitative number
representation.

2.3 Developmental models

Compared with the adult literature, there are far fewer studies investigating the
neurofunctional correlates of number processing and calculation in children. A
quantitative meta-analysis of these fMRI studies in children aged 14 years or
younger is provided by Arsalidou et al. (2018). Interestingly, beyond brain areas
reported to be associated with symbolic and non-symbolic mental arithmetic in
adults (Arsalidou & Taylor, 2011), the authors identified additional brain areas
(i.e., the insula and the claustrum) supporting number processing in children
(Arsalidou & Taylor, 2018). These brain regions are not typically considered in
numerical cognition models in adults.

Notably, neurofunctional trajectories of typically and atypically developing
children may manifest differently at both the behavioral and the brain levels.
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Below, we will focus on specific factors known to influence children’s numeri-
cal development, namely, age, math proficiency, and notation.

2.3.1 Age effects

There is accumulating evidence that cerebral activation patterns in response to
number processing are clearly age dependent (see the meta-analysis of develop-
mental fMRI studies, Ashkenazi et al., 2013; Kaufmann et al., 2011). Compared
with adults, children were found to activate more anterior (intra)parietal re-
gions upon solving number magnitude comparison tasks (despite comparable
accuracies and reaction times). A plausible explanation for the more anterior
parietal activations (neighboring the postcentral gyrus, which is known to host
sensory functions of the hand and fingers) is that children have a stronger need
to rely on finger-based solution strategies (Kaufmann et al., 2011). Furthermore,
when compared to adults, children are found to stronger recruit (pre)frontal
brain regions that have been interpreted to reflect more effortful processing. In-
terestingly, upon investigating number processing in prematurely born six- and
seven-year-old children that were just about to start formal education, Klein
et al. (2018) found that gestational age predicted the frontal-to-parietal activa-
tion shift associated with number magnitude processing.

2.3.2 Effects of math proficiency

It is important to note that beyond the age of six or seven years (i.e., when for-
mal schooling starts), age effects are inevitable confounded by math competency.
Indeed, converging evidence suggests that with increasing age and schooling, ce-
rebral activations associated with number processing become stronger in the pos-
terior parietal cortex (including the IPS; symbolic number processing: Kaufmann
et al., 2006; non-symbolic number processing: Ansari & Dhital, 2006; Cantlon
et al., 2006; addition and subtraction:, Rivera et al., 2005). Hence, math compe-
tency might be a modulating factor for the ease with which children access num-
ber representations (e.g., Bugden & Ansari, 2011).

2.3.3 Notation effects

In children, different number notations are thought to be processed by distinct
mental representations that become more overlapping with increasing age and
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math proficiency (Kucian & Kaufmann, 2009). Contrary to the assumption of an
abstract number magnitude representation (TCM, Dehaene, 1992), typically de-
veloping children were found to process non-symbolic and symbolic magnitudes
in distinct parietal and extra-parietal brain regions (Kaufmann et al., 2011):
non-symbolic number processing yielded predominantly right (intra)parietal
activations, located more anteriorly than the bilateral (intra)parietal activa-
tions associated with children’s symbolic number processing.

With respect to calculation tasks, 9- to 12-year-old typically developing chil-
dren revealed distinct activation pattern for symbolic (i.e., Arabic digits and
number words) and non-symbolic (i.e., dot arrays) number formats upon solving
simple subtraction tasks (Peters et al., 2016). While subtraction with symbolic for-
mats yielded parietal activations (i.e., AG and supramarginal gyri), subtraction
with non-symbolic format led to parietal and extra-parietal activations (i.e., mid-
dle occipital and superior parietal lobes, superior frontal gyrus and insula). Most
likely, these differential activation patterns reflect differences in strategy use.

3 Neuropsychology of numerical cognition

The scientific interest in numerical deficiencies is quite young. It was only at
the beginning of the twentieth century that Henschen (1919) coined the term
“acalculia” by systematically describing acquired numerical deficits in brain-
damaged patients. As regards innate numerical impairments in children, it took
another 50 years before Kosc (1974) first introduced the term “dyscalculia.” No-
tably, research on developmental dyscalculia and acquired acalculia has been
separated from the beginning without systematic joint consideration and evalu-
ation of the existing empirical evidence.

3.1 Acquired acalculia

Acquired acalculia designates the loss or impairment of the formerly intact ability
to deal with numbers and/or to calculate following acquired brain pathology. In
particular, up to 50% of patients with left-hemispheric and up to 30% of patients
with right-hemispheric lesions suffer from acquired acalculia (Basso et al., 2005).
Acalculia is often, but not necessarily, associated with other cognitive impair-
ments such as language disturbances (Ardila & Rosselli, 2002, for a review).

The symptomatology of acalculia is not homogeneous (see Ardila & Rosselli,
2002; Domahs & Delazer, 2005, for reviews). This led to clinically oriented
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classifications into subtypes being proposed already in the early stages of research
on acalculia (e.g., however, see the single-route model proposed by McCloskey,
1992). Indeed, several case studies in the 1990s clearly showed that specific sub-
components of numerical cognition can be impaired differentially.

Generally, the symptomatology of acquired acalculia can be divided into
(i) impairments of a (quantitative) magnitude representation and (ii) calculation
impairments (oral and/or written), which can be further subdivided into (a) im-
pairments of arithmetical fact retrieval and (b) impairments of procedural as
well as conceptual arithmetic knowledge. Additionally, (iii) transcoding impair-
ments are frequently observed in patients with left-hemispheric lesions. Impor-
tantly, these capacities can be affected independently (Domahs & Delazer, 2005
for a review). This led Dehaene (1992) to formulate the multi-componential TCM,
which assumes that numerical knowledge is processed in different formats within
distinct cerebral areas.

3.1.1 Impairments of the (quantitative) magnitude representation

Problems with processing abstract numerical magnitudes have been observed
less frequently than language-related errors. The postulated bilateral (i.e., redun-
dant) representation of numerical quantity in the IPS makes it less vulnerable to
focal brain damage. There are only a few patients reported in the literature suffer-
ing from unilateral IPS lesions of the language-dominant hemisphere who re-
vealed problems in dealing with abstract quantities (Dehaene & Cohen, 1997;
Delazer & Benke, 1997; Lemer et al., 2003). In these cases, counting or reciting
multiplication tables from memory as well as reading aloud of numbers or
transcoding of numerical symbols like dot patterns was preserved. In contrast,
number magnitude comparison of Arabic digits was affected as well as number
bisection (e.g., “What is the numerical middle between the two outer numbers
23 and 27?”). Simple subtraction tasks, which are not assumed to be solved via
arithmetic fact retrieval from long-term memory, led to erroneous or no responses.
Approximate calculation was impossible. Since number magnitude comparison of
regularly placed sets of dots was impaired as well, the patients’ problems with
numerical magnitudes were not notation specific.

Delazer et al. (2006) reported a case of bilateral posterior cortical atrophy.
The patient made errors in both a production and a verification version of the
number bisection task (e.g., Is the middle number of this triplet also the numeri-
cal middle?” e.g., 23_26_29"; “23_25_29”). Similarly, approximate calculation
tasks in which the less deviating alternative had to be selected quickly from two
wrong solutions to an arithmetic problem were impaired.
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Single-case studies also show that numerical knowledge can dissociate from
non-numerical knowledge at the level of semantic processing. For instance, Cipo-
lotti et al. (1991) reported a patient who was completely dysgraphic and dyslexic
for all kinds of material, but showed preserved oral performance for words except
for numerals above four. In particular, the patient could not discriminate Arabic
digits from meaningless shapes or numerals from nonwords, nor could she pro-
duce the direct “neighbors” of a number word presented auditorily or do numeri-
cal magnitude comparisons for number words above four.

3.1.2 Impairments of arithmetical fact retrieval

Impairments of arithmetic fact retrieval are seen much more frequently. They com-
prise errors in highly overlearned simple addition and subtraction problems with
numbers below 20, and in simple multiplication for arithmetical tables up to 9 x 9,
which are typically retrieved from declarative long-term memory in healthy adults.
Erroneous responses to simple multiplication tasks in acalculia tend to be from
the same multiplication table or a close entry from another table (i.e., within-table
errors, McCloskey et al., 1985; e.g., “7 x 8 =48” or “7 x 8 =54,”) and not from a
more distant entry or even a non-table response. Problems with arithmetic fact re-
trieval are not necessarily related to higher error rates only; they can also manifest
in substantially longer response times, indicating the use of calculation routines
or strategies in case of hampered or impossible fact retrieval (Warrington, 1982).

Zaunmuller et al. (2009) reported a patient with a severe impairment of
multiplication fact retrieval following a left-hemispheric lesion of the middle ce-
rebral artery. After a customized arithmetic fact drill training over 30 days, the
patient’s multiplication performance improved significantly, accompanied by a
shift of activation to the contralesional right AG.

However, some studies challenge the view that simple problems are always
retrieved from memory (e.g., LeFevre et al., 1996). Also Domahs and Delazer
(2005) pointed out that a precise definition of what constitutes a number fact is
not available. Multiplications with zero or with 10 are considered to be rule-based
and have been shown to dissociate from “proper” multiplication problems
(Pesenti et al., 2000).

3.1.3 Transcoding impairments

In acquired aphasia and acalculia alike, lexical and morphosyntactic errors can
often be observed when number words are presented auditorily or visually.
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These errors are sometimes accompanied by errors due to impaired verbal work-
ing memory. Number words are special because, unlike other long compound
words (e.g., “football world championship”), semantics does not help to solve
problems with the strict word order. In number words, all combinations of the
elements of the number word dictionary are principally conceivable.

The two clinically most relevant transcoding pathways are between Arabic
digits and spoken number words. When reading Arabic digits aloud, each of the
three steps (identification of the digit chain, subsequent mental transformation
into a sequence of words following fixed rules, utterance of the number word)
can be disturbed.

In pure alexia, the initial (encoding) phase is impaired, while multi-digit
numbers still can be compared with respect to their magnitude, because the
non-dominant hemisphere can also encode Arabic digits and perform the mag-
nitude comparison.

In lexical errors, a wrong element is selected from the same lexical number
word class (ones 0-9; “teens” 11-19; decades 10-90), while the morphosyn-
tactic structure (number word frame) of the target number word is preserved
(e.g., 56 —> “seventy-six” or 411 —> “four hundred twelve”). In syntactical errors,
an incorrect syntactic frame is generated which is filled with the “correct” num-
ber words corresponding to the digits in the Arabic numeral (e.g., 56 —> “five hun-
dred and six”).

When writing Arabic digits to dictation, not only lexical (e.g., “seventy-six”
—>56) and syntactical errors occur (e.g., “five-hundred-and-six” —> 56), but also
errors, in which the numerical word is transcoded in sections (“term-by-term”)
and the additive composition principle of multi-digit numbers is not correctly
applied (“three-hundred-and-sixty-eight” —> “30068”).

Despite serious transcoding problems when verbalizing even single-digit
numbers, a good understanding of the same numbers can be achieved by acti-
vating number-related semantic associations (e.g., 1945 —> “Hitler gone”). Pa-
tients with more severe naming disorders use the better-preserved up-counting
technique for smaller numbers. Alternatively, fingers are used to show the num-
ber or the index finger is used to “imaginatively” write the Arabic numeral on a
surface or in the air.

Acalculia and aphasia are often associated. Nevertheless, number process-
ing problems and aphasia are not per se congruent (for an overview, see Will-
mes, 2008). Problems in reading and writing numbers occur mainly together,
but also can be dissociated. Aphasic patients are typically better at choosing
the larger number from a pair of Arabic multi-digit numbers than from a pair of
spoken or written number words.
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Likewise, various transcoding errors are found in neuropsychological condi-
tions different from aphasia. For instance, visual processing disorders like hemi-
anopia or visual neglect can result in leaving out the leftmost digits (e.g., Hécaen
et al., 1961) even without a similar problem in semantically adequate texts.

3.1.4 Advantages and limitations of single-case studies

One of the main limitations of single-case studies is that the data collected cannot
necessarily be generalized to the broader population, so they might seem less
meaningful. Criticism of generalizability, however, is of less relevance when the
intention is one of theory discovery and model falsification as outlined by
Shallice (1988) for the case of double associations or dissociations of cognitive
processes. In this situation, qualitative knowledge of a specific case may be
generalized to significant segments of the population (Kennedy, 1979). How-
ever, regarding statistical generalization, caveats are necessary. For instance,
if statistical procedures initially designed for data from statistically indepen-
dent replications are applied to data from a single subject (e.g., to differentiate
reliably between classical, strong, or weak dissociations), assumptions of inde-
pendence can become questionable (Willmes, 1990). Here, statistical and psycho-
metric aspects have to be applied carefully, for example, by using additional
normative data together with the binomial model for criterion-referenced mea-
surement (Sergent, 1988).

In this vein, single-case designs can be used to apply, to build, and to a
lesser extent, to test a theory as well as in the study of unique cases because
they allow a more detailed data collection and can be conducted on rare cases
where large samples of similar participants are not available.

3.2 Developmental dyscalculia

Developmental dyscalculia (DD) is an innate learning disability hampering the
typical development of numerical and arithmetical competencies in children
(Kaufmann & Von Aster, 2012; Kucian & von Aster, 2015) that can persist into
adulthood. It results in a failure to achieve adequate proficiency in arithmetic
despite normal intelligence, scholastic opportunity, emotional stability, and suffi-
cient motivation (e.g., Shalev & Gross-Tsur, 2001). Prevalence rates are rather
high, ranging from 3.5% to 6.5% (Butterworth & Kovas, 2013). With respect to the
etiology of DD the core deficit hypothesis (suggesting a deficit in the core repre-
sentation of number magnitude information) has long been the dominant view
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(e.g., Butterworth, 2005; Butterworth et al., 2011). Even though the heterogeneity
of DD has long been observed empirically (e.g., Temple, 1991 for a differentiation
of fact and procedural dyscalculia), the existence of subtypes of DD was ac-
knowledged only recently in theoretical models on numerical development
(e.g., Kucian & Aster, 2015; Kaufmann & Aster, 2012 as well as Kaufmann et al.,
2013 for critical reviews).

At the brain level, the core deficit hypothesis implies that compared with
typically developing children those with DD have deviant (intra)parietal fMRI
responses (Ashkenazi et al., 2013; Kaufmann et al., 2011). Indeed, both over-
and underactivation of the IPS have been reported, which has been interpreted
to reflect compensatory effortful functioning and deficient recruitment of num-
ber-relevant sites (i.e., deficient neuronal representation of numerosity), respec-
tively. Furthermore, additional activation differences were found in (pre)frontal
and occipital brain areas that were interpreted as reflecting domain-general
compensatory mechanisms (Ashkenazi et al., 2013; Kaufmann et al., 2011; Peters
& De Smedt, 2018; see also McCaskey et al. (2018) for a longitudinal developmen-
tal fMRI study of number processing).

It is important to note that beyond the above-mentioned core deficit of
number magnitude representation, math learning difficulties may also be
caused by other dysfunctional systems. Alternative accounts are, for example,
(i) deficient mapping processes between number symbols and their internal
magnitude representations (Rousselle & Noél, 2007; Rubinsten & Henik, 2005),
(ii) domain-general deficiencies such as attention (Ashkenazi & Henik, 2010) and
working memory (Rotzer et al., 2009; Toll et al., 2011), or (iii) a combined deficit
of representing and manipulating numerical magnitude information (Ashkenazi
et al., 2013). According to Ashkenazi et al. (2013), the latter hypothesis is espe-
cially apt to explain comorbid learning disorders (i.e., reading and math learning
difficulties).

Fig. 2 provides a schematic overview of hypothetical subtypes of DD that
is based on the TCM (Dehaene et al., 2003) and its postulate of three distinct
types of (number) magnitude representations supported by distinct brain re-
gions (i.e., numerical/analogue magnitude subtype: IPS, verbal subtype: left
hemisphere language regions, spatial attentional subtype: posterior superior
parietal lobe). According to this hypothetical model (Kaufmann & Aster, 2012),
the cognitive core deficiencies of these three subtypes of DD could not only be
used to develop diagnostic marker tasks but could also provide an empirically
validated framework to design efficient and tailored intervention tools.
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Fig. 2: Schematic representation of three distinct hypothetical subtypes of DD (differentiated
at the behavioral and neural level, and assigned to specific diagnostic marker tasks and
intervention goals).

4 Language processing
4.1 Models for language processing

Various cognitive components involved in language processing have been iden-
tified (e.g., language comprehension, reading and writing at the level of single
words and in the context of sentences or functional communication) and de-
scribed in various theoretical models (for language comprehension: e.g., the
parallel interface model: Friederici, 2013, for reading: Coltheart, 1978; Caramazza
et al., 1985; for writing: e.g., Ellis, 1982; 1988; Morton, 1980; for sentence produc-
tion: Garrett, 1988; Levelt, 1993). These models have been elaborated on both
typical and erroneous developmental trajectories of language processing (i.e.,
slip-of-the-tongue or slip-of-the-pen phenomena in the different language do-
mains), and need to be differentiated from models describing impaired language
processing in brain-injured patients (Ellis, 1982).

In principle, two types of models can be distinguished. First, in serial mod-
els, language processing is interpreted as a serial sequence of processing steps.
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The functional architecture of serial models is often graphically displayed by
box-and-arrow graphs, in which a box represents a processing module, and
an arrow represents the route in the direction of processing. Crucially, mod-
ules and routes are assumed to be affected and treated selectively (Ellis &
Young, 2013 for a review). Second, interactive models, also referred to as con-
nectionist models, adopt hierarchically structured networks that can be activated
in parallel (Dell, 1988; Dell et al., 1997; Dijkstra & de Smedt, 1996). These net-
works are characterized by specific nodes and edges through which activations
spread in all directions within the network.

Serial and interactive models are often interpreted as contradictory. Never-
theless, there are also language models that appear as hybrid (mixed) models
(e.g., Levelt, 1993).

Recently, an association between behavior and neural correlates has been
taken into account in models of language development in children. These models
predominantly focused on theoretic descriptions of children’s observable language
behavior. Neural correlates played at best a very subordinate role and the descrip-
tion of the neural basis of language development still remains difficult (Friederici,
2011). However, based on neuroimaging findings, domain-general aspects underly-
ing language processing have been identified as being already established in in-
fants. In contrast, the domain-specific aspects emerge only gradually until they are
fully established in young adulthood (Skeide & Friederici, 2016).

4.2 Neuropsychology

In patients with acquired language disorders, speech or language is significantly
impaired in one (or several) of the communication modalities (auditory compre-
hension, verbal expression, reading and writing, or functional communication).

4.2.1 Acquired language disorders

The generic term “acquired language disorders” covers various types of acquired
functional impairments such as aphasia, alexia, and agraphia. The difficulties of
people with aphasia can range from occasional trouble finding words to losing the
ability to speak, read, or write while intelligence is unaffected. Alexia and agraphia
can emerge as central and peripheral impairments of reading and writing. Central
impairments often occur in association with other acquired language disorders
such as aphasia (e.g., Delazer & Bartha, 2001) and may affect reading and writ-
ing in all domains (i.e., letters and digits in the context of acalculia) and
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output modalities [i.e., oral spelling, handwriting, and typing (Beeson & Rapc-
sak, 2015; Rapcsak, 2002)]. Peripheral impairments, in contrast, are related to
the level of visual processing (alexia) or graphomotor planning and the execu-
tion of writing (Purcell et al., 2011).

The broad spectrum of symptoms as well as the combined and isolated oc-
currence of various speech and language deficits requires a precise understand-
ing of typical language processes and their neural correlates in order to develop
appropriate intervention approaches.

4.2.2 Developmental dyslexia and dysgraphia

Developmental dyslexia, like DD, belongs to the specific learning disabilities
that develop in childhood and can persist into adulthood, and that cannot be
explained by a child’s chronological age, education, or IQ (APA, 2013). Both
learning disabilities occur together more often than expected coincidentally
(Wilson et al., 2015).

Developmental dyslexia describes the disability to sufficiently learn reading
and/or writing despite an (above-) average intelligence and appropriate educa-
tion. It is the most common subtype of learning disabilities with prevalence rates
between 4 and 7% in early childhood, depending on the criteria used (Landerl
et al., 2009). Crucially, a gender discrepancy is noticeable with boys being more
often affected than girls. Empirical data clearly indicate that dyslexia increases
an individual’s risk for school dropout, low educational achievement, and unem-
ployment (Esser et al., 2002).

Children (and adults) with dyslexia have a deficit in the mechanism of pho-
nological awareness, the ability to recognize, identify, and manipulate syllables
and phonemes within spoken language (Shaywitz & Shaywitz, 2012). They also
struggle with handwriting aspects for various reasons, such as graphomotor
planning and grapheme transcription (e.g., Kandel et al., 2017), correct spelling
(e.g., Cidrim & Madeiro, 2017, for a review), and writing fluency (e.g., Sumner
et al., 2013; but see Martlewm, 1992). They also have difficulties in recognizing
and correcting errors (e.g., Horowitz-Kraus & Breznitz, 2011, for reading).

Etiological explanations for developmental dyslexia are twofold at least. On
the one hand, difficulties due to basic deficits in (rapid) auditory (Tallal, 1980)
and visual processing that arise from an impairment of the visual magnocellular
system (Stein & Walsh, 1997) are described. On the other hand, deficits in atten-
tional (e.g., Facoetti et al., 2001) and automatization processes (e.g., Nicolson &
Fawcett, 2005) are discussed. Advocates of the latter theory argue that if cere-
bellar regions and the neural systems involved are affected (which are assumed
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to support automatization of basic articulatory and auditory skills), handwriting
difficulties may arise (Nicolson & Fawcett, 2011). Liberman (1973) and later
Snowling (2000) related dyslexia to a deficit in phonological awareness. Al-
though there is supporting empirical evidence for all of these theories, not
all cognitive domains are simultaneously affected and several subtypes of
developmental dyslexia are identified (Heim et al., 2008).

Brain imaging techniques identified dysfunctional neuronal networks in dys-
lexia mainly in left-hemispheric temporo-occipital, parieto-temporal and frontal
brain regions (Ashkenazi et al., 2013). Both hypo- and hyperactivations have been
reported (see Vandermosten et al., 2012 for a review), in terms of either reduced
performance or compensatory strategies. Parts of this network are also associated
with dyscalculia, for instance, the fusiform gyrus as well as the angular gyrus,
which may explain comorbidity of both learning disorders (i.e., reading and math
learning difficulties).

5 Connectivity

Both number and language processing are cases of distributed and connected
processing in the human brain. As such, both arithmetic (e.g., Dehaene & Cohen,
1997) and language processing (e.g., Hickok & Poeppel, 2004) rely on widespread,
separate, and overlapping networks in the human brain. This underscores the im-
portance of white matter fiber connections between the specialized grey matter
brain areas.

Analogous to the visual system with a dorsal “where” and a ventral “what”
stream (Mishkin et al., 1983), it is assumed that language is processed in a dual
system connecting Broca’s and Wenicke’s areas for language processing (Hickok &
Poeppel, 2004, 2007). The dorsal “where” stream along the arcuate fasciculus is
dedicated to the mapping of auditory input to frontal articulatory networks (Hickok
& Poeppel, 2007), while the ventral “what” stream along the external/extreme cap-
sule system is involved in language comprehension (Saura et al., 2008). The func-
tional link between the arcuate fascicle and language dates back to Wernicke’s
(1874) suggestion that a lesion of association fibers connecting the sensory and
motor speech areas leads to a disconnection syndrome characterized by a fail-
ure to repeat verbal information (“conduction aphasia”). This is in line with
more recent models, which propose that the arcuate fascicle connects dorsally
brain regions involved in sensorimotor processes supporting speech produc-
tion and speech perception (Hickok & Poeppel, 2007; Rauschecker & Scott,
2009), that is, superior temporal gyrus with premotor cortex and posterior
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inferior frontal gyrus. In contrast, the ventral pathway connects Wernicke’s
area with Broca’s area through the extreme and external capsule subserving
meaning (Weiller et al., 2011).

Only in 2013, a first study investigated whether the fronto-parietal network
from numerical cognition can be integrated into this framework of dorsal and
ventral processing pathways (Klein et al., 2013). Using probabilistic fiber track-
ing, the authors showed that magnitude- and fact retrieval-related processing
are indeed subserved by two largely separate networks, both of them following
dorsal and ventral pathways. Nevertheless, even though distinct anatomically,
these networks operate as a functionally integrated circuit for mental calculation.
In 2016, the TCM was complemented by adding these neuro-structural connec-
tions between cortical areas related to magnitude processing and arithmetic fact
retrieval (Klein et al., 2016). These amendments suggest that the general princi-
ples associated with dorsal (“doing”) and ventral (“understand what you are
doing”) processing streams, which seem to be instrumental for various domains
(Rijntjes et al., 2012), can be adapted to number magnitude and fact retrieval
processing in mental arithmetic.

So far, the work on the structural connectivity of these networks is primarily
based on adults. Therefore, it is still not clear how any of these networks develop
during childhood. Based on the work of Perani and colleagues (2011) for the case
of language, the development of numerical competencies may most likely
go hand-in-hand with brain maturation. In particular, studies from infancy
to adulthood show later maturation of the dorsal compared to the ventral
pathway (for an overview, see Friederici, 2012). While newborns have an adult-
like ventral pathway at birth, the dorsal pathway that connects the temporal cor-
tex to Broca’s area develops later and is not fully matured at the age of seven
(Perani et al., 2011). At this age, children still struggle with syntactically complex
sentence processing. Therefore, it has been suggested that the degree of language
competencies crucially depends on maturation of the dorsal pathway (Frieder-
ici, 2012). This would be in line with the idea children understand and process
new numerical tasks first ventrally (“understanding what you are doing”), be-
fore more automated sequences of dorsal procedural processing can be estab-
lished (“doing”).

Taken together, the two neuro-cognitive networks of magnitude representa-
tion and verbal representation are (1) functionally distinct and dissociable, (2)
anatomically largely distinct, but they (3) nevertheless work together in a func-
tionally integrated way. However, it is controversially discussed whether they
(4) are exclusively processed dorsally (Amalric & Dehaene, 2018) or follow gen-
eral principles of dorsal and ventral processing (Klein et al., 2016).
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6 Similarities in number and language
processing

The question of an association between aphasia and acalculia reflects an important
topic in cognitive neuroscience: To what extents are higher cognitive functions
such as numerical cognition based on language? The spectrum of assumptions
ranges from the mediation of arithmetic by lexical and syntactic linguistic pro-
cesses to the assumption that in adulthood, arithmetic can be independent of
language. In the latest amendment to the TCM, Amalric and Dehaene (2018)
argued that numerical and arithmetical processing are independent of “sen-
tence-level language processing” and “general semantic thinking.” In contrast
to this view, Chomsky (2017; but see Corballis, 2017) argued that all thinking
is verbal/linguistic thinking.

In particular, Amalric and Dehaene (2018) suggested that the behavioral
dissociation between mathematical and linguistic skills is accompanied by a
major neural dissociation between brain regions associated with math and re-
gions involved in language processing and semantics. This idea would be in
line with neuropsychological findings on differences between numbers and lan-
guage (e.g., Jung et al., 2015). In a single-case study, Jung et al. (2015) observed
impairments in writing letters while number writing was preserved. Single let-
ters (e.g., “E”) do not necessarily carry semantic information. Also, a random as-
sembly of letters (e.g., “EHKU”) does not necessarily produce a word that carries
semantic meaning. In contrast, any number as well as any random assembly of
numbers (e.g., “3,” “3826”) conveys meaning, namely, the numerical magnitude
of the respective numbers. Hence, the authors suggested that semantic magni-
tude information of numbers can facilitate their processing. Importantly, in the
therapy of the same patient, semantic cues were then added to each letter to sup-
port the retrieval of these letters. This additional semantic information indeed
successfully facilitated letter writing.

In contrast, Chomsky (2017) argued that numerical knowledge is an adjunct
of human linguistic ability. This view assumes a close link between the domains
of language and number processing. Indeed, there are several theoretical ac-
counts that emphasize the importance of language for the phylogenetic and on-
togenetic development of the human faculty of number processing (e.g., Carey,
1998; and already, Henschen, 1919). For instance, Wiese (2007) concluded that
“it is language that opened the way for numerical cognition,” suggesting that
“it is no accident that the same species that possesses the language faculty as a
unique trait should also be the one that developed a systematic concept of num-
ber” (p. 758). Furthermore, both letters and numbers are linked to verbal linguistic
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information and both natural language and number processing share the need for
a recursion operation that creates embedded tree structures (Hauser et al., 2002).
There is also evidence that language and number processing share a number of
crucial functional characteristics at the brain level such as an overlapping ventral
network, at least for specific cognitive processes such as semantic classification
(Willmes et al., 2014).

Probably, neither of the two proposals is sufficiently detailed to explain the nu-
merical performance of both healthy and cognitively impaired participants. Rather,
we suggest that it may be the type of the specific problem at hand and its difficulty
that determines which system is used to solve the task or how we translate our
thoughts into language. Very simple arithmetic problems may be retrieved verbally
as facts from long-term memory or solved applying overlearned procedures (e.g.,
“rule of three”). More difficult arithmetic problems may be tackled with different
strategies, which do not always have to be linguistic. Nevertheless, future studies
are needed to provide evidence in favor of or against one of these accounts.

Taken together, there is an ongoing debate on the building blocks of num-
ber and language processing: on the one hand, there is the view that number
processing and arithmetic are independent of language processing (Amalric &
Dehaene, 2018) and, on the other hand, there is the view that all thinking is lin-
guistic thinking (Chomsky, 2017).
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