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Abstract The current study provides a generalizable
account of the anatomo-functional associations as well as
the connectivity of representational codes underlying
numerical processing as suggested by the triple code
model (TCM) of numerical cognition. By evaluating the
neural networks subserving numerical cognition in two
specific and substantially different numerical tasks with
regard to both grey matter localizations as well as white
matter tracts we (1) considered the possibility of
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additional memory-related cortex areas crucial for arith-
metic fact retrieval (e.g., the hippocampus); (2) specified
the functional involvement of prefrontal areas in number
magnitude processing, and, finally; (3) identified the
connections between these anatomo-functional instantia-
tions of the representations involved in number magnitude
processing and arithmetic fact retrieval employing prob-
abilistic fiber tracking. The resulting amendments to the
TCM are summarized in a schematic update, and ideas
concerning the possible functional interplay between
number magnitude processing and arithmetic fact retrieval
are discussed.

Keywords Diffusion tensor imaging - fMRI -
Probabilistic fiber tracking - Numerical cognition -
Triple code model

Introduction

Over the last 25 years functional brain imaging has sub-
stantially contributed to the development of the neuro-
functional triple code model (TCM) of numerical cognition
(TCM, e.g., Dehaene and Cohen 1995, 1997; Dehaene
et al. 2003). So far, research on numerical cognition in
general and on the TCM in particular focused on the
identification of activated grey matter sites, with only very
few studies investigating its neuro-structural white matter
connections (Krueger et al. 2011; Uddin et al. 2010; Klein
et al. 2013). Therefore, the aim of the present study was to
complement the TCM of numerical cognition (Dehaene
et al. 2003; Arsalidou and Taylor 2011) by identifying
neuro-structural connections to/from cortical areas related
to arithmetic fact retrieval and numerical magnitude
processing.
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The TCM of numerical cognition

In the TCM (Dehaene and Cohen 1995, 1997; Dehaene
et al. 2003) three different representational codes are pro-
posed for the processing of numerical information: first, a
visual number form representation is involved in recog-
nizing (strings of) Arabic digits and located in bilateral
fusiform and lingual regions. Second, a bi-hemispheric
number magnitude representation subserves the processing
of numerical quantity information (e.g., involved in num-
ber comparison, etc.) and is associated with brain areas
around the bilateral intraparietal sulcus (IPS). Third, a
verbal representation of numbers is proposed to be acti-
vated in language-mediated operations like number naming
and counting. It is assumed that arithmetic facts (e.g.,
additions <10; multiplication table facts) are also stored in
a verbal code in long-term memory (e.g., Delazer et al.
2003; Grabner et al. 2009). The verbal representation is
associated with left perisylvian language areas such as
middle (MTG) and superior temporal gyrus (STG), supra-
marginal gyrus (SMG), Broca’s area, and the angular gyrus
(AG).

In sum, the TCM suggests that different aspects of
numerical information are processed in different codes
within distinct cerebral regions of the human brain with
strong bi-directional links between all three codes. One of
the most important postulates of the TCM is the general
distinction between numerical magnitude manipulation on
the one hand and verbally mediated fact retrieval on the
other. For complex tasks Dehaene and Cohen (1995) sug-
gested that the representations of the TCM may be further
supplemented by processes associated with prefrontal
cortex (PFC) areas. Activation within these areas is not
necessarily specific for number processing (cf. Pesenti
et al. 2000). Instead, it may rather reflect more general
cognitive processes such as attention, working memory,
and cognitive control (e.g., Ashcraft and Kirk 2001; Imbo
et al. 2007a, b; Miller 2000). Taken together, the fronto-
parietal network of number processing (Dehaene et al.
2003) is a case of multi-modular processing involving
different number-specific representations but also more
general cognitive resources.

Recruitment of different representations in a given task

Examination of the different representational codes and
their neural correlates including their connectivity requires
the employment of specific tasks. The visual number form
(VNF) is commonly involved whenever Arabic numbers
are visually presented. However, because we aimed at
specifying neuro-structural connectivity within the TCM,
we needed to use tasks that recruit, but also allow for
differentiating magnitude-related processing from fact
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retrieval. Therefore, we re-analyzed data from a number
bisection task (NBT; Wood et al. 2008) and a mental exact/
approximate addition task (Klein et al. 2009).

In the NBT participants have to decide whether or not
the central number of a number triplet is also the arith-
metical middle of the interval or not (e.g., 10_14_18 vs.
10_13_18, respectively). Wood et al. (2008) found
increased IPS activation associated with magnitude
manipulations for incorrectly bisected triplets with smaller
distances from the central number to the correct mean (e.g.,
10_13_18), correctly bisected triplets not part of a multi-
plication table (e.g., 21_23_25), and triplets crossing a
decade boundary (e.g., 24_29_34). On the other hand, with
increasing distance to the correct mean of incorrectly
bisected triplets, when a correctly bisected triplet was part
of a multiplication table, and when triplets did not cross a
decade boundary, less IPS activation was observed. Addi-
tionally, the latter was accompanied by increasing activa-
tion in the left AG, probably indicating fact retrieval.

In the exact/approximate addition study by Klein et al.
(2009) participants had to choose which one of two
response alternatives was either the correct result (e.g.,
25 + 31 = 56 vs. 51) or closer to the correct result (e.g.,
25 4+ 31 = 54 vs. 51). The authors observed that large
target distance (i.e., distance between correct result and
target), small distractor distance (i.e., distance between
target and distractor) and the need for a carry operation
were associated with increased activation in the (p)IPS
subserving magnitude-related processing. On the other
hand, small target distance, large distractor distance and the
absence of a carry were associated with increased activa-
tion in the left AG subserving fact retrieval.

In sum, the NBT and the exact/approximate addition
task seem well suited to identify the influence of different
numerical representations at least with respect to grey
matter areas.

Involvement of prefrontal cortex and memory-related
structures

In the TCM the involvement of PFC in numerical cognition
is only vaguely specified, both in terms of function as well
as in terms of more circumscribed cortex areas. By re-
analyzing the numerical tasks described above—chosen
because they recruit different representational codes—we
aimed at specifying which parts of PFC are involved in
which numerical operation. Beyond specifying frontal
networks called upon in one numerical task or the other, we
aimed at identifying frontal activation patterns which
would generalize over numerical tasks—possibly indicat-
ing procedural similarity across tasks.

Moreover, the TCM states that participants retrieve
arithmetic facts from long-term memory. However, the role
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of typical cortical regions subserving processes involving
long-term memory such as hippocampus, parahippocam-
pal, perirhinal or entorhinal cortex (Baddeley 1996;
Montaldi and Mayes 2010) has not been specified explic-
itly. Instead, it is suggested that the left angular gyrus and,
probably, left-hemispheric language areas may support the
retrieval of arithmetic facts. In our view, it is reasonable to
assume that structures associated with retrieval from long-
term memory may also be involved in arithmetic fact
retrieval. Therefore, we also considered areas commonly
encountered in retrieval processes from long-term semantic
memory and found activated in our re-analyses.

Objectives

Starting from the cortical structures which play a pivotal
role in the TCM of numerical cognition this study aims at
investigating their structural connectivity. The areas of
interest comprise (1) the IPS (subserving number magnitude
processing); (2) left perisylvian language areas (MTG, STG,
SMG, Broca) and left AG (associated with arithmetic fact
retrieval); and (3) fusiform gyrus (subserving visual number
form processing). We also investigated the structural con-
nectivity of areas, which have recently been proposed either
in an update of the TCM, namely (4) prefrontal areas or in
recent studies such as (5) the hippocampus, which appear to
be underspecified with respect to their function in the cur-
rent version of the TCM. To pursue these aims, we relied on
probabilistic fiber tracking, employing seed-points moti-
vated by both meta-analytic (TCM, Arsalidou and Taylor
2011; Dehaene et al. 2003) as well as empirical consider-
ations from earlier studies (cf. Klein et al. 2013 for a similar
procedure). After re-analyzing the functional data from the
previous studies, DTI data were collected in a separate set of
participants and fiber tracking was applied between the
seeds identified in the re-analyses. In particular, we re-
analyzed the impact of specific parametric predictors used
in the NBT of Wood et al. (2008, i.e., distance to the
arithmetic mean of the triplet, multiplicativity, and decade
crossing) and the exact/approximate addition task of Klein
et al. (2009, i.e., target distance, decade distance, and the
need for a carry operation) by evaluating the joint impact of
the respective parametric predictors in a conjunction ana-
lysis. To evaluate commonalities and differences in the
architecture of the pathways connecting the fronto-parietal
network of numerical cognition in the different tasks (i.e.,
NBT and exact/approximate addition) grey matter activa-
tion peaks were defined as seed and target regions for sep-
arate probabilistic trackings for both numerical tasks. Our
specific hypotheses were as follows:

(a) Since both, the exact/approximate addition task and
the NBT employ visual presentation of the stimuli,

the visual number form area (VNF) should be
involved in both tasks. Because the VNF subserves
a numerical input representation, it should be
(directly) connected to the semantic numerical
representation in the IPS.

(b)  Thenumerical magnitude representation in the bilateral
IPS should be part of the magnitude-processing
network in both tasks, because number magnitude is
the critical information. For the NBT we expected
increasing IPS activation with decreasing distance to
the arithmetic mean of the triplet, inclusion of a decade
crossing, and for non-multiplicative triplets. For the
exact/approximate addition task increasing target dis-
tance, decreasing distractor distance and the need for a
carry operation should be associated with an increase in
activation in IPS as well. Because both tasks access
numerical magnitude information, we expected acti-
vation in overlapping areas as well as similar dorsal and
ventral fiber pathways connecting intraparietal with
frontal cortex areas (cf. Klein et al. 2013).

(c) We hypothesized activation in areas associated with
arithmetic fact retrieval for both tasks. These are left-
hemispheric language areas (Dehaene and Cohen
1997; Dehaene et al. 2003) such as SMG, STG as
well as the left AG. In the NBT, arithmetic fact
retrieval should be reflected by increasing activation
in at least the left AG associated with increasing
distance to the arithmetic mean of the triplet, no
decade crossing within, and multiplicativity of a
triplet. In the exact/approximate addition task, at least
AG activation should increase with decreasing target
distance, increasing distractor distance as well as for
no carry problems. Additionally, we expected to
identify neural activation associated with retrieval
from long-term memory (e.g., in the hippocampus)
for the case of arithmetic fact retrieval. Again, we
hypothesized that for both tasks activation in over-
lapping areas connected via similar ventral and dorsal
pathways should be observed.

(d)  With respect to PFC, we expected activation in Area
45 and Brodmann area (BA) 47 indicating the
application of rules, which should be connected via
similar pathways in both tasks.

fMRI methods

We re-analyzed the fMRI data of Klein et al. (2009) and
Wood et al. (2008) to identify adequate seed regions for
probabilistic fiber tracking. The resulting seed regions were
then applied to independent DTI data from a sample
comparable to those of both fMRI experiments with respect
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to age, handedness, and general level of education. No
participant reported a neurological or psychiatric history or
was taking psychoactive medication. All three participant
groups gave their written consent and were scanned with
the approval of the respective local ethics committee.

Number bisection task (Wood et al. 2008)
FParticipants

Twenty male right-handed volunteers (M = 24.2 years,
range 21-30 years).

Stimuli and design

Participants were presented with number triplets (e.g.,
10_13_18; numbers always in ascending order from left to
right) and had to decide whether or not the central number
was also the arithmetical middle of the interval. 360
number triplets in the range from 2 to 98 were presented in
a 2 x 2 within-participant design for both correctly
bisected (e.g., 23_26_29) and incorrectly bisected triplets
(e.g., 23_25_29). For the former, bisection range (small:
4-8, e.g., 23_26_29 vs. large 12-18, e.g., 22_30_38) and
multiplicativity (e.g., 21_24_27 vs. 22_25_28) were varied.
For the latter, incorrectly bisected triplets, bisection pos-
sibility (possible: e.g., 21_24_29, vs. impossible: e.g.,
21_24_28) and distance of the central number to the correct
mean of the interval (large: 2-8, e.g., 6_7_18 vs. small:
0.5-1.5, e.g., 6_11_18) were manipulated. Decade crossing
(e.g., 23_25_29 vs. 25_27_31) was matched between the
respective stimulus groups.

Exact/approximate addition task (Klein et al. 2009)
FParticipants

Eighteen male right-handed volunteers (M = 23.6 years,
range 19-31 years).

Stimuli and design

In a choice-reaction paradigm, 192 two-digit addition
problems were presented with a pair of solution probes.
Participants had to indicate the solution probe, which was
either identical (50 % of the trials, e.g., 25 4+ 31 = 56 or
51) or closest to the correct result (50 % of the trials, e.g.,
25 4 31 =54 or 51), as quickly and as accurately as
possible. Ina 2 x 2 x 2 within-subjects design the factors
distractor distance (small, i.e., 4-9 vs. large, i.e., 14-19
distance between target and distractor), target identity
(identical vs. non-identical target) and carry operation
(carry needed yes/no) were varied.
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Re-analysis

Anatomical scans of participants were submitted to grey/
white matter segmentation and then normalized and aver-
aged in SPMS8 (http://www fil.ion.ucl.ac.uk/spm). The
fMRI time-series were corrected for movement artifacts in
SPMB&. Images were motion corrected and realigned to each
participant’s first image. Data were normalized into stan-
dard stereotaxic MNI (Montreal Neurological Institute)
coordinates space. Images were resampled every 3.5 mm
using 4th degree spline interpolation and smoothed with a
7.5-mm FWHM Gaussian kernel. The data were high-pass
filtered (128 s) to remove low-frequency signal drifts and
corrected for autocorrelation assuming an AR (1) process.
Brain activity was convolved over all experimental trials
with the canonical hemodynamic response function (HRF)
and its derivative. Onsets of incorrectly answered trials
were entered separately as a condition of no interest into
the model. For the anatomical localization of effects the
SPM Anatomy Toolbox was used (Eickhoff et al. 2005),
available for all published cytoarchitectonic maps from
http://www.fz-juelich.de/ime/spm_anatomy_toolbox. In
the following, all regions we refer to are in cytoarchitec-
tonic nomenclature except for BA 47 (for this region there
are no maps available yet). Please note that areas 7A, 7P,
7PC, hIP1, hIP2, and hIP3 represent a parcellation of
Brodmann area (BA) 7 with 7A, 7P, and 7PC defining
subdivisions of the SPL (Scheperjans et al. 2008), while
hIP1, hIP2, and hIP3 specify parts of the IPS (Uddin et al.
2010). Furthermore, PGa and PGp are parcellations of the
AG, while PFt, PF, and PFm are three of five subdivisions
of the SMG (Caspers et al. 2006).

Number bisection

A conjunction analysis of the impact of the three predictors
distance to the arithmetic middle, decade crossing, and
multiplicativity was run. A significant conjunction of
activation with increasing distance to the arithmetic mid-
dle, inclusion of a decade crossing, and items not being part
of a multiplication table should indicate areas subserving
magnitude-related processing, whereas a significant con-
junction of the reverse predictor activations (decreasing
distance to the arithmetic middle, no decade crossing,
multiplicative items) should be associated with activation
in areas subserving verbally mediated processes of arith-
metic fact retrieval.

Exact/approximate addition
For the re-analysis, predictors representing target distance

(ranging 1-3), distractor distance (ranging 4-19), and
carry-over (no = —1, yes = +1) were estimated in a
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parametric analysis. Again, we conducted a conjunction
analysis on the impact of the predictors target distance,
distractor distance, and carry operation. A significant
conjunction of activation with increasing target distance,
decreasing distractor distance and a carry operation should
indicate areas subserving number magnitude processing,
whereas a significant conjunction of activation with
decreasing target distance, increasing distractor distance
and no carry operation should be associated with activation
in areas subserving verbally mediated processes of arith-
metic fact retrieval.

fMRI results
Re-analysis of functional MRI data
Number bisection task (Wood et al. 2008)

The conjunction analysis using increasing distance to the
arithmetic mean, decade crossing, and non-multiplicative
triplets revealed significant activation in IPS (hIP3) and
bilateral pIPS (7A and 7P; see Figure S1 A; Table 1).
Further clusters of activated voxels were observed in the
left IFG in Area 45, Area 44, and BA 47 as well as in the
right IFG (Area 44). Moreover, activation was observed in
left SMA (Area 6) and bilateral middle frontal gyri, pos-
sibly situating bilateral frontal eye fields (FEF). Addition-
ally, activation was found in the bilateral fusiform gyrus,
indicating activation of the VNF area, and visual cortices,
bilaterally, as well in the basal ganglia including the thal-
amus, bilaterally, the left putamen and the right caudate
nucleus.

The conjunction analysis using decreasing target dis-
tance, increasing distractor distance and no-carries revealed
decreasing fMRI signal change in left AG (PGp). Further
clusters of activated voxels were observed in left retro-
splenial (RC) cortex, bilateral SMG (PF/PFm), bilateral
hippocampus, left anterior and posterior MTG, and left
ventromedial PFC (VMPFC, see Figure S2 A).

Exact/approximate addition task (Klein et al. 2009)

The conjunction analysis using increasing target distance,
decreasing distractor distance, and carry operation revealed
significant modulation of the fMRI signal in bilateral IPS
(hIP2) and (pIPS, 7A; see Figure S3 A; Table 2). Further
activated clusters were observed in left IFG in Area 45 and
BA 47 as well as in right IFG (Area 45). Moreover, acti-
vation was observed in bilateral supplementary motor areas
(SMA, Area 6) and bilateral middle frontal gyri, again most
likely corresponding to the bilateral FEF. Additionally,
activation was observed in left fusiform gyrus, possibly

indicating activation of the VNF area and in visual cortices,
bilaterally.

The conjunction analysis of decreasing target distance,
increasing distractor distance, and no-carries revealed
decreasing fMRI signal in left AG (PGp), bilateral RC and
left MTG. Further clusters of activated voxels were
observed in right SMG (PFt), bilateral STG, right MTG,
left insula, left hippocampus as well as left VMPFC (see
Figure S4 A).

DTI methods
Diffusion imaging data
Participants

The DTI data were collected from a sample of 30 healthy
volunteers (12 females, mean age 28 years, range
23-42 years; 29 right-handed participants').

Data acquisition

The MRI data from all 30 subjects were acquired on a 3T
Siemens TIM Trio scanner (Siemens, Erlangen, Germany).
For DTI a total of 70 scans with 69 slices was acquired
using a diffusion-sensitive spin-echo EPI sequence with
CSF-suppression [61 diffusion encoding gradient direc-
tions (b factor = 1,000 s/mmz) and 9 scans without dif-
fusion  weighting (b  value = 0 s/mm?),  voxel
size = 2 x 2 x 2 mm°, matrix size = 104 x 104,
TR = 11.8s, TE =96 ms, TI = 2.3 s]. During recon-
struction, scans were corrected for motion and distortion
artifacts based on a reference measurement (Zaitsev et al.
2006). For spatial processing of the DTI data an additional
high-resolution T1 anatomical scan was obtained (160
slices, voxel size=1x1x1 mm3, TR =225,
TE = 2.6 ms, FOV = 240 x 240 x 160 mm?).

Definition and analysis of seed regions

Seed regions for probabilistic fiber tracking were extracted
from the #~-maps of the parametric fMRI analyses of the two
fMRI tasks. Peak voxels in the major activation clusters of
both studies were identified at an FWE cluster-threshold
corrected Peruster-corr < 0.05 with a cluster size of k = 15
voxels. In a next step, each of the coordinates identified in
the re-analyses were transferred to the native space of each
participant’s DTI data, using the inverse normalization

! We re-ran the analysis of tracts omitting the left-handed participant.
However, since this did neither alter the results substantially nor even
visibly, we decided to keep all participants.
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Table 1 Cortical regions more strongly activated in the respective conjunction in the number bisection task (NBT)

Conjunction Brain region (BA) MNI (x, y, 2) Cluster size z value
Increasing distance to arithmetic middle, LH intraparietal sulcus (hIP3) —42 —42 45 127 3.85
decade crossing, non-multiplicative RH intraparietal sulcus (hIP3) 36 —48 45 15 2.91
LH posterior intraparietal sulcus (7A) —21 —60 51 21 3.02
RH posterior intraparietal sulcus (7P) 18 =72 57 126 3.72
LH inferior frontal gyrus (Area 44) —48 6 30 80 4.01
RH inferior frontal gyrus (Area 44) 57 9 27 15 2.98
LH inferior frontal gyrus (Area 45) —45 36 12 16 2.94
LH inferior frontal gyrus (BA 47) —42 48 18 15 2.96
LH supplementary motor area (Area 6) -6 18 51 460 4.78
LH middle frontal gyrus (Area 6) —27 0 57 205 4.16
RH middle frontal gyrus (Area 6) 24 0 57 54 3.74
LH fusiform gyrus -36 =72 —12 16 2.96
RH fusiform gyrus 39 —57 —15 15 2.81
LH thalamus —12 —15 9 17 3.49
RH thalamus 15 -9 9 37 3.40
LH putamen —18 9 —6 39 4.03
Decreasing distance to arithmetic middle, LH angular gyrus (PGp) —54 —63 24 124 3.69
no decade crossing, multiplicative RH angular gyrus (PGa) 60 _54 42 15 252
LH supramarginal gyrus (PF) —63 —45 30 16 2.56
RH supramarginal gyrus (PFm) 63 —45 42 14 2.46
LH middle temporal gyrus —63 —45 —6 17 2.53
LH middle temporal gyrus —60 —18 —18 15 2.51
LH retro-splenial cortex -6 —-57 18 15 2.52
LH medial frontal gyrus —12 45 18 184 3.70
LH hippocampus —34 -39 —6 15 2.57
RH hippocampus 30 —6 —24 15 2.34

MNI Montreal Neurological Institute coordinates
Pcluster-corr < 0.05 (k=15 VOXC]S)

parameters obtained from the segmentation procedure of
the T1 anatomical scan and enlarged to a sphere with radius
4 mm, each containing 33 seed voxels. These spheres were
taken as seed regions for the probabilistic fiber tracking
procedure.

Probabilistic diffusion tensor-based fiber tracking

DTI data were analyzed using the method of pathway
extraction developed by Kreher et al. (2008; see also Saur
et al. 2008, 2010) implemented in the Matlab-based DTI
and Fiber Toolbox (http://www.uniklinik-freiburg.de/mr/
live/arbeitsgruppen/diffusion/fibertools_en.html). The dif-
fusion tensor (DT) was calculated (Basser et al. 1994) from
the movement and distortion-corrected diffusion-weighted
imaging dataset. Subsequently, probabilistic maps were
calculated for each seed region by Monte Carlo simulation
of random walks similar to the probabilistic index of
connectivity (PICo) method (Parker et al. 2003). The
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tracking procedure differed from the classical PICo method
by empirically extracting the orientation density function
from the diffusion tensor and by preserving the main tra-
versing direction (in relation to the first eigenvector) of
each propagated trajectory during the random walk (see
Kreher et al. 2008 for details). In the probabilistic maps,
the visiting frequency of a voxel reflects the degree of
connectivity to the seed region. The number of random
walks was set to 10° and the maximum fiber length to 150
voxels. The tracking area was restricted to a white matter
mask to avoid tracking across anatomical borders. To
ensure contact of the cortical seed regions with white
matter, a rim of grey matter was included in the mask.
Region-to-region anatomical connectivity between two
seed regions was computed by combining two probability
maps of interest (Kreher et al. 2008). At the computational
level, this combination implies a multiplication, which takes
the main traversing direction of the random walk into account.
Walks starting from two seed regions may either face in
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Table 2 Cortical regions more strongly activated in the respective conjunction in the exact/approximate addition task
Conjunction Brain region (BA) MNI (x, y, 2) Cluster size z value
Increasing target dist., decreasing LH intraparietal sulcus (hIP2) —46 —46 49 53 3.02
distractor distance, carry RH intraparietal sulcus (hIP2) 46 —49 46 47 3.01
LH post. intraparietal sulcus (7A) —-32 —66 49 131 3.24
RH posterior intraparietal sulcus (7A) 10 —66 46 126 3.43
LH inferior frontal gyrus (Area 45) —46 24 24 82 3.05
RH inferior frontal gyrus (Area 45) 49 38 24 73 3.66
LH inferior frontal gyrus (BA 47) —46 49 —4 15 2.89
LH supplementary motor area (Area 6) —4 25 42 42 3.17
RH supplementary motor area (Area 6) 10 21 46 15 291
LH middle frontal gyrus —26 7 55 72 3.21
RH middle frontal gyrus 46 52 18 20 293
LH fusiform gyrus —21 —52 —14 17 2.82
LH middle occipital gyrus -38 —91 4 21 2.83
RH superior occipital gyrus 14 —9%4 32 15 2.68
Decreasing target dist., increasing LH angular gyrus (PGp) —46 —60 24 34 3.12
distractor distance, no carry RH supramarginal gyrus (PFt) 66 -21 38 50 2.46
LH middle temporal gyrus —60 —60 18 17 3.02
RH middle temporal gyrus 52 —60 14 15 2.54
LH superior temporal gyrus —63 —-52 14 17 2.56
RH superior temporal gyrus 70 —-32 7 15 2.53
LH insula —46 0 4 16 2.68
LH retro-splenial cortex —14 —52 32 84 2.94
RH retro-splenial cortex 4 —56 28 63 3.03
LH medial frontal gyrus —4 52 0 184 3.70
LH hippocampus -21 -8 —18 19 2.87

MNI Montreal Neurological Institute coordinates
Pcluster-corr < 0.05 (k =15 VOXC]S)

opposing directions (connecting fibers) or they may merge
and point in the same direction (merging fibers). Within the
pathway connecting both seeds, the proportion of connecting
fibers should exceed the proportion of merging fibers. Using
the directional information (obtained by extended PICo)
during the multiplication procedure, merging fibers are sup-
pressed, while connecting fibers are preserved (Kreher et al.
2008). This method enables the extraction of the most prob-
able direct pathway between two seed regions without using a
priori knowledge about the presumed course. The resulting
values of the combined maps represent voxel-wise estimation
of the probability index that a voxel is part of the connecting
fiber bundle of interest (in short: probability index forming
part of the bundle of interest, PIBI).

Post-processing of probability maps

Using SPMS (http://www fil.ion.ucl.ac.uk/spm) the combined
maps were scaled to the range from O to 1, and spatially nor-
malized into standard MNI space. To remove random arti-
facts, maps were thresholded using a PIBI value of 0.0148.
This value was generated empirically from the distribution

observed in a large collection of pre-processed combined
probability maps (see Saur et al. 2008). The resulting maps of
each region-to-region connection were then summed across
subjects (Newton et al. 2006). Within these across-subject
maps, the voxel intensity ranged from 1 to 30 indicating
spatial overlap between subjects. Here, all maps are displayed
with an arbitrary threshold of 10 to eliminate noise. 3D volume
renderings of pathways were visualized with an application
from the Freiburg Brain Imaging Center based on the free
software OpenDX (http://www.opendx.org). Resulting tracts
were identified based on atlases on connectivity of the human
cortex (Biirgel et al. 2006; Catani and Thiebaut de Schotten
2012; Oishi et al. 2011) as well as the macaque cortex (Sch-
mahmann and Pandya 2006).

DTI results
Seed regions

To define meaningful seed regions, we compared the
empirical evidence from the re-analyses of the fMRI data
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with propositions of the TCM and its latest amendments
(Arsalidou and Taylor 2011; Dehaene and Cohen 1995;
Dehaene et al. 2003). According to the TCM the identifi-
cation of Arabic digits recruits the VNF (situated in the
fusiform gyrus). Since this area was found active in the re-
analyses of both tasks, it was incorporated as a seed region.

For number magnitude processing, the TCM proposes
bilateral activation of IPS, PSPL/pIPS, and the fusiform
gyrus, all of which were identified in the re-analyses of
Wood et al. (2008) and Klein et al. (2009, see Tables 1,
2)—and thus included as seed regions for fiber tracking.

For fact retrieval, the TCM proposes activation of the
left AG and of left-hemispheric perisylvian language areas,
which we also found in the re-analyses of both tasks and
thus incorporated as seed regions: for the addition task
STG, MTG, and insula; for the NBT the anterior and
posterior MTG and the SMG.

Furthermore, frontal areas, which are not specified in
more detail in the TCM, are recruited in complex numer-
ical tasks. In the re-analyses we were able to identify the
following frontal regions, which were included as seed
regions: triangular part of the inferior frontal gyrus (IFGtri,
Area 45), BA 47, supplementary motor area (SMA), and
FEF (the latter two were already recommended by Arsal-
idou and Taylor to be included in the TCM 2011). The re-
analysis of the NBT data also revealed significant activa-
tion in Area 44 (opercular part of IFG, IFGoper). Thus, we
included these regions in the fiber tracking for the NBT
task. The coordinates reported by Arsalidou and Taylor
(2011) for magnitude processing fell within the spheres we
defined as seed regions for our trackings for both parietal as
well as prefrontal coordinates. Thus, our trackings for the
magnitude-related processing network (see below) consider
the results of the meta-analysis by Arsalidou and Taylor
(2011). Moreover, our data complement the findings of
Arsalidou and Taylor (2011), because our prefrontal seed-
points reflect a specification of the involvement of cortical
areas summarized as DLPFC by these authors.

Based on hypotheses concerning additional processes
involved in the two numerical tasks, which have not yet
been specified anatomically in the TCM (see above), we
added further seed regions. In particular, we included areas,
which were repeatedly associated with the recognition of
familiar objects and procedures, such as retro-splenial
cortex (for a review, see Vann et al. 2009) and an area
known to be involved in retrieval from long-term memory:
the hippocampus (see Montaldi and Mayes 2010; Rugg and
Yonelinas 2003 for reviews). For a detailed description of
the coordinates of seed-points and trackings, see Table 3.

Finally, because (1) the main regions supposed to be
involved in the verbal representation of numbers are
restricted to the left hemisphere and (2) the main regions
assumed to contribute to magnitude processing are
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supposed to be situated bi-hemispherically (which is also
true for the visual number form area, when Arabic digits
are involved), we concentrated our analyses on the left
hemisphere only.

Connectivity analysis
Number bisection task

The overlay of magnitude and fact retrieval-related pro-
cessing suggests two largely separate networks. These
networks not only differ in localization of the seed regions
(Fig. 1a; Table 1) but also in the connections between them
(Fig. 1b—d: 3D presentation and axial slices; see also Fig-
ure S5 for more details and different views). The connec-
tions involve dorsal and ventral pathways, only
overlapping to a very limited degree in the vicinity of the
AG and the extreme and/or external capsule system (EC/
EmC) system. Importantly, both networks—even though
seemingly largely anatomically distinct—work as func-
tionally integrated circuitry for mental calculation, because
they were identified applying parametric analyses to fMRI
data of the same task. However, whether or not the overlap
observed in Fig. 1d indicates the actual connection
between the two networks cannot be decided based on the
present DTI data (cf. Wedeen et al. 2012).

In particular, areas associated with magnitude-related
processing were connected by both dorsal and ventral
pathways. Fibers from SMA, IFGoper (Area 44), and IFGtri
(Area 45) ran rostrally in ventral pathways of the EC/EmC
system first, before merging into lateral and medio-dorsal
parts of the SLF, leading towards the parietal seed-points
IPS and pIPS. In contrast, FEF seemed to be connected via
SLF only. The connection of the visual number form area in
the fusiform gyrus to the left IPS was arching around the
occipital horn of the lateral ventricle and probably sharing
fibers with the inferior longitudinal fascicule (ILF), the
inferior fronto-occipital fascicle (IOF) and/or the posterior
parts of the posterior thalamic radiation.

For areas associated with arithmetic fact retrieval, pre-
dominantly ventral pathways were observed. AG was
connected to posterior MTG, the VMPFC, and the hippo-
campus exclusively via ventral pathways encompassing the
middle longitudinal fascicle (MdLF) and the EC/EmC. The
short connections from SMG to AG travelled an almost
identical ventral course as the connections from anterior
MTG to the AG, possibly also including association fibers.
Additionally, a dorsal connection via the cingulate bundle
(and probably touching small parts of the corpus callosum)
was observed linking RC with VMPFC. The connections
between the AG and the RC (via callosal fibers) as well as
between the AG and the insula (via SLF) ran predomi-
nantly dorsal. Nevertheless, the ventrally oriented MdLF
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Table 3 Left-hemispheric seed-points and connections included in the analysis for both tasks (addition task, number bisection task)

Addition task

Number bisection task (NBT)

Seed Target Seed Target
Magnitude-related processing IPS (—46 —46 49) <«  pIPS (—32 —66 49) IPS (—42 —4245) <«  pIPS (—21 —60 51)

- - IPS (—42 —42 45) «—  Area 44 (—48 6 30)

IPS (—46 —46 49) «—  Area 45 (—46 24 24) IPS (—42 —42 45) «  Area 45 (—45 36 12)

IPS (—46 —46 49) «— BA 47 (—46 49 —4) IPS (—42 —4245) «— BA 47 (—42 48 18)

IPS (—46 —46 49) «— SMA (—4 25 42) IPS (—42 —42 45) < SMA (—6 18 51)

IPS (—46 —46 49) <  FEF (=28 7 56) IPS (—42 —42 45) « FEF (=27 0 57)

IPS (—46 —46 49) < VNF (=21 —52 —14)  IPS (—42 —4245) « VNF (=36 —72 —12)
Verbally mediated fact retrieval AG (—46 —60 24) <« RC (—14 —52 32) AG (—54 —6324) <+ RC (-6 =57 18)

- - AG (—54 —6324) < SMG (—63 —45 30)

AG (—46 —60 24) STG (—63 —52 14) - -

AG (—46 —60 24) MTG (—60 —60 18) AG (—54 —6324) < MTG 1 (—64 —45 —6)

- - AG (—54 —6324) — MTG2 (—60 —18 —18)

AG (—46 —60 24) < Insula (—46 0 4) - -

AG (—46 —6024) < VMPFC (—4 52 0) AG (—54 —63 24) VMPEC (—12 45 18)

AG (—46 —60 24) < Hippoc. (—21 —8 —18) AG (—54 —63 24) «— Hippoc. (—34 —39 —6)

RC (—14 —5232) < VMPFC (-4 520) RC (-6 —57 18) «—  VMPEC (—12 45 18)

Seed-points centered at the MNI coordinates are given in parentheses

AG angular gyrus, BA Brodmann area, FEF frontal eye fields, hippoc. hippocampus, /PS intraparietal sulcus, MTG middle temporal gyrus, pIPS
posterior intraparietal sulcus, SMA supplementary motor area, SMG supramarginal gyrus, STG superior temporal gyrus, RC retro-splenial cortex,

VNF visual number form area, VMPFC ventromedial prefrontal cortex (medial frontal gyrus)

fiber system was the main fiber pathway connecting frontal
and parietal areas of the fact-retrieval network. The con-
nection of the AG to the hippocampus ran via the RC first
and then arching around the occipital horn of the lateral
ventricle from superior to inferior until reaching the hip-
pocampus, possibly sharing fibers from the retro-lenticular
part of the posterior thalamic radiation. Between RC and
hippocampus an additional connection was observed
starting from the posterior thalamic radiation, arching in
medial direction over the corpus callosum, then running to
inferior and then rostral, probably sharing sparse medial
cingulate fibers, and finally reaching from anterior and
inferior caudally into the hippocampus.

Exact/approximate addition task

Similar to the NBT, evaluation of the overlay of magnitude
and fact retrieval-related processing suggests two largely
separate networks. The networks differed in localization of
the seed regions (Fig. 2a; Table 2) and the connections
between them (Fig. 2b—d: 3D presentation and axial slices;
see Figure S6 for more details and different views). Both
networks involved dorsal and ventral pathways but only
overlapped to a very limited degree in the white matter
next to the AG and the EC/EmC system. Again, based on
the present data it cannot be decided whether or not the

overlap observed in Fig. 2d indicated a direct connection
between the two networks.

Areas associated with magnitude-related processing
were connected via both dorsal (SLF) and ventral pathways
(more superior and lateral part of the EC/EmC system).
The majority of fibers from FEF and IFGtri (Area 45) ran
in lateral and medio-dorsal parts of the SLF to the parietal
seed-points IPS and pIPS. However, ventral connections
were also observed. Rostrally, connections from IPS to BA
47 and SMA also travelled ventrally encompassing the
lateral and superior part of the EC/EmC system. The
connection of the VNF area in the fusiform gyrus to the left
IPS was again arching around the occipital horn of the
lateral ventricle and probably sharing fibers with the pos-
terior parts of the posterior thalamic radiation.

For areas associated with fact retrieval-related process-
ing, the fibers connecting STG and MTG showed consid-
erable anatomical consistency across the middle
longitudinal fascicle (MdLF), probably also sharing fibers
with the ILF and the SLF, and converged into the subin-
sular white matter near the claustrum. This bundle seemed
to encompass the EC/EmC system in a more inferior part as
compared to the fibers involved in magnitude-related pro-
cessing. Furthermore, similar to the NBT, a dorsal con-
nection via the cingulate bundle was observed linking RC
with  VMPFC. Moreover, the pathway to the insula
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Fig. 1 Number magnitude-related (red) and fact retrieval-related
(blue) network in number bisection. a Seed regions associated with
number magnitude processing (red) or fact retrieval (blue). b 3D
volume rendering with PIBI values >0.0148 the identified pathways
for the more difficult magnitude-related conditions in red (left side).
On the right side, a detailed view on the course of the fiber tracts is
provided in axial orientation. ¢ Pathways reflecting the fact retrieval-
related conditions in blue (as 3D volume rendering with PIBI values
>(0.0148 on the left side and on axial slices on the right). d Overlay
on the number magnitude-related (red) and fact retrieval-related
(blue) network (as 3D volume rendering and on axial slice

travelled a more dorsal route via the SLF. Similar to the
NBT, the connection of the AG to the hippocampus ran via
the RC first and from the RC to the hippocampus in two
different fibers around the occipital horn of the lateral
ventricle and in medial direction over the corpus callosum.

@ Springer

orientation). Two anatomically largely distinct dorsal vs. ventral
fiber pathway profiles for the processing of number magnitude- and
fact retrieval-related problems can be observed, differing not only in
localization of activation but also in the connections between
associated cortical areas and overlapping to a very limited degree
only in the vicinity of the angular gyrus and EC/EmC system.
Additionally, the connection between visual number form area (VNF)
and the number magnitude representation (IPS/pIPS) is displayed in
red. EC/EmC external/extreme capsule, /PS intraparietal sulcus, pIPS
posterior intraparietal sulcus, PIBI probability index forming part of
the bundle of interest

Discussion

The current study aimed at extending the TCM (Dehaene
et al. 2003; Arsalidou and Taylor 2011) by specifying the
neural connections between cortical areas involved in
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Fig. 2 Number magnitude- (red) and fact retrieval-related (blue)
network in exact/approximate arithmetic a Seed regions associated
with number magnitude processing (red) or fact retrieval (blue). b 3D
volume rendering with PIBI values >0.0148 (left side) the identified
pathways for the more difficult magnitude-related conditions in red. A
detailed view on the course of the fiber tracts is provided in axial
orientation on the right side. ¢ Pathways reflecting the fact retrieval-
related conditions in blue (as 3D volume rendering with PIBI values
>(0.0148 on the left side and on axial slices on the right). d Overlay
on the number magnitude-related (red) and fact retrieval-related
(blue) network in exact and approximate arithmetic. Comparable with

numerical cognition with a particular focus on the impor-
tant representational differentiation of the TCM: the rep-
resentation of number magnitude and the verbal
representation of arithmetic fact knowledge. To pursue
these objectives, we performed probabilistic fiber tracking
on seed regions identified by re-analyzing fMRI data of a

\ E/A task

the results for NBT, two anatomically largely distinct dorsal vs.
ventral fiber pathway profiles for the processing of number magni-
tude- and fact retrieval-related problems can be observed, differing
not only in localization of activation but also in the connections
between associated cortical areas and overlapping to a very limited
degree only in the vicinity of the angular gyrus and the EC/EmC
system. Additionally, the connection between visual number form
area (VNF) and the number magnitude representation (IPS/pIPS) is
displayed in red. EC/EmC external/extreme capsule, /PS intraparietal
sulcus, pIPS posterior intraparietal sulcus, PIBI probability index
forming part of the bundle of interest

number bisection task (NBT; Wood et al. 2008) and an
exact/approximate addition task (Klein et al. 2009), as well
as theoretical considerations suggesting the involvement of
prefrontal and (para)hippocampal areas.

First, we found the visual number form area (VNF) to be
involved (NBT and exact/approximate addition) and to be
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connected via similar fibers to the IPS in both tasks. Sec-
ond, the numerical magnitude representation in the bilat-
eral IPS was identified in both tasks. In line with our
hypotheses, the IPS was not only connected via dorsal
pathways to the VNF, but also via dorsal and ventral
pathways to specific prefrontal areas. Third, in both tasks
we observed that areas associated with fact retrieval such
as the left AG were activated together with additional areas
associated with retrieval from long-term memory. We
found these areas to be connected both via dorsal and
ventral fibers within a fronto-parietal network. Fourth, in
line with the propositions of the TCM, activations in pre-
frontal cortex were identified in both tasks, which were also
connected via similar pathways. In the following, we will
first discuss these findings before integrating them into a
schematic update of the TCM.

Fiber pathways in numerical cognition

The re-analysis of two different numerical tasks converged
on a set of activation peaks and fiber pathways for number
magnitude processing and fact retrieval which were largely
identical across tasks. In line with the results of Klein et al.
(2013), at least two different networks seem to be involved
in numerical cognition: a network underlying magnitude-
related processes and an anatomically largely distinct net-
work subserving verbally mediated fact retrieval (Figs. 1,
2). With respect to the TCM the magnitude-related network
reflects an amendment to the analog magnitude represen-
tation by its associated connectivity pattern, while the fact
retrieval-related network is an extension of the verbal
representation specifying its connectivity (see Fig. 3).
Importantly, number magnitude manipulations and fact
retrieval both seemed to be processed via dorsal and ventral
pathways. However, these pathways were not identical
across functional networks. In particular, there was only
very limited overlap in white matter next to the AG and the
EC/EmC system. For magnitude-related processing, the
dorsal pathways involved the SLF-system for the connec-
tion of intraparietal cortex with frontal areas, while the
ventral connections from IPS to BA 47 of the IFG and to
the SMA predominantly followed a route via the lateral and
superior part of the EC/EmC system. These tracking results
for the network of magnitude-related processing fit nicely
with the results of a recent meta-analysis by Arsalidou and
Taylor (2011) for mental arithmetic. Both parietal as well
as prefrontal coordinates identified by Arsalidou and Tay-
lor (2011) to reflect cortical areas involved in magnitude
processing fell within the spheres we defined as seed
regions for our trackings. For fact retrieval-related pro-
cessing, a dorsal connection via the cingulate bundle con-
nected retro-splenial cortex (RC) with medial frontal cortex
(VMPFC), while the ventral pathways encompassed the
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EC/EmC system. Additionally, in fact retrieval, the AG
was connected to the hippocampus via retro-splenial cor-
tex. In the present study, we focused on fiber pathways
connecting seed regions identified to be involved in two
different numerical tasks, which also meet the coordinates
described by Arsalidou and Taylor (2011) in their recent
meta-analysis. However, in numerical tasks with high
demands on working memory an additional involvement of
the middle frontal gyrus (MFQG) is often observed. Never-
theless, this MFG involvement does not seem to be specific
to number processing itself (Pesenti et al. 2000). Further
studies are needed to investigate, which fiber tracts besides
the SLF connect the MFG with number-specific parietal
cortical areas.

It seems to be the case that both networks—though
seemingly anatomically largely distinct—work as func-
tionally integrated circuitry for mental calculation. This
view is supported by the fact that in both tasks the acti-
vation peaks for magnitude-related and retrieval-related
processing were identified applying the same parametric
predictors (cf. Klein et al. 2013). Therefore, the distinction
between magnitude-related processing and fact retrieval-
related processing may not be a question of “either/or”, but
may rather indicate that number magnitude information
and arithmetic facts are recruited concomitantly, since we
observed significant concordant and discordant fMRI
changes. Generally we did not only find more activation in
magnitude-related mental arithmetic; instead, we found
different localizations of the activation peaks for verbally
mediated and magnitude-related processes in mental
arithmetic. This further corroborates our interpretation that
the observed difference between the underlying networks
may reflect qualitative processing differences rather than a
merely quantitative effect of task difficulty.

Yet, one might argue that our approach will, by neces-
sity, identify non-overlapping seed regions, because posi-
tive and negative contrasts for parametric regressors were
evaluated. This leads to the identification of two non-
overlapping networks. Taking the TCM by Dehaene and
colleagues (1995, 1997, 2003) as a basis, this was exactly
what was to be expected. In the TCM distinct areas are
associated with either verbally mediated fact retrieval or
magnitude manipulation. Therefore, the constellation of
two different functional networks, which do not share a
seed-point, was actually a necessary prerequisite for our
fiber tracking. When assuming two content-wise different
networks, as proposed by the TCM, one must not mix up
functional regions from these two networks. Otherwise the
requirements for probabilistic fiber tracking would be
violated. One might still obtain a solution from the fiber
tracking algorithm for an anatomical network, but it would
not be functionally reasonable. Furthermore, it is worth
emphasizing that in both networks both parietal and
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SLF I/

variable component

Easy (verbally mediated) fact retrieval

stable component

Increasing problem difficulty

Hippocampus

(inf.) v

stable component

(magnitude related) processing

Fig. 3 Dorsal (red) and ventral (green) processing pathways sug-
gested to be included in the TCM (Dehaene et al. 2003) Based on the
current results, two anatomically largely distinct dorsal (purple lines)
vs. ventral (green lines) fiber pathway profiles are assumed for
magnitude-related processing (a) and for (verbally mediated) fact
retrieval (b). The colour changing arrow between a and b illustrates
the idea that, even though distinct anatomically, these networks
operate together as a functionally integrated circuit in numerical
cognition, but with differential involvement depending on task
characteristics. In a, a dashed line depicts the dorsal pathway from
the visual number form (VNF) situated in the fusiform gyrus to the

prefrontal seeds were incorporated. As described in detail
by Caspers et al. (2011, e.g., Figure 7, p. 371) both the
angular gyrus as well as the intraparietal cortex are con-
nected to a variety of prefrontal, temporal and parietal
seeds (see also Seghier 2013, who observed exactly the
same connectivity for the angular gyrus as we found for the
IPS). Against this background the current results appear
even more interesting. Even though, both, the angular
gyrus as well as large parts of the parietal cortex are con-
nected to almost all prefrontal areas, we observed differ-
ential connectivity of the angular gyrus and the IPS with
frontal areas within the respective networks of fact retrieval
and magnitude manipulations.

Specificities of arithmetic fact retrieval

In both tasks we were able to identify similar areas, which
have been proposed to be associated with arithmetic fact
retrieval (i.e., left AG and left-hemispheric perisylvian
language areas such as STG and MTG, Dehaene and Cohen
1997; Dehaene et al. 2003). However, we also identified

magnitude representation in the IPS. In b, areas on the surface of the
brain are depicted in dark blue. ¢ The interplay between magnitude-
related processing and arithmetic fact retrieval. Basic fact retrieval-
related processing is assumed to be independent of the difficulty of
the arithmetic task, depicted as the blue rectangle at the bottom.
However, in easier tasks a larger variable component of fact retrieval
may be recruited (blue triangle), whereas in more difficult tasks more
and more magnitude-related processing is assumed (red triangle). On
the other side, an invariant component of mandatorily involved
magnitude-related processing is assumed as well, depicted as the red
rectangle at the top of the figure

additional neural activation associated with the retrieval of
arithmetic facts from long-term memory in the hippo-
campus (Montaldi and Mayes 2010) as well as the recog-
nition of familiarity in RC (see Vann et al. 2009 for a
review). Interestingly, in both tasks the connection of the
AG to the hippocampus ran via the RC first, only then
arching around the occipital horn of the lateral ventricle
from superior to inferior until reaching the hippocampus.
This means that the AG and the hippocampus were not
only connected via similar pathways in both tasks. Even
more important, they were not connected directly but via
the RC only. This is of particular interest, as the RC was
also found to be activated in both tasks. Therefore, the RC
may not only be an important structure in itself, probably
bundling fibers, but it may also be involved in identifying
familiar aspects. Familiarity information is then submitted
to the hippocampus, which is supposed to integrate
familiarity (e.g., from RC and AG) with recollection (e.g.,
from parahippocampal areas) to retrieve (arithmetic) fact
information (Montaldi and Mayes 2010). From this triangle
of fact retrieval found in both tasks (AG, RC, and
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hippocampus), only the AG was considered in the TCM so
far (Dehaene et al. 2003). The AG indeed seems to work
closely integrated with further perisylvian language areas
as proposed by Dehaene and Cohen (1997). However, the
whole network supporting fact retrieval seems to extend to
the VMPFC as well (see Atique et al. 2011; Baetens et al.
2013; Spunt et al. 2011).

Qin et al. (2014) recently provided a comprehensive
overview of the involvement of the hippocampus during
arithmetic learning and arithmetic fact retrieval. Hippo-
campus activation was observed to be largest during
learning retrieval-based solutions in children. In adoles-
cents and adults, hippocampal activation was decreased but
showed ‘“higher interproblem stability” (p. 1267). This
further corroborates the idea that the hippocampus is highly
and actively engaged in learning and encoding of problems
in close functional connection with frontal areas (Qin et al.
2014); however, as soon as the hippocampus is only needed
for retrieval from long-term memory (e.g., in adults), its
activation is less prominent but more stable. This is in line
with other recent evidence. For instance, Cho et al. (2012)
showed that children with better fluency in arithmetic fact
retrieval revealed larger hippocampal fMRI signal. In this
vein, Supekar et al. (2013) were able to show that larger
hippocampal volume predicted learning improvements.

These results are consistent with the update for the TCM
proposed in the current study. In adults, not only the
angular gyrus, but also the hippocampus and the RC were
observed to be engaged in arithmetic fact retrieval. The
connection of the hippocampus with the AG in both tasks
(NBT, exact/approximate task) was via the RC first, which
is involved in the retrieval of familiarity (Montaldi and
Mayes 2010) and well connected with the hippocampus via
two separate bundles. The actual “arithmetic fact retrieval”
is then an integration of familiarity and recollection pro-
cesses in the hippocampus (Montaldi and Mayes 2010).
However, while these retrieval processes are situated in
parietal areas, the actual encoding of the facts seems to
require much more effort in the hippocampus and a close
connection to frontal areas (Qin et al. 2014; Supekar et al.
2013). Therefore, support of the (verbal) representation of
arithmetic facts, as proposed by the TCM, clearly needs to
be extended to the hippocampus (and probably parahip-
pocampus and RC).

One might argue that the connectivity of the retro-
splenial cortex (RC) with the AG and the VMPFC seems to
resemble the connectivity pattern of the so-called default-
mode network. This network is supposed to show higher
activity and connectivity during resting state than during a
cognitive task (e.g., Rosenberg-Lee et al. 2011; Wu et al.
2009; see Raichle et al. 2001 for more other cognitive
domains). However, increased connectivity during resting
state does not necessarily mean that this network is not
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recruited in active tasks—rather, there is increasing evi-
dence to the contrary. Areas already well connected in the
resting state are perfect candidates as members of a fast and
automatized network in active tasks. In particular, there is
now evidence that the RC response (e.g., during tests of
spatial navigation with memorized cues as well as auto-
biographical memory retrieval) is significantly above rest-
ing state baseline, reflecting true engagement of the RC in
performing such tasks (e.g., Epstein 2008; Maguire 2001;
Svoboda et al. 2006). Additionally, activation of the hip-
pocampus in our fMRI data suggests that participants
actively retrieved facts from long-term memory in the
easier task conditions. Furthermore, an example for the
easiest condition in Klein et al. (2009) would be,
“23 4+ 46 = 69 or 83” (easy because no carry needed,
problem size of the addends’ digits is rather small, and the
distance between target and distractor is large), which had
to be solved within 3.5 s. While this easy condition was
answered up to 200 ms faster than the most difficult one
(e.g., “46 + 39 = 82 or 76”7, difficult because carry nee-
ded, correct result not given, and small distractor distance),
participants nevertheless struggled with the time limit of
3.5 s. This is hard to reconcile with the assumption that
participants were “in resting state” while they solved these
problems. Thereby, these data provide evidence against the
default-mode network hypothesis—making the interpreta-
tion that the activity between areas involved in the easier
conditions merely reflects stronger involvement of the
default-mode network unlikely.

In summary, the present study suggests that the network
subserving fact retrieval in the left AG and perisylvian
language areas (as described by Dehaene et al. 2003) needs
to be extended to a network connecting the AG with RC,
VMPFC, and the hippocampus. The hippocampus is
involved in retrieval from long-term memory (Baddeley
1966; Cansino et al. 2002 for fMRI data; Montaldi and
Mayes 2010; Rugg and Yonelinas 2003 for a review),
while the retro-splenial cortex and the VMPFC have
repeatedly been associated with the recognition of familiar
objects or procedures (Vann et al. 2009)—cognitive pro-
cesses vitally involved in the retrieval of arithmetic fact
knowledge associated with the AG.

An update for the TCM

The present results suggest an amendment to the TCM: as
regards the representation of number magnitude, we sug-
gest to extend its anatomo-functional instantiation towards
a network including not only the IPS but also additional
cortical areas as well as the connectivity between these
areas (Fig. 3a). In particular, four prefrontal areas were
engaged in both numerical tasks: Broca’s Area (IFGtri,
Area 45) as well as BA 47, SMA, and FEF were found



Brain Struct Funct (2016) 221:979-995

993

active consistently in both numerical tasks. Additionally,
they were also connected via similar pathways. We propose
to include IFGtri (Area 45), BA 47, and the SMA as
additional prefrontal substrates associated with number
magnitude processing. The bilateral SMA has been sug-
gested to play a supportive role for multi-componential
cognitive functions, such as mathematical operations and
carrying out supporting arithmetic operations (Kong et al.
2005; Krueger et al. 2011), while Area 45 and BA 47 seem
to be associated with the application of rules (Weiller et al.
2011). Because it is not clear whether the FEF activation
indeed reflects functionally relevant orientation on the
mental number line rather than eye movements when re-
checking the problems presented, we do not include the
FEF at this point. We are confident that the additional areas
incorporated in our model are not specific for the tasks
studied, but are essential for number processing in general
(see also Krueger et al. 2011 for the case of the SMA).

With respect to the verbally mediated representation of
arithmetic facts, we also suggest to amend the anatomo-
functional association by both, additional cortical areas as
well as their connections (Fig. 3b). In particular, the
present study suggests that the verbal representation needs
to be extended to a network subserving fact retrieval
including connections of the AG to the RC and further on
via dorsal and ventral fiber pathways to subcomponents of
the mentalizing network (VMPFC) and the hippocampus.
RC and VMPFC may subserve the automatic recognition of
familiar or anticipated arithmetic facts, while the hippo-
campus not only reflects retrieval of arithmetic facts from
long-term memory (e.g., Klein et al. 2013), but has also
been associated with the recognition of familiarity as well
(Rugg and Yonelinas 2003 for a review).

Mental exact/approximate addition and NBT:
differences and commonalities

We evaluated the neural networks recruited in two sub-
stantially different numerical tasks and observed not only
common, but also differing activation peaks. For instance,
in the NBT, but not the exact/approximate task, Area 44 of
the inferior frontal gyrus, which is assumed to subserve
verbal working memory (Weiller et al. 2011), was
observed to be activated. However, this may just reflect
differences between the two tasks. Performing the number
bisection task for a triplet of two-digit numbers with a large
range (e.g., 31_39_47) may most likely require more pro-
cessing steps (e.g., calculating the difference between the
first and the second number, adding this difference to the
second number and comparing the result to the third) with
intermediate results to be kept in mind, rather than the mere
addition of two two-digit numbers. Additionally, the
influence of fact retrieval (i.e., the advantage for

multiplicative triplets such as 21_24_27) is much more
implicit than in active calculation, as required in exact/
approximate  addition (such as 243=5 in
42 + 32 = 75). Put differently, the number bisection task
not only requires more but also different additional cog-
nitive components and/or strategies than exact/approximate
addition. In fact, having a closer look at these two
numerical tasks, it is even more notable that we found so
many similar or even identical grey matter activation spots
as well as fiber pathways.

Interrelation between the two networks

As has been outlined before (Klein et al. 2013), we suggest
the magnitude-related network and the verbally mediated
fact retrieval network to operate in a closely integrated
fashion. Nevertheless, the exact way, in which the two
networks work together, and the question through which
anatomical structures this cooperation is specified, awaits
further clarification. We suggest invariant as well as vari-
able components of both number magnitude processing and
fact retrieval (cf. Fig. 3c) to be activated whenever one
encounters a numerical problem irrespective of the task or
its difficulty. On the one hand, it has been shown repeat-
edly (e.g., Eger et al. 2003; Klein et al. 2010) that the IPS is
activated automatically whenever we see or hear numerical
stimuli. On the other hand, Rusconi et al. (2006) observed
that in a number-matching task the product of two digits
was also activated automatically. These stable components
of number magnitude and arithmetic facts are comple-
mented by variable ones, whose activation depends on task
requirements. With increasing task difficulty the influence
of fact retrieval processes may decrease, whereas the
influence of magnitude-related processes may increase
complimentarily. However, we assume processes of fact
retrieval to also take effect in difficult arithmetic. This
proposition is corroborated by participants breaking down
complex problems into more tractable sub-problems, the
solutions of which are retrieved from long-term memory
(e.g., splitting 32 4+ 43 in 3+4 and 24+ 3=35; e.g.,
LeFevre et al. 1996). In this way, our model is not only
capable of accounting for fact-retrieval deficits often
exhibited by brain-damaged patients, by assuming an
interruption of the pathways underlying arithmetic fact
retrieval (e.g., Zaunmueller et al. 2009). This also offers an
explanation for the often severe problems in more difficult
arithmetic tasks observed after brain damage. Because a
stable component of arithmetic fact retrieval is also
involved in more difficult problems, loss of arithmetic fact
knowledge will influence difficult arithmetic as well. Fur-
thermore, we want to emphasize that we do not claim that
the brain networks identified in the current study (i.e.,
cortical areas and their structural connectivity) are specific
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to numerical tasks only (see Willmes et al. 2014). For
instance, the fact retrieval network (or at least parts of it)
may be involved in non-numerical tasks, which require
retrieval of factual knowledge from long-term memory
(e.g., Addis et al. 2004; Montaldi and Mayes 2010; Piefke
et al. 2003).

As regards the anatomical correlates of the interaction of
the two networks, the present study did not aim to find the
exact location of this interaction. Thus, one may only
speculate in which structures the two networks might
interact. From an anatomical point of view, this might most
probably be between the AG and IPS. IPS and the AG are
not only anatomically close (IPS delineates the upper
border of AG), but are also closely connected via associ-
ation fibers and most probably via U-fibers as well (Caspers
et al. 2011). Moreover, there is a rich body of literature
suggesting that the upper part of the AG is central for
mental arithmetic (e.g., Anderson 2005; Anderson et al.
2003). However, this idea remains to be substantiated by
future research.

In a next step, it would be interesting to investigate the
interrelation between the two networks in a more dynamic
context. In the present study, we looked for stable struc-
tural connectivity. In a training study, it seems reasonable
to assume that tasks, which are predominantly solved by
number magnitude manipulations in the beginning, may be
solved by arithmetic fact retrieval with increasing profi-
ciency (cf. Ischebeck et al. 2007 for on-line monitoring of
training effects in an fMRI session). In this context, it
would also be desirable to examine not only the structural,
but also the effective connectivity among these networks.
For instance, employing multivariate dynamic causal
modeling (DCM), it would be required to further specify
the direction and strength of the connections identified in
the present study.
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