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subjects into two equal subgroups of relatively high and low IPS ROI activity (above mean
activation, n=50, 26 males; below mean activation, n=50, 19 males). The groups engaging
relatively high (N=50) and low IPS activation (N=50) did not otherwise differ in age,
education, IQ, or TC accuracy and response time (Table 2).
fMRI Results

Both groups, combined, robustly engaged IPS, AG, FFG, Str, IFG and DLPFC
during TC (Supplementary Table 4). There was, by definition, significantly stronger IPS
activation in the high-IPS group at TC (48 -42 48, T=8.28, kg=616, p<0.05 cluster FWE
corrected). Relative to the high-IPS group, the equally performing low-IPS group, however,
also showed stronger engagement of the AG (40 -58 28, T=3.52, kg=48), FFG (32 -84 -2,
T=3.44, kg=45), and IFG (36 10 -10, T=3.21, kg>100) (Figure 2b). Both groups had similarly
robust activation at the DLPFC (46 30 26, T>18, kg>100) and Str (14 6 0, T>13, kg>50).
Differences across groups in other brain regions are detailed in Supplementary Table 5.
Effective Connectivity Results

All pairwise effective connectivities between the 6 IPS, AG, FFG, Str, IFG and
DLPFC ROIs, defined from Experiment 1, and applied to the independent sample here in
Experiment 2, significantly differed from zero in the combined high and low IPS groups
(Supplementary Table 8). Across low-IPS vs. high-IPS groups, there were relatively
increased ‘compensatory’ excitatory effective connectivities in the low vs high-IPS group for
AG-Str (AG-to-Str: permutation p=0.01, Str-to-AG: permutation p=0.03) and FFG-IFG
(FFG-to-IFG: permutation p=3.93E-03, IFG-to-FFG: permutation p=0.02) (Figure 3b, Figure

4b). We also found relatively increased excitatory effective connectivity in the low-IPS group
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relative to the high-IPS group from DLPFC-to-FFG (permutation p=3.70E-03), and
IFG-to-AG (permutation p=5.26E-03). There was no decreased connectivity between the IPS
and DLPFC, Str and IFG in the low vs high IPS group. Thus, it would appear that despite
reduced engagement of IPS, maintained performance in TC was associated with a network of
increased ‘compensatory’ connectivity at AG, FFG, IFG, Str and DLPFC, and maintained
effective connectivity to and from IPS.

We next examined connectivity across the poorly performing MFD group vs. the
‘compensated’ low IPS activation group, to further define connectivity bypassing IPS that
could be relevant in behavioral compensation (Figure 3¢, 4c). Connectivity was significantly
increased in the low-IPS group relative to MFD at DLPFC-FFG (DLPFC-to-FFG:
permutation p=0.04, FFG-to-DLPFC: permutation p=0.04), DLPFC-IFG (DLPFC-to-IFG:
permutation p=2.90E-03, [FG-to-DLPFC: permutation p=0.03), DLPFC-Str (DLPFC-to-Str:
permutation p=0.01, Str-to-DLPFC: permutation p<0.001), FFG-Str (FFG-to-Str: permutation
p=1.01E-03, Str-to-FFG: permutation p=0.04). Connectivity increases in the low-IPS group
also included that of IFG from FFG (permutation p=0.04) and from IPS (permutation
p=0.02), IFG-to-AG (permutation p=6.43E-03), and Str-to-IPS (permutation p=0.02). On the
other hand, while connectivity between IPS and DLPFC was reduced in MFD vs. CON (Exp
1), they were not different in MFD vs. low IP group (Figure 3d, magenta connections).
Compensated subjects with reduced IPS activation thus appeared to have increased
engagement of ventral cortical networks in processing TC, which overlapped in comparisons

between low IPS vs high IPS groups, and between low IPS vs MFD groups (Figure 3d).
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We then examined a different selection of compensated subjects based on IPS
connectivity instead of IPS activation. Specifically, we examined those with reduced dorsal
corticostriatal connectivity patterns in IPS, DLPFC, and Str, similar to that occurring in MFD
(Exp 1). We examined how reduced connectivity in these dorsal IPS-related networks, well
known to be important for TC (Arsalidou and Taylor, 2011; Dehaene et al., 2004) may be
bypassed in maintaining performance. Here, we created a support-vector regression model
differentiating MFD from CON using DCM connectivity in DLPFC, IPS and Str from subject
data in Experiment 1. We then applied this model to the high-performing subjects in
Experiment 2, to identify a subgroup of 46 subjects that had similar reductions in
connectivity patterns in these brain regions, but ostensibly with compensated behavior. In this
subgroup of higher performing individuals, there were, indeed, no significant differences in
the IPS-to-DLPFC and IPS-to-Str connectivities with that in MFD. However, relative to
MFD, there remained a network of putatively increased compensatory connectivity from FFA
to Str, from Str to DLPFC, and from DLPFC to IFG in the compensated group of high

performing individuals (p<0.05 permutation test, Figure 4d).
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Discussion

We examined independent samples of otherwise healthy individuals with differing
timed calculation performance that suggest individual variation in apparent re-balancing of
neural connectivity to maintain TC performance. In Experiment 1, CON participants engaged
the right IPS more strongly than those who performed TC poorly, consistent with the known
importance of the IPS in numerical processing (Arsalidou and Taylor, 2011; Cohen Kadosh
and Walsh, 2009; Dehaene et al., 2003; Eger et al., 2003; Pinel et al., 2004; Venkatraman et
al., 2005). Across an extended network of brain regions previously implicated in numerical
cognition and TC (Arsalidou and Taylor, 2011; Dehaene et al., 2004), MFD was associated
with reduced effective connectivity from IPS to DLPFC and to Str, as well as reduced
effective connectivity across cortical regions in the DLPFC, FFG, IFG, IPS and striatum
(Figure 3a).

In Experiment 2, we studied an independent sample of individuals who performed
equally well in TC but varied in IPS activity, with the goal of exploring potential network
variation that may compensate for reduced IPS engagement. We found that individuals with
relatively low-IPS engagement but preserved TC performance had increased engagement of
the DLPFC, AG, FFG, IFG, and Str. On one hand in Experiment 1, MFD was associated with
reduced effective connectivity from IPS to DLPFC and to Str, as well as reduced Str effective
connectivity to cortical regions in the DLPFC, FFG, IFG, and IPS (Figure 3a). On the other
hand, in Experiment 2, subjects with maintained TC performance but relatively reduced IPS
engagement had increased Str connectivity to DLPFC, IPS and AG (Figure 3b). A

comparison across MFD and compensated low-IPS groups further supported the Str effect —
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the poorly performing MFD group had decreased Str connectivity with DLPFC, FFG, and
IPS relative to high-performing subjects with similarly low IPS engagement and/ or
connectivity (Figure 3c, 4c). These findings may thus reflect the role Str plays in utilizing
dopaminergic engagement to effectively gate new information during cortical processing
needed in numerical calculations (Landau et al., 2009; O'Reilly, 2006) (Arsalidou and Taylor,
2011; Dehaene et al., 2004) and cortical-striatal connectivity in engaging working memory
and attentional processing integral in TC performance (Askenazi and Henik, 2010; Corbetta
and Shulman, 2002; Frank et al., 2001; Marklund and Persson, 2012).

Moreover, we found significantly increased effective connectivity between FFG, Str,
DLPFC and IFG in the compensated low IPS vs. high IPS groups (Figure 3b, 4b), which also
occurred across the low IPS vs. MFD groups (Figure 3c, 4c¢), and in high performing
individuals with similar deficits in IPS-Str-DLPFC connectivity as MFD (Figure 4d). It
appears these ventral cortical connectivity may help maintain performance despite reduced
IPS engagement and connectivity, possibly by re-balancing some of the reduced IPS
activation and connectivity patterns through strengthened activation and effective
connectivity, resulting in compensated performance.

Of the two distinct paradigmatic visual information processing streams, i.e., the
dorsal ‘where’ and ventral ‘what’ streams (Ungerleider and Haxby, 1994), the dorsal visual
stream includes cortical regions such as the IPS and DLPFC (Rubinsten and Henik, 2009;
Ungerleider and Haxby, 1994). The ventral visual stream and interactions between the AG,
FFG, and IFG has recently been suggested to be engaged during working memory numerical

tasks, retrieval of simple arithmetic facts, and linguistic and symbolic representation of
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numerical concepts (Rubinsten and Henik, 2009; Wilson and Dehaene, 2007). Our findings
of increased connectivity between FFG, Str, and IFG in compensating TC performance
suggest that there may exist interactions between these two paradigmatic networks in
maintaining math fluency. MFD had decreased connectivity in the dorsal network (Figure
3¢), while the compensated groups appeared to have increased ventral stream connectivity,
and interactions between these streams through the DLPFC (Figure 3d). It may be plausible
that at least in some individuals with reduced IPS engagement and connectivity, mechanisms
of neuroplasticity or learning could have been involved, during learning of arithmetic in
childhood, in maintaining TC performance through differential engagement of these ventral
cortical networks. If so, strategies to enhance the function of these networks may be useful.

It may be possible that differing cognitive strategies in the compensated low-IPS
individuals may contribute to the varying patterns of cortical engagement we found. While
working memory is needed to hold and manipulate numerical information, retrieval of
arithmetic facts may also contribute to math fluency (Locuniak and Jordan, 2008). Indeed, the
low-IPS group had significantly increased AG activation and IFG-to AG connectivity
compared with the high-IPS and MFD groups. It has been suggested that children with poor
math fluency rely more strongly on fact retrieval to complete arithmetic problems engaging
AG (De Smedt et al., 2011). Thus, one possibility is that the low-IPS group used fact retrieval
strategies for less-effortful, quicker problem solving with small numbers during the MF-
working memory paradigm, engaging the AG (Dehaene et al., 2003; Grabner et al., 2009;
Stanescu-Cosson et al., 2000). Not only has fact retrieval training been shown to increase

activation in the AG, but activation in the IPS may decrease as well (Delazer et al., 2003;

17


https://doi.org/10.1101/752089
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/752089; this version posted September 2, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Grabner et al., 2009). However, the timed calculation tasks in our MF paradigm comprised of
small-number subtraction. Number sense is thought to be more reliably engaged in
subtraction operations engaging the IPS, while addition is more dependent on language-based
fact retrieval in the angular gyrus (De Smedt et al., 2011; Dehaene et al., 2004). We are also
unaware of any literature suggesting roles of FFG in fact retrieval. While we cannot rule out
that AG-associated arithmetic fact retrieval has not also occurred, we posit that it may be
more likely a distinct compensatory mechanism involving FFG and associated ventral
networks is also engaged in maintained math fluency performance, distinct from arithmetic
fact retrieval. Indeed, the engagement of ventral high-level visual areas have also recently
been found during math tasks in individuals with congenital blindness, suggesting plasticity
in these functions (Kanjlia et al., 2019), that we posit may also occur to beyond individuals
with visual impairment.

In conclusion, we found that calculation difficulty is associated with well-established
reduced IPS engagement, and a pattern of reduced Str to cortical (IPS, DLPFC, FFG, and
IFG) effective connectivity. However, subsets of individuals with reduced IPS engagement
and connectivity could maintain MF performance. This occurred through increased effective
connectivity at the DLPFC, FFG, IFG, and Str. The genetic and environmental contributions
to these variations in brain network engagement remain to be understood. Our results
reinforce notions that a distributed network of brain regions including AG, FFG, and IFG
process TC (Arsalidou and Taylor, 2011; Dehaene et al., 2004) and further suggests that there
could be significant inter-individual variability and rebalancing in the engagement of these

FFG-related ventral cortical networks in TC when IPS-related network connectivity are
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reduced. The extent to which these individual variations could be leveraged, for example, in

personalized remediation strategies for dyscalculia remains to be determined in future work.

19


https://doi.org/10.1101/752089
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/752089; this version posted September 2, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements
This work was funded by the National Institute of Mental Health Intramural Research
Program (Daniel R Weinberger, KFB), Lieber Institute for Brain Development, and National

Institute of Mental Health grant ROIMH101053 (HYT).

20


https://doi.org/10.1101/752089
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/752089; this version posted September 2, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figures and Tables

Table 1. Demographics and Behavioral Performance for CON and MFD Groups (Exp. 1).

CON SD MFD SD P
(n=34) (n=34)
Gender (number of males) 17 17
Age (years) 32.62 10.56 33.62 10.28 0.69
Education (years) 16.21 1.92 16.00 2.82 0.73
1Q (WAIS) 113.1 7.5 104.9 9.1 5.96E-04
Accuracy
Computation and size judgement
(cJ) 0.938 0.070 0.429 0.229 3.24E-06
Encoding, computation, and size
judgement (E_CJ) 0.915 0.070 0.497 0.129 3.24E-25
Working memory maintenance 0.942 0.074 0.931 0.102 0.43
Motor task (M) 0.947 0.197 0.941 0.178 0.90
Reaction time (s)
Computation and size judgement
(cJ) 1.834 0.279 1.998 0.448 0.07
Encoding, computation, and size
judgement (E_CJ) 1.846 0.296 2.151 0.296 6.90E-05
Working memory maintenance 1.324 0.284 1.562 0.312 0.08
Motor task (M) 0.873 0.210 0.960 0.237 0.11
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Table 2. Demographics and Behavioral Performance for Low-IPS and High-IPS Groups
(Exp. 2).

Low-IPS SD High-IPS SD p
(n=50) (n=50)
Gender (number of males) 19 26
Age (years) 28.86 9.46 28.24 6.94 0.71
Education (years) 16.69 2.64 16.00 2.82 0.89
1Q (WAIS) 110.8 9.4 109.6 10.4 0.57
Accuracy
Computation and size
judgement (CJ) 0.928 0.086 0.896 0.152 0.20
Encoding, computation, and
size judgement (E_CJ) 0.896 0.075 0.924 0.074 0.06
Working memory maintenance 0.967 0.132 0.987 0.112 0.42
Motor task (M) 0.978 0.142 0.972 0.081 0.80
Reaction time (s)
Computation and size
judgement (CJ) 1.840 0.237 1.882 0.220 0.35
Encoding, computation, and
size judgement (E_CJ) 1.811 0.278 1.888 0.259 0.15
Working memory maintenance 1.421 0.226 1.462 0.112 0.68
Motor task (M) 0.822 0.163 0.886 0.136 0.04
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Figure 1.

Math fluency-working memory (MF-WM) paradigm. In an event-related design with
different trial types presented in pseudo-randomized order, subjects perform one of two math
fluency (timed calculation) trials with response required within 3s. They performed
arithmetic (subtraction of 2 or 3) from one of two single digits presented and indicated which
of the resulting pair was larger (or smaller) as instructed (compute and numeric size
judgement trials, CJ), or did the same after encoding (E) the two single digits in working
memory. Control trials included pressing the left or right button as indicated (motor trials,
M), and simple number size judgement (without arithmetic) after encoding of two single
digits in working memory (working memory maintenance, not shown).
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Figure 2. Task-related activation contrasts (a) During the math fluency-working memory
paradigm task (CJ, ECJ), in Experiment 1, the CON group (N=34) engaged the right IPS [48
-44 50] more strongly compared to the MFD group (N=34), p<0.05 cluster-FWE corrected.
(b) In Experiment 2, MF-WM paradigm task contrast engaged increased activation in
‘compensated’ low-IPS (N=50) compared to high-IPS (N=50), at fusiform gyrus, inferior
frontal gyrus (and not shown, angular gyrus and putamen, p<0.05 whole brain
FWE-corrected).
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Figure 3: DCM connectivity contrasts during MF. (a) Exp. 1: Network model of Bayesian
model averaging values of effective connectivity in MFD (N=34) relative to CON (N=34)
group. Blue = effective connectivity increase (MFD>CON); red = decrease (MFD<CON).
Notably, MFD had decreased effective connectivity in DLPFC input (3 connections) and Str
output (4 connections). (b) Exp. 2: Network model of significant increases in Bayesian model
averaging values of effective connectivity in ‘compensated’ low-IPS (N=50) relative to
high-IPS group (N=50). No significant differences occurred in IPS connectivity. Blue =
significant effective connectivity increase (low-IPS>high-IPS). (c) Differences in node input
effective connectivity for MFD (N=34) relative to ‘compensated’ low-IPS (N=50). Red =
significant effective connectivity decrease (MFD<low-IPS). (d) Overlap in decreases between
MFD relative to CON (Figure 3a), and MFD relative to compensated low-IPS comparison
(Figure 3c). Magenta: MFD < CON only; orange: MFD < low-IPS only; dark red: MFD <
CON and MFD < low-IPS. See Supplementary Tables 6-8.
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Figure 4: Effective connectivity across groups. (a) Significantly different effective
connectivity (labeled as ‘from’ region A ‘to’ B) across CON (N=34) and MFD (N=34, Exp
1), (b) across ‘compensated’ high-IPS (N=50) and low-IPS (N=50) groups (Exp 2), and (c)
across ‘compensated’ low-IPS (N=50) and MFD (N=34) groups. (d) Significantly different
effective connectivity across controls matched using support vector regression (Matched
CON N=46) to MFD (N=34) for DLPFC, Str and IPS connectivity vs. MFD. Permutation
p-values *p<0.05, **p<0.005, ***p<0.001.

26


https://doi.org/10.1101/752089
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/752089; this version posted September 2, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Ansari, D., 2007. Does the parietal cortex distinguish between "10," "ten," and ten dots?
Neuron 53, 165-167.

Ansari, D., Fugelsang, J.A., Dhital, B., Venkatraman, V., 2006. Dissociating response
conflict from numerical magnitude processing in the brain: an event-related fMRI study.
Neuroimage 32, 799-805.

Arsalidou, M., Taylor, M.J., 2011. Is 2+2=4? Meta-analyses of brain areas needed for
numbers and calculations. Neuroimage 54, 2382-2393.

Askenazi, S., Henik, A., 2010. Attentional networks in developmental dyscalculia. Behav
Brain Funct 6, 2.

Banks, J., O'Dea, C., Oldfield, Z., 2011. Cognitive function, numeracy and retirement saving
trajectories. Econ J (London) 120, F381-F410.

Barnea-Goraly, N., Eliez, S., Menon, V., Bammer, R., Reiss, A.L., 2005. Arithmetic ability
and parietal alterations: a diffusion tensor imaging study in velocardiofacial syndrome.
Brain Res Cogn Brain Res 25, 735-740.

Brooks, M.E., Pui, S.Y., 2010. Are individual differences in numeracy unique from general
mental ability? A closer look at a common measure of numeracy. Individual Differences
Research 8, 257-265.

Butterworth, B., 1999. The Mathematical Brain. Macmillan, London.

Butterworth, B., Kovas, Y., 2013. Understanding neurocognitive developmental disorders can
improve education for all. Science 340, 300-305.

Cantlon, J.F., Brannon, E.M., Carter, E.J., Pelphrey, K.A., 2006. Functional imaging of
numerical processing in adults and 4-y-old children. PLoS Biol 4, e125.

Carvalho, M.R., Vianna, G., Oliveira Lde, F., Costa, A.J., Pinheiro-Chagas, P., Sturzenecker,
R., Zen, P.R., Rosa, R.F., de Aguiar, M.J., Haase, V.G., 2014. Are 22ql1.2 distal
deletions associated with math difficulties? Am J Med Genet A 164A, 2256-2262.

Cohen Kadosh, R., Cohen Kadosh, K., Schuhmann, T., Kaas, A., Goebel, R., Henik, A.,
Sack, A.T., 2007. Virtual dyscalculia induced by parietal-lobe TMS impairs automatic
magnitude processing. Curr Biol 17, 689-693.

Cohen Kadosh, R., Walsh, V., 2009. Numerical representation in the parietal lobes: abstract
or not abstract? Behav Brain Sci 32, 313-328; discussion 328-373.

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven attention in
the brain. Nat Rev Neurosci 3, 201-215.

De Smedt, B., Holloway, 1.D., Ansari, D., 2011. Effects of problem size and arithmetic
operation on brain activation during calculation in children with varying levels of
arithmetical fluency. Neuroimage 57, 771-781.

De Smedt, B., Reynvoet, B., Swillen, A., Verschaffel, L., Boets, B., Ghesquiere, P., 2009.
Basic number processing and difficulties in single-digit arithmetic: evidence from
Velo-Cardio-Facial Syndrome. Cortex 45, 177-188.

Dehaene, S., Molko, N., Cohen, L., Wilson, A.J., 2004. Arithmetic and the brain. Curr Opin
Neurobiol 14, 218-224.

Dehaene, S., Piazza, M., Pinel, P., Cohen, L., 2003. Three parietal circuits for number
processing. Cogn Neuropsychol 20, 487-506.

27


https://doi.org/10.1101/752089
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/752089; this version posted September 2, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Delazer, M., Domahs, F., Bartha, L., Brenneis, C., Lochy, A., Trieb, T., Benke, T., 2003.
Learning complex arithmetic--an fMRI study. Brain Res Cogn Brain Res 18, 76-88.

Egan, M.F., Goldberg, T.E., Gscheidle, T., Weirich, M., Rawlings, R., Hyde, T.M., Bigelow,
L., Weinberger, D.R., 2001. Relative risk for cognitive impairments in siblings of patients
with schizophrenia. Biol Psychiatry 50, 98-107.

Eger, E., Sterzer, P., Russ, M.O., Giraud, A.L., Kleinschmidt, A., 2003. A supramodal
number representation in human intraparietal cortex. Neuron 37, 719-725.

Frank, M.J., Loughry, B., O'Reilly, R.C., 2001. Interactions between frontal cortex and basal
ganglia in working memory: a computational model. Cogn Affect Behav Neurosci 1,
137-160.

Friston, K.J., Harrison, L., Penny, W., 2003. Dynamic causal modelling. Neurolmage 19,
1273.

Friston, K.J., Li, B., Daunizeau, J., Stephan, K.E., 2011. Network discovery with DCM.
Neuroimage 56, 1202-1221.

Fuchs, L.S., Powell, S.R., Seethaler, P.M., Fuchs, D., Hamlett, C.L., Cirino, P.T., Fletcher,
JM., 2010. A Framework for Remediating Number Combination Deficits. Except Child
76, 135-165.

Galeano Weber, E.M., Peters, B., Hahn, T., Bledowski, C., Fiebach, C.J., 2016. Superior
Intraparietal Sulcus Controls the Variability of Visual Working Memory Precision. J
Neurosci 36, 5623-5635.

Gerardi, K., Goette, L., Meier, S., 2013. Numerical ability predicts mortgage default. Proc
Natl Acad Sci U S A 110, 11267-11271.

Gobell, S.M., Rushworth, M.F., Walsh, V., 2006. Inferior parietal rtms affects performance in
an addition task. Cortex 42, 774-781.

Grabner, R.H., Ansari, D., Koschutnig, K., Reishofer, G., Ebner, F., Neuper, C., 2009. To
retrieve or to calculate? Left angular gyrus mediates the retrieval of arithmetic facts
during problem solving. Neuropsychologia 47, 604-608.

Gross, J., 2009. The long term costs of literacy difficulties, 2nd ed. Every Child a Chance
Trust (KPMG Foundation), pp. 1-52.

Hart, S.A., Petrill, S.A., Thompson, L.A., 2010. A factorial analysis of timed and untimed
measures of mathematics and reading abilities in school aged twins. Learn Individ Differ
20, 63.

Hart, S.A., Petrill, S.A., Thompson, L.A., Plomin, R., 2009. The ABCs of Math: A Genetic
Analysis of Mathematics and Its Links With Reading Ability and General Cognitive
Ability. J Educ Psychol 101, 388.

Kanjlia, S., Pant, R., Bedny, M., 2019. Sensitive Period for Cognitive Repurposing of Human
Visual Cortex. Cerebral Cortex.

Kaplan C.M., Saha D., Molina J.M., Hockeimer W., Postell E., Apud J.A., Weinberger D.R.,
H.Y., T., 2016. Estimating changing contexts in schizophrenia. Brain 139, 2082-2095.
Kaufmann, L., von Aster, M., 2012. The diagnosis and management of dyscalculia. Dtsch

Arztebl Int 109, 767-777; quiz 778.

Landau, S.M., Lal, R., O'Neil, J.P., Baker, S., Jagust, W.J., 2009. Striatal dopamine and

working memory. Cereb Cortex 19, 445-454.

28


https://doi.org/10.1101/752089
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/752089; this version posted September 2, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Landerl, K., Bevan, A., Butterworth, B., 2004. Developmental dyscalculia and basic
numerical capacities: a study of 8-9-year-old students. Cognition 93, 99-125.

Locuniak, M.N., Jordan, N.C., 2008. Using kindergarten number sense to predict calculation
fluency in second grade. J Learn Disabil 41, 451-459.

Maldjian, J.A., Laurienti, P.J., Burdette, J.B., R.A., K., 2003. An Automated Method for
Neuroanatomic and Cytoarchitectonic Atlas-based Interrogation of fMRI Data Sets.
Neurolmage. 19, 1233-1239.

Marklund, P., Persson, J., 2012. Context-dependent switching between proactive and reactive
working memory control mechanisms in the right inferior frontal gyrus. Neuroimage 63,
1552-1560.

Mazzocco, M.M., Devlin, K.T., McKenney, S.J., 2008. Is it a fact? Timed arithmetic
performance of children with mathematical learning disabilities (MLD) varies as a
function of how MLD is defined. Dev Neuropsychol 33, 318-344.

McLean, J.F., Hitch, G.J., 1999. Working memory impairments in children with specific
arithmetic learning difficulties. J Exp Child Psychol 74, 240-260.

Molko, N., Cachia, A., Riviere, D., Mangin, J.F., Bruandet, M., Le Bihan, D., Cohen, L.,
Dehaene, S., 2003. Functional and structural alterations of the intraparietal sulcus in a
developmental dyscalculia of genetic origin. Neuron 40, 847-858.

Nichols, T.E., Holmes, A.P., 2002. Nonparametric permutation tests for functional
neuroimaging: a primer with examples. Hum Brain Mapp 15, 1-25.

Nicholson, A.A., Friston, K.J., Zeidman, P., Harricharan, S., McKinnon, M.C., Densmore,
M., Neufeld, R.-W.J., Théberge, J., Corrigan, F., Jetly, R., Spiegel, D., Lanius, R.A., 2017.
Dynamic causal modeling in PTSD and its dissociative subtype: Bottom—up versus top—
down processing within fear and emotion regulation circuitry. Human Brain Mapping 38,
5551-5561.

Nieder, A., 2016. The neuronal code for number. Nat Rev Neurosci 17, 366-382.

O'Hearn, K., Luna, B., 2009. Mathematical skills in Williams syndrome: insight into the
importance of underlying representations. Dev Disabil Res Rev 15, 11-20.

O'Reilly, R.C., 2006. Biologically based computational models of high-level cognition.
Science 314, 91-94.

Parsons, S., Bynner, J., 2005. Does numeracy matter more?, in: Institute of Education, U.o.L.
(Ed.). National Research and Development Centre for Adult Literacy and Numeracy,
London, England.

Penny, W.D., Stephan, K.E., Mechelli, A., Friston, K.J., 2004. Comparing dynamic causal
models. Neurolmage 22, 1157.

Petrill, S., Logan, J., Hart, S., Vincent, P., Thompson, L., Kovas, Y., Plomin, R., 2012. Math
fluency is etiologically distinct from untimed math performance, decoding fluency, and
untimed reading performance: evidence from a twin study. J Learn Disabil 45, 371-381.

Pinel, P., Piazza, M., Le Bihan, D., Dehaene, S., 2004. Distributed and overlapping cerebral
representations of number, size, and luminance during comparative judgments. Neuron
41, 983-993.

Quintero, A.l., Beaton, E.A., Harvey, D.J., Ross, J.L., Simon, T.J., 2014. Common and
specific impairments in attention functioning in girls with chromosome 22q11.2 deletion,
fragile X or Turner syndromes. J Neurodev Disord 6, 5.

29


https://doi.org/10.1101/752089
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/752089; this version posted September 2, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Reyna, V.F., Nelson, W.L., Han, P.K., Dieckmann, N.F., 2009. How numeracy influences
risk comprehension and medical decision making. Psychol Bull 135, 943-973.

Rubinsten, O., Henik, A., 2009. Developmental dyscalculia: heterogeneity might not mean
different mechanisms. Trends Cogn Sci 13, 92-99.

Shalev, R.S., 2007. Prevalence of developmental dyscalculia, in: Berch, D.B., Mazzocco,
M.M. (Eds.), Why Is Math So Hard for Some Children? The Nature and Origins of
Mathematical Learning Difficulties and Disabilities. Paul H. Brookes Publishing,
Baltimore, MD, USA, pp. 49-60.

Shalev, R.S., Gross-Tsur, V., 2001. Developmental dyscalculia. Pediatr Neurol 24, 337-342.

Simon, T.J., Takarae, Y., DeBoer, T., McDonald-McGinn, D.M., Zackai, E.H., Ross, J.L.,
2008. Overlapping numerical cognition impairments in children with chromosome
22q11.2 deletion or Turner syndromes. Neuropsychologia 46, 82-94.

Stanescu-Cosson, R., Pinel, P., van De Moortele, P.F., Le Bihan, D., Cohen, L., Dehaene, S.,
2000. Understanding dissociations in dyscalculia: a brain imaging study of the impact of
number size on the cerebral networks for exact and approximate calculation. Brain 123 (
Pt 11), 2240-2255.

Stephan, K.E., Harrison, L.M., Kiebel, S.J., David, O., Penny, W.D., Friston, K.J., 2007.
Dynamic causal models of neural system dynamics:current state and future extensions. J
Biosci 32, 129-144.

Stoianov, 1.P., 2014. Generative processing underlies the mutual enhancement of arithmetic
fluency and math-grounding number sense. Front Psychol 5, 1326.

Tan, H.Y., Callicott, J.H., Weinberger, D.R., 2007. Dysfunctional and compensatory
prefrontal cortical systems, genes and the pathogenesis of schizophrenia. Cereb Cortex 17
Suppl 1,1171-181.

Ungerleider, L.G., Haxby, J.V., 1994. '"What' and 'where' in the human brain. Curr Opin
Neurobiol 4, 157-165.

Venkatraman, V., Ansari, D., Chee, M.W., 2005. Neural correlates of symbolic and
non-symbolic arithmetic. Neuropsychologia 43, 744-753.

Wang, L., Sun, Y., Zhou, X., 2016. Relation between Approximate Number System Acuity
and Mathematical Achievement: The Influence of Fluency. Front Psychol 7, 1966.

Wilson, A., Dehaene, S., 2007. Number sense and developmental dyscalculia, in: Coch, D.,
Dawson, G., Fischer, K. (Eds.), Human behavior, learning, and the developing brain:
Atypical development. Guilford Press, New York, pp. 212-238.

30


https://doi.org/10.1101/752089
http://creativecommons.org/licenses/by-nc-nd/4.0/

