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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, kE=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, kE=48), FFG (32 -84 -2, 

T=3.44, kE=45), and IFG (36 10 -10, T=3.21, kE>100) (Figure 2b). Both groups had similarly 

robust activation at the DLPFC (46 30 26, T>18, kE>100) and Str (14 6 0, T>13, kE>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 3c, 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, IFG-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 

3c), 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; 
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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. 
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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	
IQ	(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	
IQ	(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. 
 
 
 
 
 
 
 

(a)	

(b)	

(c)	

(d)	
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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.  
 
 
 
  

(a)	

(b)	

(c)	

(d)	 **	
*	

*	
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