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overestimated health risks. A comparison of brain activa-
tion between the groups demonstrated that the high-numer-
acy group expressed larger brain engagement during the 
health risk condition in regions that are commonly associ-
ated with conflict monitoring, decision-making and emo-
tional processing. These results provide initial evidence 
that individuals with high-numeracy engage regions of the 
brain to a different extent compared to individuals with 
low-numeracy.

Keywords Functional magnetic resonance imaging 
(fMRI) · High- and low-numeracy · Number line · Health 
risk perception · Icon arrays

1 Introduction

The acquisition of numerical abilities is one of the pil-
lars of mathematics education in enumerate societies. An 
increasing body of evidence has recently suggested that 
the development of basic numerical abilities (e.g., estimat-
ing the number of items in a set) builds an important foun-
dation for arithmetic and mathematical competencies. For 
instance, it has been shown that individual differences in 
representing symbolic and non-symbolic numerical magni-
tudes are associated with individual differences in arithme-
tic competencies (e.g., Feigenson et al. 2013; Holloway and 
Ansari 2009). This suggests that the development of rich 
and accurate representations of numerical information (i.e., 
numeracy) is a crucial milestone on the road to mathematics. 
While there is growing evidence for a significant relationship 
between the development of numerical skills and arithmetic 
proficiency, our current understanding of how we process 
numerical information in different contextual situations (e.g., 
health risk decisions) to guide our behaviour and decisions 

Abstract The ability to use numerical information in dif-
ferent contexts is a major goal of mathematics education. 
In health risk communication, outcomes of a medical con-
dition are frequently expressed in probabilities. Difficulties 
to accurately represent probability information can result 
in unfavourable medical decisions. To support individuals 
with low-numeracy skills, pictographs such as graphs or 
icon arrays have been proposed to increase risk communi-
cation. The neurocognitive mechanism underlying the pro-
cessing of health risk perception in individuals with low- 
and high-numeracy remain to be explored. To investigate 
the neural correlates of health risk perception, the brain 
responses of individuals with low- and high-numeracy 
were measured using functional magnetic resonance imag-
ing. In the health risk perception condition, participants 
were instructed to indicate how concerned they would be 
of having cancer, given an icon array in which the prob-
ability of developing cancer was displayed. In the number 
line condition the same icon arrays were presented and par-
ticipants were instructed to indicate the absolute number of 
displayed black icons. Results of the study showed that the 
low-numeracy group was more accurate in the health risk 
condition compared to the high-numeracy group, which 
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is scarce. This is surprising, given that the flexible use of 
numerical information is a crucial cornerstone for the devel-
opment of mathematical literacy, defined as “…an individu-
al’s capacity to formulate, employ, and interpret mathematics 
in a variety of contexts. It includes reasoning mathematically 
and using mathematical concepts, procedures, facts, and 
tools to describe, explain, and predict phenomena” (OECD 
2012). The ability to accurately represent numbers and to 
flexibly use numerical information in different contexts is, 
therefore, an important goal towards which education and 
modern human societies strive. A better understanding of 
how individuals transfer and integrate numerical information 
into contexts in which adults are afforded to make important 
decisions is important to inform education practices and to 
foster the development of mathematical literacy.

Health decisions, in which chances and risks of a medi-
cal outcome have to be evaluated, are an emotionally 
charged context in which numerical information is used to 
make informed decisions about potential treatments. For 
instance, in hospitals patients are frequently faced with 
situations in which they have to evaluate chances and risks 
of a medical treatment. In order to allocate the necessary 
resources to counter a potential threat, a proper and accu-
rate understanding of the involved odds and losses is indis-
pensable. Hence, it is crucial that probabilities of a medi-
cal treatment are accurately perceived (Lipkus and Peters 
2010). Current research has shown that a large number of 
individuals, particularly individuals with low numeracy 
skills, face severe difficulties to accurately understand 
numerical health risk information such as percentages, 
fractions and small probabilities (Gigerenzer and Edwards 
2003; Lipkus and Peters 2009; Peters, 2008; Visschers 
et al. 2009). Therefore, a growing amount of evidence has 
reported unfavourable medical outcomes due to a lack of 
transferring numerical information to health risk contexts, 
particular in individuals with low-numeracy skills (e.g., 
Tanius et al. 2009; Zikmund-Fisher et al. 2008).

In the past, different solutions have been proposed to 
improve risk communication for individuals with low-
numeracy skills (e.g., Gigerenzer and Edwards 2003). 
One of the discussed solutions is to express numerical 
information in form of visual non-symbolic numerical dis-
plays such as bar charts, risk ladders, scales or icon arrays 
(Apter et al. 2008; Gigerenzer and Edwards 2003; Hoffrage 
et al. 2000; Nelson et al. 2008), rather than with numerical 
symbols (i.e., Arabic digits). Icon arrays (also called pic-
tographs) are visual non-symbolic representations of risk 
probabilities, which are displayed in form of faces, circles 
or other shaped icons (see Fig. 1). Specifically, the number 
of displayed icons expresses the frequency of people who 
are affected in contrast to the frequency of individuals who 
are unaffected by a medical condition (e.g., the probability 
of a medical condition).

Research into the effectiveness of icon arrays in health 
risk perception has shown that icon arrays improve numeri-
cal risk processing (Fagerlin et al. 2005; Feldman-Stew-
art et al. 2000; Galesic et al. 2009; Garcia-Retamero and 
Galesic 2010). Therefore, it has been argued that icon 
arrays are particular helpful in supporting individuals with 
low-numeracy skills to improve health risk communication. 
Accumulating evidence from behavioural studies indicates 
that the use of icon arrays increases accuracy (Galesic et al. 
2009; Garcia-Retamero and Galesic 2010) and reduces 
unfavourable reasoning based on anecdotes of hypotheti-
cal treatment choices (Fagerlin et al. 2005). However, while 
the current evidence suggests an improvement in health 
risk communication using icon arrays, research into the 
underlying mechanisms of health risk perception is scarce.

A substantial body of literature exists on the neural cor-
relates of risk processing in general (e.g., Herwig et al. 
2011; Mohr et al. 2010). Economists and psychologists 
usually define risk as the uncertainty about which of sev-
eral possible outcomes will occur, whereby the probability 
of each possible outcome is known (Knight 1921). Mohr 
et al. (2010) summarized previous findings in a meta-anal-
ysis and proposed a neurocognitive model of risk process-
ing. In this model, three essential components are discussed 
that are engaged during risk processing. The first com-
ponent of the model relates to emotional risk processing. 
Many decisions during risk evaluation are related to nega-
tive, disadvantageous or to a positive, advantageous out-
come. Therefore, affective mechanisms have been found to 
exert influence on the cognitive evaluation during decision 
making and risk evaluation (Bach et al. 2009; Herwig et al. 
2011; Quartz 2009; Vorhold et al. 2007; Xu et al. 2009). In 
line with this, consistent brain activation has been found in 
regions that are associated with emotional processing, such 
as the anterior insula and the thalamus (Mohr et al. 2010). 
The second component of the model relates to the cognitive 

Fig. 1  Example of a canonical 10 × 10 icon array. This array con-
tains 36 black and 64 white icons. The ratio between black and white 
icons displays the probability of a medical condition
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evaluation of risks. At this stage, the probability of a par-
ticular outcome (e.g., of losses or chances) or the variance 
of a particular outcome is evaluated. Based on the results 
of the meta-analysis, the authors propose that the dorso-
medial prefrontal cortex (DMPFC) plays a critical role in 
risk evaluation. This region of the brain has been found in 
studies that investigated response conflict, error monitor-
ing, cognitive control and strategy selection (for reviews, 
see Ridderinkhof et al. 2004; Venkatraman et al. 2009). The 
last component of the risk model integrates emotional and 
cognitive information as well as other aspects of the stim-
uli, such as expected rewards, in order to form a final deci-
sion. This integrative component is proposed to be related 
to activation in the dorsolateral prefrontal cortex (DLPFC) 
and the parietal cortex; regions of the brain that are often 
found to be activated in decision making (for a review see 
Heekeren et al. 2008). The discussed evidence suggests that 
risk evaluation is an integrative mechanism in which cog-
nitive components, such as processing numerical informa-
tion (e.g., probabilities of an outcome), are integrated with 
affective components, which have been shown to exert an 
influence on cognitive risk evaluation. While some evi-
dence indicates that individuals with low-numeracy express 
difficulties in processing the meaning of numerical infor-
mation (e.g., probabilities) during health risk evaluation, 
there is also small evidence that individuals with low-
numeracy skills draw less affective (i.e., emotional) mean-
ing from numbers compared to their high-numeracy peers 
(Peters et al. 2006). Thus indicating that individuals with 
low-numeracy skills may not only face difficulties in evalu-
ating numerical information but have also difficulties in 
processing the affective meaning of numerically presented 
risk information. However, little is currently known how 
cognitive and affective components interact in health risk 
perception and how such mechanisms may differ between 
individuals with high- and low-numeracy.

The aim of the present functional Magnetic Resonance 
Imaging (fMRI) study was to investigate the brain regions 
involved in health risk perception to better understand the 
cognitive and affective mechanisms that underlie health 
risk perception, and how such mechanisms may differ 
between individuals with high- and low-numeracy skills. 
We asked participants to imagine a hypothetical situation in 
which they have undergone a medical screening for colon 
cancer. Using similar icon arrays as in previous studies 
(e.g., Galesic et al. 2009; Hess et al. 2011), individuals of a 
low- and high-numeracy group were asked to indicate their 
concern of having cancer on an analogue physical number 
line, ranging from 0 on the left to 100 on the right (health 
risk perception condition). In an additional experimental 
condition (number line condition), the same icon arrays 
were presented, but individuals were only required to esti-
mate the total number of filled (black) icons and to indicate 

the value on an analogue scale, ranging from 0 on the left 
to 100 on the right.

Based on the reviewed literature we expected to find a 
larger engagement of brain regions that are commonly 
found in risk processing. Since risk evaluation affords cog-
nitive demanding operations, such as reflecting on numeri-
cal information, we expected larger brain activation in 
regions that are associated with cognitive control, strategy 
selection and numerical information processing—such 
as the dorsomedial prefrontal cortex and inferior parietal 
cortex. Moreover, we speculated that differences in brain 
activation between the two numeracy groups emerge on 
the level of cognitive operation and/or affective process-
ing. More specifically, if individuals with low-numeracy 
show difficulties in processing numerical information, 
reduced brain activation in regions of the inferior parietal 
cortex (e.g., Kaufmann et al. 2009; Price et al. 2007) may 
be expected. However, if individuals with low-numeracy 
express particular difficulties in charging the presented 
numerical information with affective valence, reduced 
brain activation may be found in regions that are associated 
with emotional processing such as the thalamus and the 
insula (Mohr et al. 2010; Peters et al. 2006).

2  Methods

2.1  Participants

Thirty-eight right-handed healthy adults participated in the 
present functional neuroimaging study (18 men, 20 female; 
mean age 23.49 years, range 18–32 years). The group 
comprised individuals with normal or corrected to normal 
vision, and all participants reported German to be their 
native language. Individuals received a monetary compen-
sation and gave written informed consent. The local Eth-
ics Board at the Medical University of Graz approved the 
study.

Participants were assigned to a “high-numeracy group” 
and to a “low-numeracy group”. Group allocation was 
based on the results of the Subjective Numeracy Scale 
(SNS; Fagerlin et al. 2007). The SNS is an 8-item ques-
tionnaire that measures individuals’ perceived mathematics 
abilities and their subjective preference to represent numer-
ical information. Half of the items assess the perceived 
ability to perform numerical tasks in various contexts (i.e., 
SNS ability subscale). An example item of the SNS abil-
ity subscale is: “How good are you at working with frac-
tions?” The second half of the questionnaire measures the 
subjective preference to represent probabilistic or numeri-
cal information (i.e., SNS preference subscale). An exam-
ple item of the SNS preference subscale is: “When reading 
the newspaper, how helpful do you find tables and graphs 
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that are parts of a story?” Participants rated the 8 questions 
on a 6 point Likert-Scale from “1 = not good at all/not 
helpful at all” to “6 = extremely good/extremely helpful”. 
Individuals’ ratings were aggregated to a mean SNS score. 
The SNS was developed as an easy and quick tool to pre-
dict people’s objective numerical abilities. The scale was 
evaluated in a set of different studies and has demonstrated 
a high reliability (Cronbach’s alpha 0.82) (Fagerlin et al. 
2007; Zikmund-Fisher et al. 2007). Moreover the SNS has 
been shown to significantly correlate (r = 0.68, p < 0.001) 
with the “Lipkus and Others’ Objective Numeracy Scale”, 
which assesses people’s ability to perform mathematical 
tasks on risk magnitudes using percentages and proportions 
as well as their ability to convert percentages to propor-
tions, proportions to percentages and probabilities to pro-
portions (Fagerlin et al. 2007; Lipkus et al. 2001; Zikmund-
Fisher et al. 2007).

Based on the individual mean SNS scores, a median 
split was calculated and half of the participants (5 men, 
14 women; mean age 22.83 years; range 18–32 years) 
were assigned to a “low-numeracy group” (mean SNS 
score 3.55, SD 0.52), while the others (13 men, 6 women; 
mean age 24.11 years; range 19–31 years) were assigned 
to a “high-numeracy group” (mean SNS score 4.78, 
SD = 0.33).

2.2  Task design and stimuli

Individuals’ behavioural responses and brain activations 
were recorded during two different task conditions: a non-
symbolic “Health Risk Perception” (HRP) task and a non-
symbolic “Number Line” (NL) approximation task.

In the HRP condition, participants were required to 
imagine that they had undergone a screening test for colon 
cancer and that the doctor informs them about the screen-
ing results by means of pictographs. The pictographs com-
prised specific ratios of filled and empty icons, which indi-
cated the probability (1–99 %) of having cancer. Based on 
this information participants were instructed to indicate 
how concerned (from “not at all concerned” to “very con-
cerned”) they would be of having cancer. Participants used 
a fiber optic trackball response pad (Current Designs Inc., 
Pennsylvania, USA) to indicate their concerns by moving 
a red arrow to the desired location on the scale and by con-
firming the rating by a button-press.

In the NL condition participants were presented with the 
same non-symbolic pictographs as in the HRP condition. 
However, in this task participants were explicitly instructed 
to estimate the total number of filled icons and to indicate 
this value on an analog scale (ranging from 1 to 99). Par-
ticipants used the same trackball device to execute their 
decisions. Please note that stimuli (i.e., pictographs and the 
analog number line) were identical in both conditions. The 

only difference between the HRP and NL condition was the 
task instruction.

The pictographs comprised 100 diamond shaped icons, 
arranged in a 10 × 10 matrix displayed on a white square. 
The ratio between filled and empty icons represented 
numerical information upon which individuals had to base 
their decisions. In the HRP condition, the ratio between the 
filled and empty icons displayed the probability (between 1 
and 100 %) of having colon cancer. In the NL conditions, 
the black diamonds displayed a numerical value between 1 
and 100 (see Fig. 2).

In addition to the pictograph, a horizontal analog number 
line was presented on the computer screen. Two landmarks, 
one at the left and one at the right corner, supplemented the 
number line. In the NL condition, the left landmark rep-
resented the numerical value 0, while the right landmark 
represented the numerical value 100. In the HRP condi-
tion, the landmarks indicated concerns of having cancer. 
The left landmark represented “not at all concerned”, while 
the right represented “very concerned”. On every trial the 
analog number line, on which participants indicated their 
judgements/estimations, appeared simultaneously with the 
pictograph.

A total number of 60 trials (i.e., pictographs and num-
ber line) were presented. The 60 trials comprised six ran-
domly selected numbers from each decade (10 dec-
ades × 6 numbers = 60 in total). These preselected 
numbers were combined into a pseudo-randomized 
sequence and presented in the same order to all partici-
pants. Landmark numbers (e.g., 25, 50, 75) as well as 
decade numbers (i.e., 10, 20…90) were excluded to avoid 
alternative strategies (e.g., simply dividing the number 
line when the number 50 is presented; Vogel et al. 2013). 
Half of the preselected trials contained even number 
items, while the other half contained odd number items. 
No number from the same decade was displayed on sub-
sequent trials (see "Appendix"). The same stimuli selec-
tion criteria were applied for the NL condition. In contrast 
to the HRP condition a total number of 40 number trials 
over two functional runs were used.1 In this case, 4 num-
bers were randomly preselected from each decade (10 
decades × 4 numbers = 40 in total).

1 In the same study, a second NL condition with numerical symbols 
was administered for investigating a different research question. The 
results of this additional condition are not reported in the present 
study. Given a finite number of numerals within a decade, only 4 tri-
als of every decade could be used in the non-symbolic condition and 
in the symbolic condition without resulting in a number overlap. As 
a consequence the total number of trials in the NL condition of the 
present study is restricted to 40.
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2.3  Experimental procedure

Participants were familiarized with the fMRI environment 
prior to scanning. In order to minimize participants’ head 
motion during data acquisition, soft paddings were placed 
between participants’ head and the scanner head-coil. Once 
positioned in the scanner, participants performed four func-
tional runs—two runs of the HRP and two of the NL con-
dition. Please note that all participants performed the HRP 
condition prior to the NL condition, since a potential influ-
ence on strategy may occur if participants performed the 
NL condition prior to the HRP condition.

Each trial (see Fig. 3) started with a fixation period 
between 2 to 6 s (average 4 s). During this fixation period 
a white dot appeared in the center of the computer screen, 
followed by a yellow dot. Participants were instructed to 
fixate the dot at all times and to prepare for the next trial 
once the white dot has turned into a yellow dot. After this 

fixation period, the stimuli appeared for 5.5 s on the com-
puter screen. In every trial a novel pictograph was pre-
sented, which contained hypothetical information about 
the probability of having cancer in the HRP condition, or 
the total number of filled icons in the NL condition. Par-
ticipants were then required to make a manual response by 
moving a little red arrow from its starting position to the 
desired location on the number line. The starting position of 
the red arrow was randomized in such away that the numer-
ical distance between the “correct” number position and the 
starting position on the number line was at least 10 numeri-
cal values apart (see "Appendix"). After 5.5 s the stimuli 
probe disappeared and the next trial started with a white 
fixation dot on the screen. Please note that a pseudo rand-
omized jitter between 2 to 6 s was interspersed between the 
probe and the fixation period to ensure oversampling and a 
better estimation of the Hemodynamic Response Function 
(HRF).

Fig. 2  Example stimuli of the a HRP and b NL condition. The 
number of filled icons (46 on the left and 75 on the right) exemplify 
numerical values in the NL condition and probability values of hav-

ing cancer in the HRP condition. The red arrow on the number line 
was moved by trackball device with which participants had to indi-
cate their decision based on the task instruction (color figure online)

Fig. 3  Illustration of one experimental trial of the NL condition. See Tables 1 and 2 for a complete list of the numerical stimuli used
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Stimuli presentation and behavioural response record-
ing were executed by the presentation software package 
Presentation® 14.8 (Neurobehavioral Systems Inc., Berke-
ley, CA, USA). All stimuli were presented on to a diffus-
ing screen outside the magnet bore using a mounted LCD 
projector.

2.4  MRI data acquisition

Data collection was done with a whole body 3T-Sie-
mens Tim Trio MRI scanner. A single shot gradient 
echo (ss-EPI) T2* weighted sequence (time of rep-
etition (TR) = 2000 ms; echo time (TE) = 25 ms; flip 
angle = 90°) in combination with a 32-channel head-coil 
was used to measure changes in Blood Oxygen Level 
Dependent (BOLD) signal. Each functional session com-
prised 338 whole-brain volumes that were collected in a 
descending-interleaved acquisition order. One brain vol-
ume consisted of 34 slices (3 mm; matrix size = 64 × 64 
with a distance factor of 0.75) resulting in voxel resolution 
of 3 mm × 3 mm × 3.75 mm. To account for T1 satura-
tion, the first two volumes of every functional run were 
automatically discarded. High-resolution structural images 
were acquired with a T1-weighted 3D MPRAGE sequence 
(176 slices, TR = 1900 ms; TE = 2.19 ms; flip angle = 9°; 
inversion time = 900 ms; FOV = 256 × 256), resulting in 
an isotropic 1 mm × 1 mm × 1 mm voxel resolution.

2.5  Behavioural analysis

For every individual a mean deviation score was calcu-
lated for the NL and the HRP condition respectively. Mean 
deviation scores were measured as positive (to the right) 
or negative (to the left) response deflections from the “cor-
rect” position on the number line for a given number trial. 
For instance, if a participant placed the arrow 2 values to 
the left of the “correct” position, a value of −2 would have 
been scored for that particular trial. Individual mean devia-
tion scores were calculated for the HRP and the NL condi-
tion and entered into a 2 × 2 repeated measure analysis of 
variance (ANOVA) with Condition (HRP vs. NL) as within 
subject factor and Group (high-numeracy vs. low-numer-
acy) as between subject factor.

2.6  fMRI data analysis

The acquired functional images were pre-processed using 
the brain imaging analysis software package SPM5 (Well-
come Department of Imaging Neuroscience, London, UK). 
Individual runs were motion- and slice-time corrected, co-
registered with the structural data and spatially normal-
ized into MNI space (Montreal Neurological Institute). A 
8 mm Full-Width-of-Half Maximum (FWHM) Gaussian 

smoothing kernel was applied, and a temporal high-pass fil-
ter of 1/256 Hz to remove low frequency signals (Huettel 
et al. 2008).

A Random Effects (RFX) General Linear Model (GLM) 
was calculated to investigate brain activations. To inves-
tigate the brain activation particularly associated with the 
HRP condition, the first contrasts pitted the brain activation 
of the HRP task against the brain activation of the NL task 
for each group separately (i.e., high- and low-numeracy). 
In other words, we performed a statistical comparison of 
the contrast “HRP > NL” in the high-numeracy group, and 
a statistical comparison of the contrast “HRP > NL” in the 
low-numeracy group. In order to investigate brain activa-
tion differences between the groups, a t-contrast was cal-
culated pitting the brain activation of the low-numeracy 
group against the brain activation of the high-numeracy 
group (i.e., [high-numeracy “HRP > NL”] > [low-numer-
acy “HRP > NL”]).

3  Results

3.1  Behavioural results

The 2 × 2 ANOVA of the deviation scores revealed a sig-
nificant main effect of Condition (F(1, 36) = 10.737; 
p = 0.002; η2 = 0.230) and a significant main effect of 
Group (F(1, 36) = 10.791; p = 0.002; η2 = 0.231). Behav-
ioural responses were more accurate in the NL condition 
(mean deviation scores = −1.594) compared to the HRP 
condition (mean deviation scores = 2.207); the “low-
numeracy group” (mean deviation scores = −1.990) was 
more accurate than the “high-numeracy group” (mean devi-
ation scores = 2.603). In addition to these main effects the 
ANOVA revealed a significant interaction between Condi-
tion × Group (F(1, 36) = 5.118; p = 0.03; η2 = 0.124), 
indicating significant group differences in the way indi-
viduals responded in the HRP and NL condition. To fur-
ther explore this interaction statistically, two paired-sample 
t-tests were calculated, which contrasted the mean devia-
tions scores of the HRP condition against the mean devia-
tions scores of the NL condition for both groups separately. 
Results of the two t-tests demonstrated a significant differ-
ence between the mean deviation scores of the HRP and 
NL condition in the high-numeracy group (t(19) = 3.545; 
p = 0.002), whereas no significant difference was found 
in the low-numeracy group (t(19) = 0.813; p = 0.427). To 
investigate differences between the groups, two additional 
independent-sample t-tests were performed for the HRP 
and the NL condition separately. Results of these analyses 
showed a significant difference between the high-numeracy 
group and the low-numeracy group in the NL condition 
(t(19) = 2.629; p = 0.013), as well as in the HRP condition 
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(t(19) = 2.937; p = 0.006). Together, these results indicate 
that behavioural responses varied as a function of the task 
but also as a function of numeracy (see also Figs. 4, 5).

3.2  Imaging results

The first contrast of the neuroimaging analyses aimed to 
identify those brain regions that showed larger brain activa-
tion in the HRP condition compared to the NL condition. 
Within the “high-numeracy group”, the results of this con-
trast revealed a set of brain regions that showed significant 
greater brain activation in the HRP condition compared to 
the NL condition (see Table 1). In particular, brain regions 
of the right fronto-parietal network (see Fig. 6) were 
engaged to a larger extent in the HRP condition compared 
to the NL condition.

Results for the same contrast in the “low-numeracy 
group” revealed a smaller set of brain regions (see Table 2), 
which demonstrated an activation difference between the 
HRP and the NL condition. Nevertheless, similarly to the 
“high-numeracy group” activation differences were primar-
ily found in brain regions of the right fronto-parietal net-
work (see Fig. 7).

The final contrast of the present study aimed to sta-
tistically compare the brain activation of the contrast 
(HRP > NL) between the “high-numeracy group” and the 
“low-numeracy group”. While no significant cluster was 
revealed at a statistical threshold level of p < 0.001 uncor-
rected (FWE cluster corrected p < 0.05), four brain regions 
showed a larger brain activation in the “high-numeracy 
group” compared to the “low-numeracy group” when the 
statistical threshold was lowered to p < 0.001 uncorrected 
(minimum cluster size = 10 voxels). Among these regions 
were the anterior cingulate, the right precuneus and the 
thalamus (see Table 3; Fig. 8). The reverse contrast (i.e., 

larger brain activation for the “low-numeracy group” com-
pared to the “high-numeracy group”) did not reveal brain 
activation differences between the groups.

4  Discussion

The mastery of numerical abilities is crucial in modern 
human societies. While an extensive body of research has 
demonstrated a significant association between individual 
differences in numerical skills and mathematical compe-
tencies (Feigenson et al. 2013; Holloway and Ansari 2009), 
less is currently known about how we use numerical infor-
mation in different contextual situations in order to evaluate 
potential consequences of our behaviour. This is surprising, 
given that the flexible use of numerical information is cru-
cial in order to describe, explain and predict different phe-
nomena (OECD 2012). Deepening our understanding of 
how we translate and integrate numerical information dur-
ing decision-making may have profound implications for 
education. Thus the present study aimed to investigate the 
cognitive and affective mechanisms involved during health 
risk perception and evaluation.

In line with our predictions, the imaging results of the 
present study demonstrated significant larger brain activa-
tion during health risk perception in regions of the medial 
frontal cortex, encompassing regions of the DLPFC and 
DMPFC, the parietal cortex as well as in regions that are 
associated with emotional processing such as the insula and 
thalamus. Previous research has shown that the DLPFC, 
DMPFC, and the parietal cortex are frequently engaged in 
risk processing (e.g., Herwig et al. 2011; Mohr et al. 2010). 
Modulation of brain activation in these regions has been 
related to executive functions such as response conflict, 
error monitoring, cognitive control, strategy selection and 
decision making (Heekeren et al. 2008; Ridderinkhof et al. 
2004; Venkatraman et al. 2009). Besides brain activation in 
frontal regions, larger brain activation was also found in the 
parietal cortex. The parietal lobe of the human brain has not 
only been implicated in risk processing (Mohr et al. 2010), 
but has also been shown to play a crucial role in numeri-
cal information processing (Ansari and Vogel 2013; Ansari 
2008; Dehaene et al. 2003; Nieder and Dehaene 2009; 
Vogel and Ansari 2012). To date a large body of evidence 
has demonstrated that the intraparietal sulcus (IPS) of the 
parietal lobe is consistently engaged whenever numeri-
cal magnitudes are processed. For instance, modulation of 
brain activation in the parietal lobe has been found in num-
ber comparison (Ansari et al. 2005; Holloway et al. 2010; 
Pinel et al. 1999, 2001), in the context of calculation (e.g., 
Grabner et al. 2007; Simon et al. 2002, 2004), in tasks in 
which the spatial position of a given number on a physical 
number line has to be estimated (Vogel et al. 2013) and in 

Fig. 4  Mean deviation scores of the HRP and NL condition as a 
function of “high-numeracy group” and “low-numeracy group”
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fMRI-Adaptation studies in which the neural signal recov-
ery in response to numerical deviants has been investigated 
(Holloway et al. 2012; Vogel et al. 2015). Since risk evalu-
ation is a cognitively demanding operation, participants are 
afforded to reflect upon numerical information in order to 
estimate their subjective health concerns, the greater modu-
lation of brain activation in the parietal lobe, particular the 
IPS, may be explained by a larger engagement of numerical 
information processing during health risk evaluation than 
during number line estimation.

When contrasting the brain activation between individu-
als with high- and low-numeracy, differences in brain 

activation were found in bilateral regions of the anterior 
cingulate, the thalamus and the right precuneus. These 
regions were engaged to a greater extent in individuals with 
high-numeracy in contrast to individuals with low-numer-
acy (i.e., [high-numeracy “HRP > NL”] > [low-numeracy 
“HRP > NL”]).2 Modulation of brain activity in the anterior 

2 Post-hoc independent sample t-tests demonstrated no differences 
in reaction times between the low- and high-numeracy group, neither 
in the MNL (t(36) = −0.186; p < 0.854) nor the HRP (t(36) = 1.329; 
p < 0.192) condition. This indicates that differences in cognitive 
effort do not explain the observed activation differences between the 
two groups.

Fig. 5  The graphs depict the mean deviation scores for single num-
ber trials presented to the participants for the NL (on the left) and for 
the HRP (on the right) condition respectively. The diagonal line in 
both displays denotes the objective “correct” position of the presented 
number trial. The dark gray line represents mean deviation scores 

from the main diagonal line of the “low-numeracy group”, the bright 
gray line represents mean deviations scores from the diagonal line 
of the “high-numeracy group”. Bar graphs depict the average mean 
deviation scores for the “low-numeracy group” and the “high-numer-
acy group”

Table 1  Brain regions of the 
“high-numeracy group” that 
showed larger activation in the 
HRP condition compared to the 
NL condition

Brain regions are sorted by peak intensity; regions were interpreted as significant if intensity values passed 
a threshold of p < 0.001 uncorrected (FWE cluster corrected p < 0.05)

Region Hemisphere MNI coordinates #of voxels p (FWEc 
corrected)

Peak 
intensity

x y z

Sub-gyral (frontal) L −18 3 27 416 0.001 8.27

Superior frontal g. R 36 48 −15 762 0.001 7.73

Declive R 18 −75 −18 1019 0.001 7.73

Inferior parietal l. R 51 −48 54 903 0.001 7.56

Insula L −39 12 0 216 0.001 7.08

Sub-gyral (temporal) L −36 −33 −3 126 0.001 6.82

Middle frontal g. R 36 27 48 308 0.001 6.67

Precuneus R 3 −60 63 46 0.020 6.61

Postcentral g. L −33 −39 69 71 0.002 6.00

Thalamus R 3 −18 12 181 0.001 5.98

Postcentral g. L −45 −24 39 103 0.001 5.46

Superior frontal g. L −30 48 27 79 0.001 5.42

Parahippocampal g. L −33 −6 −18 40 0.037 5.37

Precuneus R 15 −57 39 58 0.007 5.11

Middle temporal g. R 57 −30 −15 84 0.001 5.06
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Fig. 6  Brain activation differ-
ence between the HRP and NL 
condition in the “high-numeracy 
group”. Significant brain activa-
tion clusters are displayed on 
the surface of an inflated brain 
(A anterior, P posterior)

Table 2  Brain regions of the 
“low-numeracy group” that 
showed a larger activation in the 
HRP condition compared to the 
NL condition

Regions are listed by peak intensity; activation clusters were interpreted as significant if the passed a 
threshold of p < 0.001 uncorrected (FWE cluster corrected p < 0.05)

Region Hemisphere MNI coordinates #of voxels p (FWEc 
corrected)

Peak 
intensity

x y z

Middle frontal g. R 45 48 −12 130 0.001 6.55

Inferior parietal l. R 57 −54 39 422 0.001 6.24

Lingual g. R 12 −84 −15 266 0.001 5.78

Middle frontal g. L −21 57 24 42 0.046 4.80

Fig. 7  Brain activation dif-
ference between the HRP 
condition and NL condition in 
the “low-numeracy group”. Sig-
nificant brain activation clusters 
are displayed on the surface of 
an inflated brain (A anterior, P 
posterior)

Table 3  List of those brain 
regions that showed a larger 
activation in the “high-
numeracy group” compared the 
“low-numeracy group”

Significance threshold was set to p < 0.001 uncorrected (minimum cluster size = 10 voxels)

Region Hemisphere MNI coordinates # of voxels p (uncorrected) Peak 
intensity

x y z Voxel size > 10

Anterior cingulate R 18 27 21 21 0.001 4.56

Precuneus R 18 −54 42 12 0.001 4.47

Anterior cingulate L −6 42 0 11 0.001 4.24

Thalamus Inter 0 15 12 11 0.001 4.00
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cingulate and thalamus has been previously reported during 
risk processing (Bach et al. 2009; Herwig et al. 2011; Mohr 
et al. 2010; Quartz 2009; Vorhold et al. 2007; Xu et al. 
2009). Specifically, it has been argued that modulation of 
these brain regions is reflective of emotional processing 
during risk evaluation (e.g., Herwig et al. 2011; Mohr et al. 
2010). For instance, a study by Herwig et al. (2011) investi-
gated the neural correlates associated with the evaluation of 
societal hazards in a group of 20 healthy adult participants. 
In this fMRI study, participants were instructed to evaluate 
50 more or less societal hazard statements presented as 
written terms on a computer screen. Results of the brain 
imaging analyses revealed that statements, which were 
rated as high societal risks (e.g., smoking), elicited greater 
brain activation in the medial thalamus, anterior insula, 
caudate nucleus and cingulate cortex in comparison to 
statements that were rated as low societal risks (e.g., food 
conservation). The authors interpreted the greater engage-
ment of the cingulate, the anterior insula and the caudate 
nucleus as evidence for a larger involvement of emotional 
processing (e.g., viscerosensitive signals) during the high-
risks evaluation, which may be interpreted as an intuitive 
“gut-feeling” towards risky conditions. Although specula-
tive, the observed group differences in brain activation in 
the bilateral anterior cingulate and thalamus may be seen as 
differences in emotional processing between individuals 
with high-numeracy and individuals with low-numeracy 
during health risk perception. The greater activation of 
these regions in individuals with high-numeracy, may indi-
cate a larger emotional involvement (e.g., gut feeling) dur-
ing health risk perception compared to individuals with 
low-numeracy. This interpretation is also in line with 

previous behavioural findings that have indicated that indi-
viduals with low-numeracy may charge numerical informa-
tion with different emotional valence and perceive health 
risks differentially compared to their high-numeracy peers 
(Peters et al. 2006).

The imaging results also revealed a greater engagement 
of the precuneus in individual with high-numeracy skills. 
The precuneus is anatomically connected to subcortical 
structures and to association regions of the cortex, suggest-
ing a pivotal role of the precuneus in an extensive network 
concerned with the elaboration and integration of asso-
ciative information. Additional evidence from neuroim-
aging studies has indicated that the precuneus is involved 
in visuo-spatial imagery, episodic memory retrieval, self-
processing operations and consciousness (for a review see 
Cavanna and Trimble 2006). In addition, the precuneus 
has recently proposed to be part of the parietal memory 
network (PMN), which shows modulation in brain activa-
tion depending on how strongly a stimuli captures one’s 
attention (Gilmore et al. 2015). In light of this evidence the 
observed activation differences in the present study may 
be explained by differences in the degree to which exter-
nal representations of health risk probabilities capture one’s 
attention and are mentally integrated into internal subjec-
tive health risk perceptions. Specifically, in the HRP con-
dition participants were asked to express their health risk 
concerns based on external representations of visuo-spatial 
icon arrays. In order to evaluate health risks concerns, indi-
viduals with high-numeracy skill may be more attentive 
towards numerical information in order to integrate the 
visuo-spatial information into mental images of health risk 
concerns. However, it should be noted that the functional 

Fig. 8  Sagittal and transversal view of those regions that showed greater brain activation in the “high-numeracy group” compared to the “low-
numeracy group” (R right, L left, A anterior, P posterior)
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significance of the precuneus remains a matter of debate 
and that its role in the present study is speculative. Clearly 
more evidence is needed to better understand the engage-
ment of the precuneus during health risk evaluation.

In addition to the imaging results, individuals with high-
numeracy were significantly more accurate in estimating 
the absolute number of filled icons in the NL condition 
compared to individuals with low-numeracy (see Fig. 5). 
The results of the NL condition are consistent with a large 
body of evidence, which has demonstrated a significant 
positive association between individual differences in 
numeracy and accuracy in number line estimation. Spe-
cifically, an increasing number of behavioural studies with 
children has demonstrated a reliable and consistent posi-
tive association between individual differences in number 
line performance and individual differences in arithme-
tic, standardized mathematical achievement test scores 
and mathematical school grades (Booth and Siegler 2006; 
Schneider et al. 2009; Siegler and Booth 2004; Thompson 
and Siegler 2010). In line with these previous findings, the 
result of the present study demonstrated a more accurate 
performance during number line estimation in individuals 
with high-numeracy compared to individuals with low-
numeracy. Moreover, the group difference in the number 
line condition is in line with a study that investigated dif-
ferences in icon array processing between individuals with 
low- and high-numeracy (Hess et al. 2011). Results of this 
study revealed differences in the way icon arrays were pro-
cessed by individuals with low- and high-numeracy. More 
specifically, individuals with high-numeracy were shown to 
extract exact numerical values from icon arrays (i.e., count-
ing the number of icons), whereas individuals with-low 
numeracy approximated numerical values in icon arrays 
(i.e., estimation of the numerical values; Hess et al. 2011).

The behavioural mean deviation scores in the HRP con-
dition also differed significantly between the two groups. 
More specifically, individuals with high-numeracy consist-
ently overestimated (i.e., positive mean deviation scores in 
relation to the “objective” baseline position of probabilities) 
health risks compared to their low-numeracy peers. This rela-
tive overestimation bias of high-numeracy individuals (i.e., 
greater deflection from the “objective” baseline position) 
may not exclusively be explained by differences in numeri-
cal abilities, but rather by additional affective mechanisms 
with which individuals with high-numeracy skills perceived 
numerical risk information. Previous research has demon-
strated that individuals with high-numeracy draw more affec-
tive meaning from numbers compared to individuals with 
low-numeracy, which are more influenced by irrelevant affec-
tive considerations (Peters et al. 2006). A tentative explana-
tion of the observed overestimation in individuals with high-
numeracy skills may be that individuals with high-numeracy 

charged numerical risk information with greater emotional 
valance (hence the greater activation in regions that are asso-
ciated with emotional processing), which in turn biased risk 
evaluation in the HRP condition. The low-numeracy indi-
viduals, in contrast, may not be extracting the same affective 
meaning from numerical pictographs as their high-numeracy 
peers. While this interpretation is appealing, clearly more 
research is needed to further explore potential individual dif-
ferences in number processing during health risk perception.

While the present study revealed significant differences 
between individuals with high-and low-numeracy skills, a 
limitation of the present interpretation arises form the fact 
that our numeracy groups were confounded by gender. In 
order to test this possibility, we performed additional anal-
yses including gender as a between subject factor. These 
analyses demonstrated no significant influence of gender (all 
p’s > 0.05; all η2’s < 0.01) and as such it is very unlikely 
that the observed differences in health risk perception are a 
pure artefact of gender. Nevertheless, it cannot be entirely 
ruled out that gender exerted some influence on the observed 
group differences in the present study. Additional studies 
investigating whether gender indeed exerts any influence 
during health risk evaluations are needed in the future. In 
addition, while the SNS has been developed as a tool to pre-
dict people’s numerical abilities (especially within clinical 
settings), it should be noted that the SNS is not a substitute 
for objective and standardized mathematical assessments that 
measure numerical abilities on a broader scale. Future stud-
ies should use such measurements in order to shed additional 
light on the underlying mechanisms that differentiate indi-
viduals with high- and low-numeracy during risk decisions.

In summary, a hallmark of mathematical literacy is the 
flexible use of numerical information to describe, explain 
and predict real phenomena and to guide our behaviour in 
different contextual situations (OECD 2012). The neural 
mechanisms underlying the translation and integration of 
numerical information to predict phenomena and to guide 
behaviour in different contextual situations are not well 
understood. The present study provides first evidence that 
the neural correlates associated with health risk decisions 
differ between individuals with high- and low-numeracy 
skills. Specifically, the imaging results demonstrated that 
individuals with high-numeracy engaged regions of the 
brain, which have been previously associated with emo-
tional processing (e.g., Herwig et al. 2011; Mohr et al. 
2010) to a larger extent compared to individuals with 
low-numeracy skills. This finding does not only demon-
strate differential engagement of brain regions between 
individuals with low- and high-numeracy skills, but also 
indicates possible differences in the way numerical infor-
mation are affectively perceived during decision making. 
Deepening our knowledge of how we process numerical 
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information in different contexts has profound implica-
tions for educators by helping them to identify those 
mechanisms that are most likely to add significant value 
to the translation of numerical information to real life 
contexts. The present imaging study indicates that affec-
tive mechanisms may play a vital role in how we perceive 
numerical information in emotionally charged situations. 
Learning to reflect on numerical information, particularly 
in emotional contexts, may be important for individuals 
to avoid unfavourable biases during decision-making. 
Despite these implications, clearly more evidence is 
needed to better understand the mechanisms at hand to 
unravel how individuals process numerical information in 
different contextual situations.
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Appendix

Table 4 and Table 5 of the Appendix display all numerical 
stimuli that were used in the present study.  

Table 4  Numerical stimuli used in the HRP condition

Stimuli Arrow position Decade

57 98 50

48 70 40

2 86 0

34 49 30

69 27 60

59 28 50

36 56 30

87 23 80

8 54 0

16 52 10

27 14 20

9 51 0

74 13 70

82 14 80

14 67 10

77 67 70

22 44 20

62 9 60

The column “Stimuli” represents the number of filled icons (i.e., 
black diamonds) in the pictographs

Table 4  continued

Stimuli Arrow position Decade

28 89 20

94 65 90

43 87 40

81 10 80

68 13 60

85 72 80

42 20 40

1 20 0

63 86 60

23 40 20

47 88 40

95 48 90

26 10 20

92 25 90

12 71 10

78 1 70

17 70 10

65 55 60

24 59 20

99 32 90

83 69 80

19 8 10

64 93 60

55 78 50

96 54 90

5 35 0

38 27 30

91 52 90

13 2 10

45 23 40

33 67 30

84 55 80

71 4 70

32 79 30

58 72 50

39 2 30

56 22 50

79 26 70

46 15 40

53 42 50

6 34 0

72 62 70

http://creativecommons.org/licenses/by/4.0/
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