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Introduction:  

 In the past, studies of how students learned material were limited to behavioral data. 

Students were taught using different methods then tested to provide information on the 

effectiveness of the methods. Data was limited to the students’ responses on the tests, along with 

observations of other behavior such as speed of response and levels of interest shown by students 

in the material taught. Now, recent developments in the measurement of brain activity 

significantly extend understanding of how students learn and of relationships between different 

types of learning. Researchers in the field of educational neuroscience can observe neural 

responses (brain activity) concurrently with behavior (task performance) using tools such as 

functional magnetic resonance imaging (fMRI) and functional near-infrared spectroscopy 

(fNIRS) to extend our understanding of academic competence beyond that revealed by 

behavioral data alone (Price, Mazzocco, & Ansari 2013). According to Price, Mazzocco, & 

Ansari, (2013) the importance of this research capability is that it helps educators, clinicians, and 

researchers to better understand the causations and originations of mental processing. Specific to 

mathematics, understanding “the relationship between changes that occur in children’s brains in 

conjunction with changes in performance on real-world math learning tasks may provide 

valuable insight into the math learning process for children of all abilities” per Butterworth and 

Kovas as cited in Baker, Martin, Aghababyan, Armaghanyan, & Gillam, (2015). 

Overview of Research:  

 A key element in studying brain activity as it relates to a certain behavior, which in the 

case of this paper is learning and thinking about mathematics, is that the areas of the brain 

involved be determined. As it turns out, the answer to this question is determined by what type of 

math is being done. Determining exact sums, or rote arithmetic, takes place in the area of the 
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brain normally reserved for verbal tasks, which while it is not a primary language area, is 

activated in remembering verbal material, while approximate calculations which include spatial 

thinking take place in the brain’s network involved in visual, spatial and analogical mental 

transformations (Halber, 1999). Halber described studies with bilingual subjects who when given 

rote arithmetic problems in a language different than that in which they received instruction took 

longer to solve the problem than when they were given a problem in the same language in which 

they were instructed, whether that language was a first or second language; researchers 

postulated that the subjects were translating the problem into the language in which they received 

instruction for that problem when different. “In contrast, for approximate addition, performance 

was equivalent in the two languages, providing evidence that this knowledge was stored in a 

form independent of language, the researchers wrote.” (Halber, 1999). 

 Furthermore on the question of what parts of the brain are used for high-level 

mathematical thought, “scientists have long debated whether such thought is tied to the brain’s 

language processing centers—that thinking at such a level of abstraction requires linguistic 

representation and an understanding of syntax—or to independent regions associated with 

number and spatial reasoning.” (Cepelwicz, (2016). A study in France where fifteen professional 

mathematicians’ brains were studied using fMRI while thinking about advanced mathematical 

statements found that a dorsal frontoparietal network of the brain which had no overlap with the 

language regions was activated; but when the subjects thought about a history or geography 

problem, a completely different network was activated which included certain language regions 

(CEA, 2016). Another group in the study, of fifteen non-mathematicians of equal academic 

standing, did not display these differences; the language region only was activated whether they 

thought about math or history/geography. But the brain network under study (dorsal 
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frontoparietal) did activate in both mathematicians and non-mathematicians when the subjects 

processed numbers and mental arithmetic, or even saw numbers or equations on a page 

(Cepelwicz, (2016). Recent studies suggest this network is active in children’s brains before they 

enter school, prior to learning math, and that it develops with education (CEA, 2016). 

 Even babies can recognize small numbers, which is done automatically similarly to how 

we recognize colors without trying to do so, according to a study by Butterworth and Dehaene as 

cited in Paulos, (n.d.). In Butterworth and Dehaene’s study, babies became bored when presented 

with cards with two dots then regained interest with three dot cards. The babies seemed to be 

responding to the number of dots because they disregarded changes in color, size, or brightness 

of the dots when the number of dots on the cards was the same. In another experiment in the 

study, when researchers placed two dolls behind a screen in front of the baby, then removed the 

screen to show one doll, the babies showed surprise, with the same surprise when one doll was 

switched to two.  The babies showed no surprise if two dolls became two balls or one doll 

became one ball. Butterworth and Dehaene maintain that innate circuits in the left parietal lobe 

of the brain which they refer to as the Number Module enable us to do arithmetic, and the 

babies’ brains use this Number Module in responding to the quantity changes. Victims of 

disorders in the brain's Number Module and their resulting deficits provide more support for 

claims about the region, with examples given in Paulos’ article (n.d.). Butterworth and Dehaene 

go on to say that we all differ in our mastery of the cultural tools used to develop math skills, but 

“we all start with the same basic mathematical brain” Paulos, (n.d.).  

 As children progress through school, there are changes in the “mathematical brain” 

correlated with new abilities in math. One such change is that most children at eight to nine years 

old switch from counting out to remembering sums when working on addition and subtraction 



Mathematics and the brain 5 
 
(Watson, 2014). The students remember that two plus five equals seven, a process referred to as 

fact retrieval, rather than counting out the sum using fingers or other manipulatives. Using MRI, 

it was found that there was less activity in the prefrontal and parietal regions associated with 

counting and more in the brain's memory center, the hippocampus, during this switch-over the 

researchers reported (Watson, 2014). The researchers also tested the children face to face looking 

for counting activity such as counting on fingers or moving lips for comparison with the MRI 

test data. The children were tested twice about a year apart and testing showed the switching 

behavior and associated brain activity changes progressed further (Watson, 2014).  The 

researchers asserted that the study showed that the switch-over behavior, learning addition and 

multiplication tables and having them in rote memory, changes the hippocampal connections; the 

connections become more stable with skill development. How well children make that shift to 

memory-based problem-solving is known to predict their ultimate math achievement, according 

to Watson (2014). 

 Confirmation of this assertion by Watson was given by the results of another study which 

compared the PSAT scores of high school students who used memory based calculations (fact 

retrieval) to those who used procedural calculation (quantity processing or counting out) in 

single digit calculation (Price, Mazzocco, & Ansari 2013). Using fMRI, this study found that 

PSAT math scores of the students in the study correlated positively with calculation activation in 

the left supramarginal gyrus and bilateral anterior cingulate cortex, brain regions known to be 

engaged during arithmetic fact retrieval; while greater activation in the right intraparietal sulcus 

during calculation, a region established to be involved in numerical quantity processing, was 

related to lower PSAT math scores. Other testing done as part of this study helped confirm which 

parts of the brain were activated during which type of calculation activity. The conclusion of the 
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study was that “high school students with relatively lower mathematical competence appear to be 

engaging numerical quantity processing mechanisms to solve single digit calculations to a 

greater extent than their peers with relatively higher PSAT Math scores… successful encoding of 

arithmetic facts contributes, in combination with other factors not investigated in the present 

study, to the successful acquisition of higher level mathematical competence” (Price, Mazzocco, 

& Ansari 2013).  

 PSAT Critical Reading scores were controlled for, and the correlation of Math PSAT 

scores to brain activation patterns were found to be unrelated to the reading scores said Price, 

Mazzocco, & Ansari (2013). The participants were 12th graders, drawn from a larger longitudinal 

study of students that had followed their math achievement from kindergarten to the 9th grade. 

While a large body of earlier studies show that children’s arithmetic skills typically progress 

from procedural to memory retrieval calculation and students who fail to show this 

developmental shift tend to have mathematical learning difficulties, those studies used behavioral 

measures while the neuroimaging used in this study revealed specific associations to and within 

the brain (Price, Mazzocco, & Ansari 2013), thus demonstrating the need for neuroimaging 

studies in areas of study considered to be “settled”. 

 Another predictor of math learning ability is the amount of gray matter in certain regions 

of the brain forming a network which consists of the posterior parietal cortex, ventrotemporal 

occipital cortex, and the prefrontal cortex (Evans et al., 2015). Evans et al. followed a group of 

43 children from age 8 to age 14, repeatedly giving the children cognitive tests and taking scans 

of the children’s brains as they grew up; comparing the brain scans with math performance, the 

researchers were able to identify the brain features that aid math learning. It is important to keep 

in mind that predictive information from brain scans as in this study, as well as from any other 
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method of performance prediction such as the switch-over ability described by Watson (2014), 

shouldn’t be used to predict a student’s future, but instead used as a tool to determine risk factors 

so that any necessary intervention can be provided as early as possible (Evans et al., 2015). 

 Impacts on Learning:  

 Different parts of the brain are activated when learning and performing different tasks, 

and even within mathematics there are different types of tasks which activate or are performed 

by different parts of the brain. Determining exact sums or rote arithmetic takes place in the part 

of the brain which performs verbal tasks such as remembering words for speech. Bilingual 

students who are taught in one language then perform arithmetic in another language such as 

being asked “what is 5 times 3?” take longer to respond than when asked the question in the 

same language they were taught in. Researches think the student may have to translate the 

problem which causes the lag time (Halber, 1999). These researchers found that approximate 

calculations, which include spatial thinking, take place in the brain’s network involved in visual, 

spatial and analogical mental transformations, don’t lead to this lag time because the parts of the 

brain used have no association with language. Students who learn math in one language but solve 

problems in another language will therefore have a slower response time for rote math problems 

but not for problems requiring approximations or spatial thinking.  But because different parts of 

the brain are used, students learning rote math skills alone are not developing other math skills 

such as spatial thinking (Halber, 1999). 

 When learning to perform higher order thinking in math, such as spatial thinking, parts of 

the brain appear to be used which are independent of linguistics and syntax (Halber, 1999). To 

go beyond rote math skills students learning higher order math need to activate those other areas 

of the brain. Evidence of this is that when mathematicians think about advanced mathematical 
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statements the non-language dorsal frontoparietal network of their brain is activated as shown by 

fMRI scans, with different brain areas showing activity when they think about a non-mathematic 

problem; non-mathematicians do not display this difference (Cepelwicz, (2016). This likely 

indicates that because when the mathematicians’ brains learned how to think about math, the 

math areas of the brain were developed leading to the observed activity in the math parts of their 

brains in the study, while the non-mathematicians did not have such a math learning experience, 

so that they saw the math problem only in terms of a linguistic statement similar to other, non-

math problems, and their undeveloped math brain areas did not activate. But there do appear to 

be some math abilities which we are born with and don’t need to learn, as shown by the study 

demonstrating that babies are aware of differences in small numbers (Paulos, n.d.).  

 As children grow older they learn to count, then to add and subtract generally by using 

counting methods such as counting on fingers or counting in their minds. This task is learned in 

concert with activity in the prefrontal and parietal regions of the brain; then students learn to add 

and subtract by memory without the counting, which activates the hippocampus (Watson, 2014). 

As Watson describes it, this switch-over learning process is reinforced as the connections in the 

hippocampus develop during this learning stage, which in turn supports the development of the 

learning of the memory based problem solving skills. The advantage of this switch-over is shown 

by the higher PSAT math scores of students who use memory based calculations while students 

who still use procedural calculation, or counting, receive lower PSAT math scores (Price, 

Mazzocco, & Ansari 2013). Further, while quantity processing, or procedural calculation has an 

important role in learning math, “individuals who continue to rely upon (this) into adolescence 

and beyond achieve poorer mathematical competence than their peers who do not. Migration 

away from quantity-based calculation strategies appears essential for the development of 
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mathematical competence beyond simple arithmetic.” according to De Smelt et al. as cited in 

Price, Mazzocco, & Ansari (2013). 

 Still another predictor of math learning ability is the amount of gray matter in the regions 

of the brain made up of the posterior parietal cortex, ventrotemporal occipital cortex, and the 

prefrontal cortex (Evans et al., 2015). Furthermore, Evans et al. stated that the intrinsic 

connectivity analysis revealed that the strength of functional coupling among these regions also 

predicted gains in the learning of numerical skills. Evans et al. went on to say that “Crucially, 

behavioral measures of mathematics, IQ, working memory, and reading did not predict children's 

gains in numerical abilities.” (2015). The authors’ stated significance of their work was that it 

may eventually aid in the early identification of children with a potential for learning difficulties 

who might benefit from targeted interventions. 

Application of Knowledge to the Classroom:  

 The understanding of how the brain functions during mathematic activity gained from 

recent research can be used to inform how mathematics can most effectively be taught. Areas of 

learning where teachers could apply this understanding to the classroom are in teaching 

mathematics to bilingual students, checking for switch-over from procedural to memory based 

calculating in students and intervene as needed, balancing rote learning and deeper problem 

solving type learning, recognizing that all normal students have the innate ability to perform 

mathematics and teaching them accordingly, using technology tools that activate areas of the 

brain known to be associated with mathematics performance, and if available using brain scans 

to diagnose poor math performance. 

 To counter the difficulty bilingual students may experience in arithmetic because of the 

translation process they may be performing (Halber, 1999), teachers may need to re-teach math 
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concepts in English. By doing this the student can eliminate the translation process in their 

calculations. This would need to be done in a culturally sensitive manner; the teacher doesn’t 

want to give the impression the student’s previous learning in a different language is somehow 

inferior. Attention to learning math vocabulary for the whole class, not just the bilingual student, 

may provide some benefit. 

 When a student seems to be having difficulty with math the teacher should check for 

switch-over from procedural to memory based calculating. Although in Price, Mazzocco, & 

Ansari’s study (2013) a fMRI scan was used to determine switch-over ability, an alternative 

would be to observe students’ behavior during math calculations. Counting on fingers and 

moving lips or other facial expressions would indicate the student is using a counting process 

rather than drawing on memory. In that case assigning the student drilling assignments toward 

the end of developing memory based calculation may help. Computer programs that drill 

students by starting with simple problems then adjusting difficulty based on student performance 

could be a way to accomplish this. 

 Teachers should balance rote learning and deeper problem solving type learning, but 

more emphasis on rote learning, or arithmetic, may be called for. Skilled mental arithmetic 

processing leads to better performance for students on the PSAT test (Price, Mazzocco, & Ansari 

2013). Fordham Foundation reported that even the highest ranked American state curricula spend 

significantly less time on arithmetic than the “A+” countries according to Klein as cited in Price, 

Mazzocco, & Ansari (2013). In my own observations of students, math computer programs seem 

to provide an effective way for students to learn and practice arithmetic, particularly if the 

computer program can adjust problems to meet a student’s current skill then present 

progressively more difficult problems to increase student skills. 
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 To help students balance between deeper problem solving spatial thinking in math and 

rote arithmetic, there are computer programs available that promote spatial thinking. But the 

teacher needs to be careful to select programs that are more than just video games with math 

labels. A video game designed to stimulate math learning called Refraction was studied to 

determine whether it activated the math areas of the players brains (Baker, Martin, Aghababyan, 

Armaghanyan, & Gillam, 2015). Researchers found, using fNIRS, that “Refraction play resulted 

in increases in parietal cortical activations at levels above those measured during spatial-specific 

activities”, that Refraction and arithmetic elicited similar cortical activation, and that fraction 

understanding gained from Refraction play generalized to a standard fraction test. The purpose of 

Baker’s et al. study (2015) was to determine if the Refraction game was acceptable for use in 

studying how fractions are learned, but as the game was shown to activate relevant learning 

centers in the brain it could potentially be used for learning as well. 

 Teachers also need to recognize that all students who do not otherwise have a mental 

handicap are capable of learning math. All of us have an innate math ability through Butterworth 

and Dehaene’s described Number Module hardwired in our brain (Paulos,, n.d.). But  

Butterworth and Dehaene argue that one of the primary reasons for disparities in mathematical 

achievement is environmental - levels of instruction, exposure to mathematical tools, and 

motivation for hard work. 

 Last, if equipment is available, the teacher could use brain scans to diagnose poor math 

performance. This may sound far-fetched, but having seen computers go from vacuum tubes to 

iPhones in my own lifetime, brain scanning equipment in every school district in a decade or two 

doesn’t seem that unlikely. An important point to remember if and when brain scanning is used 
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to diagnose learning problems is that brain activity can be molded, and no student should be 

considered unteachable, or “just not able to do math”. 

 

 

Conclusion:  

 Educational neuroscience, or neuroeducation, is an emerging field in education providing 

abundant new insights into how the brain learns. For mathematics, new understandings of how 

the brain operates have emerged from the research, a major implication of which is that “it 

should be possible to improve kids’ abilities to learn math if you know something about how 

their brains are designed” (Evans et al., 2015). The current capability of neuroscience of studying 

students’ brains while they are in the actual process of learning can lead to providing teachers 

direction for stimulating activity in their students’ brains for effective learning. Studying the 

brains of mathematicians as they think about mathematics can provide valuable insights into how 

students’ brains might be activated to develop an understanding of mathematics. Age-old 

questions may be answered, such as “did mathematical activity emerge in humans as a result of 

their capacity for language?”  

 Albert Einstein said that "The words of language, as they are written or spoken, do not 

seem to play any role in my mechanism of thought" (CEA, 2016). Through neuroeducation, we 

may be able to discover what does play a role in the mathematician’s, or any other expert’s 

mechanism of thought, and then teach it to our students. 
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