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Abstract

The present study aimed to analyze the different components of state mathematics

anxiety that students experienced while solving calculation problems by manipulat-

ing their stress levels. A computerized mathematical task was administered to 165

fifth-graders randomly assigned to three different groups: positive, negative, and con-

trol conditions, in which positive, negative, or no feedback during the task was given,

respectively. Behavioral (task performance), emotional (negative feelings), cognitive

(worrisome thoughts and perceived competence), and psychophysiological responses

(skin conductance and vagal withdrawal) were analyzed. Behavioral responses did

not differ in the positive and negative conditions, while the latter was associated

with children’s reportedly negative emotional states, worries, and perceived lack of

competence. The stress induced in thenegative condition led to an increase in skin con-

ductance and cardiac vagal withdrawal in children. Our data suggest the importance of

considering students’ interpretation ofmathematics-related experiences, whichmight

affect their emotional, cognitive, and psychophysiological responses.
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INTRODUCTION

It is generally agreed that, among the various academic subjects, math-

ematics involves a particularly complex interplay of cognitive and

emotional processes.1,2 Students often dread studying mathematics,

not only because they worry about their academic results, but also

because of the negative stress associatedwith it.3 A considerable body

of research has been devoted to understanding the complex interplay

of responses and perspectives that contribute to describing academic

anxiety, with a particular focus onmathematics anxiety (MA).4
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However, the relationship between stress and anxiety is far from

being well understood, specifically in the field of MA.5 For math-

anxious individuals, mathematics is indeed perceived as a threatening

stimulus6 and evokes feelings of tension, stress, frustration, and

attentional disengagement that affect individuals’ learning, leading to

far-reaching consequences.7 Thinking about mathematical learning

settings, it is easy to imagine how many situations can be seen as

high-stakes or stressful conditions. For example, asking somebody

to perform a mathematical task under time pressure,5 rather than

providing themwith overbearing or false feedback.8,9 Overall, a stress
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response may be created by a real or perceived threat (stressor) and

can be defined as the state of an organism in response to negative

situations or conditions10,11 that may elicit anxiety. As for anxiety,

according to Leary,12 it “refers to a cognitive-affective response char-

acterized by physiological arousal (indicative of sympathetic nervous

system activation) and apprehension regarding a potentially negative

outcome that the individual perceives as impending.” Thus, anxiety can

be defined through different components: (1) behavioral, meaning the

impulse to act or the task’s performance; (2) emotional, which includes

negative feelings, such as apprehension and tension;3 (3) cognitive,

which usually involve worries, task-irrelevant thoughts,13 and neg-

ative beliefs that make individuals see themselves as inadequate in

handling a particular task;14 and finally (4) physiological changes that

correspond to sympathetic nervous system activation.

Coming back to the relationship between stress and anxiety, it

may change according to the presence of state or trait anxiety in an

individual,15 where the first refers to a transitory response to specific

conditions, while the latter to a stable predisposition to being anx-

ious across a variety of situations. According to Covington16 (see also

Ref. 15), high trait-anxious subjects will show greater sensitivity to

evaluative stressful situations, such as those perceived in school set-

tings where students often experience stress levels and debilitating

feelings of pressure related to their performance and related evalu-

ations. Evaluative stress leads to increased state anxiety and lower

quality of performance, particularly in high trait-anxious individuals.15

Differently, in low trait-anxious individuals, the relationship between

stress and task performance may be predicted by the Yerkes–Dodson

law,17 the classical inverted-U model, according to which the optimal

learning efficiency is reachedwith an intermediate level of stress,while

performancewould declinewith very high (or very low) levels of stress.

This prediction regards the observed behavioral responses, or in other

words, individuals’ task performance. But what happened to low trait-

anxious individuals when the other components of (state) anxiety are

measured (i.e., emotional, cognitive, and physiological ones)? In the

present study, we aimed to study all these components related to a

specific form of anxiety—namely, state MA—by testing children in an

achievement-oriented situation in a school setting. It is worth noting

that only a few existing studies effectively tested the multidimension-

ality of MA.18 Thus, in the present study, we intentionally created a

stressful situation, presenting positive/negative false feedback after

children responded tomental calculations, thuseliciting their stateMA.

Wemeasurednotonly their behavioral taskperformance, but also their

emotional, cognitive, and psychophysiological responses associated

with state-MA situations. Moreover, to reduce any possible confound,

we also controlled for children’s trait-MA levels.

Psychophysiological correlates of anxiety

As previously mentioned, one of the characteristics of anxiety is to

induce physiological reactions that will allow the prompt detection

of danger and a rapid behavioral response.19,20 The sympathetic and

parasympathetic branches of the autonomic nervous system (ANS)

strictly regulate physiological arousal.21 According to the biopsy-

chosocial model,22,23 the ratio of evaluated resources to demands

determines whether an individual will feel challenged or threatened in

goal-relevant and task-demanding situations, such as giving a speech

or taking a mathematical test. From a physiological viewpoint, the

experience of a challenge or threat is characterized by autonomic

response patterns that include changes in both the sympathetic and

parasympathetic branches of the ANS. The degree of autonomic acti-

vation influences the physiological resources available for use in

building a behavioral response.24 A challenge usually prompts a mod-

erate sympathetic activation combined with a moderate reduction in

parasympathetic activity. Such a moderate arousal associated with

a challenge enables an adequate response to its demands. A threat

prompts a strong sympathetic activation and can be accompanied by

a marked reduction in parasympathetic activity. The high physiological

arousal associated with a threat might lead to an inadequate response

to the external demands it poses or to negative outcomes in the longer

term.

Among the physiological measures of pure sympathetic activation,

one of the least invasive and most widely used is skin conductance

(SC). This is the electrodermal response caused by the activation of

the sweat glands, which are innervated exclusively by the sympathetic

branch of the ANS.25 Importantly, an exaggerated SC response has

been associated with a greater risk of psychopathological disorders,

including anxiety26 and depressive symptoms,27 supporting the idea

that good physiological self-regulation abilities are reflected in an ade-

quate sympathetic response to demanding situations. Responding to

a challenge can thus be expected to be associated with a moderate

increase in SC, while responding to a threat would elicit a marked

increase in SC.

Through the vagal nerve, the parasympathetic system acts like

a brake,24 slowing a person’s heart rate. In resting conditions,

parasympathetic activity on the heart (called cardiac vagal tone)

ensures greater cardiac flexibility and better physiological self-

regulation.24,28,29 It has been suggested that cardiac vagal tone

reflects the regulatory resources at a person’s disposal for respond-

ing to external demands. In demanding situations, the parasympathetic

brake is inhibited (this is also called vagal withdrawal), facilitating acti-

vation of the cardiac systemand a consequent rapid adaptation, so that

the body can prepare to cope with external demands.30 Vagal with-

drawal can be inferred from changes in heart rate (or a physiological

variation in the interval between heartbeats), which can be reliably

estimated by calculating the power spectrum in the high-frequency

band of heart rate variability.31,32

A recent study reported that children with a moderate vagal with-

drawal during a task had a better cognitive performance than children

with no vagal withdrawal.33 When faced with a demanding situation

(such as a mathematical task), a moderate sympathetic activation (i.e.,

a moderately increased SC) associated with a moderate parasympa-

thetic deactivation (i.e., a moderate vagal withdrawal) is likely to be

associated with a better task performance (i.e., behavioral response).
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Mathematics anxiety

A considerable body of research has been devoted to understand-

ing the complex interplay of individual and contextual factors that

contribute to describing academic anxiety, with a particular focus on

MA.4 Similar to other forms of anxiety, MA is multicomponent in its

nature, since it involves behavioral, emotional, cognitive, and physio-

logicalmanifestations.34,35 Nevertheless, studies providing converging

evidence from behavioral, cognitive-emotional, and psychophysiologi-

cal data remain scarce.

Several review papers and meta-analyses36–39 have provided up-

to-date reviews of the main theoretical perspectives and have called

for the future research agenda to embrace the still open questions in

the field. In their opinion paper, Cipora and colleagues18 highlighted,

among others, the importance of going beyond the use of self-rating

scales as the sole tool to assess MAwhile performing anxiety-inducing

mathematics tasks, urging the inclusion of other measures (e.g., cogni-

tive and psychophysiological). In particular, implementing other mea-

sures of MA that rely on physiological reactions may help to overcome

the limitations of using only self-report data.

Previous approaches taken from the field of stress research,

although limited in number, encompass the use of cortisol secretion

(e.g., Refs. 40–43) and autonomic measures, such as heart rate, blood

pressure, as well as SC, that seem to be associated with increased

arousal during a mathematical task (e.g., Refs. 44–47). In this respect,

Rozenman and colleagues48 recently reported that young people

performing a calculation task that included error-related feedback

showed a pattern of autonomic activation characterized by vagal

withdrawal. Similarly, Hunt and colleagues49 found that psychophysi-

ological responses (heart rate and blood pressure) might bemodulated

by task difficulty levels. Results demonstrated that a sample of pri-

mary school students was significantly affected by mental arithmetic

problems of increasing difficulty, such that self-reported math anxiety

was found to be significantly positively correlated with physiological

reactivity—increased systolic blood pressure—tomore difficult mental

arithmetic.

According to Cipora et al.,18 another important blank spot in the

field of MA is represented by the state/trait discrepancy. Although the

state/trait distinction is well known in the context of general anxiety,50

only rarely is it taken into consideration in the context ofMA,with a few

exceptions, such as those focusing on the attentional bias (e.g., Refs. 51

and 52). Moreover, only a few studies have directly assessed state anx-

iety, experienced while solving mathematical problems, by means of

dual-task paradigms (e.g., Ref. 53). Some other studies have instead

tested state-MA levels using parallel versions of a short state (or state-

like)-MA scale administered before and after amathematical task,54,55

or using parallel items for assessing both state and traitMA.56

As far as we know, no study to date has considered stress as a trig-

ger of state MA associated with an arithmetic task, through a false

feedback manipulation, by taking into account behavioral (task perfor-

mance), emotional, cognitive, and physiological manifestations of MA

concurrently, in childrenwith low trait anxiety.

The present study

Assuming that it is important to consider the multifaceted expression

of MA,18 we induced situational stress conditions in fifth-graders in

an effort to better understand the pattern of responses considering

different MA components (i.e., behavioral, emotional, cognitive, and

physiological responses). Thus, we developed an experimental design

in which we intentionally created a stressful situation, by manipulating

positive/negative false feedback associated with mental calculations,

in order to elicit different types of reactions associated with state

MA, while controlling for children’s trait-MA levels. We considered

fifth-grade students because most studies have investigated MA in

university and secondary-school samples. Although several studies

reported children as early as primary school have already experienced

negative feelings toward mathematics,2 by the age of 9–10 years old,

children will have developed efficient mental calculation skills57 and

have the cognitive andmetacognitive resources needed to successfully

complete the various tasks we proposed.

In a group session, a sample of children was first measured on fluid

intelligence, mathematical abilities, general trait anxiety, trait MA,

and trait test anxiety to ensure that their baseline characteristics

were comparable. In an individual session, children were assigned to

one of three different experimental conditions: positive, negative, or

control. To manipulate stress, we adapted the Ng and Lee paradigm:9

The children were divided into three feedback conditions (positive,

negative, and no feedback) and were given false feedback after each

mental calculation trial. The positive condition corresponded to a

higher proportion of positive feedback, and the negative condition to

a higher proportion of negative feedback (the proportions of positive

or negative feedback were established in advance); the control group

received no trial-by-trial feedback. Before and after the computerized

mathematical task, the children were asked to complete question-

naires on their emotional (valence, dominance, and arousal), and

cognitive (perceived competence and worry) state MA. Moreover,

their psychophysiological responses were recorded during the entire

duration of the individual session. The children were blinded to the

experimental manipulation (i.e., the trial-by-trial positive, negative, or

no feedback conditions). The study thus focused on manipulating the

stress levels on children’s mathematical performance and observing

their behavioral responses at the task level, their emotional and

cognitive states, as well as their psychophysiological reactions during

the task completion. In other words, we wanted to test the multidi-

mensionality of state MA triggered by a brief exposure to perceived

failure in mathematical tasks.15,58,59

The participants in our three (positive, negative, and control) groups

had comparable levels of trait MA, trait test anxiety, and general

trait anxiety, judging from the self-report questionnaires administered

in the group session, enabling us to draw inferences based on our

stress manipulation alone. We expected to find different behavioral,

emotional, cognitive, and psychophysiological reactions reflecting dis-

tinctive responses to stress depending on each group’s assigned

experimental conditions, as summarized in Figure 1. We assumed that
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F IGURE 1 Graphical summary of the study.

the behavioral response of children in the negative condition would be

worse than the one in the positive condition, but better than the one in

the control group.15

As for emotional and cognitive responses from pre- to post-task,

in the negative condition, we anticipated a lower perceived valence

and dominance, a greater degree of arousal, and a lower perceived

competence associated with an increased sense of worry. Conversely,

children in the positive condition were expected to experience a

smaller reduction in valence and sense of control/dominance, a smaller

increase in arousal, and a limited loss of perceived competence,

meaning a smaller increase in worry.

In terms of their psychophysiological responses, children in the neg-

ative condition were expected to have a markedly increased SC and

elevated vagal withdrawal, while those in the positive condition were

expected to show only a moderate increase in SC and vagal with-

drawal. No clear-cut predictions were made for the children in the

control group. They might, for instance, show a weaker behavioral

response andphysiological reactions reflecting a response to a scarcely

demanding situation. If so, their physiological reactions would feature

smaller changes in SC and vagal withdrawal than in either of the other

conditions.

METHOD

Participants

The initial sample included 165 children, 86 girls (52.1%) and

79 boys (47.9%), with a mean age of 9.84 years (SD= 0.39). They were

all attending state-run primary schools in northeast Italy and were

from middle-class families. The study was approved by the research

ethics committee at the University of Padova (Italy). Parents’ written

informed consent and children’s verbal assent were required for par-

ticipation.Childrenwith intellectual disabilities or neurological/genetic

disorders were not included in the study.

To ensure that children assigned to the experimental groups were

comparable, they were tested on fluid intelligence, mathematical abil-

ities, and emotional aspects related to trait anxiety (general anxiety,

MA, and test anxiety). Fluid intelligence was measured using the

Cattell Culture Fair Intelligence Test.60 Mathematical ability was

assessed using the AC-MT 6–11 battery61 and the AC-FL,62 which

measure written and approximate calculation skills and mathematical

fluency in addition and subtraction. The Revised Children’s Manifest

Anxiety Scale: Second Edition—Short Form (RCMAS-2)63 was admin-

istered to assess general trait anxiety, the Abbreviated Math Anxiety

Scale (AMAS)64 for trait MA, and the Test Anxiety Questionnaire for

Children (TAQ-C)65 for trait test anxiety. The screeningmeasureswere

administered in a group session lasting about 1 h.

Six children did not complete the whole assessment, so our final

sample consisted of 159 children (77 boys, 48%) with: 51 (Mage = 9.86,

SD = 0.35) in the positive condition; 53 (Mage = 9.89, SD = 0.38) in

the negative condition; and 55 (Mage = 9.76, SD = 0.43) in the con-

trol condition. The three groups did not differ by: gender (χ2 = 0.02,

p= 0.91), age (F(2, 156) = 1.38, p= 0.26); fluid intelligence (F(2, 156) < 1);

mathematical abilities (mathematical fluency in additions: F(2, 156) < 1;

mathematical fluency in subtractions: F(2, 156) < 1); approximate calcu-

lation (F(2, 156) <1;written calculation (F(2, 156) =1.27, p=0.29); or trait

anxiety (RCMAS: F(2, 156) = 1.03, p = 0.36; AMAS: F(2, 156) < 1; TAQ-C:

F(2, 156) < 1).

MATERIALS

Mathematical task

The computer-based mathematical task was programmed using

E-Prime software (Psychology Software Tools, Pittsburgh, PA, USA),66

and derived from Caviola et al.67 It was administered using a laptop

computer with a 15-inch LCD screen. Children were seated in front
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of the screen while the experimenter sat alongside, and they were

informed that theywould take a computerized test that involved saying

the right answer to amathematical problem aloud as quickly and accu-

rately as possible.Children in thepositive andnegative conditionswere

also told that feedbackwould appear on the screen after each problem.

The mathematical task consisted of additions or subtractions pre-

sented in the form a + b, where a and b were two- or three-digit

numbers. Two practice problems were presented before starting the

task. The mathematical task had a fixed duration of 9 min, during

which children had to answer as many problems as possible. A fixation

point appeared on the computer screen for 1 s, followed by a 600 ms

blank interval, before each problemwas presented in themiddle of the

screen, with three possible solutions appearing simultaneously under-

neath the problem. Children had to give their answer verbally, and the

experimenter then pressed the corresponding button on the computer

keyboard, depending on the position of the answer given by the child

on the screen (“Z” for the solution on the left of the screen, “V” for

the one in the middle, and “M” for the one on the right). Then, a blank

screen appeared for 1 s before the next question. The problems were

presented in random order. The two incorrect solutions were obtained

by adding/subtracting 2 or 10 units from the correct one (counter-

balanced across problems). The constraints of the problems were the

same as those used in previous studies.68,69

Children in the positive and negative conditions saw the feedback

immediately after giving their answers. The feedback was in the form

of an achievement-oriented sentence, with a positive or negative

valence, and feedback based on accuracy or response times (RTs) was

counterbalanced in the two experimental conditions. In the positive

condition, the feedback (established in advance) was positive for 75%

of the solutions, and negative for 25%, simulating a situation in which

the children were repeatedly right. In the negative condition, the

feedback was negative for 75% of the children’s answers, and positive

for 25%, so the children experienced repeated failure. No trial-by-trial

feedback was given to children in the no-feedback control group (see

Figure 2).

Self-reports

Emotional responses

The Self-Assessment Manikin (SAM)70 is a nonverbal, pictorial self-

report scale developed to assess emotional states. In the present study,

the childrenwere presentedwith the SAMbefore and after performing

the mathematical task. The SAM includes three independent affective

spaces—perceived valence, arousal, and dominance/control—assessed

along a 5-point visual analog scale. The SAM can be used to mea-

sure how emotional states change in response to a wide array of

emotion-eliciting visual, acoustic, or textual stimuli relating to a vari-

ety of psychosocial conditions (e.g., Ref. 71). The SAM for children is

a simplified 5-point pictorial valence scale where the manikin is smil-

ing at one end and frowning at the other. The arousal scale shows

a manikin sleeping at one end and jumping at the other. The domi-

nance/control scale shows a manikin representing submission at one

end and a large one representing total control at the other.72 Specifi-

cally, the children were instructed to choose extreme pleasure on the

SAM if they felt “happy, pleased, or good,” and extreme displeasure if

they felt “unhappy, scared, angry, bad, or sad.” For arousal, they were

asked to indicate the extremely calm SAM if they felt “calm, relaxed,

bored, or sleepy,” and the extremely aroused SAM if they felt “excited,

nervous, or wide awake.” For dominance, they were told to use the

extremedominance SAM if they felt “important, a leader” and theother

extreme if they felt “unimportant or bullied.”72

Cognitive responses

Before and after the computer-based mathematical task, the children

were presented with two scales created ad hoc to assess their per-

ceived levels of competence and worry about their performance in

the mathematical task. The children were asked to score their feel-

ings on a 4-point Likert scale (where 1 meant “Not at all,” and 4 “Very

much”) before and after the mathematical task. Pre- and post-task

scales were created in two parallel formats comprising 12 items. The

first six items (internal consistency: pre-taskCronbach’sα=0.79; post-

task Cronbach’s α = 0.87) related to the children’s perception of their

own competence (e.g., pre/post-task questions: “Howmany answers do

you think you will get/have got right in this task?”). The last six items

(internal consistency; pre-task Cronbach’s α = 0.75; post-task Cron-

bach’s α = 0.79) concerned their sense of worry (e.g., pre-task: “Are

youworried right now?”; post-task: “Were youworriedwhile doing this

task?”). Additional correlations were computed with the AMAS scores

(MA) and worry questions to further assess the validity of the latter

(rs = 0.30 for pre- and post-task).

Electrophysiological data recording and processing

Sympathetic influence was measured in terms of SC. SC levels were

recorded with two Ag/AgCl surface electrodes placed on the palmar

surface of the middle phalanx of the index and middle fingers of the

nondominant hand. Parasympathetic ANS influence was measured in

terms of cardiac vagal control, estimated on an electrocardiogram

(ECG) recorded with three Ag/AgCl surface electrodes positioned on

the child’s chest in a modified lead II configuration. SC and ECG were

both recorded at rest for 3 min (baseline) and then during the mathe-

matical task (9 min). Details of the electrophysiological recordings and

their processing are provided in the SupplementaryMaterial.

Procedure

Children were tested during two different sessions, both taking place

at school: (1) a screening phase collectively administered in the class-

room; and (2) an experimental phase, during which each child was

tested individually in a quiet schoolroom. The first session was for
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F IGURE 2 Sequence of events in the experimental phase for the three groups (positive, negative, and control conditions).

testing fluid intelligence, mathematical ability, and general, mathemat-

ics. and test trait anxiety. The second session always took place in the

morning (between 9 a.m. to noon). After attaching the sensors, the

researcher invited the child to sit comfortably and rest for 15 min

(adaptation period). Before starting the electrophysiological record-

ing, the child was asked to keep still to reduce movement artifacts.

Then, the baseline condition was recorded at rest for 3 min. After

completing the pre-task self-report scales (emotional and cognitive

responses) and receiving instructions, the child was administered the

9-min mathematical task, and then asked to complete the post-task

self-report scales. After a 2-min resting period, the experimenter con-

ducted a short debriefing interview to assess the child’s emotions and

explain that the feedback had not always been truthful. The exper-

imenter took care to restore positive emotions by making a great

show of giving each child a certificate of participation in the study.

The experimenter also asked the children if they had believed the

feedback they had received, and none of them reported doubting the

feedback’s truthfulness. It is important to add that all the children

were happy to take part in the study and joined in all the assessment

sessions.

Data reduction and statistical analysis

Average RTs for correct answers and accuracy (the absolute number

of correct answers) were calculated for the mathematical task. For

the self-reported assessment measures (i.e., cognitive and emotional

responses to the task), a differential scorewas calculated for each vari-

able by subtracting the pre-task score from the post-task score (e.g.,

[SAM valence at post-task]—[SAM valence at pre-task]). Psychophys-

iological response to the task was calculated for the sympathetic and

parasympathetic ANS branches. Specifically, the difference in SC level

between the baseline and during themathematical task ([SC during the

mathematical task]—[baseline SC level]) reflected sympathetic activa-

tion, while the difference in high frequency (HF) power between the

baseline and the first 3 min of the mathematical task ([HF power dur-

ing the 4th–6th min of the procedure] – [baseline HF power during the

1st–3rdminof theprocedure]) reflectedparasympathetic activation.33

This procedure was computed because parasympathetic changes are

known to be fast and vagal activation occurs in less than 1 s,73,74 while

sympathetic activation is known to be slower.75 Also, more compre-

hensive measures of autonomic changes might vary during the task,

while vagal withdrawal was expected to peak in the first few seconds

after starting to answer the questions.

A MANOVA and several one-way ANOVAs were run with Group as

a between-subject factor (positive, negative, and control conditions) to

examine how our experimental manipulation of the stress level influ-

enced the children’s behavioral response in themathematical task (RTs

and accuracy), and their emotional, cognitive, and psychophysiological

reactions to the task (i.e., SAM for valence, arousal, and dominance;

levels of competence and worry; changes in SC level and cardiac vagal

withdrawal).

The partial eta-squared (η2p) was considered as a measure of the

effect size. The η2p values taken to represent small, medium, and large

effects are 0.01, 0.06, and 0.14, respectively.76 Significant main effects

and interactions (p < 0.05) were submitted to Bonferroni’s post-hoc

comparisons to identify specific differences. A p value < 0.05 was

considered statistically significant.
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 7

TABLE 1 Descriptive statistics for RTs and accuracy in themathematical task, pre- and post-task scores, and differential scores (Δ) in
self-report measures (cognitive and emotional responses to the task), and changes in electrophysiological measures (vagal withdrawal and skin
conductance) in the three groups.

Positive condition

(n= 53)

M (SD)

Negative condition

(n= 51)

M (SD)

Control condition

(n= 55)

M (SD)

Behavioral response

RTs (s) 9.57 (4.10) 10.08 (4.26) 11.69 (4.06)

Raw accuracy 28.60 (9.29) 27.12 (7.69) 17.60 (4.69)

Cognitive states

Competence PRE 15.08 (2.87) 15.06 (3.39) 14.80 (2.97)

POST 14.85 (2.93) 12.75 (3.53) 14.58 (3.63)

Δ −0.23 (2.09) −2.31 (2.40) −0.22 (2.19)

Worry PRE 9.70 (3.12) 10.22 (3.09) 10.51 (4.03)

POST 10.13 (3.13) 11.86 (3.64) 11.09 (3.67)

Δ 0.43 (1.80) 1.65 (2.26) 0.58 (2.09)

Emotional states

SAM–Valence PRE 4.30 (0.89) 4.37 (0.60) 4.31 (0.69)

POST 3.74 (1.02) 3.06 (0.93) 3.67 (0.98)

Δ −0.57 (1.32) −1.31 (1.07) −0.64 (1.04)

SAM–Arousal PRE 2.49 (1.05) 2.51 (0.76) 2.55 (1.09)

POST 2.94 (1.05) 3.37 (0.82) 3.13 (1.11)

Δ 0.45 (1.08) 0.86 (0.80) 0.58 (1.23)

SAM–Dominance PRE 3.26 (0.84) 3.10 (0.61) 3.13 (0.64)

POST 3.30 (0.85) 2.69 (0.93) 3.11 (0.66)

Δ 0.04 (0.96) −0.41 (1.00) −0.02 (0.65)

Physiological measures

lnHF change −0.29 (0.54) −0.58 (0.71) 0.02 (0.45)

lnSC change 0.74 (0.42) 0.61 (0.31) 0.53 (0.32)

Abbreviations: lnHF, logarithm of high frequency in heart rate variability; lnSC, logarithm of skin conductance; M, mean; RTs, response times; SD, standard

deviation.

RESULTS

Table 1 shows descriptive statistics of each variable considered, by

group (condition). Average RTs and accuracy in the mathematical

task are reported along with pre- and post-task scores, and the dif-

ferential scores obtained in the self-report questionnaires. For the

physiological measures, the values show changes from the resting

condition during the mathematical task for each variable in each

group.

A MANOVA on behavioral response during the mathematical task

showed a significant effect of stress condition on mean RT and accu-

racy, using Wilks’s statistic, λ = 0.67, F(4, 310) = 17.35, p < 0.001, η2p =
0.183. In particular, separate univariate ANOVAs revealed significant

effects on both RTs (F(2, 156) = 3.87, p = 0.023, η2p = 0.05) and accu-

racy (F(2, 156) = 34.84, p < 0.001, η2p = 0.31). Post-hoc comparisons on

RTs showed that the children in the positive conditionwere faster than

those in the control condition (p = 0.026). As concerns accuracy, the

children in both the positive and the negative conditions were more

accurate than those in the control group (both ps < 0.0001), whose

accuracy scores were relatively low.

As for emotional responses to the task, the effect of stress was sig-

nificant in terms of changes in SAM valence from pre- to post-task

(F(2, 156) = 6.67, p = 0.002; η2p = 0.08). Post-hoc comparisons showed

that the children in the negative condition had a greater decrease

in their perceived emotional valence than those in the positive (p =

0.003) or control (p = 0.009) conditions. There was no significant

effect of stress on the change in SAM arousal (F(2, 156) = 2.04, p =

0.134, η2p = 0.025). The effect of stress on the change in perceived

control/dominance was significant (F(2, 156) = 4.00, p = 0.020, η2p =
0.05). Post-hoc comparisons indicated that the children in the negative

condition reported a greater decrease in their perceived control from

pre- to post-task than those in the positive condition (p= 0.031).

Regarding cognitive responses to the task, a significant effect of

stress emerged on perceived levels of competence (F(2, 156) = 15.24,

p<0.001, η2p =0.16), andworry (F(2, 156) =5.35, p=0.006, η2p =0.06).

Post-hoc comparisons showed that children in the negative condition
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8 ANNALSOF THENEWYORKACADEMYOF SCIENCES

had a greater decline in their perceived competence than children

in the positive or control conditions (both ps < 0.0001), as well as a

greater increase in their sense of worry compared with children in the

positive (p= 0.009) or control (p= 0.026) conditions.

Finally, regarding psychophysiological responses to the mathemat-

ical task, the ANOVA on sympathetic response (as measured by the

change in SC) showed a significant effect of stress (F(2, 156) = 4.89, p <

0.01, η2p = 0.06). The children in the positive condition had a stronger

sympathetic response than those in the control group (p < 0.01). No

other differences emerged. The ANOVA on cardiac vagal withdrawal

(as measured by the change in ln HF) showed a significant effect of

stress (F(2, 156) = 14.04, p < 0.001, η2p = 0.15). The children in the con-

trol condition had aweaker vagal withdrawal than those in the positive

(p = 0.02) or negative conditions (p < 0.001); and the children in the

negative condition had a significantly stronger vagal withdrawal than

those in the positive one (p= 0.04).

DISCUSSION

The present study aimed to clarify the possible mechanisms involved

in the relation between situational stress—experienced by students

performing a mathematical task—and state-MA levels by consider-

ing their behavioral, emotional, cognitive, and psychophysiological

responses. Our students were divided into three groups (positive,

negative, and control condition) that were comparable in terms of

trait MA and general and test trait anxiety. Our stress manipula-

tion involved trial-by-trial feedback that did not correspond to a

child’s actual performance, and the students were blinded to this

manipulation.

Concerning their behavioral response, children in the control con-

dition performed significantly less well than the other two groups,

suggesting that they put less effort into the mathematical task. It is

worth emphasizing that the experimenter told the children in all three

groups that themathematical problems had to be solved as quickly and

accurately as possible, but the children in the control group received no

further information about their performance. The pattern of their psy-

chophysiological activation suggests that this lack of feedback might

havemade them engage less while completing the task. Thus, concern-

ing their behavioral responses, theywere less accurate and took longer

to answer than the other two groups, as the classical Yerkes–Dodson

law17 would also predict for very low levels of stress.

In line with our hypotheses, the children in the positive or negative

groups gave more correct answers in the mathematical task, and the

positive group worked faster than the control group. Overall, taking

only the children’s behavioral responses into account, we could argue

that positive and negative feedback both boost performance in terms

of accuracy. This finding agrees with Meijer’s hypothesis,15 according

to which for low trait-anxious individuals, who presumably are much

in need of achievement, the achievement-oriented stress may lead to

better performance under high compared to low situational stress (see

also Ref. 77). It could also be argued that the negative condition influ-

enced our low trait-anxious children’s motivation, prompting them to

try harder than those in the control condition.78,79 In their review of

the literature, Mendes and Park80 suggested, indeed, that it would be

possible to maintain higher levels of arousal and still perform well if

individuals could reorient theirmotivation fromavoidance to approach

states, apparently in violation of the classical Yerkes–Dodson law (see

also Ref. 81).

The negative group’s good behavioral response came at a price,

however, and the picture changes when we look at the children’s emo-

tional, cognitive, and psychophysiological responses. Regarding the

negative group’s emotional responses, their choices on the SAM indi-

cated a greater decline in their perceived emotional valence and sense

of dominance/control, compared with the positive and control groups.

As concerns their cognitive responses, children in the negative condi-

tion reported a greater reduction in their perceived competence after

completing the mathematical task and a higher increase in their sense

of worry than the other two groups. The negative group’s psychophys-

iological responses showed a pattern of ANS activation characterized

by a moderate sympathetic activation (i.e., a moderate increase in SC)

and a high parasympathetic deactivation (i.e., high vagalwithdrawal). In

other words, although the negative group did not differ from the pos-

itive group in terms of behavioral response (mathematical task), the

former children reported a pattern of negative feelings accompanied

by a decline in their sense of control and perceived competence, and an

increase in their sense of worry, as well as amarked vagal withdrawal.

Psychophysiological correlates of state MA

Regarding psychophysiological responses, our negative group showed

amarked vagalwithdrawal, reflecting a pattern of physiological arousal

that could be associated with threats, and might lead in turn to an

inadequate response to external demands or, in the long term, to

negative outcomes such as anxiety.82,83 A stronger vagal suppres-

sion during a mathematical task was recently found to mediate the

relationship between more severe trait MA and a weaker behavioral

response, suggesting a mechanism that includes both physiological

and affective components behind the association between MA and

performance.84 Intriguingly, another study suggested that emotional

regulation strategy training has promise as a technique for reducing

negative emotional, cognitive, and psychophysiological responses to

mathematical tasks, and the negative effects of MA on mathematical

performance.85

Our positive group showed a greater sympathetic activation (i.e., a

higher increase in SC during the mathematical task) than the control

group, but no difference emerged between the positive and negative

groups. The similar sympathetic response elicited by themathematical

task in the positive and negative groups would suggest that either

type of feedback might have made the task more engaging. In line

with Mendes and Park,80 the children assigned to both experimental

conditionsmay have shown a high level of sympathetic nervous system

arousal but have been able to reorient their motivation toward an

approach-oriented state, making them see the mathematical task as

a challenge or exciting. Again, this could happen because our negative
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and positive feedback groups had comparable levels of low trait anx-

iety. No differences emerged, however, in the sympathetic activation

of the children in the negative and control groups, suggesting that

sympathetic responses alone are not enough to give a complete picture

of psychophysiological activity under stress. That said, when the two

measures of sympathetic and parasympathetic activationwere consid-

ered, the pattern of psychophysiological activation showed that (1) the

positive group had a moderate parasympathetic and high sympathetic

response; (2) the negative group had the highest parasympathetic and

a less marked sympathetic response; (3) and the control group showed

little sympathetic activation and a blunted parasympathetic activation.

The control group’s more limited autonomic changes in response to

the mathematical task may have failed to support these children’s

behavioral responses, making their RTs slower and their answers less

accurate. It is worth noting that an elevated autonomic response and

a blunted one may both be associated with a greater risk of behavioral

and clinical issues. In fact, a small but growing body of literature

indicates that both an excessive and a blunted vagal withdrawal in

response to challenging situations are associated with a higher risk

of developing behavioral problems,86 impaired emotion regulation,

more severe depressive symptoms over time,87 and symptoms of

anxiety.88 The intriguing neurovisceral integration model tries to link

autonomic activity with a behavioral response.89,90 Parasympathetic

activity gives an indication of the prefrontal cortex resources available

for cognitive and emotional regulation,30,90,91 so a moderate vagal

withdrawal during a task is thought to reflect the active deployment

of resources in the prefrontal cortex (e.g., attentional regulation) to

deal with the task’s cognitive demands.91,92 The moderate and high

cardiac vagal withdrawal seen in our positive and negative groups,

respectively, might reflect this active deployment of prefrontal cortex

resources when faced with a mathematical task, supporting the chil-

dren’s positive behavioral response. Further studies should test the

relationship between psychophysiological activity and brain function

duringmathematical tasks.

The multifaceted nature of state MA

It is well known that mathematics is often associated with negative

feelings,93–95 and a huge amount of research has been done on the

topic of MA (e.g., Refs. 4 and 96). A common question posed in this

research field is whether MA causes poor mathematical performance,

or vice versa.1 In previous research,58,97 the focus had mainly been on

continuous exposure to failure in mathematics as a potential primary

mechanism for the onset of MA (i.e., the deficit theory).58,59 On the

other hand, the deleterious anxiety model envisages children with MA

as having an impairedmathematics performance because their anxiety

interfereswith their cognitive processes93 (see alsoRef. 3 for a review).

Recent studies seem to support the hypothesis that MA could derive

fromexposure toadversemathematical learningexperiences in vulner-

able individuals, such as those showing a tendency toward trait anxiety,

who may be more at risk of developing MA.43,98,99 Our findings seem

to shed further light on the possible consequences of repeated failure

in the future onset ofMA.Although the children’s behavioral responses

were much the same in our negative and positive conditions, receiv-

ing largely negative feedback for 9 min made our participants in the

negative group feel less confident andmore worried about their math-

ematical skills. They suffered a reduction in their sense of control and

perceived competence, and a heightened physiological activation. It

is worth emphasizing that our three groups did not differ in terms

of the trait general anxiety or MA, as measured during the screening

phase (trait MA) or in the self-report measures (state MA) adminis-

tered before starting the experiment. The fact that our sample was not

characterized by high levels of traitMAmay explainwhy receiving neg-

ative feedbackdidnot affect theirmathematical performance (i.e., their

behavioral response).15 However, the negative feedback did influence

their emotional, cognitive, and psychophysiological responses, proba-

bly because the stress manipulation elicited a state MA. The fact that

the negative group performed just as well as the positive group in the

mathematical task is inconsistent with the idea that MA has a dele-

terious effect on mathematical performance. Our results are also not

entirely in linewith the deficit theory, according towhichMA is elicited

by experiences of poor mathematical performance.97 In fact, the neg-

ative feedback received by our students did not correspond to their

actual performance, andwe found similarmathematics performance in

both the positive and negative conditions.

Finally, Ramirez and colleagues38 suggested that the onset of MA

may be better explained by considering how individuals interpret (i.e.,

appraise) previous mathematical experiences and outcomes. Accord-

ing to the interpretation account theory,38 emotional cues derive from

the interpretation of events, physiological cues, personal behavior,

and internal states. A recent study also suggested that not only the

appraisal of previousmathematical experienceswas negatively related

to trait MA but also mediate the relationship between MA and math-

ematical attitudes.100 Our findings seem to agree indeed with this

account38 that elicited stateMAmay depend on how individuals inter-

pret their mathematics-related experiences. Our negative feedback

condition seems tohaveprompted students to judge their performance

to have been poor, with a harmful fallout on their emotional, cognitive,

and physiological responses. In other words, the negative feedback

made the studentsmore likely to experienceworry and negative affect,

a declining sense of control and perceived competence, and greater

physiological arousal. It is worth noting, however, that with our exper-

imental manipulation, we cannot exclude the possibility of repeated

exposure to failure in mathematics in real-life situations contributing

to the subsequent development of trait MA.

Our negative group reported lower levels of perceived compe-

tence. According to several models, such as the expectancy-value

model of achievement proposed by Eccles et al.101,102 and the self-

determination theory advanced by Deci and Ryan,103,104 negative

feedback is associated with a decline in beliefs about competence

(which would presumably result in a diminished intrinsic motiva-

tion). Although we did not test students’ motivation in our study,

Wang et al.105 found a negative linear correlation between trait MA

and mathematical performance in less-motivated students. Future

studies should, therefore, consider how different types of feedback
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interact with individual resources (such as motivation), and how

these interactions might give rise to different profiles of academic

performance, by also distinguishing between high- and low-trait MA

individuals.

Our negative group also revealed a greater decrease in perceived

emotional valence comparedwith the other groups. Emotional valence

is fundamental to the classification of affective experience,106,107 and

might be the first step toward the development of a greater sensitivity

to the level of danger or degree of threat in a given situation, charac-

teristic of the typical attentional bias phenomenon seen in individuals

with high levels of trait MA.52,108

Limitations, future directions, and implications

Although the present study offers new insight, we should mention as

limitations the duration of the experimental mathematical task (which

only lasted 9min) and the fact that we only tested fifth-grade students.

Further research should replicate our findings by testing younger

and older students too and using longer experiments. The short-term

effects seen on our negative group’s emotional, cognitive, and psy-

chophysiological responses nevertheless prompt us to recommend

limiting the use of negative feedback in real classroom situations.

While the children’s behavioral responses (mathematical perfor-

mance) did not differ between the positive and negative conditions in

our experiment, after 9min ofmental calculations, we cannot infer that

the situation would be the same after frequently receiving negative

feedback over longer periods of time, also for children with low trait

anxiety levels. It may be that receiving negative feedback repeatedly

and publicly in ordinary classroom settings can have long-term con-

sequences: students may experience more negative feelings and a

greater sense of worry associatedwithmathematical tasks, and conse-

quently tend to avoid mathematics-related situations. Alongside such

practical implications, our study points to some areas warranting fur-

ther investigation. An important aspect to strengthen the educational

implications of this study is replicating our results using real feedback

conditions. Our study compared negative and positive trial-by-trial

feedback that did not correspond to students’ actual performance. To

fully implement the educational design, students should be grouped

according to their prior knowledge inmathematics109,110 anddifferent

levels of trait forms of anxiety (i.e., mathematical, test, and general anx-

iety). Another important set of variables future studies should include

when investigating state MA is students’ self-beliefs. In a previous

study, Jansen and colleagues111 controlled for the level of experienced

success through an adaptive mathematical task. They found that after

having experienced success, students’ trait MA decreased, while the

improvement of perceived mathematical competence was modest.

Thus, it would be worth testing in more depth students’ individual fac-

tors accompanying perceived math competence, such as self-concept

and self-efficacy before and after performing calculations to gain a

better understanding of the complexity of the feelings associated

with the effects of stress. Moreover, further studies should also test

gender-related differences on samples large enough to ensure a signif-

icant statistical power. Even though results concerning females having

a higher level of MA may vary across studies depending on different

cultures and age groups,112 no study investigated what might be the

causes of this discrepancy. Finally, further situational stress manip-

ulations might be tested to improve our knowledge about state MA.

For example, future studies might implement different time pressure

conditions or even manipulate problem size and problem difficulties

in mathematical tasks to assess how stress might diversely elicit

emotional, cognitive, and psychophysiological responses of state MA

(see Ref. 49).

CONCLUSIONS

To the best of our knowledge, only a few studies so far have directly

assessed the multidimensional components of state MA; thus, the

present study aimed to better analyze the different components of

MA experienced by children while solving calculation problems under

different levels of stress that may elicit state MA. Our findings high-

light the need to consider behavioral responses, as well as emotional,

cognitive, and psychophysiological effects when examining the issue

of MA. Overall, we found that situational stress gave rise to a cost

in terms of children’s emotional, cognitive, and psychophysiological

responses. The way students interpret the experience of failures could

also increase their likelihood of developing a sense of worry and fear

regarding mathematics.98,99 According to Carey et al.,98 trait MA

can develop as a result of a student’s predisposition toward general

anxiety, or continuous negative experiences with mathematics, with

the latter seeming to make students perform particularly badly in

mathematics. If this is true, then the long-term effects of repeated

failures in real-life situations, and a student’s interpretation of them,

might be manifested in a poor mathematical performance in the

future.

To conclude, our data suggest the importance of considering behav-

ioral, emotional, and cognitive responses, as well as psychophysio-

logical changes when examining the issue of MA, and to take into

account the disparity between state- and trait-MA levels. Overall, our

behavioral data alone pointed only to superficial effects, such as an

improvement in performance after perceiving repeated failures. But,

under the surface of this behavioral response, there was evidence

of negative feelings and a weaker sense of control, a decline in per-

ceived competence, a greater sense of worry, and a stronger vagal

withdrawal. This might suggest that early negative experiences could

prompt long-term reactions.
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