
HAL Id: hal-04488295
https://hal.science/hal-04488295

Preprint submitted on 4 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Cardiac pre-ejection period to index motivation and
effort mobilization in cognitive studies: A critical

narrative review
Cédric T. Albinet, Cindie de Faria, Mickaël Causse

To cite this version:
Cédric T. Albinet, Cindie de Faria, Mickaël Causse. Cardiac pre-ejection period to index motivation
and effort mobilization in cognitive studies: A critical narrative review. 2024. �hal-04488295�

https://hal.science/hal-04488295
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Review of the cardiac pre-ejection period in cognition 

1 
PREPRINT: Journal of Psychophysiology  

Cardiac pre-ejection period to index motivation and effort 

mobilization in cognitive studies: A critical narrative review 

 

Cédric T. Albinet1 ; Cindie De Faria1,2 ; & Mickael Causse2 

1 Laboratoire Sciences de la Cognition, Technologie, Ergonomie (SCoTE) EA 7420, 

Université de Toulouse, INU Champollion, ALBI, France 

2 ISAE-SUPAERO, Université de Toulouse 

 

Corresponding author: 

ALBINET Cédric T. 
Address: Laboratoire Sciences de la Cognition, Technologie, Ergonomie (SCoTE), Institut 

National Universitaire Champollion,  

Place de Verdun  

81012 Albi Cedex 9, France 

Mail: cedric.albinet@univ-jfc.fr  
Phone: +33 5 63 48 64 30   
 
  

mailto:cedric.albinet@univ-jfc.fr


Review of the cardiac pre-ejection period in cognition 

2 
PREPRINT: Journal of Psychophysiology  

Abstract

This paper reviews studies on the cardiac pre-ejection period (PEP) in the field of 

cognitive psychophysiology. The main objective was to better understand the 

relationship between PEP and effort mobilization in cognitive functioning. We 

reported studies that have measured the PEP in various cognitive tasks and 

experimental paradigms and other additional works that have highlighted inter-

individual variability affecting PEP during both resting and cognitive activities. The 

reported literature tends to confirm that PEP might be a useful tool to measure 

cardiac sympathetic control related to effort mobilization and task difficulty. 

Methodological aspects, influencing factors (importance of success, emotions, 

psychiatric condition…), and limitations of the PEP usefulness (e.g., high inter-

individual variability, questionable relevance in within-subject design) are also 

emphasized. Finally, we raised some questions and offered directions for future 

research to further our understanding of PEP measures. 
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1 Introduction 

Mental effort generated by an intellectual activity (e.g., mental calculation) is known to stimulate 

the sympathetic branch of the autonomic nervous system (ANS) (e.g., Obrist, 1976; Richter et al., 

2008). Traditionally, cardiovascular measures such as heart rate (HR), HR variability (HRV), or 

blood pressure (BP) have been used as indexes of ANS variations related to mental effort (e.g., 

Mandrick et al., 2016). However, since the early 2000s, a growing attention has been paid to the 

cardiac pre-ejection period (PEP), as an interesting and more direct indicator of mental effort 

because PEP is a measure of cardiac contractility that is regulated primarily by beta-adrenergic 

(sympathetic) influences on myocardial tissue. Indeed, under certain boundary conditions, PEP 

has been demonstrated to be a reliable estimate of the activity of the sympathetic nervous system 

(SNS) (Bernston et al., 1994; Cacioppo et al., 1994; Kelsey, 2012; Krohova et al., 2017; 

Mezzacappa et al., 1999). The rationale for linking, mental effort, motivation and PEP came first 

from the work of Wright (1996). Motivation can be broadly defined as the process that determines 

the direction and energization of behavior (Elliot, 2006). The direction stands for “what people 

do”, and energization stands for “how much effort people mobilize.” Brehm’s motivational intensity 

theory follows the principle of resource conservation (Brehm & Self, 1989). This theory predicts 

that effort investment will change with task difficulty as long as success is possible and worth the 

effort. When task difficulty rises, so does the effort invested in the task, but putting in effort needs 

to be justified. Minimizing the waste of energy is the principle of resource conservation. Integrating 

the work of Obrist (1976) on active coping and Brehm’s motivational intensity theory, Wright 

(1996) developed a systematic research program proposing that the rise in effort mobilization can 

be observed through changes in cardiovascular responses influenced by the SNS. This served 

as the basis for the subsequent studies to use PEP as a marker of effort mobilization.  

The recent growing number of studies measuring cardiac PEP in cognitive experiments 

motivated this review to examine the utility of the PEP as a physiological correlate of metal effort 
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mobilization. In this paper, we first summarize the basic fundamental knowledge about ANS and 

cardiovascular activity. We then present the cardiovascular measures of autonomic activity, 

focusing on PEP and its estimation. Subsequently, we review the existing literature linking PEP 

to mental effort and motivation in cognitive studies, before discussing some important factors 

modulating or influencing PEP variability. Finally, we expose some important methodological 

issues, recommendations, and we propose future research directions to better understand this 

metric. 

 

2 The autonomic nervous system and cardiovascular activity 

The ANS is a component of the peripheral nervous system that regulates the “unconscious 

vegetative life”. It is involved in the homeostasis of the whole body by regulating physiological 

processes such as HR, BP, or digestion. It is divided into three distinct systems: sympathetic, 

parasympathetic and enteric. The SNS and the parasympathetic nervous system (PNS) jointly 

regulate cardiac activity (Karemaker, 2017) depending on the context (e.g., exercise, stress, work, 

rest) (Greenstein & Greenstein, 2000; Thomas, 2011). At rest, the heart is mainly controlled by 

the parasympathetic pathway, with a high vagal input discharge associated with a withdrawal of 

the sympathetic input, which reduces its rate to around 60-80 bpm (Martin et al., 1974; Jose & 

Collison, 1970, Thomas, 2011). During mental or physical activity, HR first rises following a 

withdrawal of parasympathetic input, and subsequently, the sympathetic input gradually takes 

over to further increase HR (Martin et al., 1974, Thomas, 2011). The interplay of these systems 

allows to rapidly adjust HR. 

2.1 Cardiovascular measures of autonomic activity 

Several cardiovascular measures are classically used in the literature to investigate ANS activity 

either invasively or non-invasively, by examining the electrical activity of the heart, cardiac 
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imaging, or BP (Berntson, Quigley, & Lozano, 2007). Beyond the recording of HR, measures of 

HRV have figured predominantly in cardiovascular psychophysiology. As stated above, both 

parasympathetic and sympathetic branches of the ANS influence HRV (Karemaker, 2017). High-

frequency HRV, in the respiratory frequency range, has been shown to reflect variations in vagal 

sinoatrial control and can thus be seen as a selective index of PNS (Berntson et al., 1997; 

Berntson et al., 2007; Task Force, 1996). However, none of the HRV parameters reflects directly 

and selectively SNS activity (Kiyono et al., 2017). As such, HRV appears not well suited to directly 

examine the sympathetic activity associated with mental effort (Brehm & Self, 1989; Obrist, 1976; 

Richter, Gendolla, & Wright, 2016).  

2.1.1 Pre-ejection period (PEP) 

The PEP corresponds to one systolic time interval; more precisely it is the time interval between 

ventricular depolarization on the electrocardiogram (ECG), corresponding to the start of the QRS 

complex (Q wave, see Figure 1), and the opening of the aortic valve that provokes the blood 

ejection from the left ventricle (B point on the impedance cardiography: ICG, see Figure 1). There 

is an increase in left ventricular pressure during this period due to ventricular contraction triggered 

by the ventricular depolarization. This ventricular contraction is isovolumic because all valves are 

closed, which means that ventricular blood volume does not change (Krohova et al., 2017). The 

PEP is followed by the left ventricular ejection time (LVET), and together, these two parameters 

(PEP and LVET) correspond to the electro-mechanical systole (EMS): the total time of the 

electrical and mechanical components of the systole (see Figure 1).  
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Figure 1: ECG and ICG signals are represented by different main waves and the PEP, LVET, 

and EMS intervals. ECG: electrocardiogram; ICG: impedance cardiography; PEP: pre-ejection 

period; LVET: left ventricular ejection time; EMS: electro-mechanical systole. 

 

The PEP is primarily influenced by SNS activity, although muscarinic receptors on the atria can 

also change atrial contraction force and thus may influence the PEP period; but this effect is 

generally minor. The PEP depends on the preload (initial stretching of the cardiac myocytes 

before contraction), the afterload (the pressure that the heart must work against to eject blood 

during systole), and the cardiac contractibility (Newlin & Levenson, 1979). Isovolumic contraction 

force depends on cardiac contractibility and preload, which influences the duration of the PEP. 

An increase in the preload increases the force of contraction via the Frank-Starling mechanism, 

leading to a decrease in PEP (Krohova et al., 2017, Newlin & Levenson, 1979). Thus, as 

discussed more in detail in Section 5.1, these factors may limit the interpretation of PEP and must 

be taken into account. Normal values of PEP in adults generally range between 90 and 130 ms 

(see Table 1), but these values differ markedly in the literature, most likely due to the large inter-
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individual variability of this biological mechanism, but also to discrepancies in methodological 

aspect of its computation (see Section 2.1.2). The left ventricle presents mainly β-adrenergic 

receptors for noradrenaline, a neurotransmitter used by the sympathetic system. It means that 

the stronger the sympathetic β-adrenergic stimulation on the myocardium, the stronger its 

contractility and the shorter the PEP (Bernston et al., 1994; Harris et al., 1967; Newlin & Levenson, 

1979). In other words, PEP duration is inversely related to sympathetic activity. 

 

Mean PEP 
duration in ms  

References 

90-95 Bernston et al. 1994 

95-100 

Brinkmann and Franzen, 2013; Chatelain et al. 2016; Chatelain and Gendolla, 2015; 
Chatelain and Gendolla, 2016; Framorando and Gendolla, 2019b; Franzen and Brinkmann, 
2015; Gendolla and Silvestrini, 2011; Houtveen et al. 2005 (lying down); Lasauskaite et al. 

2013; Lasaukaite et al. 2014; Mazeres et al. 2019; Richter et al. 2008; Silvestrini, 2018; 
Silvestrini and Gendolla, 2011b; Silvestrini and Gendolla, 2013  

100-105 

Cancela and Silvestrini, 2021; Houtveen et al. 2005 (sitting); Framorando and Gendolla, 
2018; Framorando and Gendolla, 2018b; Framorando and Gendolla, 2019; Franzen and 
Brinkmann, 2016; Freydefont et al. 2012; Gendolla and Silvestrini, 2010; Mazeres et al. 
2021a; Mazeres et al. 2021b; Quigley and Stifter, 2006; Silvestrini, 2015; Silvestrini and 

Gendolla, 2011a  

105-110 
Franzen et al. 2019; Freydefont and Gendolla, 2012; Gurel et al. 2019; Houtveen et al. 2005 
(standing up) ; Mallat et al. 2019 ; Mezzacappa et al. 2001 ; Richter and Gendolla (2009a) 

110-115 Brenner et al. 2005 

115-120 Brinkmann et al. 2009 

120-125 Covassin et al. 2011; Duschek et al. 2016; Rahman et al. 2018; Silvia et al. 2014 

>130 Bair et al. 2020; Zauner et al. 2020 

Unknown 
Ahles et al.2017; Annis et al. 2001; Cellini et al. 2013; Franzen and Brinkmann, 2016b; 

Montoya et al. 1997; Plain et al. 2020; Rattel et al. 2020 

 

Table 1: Mean PEP duration in ms for normal healthy adults (in a sitting position except for 

Houtveen et al. (2005) for which the position is specified in italic), as reported by each article cited 

in this review. 
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 In the literature, PEP reactivity is defined as the difference between PEP measured during the 

performance of a given task and PEP measured during baseline, in general during rest (PEP 

reactivity = task PEP – baseline PEP). A negative number indicate shortened PEP and increases 

SNS activity in response to the task. To prevent confusion, in this article, the raw measure is 

referred to as “PEP” and the difference (task-rest) as “PEP reactivity.” A “higher PEP reactivity” 

or a “stronger PEP reactivity”, or in other words, a “more negative PEP reactivity,” will indicate 

shorter PEP during a period of interest vs rest and increased sympathetic activity, for example, 

during a task compared to rest. 

2.1.2 PEP measurements methods 

Decades ago, a phonocardiogram, carotid blood pressure, and an ECG were the three 

sources used to quantify PEP. Currently, ECG and ICG are usually collected simultaneously to 

measure PEP and represent the most used method (see Figure 2).  

ECG records the electrical activity of the muscles of the heart. It is generally recorded 

using electrodes with a conducting gel placed on the skin. While other configurations exist, the 

three-electrode arrangement is among the most widely used: one electrode is placed under each 

clavicle, and the third is placed at two fingers below the floating ribs on the left side (see green 

circles in Figure 2). The electrodes detect the electrical changes caused by cardiac muscle 

depolarization and repolarization during each cardiac cycle. 

ICG is a technology that converts changes in thoracic impedance to volumetric changes 

that occur during the cardiac cycle. Thoracic impedance hinders the current flow carried by ions 

across the chest (Yu et al., 2005). It can be recorded for example by using four pairs of electrodes 

placed on the right and left side of the base of the participant’s neck and on the left and right 

middle axillary line at the height of the xiphoid. Each pair consists of two electrodes arranged in 

a vertical strip, four cm apart from each other. The electrodes located closest to the thorax, the 

voltage electrodes or the receiving electrodes (red squares in Figure 2), measure the surface 
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potential proportional to the impedance in the chest cavity. The electrodes farther from the thorax, 

the current electrodes or the sending electrodes (blue squares in Figure 2), transmit the current 

at high frequencies along the thorax (Lozano et al., 2007; Kelsey & Guethlein, 1990; Sherwood 

et al., 1990). 

 

Figure 2: Representation of a possible configuration for the placement of ECG electrodes 

(green circles) and ICG electrodes (blue and red squares). 

The ECG is used to identify the onset of the PEP, which corresponds to the lowest 

deflection of the Q-wave (the Q-point). As seen in Figure 1, the ICG is used to record the end of 

the PEP, the B point, which indicates the opening of the aortic valve. It is achieved by computing 

the first derivative of the change in thoracic impedance and thus finding the resulting dZ/dt signal. 

The dZ/dt signal corresponds to the velocity changes of the blood flow. The Z-point (dZ/dtmax) 

represents the maximal speed of the blood ejection, which is preceded by the B-point, since the 

opening of the valve results in a peak in aortic blood flow (Bernston et al., 2004; Lozano et al., 

2007). Metshein et al. (2021) recently reported that while the ECG signal is reasonable for 

different electrodes placements, the ICG signal has quite varying quality as a function of 

electrodes placement, which can affect the positioning of the B point for example, among others. 
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As such, careful positioning of the electrodes as well as their formal description in the manuscripts’ 

methodological section is required. 

Different automatic methods to detect the Q-point have been suggested, including 

identifying the onset of the Q wave, the peak of the Q wave, the onset of the R wave, or using a 

fixed constant (e.g., 48 ms before R) (Berntson et al., 2004; Sherwood et al., 1990). Different 

methods have also been suggested to identify the B-point: using the first (dZ/dt), second (d²Z/dt²), 

or third derivatives (d3Z/dt3) of the dZ/dt signal; the dZ/dt zero-crossing point; or the primary rapid-

rise in dZ/dt (Berntson et al., 2004; Sherwood et al., 1990; Gurel et al., 2019; Zauner et al., 2020). 

The B-point can be the minimum of d3Z/dt3 that occurs just before the maximum in dZ/dt. The 

interested reader can find a discussion on these aspects and a proposition for a new automatic 

algorithm in Forouzanfar et al.’s study (2018). 

It has also been shown that PEP can be successfully approximated by the RZ interval 

(interval between R-peak and Z-point (dZ/dt). R-peak and Z points are salient waveform points 

that are easily and reliably identified, contrary to the Q and B points. However, it’s worth noting 

that this measure cues the PEP, without being a direct measure of the latter (Silvia et al., 2021). 

The use of RZ interval can be useful, for example, in single-trial studies. Indeed, Q and B points 

can be noisy and harder to pinpoint in comparison to a peak, such as R or Z. Without repetition, 

a good and reliable estimation of PEP can thus be complicated, and RZ interval could be a good 

alternative (Kuipers et al., 2016; Lozano et al., 2007; Sherwood et al., 1990, Silvia et al, 2020). 

Nevertheless, PEP still has some longstanding assessment issues, and the signal has to 

be visually checked and corrected when necessary, as recommended by Sherwood et al. (1990). 

Indeed, as said above, both Q and B points are susceptible to distortion, noise, and factors that 

can degrade signals recorded through skin-electrodes (Bernston et al., 2004; Lozano et al., 2007; 

Sherwood et al., 1990). Individual differences in cardiac waveforms also affect points detection. 
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For all these reasons, algorithms might not always be able to pinpoint them correctly and time-

consuming manual inspections are sometimes required.  

All these differences in data collection and processing may explain in part differences in 

signal quality and differences in absolute PEP values found in the literature.  

 

3 Review of studies using PEP to index motivation and mental effort mobilization in 

cognition 

Although the present study is not a systematic review, we performed a comprehensive research 

of the pertinent work measuring cardiac PEP in cognitive studies. The literature search was 

conducted on Pubmed, Web of Science, and Google Scholar databases, using different 

combinations of the following keywords: “preejection period”, “pre-ejection period”, “cogn*”, 

“motivation”, and “effort”. A further search of articles was done on the institutional and personal 

websites of known authors who published on PEP in the cognitive field. The included studies were 

published in peer-reviewed journal at the end of 2021 at the latest. A two-step screening of the 

titles and abstracts permitted to exclude articles that were irrelevant (clinical studies, not related 

to PEP or cognition, PEP not recorded during a cognitive task, PEP results not presented in the 

article, not written in English or French, review papers, of no interest for this article) or duplicate. 

Afterward, all the articles were read and we selected all the publications in which the measure of 

PEP was performed during a cognitive task with a clear focus on motivation and/or mental effort. 

The final number of publications selected for this review was 52 articles. They all are summarized 

in Table 2. 
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Authors Population Cognitive Task Experimental design Main PEP Results 

Ahles et al. 2017 
76 Adolescents (mean 
age 13 y), with 
depressive symptoms. 

Delayed-matching-to-
sample-task. 

3 min baseline followed by the task. Reward 
incentive was presented during the task. 

PEP reactivity to reward is associated with 
anhedonia symptoms but not with non-anhedonic 
depressive symptoms.  

Annis et al. 2001 
33 male psychology 
students (no age 
reported). 

Recognition memory task. 

10 min baseline, then a performance feedback 
on practice run is displayed (moderate or low 
performance feedback). Six work periods were 
presented, where participants could earn 
chances to win prizes by attaining different 
performance standards. 

With moderate performance feedback, PEP 
reactivity evolves directly with the assigned 
performance standard. With low performance 
feedback, PEP reactivity is first more and more 
negative, until the high-performance standard 
during which a task disengagement was observed. 
This shows that there is an effect of perceived ability 
on mental effort. 

Bair et al. 2020 

36 MDD patients 
(mean age 48 y) vs 39 
healthy participants 
(mean age 47 y). 

Number-letter task, 
Continuous performance 
test, N-back task and 
Stroop task. 

7 min baseline followed by the four tasks 
presented in a randomized order (each lasting 
10 min). Within-subject design but with 
between-subjects analysis. 

Blunted (less negative) PEP reactivity in MDD 
patients for every task, compared to the healthy 
participants, and longer reaction time. A correlation 
between performance and autonomic parameters 
was found. 

Beauchaine et al. 
2001 

22 control (mean age 
13,2 y), 17 ADHD 
(mean age 13,1 y) and 
20 conduct disorder 
(CD/ADHD) (mean 
age 14 y). 

Repetitive response task. 

5 min baseline. 7 task blocks of 2min, each 
separated with a 2,5 min rest. Block 1 is a 
practice block, blocks 2, 3, 4 and 6 have a 
reward condition. Block 5 starts with a reward 
condition then becomes an extinction of reward 
condition. Block 7 has an extinction condition. 

CD/ADHD participants showed positive PEP 
reactivity and ADHD participants showed a blunted 
PEP reactivity compared to control. 

Bernston et al. 
1994 

10 healthy women 
(mean age 22,5 y). 

Speech stress, 
mental arithmetic, 
reaction time task. 

3 min baseline, then a pharmacological 
blockade of the autonomic system with infusion 
of saline, metoprolol or atropine sulfate, then 3 
min baseline, 3 min recording seating and 
standing, the 3 tasks are then presented with a 
3 min rest before each task. 

Shorter PEP during stressful tasks. During the 3 
tasks, a rise in sympathetic activity and a diminished 
parasympathetic activity were observed but without 
correlation between the two branches. PEP 
duration changed in accordance with the autonomic 
pharmacological blockades. 

Brenner et al. 
2005 

50 students (age 
between 18 and 24 y). 

Repetitive response task 
with reward and frustrative 
nonreward. 

Six 2 min blocks separated by 2,5 min rest 
periods. The first 3 blocks were reward 
conditions, the fourth started as reward then 
switched to extinction, the fifth was reward, and 
the sixth started as extinction then switched to 
reward. 

PEP was the only autonomic parameter to react to 
reward. A habituation of PEP reactivity to reward 
was observed with the strongest PEP reactivity 
during the first reward block. 

Brinkmann and 
Franzen, 2013 

88 students (41 
dysphorics & 47 non 
dysphorics) (mean 
age 21,39 y). 

Sternberg type short 
memory task. 

2 (dysphoric vs nondysphoric) × 3 Incentives 
(0 vs 5 vs 15 SwissFrancs) between-persons 
design. 7,5 min habituation/baseline followed 
by the task (5 min, 29 trials). 

A linear increase of PEP reactivity was found with 
an increase of incentive in non-dysphorics, while 
dysphorics showed a blunted and nonlinear PEP 
reactivity. 

Brinkmann et al. 
2009 

1) 75 students (mean 
age 23 y). 
2) 145 students (mean 
age 22 y). 

1)Mental concentration 
task. 
2)Mental arithmetic task. 

1) Three between-person conditions 
(hedonic consequences: neutral vs reward vs 
punishment). 8 min baseline followed by the 
task (5 min, 50 trials). 
2) 2 (dysphoric vs nondysphoric) × 2 
(hedonic consequences: neutral vs reward) 
between-person design. 9 min baseline 
followed by the task (5 min, 20 trials). 

The results of both studies show that dysphorics 
have a blunted PEP reactivity to both punishment 
and reward. They also show an insensitivity to 
hedonic consequences. 
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Cancela and 
Silvestrini, 2021 

30 students (mean 
age 21,5 y). 

Easy memory span task. 

Within-subject design with 4 conditions: pain-
alone, task-alone, task with nonpainful heat 
stimulations (task-warmth), and task with 
painful stimulations (task-pain). 8 min baseline 
followed by the task alone block, then the pein 
alone bock, then the task-warmth block and the 
task-pain block. Each block is 3 min long. 

Pain increases subjective task difficulty. PEP 
reactivity was stronger when painful stimulation 
occurred during the task. 

Cellini et al. 2013 
13 normal sleeper vs 
13 primary insomniacs 
(mean age 24 y). 

Easy letter memory task 
(ELMT) and N-back task. 

10 min of relaxation was followed by a 3 min 
baseline recording, then participants 
performed the ELMT and after a 15 min break 
the N-back task (3 blocks). Within-subject 
design. 

Insomniacs showed hyperarousal at rest with a 
lower PEP and working memory impairment. But no 
relations between those two results were found. 

Chatelain and 
Gendolla, 2015 

1) 54 students (mean 
age 28 y). 
2) 86 participants 
(mean age 26 y). 

1) Parity task. 
2) Adaptation of the 
Brickenkamp d2 mental 
concentration task. 

1) Participants randomly assigned to anger, 
fear or happiness prime. 8 min baseline was 
followed the task. During the task, a fixation 
cross is presented, then a facial expression, 
then a noise picture, and finally a word flanked 
by 2 numbers (odd or even).  
2) Fear, anger or sadness primes. Same order 
of presentation but with the mental 
concentration task. 

Fear and sadness primes result in greater PEP 
reactivity than anger and happiness. Sympathetic 
impact of implicit fear and sadness on effort-related 
cardiac response, the emotions influencing the 
amount of effort put into a task. 

Chatelain and 
Gendolla, 2016 

82 students (mean 
age 24 y). 

Difficult Sternberg type 
short memory task. 

Prime (Fear vs Anger) x Incentive (High vs 
Low) between-persons design. 8 min 
habituation/baseline followed by the task (5 
min, 36 trials). 

Fear primes lead to a stronger PEP reactivity in the 
difficult task when incentive was high compared to 
anger primes. When incentive was low, anger 
primes showed the stronger PEP reactivity. 

Chatelain et al. 
2016 

80 psychology 
students (mean age 
21 y). 

Mental arithmetic task. 

Randomly assigned to a 2 (fear vs anger) x 2 
(easy vs difficult) between-subjects design. 
8min baseline followed by the task (5 min, 32 
trials).  

For the easy task, fear primes lead to stronger PEP 
reactivity than anger primes. For the difficult task, 
reverse effect, anger primes lead to stronger PEP 
reactivity.  

Covassin et al. 
2011 

8 normal sleepers 
(mean age 24,8 y) vs 8 
primary insomniacs 
(mean age 22,9 y). 

Stop Signal Task. 

Two sessions: before and after a night of 
polysomnographic recording. 5 blocks, each 
preceded by a 1 min baseline fixation cross. 
Within-subject study. 

PEP is lower in insomniacs at rest, showing a 
constant sympathetic hyperarousal. There was no 
difference in PEP reactivity during the task and no 
correlation found between performance (inhibition 
deficit for insomniacs) and physiological data.  

Duschek et al. 
2016 

40 hypotensive (mean 
age 24,7 y vs 40 
normotensive (mean 
age 24 y). 

Number-letter task, 
continuous performance 
test, n-back task and 
flanker task. 

7 min rest period and the tasks were presented 
in a fixed order. Within-subjects study. 

Hypotensive participants show higher PEP as well 
as increased error rates in n-back and flanker task 
with a positive correlation between the two.  

Framorando and 
Gendolla, 2018a 

87 students (mean 
age 20,46 y). 

Sternberg type short 
memory task. 

2 (prime: sadness vs anger) × 2 (visibility: 
suboptimal vs optimal) between-persons 
design. 8min habituation/baseline followed by 
the task (5min, 32 trials). 

PEP reactivity was stronger with sadness primes in 
the suboptimal presentation of the primes condition 
compared to anger primes, but not in the optimal 
condition.  

Framorando and 
Gendolla, 2018b 

124 students (mean 
age 24 y). 

Parity task. 

Prime (sadness vs anger) x prime visibility 
(suboptimal vs optimal) between-persons 
design. 8 min habituation/baseline followed by 
the task (5 min, 36 trials). 

When primes are briefly flashed, sadness prime 
conditions showed stronger PEP reactivity than the 
anger prime condition. The opposite was observed 
when affect primes were clearly visible. However, 
these results only occurred for men. 

Framorando and 
Gendolla, 2019a 

166 students (mean 
age 23,5 y). 

Arithmetic task. 
Prime (sadness vs anger) x warning (warning 
of the presence of primes vs no warning) x 

Only when there was no warning about the 
presence of primes, PEP reactivity was stronger in 
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gender between-persons design. 8 min 
baseline followed by the task (5 min, 30 trials). 

the happiness prime condition than the sadness 
prime. This was also only significant for men. 

Framorando and 
Gendolla, 2019b 

123 students (mean 
age 22,62 y).  

Memory task or simply 
watching. 

Prime (sadness vs happiness) about the pre-
achievement vs watching) between-persons 
design. 10 min habituation/baseline followed 
by the task (5 min, 36 trials). 

PEP reactivity was stronger with happiness primes 
than sadness primes during the achievement 
condition. During the watching condition, PEP 
reactivity was weaker without a difference between 
the 2 primes. 

Franzen and 
Brinkmann, 2015 

56 nondysphoric 
students (mean age 
22,46 y) and 51 
dysphoric students 
(mean age 23,51 y). 

Recognition memory task. 

2 (dysphorics vs nondysphorics) × 3 (neutral vs 
reward vs punishment) between-persons 
design. After a baseline recording, a 
memorization phase of 5 min is presented 
(presentation of 30 non-words), followed by a 
recognition phase (90 trials, 30 target non-
words and 60 distractors non-words). 

For non-dysphorics, PEP reactivity was stronger for 
both incentive conditions compared to the neutral 
condition, while for dysphorics, it was blunted 
across conditions. 

Franzen and 
Brinkmann, 2016 

1) 35 students (mean 
age 22,11 y). 
 
2) 30 students (mean 
age 21,37 y). 

Adaptation of the 
Brickenkamp d2 mental 
concentration task 

1) 2 between-person conditions (dysphorics vs 
nondysphorics) and 2 within-person conditions 
(reward anticipation vs consumption). 8 min 
habituation/baseline followed by the task (5 
min, 51 trials). 
2) 2 between-person conditions (dysphorics vs 
nondysphorics) and 2 within-person conditions 
(punishment anticipation vs consumption). 8 
min habituation/baseline followed by the task 
(5 min, 51 trials). 

Dysphorics showed a blunted PEP reactivity for 
both reward and punishment conditions, but a 
blunted self-reported wanting during reward 
condition and a normal wanting during punishment. 

Franzen and 
Brinkmann, 2016b 

42 students (men age 
24,64 y). 

Sternberg type short 
memory task. 

2 wanting vs liking. 8 min habituation/baseline 
followed by 5 min task (21 trials). 

Highly anhedonic participants showed a reduced 
PEP reactivity and self-reported wanting. 

Franzen et al. 
2019 

20 participants with 
MDD and 20 controls 
(mean age 42,65 y). 

Sternberg type short 
memory task. 

First a neutral 8 min long movie is presented 
and used to record baseline. Followed by two 
blocks of 2,8 min of the same task. With either 
a reward incentive then a punishment incentive 
in the 2nd one, or the reverse. 

With reward incentive, MDD participants showed a 
blunted PEP reactivity and self-reported wanting. 
While with a punishment incentive, MDD 
participants showed a blunted PEP reactivity but an 
unchanged self-reported avoidance motivation. 

Freydefont and 
Gendolla, 2012 

62 students (mean 
age 22 y). 

Sternberg type short 
memory task. 

2 (affect prime: anger vs sadness) × 2 
(incentive: low vs high) between-person 
design. 8 min habituation/baseline followed by 
the task. 

PEP reactivity was stronger with high incentive 
when sadness prime are used than with low 
incentive. With low incentive, PEP reactivity was 
stronger with the anger primes than with the 
sadness primes. 

Freydefont et al. 
2012 

75 students (mean 
age 21 y). 

Sternberg type short 
memory task. 

2 (affect prime: anger vs sadness) × 2 
(difficulty: low vs high) between-person design. 
8 min habituation/baseline followed by the task 
(32 trials). 

For the easy task, sadness primes lead to stronger 
PEP reactivity than anger primes. For the difficult 
task, reverse effect, anger primes lead to stronger 
PEP reactivity. 

Gendolla and 
Silvestrini, 2010 

48 students (mean 
age 23 y). 

Sternberg type short 
memory task. 

3 primes (action vs neutral vs inaction). 8 min 
habituation/baseline followed by the task (32 
trials). 

PEP reactivity was stronger with action primes than 
with neutral primes, which was stronger than 
inaction primes. Task performance followed the 
same pattern. 

Gendolla and 
Silvestrini, 2011 

1) 45 students (mean 
age 22 y). 
2) 42 students (mean 
age 21 y). 

1) Attention task. 
2) Sternberg type short 
memory task. 

Participants are randomly assigned to one 
prime condition (sadness vs happiness vs 
anger). 8 min habituation/baseline followed by 
the task (5 min, 36 trials). 

For both experiments sadness-primes resulted in a 
stronger PEP reactivity than happiness and anger 
primes. 
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Gurel et al. 2019 

25 Healthy young 
(mean age 25,5 y) vs 
25 older subjects with 
coronary artery 
disease (mean age 
64,8 y). 

Arithmetic stress. 
15 min rest followed by 1 min of mental 
arithmetic tests. 

Mean PEP lower in elderly population than young 
population and PEP is reduced during task for both 
groups but more strongly in the young group. 

Kelsey et al, 2000 
162 students (age 
between 18 and 33 y). 

Mental arithmetic. 

3 groups: no evaluative videotaping, 
videotaped during the second task, or 
videotaped during the third task. 
Each group started with, respectively a 8, 24 or 
16 min baseline followed 3 task blocs, 
separated by 4 min baseline periods. 

PEP reactivity was higher during task blocs which 
were videotaped. 

Kelsey et al, 2004 
224 students (mean 
age 19,2 y). 

Mental arithmetic. 

2 (evaluative observation or not) x 2 (8 min or 
16 min baseline). 4 task blocks (4 min) with 4 
min baseline between each blocks, except 
before the 3rd block where baseline was 12 or 
4 min depending on the group, and during the 
3rd block evaluative observation occurred or 
not. 

Habituation was observed across tasks blocks with 
a decrease of PEP reactivity, except when 
evaluative observation occurred during the 3rd 
block, where an increase of PEP reactivity was 
observed. 

Kelsey et al, 2007 

1) 326 students (mean 
age 19,3 y). 
2) 136 adolescents 
(mean age 14,7 y). 
3) 142 adolescents 
and young adults 
(mean age 17,8 y). 

1) mental arithmetics. 
2) video game and cold 
pressor. 
3) mathematics, video 
game, and cold pressor. 

1) 8, 16 or 24 min baseline followed by three 
mental arithmetic tasks (4 min) separated by 
4min baseline. 
2) 10 min baseline before each task, 3 min 
video game and 3 min cold pressor. 
3) 10 min baseline before each task, two 
mental arithmetic tasks (5 min), 3 min video 
game and 3 min cold pressor. 

PEP reactivity was significant for all tasks except 
the cold pressor task. A high reliability within tasks 
was found while lower reliability was found across 
tasks. 

Lasaukaite et al. 
2013 

52 healthy students 
(mean age 20,5 y). 

Adaptation of the 
Brickenkamp d2 mental 
concentration task. 

Participants were randomly assigned to a 2 
(prime: happy/sad) x 2 (cue/no cue) between-
persons design. Pictures of neutral, sad and 
happy faces. Baseline taken during a neutral 
film is watched.  

Sadness primes had stronger PEP reactivity than 
happiness primes, and use of cue showed stronger 
PEP reactivity than no cue for both primes. With 
sadness prime, task demand and mental effort are 
higher, higher cognitive demand. Effect of emotional 
feelings on mental effort. 

Lasaukaite et al. 
2014 

134 students (mean 
age 21 y). 

Arithmetic task. 

Prime (sadness vs happiness) x prime visibility 
(suboptimal vs optimal) x difficulty (easy vs 
difficult) between-persons design. 8 min 
habituation/baseline followed by the task (5 
min, 36 trials). 

When primes are briefly flashed, sadness prime 
conditions showed stronger PEP reactivity than the 
happiness prime condition when the task was easy. 
The opposite was observed when the task was 
difficult. These effects were reversed when the 
primes were clearly visible. 

Mallat et al. 2020 
110 healthy right-
handed students (age 
between 18 -30 y). 

Modified Fitt’s Task with 5 
levels of shrinking targets. 

8 min rest followed by 75 training trials then the 
experimental task. Between-subject design. 

Curvilinear relationship of PEP with task difficulty. 
Negative PEP reactivity for the first two levels, then 
“intermediate” level has a more negative PEP 
reactivity. For the “very difficult” level, PEP reactivity 
stayed negative but diminished, showing a slight 
disengagement. For the “impossible level” it was 
positive, showing a total disengagement. 

Mazeres et al. 
2019 

68 students (mean 
age 20,82 y). 

Mental arithmetic task. 
2 (easy vs difficult) x 2 (low nAch vs high nAch) 
8 min habituation/baseline followed by the 
task. 

PEP reactivity was stronger in the difficult task 
condition, and stronger for the high nAch group. 
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Mazeres et al. 
2021a 

78 students (mean 
age 23,72 y). 

Mental arithmetic task. 
Task difficulty clear vs unclear. 8 min 
habituation/baseline followed by the task (6 
min 40 s). 

PEP reactivity was stronger in the high implicit 
achievement motive group when the task was 
difficult or unclear. 

Mazeres et al. 
2021b 

1) 88 students (mean 
age 20,68 y). 
2) 88 students (mean 
age 20,92 y). 

1) Memory task. 
2) Mental arithmetic task. 

1) 2 difficulty (easy vs difficult) x 2 groups (low 
nAch vs high nAch). 8 min habituation/baseline 
followed by the task (5 min). 
2) 2 difficulty (easy vs unclear) x 2 groups (low 
nAch vs high nAch). 8 min habituation/baseline 
followed by the task (5 min). 

PEP reactivity is stronger with high implicit 
achievement motive (nAch) when the task is either 
difficult or when difficulty is unclear. 

Mezzacappa et al. 
2001 

1) 27 participants 
(mean age 25,4 y). 
2) 31 participants 
(mean age 34 y). 

Cold pressor. 
Mental arithmetic task. 
Stroop task. 

1) 10 min baseline, then 1 min arithmetic and 
cold pressor in random order, with 5 min 
baseline between the two tasks, and 1 min 
recovery recorded after each task. 2) 5 min 
baseline, 5 min Stroop task, 5 min recovery, 5 
min arithmetic task and finally 5 min recovery. 
Within-subject study. 

Cold pressor did not show a decrease in PEP but 
the mental arithmetic task did. No PEP results for 
experiment 2. Cardiovascular recovery from stress 
is associated with increased vagal modulation 
despite residual sympathetic activation. 

Montoya et al. 
1997 

22 healthy adults 
(mean age 22,7 y). 

Mental arithmetic. 
Cold pressor. 

5 min baseline then 5 min mental arithmetic 
task, 5 min baseline, 3 min hand cold pressor 
and another 5 min baseline. Within-subject 
study. 

No effect of cold pressor on PEP but a significant 
decrease in PEP is observed during mental 
arithmetic. It suggests that cardiovascular 
responses to psychological challenge depend on 
the level of cognitive processing required for the 
task. 

Plain et al. 2020 
31 participants (mean 
age 22,22 y). 

Speech in-noise test.  
5 min baseline, 6 x 2 within-subject design. 
Two reward levels (0,20€ or 5€) and six 
speeches in noise ratios.  

No reward effect and PEP reactivity varied linearly 
with task demand. 

Quigley et al. 
2006 

38 children (mean age 
5.25 y); 20 adults (age 
21 y). 

Emotionally evocative 
video, interview, reaction 
time task and cold pressor. 

2 min baseline (4 min for adults) then 12 min 
video, then interview, then reaction time task 
and finally 1 min cold forehead pressor. Inter-
task rest of 2 min for adults but not children. 
Within-subject design. 

PEP reactivity is similar for children and young 
adults. The consistency of the reactivity across 
tasks within individuals and consistency of reactivity 
across children and young adults suggests that pre-
ejection period is a reasonable estimate of 
sympathetic activity in children. 

Rahman et al. 
2018 

46 students (mean 
age 19,2 y). 

Stroop Color-Word Conflict 
Test. 

5 min baseline, 5 min Stroop test and 5 min 
recovery. 

PEP was reduced during task and came back to 
baseline during recovery.  

Richter et al. 2008 
64 university students 
(mean age 24 y). 

Sternberg type short 
memory task. 

Participants are randomly divided into 4 groups 
Each group was assigned a difficulty level. The 
task consisted of 72 trials (each lasting 
4000ms). Baseline time isn’t given in the 
article. 

PEP reactivity was more and more negative with 
task difficulty until the task became impossible, at 
which point PEP reactivity was positive.  

Richter and 
Gendolla, 2009 

31 psychology 
students (mean age 
28 y). 

Delayed-matching to-
sample task. 
 

10 min habituation followed by 28 trials. Task 
instructions only explained the general 
procedure of the task to create task with 
unclear difficulty and they learned they could 
win a prize for successful task performance. 
Within-subject study, participants were 
randomly assigned to 1 condition.   

PEP reactivity increased with incentive value.  

Silvetrini, 2015 
1) 61 students (mean 
age 24 y). 
 

Difficult Sternberg type 
short memory task. 

1) 2 (prime: pain, neutral) x 2 (incentive: 
moderate, high) between-persons design. 8 
min habituation/baseline followed by the task 
(5 min, 32 trials). 

PEP reactivity was stronger in the pain-prime/high 
incentive condition compared to the other 
conditions. However, task performance was lower 
with pain primes compared to neutral primes. 
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Silvestrini, 2018 

1) 96 students (mean 
age 22 y). 
2) 82 students (mean 
age 22 y). 

Sternberg type short 
memory task. 

1) 2 (prime: pain, neutral) × 2 (difficulty: easy, 
difficult) between-persons design.  
2) 2 (prime: pain, anger) × 2 (difficulty: easy, 
difficult) between-persons design.  
8 min habituation/baseline followed by the task 
(5 min, 32 trials). 

Pain primes resulted in a stronger PEP reactivity 
compared to both neutral and anger primes when 
the task difficulty was easy but was weaker than 
them when the task was difficult. Pain primes also 
resulted in the increase of self-reported perceived 
difficulty. 

Silvestrini and 
Gendolla., 2011a 

40 students (mean 
age 21 y). 

Adaptation of the 
Brickenkamp d2 mental 
concentration task. 

8 min baseline followed by mood manipulation 
with 8 min film presentation (funny or 
depressing movie clips). Before the attention 
task, there was an instrumentality manipulation 
(high/low hedonic instrumentality), then they 
performed the 5 min task. 

PEP reactivity was stronger in participants with the 
positive mood induction than negative mood. But 
the strongest PEP reactivity was observed in 
participants who had the negative mood induction 
and the high instrumentality. The high 
instrumentality justified a higher effort in a negative 
mood. 

Silvestrini and 
Gendolla, 2011b 

56 students (mean 
age 23 y). 

Modified Brickenkamp d2 
mental concentration task. 

Participants are randomly assigned to a 2 
(prime: sad vs happy facial expression) x 2 
(difficulty: low vs high) between-persons 
design. 8 min habituation/baseline followed by 
the task (5 min, 36 trials) 

PEP reactivity was the strongest for the sadness-
prime/easy task condition and the happiness-
prime/difficult task condition. 

Silvestrini and 
Gendolla, 2013 

75 healthy students 
(mean age 22 y). 

Sternberg type short 
memory task. 

2 (prime: action, inaction) x 3 (difficulty) 
between person design. 8 min baseline 
followed by the task (either a nonword series 
of letters or a priming word was presented). 

Stronger effort-related cardiovascular response 
with action primes than inaction primes, as long as 
success is possible: disengagement when the 
difficulty is “extremely difficult”. No significant 
difference between PEP reactivity for the “easy” 
task vs “difficult”. 

Silvia et al. 2014 
131 Adults (mean age 
19,37 y). 

Parity task. 5 min baseline followed by 5 min task.  
Longer PEP at baseline in people with higher 
depressive symptoms, as well as a smaller PEP 
shortening during task. 

Tanenbaum et al. 
2018 

91 healthy children vs 
75 children with ADHD 
(mean age 8,32 y). 

Emotional Go/No-Go task. 

60 facial stimuli presented. Neutral Go/No-Go 
(control condition): calm faces. Female faces 
were the Go stimuli and male for No-Go. 
Emotional Go-No-Go: fearful faces were Go 
trials and No-Go for any other faces.  

PEP reactivity was positive in both neutral and fear 
conditions while control participants showed 
negative results for both. ADHD children were less 
motivated to engage in the task.  

Zauner et al. 2020 

27 young healthy 
adults (mean age 26.2 
y). 
 

Sternberg task. 

Morning sessions started at 07:00 am, before 
dawn, late-afternoon sessions at 5:00 pm, after 
dusk. Three different lighting scenarios were 
tested. Correlated color temperature set at 
7000K (241lux), 4000K (128lux) or 2700K 
(54lux). After the ten-minute baseline, they 
performed the computerized cognitive task. 
Within-subject test. 

The highest change (sympathetic activation) 
occurred for the medium one of the three stimuli 
(128 lux) during the late-afternoon session. 
Performance scores did not change with the light 
scene. Participants reached the same performance 
most efficiently at both the highest and lowest 
melanopic setting, and during the morning session. 

 

Table 2: Summary of the studies presented in this review. They all include PEP measures during a cognitive task. 
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Brehm’s theory on effort investment has been extensively studied in relation to different 

cardiovascular responses (see Gendolla & Wright, 2012; Richter et al., 2016 for detailed reviews). 

Table 2 reports the description and main results of the reviewed studies specifically on PEP and 

PEP reactivity across a great variety of experimental paradigms evaluating cognitive 

performance. In this section, we briefly review and discuss the most important results of these 

studies.  

As a typical example of study conducted in this domain, Richter et al. (2008) used a 

modified version of the Sternberg task: a memory task using nonsense letter series in which 

participants had to report whether a single target letter was present in the previous series. The 

task had four different levels of difficulty, depending on the time of presentation of the nonsense 

letter series. The highest difficulty level was impossible because the presentation time was too 

short (15 ms) to consciously process the stimulus. In this between-subject study, each level of 

difficulty was performed by an independent group of participants. The results showed that PEP 

reactivity increased proportionally with task difficulty until the task became impossible (see Figure 

3). PEP reactivity became more negative with increasing task difficulty. A task disengagement 

was then observed for the “Impossible” condition because the task became too difficult: the 

participants stopped putting effort into the task, and PEP reactivity became positive (task PEP 

was higher than baseline PEP in this condition). According to the authors, PEP duration is 

inversely proportional to an individual’s task engagement, and energy mobilization is mediated by 

changes in β-adrenergic activity, supporting Brehm’s theory. 

Following this study, numerous works from this research group and others have examined 

more systematically the conditions under which such a relationship between PEP reactivity, 

indexing SNS control, and effort mobilization is demonstrated and the shape of this relationship. 
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Figure 3: Reproduction of the results reported by Richter et al. (2008) for pre-ejection period 

(PEP) reactivity during the performance of a memory task across different levels of difficulty. Bars 

represent standard errors. 

In the same kind of task as Richter et al. (2008), it has been shown that using action 

primes instead of nonsense letters elicited a stronger effort-related cardiovascular response 

(higher PEP reactivity) than using inaction primes (Gendolla & Silvestrini, 2010; Silvestrini & 

Gendolla, 2013).  However, the linear relationship between PEP reactivity and task difficulty was 

not always demonstrated (e.g., Silvestrini & Gendolla, 2013) and some studies failed to find a 

sudden disengagement when the study becomes too difficult. For instance, using a modified Fitts’ 

task (speed-accuracy sensorimotor task) with five difficulty levels, Mallat et al. (2020) showed that 

the relation between PEP reactivity and task difficulty was curvilinear and thus more consistent 

with Hancock and Szalma’s model (2006) that proposes a curvilinear effect of stress level or task 

difficulty on behavioral and physiological adaptability. When task difficulty increases to a point 

where it becomes too difficult for the individual, mental effort investment is reduced and not 

stopped, and the behavioral strategy changes. 
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Important factors related to the relationship between cardiac PEP reactivity and effort 

mobilization in cognitive tasks concern mood, emotion and pain. For example, the mood has been 

shown to affect mental effort intensity, as indexed by PEP reactivity, during task performance due 

to its effects on task appraisal (Silvestrini & Gendolla, 2011a). Similarly, research from this 

Geneva Motivation Lab reported that using affect primes (sadness, fear) during a cognitive task 

can influence perceived difficulty and thus effort mobilization as measured by PEP reactivity 

(Chatelain & Gendolla, 2015; Framorando & Gendolla, 2019b; Lasauskaite et al.,2013). Several 

studies also found that the emotional effect on PEP reactivity is not linear and can be modulated 

by the objective difficulty of the parallel task (Chatelain et al., 2016; Framorando & Gendolla, 

2018a; Framorando & Gendolla, 2018b; Framorando & Gendolla, 2019a; Freydefont & Gendolla, 

2012; Freydefont et al,. 2012; Gendolla & Silvestrini, 2011; Lasaukaite et al., 2014; Silverstrini & 

Gendolla 2011b). More detailed reviews of the effect of affect primes on effort mobilization can 

be found in Gendolla (2012) and Silvestrini and Gendolla (2019). Finally, in addition to sadness 

and fear, pain was also shown to affect perceived task difficulty and the resulting cardiovascular 

reactivity to effort mobilization (Cancela & Silvestrini 2021; Silvestrini, 2015: Silvestrini, 2018). 

Some studies directly related PEP reactivity to mental stress. Berntson et al. (1994), 

Kelsey et al. (2007), Mezzacappa et al. (2001), Montoya et al. (1997), and Rahman et al. (2018) 

showed that, except for the cold stressor, mental stress inductions by reaction time tasks, speech 

stress tasks, mental arithmetic tasks or video game, elicited significant changes in cardiovascular 

functioning, with a shortening of PEP. This PEP sensitivity to mental stress is most likely due to 

the stronger sympathetic activity responsible for fight or flight behaviors in response to danger 

and stressful environment/situations. Moreover, studies reported that an evaluative observation 

condition resulted in an increase of PEP reactivity, indicating a resurgence of β-adrenergic cardiac 

reactivity, but that repeated similar stress tasks resulted in attenuated PEP reactivity, showing a 

possible form of habituation (Kelsey et al.; 2000; 2004). 
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Taken together, the results of the studies reviewed in this section and detailed in Table 2 

reported that manipulations of task difficulty, mental stress or incentive value, as well as mood 

and emotions elicit direct and measurables changes in cardiac PEP and PEP reactivity. Although 

not a direct measure, PEP is currently accepted as the most reliable index of SNS activity in 

controlled conditions (Kelsey, 2012; Krohova et al., 2017; Mezzacappa et al., 1999; Richter et al., 

2008), and as such can be an efficient physiological metric of mental effort mobilization. 

Nevertheless, the relationship between task difficulty and PEP reactivity was not always shown 

to be clearly linear, and was also often curvilinear. Also, complete disengagement or sudden 

disengagement when the task became impossible was not systematically reported neither. These 

discrepancies could be related to the definition and manipulation of task difficulty that can diverge 

between studies. They also could be explained by the numerous moderators involved in the task 

difficulty and PEP relationship. The physiological processes behind effort mobilization may thus 

need further investigation. As reported above, emotions and mood influence PEP, but other 

important factors also deserve future consideration. These factors are reviewed in the next 

sections. 

 

4 Inter-individual variability of PEP 

Numerous factors independent from the experimental manipulation appear to influence PEP 

values in the literature. It is important to consider this variability when using PEP in 

psychophysiological and cognitive experimentations. The most important sources of inter-

individual variability, described below, are age, sex, and psychological pathologies. Other sources 

of variability not reviewed here can be linked to diseases such as heart failure, aortic valve 

diseases, or chronic hypotension (see Duschek et al., 2016; Krohova et al., 2017; van Lien et al., 

2013).  

4.1 Age 
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According to Quigley and Stifter (2006), the mean resting PEP is shorter in young children (mean 

age = 5 years and 3 months) than in adults, with values ranging from 70 to 75. The authors also 

reported that children have a smaller sympathetic reactivity compared to adults. PEP reactivity 

was more important in adults than in children during four different tasks: watching a video of the 

Wizard of Oz, an interview, a go/no-go task, and a cold pressor task. However, in another study, 

Tanenbaum et al. (2018) reported a mean resting PEP ranging from 95 to 105 ms in 166 children 

aged 5-13 years, indicating that children may not always show a shorter PEP at rest compared to 

adults (see Table 1). The literature also investigated whether PEP differs in older adults compared 

to younger ones. Cybulski (1996) did not find any significant effect of age on the mean resting 

state PEP among adults aged 22 to 59 years. Steptoe et al. (2005) did not find a significant 

difference in mean resting PEP between adults (27-42 years) and older adults (65-80 years), but 

did find a stronger PEP reactivity in younger adults than in the older adult group in response to a 

cognitive task, as well as a better PEP recovery from task. Gurel et al. (2019) showed a shorter 

mean resting PEP and a lower PEP reactivity in older participants (age = 64.8 y ± 5.9 y; resting 

PEP = 80 ms ± 4.3 ms; PEP reactivity = -6.4 ms) than in healthy younger ones (age = 25.4 y ± 

4.4 y; resting PEP = 109.3 ms ± 3.9ms; PEP reactivity = -9.6ms) during a mental arithmetic task. 

However, in this study, older participants showed higher mean BP and lower mean HR compared 

to younger participants, which could explain the apparent lower mean resting PEP of the older 

participants. As mentioned above, an important inter-individual variability in the mean resting PEP 

was observed in adults (see Table 1). It is thus difficult to evaluate the actual effect of age on 

PEP. This needs to be further studied in conjunction with the confounding factors mentioned in 

this article (e.g., HR, BP, sex, etc.). 

4.2 Sex 

Little research has examined the question of the potential moderating effect of sex. Among those 

studies, Rattel et al. (2020) used 15 neutral, threat, loss, achievement, and recreation-related 
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movies clips to assess affective differences between men and women. Emotion response 

estimates were measured for each clip using facial corrugator and zygomatic electromyography 

(EMG). EMG results were related to self-reported measures of emotional experiences taken at 

the end of each film. Arousal (excited/calm) and valence (pleasant/unpleasant) ratings were taken 

into account to characterize the emotional experience. The results showed that women have a 

more negative PEP reactivity compared to men and higher arousal and valence. Moreover, they 

also showed that women have higher concordance between arousal physiology and performance, 

as revealed by PEP reactivity.  

4.3 Pathologies 

The effect of different pathologies on PEP has also been studied. Beauchaine et al. (2001) 

showed a blunted PEP reactivity in attention-deficit hyperactivity disorder (ADHD) children 

compared to control children in a repetitive motor task in which rewards were given or removed 

across trials. Tanenbaum et al. (2018) explored the effect of ADHD on PEP reactivity during a 

Go/No-Go task. This study showed that compared to the control group that demonstrated a 

negative PEP reactivity during the cognitive task, ADHD children showed a reduced and positive 

PEP reactivity, possibly because they mobilized proportionally less effort, or lack the motivation 

to engage appropriately in the task.  

Cellini et al. (2013) and Covassin et al. (2010) explored the effect of primary insomnia on 

cardiovascular changes and cognitive performance. These studies found sympathetic 

hyperarousal (e.g., HR increasing and PEP decreasing) at rest and during the tasks evaluating 

inhibition and working memory along with cognitive deficits in insomniacs compared to good 

sleepers. However, while evidence of both cognitive impairments and cardiovascular 

hyperarousal were shown in both studies, a clear relationship between the two phenomena is 

lacking. Indeed, no significant correlation was found between performance and physiological data, 

suggesting that different pathways might be at play.  
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Finally, several studies were interested in the effects of major depressive disorder (MDD) 

and dysphoria on sympathetic activity and cardiac reactivity (Ahles et al., 2017; Bair et al., 2020; 

Brinkmann & Franzen, 2013; Brinkmann et al., 2009, Franzen & Brinkmann, 2015; Franzen & 

Brinkmann, 2016, Franzen & Brinkmann, 2016b; Franzen et al., 2019; Silvia et al., 2014). MDD 

patients showed dysfunctional motivation and affective dynamics associated with anhedonia. In 

this population, PEP reactivity was positively associated with task performance, with smaller PEP 

reactivity during cognitive tasks in depressive compared to a healthy control group. Brinkmann 

and Franzen (2013), Brinkmann et al. (2009), and Franzen and Brinkmann (2015) showed that 

while for non-dysphoric adults there was a linear relation between PEP reactivity and reward, for 

dysphoric patients, the relation was not linear and PEP reactivity was blunted. In addition to 

reward, punishment also resulted in a reduced PEP reactivity, but while self-reported reward 

wanting (the motivation to obtain a reward) was blunted with reward (Franzen & Brinkmann, 2016; 

Franzen & Brinkmann, 2016b; Franzen et al., 2019), it was normal with punishment (Franzen & 

Brinkmann, 2016). Hence, it seems that these patients show a blunted effort-related sympathetic 

activity. Following Brehm’s theory (Brehm & Self, 1989), depression could affect effort through 

changes in appraised task difficulty and/or changes in appraised goal importance. 

All the studies reported in this section showed different sources of PEP inter-individual 

variability, such as ADHD and MDD which reduce effort-related sympathetic activity. Mental stress 

and insomnia were reported to be responsible for sympathetic and cardiovascular hyperarousal. 

Age and sex may also affect resting PEP and PEP reactivity. However, their actual and direct 

causal influences need to be carefully tested in controlled studies. All this variability in raw PEP 

and PEP reactivity values calls for carefully controlling studies’ settings (e.g., same recording 

position, lighting of the room, see below) and participants’ characteristics (e.g., age, sex, health 

condition, etc.). 
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Moreover, if inter-individual variability influences PEP value, between-subject designs 

might not be the best way to study PEP, especially if the groups of participants are heterogeneous 

in age, sex, physical and psychiatric condition, health history, and other variables. As such, the 

reliability of other designs examining variations of PEP as a function of effort mobilization, like the 

within-subject design, must be studied, as reviewed in section 5.2 of this article.  

 

5 Methodological limits 

5.1 Confounding factors 

Several physiological parameters that can affect PEP measures must be considered when 

preparing experiments. First, it has been shown that the dissipation of catecholamines 

concentration (adrenaline and noradrenaline) lasts for about 9 seconds, affecting β-adrenergic 

receptors during this period (Kuipers et al., 2016; Mokrane & Nadeau, 1998). As it has been said, 

PEP is largely influenced by the sympathetic activity, acting via catecholamines and β-adrenergic 

receptors. The sympathetic reaction to an event could thus last up to 9 s. Therefore, to study the 

action of the sympathetic activity during a task, it might be preferable to use a long enough inter-

trial interval to ensure that the influence of sympathetic activation on those receptors is over before 

the subsequent trial is administered. An inter-trial interval of at least approximately 10 s should 

thus be recommended when studying PEP during an event-related design.  

Second, sympathetic activity is not the only parameter influencing the duration of the PEP. 

Indeed, as mentioned above, the Frank-Starling mechanism shows that HR changes can occur 

without sympathetic control, and this change in HR can modulate the PEP. A decrease in HR will 

increase the volume of blood that has more time to accumulate in the ventricle, which puts more 

pressure on the walls (preload). This pressure is likely to increase the contractility of the ventricle, 

decreasing the PEP (Krohova et al., 2017; Newlin & Levenson, 1979; Sherwood et al., 1990).  

Similarly, decreasing diastolic blood pressure (DBP) reduces the ventricular pressure 

required to open the aortic valve (afterload). This results in the valve opening more quickly after 
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depolarization, and thus PEP will decrease accordingly. It is thus highly recommended to record 

and to report HR and BP during experimentation to verify that the effects observed on PEP are 

only due to sympathetic activity changes. PEP reflects increases in beta-adrenergic activity only 

when HR and BP are stable or increase (Krohova et al., 2017; Newlin & Levenson, 1979; 

Sherwood et al., 1990). Importantly, factors such as chronological age or pathology (e.g. 

Parkinson’s disease, diabetes, Lyme disease) independently affect HR and BP and thus must be 

considered. Also, some behavioral or experimental factors could potentially affect HR and BP, 

and thus could indirectly impact PEP. For instance, at the start of an experiment, if a participant 

is strongly stressed about the experimentation, he/she could have a high HR, which will reduce 

during the experiment when he/she relaxes despite the cognitive stimulation and thus PEP could 

change not only because of mental effort but because of simple relaxation.  

Third, body position significantly affects PEP values (Houtveen et al., 2005), with the 

largest PEP when standing, followed by sitting and subsequently lying down (see Table 1). 

Keeping the same position during the entire recording period is thus important to avoid 

confounding variations of PEP values coming from different positions and from the task. In the 

same vein, standing for a prolonged period of time could decrease DBP, and thus decrease PEP, 

which is a reason why sitting might be preferable when possible. Furthermore, daytime and 

lighting conditions also affect cardiovascular reactivity (Adan & Sánchez, 1996; Rüger et al. 2006) 

by affecting for example sleepiness and alertness, which can affect performance, concentration 

or the amount of mental effort participant invests into a task. For example, Zauner et al. (2020) 

showed the impact of these parameters on PEP reactivity, which was shown to be stronger during 

late afternoon and with medium luminosity. Additionally, colder light resulted in less effort 

mobilization and a smaller sympathetic activation with the same performance. These parameters 

may thus need to be constant in experiments and be specified in the methods of published 

studies.  
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5.2 PEP in within-subject studies 

A lot of PEP studies in cognitive psychophysiology have used either between-subject design or a 

single task (e.g., Rahman et al., 2018; Silvia et al., 2014) without repetition. This implies that the 

intra-individual evolution of PEP as a function of experimental conditions when conducting 

repeated measures of the same task is poorly known. To use PEP as a physiological index of 

mental effort, it is important to know the reliability of this measure over time within the same 

subject. From an applied perspective, if one wants to use PEP and/or PEP reactivity to anticipate 

or prevent overload or incapacitation at work or in challenging situations, it is essential to 

disentangle the effects of time on task and the effects of task difficulty as well as the effects of 

recovery period within the same subject. For example, would the same results be observed in a 

study where PEP reactivity would be investigated at different levels of difficulty using a within-

subject design (i.e., every participant would perform all levels in a raw) compared to a study using 

a between-subject design (i.e., every participant would perform only one particular level of 

difficulty)? Could there be a habituation effect on PEP after a while? Would there be a clear 

disengagement with sudden positive PEP reactivity when the task becomes impossible? After a 

thorough search of the existing literature, no definite answers to these questions were found, 

partly because of the lack of information in the published studies and because these questions 

were never directly addressed. Although some published articles have used PEP in a within-

subject design (18 out of 52 articles cited in this review, see Table 2), most of these articles did 

not address these questions.  

Some responses can be inferred by examining the existing literature. For example, Kelsey 

et al. (2007) studied the reliability of cardiovascular reactivity. Using three combinations of 

different stress inducting tasks (and analyzing the Cronbach’s α coefficient of internal 

consistency), they found that there was a high within task reliability for all tasks, but test-retest 

and across tasks reliability was high only with mental arithmetic tasks. Indeed, reliability declined 
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when video game and cold pressor tasks were added to the task list. Which suggest that across 

task consistency of cardiovascular reactivity could be limited. 

Regarding possible habituation effects, some studies have started to tackle these questions such 

as the ones from Kelsey et al. (2000 and 2003) (see above, Section 3) that showed a habituation 

of PEP reactivity across repeated presentation of the same stress task. In addition, Plain et al. 

(2020) studied effort mobilization using a speech-in-noise task. Participants were asked to repeat 

a sentence they heard with lower and higher frequencies masking (from -1 to -21 dB) covering 

the speech, and with either a high or low reward (5€ vs 0.20€). The signal-to-noise ratio (SNR) 

was manipulated with a within subject design. The researchers found that effort investment during 

listening varied as a function of task demand and motivation (manipulated by reward). More 

precisely, the relationship between task demands during the speech-in-noise task and PEP 

reactivity was somewhat linear. PEP reactivity was the most negative at the lowest signal-to-noise 

ratio (-21 dB), indicating greater effort investment compared to higher SNRs. The behavioral 

results, which showed that the percentage of correct responses was higher for the lower ratio of 

-1 dB (91.6%) than for the higher ratio of -21 (2.7%), supported these physiological results. No 

effect of reward on PEP reactivity was observed. The results of Plain et al. showed no visible sign 

of habituation or physiological drift during the experiment (see Figure 4-A) because the six ratio 

levels were presented in either descending or ascending order. However, only PEP reactivity, 

calculated as the difference between PEP during each speech-in-noise task condition and resting 

PEP just before the task, was reported in the results. In other words, the six experimental 

conditions were each preceded by a 5-min resting condition. Unfortunately, the study did not 

report the mean absolute PEP values for the experimental or resting conditions, preventing the 

possibility to examine the dynamic of raw PEP values. Interestingly, in addition to the classic block 

wise analysis method to study PEP reactivity, this study used also an event-related analysis 

method. For this method, instead of averaging all the PEP data in a block, they selected the PEP 
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that occurred only during the presentation of a target sentence and then averaged these specific 

PEP for each block (see Figure 4-B). With this event-related method, as for the block-design one, 

no significant effect of reward was found, but a linear contrast revealed a significant effect of SNR, 

with a stronger PEP reactivity at the lower SNRs. This method also showed that while most of the 

PEP reactivity values found with the block wise analysis were positive (indicating that PEP during 

task was actually longer than PEP during rest), in the event-related analysis, most of the PEP 

reactivity values were negative. These results, although showing a small effect size of task 

difficulty on PEP reactivity in a within-subject design, suggest that an event-related analysis of 

PEP might be possible and sensitive to task demand.  

 

 

 

 

 

 

 

Figure 4: Reproduction of Plain et al.’s (2020) results for PEP reactivity (in ms) during a speech-

in-noise task performed by two groups of participants (high reward vs low reward). The authors 

performed a block-wise analysis (A) or a target stimuli (event-related) analysis method (B).  

 

Another study that used a within-subject design is from Brenner et al. (2005). The authors 

used six blocks of a 2-min repetitive simple decision task, each separated by 2.5 min of rest. 

Reward and extinction of reward conditions were manipulated within and between blocks. Results 

showed that PEP reactivity was significant during reward but not during extinction, and a linear 

trend analysis indicated that there was a significant habituation effect on PEP reactivity across 
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reward conditions. The first reward block had the strongest PEP reactivity and the last reward 

block had the weakest PEP reactivity (see Figure 5). Thus, contrary to Plain et al. (2020), this 

study showed a possible form of habituation of PEP reactivity across conditions in a within-subject 

design.  

 

 

 

 

 

 

 

Figure 5: Reproduction of Brenne et al.’s (2005) results for PEP reactivity (in ms) during a 

repetitive response task across conditions of reward (R) or extinction of reward (E). 

 

One aspect of the evolution of PEP as a function of time-on-task that has been studied in 

a within-subject design is the recovery time after a simulated rescue operation in virtual reality. 

Czarnek et al. (2021) showed that it takes about one to two minutes for PEP to return to baseline 

after the task completion. Their findings suggest that task-related sympathetic activity dissipates 

rather quickly. An inter-task interval no shorter than one minute is thus necessary to avoid the 

effect of the previous task on subsequent measurements. However, this study was conducted 

only on white fit males of the same age. Replication studies using different cognitive/physical 

challenging tasks and populations would be necessary to increase the generalizability of these 

results.  

Finally, some studies, like the one by Mezzacappa et al. (2001), measured PEP over time 

in the same participants during different tasks but did not report the PEP evolution over time. Such 

missing information prevents us from finding definite answers about the PEP evolution over time 
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during cognitive tasks from the few within-subject studies literature. Moreover, the lack of 

information is critical for understanding how resting PEP and PEP reactivity are operationalized 

in within-subject studies. It is often not clear or not mentioned whether resting PEP is based on a 

single period at the start of the experiment or based on the successive resting periods between 

the challenging tasks. Knowing the evolution of both resting PEP and task PEP as a function of 

time is critical in this context because the results and their interpretation would potentially greatly 

differ. The articles reviewed here reported contradictory results on a possible habituation of PEP 

over time. Lastly, very recent studies reported that PEP reactivity appears stronger or significant 

only during the very first minute of task activity, going back to baseline level afterward, whatever 

it was demonstrated using a between-subject design (Framorando & Gendolla, 2018a; 

Framorando et al., 2023) or a within-subject design (Albinet et al., 2023). More work is needed 

using within-subject design to better understand this dynamics and how PEP reacts over time 

during and after a series of challenging tasks, task repetitions, or tasks difficulty levels.  

Nevertheless, one must notice that the within-subject design is not without methodological 

limitations. Having the same participants administered with all task conditions significantly 

increases the length of the study time, not to mention the need to have individual baseline periods 

before each new task condition. Also, the benefit of lowering the number of participants (because 

they each perform all the task conditions) may be at the cost of an increased need of participants 

to counterbalance the condition order between participants. However, although requiring 

methodological assumptions, within-subjects design when correctly controlled, offers greater 

statistical efficiency (Geenwood, 1976; Howell, 2012).  

 

6 Recommendations: 

Some of the articles cited in this review present some issues or lack information about the 

mentioned concerns. For example, several articles did not present raw data, such as mean resting 

PEP (e.g., Annis et al., 2001; Cellini et al., 2013; Montoya et al., 1997; Rattel et al., 2020; see 
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Table 1). They only presented their results in the form of PEP reactivity, standard deviation, or 

log-transformed data. As discussed in the preceding section, the results presented in most of 

these articles did not specify how absolute PEP evolves as a function of experimental conditions 

or time. Knowing the mean resting PEP is important for understanding better the high variability 

of PEP values found in the literature. A careful look at the PEP measurement methods in the 

published papers does not show much difference in the literature that could explain this high 

variability. Research articles should describe their data collection method as clearly and precisely 

as possible to increase access to this valuable information.  

Some factors that need to be controlled during an experiment and reported in the article 

include the homogeneity of participants (age, sex, existing condition, physical health), 

participants’ position, lighting of the room, as well as the time of the day. Resting periods also 

need to be recorded, such as their length and when they are recorded during the experiment, as 

it is recommended to have a resting period between each task or block to allow PEP to return to 

baseline without influencing the subsequent task. Resting periods, inter-stimuli intervals, the 

method used to identify the Q and B points, and the placement of the electrodes on the body 

should also be reported. HR and DBP should be recorded and reported because of their potential 

confounding role in measuring PEP variations.  

Moreover, while the mean PEP is important, so is PEP reactivity, as it shows the evolution 

of sympathetic activity between resting and task periods; thus, both need to be reported in articles. 

Finally, in within-subject designs, the important question of baseline or resting periods needs to 

be addressed. It is argued here that a resting period needs to be present between each task to 

calculate PEP reactivity from the resting period right before the task and not just from a delayed 

baseline measure. Indeed, although PEP recovery appears to be rather quick after one task (see 

Czarnek et al., 2021), little is known about its evolution on repeated measures. Comparing PEP 

values during a particular task with resting PEP values, taken just before that task, should allow 



Review of the cardiac pre-ejection period in cognition 

33 
PREPRINT: Journal of Psychophysiology  

us to measure PEP reactivity more accurately by assessing the exact effect of the task, and not 

the effect of accumulating time, when the resting is taken only once at the beginning of the 

experiment.  

A final recommendation concerns the necessary reflection on the interpretation of the 

physiological measure of PEP as an indicator of effort in mental activities. As first introduced by 

Cacioppo and Tassinary (1990) and thoroughly discussed in the context of motivation, by Richter 

and Slade (2017), and in the context of mental workload by Backs (2000), the relationship 

between a psychological state and a physiological response is not always unique and specific 

(e.g., a one-to-one relation), nor context-free (i.e., generality). To be considered as a marker of 

an individual’s effort mobilization, PEP must show that it has a direct one-to-one relation with the 

mental state; that is, it is affected only by this mental state and not by changes in any other 

psychological variable, within a given context or for a given category of individuals (Cacioppo & 

Tassinary, 1990). If this marker is general, that is, unspecific to a situation, it is called an invariant. 

As reviewed by Richter and Slade (2017), those conditions are very difficult to be fully studied 

and validated. However, elucidating whether or not PEP is a marker or an invariant of mental 

effort is of critical importance, particularly in the context of within-subject studies, where the 

researcher generally wants to demonstrate that changes in mental effort directly lead to changes 

in PEP value, or inversely, that a modulation of PEP value directly predicts the level of mental 

effort once invests in a task. One must note that if this specificity is not demonstrated, the 

physiological measure can be described as an outcome (context-limited one-to-many 

relationship) or a concomitant (general one-to-many relationship) of the psychological 

phenomenon. This does not preclude the demonstration of a true valid relationship between the 

two phenomena, but this reduces the uniqueness of the relationship and hence the possible 

interpretation of the relationship. As such, other variables that may have direct effect on PEP 

value for example (see Section 5.1) must be controlled for before a valid conclusion can be done. 
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7 Conclusion: 

This article presented the cardiac PEP, its relationship with the ANS, the methods used to record 

it, and its utilization in past studies in the cognitive psychophysiology field. PEP is an indicator of 

myocardial contraction that is considered the most reliable noninvasive measures of β-adrenergic 

sympathetic activity on the heart. A decrease in PEP indicates an increase in sympathetic activity.  

PEP responds somewhat proportionally to an individual’s task engagement, meaning that 

a β-adrenergic effect on the heart mediates energy mobilization in active coping. This energy is 

thought to be proportional to difficulty as long as success is possible. When mental workload 

increases, behavioral and physiological adaptability increases to reduce the decrement in 

performance, but when the required effort exceeds the individual capacity (or when motivation 

disappears), there is a task disengagement, and PEP returns to baseline levels. Indeed, the 

principle of resource conservation moderates and limits automaticity effects on effort mobilization. 

Brehm’s motivational intensity theory (Brehm & Self, 1989), which follows the principle of resource 

conservation, has been proposed as a good model for the physiological response involved in 

effort mobilization. Numerous findings support Brehm’s theory; however, much work is still 

needed as other studies have reported results inconsistent with that theory (e.g., Mallat et al., 

2020; Silvestrini & Gendolla, 2013). Furthermore, this theory deserves to be tested more fully 

using a within-subject design.  

Mental state, emotions, or even some psychological and psychiatric pathologies can 

influence PEP. Several confounding factors, such as HR, afterload, preload, cardiovascular 

issues, or BP, should also be considered and deserve future systematic examination in this field. 

If PEP becomes validated in within-subject studies, more applied research should then be 

conducted to examine the pertinence of this physiological index as an individual measure of 

mental workload, overload, and prevention of incapacitation in more ecological settings.  



Review of the cardiac pre-ejection period in cognition 

35 
PREPRINT: Journal of Psychophysiology  

References:  

Ahles, J. J., Mezulis, A. H., & Crowell, S. E. (2017). Pre-ejection period reactivity to reward is 

associated with anhedonic symptoms of depression among adolescents. Developmental 

Psychobiology, 59(4), 535‑542. https://doi.org/10.1002/dev.21518 

Albinet, C.T., De Faria, C., Valéry, B., & Causse, M. (2023). Inhibitory control and cardiac pre-

ejection period in young and middle-aged adults. International Journal of 

Psychophysiology, 188, 108. 

Annis, S., Williams, B., & Wright, R. (2001). Interactional Influence of Ability Perception and 

Task Demand on Cardiovascular Response : Appetitive Effects at Three Levels of 

Challenge. Journal of Applied Biobehavioral Research, 6, 82‑107. 

https://doi.org/10.1111/j.1751-9861.2001.tb00108.x 

Backs, R. W. (2000, July). Application of psychophysiological models to mental workload. In 

Proceedings of the Human Factors and Ergonomics Society Annual Meeting (Vol. 44, No. 

21, pp. 3-464). Sage CA: Los Angeles. 

Bair, A., Marksteiner, J., Falch, R., Ettinger, U., Reyes del Paso, G. A., & Duschek, S. (2021). 

Features of autonomic cardiovascular control during cognition in major depressive 

disorder. Psychophysiology, 58(1). https://doi.org/10.1111/psyp.13628 

Beauchaine, T. P., Katkin, E. S., Strassberg, Z., & Snarr, J. (2001). Disinhibitory psychopathology 

in male adolescents: Discriminating conduct disorder from attention-deficit/hyperactivity 

disorder through concurrent assessment of multiple autonomic states. Journal of Abnormal 

Psychology, 110(4), 610–624. https://doi.org/10.1037/0021-843X.110.4.610 

Berntson, G. G., Bigger, J. T., Eckberg, D. L., Grossman, P., Kaufmann, P. G., Malik, M., 

Nagaraja, H. N., Porges, S. W., Saul, J. P., Stone, P. H., & van der Molen, M. W. (1997). 



Review of the cardiac pre-ejection period in cognition 

36 
PREPRINT: Journal of Psychophysiology  

Heart rate variability : Origins, methods, and interpretive caveats. Psychophysiology, 

34(6), 623‑648. https://doi.org/10.1111/j.1469-8986.1997.tb02140.x 

Berntson, G. G., Cacioppo, J. T., Binkley, P. F., Uchino, B. N., Quigley, K. S., & Fieldstone, A. 

(1994). Autonomic cardiac control. III. Psychological stress and cardiac response in 

autonomic space as revealed by pharmacological blockades. Psychophysiology, 31(6), 

599‑608. https://doi.org/10.1111/j.1469-8986.1994.tb02352.x 

Berntson, G. G., Lozano, D. L., Chen, Y.-J., & Cacioppo, J. T. (2004). Where to Q in PEP. 

Psychophysiology, 41(2), 333‑337. https://doi.org/10.1111/j.1469-8986.2004.00156.x 

Billman, G. E. (2013). The LF/HF ratio does not accurately measure cardiac sympatho-vagal 

balance. Frontiers in Physiology, 4. https://doi.org/10.3389/fphys.2013.00026 

Brehm, J. W., & Self, E. A. (1989). The intensity of motivation. Annual Review of Psychology, 40, 

109‑131. https://doi.org/10.1146/annurev.ps.40.020189.000545 

Brenner, S. L., Beauchaine, T. P., & Sylvers, P. D. (2005). A comparison of psychophysiological 

and self-report measures of BAS and BIS activation. Psychophysiology, 42(1), 108‑115. 

https://doi.org/10.1111/j.1469-8986.2005.00261.x 

Brinkmann, K., & Franzen, J. (2013). Not everyone’s heart contracts to reward : Insensitivity to 

varying levels of reward in dysphoria. Biological Psychology, 94(2), 263‑271. 

https://doi.org/10.1016/j.biopsycho.2013.07.003 

Brinkmann, K., Schüpbach, L., Joye, I. A., & Gendolla, G. H. E. (2009). Anhedonia and effort 

mobilization in dysphoria : Reduced cardiovascular response to reward and punishment. 

International Journal of Psychophysiology, 74(3), 250‑258. 

https://doi.org/10.1016/j.ijpsycho.2009.09.009 



Review of the cardiac pre-ejection period in cognition 

37 
PREPRINT: Journal of Psychophysiology  

Cacioppo, J. T., Berntson, G. G., Binkley, P. F., Quigley, K. S., Uchino, B. N., & Fieldstone, A. 

(1994). Autonomic cardiac control. II. Noninvasive indices and basal response as revealed 

by autonomic blockades. Psychophysiology, 31(6), 586-598. 

Cacioppo, J.T., Tassinary, L.G. (1990). Inferring psychological significance from physiological 

signals. American Psychologist, 45, 16–28. 

Cancela, T., & Silvestrini, N. (2021). Impact of pain on mental effort assessed as cardiovascular 

reactivity. PAIN Reports, 6(1), e917. https://doi.org/10.1097/PR9.0000000000000917 

Cellini, N., de Zambotti, M., Covassin, N., Sarlo, M., & Stegagno, L. (2014). Working memory 

impairment and cardiovascular hyperarousal in young primary insomniacs : Working 

memory impairment in primary insomnia. Psychophysiology, 51(2), 206‑214. 

https://doi.org/10.1111/psyp.12167 

Chatelain, M., & Gendolla, G. H. E. (2015). Implicit fear and effort-related cardiac response. 

Biological Psychology, 111, 73‑82. https://doi.org/10.1016/j.biopsycho.2015.08.009 

Chatelain, M., & Gendolla, G. H. E. (2016). Monetary incentive moderates the effect of implicit 

fear on effort-related cardiovascular response. Biological Psychology, 117, 150‑158. 

https://doi.org/10.1016/j.biopsycho.2016.03.014 

Chatelain, M., Silvestrini, N., & Gendolla, G. H. E. (2016). Task difficulty moderates implicit fear 

and anger effects on effort-related cardiac response. Biological Psychology, 115, 94‑100. 

https://doi.org/10.1016/j.biopsycho.2016.01.014 

Covassin, N., de Zambotti, M., Sarlo, M., De Min Tona, G., Sarasso, S., & Stegagno, L. (2011). 

Cognitive performance and cardiovascular markers of hyperarousal in primary insomnia. 

International Journal of Psychophysiology, 80(1), 79‑86. 

https://doi.org/10.1016/j.ijpsycho.2011.02.005 



Review of the cardiac pre-ejection period in cognition 

38 
PREPRINT: Journal of Psychophysiology  

Cybulski, G. (1996). Influence of age on the immediate cardiovascular response to orthostatic 

manoeuvre. European Journal of Applied Physiology and Occupational Physiology, 73(6), 

563‑572. https://doi.org/10.1007/BF00357680 

Czarnek, G., Richter, M., & Strojny, P. (2021). Cardiac sympathetic activity during recovery as an 

indicator of sympathetic activity during task performance. Psychophysiology, 58(2), 

e13724. https://doi.org/10.1111/psyp.13724 

Dalise, A. M., Prestano, R., Fasano, R., Gambardella, A., Barbieri, M., & Rizzo, M. R. (2020). 

Autonomic Nervous System and Cognitive Impairment in Older Patients : Evidence From 

Long-Term Heart Rate Variability in Real-Life Setting. Frontiers in Aging Neuroscience, 

12, 40. https://doi.org/10.3389/fnagi.2020.00040 

Duschek, S., Hoffmann, A., Reyes del Paso, G. A., & Ettinger, U. (2017). Autonomic 

Cardiovascular Control and Executive Function in Chronic Hypotension. Annals of 

Behavioral Medicine, 51(3), 442‑453. https://doi.org/10.1007/s12160-016-9868-7 

Elliot, A. J. (2006). The Hierarchical Model of Approach-Avoidance Motivation. Motivation and 

Emotion, 30(2), 111‑116. https://doi.org/10.1007/s11031-006-9028-7 

Finke, J. B., & Schächinger, H. (2020). Central Sympathetic Nervous System Effects on 

Cognitive-Motor Performance. Experimental Psychology, 67(2), 77‑87. 

https://doi.org/10.1027/1618-3169/a000475 

Forouzanfar, M., Baker, F. C., de Zambotti, M., McCall, C., Giovangrandi, L., & Kovacs, G. T. 

(2018). Toward a better noninvasive assessment of pre-ejection period: A novel automatic 

algorithm for B-point detection and correction on thoracic impedance cardiogram. 

Psychophysiology, 55(8), e13072.  



Review of the cardiac pre-ejection period in cognition 

39 
PREPRINT: Journal of Psychophysiology  

Framorando, D., & Gendolla, G. H. E. (2018a). Prime visibility moderates implicit anger and 

sadness effects on effort-related cardiac response. Biological Psychology, 135, 204‑210. 

https://doi.org/10.1016/j.biopsycho.2018.04.007 

Framorando, D., & Gendolla, G. H. E. (2018b). The Effect of Negative Implicit Affect, Prime 

Visibility, and Gender on Effort-Related Cardiac Response. Adaptive Human Behavior and 

Physiology, 4(4), 354‑363. https://doi.org/10.1007/s40750-018-0097-0 

Framorando, D., & Gendolla, G. H. E. (2019a). Prime warning moderates implicit affect primes’ 

effect on effort-related cardiac response in men. Biological Psychology, 142, 62‑69. 

https://doi.org/10.1016/j.biopsycho.2019.01.013 

Framorando, D., & Gendolla, G. H. E. (2019b). It’s about effort : Impact of implicit affect on 

cardiovascular response is context dependent. Psychophysiology, 56(11). 

https://doi.org/10.1111/psyp.13436 

Framorando, D., Falk, J.R., Gollwitzer, P.M., Oettingen, G, & Gendolla, G.H.E. (2023). Can 

personal task choice shield against fear and anger prime effects on effort? A study on 

cardiac response. Biological Psychology, 181 (2023), 

https://doi.org/10.1016/j.biopsycho.2023.108616. 

Franzen, J., & Brinkmann, K. (2015). Blunted cardiovascular reactivity in dysphoria during reward 

and punishment anticipation. International Journal of Psychophysiology, 95(3), 270‑277. 

https://doi.org/10.1016/j.ijpsycho.2014.11.007 

Franzen, J., & Brinkmann, K. (2016a). Anhedonic symptoms of depression are linked to reduced 

motivation to obtain a reward. Motivation and Emotion, 40(2), 300‑308. 

https://doi.org/10.1007/s11031-015-9529-3 

https://doi.org/10.1016/j.biopsycho.2023.108616


Review of the cardiac pre-ejection period in cognition 

40 
PREPRINT: Journal of Psychophysiology  

Franzen, J., & Brinkmann, K. (2016b). Wanting and liking in dysphoria : Cardiovascular and facial 

EMG responses during incentive processing. Biological Psychology, 121, 19‑29. 

https://doi.org/10.1016/j.biopsycho.2016.07.018 

Franzen, J., Brinkmann, K., Gendolla, G. H. E., & Sentissi, O. (2019). Major depression impairs 

incentive processing : Evidence from the heart and the face. Psychological Medicine, 49(6), 

922‑930. https://doi.org/10.1017/S0033291718001526 

Freydefont, L., & Gendolla, G. H. E. (2012). Incentive moderates the impact of implicit anger vs 

Sadness cues on effort-related cardiac response. Biological Psychology, 91(1), 120‑127. 

https://doi.org/10.1016/j.biopsycho.2012.04.002 

Freydefont, L., Gendolla, G. H. E., & Silvestrini, N. (2012). Beyond valence : The differential 

effect of masked anger and sadness stimuli on effort-related cardiac response: Beyond 

valence. Psychophysiology, 49(5), 665‑671. https://doi.org/10.1111/j.1469-

8986.2011.01340.x 

Gendolla, G. H. E., & Silvestrini, N. (2010). The Implicit “Go” : Masked Action Cues Directly 

Mobilize Mental Effort. Psychological Science, 21(10), 1389‑1393. 

https://doi.org/10.1177/0956797610384149 

Gendolla, G. H. E., & Silvestrini, N. (2011). Smiles make it easier and so do frowns : Masked 

affective stimuli influence mental effort. Emotion, 11(2), 320‑328. 

https://doi.org/10.1037/a0022593 

Gendolla, G., & Wright, R. (2012). Effort Intensity : Some Insights From the Cardiovascular 

System. In The Oxford Handbook of Human Motivation (p. 420‑438). 

https://doi.org/10.1093/oxfordhb/9780195399820.013.0024 



Review of the cardiac pre-ejection period in cognition 

41 
PREPRINT: Journal of Psychophysiology  

Greenstein, B., & Greenstein, A. (2000). Color Atlas of Neuroscience—Neuroanatomy and 

Neurophysiology (Thieme). 

Greenwald, A. G. (1976). Within-subjects designs: To use or not to use? Psychological Bulletin, 

83(2), 314. 

Gurel, N. Z., Carek, A. M., Inan, O. T., Levantsevych, O., Abdelhadi, N., Hammadah, M., O’Neal, 

W. T., Kelli, H., Wilmot, K., Ward, L., Rhodes, S., Pearce, B. D., Mehta, P. K., Kutner, 

M., Garcia, E., Quyyumi, A., Vaccarino, V., Raggi, P., Bremner, J. D., & Shah, A. J. 

(2019). Comparison of autonomic stress reactivity in young healthy versus aging subjects 

with heart disease. PLOS ONE, 14(5), e0216278. 

https://doi.org/10.1371/journal.pone.0216278 

Hancock, P., & Szalma, J. (2006). Stress and Neuroergonomics. In Neuroergonomics : The Brain 

at Work (p. 195‑206). https://doi.org/10.1093/acprof:oso/9780195177619.003.0013 

Harris, W. S., Schoenfeld, C. D., & Weissler, A. M. (1967). Effects of Adrenergic Receptor 

Activation and Blockade on the Systolic Preejection Period, Heart Rate, and Arterial 

Pressure in Man. Journal of Clinical Investigation, 46(11), 1704‑1714. 

Houtveen, J. H., Groot, P. F. C., & Geus, E. J. C. (2005). Effects of variation in posture and 

respiration on RSA and pre-ejection period. Psychophysiology, 42(6), 713‑719. 

https://doi.org/10.1111/j.1469-8986.2005.00363.x 

Howell, D. C. (2012). Statistical methods for psychology. Cengage Learning. 

Jose, A. D., & Collison, D. (1970). The normal range and determinants of the intrinsic heart rate 

in man. Cardiovascular Research, 4(2), 160‑167. https://doi.org/10.1093/cvr/4.2.160 

Karemaker, J. M. (2017). An introduction into autonomic nervous function. Physiological 

Measurement, 38(5), R89‑R118. https://doi.org/10.1088/1361-6579/aa6782 

https://doi.org/10.1088/1361-6579/aa6782


Review of the cardiac pre-ejection period in cognition 

42 
PREPRINT: Journal of Psychophysiology  

Kelsey, R. M. (2012). Beta-adrenergic cardiovascular reactivity and adaptation to stress: The 

cardiac pre-ejection period as an index of effort. In R. A. Wright & G. H. E. Gendolla 

(Eds.), How motivation affects cardiovascular response: Mechanisms and applications 

(pp. 43–60). American Psychological Association. https://doi.org/10.1037/13090-002  

Kelsey, R. M., & Guethlein, W. (1990). An Evaluation of the Ensemble Averaged Impedance 

Cardiogram. Psychophysiology, 27(1), 24‑33. https://doi.org/10.1111/j.1469-

8986.1990.tb02173.x 

Kelsey, R. M., Blascovich, J., Leitten, C. L., Schneider, T. R., Tomaka, J., & Wiens, S. (2000). 

Cardiovascular reactivity and adaptation to recurrent psychological stress : The moderating 

effects of evaluative observation. Psychophysiology, 37(6), 748-756. 

https://doi.org/10.1111/1469-8986.3760748 

Kelsey, R. M., Soderlund, K., & Arthur, C. M. (2004). Cardiovascular reactivity and adaptation to 

recurrent psychological stress : Replication and extension. Psychophysiology, 41(6), 

924-934. https://doi.org/10.1111/j.1469-8986.2004.00245.x 

Kelsey, R. M., Ornduff, S. R., & Alpert, B. S. (2007). Reliability of cardiovascular reactivity to 

stress : Internal consistency. Psychophysiology, 44(2), 216‑225. 

https://doi.org/10.1111/j.1469-8986.2007.00499.x 

Kiyono, K., Hayano, J., Watanabe, E., & Yamamoto, Y. (2017). Heart Rate Variability (HRV) and 

Sympathetic Nerve Activity. In S. Iwase, J. Hayano, & S. Orimo (Éds.), Clinical 

Assessment of the Autonomic Nervous System (p. 147‑161). Springer Japan. 

https://doi.org/10.1007/978-4-431-56012-8_9 

https://doi.org/10.1037/13090-002
https://doi.org/10.1111/j.1469-8986.1990.tb02173.x
https://doi.org/10.1111/j.1469-8986.1990.tb02173.x
https://doi.org/10.1111/1469-8986.3760748
https://doi.org/10.1111/j.1469-8986.2004.00245.x


Review of the cardiac pre-ejection period in cognition 

43 
PREPRINT: Journal of Psychophysiology  

Krohova, J., Czippelova, B., Turianikova, Z., Lazarova, Z., Tonhajzerova, I., & Javorka, M. 

(2017). Preejection Period as a Sympathetic Activity Index : A Role of Confounding 

Factors. Physiological Research, S265‑S275. https://doi.org/10.33549/physiolres.933682 

Kuipers, M., Richter, M., Scheepers, D., Immink, M., Sjak-Shie, E., & van Steenbergen, H. (2016). 

How effortful is cognitive control? Insights from a novel method measuring single-trial 

evoked beta-adrenergic cardiac reactivity. International Journal of Psychophysiology. 

https://doi.org/10.1016/j.ijpsycho.2016.10.007 

Lasauskaite, R., Gendolla, G. H. E., & Silvestrini, N. (2013). Do sadness-primes make me work 

harder because they make me sad? Cognition & Emotion, 27(1), 158‑165. 

https://doi.org/10.1080/02699931.2012.689756 

Lasauskaite Schüpbach, R., Gendolla, G. H. E., & Silvestrini, N. (2014). Contrasting the effects 

of suboptimally versus optimally presented affect primes on effort-related cardiac 

response. Motivation and Emotion, 38(6), 748‑758. https://doi.org/10.1007/s11031-014-

9438-x 

Lozano, D. L., Norman, G., Knox, D., Wood, B. L., Miller, B. D., Emery, C. F., & Berntson, G. 

G. (2007). Where to B in dZ/dt. Psychophysiology, 44(1). https://doi.org/10.1111/j.1469-

8986.2006.00468.x 

Mallat, C., Cegarra, J., Calmettes, C., & Capa, R. L. (2020). A Curvilinear Effect of Mental 

Workload on Mental Effort and Behavioral Adaptability : An Approach With the Pre-

Ejection Period. Human Factors: The Journal of the Human Factors and Ergonomics 

Society, 62(6), 928‑939. https://doi.org/10.1177/0018720819855919 



Review of the cardiac pre-ejection period in cognition 

44 
PREPRINT: Journal of Psychophysiology  

Mandrick, K., Peysakhovich, V., Rémy, F., Lepron, E., & Causse, M. (2016). Neural and 

psychophysiological correlates of human performance under stress and high mental 

workload. Biological Psychology, 121, 62-73.  

Martin, C. E., Shaver, J. A., Leon, D. F., Thompson, M. E., Reddy, P. S., & Leonard, J. J. (1974). 

Autonomic Mechanisms in Hemodynamic Responses to Isometric Exercise. Journal of 

Clinical Investigation, 54(1), 104‑115. 

Mazeres, F., Brinkmann, K., & Richter, M. (2019). Implicit achievement motive limits the impact 

of task difficulty on effort-related cardiovascular response. Journal of Research in 

Personality, 82, 103842. https://doi.org/10.1016/j.jrp.2019.06.012 

Mazeres, F., Brinkmann, K., & Richter, M. (2021a). Motivated but not engaged : The implicit 

achievement motive requires difficult or unclear task difficulty conditions to exert an 

impact on effort. Journal of Research in Personality, 94, 104145. 

https://doi.org/10.1016/j.jrp.2021.104145 

Mazeres, F., Brinkmann, K., & Richter, M. (2021b). Explicit achievement motive strength 

determines effort-related myocardial beta-adrenergic activity if task difficulty is unclear 

but not if task difficulty is clear. International Journal of Psychophysiology, 169, 11‑19. 

https://doi.org/10.1016/j.ijpsycho.2021.08.004 

Mezzacappa, E. S., Kelsey, R. M., & Katkin, E. S. (1999). The effects of epinephrine 

administration on impedance cardiographic measures of cardiovascular function. 

International Journal of Psychophysiology, 31(3), 189-196. 

Mezzacappa, E. S., Kelsey, R. M., Katkin, E. S., & Sloan, R. P. (2001). Vagal rebound and 

recovery from psychological stress. Psychosom. Med, 650‑657. 



Review of the cardiac pre-ejection period in cognition 

45 
PREPRINT: Journal of Psychophysiology  

Metshein, M., Gautier, A., Larras, B., Frappe, A., John, D., Cardiff, B., ... & Martens, O. (2021). 

Study of electrode locations for joint acquisition of impedance-and electro-cardiography 

signals. In 2021 43rd Annual International Conference of the IEEE Engineering in 

Medicine & Biology Society (EMBC) (pp. 7264-7264). IEEE. 

Mokrane, A., & Nadeau, R. (1998). Dynamics of heart rate response to sympathetic  nerve 

stimulation. American Journal of Physiology-Heart and Circulatory Physiology, 275(3), 

H995‑H1001. https://doi.org/10.1152/ajpheart.1998.275.3.H995 

Montoya, P., Brody, S., Beck, K., Veit, R., & Rau, H. (1997). Differential beta- and alpha-

adrenergic activation during psychological stress. European Journal of Applied Physiology 

and Occupational Physiology, 75(3), 256‑262. https://doi.org/10.1007/s004210050157 

Newlin, D. B., & Levenson, R. W. (1979). Pre‐ejection Period : Measuring Beta‐adrenergic 

Influences Upon the Heart. Psychophysiology, 16(6), 546-552. 

Nofzinger, E. A., Buysse, D. J., Germain, A., Price, J. C., Miewald, J. M., & Kupfer, D. J. (2004). 

Functional neuroimaging evidence for hyperarousal in insomnia. The American Journal of 

Psychiatry, 161(11), 2126‑2128. https://doi.org/10.1176/appi.ajp.161.11.2126 

Obrist, P. A. (1976). The Cardiovascular-Behavioral Interaction—As It Appears Today. 

Psychophysiology, 13(2), 95‑107. https://doi.org/10.1111/j.1469-8986.1976.tb00081.x 

Plain, B., Richter, M., Zekveld, A. A., Lunner, T., Bhuiyan, T., & Kramer, S. E. (2020). 

Investigating the Influences of Task Demand and Reward on Cardiac Pre-Ejection Period 

Reactivity During a Speech-in-Noise Task. Ear & Hearing, Publish Ahead of Print. 

https://doi.org/10.1097/AUD.0000000000000971 



Review of the cardiac pre-ejection period in cognition 

46 
PREPRINT: Journal of Psychophysiology  

Quigley, K. S., & Stifter, C. A. (2006). A comparative validation of sympathetic reactivity in 

children and adults. Psychophysiology, 43(4), 357‑365. https://doi.org/10.1111/j.1469-

8986.2006.00405.x 

Rahman, S., Habel, M., & Contrada, R. J. (2018). Poincaré plot indices as measures of sympathetic 

cardiac regulation : Responses to psychological stress and associations with pre-ejection 

period. International Journal of Psychophysiology, 133, 79‑90. 

https://doi.org/10.1016/j.ijpsycho.2018.08.005 

Rattel, J. A., Mauss, I. B., Liedlgruber, M., & Wilhelm, F. H. (2020). Sex differences in emotional 

concordance. Biological Psychology, 151, 107845. 

https://doi.org/10.1016/j.biopsycho.2020.107845 

Richter, M., Friedrich, A., & Gendolla, G. H. E. (2008). Task difficulty effects on cardiac activity. 

Psychophysiology, 45(5), 869‑875. https://doi.org/10.1111/j.1469-8986.2008.00688.x 

Richter, M., & Gendolla, G. H. E. (2009). The heart contracts to reward : Monetary incentives and 

preejection period. Psychophysiology, 46(3), 451‑457. https://doi.org/10.1111/j.1469-

8986.2009.00795.x 

Richter, M., Gendolla, G. H. E., & Wright, R. A. (2016). Three Decades of Research on 

Motivational Intensity Theory : What We Have Learned About Effort and What We Still 

Don’t Know. In A. J. Elliot (Éd.), Advances in Motivation Science (Vol. 3, p. 149‑186). 

Elsevier. https://doi.org/10.1016/bs.adms.2016.02.001 

Richter, M., & Slade, K. (2017). Interpretation of physiological indicators of motivation: Caveats 

and recommendations. International Journal of Psychophysiology, 119, 4-10. 

Shaffer, F., & Ginsberg, J. P. (2017). An Overview of Heart Rate Variability Metrics and Norms. 

Frontiers in Public Health, 5, 258. https://doi.org/10.3389/fpubh.2017.00258 



Review of the cardiac pre-ejection period in cognition 

47 
PREPRINT: Journal of Psychophysiology  

Shaffer, F., Shearman, S., & Meehan, Z. M. (2016). The Promise of Ultra-Short-Term (UST) Heart 

Rate Variability Measurements. Biofeedback, 44(4), 229‑233. 

https://doi.org/10.5298/1081-5937-44.3.09 

Sherwood, A., Allen, M. T., Fahrenberg, J., Kelsey, R. M., Lovallo, W. R., & Doornen, L. J. P. 

van. (1990). Methodological Guidelines for Impedance Cardiography. Psychophysiology, 

27(1), 1‑23. https://doi.org/10.1111/j.1469-8986.1990.tb02171.x 

Shokri-Kojori, E., Tomasi, D., & Volkow, N. D. (2018). An Autonomic Network : Synchrony 

Between Slow Rhythms of Pulse and Brain Resting State Is Associated with Personality 

and Emotions. Cerebral Cortex (New York, N.Y.: 1991), 28(9), 3356‑3371. 

https://doi.org/10.1093/cercor/bhy144 

Silvestrini, N. (2015). The effort-related cost of implicit pain. Motivation Science, 1(3), 151‑164. 

https://doi.org/10.1037/mot0000020 

Silvestrini, N. (2018). On the implicit influence of pain cues on cognitive effort : Evidence from 

cardiovascular reactivity. Biological Psychology, 132, 45‑54. 

https://doi.org/10.1016/j.biopsycho.2017.11.002 

Silvestrini, N., & Gendolla, G. H. E. (2011a). Beta-adrenergic impact underlies the effect of mood 

and hedonic instrumentality on effort-related cardiovascular response. Biological 

Psychology, 87(2), 209‑217. https://doi.org/10.1016/j.biopsycho.2011.02.017 

Silvestrini, N., & Gendolla, G. H. E. (2011b). Masked affective stimuli moderate task difficulty 

effects on effort-related cardiovascular response : Masked affective stimuli. 

Psychophysiology, 48(8), 1157‑1164. https://doi.org/10.1111/j.1469-8986.2011.01181.x 



Review of the cardiac pre-ejection period in cognition 

48 
PREPRINT: Journal of Psychophysiology  

Silvestrini, N., & Gendolla, G. H. E. (2013). Automatic effort mobilization and the principle of 

resource conservation : One can only prime the possible and justified. Journal of 

Personality and Social Psychology, 104(5), 803‑816. https://doi.org/10.1037/a0031995 

Silvia, P. J., McHone, A. N., Mironovová, Z., Eddington, K. M., Harper, K. L., Sperry, S. H., & 

Kwapil, T. R. (2021). RZ Interval as an Impedance Cardiography Indicator of Effort-

Related Cardiac Sympathetic Activity. Applied Psychophysiology and Biofeedback, 46(1), 

83‑90. https://doi.org/10.1007/s10484-020-09493-w 

Silvia, P. J., Nusbaum, E. C., Eddington, K. M., Beaty, R. E., & Kwapil, T. R. (2014). Effort 

deficits and depression : The influence of anhedonic depressive symptoms on cardiac 

autonomic activity during a mental challenge. Motivation and Emotion, 38(6), 779‑789. 

https://doi.org/10.1007/s11031-014-9443-0 

Steptoe, A., Kunz-Ebrecht, S. R., Wright, C., & Feldman, P. J. (2005). Socioeconomic position 

and cardiovascular and neuroendocrine responses following cognitive challenge in old age. 

Biological Psychology, 69(2), 149‑166. https://doi.org/10.1016/j.biopsycho.2004.07.008 

Tenenbaum, R. B., Musser, E. D., Morris, S., Ward, A. R., Raiker, J. S., Coles, E. K., & Pelham, 

W. E. (2019). Response Inhibition, Response Execution, and Emotion Regulation among 

Children with Attention-Deficit/Hyperactivity Disorder. Journal of Abnormal Child 

Psychology, 47(4), 589‑603. https://doi.org/10.1007/s10802-018-0466-y 

Thomas, G. D. (2011). Neural control of the circulation. Advances in Physiology Education, 35(1), 

28‑32. https://doi.org/10.1152/advan.00114.2010 

van Lien, R., Schutte, N. M., Meijer, J. H., & de Geus, E. J. C. (2013). Estimated preejection period 

(PEP) based on the detection of the R-wave and dZ/dt-min peaks does not adequately 

reflect the actual PEP across a wide range of laboratory and ambulatory conditions. 



Review of the cardiac pre-ejection period in cognition 

49 
PREPRINT: Journal of Psychophysiology  

International Journal of Psychophysiology: Official Journal of the International 

Organization of Psychophysiology, 87(1), 60‑69. 

https://doi.org/10.1016/j.ijpsycho.2012.11.001 

Wright, R. A. (1996). Brehm’s theory of motivation as a model of effort and cardiovascular 

response. In P. M. Gollwitzer & J. A. Barg (Eds.), The psychology of action: Linking 

cognition and motivation to behavior (pp 424-453), New-York: The Guilford Press. 

Zauner, J., Plischke, H., Stijnen, H., Schwarz, U. T., & Strasburger, H. (2020). Influence of 

common lighting conditions and time-of-day on the effort-related cardiac response. PLOS 

ONE, 15(10), e0239553. https://doi.org/10.1371/journal.pone.0239553 

 

 


