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Summary 

Cardiovascular dynamic and variability data are commonly used 

in experimental protocols involving cognitive challenge. Usually, 

the analysis is based on a sometimes more and sometimes less 

well motivated single specific time resolution ranging from a few 

seconds to several minutes. The present paper aimed at 

investigating in detail the impact of different time resolutions of 

the cardiovascular data on the interpretation of effects. We 

compared three template tasks involving varying types of 

challenge, in order to provide a case study of specific effects and 

combinations of effects over different time frames and using 

different time resolutions. Averaged values of hemodynamic 

variables across an entire protocol confirmed typical findings 

regarding the effects of mental challenge and social observation. 

However, the hemodynamic response also incorporates transient 

variations in variables reflecting important features of the control 

system response. The fine-grained analysis of the transient 

behavior of hemodynamic variables demonstrates that 

information that is important for interpreting effects may be lost 

when only average values over the entire protocol are used as 

a representative of the system response. The study provides 

useful indications of how cardiovascular measures may be 

fruitfully used in experiments involving cognitive demands, 

allowing inferences on the physiological processes underlying the 

responses. 
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Introduction  

The interaction of the cardiovascular system 

with other neural and psychoneural pathways provides 

a unique window for assessing individual cardiovascular 

functional effects as well as insight into the pathways of 

interaction between systems (Berntson et al. 1996, 

Lovallo 1997, Lackner et al. 2013, Papousek et al. 2013). 

However, these interactions do not only present 

opportunities but also create subtle issues and 

complications in regards to the interpretation of effects 

(Parati et al. 1995, Kamarck and Lovallo 2003, Lackner 

et al. 2010a). 

While most researchers are aware of the 

importance of specific time scales in the analysis and 

interpretation of data, they rarely make use of the 

possibilities offered by the use of multiple time scales in 

the analysis of a given data set. The availability of state-

of-the-art equipment in most labs, allowing highly 

synchronous recordings of several physiological variables 

including electrocardiographic, hemodynamic and other 

variables, makes the multi-time scale perspective 

especially valuable. Therefore, in this study we will 

develop a coordinated examination of three template 

tasks of increasing level of complexity utilizing several 

time scales of data analysis. The goal is to demonstrate 

how incorporating different levels of time scale allows 

for a more specific analysis of the factors that can shape 

the characterization of responses to tasks. 
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In psychophysiological experiments, 

cardiovascular dynamic and variability data have been 

used to address a variety of research questions in the 

context of higher cognitive processes.  

There is an extensive literature addressing the 

influence of motivational factors, such as incentive or the 

perceived task difficulty on cardiovascular responses to 

cognitive challenge (e.g. Callister et al. 1992, Eubanks et 

al. 2002, Iani et al. 2004, Richter and Gendolla 2007, 

Richter et al. 2008, Seery et al. 2009, Silvestrini and 

Gendolla 2009). Less attention has been paid to 

properties that are inherent in the task and which may 

exert notable influences on cardiovascular responses even 

though other factors are actually the focus of interest. The 

physical characteristics of the stimulus represent one 

pathway through which additional effects can be 

introduced. Moreover, as most experimental tasks involve 

not only cognitive activity, but also physical action and 

emotional stress, drawing clear conclusions requires 

a careful assessment of confounding factors and their 

cardiovascular effects. 

The issue of stimulus properties has received 

much attention beginning with the seminal work of 

Graham and Clifton (1966). Specific stimulus 

characteristics have been shown to evoke specific cardiac 

responses such as orienting, startle, and defensive 

responses (Graham 1979, Turpin et al. 1999, Ramírez et 

al. 2005). But also the effects of the presentation of 

a stimulus as such and even the pace of the stimuli in the 

testing protocol should be considered when interpreting 

cardiovascular responses (Lackner et al. 2010a). 

To assess the task performance, participants 

typically are required to respond either with a verbal 

response or nonverbally using some device such as 

a button or computer mouse. In addition to the 

presentation of a new stimulus and timing prompts, the 

response modality may also affect the cardiovascular 

variables during the performance of cognitive tasks, 

which can further complicate the interpretation of results 

(Lang et al. 1993, Codispoti et al. 2001, Lackner et al. 

2010a).  

Finally, psychophysiological experiments vary 

in the obviousness of observation and evaluation, 

introduced, for instance, by the presence of surveillance 

cameras or experimenters in the room with the 

participants, or by the task conditions. For example, overt 

responses may be required that are apparently monitored 

online by the experimenter. This places social-evaluative 

stress on the participants, which typically enhances 

physiological reactivity (Cacioppo et al. 1990, Wright et 

al. 1995, Al'Absi et al. 1997, Smith et al. 1997, Kelsey et 

al. 2000, Gendolla and Richter 2006, Gramer and Saria 

2007). 

For the most part, the experimental tasks 

typically employed in experiments involving 

cardiovascular responses to cognitive challenge can be 

described as active coping tasks (Obrist 1981). Such tasks 

are considered to evoke primarily cognitive activity, 

involving memory and close attention. Cardiovascular 

and hemodynamic responses to these tasks include an 

increase in arterial blood pressure, heart rate, and cardiac 

output as well as a decrease (or at least no increase) in 

systemic vascular resistance. More recent studies 

typically involved not only the recording of 

hemodynamic variables but also the calculation of 

hemodynamic variability. Beat to beat measurements of 

heart rate and blood pressure are used along with thoracic 

impedance to derive a continuous estimate of stroke 

volume, cardiac output and total peripheral resistance. In 

addition, the synchronisation of heart rate, blood pressure 

and respiration can provide a more detailed picture of the 

effect of mental challenge and the influence of respiration 

on the different branches of the autonomic nervous 

system (Lackner et al. 2011). The use of such 

sophisticated methods of measurement and analysis of 

cardiovascular data requires that great attention be given 

to the experimental set-up. This is important not only for 

drawing conclusions about the factors that are the focus 

of a particular research question but also for detecting 

subtle differences that may not be expected. 

 

Structure of the present study 

The aim of the present study was to investigate 

the impact of different time resolutions of the 

cardiovascular data on the interpretation of effects. In 

experimental studies using cardiovascular responses to 

cognitive challenges, the psychophysiological measures 

such as heart rate or blood pressure have typically been 

averaged over periods of at least three or five minutes as 

well as examined reactivity as the change from e.g. the 

last minute of baseline to the first minute of task. 

However, considering the time course of cardiovascular 

responses induced by mental challenge (e.g. Lackner et 

al. 2010b), essential effects may be more pronounced or 

may only become apparent by using higher time 

resolutions. Therefore, we studied (I.) the overall 

reactivity, that is, response patterns across overall time 

frames (300 s epochs) to confirm the expected effect of 
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the tasks; (II.) transient responses step by step, that is, the 

time courses to the different challenges during the whole 

task period using time frames of 1 min referred to as 

transient overall response; (III.) transient response 

analyzing initial responses to the different challenges 

using time frames of 30 s; and (IV.) 7.5 s (7.5 s 

represents the time period in each trial) referred to as 

transient initial response. In addition (V.) transient 

responses, studying immediate responses to the stimulus 

presentation by 1.5 s frames analysis during the trials of 

7.5 s each referred to as transient immediate response 

were calculated (see Fig. 1). 
 
 

 
Fig. 1. Step by step analysis of heart rate for a single participant. Step [I.] shows the time course of the heart rate and the overall 
reactivity (average of 5 min epochs each; depicted by horizontal lines). Step [II.] shows the relative values compared to rest and the 
average of 1 min epochs (depicted by horizontal lines for the different tasks) for statistical use as well as the transient responses in the 
background. Step [III.] and step [IV.] demonstrate the calculation for a time resolution of 30 s and 7.5 s. Step [V.] shows using the 
reaction task as an example the split of the heart rate values in 40 epochs (indicated by the screen change) of 7.5 s each relative to the 
mean of the 1.5 s frame directly preceding the screen change. The resulting time course were averaged for epochs of 1.5 s (see lines in 
the lower right panel) for further statistical use. 

 
 
Using these five different time resolutions we 

investigated in detail the impact of variations in the 

experimental set-up on the collected cardiovascular data 

and their interpretation. The cardiovascular responses 

were compared for (a) simple reaction tasks, (b) mental 

arithmetic task requiring nonverbal responses and (c) 

mental arithmetic tasks requiring verbal responses. 

The simple reaction task represented 

a psychomotor stressor posing only minimal cognitive 

demands whereas the nonverbal variety of the mental 

arithmetic task represented a cognitive stressor, but had 

the same motor demands as the simple reaction task. 

Finally, as compared to the nonverbal task, where the 

responses were given in private by selecting the correct 

answer on the computer monitor, the verbal mental 

arithmetic task implied an additional social-evaluative 

element. We analyzed differences between types of task 

(simple reaction task, mental arithmetic task) and types of 

responses (motor, verbal), and will demonstrate how the 

various effects that make up the cardiovascular system 
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response to a cognitive task may be disentangled and 

interpreted by analyzing the effects of a particular task 

relative to an appropriate reference condition and using 

different time resolutions of data analysis. 

In summary, using changes in time resolutions in 

a step by step procedure, the study will provide 

indications of how cardiovascular measures may be 

fruitfully used in psychophysiological experiments, 

allowing inferences on the physiological processes 

underlying the responses. 

 

Methods 
 

Participants 

Sixty-two participants completed the 

experiment. Due to the strict artefact handling, four 

participants were excluded from the analysis. The final 

sample was comprised of 58 participants (29 men, 

29 women) aged 19 to 53 years (M=24.3, SD=6.1). 

Participants were requested to refrain from alcohol for 

twelve hours and from coffee and other stimulating 

beverages for four hours prior to their lab appointment, 

and to come to the session well rested. No participant 

reported using drugs or medication that may alter 

cardiovascular activity, and none had cardiovascular 

problems, chronic metabolic disease, or psychological 

disorders according to self-report. The study was 

performed in accordance with the 1964 Declaration of 

Helsinki and was approved by the local ethics committee. 

Written informed consent was obtained from all 

participants. 

  

Task protocols 

Each of the three tasks was comprised of 

40 trails, presented at a space of 7.5 s per trail. 

 

Mental arithmetic task verbal (MAverbal) 

The items of this task consisted of two pairs of 

one-digit numbers, which were to be subtracted or added 

(e.g. 5-2; 2+6). The two sums had to be memorized and 

processed according to the following rules: 1) If the first 

sum was higher than the second sum, the second sum had 

to be subtracted from the first sum. 2) If the first sum was 

lower than the second sum, the second sum had to be 

added to the first sum. Participants were asked to work as 

fast and exactly as possible, to answer aloud within the 

given time frame (7.5 s in each trial), and were informed 

that the experimenter will record their answer (thereby 

inducing an additional social-stress component). The 

tasks were presented consecutively on a computer screen. 

A counter indicated the remaining time for delivering the 

answer, and during the last 1.5 s the grey rectangles 

forming the background of the numbers changed to red. 

 

Mental arithmetic task nonverbal (MAnonverbal)  

In difference to the screen display used in the 

MAverbal task, three buttons with possible solutions of the 

arithmetic problems were arranged on the right hand side 

of the screen. The participants were asked to work as fast 

and exactly as possible, and to click on the correct button 

using the computer mouse within the given time frame 

(7.5 s each) instead of answering aloud. 

 

Reaction task (RT) 

In this task only grey rectangles at the place of 

MA tasks were initially displayed on the screen, which 

changed to red after 6 s. One out of the three buttons of 

the MAnonverbal was visible on the right hand side of the 

screen during the last 1.5 s of a trial, which had to be 

clicked as fast as possible during the remaining time. 

 

Recording of physiological variables 

Continuous hemodynamic monitoring of 

blood pressure (BP; sampling rate = 100 Hz, BPrange =  

50-250 mm Hg, ±5 mm Hg), heart rate (HR; 3-lead 

electrocardiography (ECG), sampling rate = 1 kHz,  

fcut-off = 0.08-150 Hz) and thoracic impedance (sampling 

rate = 100 Hz, Z0,range = 10-75 Ω, dZ/dt = ±10 Ω/s) were 

carried out with the Task Force Monitor® (TFM®; 

CNSystems, Graz, Austria). Continuous blood pressure 

was derived from the finger using a refined version of the 

vascular unloading technique and corrected to absolute 

values with oscillometric blood pressure measurement on 

the contralateral upper arm by the TFM® (Fortin et al. 

2006b). Electrodes were placed at the neck and thoracic 

regions, the latter specifically at the midclavicular line at 

the xiphoid process level (Fortin et al. 2006a). 

 

Procedure 

After arriving at the laboratory, the participants 

were seated in an acoustically shielded examination 

chamber. They were familiarized with the test protocol, 

equipment and personnel, and electrodes were attached. 

The non-dominant arm was placed on a pad at the level of 

the heart, to avoid effects of hydrostatic pressures on 

blood pressure values. Afterwards, they received 

instructions for the tasks. Before the first task was started, 

the physiological variables were recorded from 15 min 
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prior to the task onset until 15 min and a 300 s recording 

(from 315 s till 15 s prior the task onset) was taken as rest 

period. Following each task, a 300 s rest period was 

observed, after which the participants were asked as an 

indicator of their motivation how much effort they had 

made to accomplish the task (17-point rating scale, from 

1 "not at all" to 17 "extremely"). They were also asked to 

indicate how difficult they had experienced the task to be 

(17-point rating scale, from 1 "not at all" to 17 

"extremely"). The scales had been used in previous 

investigations (e.g. Papousek et al. 2011). Before the next 

task was started, the continuous blood pressure recording 

was re-calibrated (120 s) and another 180 s rest period 

was observed. Each task protocol lasted for 300 s. The 

order of tasks (RT, MAnonverbal, MAverbal) was 

counterbalanced. The recordings were controlled by 

a fully automated software development and each 

interaction of the participants with the PC was saved 

synchronously to the cardiovascular data. During the 

recordings, the experimenter was outside the examination 

chamber. Throughout the whole procedure the 

participants were observed through a one-way window 

and an intercom, and the signals were monitored online to 

ensure the signal quality. The participants remained 

seated during the whole procedure. 
 

Data reduction and analysis 

For heart rate, blood pressure and the variables 

related to impedance cardiography beat-to-beat values 

computed by the TFM® were used. Thoracic impedance 

Z0(t) and impedance variation dZ(t)/dt were used to 

calculate beat-to-beat stroke volume based on an 

improved Kubicek approach and cardiac output (Gratze et 

al. 1998). Total peripheral resistance (TPR) was 

calculated as 80 x (mean arterial blood pressure – central 

venous pressure)/cardiac output in which the central 

venous pressure was fixed at 7 mm Hg (Gratze et al. 

1998). The respiratory signal was derived from the raw 

data of thoracic impedance (Ernst et al. 1999, Houtveen 

et al. 2006). 

Single artefacts were replaced by interpolation 

and their appearance recorded. Means of beat to beat 

values of HR, SV, CO, TPR, SBP, DBP and MAP and 

the mean and standard deviation of respiration (RF, 

SDRF) were computed across the 300 s epochs. To obtain 

heart rate and blood pressure time series with equidistant 

time steps, the beat to beat values were resampled with 

4 Hz using piecewise cubic spline interpolation after 

artefact correction. The resulting time course of HR and 

MAP during the different stressors applied can be seen in 

Figure 2. 

 

 
 
Fig. 2. Transient responses of heart rate and mean arterial pressure during the processing of the task protocols, averaged across 
participants. The dotted line at point 0 represent the begin of the task protocols (presented on the screen). 

 
 
To investigate transient responses, stroke 

volume, cardiac output and total peripheral resistance 

were also resampled to 4 Hz. The time domain variables 

of heart rate variability (HRV) and blood pressure 

variability (BPV) were computed as the standard 

deviation (SDNN, standard deviation of normal-to-

normal beat; SDSBP; and SDDBP) across the 300 s epochs. 

For frequency domain variables of R-R intervals (RRI), 

SBP, and DBP, Fourier Transform with a Hanning 

window after resampling and removing the trend of 2nd 

order was used. Low frequency (LF) was defined as  

0.04-0.15 Hz, high frequency (HF; used for RRI only) 

was defined as 0.15-0.40 Hz, according to published 

recommendations (Task Force 1996). Because of skewed 
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distributions of the frequency domain variables, a natural 

logarithmic transformation (ln) was applied. 

 

Transient responses: overall responses to the stressors 

To assess the time courses of the different 

challenges, average values across 1 min frames from the 

task onset until the end of the task were calculated 

(stressmin1, stressmin2, stressmin3, stressmin4, stressmin5; 1 min 

each; see Fig. 1 [II.]). Scores for HR, SV, CO, TPR, SBP, 

MAP, and DBP were computed relative to the mean of 

the rest period. 

 

Transient responses: initial responses to the stressors 

To assess the time courses of the initial 

responses to the different challenges, average values 

across 30 s frames from the task onset until 2.5 min after 

the start of the task were calculated (stress30s,1, stress30s,2, 

stress30s,3, stress30s,4, stress30s,5; 30 s each; see Fig. 1 [III.]). 

In addition, for the first 30 s after task onset 7.5 s frames 

were calculated, that is, for the first four trials (stresstrial1, 

stresstrial2, stresstrial3, stresstrial4; 7.5 s each; see Fig. 1 

[IV.]). 

Furthermore, average values across 30 s frames 

from 2.5 min after the start of the task until the end of the 

task were calculated (stress30s,6, stress30s,7, stress30s,8, 

stress30s,9, stress30s,10; 30 s each) to examine the prolonged 

responses during the different challenges. 

Scores for HR, SV, CO, TPR, SBP, MAP, and 

DBP were computed relative to the mean of the rest 

period. 

 

Transient responses: immediate responses to stimulus 

presentation 

Each task was comprised of 40 trials, presented 

at a pace of 7.5s per trial. To examine the effect elicited 

by the presentation of a new item (screen change; SC), 

average values across 1.5 s frames from the screen 

change (new item) until the 7.5 s following the screen 

change were computed, relative to the mean of the 1.5 s  

frame directly preceding the stimulus (post-SC1,  

post-SC2, post-SC3, post-SC4, post-SC5; for HR, SV, CO, 

TPR, SBP, MAP, and DBP; see Fig. 1 [V.]). 

 

Statistical analysis 

To evaluate the overall effects of the stressors on 

the cardiovascular variables, that is, the effect of the 

stressors compared to the resting condition per se and the 

differences between the stressors applied, repeated 

measures analyses of variance (ANOVAs) were 

conducted with Protocol (300 s rest period, MAverbal, 

MAnonverbal, RT, within-subjects factor) as the independent 

variable. Greenhouse-Geisser corrections were used to 

adjust for non-sphericity of the variance-covariance 

matrices.  

A two-tailed significance level of α=0.05 was 

used for the analyses. Analyses were conducted using HR 

together with the hemodynamic variables (SV, CO, TPR), 

the blood pressure variables (SBP, MAP and DBP), the 

respiration frequency (RF, SDRF), and heart rate 

variability (SDNN, LFRRI, HFRRI and LF/HFRRI) as 

the dependent variables, respectively. Bonferroni 

correction for multiple comparisons yielded critical  

p-values of p<0.013, p<0.016, p<0.025, and p<0.013, to 

indicate statistical significance in the analysis mentioned 

above, respectively. 

Transient responses of the hemodynamic 

variables were analyzed using repeated measures 

ANOVAs with Protocol (MAverbal, MAnonverbal, RT) and 

Time as within-subjects factors. This was done for the 

overall responses, the initial responses to the stressors, 

and the prolonged responses while stressors applied to 

see if the effect remained in the second half of the stress 

application, as well as the immediate responses to 

stimulus presentation. 

A two-tailed significance level of α=0.05 was 

used for the analyses. Analyses for transient responses 

were conducted using HR together with the hemodynamic 

variables (SV, CO, TPR) and the blood pressure variables 

(SBP, MAP and DBP) as the dependent variables, 

respectively. Bonferroni correction for multiple 

comparisons yielded critical p-values of p<0.013 and 

p<0.016 to indicate statistical significance, respectively. 

Estimates of effect size are reported using partial 

eta-squared (ηp²), which gives the proportion of variance 

a factor or interaction explains of the overall (effect + 

error) variance1. 

 

Results 
 

Overall reactivity 

Heart rate and hemodynamic variables 

The ANOVAs revealed a significant effect of 

Protocol for HR (F(2.2,124.0)=29.1, p<0.001, ηp²=0.34), 

CO (F(2.1,118.3)=23.2, p<0.001, ηp²=0.29), and TPR  

                                                           
1 Additionally entering sex and age in the analyses did not change the 

statistical results (i.e. significant results remained significant and non-

significant results remained non-significant).  
 



2014  Step by Step Analysis of Cardiovascular Responses    445 
 
   

(F(2.4,134.6)=4.8, p<0.01, ηp²=0.08) but not for SV 

(F(2.1,118.1)=1.5, ns.). Means and results of Bonferroni 

corrected post-hoc tests are shown in Figure 3. Viewed 

across the entire protocol, the mental arithmetic tasks 

produced an activating effect which was greater for 

MAverbal than for MAnonverbal. Relative to the rest 

condition, the heart rate increased on average by 4.6 bpm 

during MAverbal, by 2.2 bpm during MAnonverbal and 

decreased by 1.4 bpm during the RT task. 

 

Blood pressure 

The ANOVAs revealed a significant  

effect of Protocol for SBP, MAP and DBP  

(SBP, F(2.5,144.8)=7.0, p<0.001, ηp²=0.11; MAP, 

F(2.6,146.8)=14.2, p<0.001, ηp²=0.20; DBP, 

F(2.6,146.2)=15.7, p<0.001, ηp²=0.22). Systolic, diastolic 

and mean arterial blood pressure increased during the 

mental arithmetic tasks as compared to the rest condition, 

but did not differ between MAverbal and MAnonverbal. See 

Figure 3 for means and post-hoc tests. As compared to 

the rest condition, blood pressure increased on average by 

4.6 mm Hg (SBP), 4.6 mm Hg (MAP), 4.3 mm Hg (DBP) 

during MAverbal and by 4.6 mm Hg (SBP), 4.9 mm Hg 

(MAP), 4.7 mm Hg (DBP) during MAnonverbal. The RT 

task did not affect the average blood pressure across the 

protocol.
 
 

 
 
Fig. 3. Overall response of heart rate (HR; A), stroke volume (SV; B), cardiac output (CO; C), total peripheral resistance (TPR; D), 
systolic (E), diastolic (F) and mean arterial blood pressure (MAP; G; mean ± SD) and Bonferroni corrected post-hoc tests. The order of 
the subplots refers to the relationship MAP ~ HR×SV×TPR. 
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Respiration 

The ANOVAs indicated significant differences 

between the protocols for RF (F(2.5,142.8)=12.7, 

p<0.001, ηp²=0.18) and SDRF (F(2.3,129.2)=62.5.8, 

p<0.001, ηp²=0.52). On average, RF increased from 

M=17.2 min-1 (SD=2.1) during the rest condition to 

M=18.5 min-1 (SD=1.6) during MAverbal, and M=18.5 min-1 

(SD=1.6) during MAnonverbal; during RT M=17.9 min-1 

(SD=2.4). SDRF was M=2.9 min-1 (SD=1.0) at rest and 

increased during MAverbal (M=4.3, SD=0.6) and 

MAnonverbal (M=3.6, SD=1.0), whereas it decreased during 

RT (M=2.7, SD=0.9). Bonferroni corrected post-hoc tests 

were significant for all differences. 

Heart rate variability 

SDNN, but none of the heart rate variability 

variables in the frequency domain (LFRRI, HFRRI and 

LF/HFRRI) differed between the protocols (SDNN, 

F(2.5,143.3)=6.1, p<0.01, ηp²=0.10; LFRRI, 

F(2.7,152.3)=1.2, ns.; HFRRI, F(2.7,151.8)=0.4, ns.; 

LF/HFRRI (F(2.7,151.1)=1.2, ns.). SDNN did not differ 

between MAverbal, MAnonverbal, and RT. The normalized 

frequency components of the heart rate at 1/7.5 Hz, which 

corresponds to the pace of stimulus presentation, were 

M=0.6 %, SD=0.6 (rest), M=3.7 %, SD=3.7 (MAverbal), 

M=4.9 %, SD=5.1 (MAnonverbal), M=5.4 %, SD=4.5 (RT); 

F(3,55)=42.7; p<0.001, ηp²=0.70. No differences were 

observed between the three task protocols.  

Transient Responses 

Overall responses to the stressors 

In addition to the results of the overall reactivity 

(see Fig. 2), the analysis of the 1 min frames indicated 

differences in the time courses of the responses between 

the protocols during the stressor application for HR and 

CO, as well as for the blood pressure variables. Means, 

standard deviations and statistics are given in Table 1. 

In addition, the time courses of the mentioned variables 

above differed between RT and MAverbal and between RT 

and MAnonverbal as can be seen in Table 1. However, the 

time courses did not differ between the two mental 

arithmetic protocols (Bonferroni corrected post-hoc 

tests). 

Initial responses to the stressors 

In the analysis of the 30 s frames from the task 

onset until 2.5 min after task start, the interaction 

Protocol x Time was significant for HR, SV, CO, and 

TPR, indicating differences in the time courses of the 

responses between the protocols during the initial time 

stressor application. Means, standard deviations and 

statistics are given in Table 2. Furthermore, the time 

courses of all mentioned variables above differed 

between RT and MAverbal and between RT and 

MAnonverbal. The time courses did not differ between the 

two mental arithmetic protocols (Bonferroni corrected 

post-hoc tests). 

The interaction Protocol x Time was significant 

in the analysis of the blood pressure variables. Please see 

Table 2 for means, standard deviations and statistics. 

During MAverbal and MAnonverbal, all blood pressure 

variables increased during the first minute of the task and 

remained on their elevated levels afterwards whereas 

during RT no significant changes of blood pressure were 

observed. As a result, the time courses of all mentioned 

variables above differed between RT and MAverbal and 

between RT and MAnonverbal. The time courses of the 

blood pressure variables did not differ between MAverbal 

and MAnonverbal (Bonferroni corrected post-hoc tests). 

Means, standard deviations and statistics of the 

analysis of the 7.5 s frames for the first 30 s from task 

onset are given in Table 3. In contrast to the transient 

responses using time frames of 1 min and 30 s the time 

courses of the reported variables during the first 30 s – 

analyzed in steps of 7.5 s each – did not differ between 

the conditions. That is, the immediate initial transient 

response did not show different transient time course 

variations in RT, MAverbal, and MAnonverbal. Considering 

that transient time course variations reflect important 

features of the system response referring to dynamic 

control processes, it follows that the differences in the 

time courses between conditions observed in the 30 s 

frame were due to processes starting later.  

The additional analysis of the 30 s frames from 

2.5 min after task onset till the end of the task, that is, the 

prolonged effect of the stressor applied, showed 

compared to the analysis of the first 2.5 min after task 

onset (Table 2) a different result. While the main effect of 

Protocol was significant for HR (F(1.8,102.9)=23.1, 

p<0.001, ηp²=0.29) and CO (F(1.8,101.9)=13.0, p<0.001, 

ηp²=0.19) but not for SV (F(1.5,87.2)=0.3, ns.) and TPR 

(F(1.7,98.1)=2.7, ns.), no significant interaction Protocol 

x Time were seen for the mentioned variables at all (HR, 

F(6.7,382.1)=1.1, ns.; SV, F(5.3,304.0)=1.3, ns.; CO, 

F(3.5,197.1)=1.1, ns.; TPR, F(2.4,134.2)=0.5, ns.). That 

is, besides no difference in the time course between 

MAverbal and MAnonverbal, the time courses of all mentioned 

variables above did not differ between RT and the mental 

arithmetic protocols. 
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The analysis of the blood pressure variables 

showed a significant main effect of Protocol 

(SBP, F(1.9,106.9)=6.2, p<0.01, ηp²=0.10; MAP, 

F(2.0,113.4)=13.1, p<0.001, ηp²=0.19; DBP, 

F(1.9,108.5)=12.5, p<0.001, ηp²=0.18) but no significant 

interaction Protocol x Time (SBP, F(5.9,338.1)=0.6, ns.; 

MAP, F(6.4,363.2)=1.0, ns.; DBP, F(6.5,373.1)=1.0, ns.) 

were observed as well. 

Immediate responses to stimulus presentation 

Means, standard deviations and statistics of HR, 

SV, CO, and TPR as well as the blood pressure variables 

are shown in Table 4. Bonferroni corrected post-hoc tests 

indicated different time courses of HR and SV during the 

two mental arithmetic tasks as compared to the RT task, 

but no differences between MAverbal and MAnonverbal.  

In the analysis of the fast transient responses of 

the blood pressure the interaction effects were significant 

for all variables. 

Supplemental analyses 

The number of correct answers was lower in the 

MAnonverbal (M=32.3, SD=6.7) than in the MAverbal task 

(M=34.4, SD=5.6; F(1,56)=14.2, p<0.001, ηp²=0.20). On 

average, the answer button was clicked after M=5.0 s 

(SD=0.8) in the MAnonverbal task and M=6.7 s (SD=0.1) 

after the beginning of a trial in the RT task (i.e. reaction 

time M=0.7 s). The motivation and difficulty ratings were 

lowest during the RT task (motivation M=6.9, SD=5.5, 

difficulty M=2.5, SD=2.8) compared to MAnonverbal 

(motivation M=11.1, SD=4.3, difficulty M=8.7, SD=4.1) 

and MAverbal (motivation M=11.3, SD=4.3, difficulty 

M=9.0, SD=4.2; F(2,56)=29.2, p<0.001, ηp²=0.51; 

F(2,56)=53.6, p<0.001, ηp²=0.66). Self-reported 

motivation and difficulty did not differ between the two 

mental arithmetic tasks. There was no decline over the 

course of the three task blocks of the experiment in how 

much effort the participants had made to accomplish the 

task (F(2,56)=1.5, ns.) and how difficult they rated the 

task (F(2,56)=0.4, ns.), indicating that variations of 

fatigue did not play an essential role in this experiment 

(e.g. Wright et al. 2011). The effort ratings (M=10.2, 

SD=5.0; M=10.1, SD=5.2; M=9.1, SD=5.1) do also 

confirm that the participants were motivated throughout 

the experiment despite the absence of explicit incentives. 

Although the order of tasks was 

counterbalanced, additional analyses for relative changes 

of HR, SBP, MAP, DBP, and RF for MAverbal, MAnonverbal 

and RT compared to rest were performed. This was done 

to evaluate the potential influence of the order of 

occurrence, that is, if there was, for instance, a difference 

in the relative change of HR during MAverbal depending 

on whether MAverbal was the first, second or third task. No 

significant differences were observed. 

Discussion 

The distinctive feature of the present study using 

three tasks which involved varying degrees of task 

challenges is to demonstrate that the application of 

different levels of scales allows a more specific analysis 

of the factors and effects, that is, that different levels of 

scale reveal distinct effects.  

Overall reactivity 

In agreement with what has been reported (e.g. 

Callister et al. 1992, Gendolla and Richter 2006), the 

analysis of the overall activity during an entire protocol 

revealed that the mental arithmetic tasks increased HR, 

CO, BP, and RF. MAnonverbal represented a cognitive 

stressor, but had the same motor demands as the reaction 

task. Therefore, the differences in cardiovascular 

reactivity between the two tasks can be mainly attributed 

to the mental arithmetic aspects of the latter task, that is, 

the higher HR, CO and BP in MAnonverbal than in RT 

reflected the mobilisation of mental effort. 

As compared to MAnonverbal, where the answers 

were given in private by selecting the correct answer on 

the computer monitor, MAverbal implied an additional 

social-evaluative element. It was clear to the participants 

that the verbal answers were monitored by the 

experimenter, placing social-evaluation threat on them. 

According to previous reports, social observation should 

lead to a general increase in autonomic nervous system 

activity (e.g. Al’Absi et al. 1997, Gendolla and Richter 

2006). The different cardiovascular response to MAverbal 

as compared to MAnonverbal, specifically the relative 

increase of HR and CO, supports this finding. However, 

no differences between the two mental arithmetic 

protocols were observed in the blood pressure reactivity. 

This might be due to the modest difficulty of the applied 

tasks, reflected in the high rates of correct answers 

(Gendolla and Richter 2006). The on average better 

performance shown in MAverbal than in MAnonverbal 

supports the assumption that the introduction of the 

additional social stress component in MAverbal had in fact 

made an impact. On the other hand, self-reported 

motivation failed to show a difference between the two 
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mental arithmetic protocols. However, it has been pointed 

out that in the context of social stress tasks the 

differences between conditions may only be subtle and 

self-report measures not sensitive enough to produce 

reliable correlations (Schwerdtfeger 2004).  

Thus, if one is specifically interested in the 

psychophysiological effects of certain cognitive demands, 

confounding effects of social-evaluative stress can be 

prevented by using responses that are given in private 

(e.g. motor rather than verbal responses, no presence of 

experimenters or surveillance cameras during 

performance of tasks). The effects of cognitive effort can 

be separated from the effects of giving motor responses 

by applying two protocols that involve exactly the same 

motor responses, but of which only one requires 

cognitive effort. However, researchers should be mindful 

of potential differences in motivation and difficulty 

between the tasks, which may also influence the 

responses to some extent.  

In contrast to heart rate and hemodynamic 

variables, no differences in the frequency domain 

variables of HRV were found between the protocols. This 

is in contrast to the frequently reported increase of low 

frequency heart rate variability, a decrease of high 

frequency power, and/or an increase of the LF/HF ratio to 

stressors such as mental arithmetic and reaction tasks 

(e.g. Berntson and Cacioppo 2004), although other 

findings have also been reported (Taelman et al. 2011). 

The physiological basis for specific influences on HRV 

and heart rate may differ. HRV is mainly mediated by 

fluctuations of sympathetic and parasympathetic nerve 

traffic to the sinoatrial node. The HF component is 

generally associated with parasympathetic action whereas 

the LF component reflects to a degree the input of the 

sympathetic nervous system and also reveals information 

of vagal modulation (e.g. Task Force 1996, Taylor et al. 

2001). By contrast, the heart rate may be a valid index of 

the net effects of sympathetic and parasympathetic inputs 

to the sinus node, which may have particular prognostic 

relevance (Goldberger 1999, Lahiri et al. 2008).  

Equivocal findings for heart rate variability 

might suggest an additional argument for examining 

(also) transient psychophysiological processes. However, 

HRV variables are not suitable for transient analysis, 

because their computation requires longer time frames. 

Moreover, the common removal of the second order trend 

prior to the spectral analysis cancels out any transient 

processes in the data. But by using heart rate, continuous 

blood pressure, and hemodynamic variables, transient 

psychophysiological responses can be reliably observed 

and the system response can be illustrated. Nevertheless, 

the expansion by more sophisticated mathematical 

methods such as wavelet analysis may represent an 

important future development. 

 

Transient responses 

Overall responses to the stressors 

In addition to the information provided by the 

averaged overall reactivity, the analysis of transient 

responses revealed the dynamics of the cardiovascular 

system. Additionally to the different levels of the 

cardiovascular values during MAverbal and MAnonverbal as 

compared to RT, the time courses indicating the dynamic 

control processes also differed between the mental 

challenge conditions and the reaction task. Furthermore, 

it should be noted that the blood pressure variables did 

not differ between the reaction task and the resting 

condition (Fig. 2) but showed different values during the 

mental challenge tasks, suggesting that they were driven 

by the steady increase of the blood pressure during the 

mental challenge tasks. 

  

Initial responses to the stressors 

The analysis of initial transient responses 

showed that all variables had different time courses 

during MAnonverbal as compared to RT, indicating that 

cognitive effort affects heart rate, stroke volume, cardiac 

output, blood pressure and total peripheral resistance. The 

analysis of the transient responses made clear that the 

observed differences in the overall reactivity between the 

protocols were for the most part due to the different 

initial responses to the stressor. This is in agreement with 

previous findings (Lackner et al. 2010b).  

During MAverbal, the initial response was the 

highest among the protocols, which can be attributed to 

the social-evaluative component that may have 

diminished as the participants focused on the task at 

hand. If the response had mainly been due to 

verbalisation, the initial transient increase should have 

persisted. However, no differences between the tasks 

were observed in the response dynamic during the first 

30 s. That is, the levels the cardiovascular variables 

reached immediately after the task onset remained 

relatively constant throughout the first 30 s. 

The findings demonstrate that the analysis of the 

transient response provides relevant additional 

information which supplements the information provided 

by quantifying the average response across the entire task 
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protocol. Overall reactivity measurements incorporate but 

obscure the transient variations due to the cardiovascular 

control processes. Transient time course measurements 

reflect these dynamic control processes and interactions 

among variables, providing important additional 

information of system response that is lost when only 

average values over the entire protocol are analyzed. 

Using step by step time resolution analysis as described 

above, cardiovascular dynamic system response can be 

captured including the complex interactions among 

variables that arise as the organism adapts to current 

system stress. This can be seen, e.g. in the different 

results using time frames of 30 s compared to 7.5 s (see 

Table 2 and Table 3). Such information can be useful 

even if the goal is to quantify reactivity over a total test 

period. 

Further, it seems obvious (but is important to 

consider) that if stimuli only evoke mild activation, their 

effect will only be detected by analyzing the (relatively 

strong) transient initial responses, which will vanish in an 

average across a longer time frame. Similar applies to the 

use of standard approaches such as heart rate variability 

that implicate trend removal. Researchers may use the 

transient responses of certain cardiovascular variables to 

calculate difference scores (e.g. cognitive task minus 

simple reaction time task), in order to relate the specific 

effect of the cognitive challenge to individual difference 

variables or clinical diagnoses. This allows for a more 

clear interpretation of such correlations. 

 

Immediate responses to stimulus presentation 

Every measurement induces a back-action on the 

measured subject, that is, stimuli involved in carrying out 

an experiment have effects that may or may not be 

significant but need to be taken into account (Lackner et 

al. 2010a). In fact, the present data suggest that short term 

effects of stimulus presentation can determine longer-

term averages. Consequently, the immediate responses to 

the presentation of stimuli may affect the interpretation of 

results, particularly if protocols differ in their stimulus 

configuration. 

The analysis of the cardiovascular data revealed 

that the screen change indicating a new task item 

produced immediate responses of heart rate. These 

responses did not differ between MAverbal and MAnonverbal. 

They were higher in the simple reaction task than in the 

mental arithmetic tasks, but this may have been an after-

effect of pressing the button caused by the preparation of 

the motor response which was closer to the new stimulus 

in the reaction task than in the mental arithmetic tasks. As 

the values 1.5 s prior to the stimulus change were 

subtracted from those following the stimulus presentation 

to calculate the immediate response, the closer pressing 

the button may have shown up as a more pronounced 

response in the reaction task. Similarly, the differences in 

the immediate responses of the mean arterial blood 

pressure between the protocols can be explained by the 

lower average heart rate during RT. The mean arterial 

pressure can be estimated according to the relationship: 

MAP~TPR×SV×HR. Taking into account that human 

physiology reacts beat to beat, the fact that the response 

starts from a lower level (in terms of heart rate) in RT 

compared to the mental arithmetic tasks may explain the 

different time courses in the relative change of the 

systolic blood pressure. This may have caused different 

responses in the mean arterial pressure, which is the 

primary regulated variable. That is, the differences in the 

mean arterial pressure between the protocols may be 

attributed to the different temporal characteristics of the 

responses, caused by different initial values of the heart 

rate. Therefore, we suggest that additional psychological 

demands do not affect the immediate responses to 

stimulus presentation, in contrast to the overall responses 

across the entire task period and the initial transient 

responses to the task as were discussed above. 

Nevertheless, the presentation of new stimuli 

does have pronounced immediate effects on heart rate 

and mean arterial pressure, as was also revealed by the 

analysis in the frequency domain (of the entire 300 s 

interval). The effects of the presentation of a new 

stimulus were observed in the frequency of 1/7.5 Hz 

representing the inter-stimulus interval of 7.5 s (the pace 

of stimulus presentation). No differences in these 

immediate effects were observed between the protocols, 

confirming the notion that additional psychological 

features of the protocol do not impact the immediate 

responses to the presentation of stimuli. But it also 

implies that even in the MAverbal protocol, which had 

a marked effect, the hemodynamic measures were 

influenced by the effects of stimulus presentation. In 

a previous study, simple instructor commands during 

a mental load task had the same effect (Lackner et al. 

2010a). As the immediate responses may impact 

measures in the frequency domain depending on the pace 

of stimulus presentation (in the present case measures of 

variability in the low-frequency range were affected), it 

seems advisable to consider the effects of paced stimuli 

when designing protocols or interpreting cardiovascular 
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responses to conditions with constant stimulus intervals.  

Taken together, the study showed how variations 

in the set-up of an experiment involving psychological 

tasks which could affect the cardiovascular system 

responses to the challenge can be identified by step by 

step analysis using different time resolutions. Both 

variations in the cognitive demands of a task and 

variations of the type of responses had clear effects, 

which can be disentangled in an experiment by using 

appropriate reference conditions. The present study 

therefore demonstrated the value of analyzing transient 

changes of hemodynamic variables that can reveal 

information that is important for interpreting effects but 

may be lost when only average values over the entire 

protocol are used as a representative of the system 

behavior and response. In addition, the high-resolution 

analysis of the hemodynamic variables showed the 

additional impact of stimuli directly involved in 

structuring the protocol. Thus, the study provides useful 

indications of how experiments involving cognitive 

demands may be set up and which time resolution of the 

analysis may be chosen in order to find clear answers to 

the specific research question and depending on the 

conclusions that are intended to be drawn. 
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