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Abstract 

In this study, we investigated whether pre-ejection period (PEP), number 

of nonspecific skin conductance responses (ns.SCRs) and skin conductance level 

(SCL) quantify sympathetic nervous system (SNS) activity in a comparable way. 

Physiological data were obtained from 39 human subjects (23 males) with a mean 

age of 22.0 years (SD = 2.3) during exposure to seven different mental and 

physical stressors, and during subsequent recovery periods. Compared to pre-test 

resting baseline recordings significant decreases in PEP and parallel increases in 

the number of ns.SCRs and the SCL were found for stressors known to increase 

SNS activity. The between- and within-subjects correlations between ns.SCRs and 

SCL were significant and multilevel analysis showed that 43% of the variance in 

these skin conductance measures overlapped. Between- and within-subjects 

correlations between PEP and both skin conductance measures were not 

significant. This suggests that SNS activity is reflected differently by the heart 

and the skin. We conclude that SNS activity studies, when possible, should 

include both PEP and skin conductance measurements. 
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Introduction 

Various non-invasive indicators of sympathetic nervous system activity are 

in use in psychophysiological studies, including heart rate frequency measures, 

impedance-derived measures and skin conductance measures. Few studies have 

examined the correspondence between these various indices of sympathetic 

activity. In the present chapter, we will report on the comparison between pre-

ejection period, an index of sympathetic nervous system activity at the heart, 

and two skin conductance measures indicative of sympathetic nervous system 

activity at the skin. 

Cardiac sympathetic control can be non-invasively obtained by thoracic 

impedance cardiography (Cacioppo et al., 1994a). In impedance cardiography a 

high frequency alternating current is introduced across the thorax by two 

electrodes. Two inner and parallel electrodes measure the changes in the 

impedance of the enclosed thorax column (dZ), which is largely a function of 

aortic blood flow. The impedance cardiogram (ICG) is defined as the first 

derivative of the pulsatile changes in transthoracic impedance (dZ/dt). From the 

ICG the pre-ejection period (PEP) can be derived as the time interval between 

the onset of ventricular depolarization and the opening of the semilunar valves. 

Changes in PEP reliably index β-adrenergic inotropic drive to the left ventricle as 

shown in laboratory studies manipulating β-adrenergic tone by epinephrine 

infusion (Mezzacappa et al., 1999; Schachinger et al., 2001; Svedenhag et al., 

1986), amyl nitrite inhalation (Nelesen et al., 1999), adrenoceptor blockade 

(Harris et al., 1967; Schachinger et al., 2001; Winzer et al., 1999), exercise 

(Krzeminski et al., 2000; Miyamoto et al., 1983; Smith et al., 1989a), or 

emotional stress (Berntson et al., 1994; Newlin & Levenson, 1979; Sherwood et 

al., 1986). The PEP has been shown to be a stable individual characteristic. The 

test-retest reliability coefficients generally range between .45 and .83 when 

measured over a few weeks to 3 year or longer (Burleson et al., 2003; Goedhart 

et al., 2006; Matthews et al., 2002; Willemsen et al., 1998) and substantial 

heritability of PEP (57 %) has been reported (de Geus et al., 2007; Kupper et al., 

2006).  

Skin sympathetic nervous system (SNS) activity can be non-invasively 

measured by the activity of the sweat glands. The eccrine sweat glands are 

innervated by efferent neurons from the sympathetic axis of the autonomic 

nervous system that use acetylcholine as their neurotransmitter. Changes in SNS 

activity modulate the conductance of an applied current to the skin (mostly 
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palmar) and are reflected in the resulting changes in electrodermal activity. 

Blockade studies have shown that a cholinergic antagonist (atropine) strongly 

reduces sweat gland activity (Foster & Weiner, 1970). The primary function of 

most eccrine sweat glands is thermoregulation. However, the eccrine glands 

located on the palms and soles of the feet have been thought of as being more 

concerned with grasping behavior than with evaporative cooling (Edelberg, 

1972), and it has been suggested that these glands are more responsive to 

emotional stimuli than to thermal stimuli (Dawson et al., 2000). Electrodermal 

activity incorporates both slow tonic shifts in basal skin conductance level (SCL) 

and more rapid phasic transient events, that is, skin conductance responses 

(SCRs), which are also referred to as galvanic skin responses (GSRs) (Boucsein, 

1992; Dawson et al., 2000; Fowles, 1986; Venables & Christie, 1980). The 

frequency of the nonspecific SCRs (ns.SCRs) reflects an important 

psychophysiological trait which is termed electrodermal lability (Dawson et al., 

2000; Lacey & Lacey, 1958; Mundy-Castle & McKiever, 1953). Both SCL and 

ns.SCRs have been shown to be influenced by emotional stress (Boucsein, 1992; 

Dawson et al., 2000). The test-retest reliability coefficients over time periods 

encompassing one day to a year for SCL levels (both during rest and during 

periods of stimulation) ranged from .40 to .85 and for ns.SCRs correlations 

ranged from .40 to .76 (Freixa i Baque, 1982; Iacono et al., 1984; Schell et al., 

1988; Schell et al., 2002; Vossel & Zimmer, 1990). Moderate heritability 

estimates between .40 and .50 have been found for electrodermal lability (Crider 

et al., 2004; Lykken et al., 1988).  

Based on the physiological underpinnings above, both PEP and skin 

conductance are widely used as non-invasive measures of within and between 

subject differences of SNS activity in psychophysiology (Cacioppo et al., 1994a; 

Jacobs et al., 1994; Kronholm et al., 1996; Popma et al., 2006; Salomon et al., 

2000; Sherwood et al., 1990). However, only very few studies have empirically 

tested whether PEP and skin conductance are correlated across subjects or how 

PEP and skin conductance covary within subjects during exposure to different 

stressors engaging the sympathetic nervous system. A study by Kelsey (1991) 

found a significant relation between electrodermal lability and PEP reactivity to 

stress. The subjects with a high frequency of ns.SCRs exhibited greater 

myocardial reactivity than did the subjects with low frequencies of such 

responses. However, this relation reflected a comparison between frequency of 

ns.SCRs at baseline and PEP reactivity during the presence of a stressor. No 
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mention was made of the relation between ns.SCRs and PEP levels at rest or 

during the tasks. Tomaka, Blascovich and Swart (1994) measured reactivity 

(compared to the last minute of the rest period preceding each task) of both 

ns.SCRs and PEP to a mental arithmetic task performed under two different 

conditions. They found higher SCR reactivity during the reading aloud condition 

while PEP reactivity was higher during the silent condition. In this case, PEP and 

SCR did not seem to follow the same pattern.  

The current study was designed to allow a more extended comparison of 

PEP, ns.SCRs and SCL at rest, during different types of mental and physical stress 

tasks, and during subsequent recovery. The questions we want to address are 

whether SNS activity shows the same pattern in the heart and in the skin and to 

what extent PEP, ns.SCRs and SCL are exchangeable. We expected a positive 

correlation between ns.SCRs and SCL and a significant negative correlation 

between PEP and these two skin conductance measures, both between- and 

within-subjects.  

 

Methods 

Subjects 

Thirty-nine university students (23 males) between 18 and 28 years (mean 

= 22.0 years, SD = 2.4) were recruited, who had no overt somatic or psychiatric 

disease, did not taking cardio-active or psychotropic medication and were not 

severely obese (BMI <30). The study was approved by an ethics committee, and 

all subjects provided written informed consent. At the end of the second test day 

participant received 40 euro. 

 

Protocol 

This study is part of a double-blind randomized controlled trial testing the 

effects of dexamethasone versus placebo on cardiovascular reactivity. Here we 

only report on the data collected after the administration of a placebo. All 

women not taking OC (n = 2) were tested in the follicular phase (days 1-11) of 

their menstrual cycle according to self-report. Women taking OC were not 

restricted to a specific phase of the menstrual cycle.  

 

Procedure 

The subjects were asked to refrain from alcohol- or caffeine-containing 

beverages the evening before the test day and in the morning before coming to 
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the laboratory. Testing always took place exactly 3 hours after spontaneous 

awakening. The experimental session was conducted in a dimly lighted, sound-

attenuated cabin, with the subjects facing a video screen at 90 cm. Subject were 

attached to the electrocardiogram (ECG), the impedance cardiogram (ICG) and 

the EDA recording devices of the BioPac data-acquisition system (BioPac systems 

Inc., Santa Barbara, CA). This will be discussed in more detail later on. 

The various experimental conditions were explained to the subject and the 

mental and physical stress tasks were briefly practiced. The actual experiment 

started by asking the subjects to sit quietly and relax for a pre-test 10 min 

resting baseline. Next, the following conditions were presented in a fixed order: 

Stroop color word task (4 min), recovery1 (3 min), tone avoidance task (4 min), 

recovery2 (3 min), lying (2 min), standing (2 min), recovery3 (2 min), hand grip 

test (2 min), cold pressure test (1 min), recovery4 (3 min), and the step test (2 

min). After the step test a final post-stress resting condition of 13 min concluded 

the physiological recordings. 

 

Mental and physical stress tasks 

Stroop color word (SCW). Subjects were presented with one slide per second on a 

computer screen which had the name of a color printed in a contrasting colored 

ink. Participants were requested to verbally identify as fast as possible the color 

of the ink, not the name of the color. 

Tone avoidance task (TA). An ‘x’ was shown briefly (500 ms) in one of the corners 

on the screen and the subjects were asked to respond as fast as they possibly 

could by pressing the button opposite to this corner on a four-button response 

panel (e.g. ‘x’ shown in the top left-hand corner, press the bottom right-hand 

button). Incorrect or too slow responses were punished with a loud noise burst 

(1000 Hz, 85 dB) that lasted 500 ms. Reaction time had to be shorter than a 

maximal response period, that was initially set to 550 ms, and was thereafter 

continuously adapted to the performance of the subject (Willemsen et al., 1996). 

Postures. Subjects were asked to lie down for 2 min, followed by standing for 2 

min.  

Hand grip (HG). During the practice part of the experiment, maximum grip 

strength in the dominant hand was established with a hand grip dynamometer. 

During the actual hand grip test subject squeezed at 30% of their maximum 

voluntary contraction for a period of 2 min. 
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Cold pressor (CP). The subjects were asked to submerge their dominant hand up 

to the wrist joint in a bucket of ice water of 3–5 ˚C and to hold the fingers in a 

relaxed position. After exactly 60 s, the hand was removed from the bucket.  

Harvard step test (ST). Subjects were asked to stand comfortably upright before 

a standard gym bench of exactly 45 cm height. They were asked to step up the 

bench every 2 s for 2 min (60 steps). Timed verbal commands ensured that the 

appropriate step frequency was maintained. 

 

Physiological assessments 

The ECG and ICG were recorded using seven pregelled Ag/AgCl spot 

electrodes (UltraTrace, ConMed, USA) in a configuration shown in Figure 1. The 

electrodes were connected to the ECG100C and NICO100C BioPac modules using 

extension leads. For each experimental condition the PEP (in ms) was scored as 

the interval from the R-wave peak, minus a fixed interval of 48 ms (Lozano et 

al., 2007; Sherwood et al., 1990; Willemsen et al., 1996) to the B-point, which 

signals opening of the aortic valves.  

 
Figure 1 Location of the seven ECG and ICG electrodes. 

 

Skin conductance information was collected using a pair of Ag/AgCl 

(unpolarizable) electrodes (Ø = 6 mm). To ensure sufficient electrode–skin 

contact, isotonic electrode paste was used (.5% saline in a neutral base). The 

electrodes were attached with a Velcro strap to the distal phalanx of the index 

and middle finger (Scerbo et al., 1992) of the non-dominant hand with the leads 
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connected to the GSR100C BioPac module (Figure 2). The skin conductance is 

measured with the .5 V constant voltage method. The fluctuating current 

conducted through the skin of the subject represents the conductance signal. 

Recorded data was processed to obtain ns.SCRs and SCLs for every period of 

interest. The SCL was defined as the mean level of skin conductance and the 

ns.SCRs as the number of phasic increases in conductance of at least .05 µmho 

per minute.  

 

 
Figure 2 Location of the two skin conductance electrodes. 

 

Statistical analyses 

With an independent-samples t-test in SPSS 13.0 (SPSS Inc., Chicago, USA) 

we first tested whether sex differences influenced baseline PEP, ns.SCRs and SCL 

scores. We also examined the effect of age on PEP, ns.SCRs and SCL by Pearson 

correlation analysis. Repeated measures ANOVA was used to test for the effect of 

condition (rest 1, SCW, recovery1, TA, recovery2, lying, standing, recovery3, HG, 

CP, recovery4, ST, and rest 2) on PEP, ns.SCRs and SCL. To test for significant 

reactivity, pre-planned contrast compared the pre-test resting baseline levels of 

PEP, ns.SCRs and SCL to the levels obtained in the stress conditions. Finally, 

Pearson correlations were computed between PEP, ns.SCRs and SCL separately 

for each of the conditions (between-subject correlations) and separately for each 

of the subjects across all conditions (within-subject correlations).  

If a significant relationship between two variables was found, we used 

multilevel analysis to examine the effect of individual differences on the 

intercept and slope of the regression between the variables. Multilevel analysis is 

a general method of analyzing data with a hierarchical or clustered structure 



Comparability PEP and skin conductance 
 

 101 

(Snijders & Bosker, 1999). In our data the different stress tasks are clustered 

within subjects. For this reason, we used multilevel analysis to examine the 

relationship between PEP on ns.SCRs and SCL, allowing us to investigate the 

effect of individual differences on the intercept and slope of the regression 

between the variables. Models with random slope and/or intercept (restricted 

models) were compared to the unrestricted model. An unrestricted model (also 

called null model) is one that contains a dependent variable and a level-1 

random intercept. We compared the models on the basis of their explained 

variance and their fit. A model describes the data better than a previous model 

when it explains more variance in the dependent variable and when the fit is 

significant better. Explained variance was computed with the following formula 

suggested by Kreft and de Leeuw (1998): (unrestricted error – restricted error)/ 

unrestricted error. The deviance fit test, or likelihood ratio test, was used to 

compare the fit of two models. This test is based on the difference between the 

deviance statistics of the two models, which has a chi-square distribution with 

degrees of freedom equal to the difference in the number of parameters 

estimated in the models being compared. Finally, sex and age were added as 

potential predictors in the level 2 model to see whether these variables could 

account for the variance of the random intercept and slope. 

 

Results 

For the baseline, the average PEP score was 119.49 ms (SD = 12.22), the 

average number of ns.SCRs was 1.64 (SD = 1.37), and the average SCL was 11.43 

µmho (SD = 3.92). An independent-samples t test was conducted to see if there 

were any differences between sexes. No significant sex differences were found 

(PEP, t (37) = -.29, p = .77; ns.SCRs, t (37) = .99, p = .33; SCL, t (37) = .34, p = 

.74). The computed correlation of PEP, ns.SCRs and SCL with age revealed no 

significant effect of age on the three measures (r = -.03, r = -.02, and r = -.05, 

respectively). 

The means and standard deviations for PEP, ns.SCRs and SCL per condition 

are presented in Table 1. For all three variables significant effects of condition 

were found, F (12, 23) = 120.72, p = .00 for PEP, F (12, 25) = 32.22, p = .00 for 

ns.SCRs, and F (12, 27) = 15.51, p = .00 for SCL. As expected, ns.SCRs and SCL 

were found to increase significantly over baseline levels during conditions known 

to increase SNS activity, i.e. Stroop color word task, tone avoidance task, 

standing up, hand grip, cold pressor and the step test. In the supine condition, 
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which is expected to decrease SNS activity, ns.SCRs indeed decreased but SCL 

slightly increased. During the recovery periods both ns.SCRs and SCL decreased in 

comparison to previous task levels, but in the course of the experiment, and 

lasting to the post-stress resting condition, a slow increase in ns.SCRs and SCL 

above the pre-test baseline was seen. PEP significantly decreased in response to 

the Stroop and tone avoidance task, to standing and to the step test. No changes 

in PEP were seen during hand grip and cold pressor and unexpectedly, PEP 

decreased in response to lying down. PEP systematically returned to the baseline 

level during all recovery periods.  

 

Table 1 Means (SDs) for PEP, ns.SCRs and SCL separately per condition. 

Conditions PEP(ms) ns.SCRs (freq) SCL (µmho) 

Rest 1 119.49 (12.22) 1.64 (1.37) 11.43 (3.92) 

Stroop 116.62 (12.53)* 4.85 (2.69)* 13.58 (4.01)* 

Recovery 1 119.28 (12.27) 1.35 (1.27)* 11.92 (3.51)* 

Tone Avoidance 117.13 (13.20)* 4.69 (2.65)* 13.61 (3.76)* 

Recovery 2 120.31 (11.07) 1.30 (1.23)* 11.99 (3.52)* 

Lying 107.79 (8.99)* .86 (1.00)* 12.44 (3.55)* 

Standing 116.82 (11.79)* 2.13 (1.31)* 12.55 (3.64)* 

Recovery 3 118.97 (11.19) 2.15 (1.71)* 12.76 (3.73)* 

Hand grip 118.97 (12.20) 3.50 (2.60)* 14.28 (3.83)* 

Cold Pressor 119.49 (12.59) 2.40 (2.10)* 13.97 (3.70)* 

Recovery 4 120.72 (10.89) 1.59 (1.32) 12.63 (3.45)* 

Step test 70.40 (7.89)* 10.57 (4.06)* 16.20 (3.24)* 

Rest 2 117.54 (10.73) 2.21 (1.78)* 12.88 (3.71)* 

* Significant difference at p < .05 level with rest 1. 

 

The Figures 3, 4 and 5 display the scatterplots between PEP, ns.SCRs and 

SCL for all data points. Note that these figures contain both within- and 

between-subject variance. PEP and ns.SCRs (r = -.52), PEP and SCL (r = -.30), and 

ns.SCRs and SCL (r = .42) were significantly correlated, but the correlations 

between PEP and the two measures of skin conductance can be largely ascribed 

to the step test condition, where the shortest PEP and highest ns.SCRs and SCL 

co-occur.  
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Figure 3 Scatterplot of the number of ns.SCRs per minute and the PEP for all subjects in 

all conditions.  

 
Figure 4 Scatterplot of the SCL and the PEP for all subjects in all conditions. 
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Figure 5 Scatterplot of the number of ns.SCRs per minute and the SCL for all subjects in 

all conditions.  

 

To separate the between- and within-subject components of the 

covariance in our measures we first computed between subject correlations 

separately within each of the 13 experimental conditions. This is shown in Table 

2. Moderate correlations (0.34 < r < 0.55) were found between the two measures 

of skin conductance, except during lying, cold pressor and the step test. 

However, PEP was largely uncorrelated with ns.SCRs and SCL. 
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Table 2 Between-subject correlations between PEP, ns.SCRs, and SCL separately per 

condition. 

Conditions r PEP-ns.SCRs p r PEP-SCL p r ns.SCRs-SCL p 

Rest 1 -.12 .49 -.16 .34 .51 .00 

Stroop -.03 .85 -.14 .41 .55 .00 

Recovery 1 -.21 .20 -.15 .37 .43 .01 

Tone Avoidance -.15 .38 -.15 .37 .49 .00 

Recovery 2 -.29 .08 -.24 .14 .34 .04 

Lying -.27 .10 -.27 .09 .24 .14 

Standing -.16 .33 -.13 .44 .36 .02 

Recovery 3 -.27 .10 -.24 .14 .53 .00 

Hand grip -.15 .37 -.36 .03 .33 .05 

Cold Pressor -.43 .01 -.23 .17 .24 .14 

Recovery 4 -.19 .26 -.25 .12 .41 .01 

Step test .39 .02 -.07 .69 .05 .79 

Rest 2 -.22 .17 -.28 .08 .53 .00 

Correlations significant at p < .05 level are bold. 

 

Within-subject correlations across the 13 experimental conditions are 

shown in Table 3. The mean within-subject correlation between ns.SCRs and SCL 

was .72, between PEP and ns.SCRs -.63, and between PEP and SCL -.43. Though 

within-subject correlations were generally high between ns.SCRs and SCL, large 

individual differences (r ranged from -.96 to .75) were found in the within-

subject correlation between PEP and ns.SCRs and between PEP and SCL. Figure 3 

and Figure 4, however, strongly suggest that the relation between PEP and 

ns.SCRs and between PEP and SCL entirely depended on the exercise condition. 

When we recomputed the within-subject correlations after exclusion of the step 

test data, only two significant correlations remained between PEP and ns.SCRs, 

and only one between PEP and SCL (Table 4). The correlation between the two 

measures of skin conductance also decreased but remained significant overall 

(mean within-subject r = .59).  
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Table 3 Within-subject correlations between PEP, ns.SCRs, and SCL for all conditions. 

Subject r PEP-ns.SCRs p r PEP-SCL p r ns.SCRs-SCL p 

1 -.26 .39 -.11 .72 .56 .05 

3 .20 .53 .51 .09 .77 .00 

5 -.77 .00 -.64 .02 .87 .00 

6 -.74 .00 -.54 .06 .91 .00 

7 -.62 .02 -.47 .11 .66 .02 

8 -.73 .01 -.62 .02 .89 .00 

9 -.37 .24 -.29 .35 .89 .00 

10 -.92 .00 -.73 .00 .82 .00 

11 -.85 .00 -.70 .01 .74 .00 

12 -.82 .00 -.44 .13 .73 .01 

13 -.86 .00 -.56 .05 .67 .02 

14 -.88 .00 -.71 .01 .59 .03 

15 -.81 .00 -.46 .11 .69 .01 

16 -.92 .00 -.35 .24 .39 .19 

17 -.86 .00 -.65 .02 .87 .00 

18 -.50 .08 -.38 .20 .91 .00 

19 -.94 .00 -.36 .23 .40 .18 

20 -.48 .10 -.72 .01 .87 .00 
21 -.51 .08 -.23 .46 .78 .00 
22 -.68 .01 -.43 .15 .75 .00 
23 -.61 .03 -.66 .01 .78 .00 
24 -.91 .00 -.81 .00 .83 .00 
25 -.84 .00 -.73 .00 .78 .00 
26 -.87 .00 -.66 .01 .65 .02 
28 .75 .01 .41 .18 .67 .01 
29 -.96 .00 -.46 .11 .57 .04 
30 -.31 .30 -.15 .63 .91 .00 
31 -.23 .44 -.29 .34 .64 .02 
32 -.83 .00 .49 .09 -.34 .26 
33 -.75 .00 -.08 .80 .64 .02 
34 -.81 .00 -.79 .00 .96 .00 
35 -.70 .01 -.77 .00 .82 .00 
36 -.68 .01 -.59 .03 .74 .00 
41 -.55 .07 -.41 .19 .80 .00 
42 -.41 .16 -.55 .05 .83 .00 
43 -.75 .00 -.02 .96 .49 .09 
45 -.62 .02 -.61 .03 .90 .00 
47 -.80 .00 -.84 .00 .80 .00 
48 -.46 .12 -.49 .09 .93 .00 
Correlations significant at p < .05 level are bold. 
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Table 4 Within-subject correlations between PEP, ns.SCRs, and SCL without step test 

data. 

Subject r PEP-ns.SCRs p r PEP-SCL p r ns.SCRs-SCL p 

1 .37 .24 .46 .14 .49 .10 

3 .20 .53 .51 .09 .67 .02 

5 -.18 .57 -.03 .94 .76 .00 

6 .53 .07 .45 .14 .89 .00 

7 .15 .64 .32 .31 .47 .12 

8 .02 .96 -.27 .39 .85 .00 

9 -.37 .24 -.29 .35 .89 .00 

10 .31 .33 -.16 .72 .32 .32 

11 -.35 .26 -.48 .11 .55 .06 

12 -.67 .02 -.22 .49 .66 .02 

13 .15 .66 -.10 .76 -.01 .97 

14 -.56 .06 -.73 .01 .49 .11 

15 .11 .74 .25 .44 .49 .10 

16 .48 .12 .00 1.00 .18 .58 

17 -.28 .39 -.09 .79 .78 .00 

18 .22 .50 .12 .72 .90 .00 

19 -.12 .71 -.01 .98 .19 .56 

20 -.12 .71 -.16 .62 .86 .00 
21 .21 .52 .25 .44 .77 .00 
22 -.12 .72 .14 .66 .66 .02 
23 .27 .41 -.18 .58 .58 .05 
24 .02 .95 -.21 .52 .16 .61 
25 -.06 .86 -.19 .55 .40 .19 
26 .13 .68 -.05 .88 -.05 .89 
28 .75 .01 .41 .18 .76 .00 
29 -.45 .14 -.42 .18 .73 .01 
30 .22 .49 .26 .42 .91 .00 
31 .17 .61 .01 .98 .60 .04 
32 -.21 .52 -.22 .50 .39 .21 
33 .20 .53 .44 .16 .84 .00 
34 .04 .89 .01 .98 .86 .00 
35 -.06 .87 .19 .56 .50 .10 
36 -.01 .97 -.05 .88 .54 .07 
41 -.55 .07 -.41 .19 .40 .20 
42 .13 .68 .35 .27 .78 .00 
43 -.03 .94 .25 .44 .71 .01 
45 .09 .77 -.01 .99 .82 .00 
47 -.10 .77 -.37 .24 .38 .23 
48 -.07 .83 -.04 .90 .91 .00 
Correlations significant at p < .05 level are bold. 
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To further examine the relationship between ns.SCRs and SCL, we used a 

multilevel analysis. The regression coefficients of the tested models are shown in 

Table 5. The random intercept model consisting of ns.SCRs being predicted by 

SCL explained 37.9 % of variance in ns.SCRs and had a significant better fit than 

the ‘empty’ model, Χ2(1) = 159.57, p < .001. The random slope model explained 

38.6 % of variance in ns.SCRs and had a significant better fit than the ‘empty’ 

model as well, Χ2(1) = 171.80, p < .001. Finally, the extended linear model with a 

random intercept and a random slope, explained 43.2 % of the total variance in 

ns.SCRs and had a better fit than both previous models, Χ2(2) = 21.81, p < .001 

and Χ2(2) = 9.58, p = .008 respectively. Figure 6 shows the regression lines per 

individual for the final model. Sex and age could not predict slope or intercept 

differences. When we reran the multilevel analysis after exclusion of the step 

test data, comparable results were found. Again, the best fitting model was the 

model with random intercept and slope, and this model explained 42.5 % of the 

variance in ns.SCRs. 

 
Figure 6 Regression lines per subject for the random intercept and random slope model. 
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Conclusion 

Both PEP and skin conductance measures are extensively used as indices of 

SNS activity. In accordance, we found that PEP generally decreased and ns.SCRs 

and SCL increased during mental and physical stressors known to engage the SNS. 

The between- and within-subject correlations between the two measures of skin 

conductance were overall significant, and results showed that around 43% of the 

variance in ns.SCRs could be explained by SCL when allowing for individual 

differences. This suggests that these parameters both reflect SNS activity but 

that the overlap is imperfect and each skin conductance measure therefore also 

reflects different components of SNS activity. More surprising results were 

obtained for the association between PEP and the skin conductance measures. 

The between-subject correlations between PEP and the two measures of skin 

conductance were weak or absent during each of the stressful tasks. Within 

subjects, a significant relation was found between changes in PEP and the two 

measures of skin conductance, but this was entirely due to a short period of 

moderately intense exercise, which led to a strong decrease in PEP and a strong 

increase in ns.SCRs and SCL in most subjects.  

The absence of a between-subject correlation between PEP and ns.SCRs 

and between PEP and SCL was unexpected, though results do correspond with the 

only other study which compared skin conductance and PEP responses to stress 

(Tomaka et al., 1994). Between-subject differences in absolute PEP have been 

shown to closely reflect individual differences in ß-adrenergic inotropic drive 

(Cacioppo et al., 1994a). In a study of 10 female undergraduate students, a high 

correlation was found between absolute PEP and heart period increases in 

response to sympathetic blockade. In further support, a significant inverse 

correlation between a subjects’ absolute PEP and their plasma adrenaline level 

was found (Levi et al., 1982). At the same time, between-subject differences in 

electrodermal activity have been shown to correlate to individual differences in 

the number of sympathetic action potentials in peripheral sympathetic nerves. 

Within normal ranges of ambient room temperature and subject 

thermoregulatory states, there was a high correlation between bursts of skin 

sympathetic nerve activity and SCRs (Wallin, 1981). In addition to measuring SNS 

activity, between-subject differences in both PEP and skin conductance have 

been shown to be reliable and stable over time (Goedhart et al., 2006; Schell et 

al., 2002). So, why did we not find between-subject correlations between these 

measures? 
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The most likely explanation is uncorrelated individual differences in the 

responsiveness of the effector systems. SNS activity changes contractility, and 

with that PEP, through the effects of noradrenergic fibers acting on β1- and β2-

receptors on the left ventricle (Kelsey, 1991; Sherwood et al., 1990). Hence, the 

effect of a fixed amount of cardiac sympathetic activity on contractility (and 

PEP) depends on the sensitivity of these β-adrenergic receptors, which is known 

to vary strongly between individuals (Brodde et al., 2006). Likewise, the effect 

of a fixed amount of skin sympathetic activity on sweat gland activity (and skin 

conductance) depends on the number of sweat ducts per area of skin. These also 

show large individual differences (Sato & Sato, 1983). In other words, a subject 

with a low β-receptor sensitivity and a high number of sweat glands may have 

long PEP and high SCL, whereas another subject with identical SNS activity but 

high β-receptor sensitivity and a low number of sweat glands may have a shorter 

PEP but lower SCL. 

More alarming than the absence of a between-subject correlation is the 

absence of a within-subject correlation. Individual differences in sweat glands or 

receptor sensitivity should not prevent PEP and skin conductance to correlate 

across different levels of SNS activation within the same individual. Yet, such 

correlations were not found, although the addition of more powerful engagement 

of the SNS by the step test did induce a correlation in most subjects. It is unclear 

why the changes in PEP and ns.SCRs and in PEP and SCL across the other stressors 

were uncorrelated. One explanation is that the changes in PEP across the 

stressors are not solely influenced by sympathetic activity, but by changes in 

preload and afterload effects as well (Lewis et al., 1977). These latter two are 

usually not that prevalent during experiments where subjects sit down in a lab 

during the whole experiment (Sherwood et al., 1990) but during conditions that 

induce a large change in mean arterial pressure or end-diastolic filling, such 

effects could have influenced PEP independently from true changes in SNS 

activity. This seems supported by findings for PEP in the supine and cold pressor 

conditions. Lying down increases preload and reduces afterload. Whereas we 

would expect SNS activity to be lower in a supine position, PEP in fact became 

shorter, and this likely reflects decreased afterload. In contrast, SNS activity can 

be expected to increase during the stressful cold pressor test, but in fact, PEP 

was unchanged from resting level. This is likely due to the strong increase in 

mean arterial pressure that is reflexively induced by cold stress. Since ns.SCRs 
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and SCL are not affected by preload and afterload effects, this may have led to a 

discrepancy between PEP and skin conductance measures. 

The within subject correlation may further have been compromised by a 

gradual increase in skin conductance level and spontaneous frequencies during 

the experiment which may not reflect a true increase in SNS activity. Although 

sweat gland activity (filling of the sweat ducts) appears to be the main 

determinant of both skin conductance measures (Dawson et al., 2000), sweat on 

the skin (corneal hydration) is thought to play a role as well, especially for SCL 

(Boucsein, 1992; Fowles, 1986). This also might explain the proportion if 

unexplained variance between ns.SCRs and SCL. Sweat duct activity is a volatile 

process mainly due to recent sympathetic nerve activity, but corneal hydration is 

a much slower process, probably building up during the experiment 

independently from changes in sympathetic activation. Since corneal hydration 

occurs independently from changes in sympathetic activation this may have 

added to the discrepancy between skin conductance measures and PEP. 

Finally, differences in adrenal catecholamine release in response to the 

various stressors may have acted to reduce the PEP – skin conductance 

correlation. Ventricular β1- and β2-receptors do not respond solely to 

noradrenaline released from the cardiac sympathetic nerve, they are also highly 

sensitive to circulating catecholamines. Many of the stressors used are known to 

increase circulating levels of adrenaline and noradrenaline (Kjaer et al., 1987; 

Schachinger et al., 2001) which will co-determine PEP responses. In contrast, 

sweat gland activity is controlled by sympathetic cholinergic fibers acting on 

muscarinergic type 3 receptors (Kelsey, 1991; Shields et al., 1987). Although 

these also receive additional hormonal input (Wallin, 1981) they will not be 

sensitive to circulating noradrenaline or adrenaline. 

Apart from the methodological explanations above, the absence of a 

relation between PEP and skin conductance may also reflect true differences in 

the activation of the various branches of the SNS during stressful tasks. Such 

differentiation is known to occur from previous studies using direct recording of 

skin and muscle sympathetic activity (Wallin, 1981; Grassi & Esler, 1991) that 

showed that sympathetic activity might not have a uniform effect on all effector 

organs. Baroreflex engagement may be a powerful source of differences in 

vascular/cardiac versus skin SNS activity. Unlike cardiac SNS activity , skin SNS 

activity is not influenced by the baroreflexes (Bini et al., 1981; Vissing et al., 

1994; Wallin et al., 1975; Wilson et al., 2001). Task induced changes in 
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baroreflex activity, therefore, will affect PEP but not SCL and ns.SCR. The well-

known individual differences in baroreflex sensitivity (Riese et al., 2006; Tank et 

al., 2001) may also partly account for the low between-subject correlations. 

We conclude that PEP and skin conductance respond to stress tasks in a 

manner compatible with increased SNS activity but that their response is largely 

uncorrelated. The heart and the skin, therefore, seem to reflect different 

aspects of sympathetic nervous system activity. Since all three measures are 

responsive to SNS activity and have already shown their use in 

psychophysiological testing we conclude that, whenever possible, PEP, ns.SCR 

and SCL should all be measured.  
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