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The purpose of this study was to examine the effects of a 2-hour laboratory challenge on heart rate, blood
pressure, catecholamines, and cortisol; and investigate the contribution of the physical act of speaking on
both neuroendocrine and cardiovascular measures. Using a within-subjects design, 14 subjects were tested
individually during two separate laboratory sessions. During one session, subjects engaged in two cognitively
demanding tasks for 2 hours. During the other session, subjects executed the verbal demands of the tasks
for 2 hours, but cognitive demands were absent. During both sessions, blood pressure and heart rate were
measured and arterialized blood samples were obtained for the measurement of epinephrine, norepinephrine,
and cortisol. Subjects demonstrated significantly greater increases in systolic blood pressure, diastolic blood
pressure, heart rate, epinephrine, and cortisol during the cognitively challenging session than during the
control session. It is concluded that sustained elevations in cardiovascular and neuroendocrine measures
can be achieved in the laboratory, and that the effects of such tasks cannot be attributed solely to the
physical demands of speaking. Implications for the measurement of circulating catecholamines and cortisol
during laboratory studies are discussed.
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INTRODUCTION

Laboratory studies of cardiovascular and neuroen-
docrine responses to challenge generally employ
tasks of relatively brief duration, typically less than
15 minutes (1). Brief laboratory challenges provoke
changes in cardiovascular parameters, such as heart
rate and blood pressure, which distinguish people at
risk for heart disease from those not at risk (2),
differentiate subjects based on individual personal-
ity characteristics (3, 4), and elucidate relevant task
dimensions which impact upon cardiovascular pa-
rameters (5).

Despite the heuristic value of brief laboratory
challenges in some applications of laboratory meth-
odology, there are several reasons to develop tasks
of longer duration (1). This may be particularly true
when studying the effects of stress on circulating
hormones. Changes in levels of circulating neuro-
hormones often take several minutes to occur, and
the administration of brief tasks separated by rest
periods of a few minutes may make data interpre-
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tation difficult. For example, it takes approximately
7 minutes from stimulus onset for increases in cor-
tisol to become apparent in the peripheral circula-
tion, and 15 minutes for levels to peak (6).

Extended laboratory tasks may also be needed to
more fully explore the cardiovascular effects of
stress. It has been shown that the pattern of cardio-
vascular responses to a laboratory stressor change
over the course of 1 hour, presumably reflecting
autoregulation. In an extended laboratory session,
Miller and Ditto (7, 8) showed that during 1 hour of
videogame play with shock avoidance, heart rate
responses diminished after 15 minutes, although
changes in blood pressure and digital blood volume
pulse remained fairly constant during the session.
However, as these investigators noted, the effect of
extended laboratory challenge on neuroendocrine
measures has not been studied. Thus, the primary
purpose of the present study was to develop a 2-
hour laboratory protocol and examine its effects on
blood pressure, heart rate, catecholamines, and cor-
tisol.

One important consideration in evaluating a long-
duration laboratory stressor is whether the require-
ment that subjects speak while engaged in the tasks
produces changes in hemodynamic and neuroen-
docrine measurements because of the physical de-
mands imposed by vocalization, rather than because
of the nature of the tasks per se. The physical act of
talking has been shown to raise blood pressure (9).
However, subsequent research has shown that
speaking about a topic of personal relevance results
in greater increases in blood pressure and greater
decreases in T-wave amplitude and blood volume
pulse than does producing neutral speech (10). Sim-
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ilarly, mental arithmetic requiring verbal responses,
a cognitively demanding task used frequently in
psyche-physiological research, has been shown to
produce greater increases in heart rate than speak-
ing in a manner which mimics the physical demands
of the task without requiring cognitive performance
(11). Although cardiovascular measurements (e.g.,
blood pressure and heart rate) are often accepted as
indices of sympathetic nervous system activity, to
date no one has examined the contribution of speak-
ing to increases in catecholamines and cortisol.
Thus, a second aim of this study was to determine
the contribution of the physical act of speaking on
both neuroendocrine as well as cardiovascular
measures during an extended laboratory session.

A consideration in the execution of the present
study was the method of collecting blood samples
for catecholamine measurement. Although one typ-
ically expects to see increases in circulating levels
of epinephrine and norepinephrine in response to
stress, several recent investigators have failed to do
so (12-14). One possible explanation for the lack of
effect on catecholamines in some studies is venous
samples have been used, which may reflect local
tissue production and removal of norepinephrine
and epinephrine, respectively (15). A study compar-
ing arterial and venous sampling at rest and during
dental procedures showed that baseline venous lev-
els of norepinephrine are greater than arterial levels;
in contrast, baseline venous levels of epinephrine
are lower than baseline arterial levels (15). Subse-
quently, the superiority of arterial measurements
over venous ones in examining catecholamine re-
sponses to stress has been demonstrated (16, 17).
Despite the advantages of arterial over venous sam-
pling, the former is considerably more invasive;
establishing an intraarterial line is quite painful to
the subjects and causes risk of injury. An alternative
approach which overcomes many of the limitations
of venous sampling is to use arterialized samples, in
which a superficial hand vein is used and the limb
is heated to increase the rate of arterial-venous
exchange. Veith et al. (18) have shown that such
"arterialized" sampling is comparable to arterial
sampling. Thus, arterialized sampling was used in
the present study.

METHODS

Subjects
The study protocol was approved by the Human Subjects

Review Committee of the University of Washington. Sixteen
subjects between the ages of 21 and 65 years were recruited

through advertisements seeking healthy men to participate in a
study on the effects of stress on heart rate, blood pressure, and
stress hormones. Advertisements were posted throughout the
Health Sciences Center of the University of Washington. Subjects
were paid $50 for participating. Data from two subjects were not
used because of technical problems with blood collection which
arose during their participation. The final sample consisted of 14
nonobese men (aged 21-49 years, mean = 31.8), who were non-
smokers and were not taking medications at the time of study.

Physiological Measures
BJood pressure and heart rate. Systolic and diastolic blood

pressure and heart rate were recorded using an automated oscil-
lometric method (Dinamap, Critikon Co., Tampa, FL).

CatechoJamines and cortisoJ. Blood was collected through a 19-
gauge butterfly catheter placed in a dorsal vein of the hand or
the cephalic vein of the forearm. The extremity was kept in a
warming box thermostatically regulated at 60°C. This permitted
the collection of arterialized venous plasma samples. Each blood
sample (2.5 ml) was collected in chilled glass tubes containing
EGTA and reduced glutathione and placed on ice. Samples were
centrifuged at 4°C and plasma was stored at —70°C until assay.
Plasma levels of epinephrine and norepinephrine were measured
in duplicate by a single isotope enzymatic assay (19). Catechol-o-
methyltransferase (COMT) enzyme was used for labeling and the
catecholamines were separated using thin-layer chromatography
(TLC). The intraassay variability is 6% and interassay variability
is 12% for samples above 100 pg/ml. For samples below 100 pg/
ml the intraassay variability is 10% and the interassay variability
is 15%. All samples from an individual subject were run in the
same assay. Cortisol was measured by radioimmunoassay in
unextracted plasma samples diluted with phosphate buffer and
heated for 20 minutes at 80"C to denature binding globulins (20).
Cortisol antiserum was obtained from ICM Biomedicals (Costa
Mesa, CA). Sensitivity of the assay is 10 pg/ml. Coefficient of
variation within assays is 5% and between assays is less than
10%.

Tasks

Two tasks were used as stressors. The Stroop color-word inter-
ference task was presented successively over the course of 1 hour.
In this task, subjects were asked to rapidly identify the colors in
which words representing colors were printed (e.g., the word
"red" printed in the color green, the correct response being
"green"). On each successive presentation of this task, subjects
were presented with 45 slides with five words appearing on each
slide. Each slide was presented for approximately 5 seconds on a
slide projector. Successive administrations of the Paced Auditory
Serial Addition Task (PASAT) were presented during the second
hour. The PASAT was developed as a measure of the rate of
information processing (21). The task consists of four sets of 61
digits each presented on audiotape (numbers 1-9 in random
order), in which subjects are asked to add the digits sequentially.
The subject is asked to add numbers in pairs aloud, adding each
number to the number given before it. For example, given the
sequence "1, 9, 6," the correct answers would be "10" (1 + 9) and
"15" (9 + 6). Presentation of the four sets of digits lasts 9 minutes.
During the first set, the numbers are presented at a rate of one
number every 2.4 seconds. During the subsequent three sets, the
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digits are presented at a rate of every 2.0, 1.6, and 1.2 seconds,
respectively.

Procedure
Subjects were tested individually during two sessions held on

separate days. The order of presentation of the Control session
and Stress session was counterbalanced. Subjects arrived at the
laboratory between 7:00 and 8:00 AM after an overnight fast.
After informed consent was obtained, subjects were asked to lay
in a hospital bed in the supine position, after voiding. A needle
was placed in an appropriate vein for blood collection and was
kept patent using a slow infusion of normal saline. Once the
needle was in place the hand was positioned in a warming box
and the bed was adjusted so that the subject was in a semirecum-
bent position.

After placement of the needle and adjustment of the bed,
subjects rested quietly for 30 minutes before the start of the tasks.
Baseline blood pressure and heart rate measurements, and base-
line blood samples were obtained at minutes 25 and 30.

During the Stress session, the color-word interference task was
administered eight times (trials) during the first hour after base-
line. Each administration took approximately 5 minutes. A 3-
minute intertrial interval occurred between each successive ad-
ministration of the task. The PASAT was administered five times
during the second hour. Each administration of the PASAT took
approximately 9 minutes, except for the last administration,
which was terminated after 4 minutes. A 5-minute intertrial
interval separated each trial. At the end of each intertrial interval
during both tasks, the experimenter gave the subject feedback
regarding his performance and encouraged him to try to improve
his performance on the next trial.

During the Control session, the visual and audiotaped stimuli
for the color-word interference task and PASAT were presented
to the subject at time intervals identical to presentation during
the Stress session. However, the task demands were altered. For
the color-word interference task, subjects were instructed to read
the words, rather than identify colors. Previous pilot testing in
our laboratory had shown that this requires minimal effort on
the part of subjects. During the PASAT administration, subjects
were instructed to repeat the numbers heard on the audiotape,
but no mental arithmetic was required. No performance feedback
or encouragement was given to subjects during the intertrial
intervals. Instructions during the Control session were to pay
close attention in order to read the words and repeat the numbers
accurately. These instructions encouraged subjects to attend to
the stimuli which were used during the Stress session, and engage
in the same amount and rate of vocalization. This insured that
the rate of speaking during each session was held constant,
because it has been shown previously that faster rates of speaking
produce greater increases in blood pressure than slower speaking
rates (22).

During the eight administrations of the color-word interference
task, ovex the first hour, blood pressure and heart rate measure-
ments were obtained at the start of each trial, 2 minutes after the
beginning of every other trial, and at the conclusion of every
other trial. Blood samples were obtained 2 minutes after the start
of four of the eight administrations, corresponding to minutes 10,
26, 42, and 58 of the first hour. During the five administrations of
the PASAT, blood pressure and heart rate measurements were
obtained at the beginning of each trial, 6 minutes after the start
of each trial, and 2 minutes after the conclusion of each trial.
Blood samples were obtained 6 minutes after the start of each of

the first four trials, corresponding to minutes 6, 20, 34, and 48 of
the second hour. Subjective ratings of task difficulty, involve-
ment, and arousal were obtained using three 10-point rating
scales. The endpoints were labeled "extremely easy-impossible,"
"completely uninvolved, not trying hard at ail-extremely in-
volved, trying as hard as possible," and "completely calm and at
ease-extremely excited and aroused." These endpoints were cho-
sen because they have been shown previously to differentiate
levels of task difficulty (23). Subjects made ratings of both the
color-word interference task and the PASAT during Control and
Stress sessions. Ratings were made at the conclusion of each
experimental session after the blood pressure cuff and needle
were removed.

Data Reduction and Analysis
Baseline cardiovascular and neuroendocrine measures ob-

tained at minutes 25 and 30 of the initial rest period were
averaged to yield a baseline value for each parameter. For each
of the three cardiovascular measures, values during each of eight
15-minute periods during each of the two 2-hour sessions were
averaged to yield eight period values for each session. Thus, each
period reflects an average of start-of-trial, during trial, and end-
of-trial measurements. For neuroendocrine measures, each of the
eight samples obtained during tasks represents a period value.
For each of the six dependent measures, the baseline recording
for each dependent variable was subtracted from each of the eight
period values to yield eight change scores (delta) within respective
sessions. The effects of session, period, and order were tested
using a 2 (control vs. stress) x 8 (15-minute period) X 2 (order)
analysis of variance (ANOVA) on each dependent variable
(change from baseline for systolic and diastolic blood pressure,
heart rate, epinephrine, norepinephrine, and cortisol). Signifi-
cance level for the ANOVAs was based on the Greenhouse-
Geisser correction for degrees of freedom (24).

RESULTS

Baseline Differences

Baseline differences between the two sessions
were examined using paired t tests for each of the
six dependent variables. There were no differences
in baseline values between the two sessions for any
of the cardiovascular or neuroendocrine parameters
(t < 1.75, p > .50). Baseline and task values for both
sessions are shown in Table 1.

Task Differences

Cardiovascular measures. Heart rate. Significant
effects of session (F(l/12) = 23.42, p < .001) and
period (F(7/84) = 3.94, p < .05) were obtained for
heart rate. Heart rate was higher during the Stress
session than during the Control session. Heart rate
diminished over the course of the 2 hours during
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TABLE 1. Pretask Baseline and Task Means and Standard Deviations of Cardiovascular and Neuroendocrine
Measures by Session

Session

Means (SDs in Parentheses)

Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm

Hg)
Heart rate (bpm)

Control
Stress

Control
Stress

Baseline

122.6(8.5)
125.7(7.4)

Task

123.3 (7.4)
129.1 (8.2)"

Epinephrine (pg/ml)

Baseline

47.9(10.9)
42.5 (16.7)

Task

53.3(16 1)
76.7(31.9)***

Baseline

70.5 (6.5)
70.1 (7.2)

Task

72.7 (6.0)
76.8(6.1)**

Norepinephnne (pg/ml)

Baseline

167.9(84.7)
170.4(91.2)

Task

198.2(92.1)**
224.4(100.2)**

Baseline

61.4 (10.2)
61.0(11.7)

Task

60.8 (9.2)
67.6(11.1)***

Cortisol <Mg/dl)

Baseline

12.25(2.90)
11.69 (2.31)

Task

10.21 (2.89)**
11.70 (3.73)

Note: Task vs. baseline, paired t test, *p < .05, ** p < .01, ***p < .001.

both the Stress and Control sessions (Figure 1). The
Session times Period effect was not significant.

Systolic blood pressure. There was a significant
effect of session for systolic blood pressure (F(l/12)
= 20.99, p < .001). Systolic blood pressure was higher
during the Stress session than during the Control
session. The Session times Period interaction was
significant (F(7,84) = 2.51, p < .05). Systolic blood
pressure increased during the Stress session and
decreased during the Control session (Figure 1).

Diastolic blood pressure. As with the other cardi-
ovascular measures, the main effect of session (F(l/
12) = 5.78, p < .05) was significant for diastolic blood
pressure. In addition, the main effect for Period for
diastolic blood pressure was significant (F(7/84) =
2.67, p < .05). Diastolic blood pressure declined
slightly over the course of two hours during both
sessions (Figure 1).

Neuroendocrine Measures. Epinephrine. The ef-
fect of session was significant for epinephrine (F(l/
12) = 23.57, p < .001). Epinephrine levels were
higher during the Stress session than during the
Control session. The period main effect was signifi-
cant (F(7,84) = 3.02, p < .05). Epinephrine concen-
trations tended to increase over the course of each
session, and although this was most marked during
the Stress session (Figure 1), the Session times Period
interaction was not significant.

Norepinephrine. For norepinephrine, none of the
main effects or interactions were significant.

Cortisol. For cortisol, the effect of session was
significant (F(l/12) = 22.64, p < .001), and the effect
of period was significant (F(7/84) = 4.31, p < .001).
Plasma cortisol levels were greater during the Stress
session than during the Control session, and dis-
played a tendency to diminish over the course of
each session (Figure 1). There was a significant Ses-

sion x Order interaction for cortisol (F(l,12) = 5.76,
p<.05).

Subjective Ratings

Subjects' ratings of tasks following the Control
session and Stress session are shown in Table 2.
Based on paired t tests, subjects perceived the tasks
as more difficult (t (13) = 10.18, p < .001), were more
involved (t (13) = 11.65, p < .001), and were more
aroused (t (13) = 11.19, p < .001) after the Stress
session than following the Control session.

DISCUSSION

An extended 2-hour laboratory challenge pro-
duced greater increases in systolic blood pressure,
diastolic blood pressure, heart rate, epinephrine, and
cortisol than did a 2-hour control session. Heart rate
and diastolic blood pressure decreased over the
course of both the 2 hours of laboratory challenge
and during the control session. Systolic blood pres-
sure increased during the laboratory challenge, but
not during the control session. Plasma epinephrine
concentrations increased during both sessions, but
was higher during psychological challenge than dur-
ing the control session. Cortisol diminished over the
course of both sessions, but markedly less so during
psychological challenge. Although there was a slight
diminution in heart rate and diastolic blood pressure
during the 2-hour session, both parameters were
clearly elevated during psychological challenge rel-
ative to the control session. Norepinephrine levels
increased significantly above baseline levels during
both sessions, but the extent of the increase overall
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Fig.

120

1. Mean (±SEM) heart rate, blood pressure, epinephrine, norepinephrine, and cortisol during the Stress session (closed circles)
and the Control session (open circles) for each 15-minute period. Time zero represents the baseline value for each variable.

TABLE 2. Average Subject Ratings of Task Dimensions
(SD in parentheses)

Dimensions

Difficulty
Involvement
Arousal

Session

Control

2.0 (0.6)
3.5(1.4)
2.8(1.0)

Stress

6.4(1.7)
8.5(1.0)
6.7 (0.9)

was not significantly greater during psychological
challenge.

An implicit assumption in studies of cardiovas-
cular reactivity in response to brief stressors is that
once the stressful task is terminated, blood pressure
and heart rate will return to pretask levels following
a brief recovery period. In the present study, the
small decline in heart rate and diastolic blood pres-
sure which occurred during the administration of
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challenging tasks for 2 hours suggests that it is not
merely the absence of stimulation which accounts
for "recovery" after participation in a brief task. In
the context of extended stress, decrements in heart
rate and blood pressure have been attributed to
habituation, and are perhaps because of autoregu-
lation (7, 8). Interestingly, in our study we observed
evidence of habituation in heart rate and diastolic
blood pressure although a new stressor was intro-
duced after 1 hour. Thus, it is unlikely that task
familiarity accounts for these cardiovascular adjust-
ments, lending additional support to the notion of
autoregulation.

Although previous research has shown that the
physical act of speaking contributes little to the
increases in cardiovascular activity seen during cog-
nitively challenging tasks (11) or affective expression
(10), the present study is the first demonstration that
speaking in the absence of challenge produces con-
siderably less change in epinephrine and cortisol
than active engagement in a difficult task. We found
that the physical act of speaking, per se, did not
result in a significant increase in epinephrine or
cortisol above baseline levels. However, norepi-
nephrine did show an increase above baseline levels
during the control session.

The decrease in cortical observed during the con-
trol session corresponds to established circadian pat-
terns (25, 26). This normal circadian variation in
cortisol was offset when subjects were presented
with challenging tasks. This pattern is consistent
with another recent report that examined the effects
of 4 hours of challenging tasks on salivary cortisol
(27). These observations highlight the importance of
maintaining a consistent starting time for laboratory
protocols in which neuroendocrine measures are
studied. Additionally, our data attest to the value of
taking resting or control measurements during a
separate laboratory session conducted at the same
time of day as the session in which tasks are admin-
istered. Normal circadian variation in cortisol and
norepinephrine could override the effects of brief
stressors interspersed with rest or recovery periods.
Recent failures to see significant increases in these
hormones in response to laboratory stress may be
due to the timing and frequency of the measure-
ments, reliance on venous samples, or both.

Previous attempts to show an increase in plasma
cortisol concentration in response to acute stress
have met with mixed results (28, 29), despite the
assumption that stress activates the pituitary-adre-
nal system. Levine and Coe (6) have suggested that
repeated failures to document increased plasma cor-
tisol levels in the laboratory in response to stressful

stimulation may be attributable to inappropriate
timing of blood sampling. In particular, they note
that obtaining samples at only one or two arbitrary
points in time may miss peak changes in cortisol
concentration. Our study was able to confirm the
effects of acute stress on cortisol levels, probably
because of the timing and frequency of measure-
ments and the use of a separate control session on a
different day.

The use of arterialized blood samples may account
for a clear emergence of epinephrine effects in the
present study compared with earlier studies which
have relied on venous samples. The determination
of plasma catecholamine concentrations based on
antecubital venous measurements has many draw-
backs (16, 30). Forearm tissues extract approxi-
mately 50% of circulating epinephrine, which can
result in resting plasma epinephrine concentrations
well below the sensitivity of many assay techniques
(31). The use of arterialized samples in the present
study may have provided the greater sensitivity
needed to detect changes in epinephrine concentra-
tions during psychological challenge.

The fact that norepinephrine levels did not show
a greater increase during psychological challenge
relative to the control session is puzzling, particu-
larly since arterialized samples were used. On the
one hand, our findings are consistent with earlier
research on catecholamines during stress, in which
it was concluded that norepinephrine is not reliably
released from sympathetic nerve endings during
psychological stress although it increases substan-
tially during physical stress (32, 33). On the other
hand, subsequent experience from other laborato-
ries in which arterialized samples were used would
suggest that our sampling procedure would have
produced a difference in norepinephrine levels be-
tween the two sessions (16, 17). Furthermore, other
investigators have recently reported significant in-
creases in norepinephrine during both physical and
mental stress using venous sampling (34). However,
none of these more recent studies used a separate
control session as was used in the present study;
thus the extent to which their positive findings
could be related to the timing of samples superim-
posed on diurnal variation is unknown, particularly
since plasma norepinephrine tends to increase in
the morning (35). In this regard, it is interesting to
note that had we restricted the study to examining
plasma norepinephrine increases during the tasks in
relation to a same-day baseline, we would have
reported a significant increase in this hormone
(Table 1).

We conclude that an extended protocol is appro-
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priate for studying elevations in cardiovascular and
neuroendocrine measures in the laboratory. The use
of a separate baseline session may be particularly
important. This laboratory paradigm may be useful
in studying the time course of stress-induced
changes in several plasma constituents of interest to
psychosomatic medicine, including various neuro-
hormones and lipids. The extended protocol de-
scribed herein may be particularly well suited to
the study of cortisol responses to stress, because this
hormone has a characteristic diurnal variation
which may be obscured during laboratory protocols
of briefer duration.
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