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Are changes in performance with noise and age 
due to adrenergic arousal? 

J. RICHARD JENNINGS, RICHARD STILLER, and KA Y BROCK 
Western Psychiatrie Institute and Clinic, University of Pittsburgh, Pittsburgh, Pennsylvania 

The associations among plasma catecholamine levels, cardiovascular change, and performance 
efficiency were examined in young and old men (N = 26) who performed a laboratory task while 
exposed to noise. The aim of the experiment was to determine whether performance differences 
related to noise and aging could be explained by neuroendocrine arousal. According to inverted
U arousal theories, overarousal due to noise or aging should narrow the focus of attention, alter
ing performance. Older men were expected to show high basal catecholamine levels, which were 
expected to accentuate the deficit due to noise predicted by inverted-U arousal theories. Perfor
mance changes, cardiovascular changes, and age-related increases in catecholamines were ob
served. Performance was not, however, related to these changes or to catecholamine levels (which 
did not change significantly over the course of the task). Individual differences in task-induced 
changes in epinephrine did, however, show an inverted-U relationship with mean reaction speed. 
Brief, task-induced electrophysiological responses suggested an alternative view, that aging and 
noise induce specific rather than general changes in performance and autonomic/neuroendocrine 
support. 

Research on arousal and aging has been reviewed by 
Woodruff (1985) and Marsh and Thompson (1977). Some 
evidence suggests that the elderly are underaroused and 
other evidence that they are overaroused. Typically, the 
evidence for underarousal shows that task-induced 
responses of an electrophysiological measure, such as skin 
conductance, are smaller in the old than in the young (Co
hen & Shmavonian, 1967). The evidence for overarousal 
in the old relative to the young typically shows a height
ened endocrine response to a task and poor performance 
(Eisdorfer, 1968). 

Conceptually conflicting results such as these have led 
to questions about the validity of the concept of general 
arousal. Increasingly, the specificity rather than the gener
ality of neural control has been emphasized (e.g., Jen
nings, 1986; Lacey, 1967). Taken together, these difficul
ties in relating aging and arousal led us to critically 
reexarnine prior work in which performance changes had 
been attributed to arousal. Typicall y, a stressor, such as 
noise, is assumed to induce arousal, and no concurrent 
examinination of such measures of arousal as perfor
mance, physiology, or self-report is made. When we per
formed an experiment that included such measures (Jen
nings, Brock, & Nebes, 1988b), we found little evidence 
for the concept of general arousal. Our volunteers per
formed two concurrent tasks in 9O-dBA white noise or 
relative quiet. Noise altered their performance and induced 
self-reports of mild stress, but failed to alter cardiovas
cular responses consistendy. Before task performance, 
however, the older volunteers reported themselves (on the 
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Stress-Arousal Check List, SACL; Mackay, 1980) as be
ing more aroused than did the younger volunteers, and 
they were found to have higher heart rate, blood pres
sure, and pulse-wave velocity (PWV) than the younger 
volunteers. 

The purpose of the present experiment was to compare 
catecholamine levels and reactivity with cardiovascular 
levels and reactivity in the same dual-task/noise paradigm 
that had been employed previously. To do this, we tested 
two specifications of arousal theory: in one, older in
dividuals show arousallevels that are not optimal for sub
sequent performance; in the other, individuals give arousal 
responses to a stressor that are not optimal for concur
rent performance. Much of the evidence for overarousal 
in the elderly comes from studies of catecholarnine levels 
and reactivity (Woodruff, 1985). Due to the relatively 
brief time course of neural action, the arousal state is 
perhaps better represented in endocrine levels than in 
measurements of the state of the autonomic and central 
nervous system. If so, then catecholarnine levels and reac
tivity to noise might be expected to be higher in older than 
in younger volunteers, and individual differences in per
formance would be related to individual differences in 
catecholarnines. Norepinephrine levels are generally 
thought to be elevated in the elderly (e.g., Wilkie et al., 
1985; Ziegler, Lake, & Kopin, 1976) and epinephrine 
mayaiso be elevated (Fleg, Tzankoff, & Lakatta, 1985). 
Age, however, has not been shown to be a simple deter
minant of reactivity of the catecholarnines to physical and 
psychological stressors (Fleg, Tzankoff, & Lakatta, 1985; 
Goldberg, Kreider, & Roberts, 1984; Sachs, Hamberger, 
& Kaijser, 1985). 

The present study examined arousal and performance 
across age by assessing heart rate, central and peripheral 
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vascular function, dopamine, epinephrine, norepi
nephrine, and self-reports of stress arousal in a dual task 
perfonned in 9O-dBA continuous white noise. An integer 
addition task was combined with a reaction-time (RT) task 
for visual deteetion. Stimuli for the RT task were varied 
in probability in order to show the expected effeet of noise 
on performance-a deerease in the efficiency of respond
ing to low-likelihood-Iow-salience aspects of a complex 
task (eg., Hockey, 1973, 1983). At one point in the task, 
one of two sets of RT stimuli (light-emitting diode, LED, 
pairs) was likely to occur and one set might be more likely 
to occur than the other. At another point, RT stimuli could 
occur, but the probability of occurrence was low, and 
again one of the two RT stimuli could be particularly un
likely. If noise induces an overarousal, then perfonnance 
should deerease for the low-probability lights relative to 
both high-probability lights and perfonnance in quiet 
(Easterbrook, 1959). Young volunteers showed this ef
feet in Jennings et al. (l988b). If old volunteers were to 
become overaroused, their perfonnance ought to deeline 
even more. In fact, however, the older volunteers failed 
to show this effeet, thereby putting mediation by arousal 
into question. We sought to replicate this performance-age 
interaction and to examine its relation to cateeholamine
defined arousal. 

METHOD 

Volunteers 
To minimize reactions to novelty, 26 male volunteers were drawn 

from among subjects who had participated in two related studies. 
The 13 college volunteers were between 18 and 25 years of age; 
the 13 other volunteers were between 65 and 75 years of age and 
were selected from a registry of community-resident elderly volun
teers. All ofthe volunteers were screened for health problems, drug 
use, hearing loss, and educational level (a rninirnum of one semester 
of college credits). Any volunteers who, in the audiology exami
nation, were found to have hearing losses other than specific high
frequency losses (no greater than 25 dB loss at frequencies above 
4000 Hz) were exduded. 

Experimental Task 
The volunteers were asked to perform two concurrent tasks. The 

primary task was to add four integers presented individualy at 7-
sec intervals. The integers, varying between 0 and 9, were selected 
randomJy. The secondary task measured the time the volunteers 
required to detect the illumination of one of two pairs of LEDs and 
to press a microswitch response key corresponding to the pair, as 
quickly as possible. 

The display board, a 66 x 66 cm Plexiglas sheet painted a flat 
black color was mounted on a microphone stand that was adjusta
ble so that the integer display could be at eye level for the semi
reclining volunteer. A 3 x 3 cm seven-segment LED display at 
the center of the board provided the integer presentation. The 
peripheral lights were four LEDs, placed at the corners of the dis
play board. The LEDs were iIIuminated in diagonal pairs-that is, 
top left and bottom right, top right and bottom left-in order to 
avoid positional biases on the part ofthe volunteers. The panel was 
placed so that the LEDs were at a visual angle of 25° relative to 
the centraI integer. The illumination of the pair lasted 50 rnsec. The 
diagonal lights were illuminated .5 sec befoTe or after integers were 
presented. The probability that an LED array would accompany 
an integer was .5. If an LED was to accompany an integer, the 
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probability of its occurring before the integer was .7; after the in
teger, it was .3. Microswitch response keys appropriate for the hand
edness of the volunteer were placed on the arm of the reclining chair. 

A sequence of four integers to be summed was termed a trial. 
The initiation of a new trial was signaled by a .5-sec flash of all 
four corner LEDs. The first integer occurred 7 sec later, followed 
at 7-sec intervals by the other three. A feedback display followed 
the last integer presentation by 3 sec and remained illuminated for 
I sec. It also served as the signal to verbalize the sumo The volun
teers were told that the arithmetic task was primary, and they were 
paid 4 cents for each correct sum and 2 cents for each correct-answer 
RT that was faster than .5 sec. The feedback display illuminated 
all four corner LEDs, and the central display indicated the number 
of correct and aceptably fast RTs for that integer trial. RTs were 
measured in milliseconds using the dock on the DEC MINC com
puter. The accuracy of the choice response (expressed as propor
tion correct, PC) was scored simply by computing the proportion 
of trials in which the response key signaIed by the LED array was 
pressed. 

Noise was produced by a Lafayette Instruments white-noise gener
ator and was presented over Beltone headphones. These were 
calibrated weekly with a GenRad sound-level meter and an earphone 
coupler. The GenRad sound-level meter was caIibrated on an A 
weighting with a MINICAL l-kHz sound-level caIibrator. 

Procedure 
The volunteers participated in two sessions on separate days, with 

Session 1 lasting I handSession 2 lasting 2.5 h. In Session I, they 
practiced the RT and arithmetic tasks until they had demonstrated 
a capability to achieve incentive pay for their performance. Ses
sion 2 was divided into two performance-task conditions: a 30-triaI 
set of the performance task with an equal probability that the 
presented diagonal LEDs would appear on the right or left side, 
and a 30-trial set with a bias to either the right or the left diagonal. 
The volunteers were informed of the biasing. The side of the bias 
and the order of conditions for each subject were detennined by 
flipping a coin. The experimental session began with the attach
ment of the band electrodes that measured impedance. The volun
teer then assumed a semireclining position for the remainder of the 
session. An intravenous catheter was inserted in the nondominant 
arm by a trained medical technician. This procedure was foUowed 
by application of the remaining physiological equiprnent. A IO-rnin 
baseline period preceded the two 30-trial sets of performance tasks. 
During the baseline period, the display board was unplugged and 
the physiological signals were recorded while the volunteer listened 
to 50-dBA white noise. After the baseline period, one 5-mJ blood 
sampie was drawn. At least 20 min elapsed between catheteriza
tion and collection of the blood sampie. During the performance
task sets, the volunteers were exposed to 90 dBA of white noise. 
Between the two sets, a second 5-mJ blood sampie was drawn and 
the SACL was employed. After the second performance-task set, 
the finaI 5-mJ blood sample was drawn, and the volunteer then COffi

pleted apostexperimental questionnaire which assessed his percep
tion of the noise and indicated any task strategies he bad developed 
to maintain or improve his performance. 

Physiological and Endocrine Measures 
Electrophysiological measures were designed to assess vagal 

changes (beat-bY-beat heart rate), beta sympathetic changes (short
ening of preejection period, increased systolic pressure), and al
pha sympathetic changes (shortened peripheraI vascular transit time 
and higher pulse-wave velocity). Heart rate was measured as in
terbeat intervals (IBIs) between the R waves on a modified Lead 3 
electrocardiogram, using the computer dock with an accuracy of 
I msec. Ten heartbeats were recorded for each integer presenta
tion: five beats beforp the integer, one beat for the integer. and four 
beats after the integer. 



272 JENNINGS, STILLER, AND BROCK 

A Minnesota cardiogrph, Model 304B, was used to assess thoracic 
vascular impedance. A four-impedance-band system was used. The 
first impedance band was placed around the base ofthe neck, with 
the second band 2 to 3 cm above the first. The third impedance 
band was placed around the xiphoid process, and the fourth was 
positioned 3 to 4 cm below the third. Beckman electrode electro
Iyte was applied to the electrode tape and two electrocardiogram 
electrodes to insure complete skin contact. 

PeripheraI vascular activity was monitored with the pulse obtained 
from a photo plethysmograph attached to the thumbnail of the volun
teer's nondominant hand. A computer program convened the sig
nals from the photo and impedance devices into pulse-onset times 
and wave amplitude. The program identified the peak of each wave 
and also the maximum systolic slope. This time point was defined 
as pulse onset. The maximum slope, slope to peak amplitude, and 
onset time were used as measures, although the amplitude and slope 
were so highly correlated that only the latter will be presented. The 
onset times were expressed as pulse transit times (PTTs) from the 
R wave of the electrocardiogram for each site. A PWV was com
puted by dividing the distance between the pulse-wave sites by the 
difference of the onset times for the impedance and thumb-pulse 
waves. These measures were collected on a beat-by-beat basis for 
the same beats collected for the ffiI measure. The details ofthe photo 
plethysmograph used, the techniques, and the measures may be 
found in Jennings, Tahmoush, and Redmond (1980) and in Jen
nings and Choi (I983b). 

Blood pressure was measured using a surface transducer, placed 
next to a standard arm cuff, and preamplifier from Grass Instru
ments. Cuff pressure and Korotkoff sound detections were recorded 
on the polygrpah. Pressures were laken at 5-min intervals during 
each of the performance-task sets and the baseline period. 

Heart sounds were monitored using an Instrumentation for Medi
eine ehest microphone placed over the hean in conjunction with 
the Minnesota impedance cardiograph machine. The systolic time 
intervals were derived by combining information from heart sounds, 
impedance signals, and the electrocardiogram. The signals from 
five consecutive trial blocks were averaged, the times were hand 
read from averaged signals, and the intervals were calculated us
ing the computer. 

Respiration was measured using a Yellow Springs thermistor 
placed at the opening of the left nostril. This measure was used 
only to insure that no extreme respiratory maneuvers occurred that 
would create anifactual changes in the cardiovascular measures. 

Catecholamines were measured in plasma. A special Becton
Dickinson Vacutainer, supplied by Upjohn Diagnostics (Kalama
zoo, MI) and containing ethylene glycol-bis (B-aminoethyl ether) 
N, N-tetraacetic acid (EGTA), and glutathione, was used. The proce
dure required an intracatheter infusion set placed in the anticubital 
vein, flushed with a heparin solution (10 UlmI) and occluded (hepa
rin lock). Since catecholamines tend to rise in a stimulated volun
teer, the baseline sampie was drawn at least 20 min after catheteri
zation, and the first 0.5 ml of blood was discarded. To avoid 
hemolysis, the blood tube was mixed by inversion without shaking 
and placed in an ice bath. The vacutainer tube was then immedi
ately centrifuged in a refrigerated centrifuge. The plasma was im
mediately removed through a disposab1e pipet into a screw-capped 
polypropylene container and stored at below - 20° C. The sampies 
had to be clear before analysis. 

The catecholarnine analysis procedure was a single isotope as
say modified horn Passon and Peuler (\973). It was carried out 
with a catecholarnines radioenzymatic assay kit eH), Cat-A-Kit, 
supplied by Upjohn Diagnostics. This assay measured 
norepinephrine, epinephrine, and dopamine in less than I mI of 
plasma to a sensitivity of less than 20 pg for doparnine and 5 pg 
for norepinephrine and epinephrine. This procedure employed the 
enzyme catechol-O-methyl-transferase to transfer an 'H-methyl 
group from S-adenosyl-L-methione eH-methyl) to form 'H
normetanephrine, 'H-metanephrine, and 'H-3-methoxytryamine. 

These products were isolated by thin-Iayer chromatography (TLCI. 
oxidized to 'H-vanillin with periodate, and extracted from the TLC 
plate. The individual catecholamines were determined by scintilla
tion countlng. Intra-assay variability relative to known standards 
was 4.3% for norepinephrine, 3.7% for epinephrine, and 4.7% for 
doparnine; comparable inter-assay figures were 7.6%, 10.7%, and 
12.7%. 

Data Analysis 
The overall statistical approach was a repeated measures anal

ysis of variance with a between-subjects factor of age group (Winer, 
1971). LED probability bias and timing of LEDs before and after 
the integer were within-subject factors. The LED timing factor was 
not included for arithmetic performance. catecholamine, or blood 
pressure data, which were not collected at these time points. The 
physiological data collected for each heart beat were analyzed with 
an added factor of sequentiaI hean beat, with nine levels correspond
ing to 5 beats preceding the beat when the integer occurred and 
running to 4 beats following the integer's occurrence. In addition. 
analyses of variance examined whether physiological changes be
tween the pretask baseline measures and the task measures were 
statistically significant. For these anaIyses, baseline data, task-equal 
probability data, and task-biased probability data formed a factor, 
termed condition, that had three levels. 

The influence of differences in self-repon indices and obtained 
levels of catecholamines was examined by dividing the sampie at 
the median of the index and forming above and below the median 
groups. For analyses relating arousal and performance, the sampIe 
was divided into thirds so that any invened-U relation could be de
tected. The basic analyses were then perforrned with these groups 
as an added between-subjects factor. A rejection region of p < .05 
was adopted, with degrees of freedom reduced by the Huynh and 
Feldt correction for the repeated-measures factors (Winer, 1971). 

RESULTS 

V olunteer Characteristics and Baseline Arousal 
Table 1 presents descriptive results comparing the two 

age gruops. The volunteers were similar in weight, height, 
and heart rate. The ratio of preejection period to left
ventricular ejection time (L VET) was higher in the young, 
reflecting the increase in contraction duration with age 
(Lakatta, 1985). The vascular measures (blood pressure, 
both PTf measures, and PWV) differed between age 
groups lage main effects, all Fs(I,24) > 5.0]. 

Table 1 
Volunteer's Physiological Characteristics 

Age 

Characteristics 
Young* 
(18-25) 

Height (inches) 70 
Weight (lbs) 166 
Blood pressure (mmHG systolic/diastolic) 112170 
Heart rate (beats/min) 61 
PEP/LVET .44 
PTT to thumb (msec) 256 
PTT ehest (msec) 115 
Impedance slope (ohms/sec) 1.1 
PWV (mIsec) 6.6 
Epinephrine (pg/ml) 294 
Norepinephrine (pg/ml) 371 
Dopamine (pg/mJ) 552 

Old* 
(66-75) 

70 
167 

118173t 
66 
.38t 
222t 
94t 
.8t 

7.5t 
6\Ot 
577:j: 
561 

*n = 13. tAge group differences statistieally significant (see 
text). :tAge group difference marginal, p = .10. 



Table 2 
Volunteers' Self-Reports 

Self-Report 
Young* OId* 
(18-25) (66-75) 

Rated stress (max = 19) 5.8 2.5t 
Rated arousaI (max = 15) 7.8 11.9t 
Noise impact (min = 7, max = 35) 26 23t 
Self-report that noise required: 

Less focused attention (I:j:) 3.9 3.7 More (5:j:) 
Less effort 3.8 3.5 More 
Less rehearsaI 3.2 3.2 More 
No vocalizing of integer 2.9 3.2 Frequent 
Increased attention to integer 3.4 3.0 to LEDs 

*n = 13. tAge difference statistically significant (see text). 
:j:Numerical value of rating corresponding to description. Descriptions 
on left were rated I; on the right 5. Mean ratings are presented in the 
body of the table. 

The last three entries of Table 1 show the pretask levels 
of epinephrine, norepinephrine, and dopamine. The older 
men had higher levels of plasma epinephrine [F(1,23) = 
4.5] as weIl as a trend to higher levels of norepinephrine 
[F(1,23) = 2.9, P = .10]. Dopamine did not differ be
tween groups. 

Table 2 shows the self-reports ofthe volunteers. On the 
SACL, the older group reported greater arousal but Iess 
stress during task performance [stress, F(1,24) = 4.6; 

0 •• 

~ 0.10 a: 
0 
(.) 

z 
0 

Ii 
~ 0.15 
0 a: 

0.10 

YNG 

PRE INTEGER 
p=.7 

~ 

OLD 
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arousal, F(l,24) = 6.8]. The noise-impact reports sup
ported the SACL results: the older volunteers reported 
less impact from the noise [F(l,24) = 13.1]. The noise 
was perceived as increases in effort, focus of attention, 
and rehearsal, but these perceptions did not differ between 
age groups. 

Performance 
Figure 1 presents mean results for the proportion of key 

responses that were correct in the two age groups, as a 
function of the relative probability of LED arrays-biased 
versus equal-and as a function of LED timing-before 
or after the integer. Note that the overall probability of 
any LED's accompanying an integer was .5, and LEDs 
were less likely overall to occur after the integer (.3 x 
.5 = .15) than before the integer (.7 x .5 = .35). 
Responses were slightly faster, but less accurate, for the 
LEDs after the integers. The mean RT was 539 msec for 
preinteger LEDs and 503 msec for postinteger LEDs. 

The PC results replicate those of the noise condition 
in the prior experiment of the same design (Jennings et al., 
1988b). Performance efficiency on the least probable 
LEDs (postinteger) was reduced for the young but not the 
old volunteers. For the younger ones, low-probability 
LED arrays, whether pre- or postinteger, were associated 

POST INTEGER 
p=.3 

OLD 

V 

.7 .S .3 .7 .S.3 .7.S.3 .7 .S .3 
CONOmONAL LED PROBABIUTY 

Figure 1. The proportion of correct keypresses during noise for alternative LED diagonal arrays, 
presented at different probabilities of occurrence. LED stimuli were presented eitber before (pre) or 
after (post) tbe integer presentation for tbe primary task. H an LED occurred, it was more Jikely pre
integer (p = .7) tban postinteger (p = .3). Tbe abscissa represents tbe relative probability of specific 
LED arrays, given tbat an LED occurred. Tbe results for young and old are presented separately. 
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with decreased accuracy. For the older ones, however, 
decreasing probability was associated only with decreas
ing accuracy for the preinteger LEDs. For the postinteger 
LEDs, the least and most probable arrays were responded 
to with equal accuracy, despite the presence of white 
noise. Statistically, the descriptions are supported by a 
significant effect of LED timing on RT [F(l,24) = 16.8] 
and two significant effects on PC: LED timing [F(l,24) 
= 5.4] LED timing x age [F(I,24) = 4.2]. The LED 
timing x probability x age factor was not significant, 
although the direction of the means replicated the results 
of the prior experiment [F(2,48) == 2.0, p = .15]. 

As instructed, both the young and old volunteers main
tained a high level of performance on the arithmetic task 
(99% correct). The RT showed the typical decrement with 
age, with an RT of 590 msec for the old and 445 msec 
for the young, and a PC of .87 for the old and .93 for 
the young [age effect RT, F(l,24) = 8.9; PC, F(l,24) 
= 3.2, p = .08]. As implied by these results, the older 
volunteers received the payoff for RT performance in a 
smaller proportion of the trials than did the younger volun
teers [.26 as opposed to .62; F(l,24) = 12.0]. 

Catecholamine Responses to the Task 
Since the influence of noise on performance was simi

lar to that found in other experiments (increased bias ef
fects among young but not among old), a next question 
was whether catecholamine responses indicated an in
crease in arousal. Over the entire sampie, little consis
tent change between pretask and task periods was ob
served. None of the relevant F values for base-to-task 
change approached even marginal significance. Table 3 
shows these results and compares them with significant 
changes observed in the electrophysiological measures. 

Cardiovascular Responses to the Task 
Table 3 shows that engagement in the task produced 

significant increases in heart rate (shown as a decrease 
in time between beats), diastolic blood pressure, speed 
of pulse transmission (i.e., a decrease in both PTf meas
ures), and the amplitude ofthe impedance signal [for con-

dition main effect, Fs(2,48) > 4.8]. Follow-up analyses 
omitting the baseline data failed to yield any significant 
effects. This indicates that the base-to-task changes were 
significant and that there were no significant changes be
tween bias conditions. As in the prior report (Jennings 
et al., 1988b), neither levels nor responses ofthe cardi
ovascular variables were generally related to performance 
in either a linear or inverted-U relationship. Mean RT and 
PC, as weIl as the difference between performance in 
response to the high- and low-probability stimuli, were 
examined as a function of the base and change scores for 
the nine cardiovascular variables. The only significant re
lations consistent with an inverted-U relationship were a 
.41 correlation (df = 24) between task-induced change 
in PWV and the PC difference between high- and low
probability stimuli. 

Event-Related Cardiovascular Responses 
Cardiovascular variables showed brief or phasic 

responses related to the task events. To the extent that 
arousal can be equated with reactivity, these responses 
are relevant with respect to whether or not noise and age 
induced a consistent arousal response. Table 4 shows the 
relevant statistical results, which the remainder of the 
figures will illustrate. Figure 2 shows the ffiI responses 
of the young and old groups to the three LED timing 
conditions-LED before and after the integer, and no LED 
occurrence. 

Descriptively, the older volunteers responded with less 
overall cardiac deceleration than the younger volunteers, 
although the responses of both groups were synchronized 
with LED timing. A few seconds prior to the anticipated 
occurrence of the LED/integer event, the ffiI started to 
increase. The occurrence of an LED before the integer 
led to short-Iatency accelerative recovery, which was 
delayed until after the integer for the two other conditions. 
Accelerative recovery when no LED occurred seemed to 
be delayed slightly, relative to when the LED did occur 
after the integer. 

Figure 3 uses the same format as Figure 2 to illustrate 
the PTf results from the thumb measure. The PTT short
ened prior to the time of an expected response and then 

Table 3 
Values o( Electrophysiologkallndices Showing Significant Tonic Change 

Compared with Nonsignificant Changes in Catecholamines 

Variable 

ffiI (msec) 
Blood pressure (mmHG systolic/diastolic) 
P1T-thumb (msec) 
P1T-chest (msec) 
Impedance amplitude (ohms) 
Epinephrine (pg/ml) 
Norepinephrine (pg/ml) 
Dopamine (pg/ml) 

Experimental Condition 

Baseline 

946 
115171 

245 
111 
.64 
371 
422 
565 

Noise 

Equal Prob. 

893 
117174 

237 
103 
.78 
363 
375 
560 

Bias Prob. 

885 
117174 

236 
103 
.75 
369 
394 
543 

Note-Analyses omitting the baseline fail to show any significant differences. Diastolic, but not 
systolic, blood pressure showed a significant condition effect. Age did not significantly influence 
any of the base to task physiological changes. 
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Table 4 
Significant F Values lrom Beat-by-Beat Pbysiological Analyses 

Variable 

Tenn dr ffiI P'IT-TH SLP-TH P'IT-IMP SLP-IMP AMP-IM PWV 

Heartbeat 9,216 8.8 5.0 5.3 n.s. n.s. n.s. n.s. 
Heartbeat x Age 9,216 3.0 3.1 2.6 n.s. n.S. 3.0 2.4t 
Heartbeat x Bias 9,216 2.2 n.s. n.s. n.s. n.s. n.s. n.s. 
Hearbeat x LED 18,432 3.5 n.s. 2.3t n.s. n.s. 2.2t n.s. 
LED 2,48 15.4 n.s. n.s. 3.9 3.2 n.s. n.s. 
LED x Age 2,48 n.s. 3.8 n.s. n.s. n.s. n.s. n.s. 
Bias x Age 1,24 n.s. n.s. n.s. n.s. 5.5 n.s. n.s. 

* Actual degrees of freedom. For repeated-measures factors, degrees of freedom used tD determine significance 
were adjusted using the Huynh-Feldt technique as reported by the BMDP statistical package (see Winer, 
1971). tNot interpreted due to visuaI evidence of contamination by response artifact. 

recovered. As with the ffiI, the timing of recovery was 
manipulated by the LED-timing condition. Tbe thumb
P1T response in Figure 3 is of particular interest because 
of the LED X age interaction. This reflects the less 
marked responsivity ofthe older group to the LED timing. 

The LED probability , bias manipulation showed two 
significant effects on the cardiovascular results-a strong 
effect on the slope of the impedance signal and a rela
tively weak effect on the ffiI. Tbe slope of the impedance 
signal was less in the equal-probability condition than in 
the biased-probability condition for the old but not the 
young volunteers: young equal = 1.13 O/sec, bias = 
1.11; oM equal = .76 O/sec, bias = .80. Bias also in
fluenced the timing of anticipatory deceleration of ffiI and 
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accelerative recovery. Relative to equal probability , de
celeration with equal or greater amplitude was initiated 
later and terminated earlier in the biased-probability con
dition. Post hoc tests, however, failed to show significance 
for specific locations within the ffiI sequence. 

Catecbolamine Levels As Predictors of 
Performance and CardiovascuJar Levels 

Two central questions are whether or not the pretask 
levels of catecholamine arousal correlated with the levels 
of cardiovascular arousal indices, and whether or not they 
predicted subsequent perfonnance more critically. Linear 
relations were examined for the interrelation of endocrine, 
cardiovascular, and self-report indices of arousal; both 
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tbe mI during wbicb tbe integer occurred. Age groups are plotted separately. 
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linear analyses and nonlinear analyses (by grouping in 
thirds) were used to identify possible inverted-U relations 
between catecholamines and perfonnance. Both mean 
levels of performance and scores on the relative perfor
mance on low salience stimuli (high- minus low
probability LED difference) were examined. These anal
yses were done across age groups, since arousal is 
hypothesized to be the causal factor with respect to age 
effects. It should be noted that pretask and task levels of 
both epinephrine (r = .71) and norepinephrine (r = .69) 
were highly correlated, while those of epinephrine and 
norepinephrine were intercorrelated [r(24) = .58]. Anal
yses were done on logarithmically transformed scores in 
order to normalize the statistical distribution of the cate
cholamine values. Analyses of catecholamine change were 
performed using both baseline corrected (adjusted by sub
tracting linear regression with baseline) and uncorrected 
scores. 

With respect to epinephrine, neither performance in
dex was related in any way to epinephrine levels. Self
reports of stress and noise impact were sirnilarly un
related, but epinephrine levels were correlated with the 
degree of arousal assessed by the SACL [r(24) = .5Il. 
Separate analyses controlling for age did not eliminate this 
relation. The degree of focusing experienced due to noise 
was also correlated (.44) with baseline epinephrine levels. 
With respect to the cardiovascular measures, epinephrine 

levels were correlated with levels of the vascular vari
ables. For example, task levels of epinephrine were cor
related -.46 with PTT -thumb, -.42 with impedance am
plitude, and .51 with PWV. 

Like epinephrine, norepinephrine was not significantly 
related to performance. In fact, the only significant corre
lation for norepinephrine levels occurred with basal di
astolic blood pressure (r = .47), and task-induced change 
in diastolic pressure [r(23) = -.42, p < .05]. 

Catecholamine Responses As Predictors of 
Perfonnance and Cardiovascular Response 

The reactivity of catecholamines to noise or as one 
aspect of aging might be the means by which arousal is 
related to performance. Thus, the analyses done for cat
echolamine levels were repeated for task minus pretask 
differences in catecholamine. 

Epinephrine changes showed an inverted-U relationship 
with mean RT performance, but were unrelated to self
report or physiological indices. The division of 
epinephrine changes yielded the following groups: nega
tive change, M = -242 pg/rnl, n = 8, mean age = 49; 
Iittle change, M = 33 pg/rnl, n = 8, mean age = 34; 
high change, M = 235 pg/rnl, n = 9, mean age = 48. 
Mean RT (during the equal-probability condition) for the 
three groups was 604, 408, and 542 msec [F(2,22) = 
5.9]. Using age as a covariate in this analysis did not alter 



the result substantiaIly [F(2.21) =:: 4.4). aIthough the result 
was not significant when the epinephrine groupings were 
formed from baseline corrected scores. Indices of the 
salience effect and PC were unrelated to epinephrine
change groups. 

Norepinephrine responses were unrelated to perfor
mance, but median split analysis suggested two relation
ships. First, in the older volunteers, a relatively greater 
norepinephrine response was associated with greater 
reported stress (SACL = 3.9 vs. 1.4). In contrast, the 
younger volunteers with a greater norepinephrine response 
showed less reported stress (2.5 vs. 8.7) [age x 
norepinephrine interaction for reported stress in noise, 
F(I,21) =:: 8.3]. Second, PWV differed according to age 
and pretask levels of norepinephrine. With relatively low 
levels, the young showed a PWV of 6.3 mJsec, which was 
higher for the high-norepinephrine group (7.2 mJsec). For 
the old, comparable values were 8.1 rn/sec for the low
norepinephrine group and 7. I for the high group [age X 
norepinephrine group, F(I,21) = 9.0]. Age differences 
in PWV were absent when norepinephrine values were 
relatively high. but the older volunteers showed higher 
PWV than the younger ones with relatively low 
norepinephrine levels. Thus, norepinephrine increases 
were related to self-report of stress and PWV, but differ
ently for the young and old. 

DISCUSSION 

Our main question was whether age and noise-induced 
differences in performance were both due to arousal as 
defined by catecholamine levels and responses. Ideally, 
noise and age should change performance efficiency and 
self-reports. Neuroendocrine and electrophysiological 
levels and responses would then be examined to see if they 
mediated the performance changes. Arousal and perfor
mance can be defined in various ways within the context 
of the hypothesis that both under- and overarousal im
pair performance-that is, according to an inverted-U 
relationship. We shall examine specifications of the 
inverted-U relationship that involve both the levels and 
the response of catecholamines. 

Noise, Stress, and Performance 
Loud noise, which typicaIly is viewed as a stressor, in 

many studies is presumed to induce physiological arousal 
(Jennings, 1986). Changes in performance are thereby at
tributed to the presumed arousal. Our earlier study (Jen
nings et al., 1988b) showed that noise did induce self
reports of mild stress and did alter performance, but that 
electrophysiological arousal did not occur. Noise 
produced both the performance of errors and the slowing 
of responses to low-probability reaction stimuli (biased, 
postinteger LEDs) among young volunteers, replicating 
earlier work (e.g., Hockey, 1973). Older volunteers 
slowed but became more accurate. The present study ex
actly replicated the noise portion of the earlier study, and 
thus we expected the same pattern of performance results 
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and self-reports. Although statistically less striking. the 
same results were obtained. Interpretively. these results 
for the young are consistent with Broadbent' s ( 1971 ) and 
Hockey's (1973) views that peripheral. 10w-saIience 
events receive less attention in noise than in quiet. We 
(Jennings et aI., 1988b) previously suggested that the old 
were not adversely influenced by the noise because they 
were less likely than the young to actively prepare for low
probability events. 

Age and Pretask Arousal 
Arousal, and its relation to performance, can be speci

fied in many ways. In a single study one can test only 
a small number of these specifications. In the present 
study, for example. we did not test the within-subject 
specification of arousal that suggests each individual has 
his own optimum arousal for tasks of varying complex
ity (see Gale & Edwards, 1986). The first specification 
that we tested was whether the state of high arousaI prior 
to the task (due to age or as an individual difference) ex
plained performance on the task (either overall perfor
mance or the effect of noise on performance in response 
to the low-probability stimuli). 

On indices related to heightened arousal, older volun
teers appear to differ from younger volunteers consis
tently. As reviewed by Woodruff (1985), Eisdorfer and 
his colleagues first noted in a number of studies that older 
volunteers showed heightened neuroendocrine arousaI be
fore, during, and after involvement in challenging tasks. 
Our results are consistent with altered levels of self
reported arousal, catecholamines, and cardiovascular in
dices in older volunteers. In three studies (Jennings et aI., 
1988a, 1988b, and the present one), we have now found 
that on the SACL older volunteers report higher arousal 
than do younger volunteers, and that they have vascular 
indices consistent with sympathetic arousal. The current 
results add heightened epinephrine levels and a trend 
toward heightened norepinephrine values in the elderly. 
The vascu1ar and endocrine results are consistent with the 
literature (e.g., Lakatta, 1985), although we are unaware 
of any other consistent reports of heightened self-reports 
of arousal in the elderly. 

Two issues raised by the results are whether the elderly 
should be c1assified as overaroused, and if so, whether 
this is an explanation for their performance. First, the ap
parent overarousal of the elderly is characteristic only for 
their pretask levels-physiological changes were gener
ally dampened rather than enlarged in the elderly. Sec
ond, our physiological results do not necessarily indicate 
an activated nervous system that is inducing sympathetic
adrenomeduUary effects. The vascular results are consis
tent with known changes that occur with aging in the blood 
vessels, such as wall-stiffening and atherosc1erosis 
(Lakatta, 1985). The endocrine results also do not directIy 
reflect neural activity (Floras et al., 1986); and factors 
such as age-related decreases in receptor sensitivity and 
c1earance rates have previously been implicated in the ob
seved plasma increases with age (Wilkie et al. , 1985). 
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These nonneural factors may play a role in the current 
PWV finding. When norepinephrine pretask values were 
low, the age-induced wall-stiffness effects were present: 
younger hearts and arteries showed less PWV than did 
older ones. When norepinephrine was high, the stimulat
ing effect of norepinephrine and an age difference in ef
ficacy was evident: the PWV of young arteries increased 
more than old arteries, and age differences were attenu
ated. The interplay of neuropsychological, endocrine, and 
age-induced structural change suggests that a global con
cept such as general arousal will not be a useful explana
tory concept for the psychophysiology of aging. 

Similarly, if a heightened arousal is assumed, perfor
mance in the elderly was not predictable by this state. 
Neither overall performance nor noise-induced selectivity 
in performance was related to pretask arousallevels. The 
old in this study and in our prior study (Jennings et al., 
1988b) were slow and accurate on low-probability aspects 
ofthe dual task under noise conditions, as opposed to the 
performance of the young. If anything, this result is con
sistent with an underarousal rather than an overarousal 
in the elderly. In general, our results question the specifi
cation of arousal theory that suggests that arousal levels 
prior to task performance constrain performance accord
ing to an inverted-U function. 

Physiological Response to Performance in Noise 
According to a second specification of arousal theory, 

the effect of a stressor on performance should be medi
ated through changes in physiological arousal (Eysenck, 
1977). Jennings et al. (l988b) observed pretask to task 
changes in electrophysiological variables, but little change 
due specifically to performance in noise relative to per
formance in quiet. Electrophysiological changes, like 
levels, failed to explain the performance results in their 
results and in our current ones. For reasons of experimen
tal economy, the quiet condition was not rerun in the cur
rent study. Given that the performance and cardiovascu
lar results were replicated, however, we can ask our main 
question of whether catecholamine arousal can explain the 
performance results. Replicating the earlier results, both 
cardiac and vascular indices increased during the task rela
tive to pretask values. Task engagement in noise could 
be said to produce an electrophysiological arousal. In con
trast, catecholamines were not significantly altered. These 
results, like many before them (e.g., Lacey, 1967), sug
gest that du ring relatively typical, moderately stressful, 
or engaging tasks, the autonomie nervous system and the 
neuroendocrine system respond differentially rather than 
en masse, as an undifferentiated arousal system. 

Our results are largely consistent with the literature. 
Catecholamine levels tend to show modest and somewhat 
variable correlations with cardiovascular variables (e.g., 
Cohen & Shmavonian, 1967; Frankenhaeuser & Lund
berg, 1977; Glass et al., 1980; Halter, Stratton, & Pfeifer, 
1984). Given the absence of significant task-induced 
changes, our data do not help one decide whether young 
and old differ in catecholamine responsivity. The failure 

of noise per se to alter catecholamines has been previ
ously reported (see Jennings, 1986), but noise-task com
bi nations with difficult tasks have been previously found 
to alter catecholamines (Frankenhauser & Lundberg, 
1977). A second difficulty must also be recognized. The 
pretask levels of catecholamines were relatively high in 
the present study, which suggests that true resting values 
may not have been obtained (see, e.g., Wilkie et al., 
1985). Conventionally, 20 to 30 min of maintained re
pose after catheterization are used to achieve a relatively 
stable baseline prior to sampling. We did this, but some 
evidence now suggests that longer periods may be required 
(CutIer & Hodes, 1983). We doubt that the high levels 
are due to any general reactivity to our procedures, be
cause the volunteers had been through them a minimum 
of three previous times and the three sampies drawn in 
the current experiment did not show a simple decline over 
time. The levels may reflect an anticipation of challeng
ing tasks, or they may suggest an assay difference between 
laboratories. Ifthe first possibility is true, the current re
sults may not generalize to catecholamine reactivity based 
on truly quiescent baselines. Dur results do, however, 
question the specification of arousal theory that suggests 
that arousal acts through a stressor to elicit a generalized 
change in autonomic and neuroendocrine response. 

Individual Differences in Catecholamine 
Reactivity and Performance 

A related specification of arousal theory suggest that 
individual differences in response to a stressor will de
termine performance according to an inverted-U function. 
This specification was supported for epinephrine changes. 
The mean RT on the trials when the probabilities were 
unbiased was related by means of an inverted-U function 
to epinephrine change. Interestingly, pretask epinephrine 
was correlated to self-reports of degree of arousal and fo
cus induced by noise. Thus, the level of beta-adrenergic 
activation may influence self-perceptions of excitation and 
involvement, while the degree oftask-induced epinephrine 
change from these levels is related by an inverted-U func
tion to mean performance. 

The positive findings should be placed in the context 
of the negative results. Norepinephrine changes were not 
related to performance; and even epinephrine changes 
were not related to the presumed arousing effect of noise 
on performance: the difference in performance with 
respect to high- and low-probability stimuli. Of equal im
portance, epinephrine change was unrelated to caradiovas
cular change, which calls into question any general physio
logical arousal. This suggests to us that the noise
task combination specifically influences a beta-adrenergic 
system related both to self-perceptions of arousal and to 
general motivational involvement in a task. The limited 
form of the relationship and the absence of a relationship 
in cardiovascular measures suggests that general arousal 
is not a useful explanation for the finding. Others, such 
as Gale and Edwards (1986), have made similar distinc
tions among the specifications of arousal theory and would 



argue that for the utility of amending arousal theory to 
aeeount for results sueh as the eurrent ones. 

A Cognitive-Energetic Alternative 
Stress may not be the sole psyehologieal influenee on 

autonomie and endocrine responses. Normal information 
processing that produces day-to-day behavior may require 
the eoordination of energetie support provided by both 
the autonomie and endocrine systems. Stress may then 
only potentiate the support required by processes neees
sary for eoping effeetively with any ehallenge. Similarly, 
by ehanging both information-processing resourees and 
the physiologieal substrate, aging may alter how auto
nomie and endocrine support is provided to ongoing 
processes. This eognitive-energetie view has developed 
further in a recent volume by Hockey, Gaillard, and Coles 
(1986), but ean be iIIustrated briefly using the eurrent 
results. 

First, the eardiovaseular variables were related to 
seeond-by-second ehanges in the requirements of the 
task-IBI slowed in antieipation of the LED arrays and 
the integers; transit times lengthened; and the amplitude, 
velocity, and slope of the vaseular signals tended to in
erease. Furthermore, age is associated with a drop in am
plitude of the ehanges and a decrease in the degree to 
whieh they are synehronized with the task (see Harkins, 
Moss, Thompson, & Nowlin, 1976; Jennings et a1., 
1988a, 1988b; Thompson & Nowlin, 1973). Seeond, in 
a prior report (Jennings et a1., 1988b), bias eombined with 
noise altered both vascular response and performance. We 
suggested earlier that bias may permit the young to pre
pare a specifie response aetively-a preparation reflected 
in heightened peripheral vaseular (alpha sympathetic) 
responses. Tbe present results were based on different 
measures, but showed an effect on the slope of the imped
ance signal. On the basis ofthis measure's eorrelation with 
PWV and our earlier pharrnacologieal observations (Jen
nings & Choi, 1983a), the impedanee-slope differenee 
may reflect a1pha-adrenergic innervation as weIl as beta
sympathetic activity. In any ease, the old and the young 
both seem to perform differently and to differ in their vas
eular preparation for low-probability items in noise. 

Overall, the associations among (I) temporal antieipa
tion and a eoneerted eardiac-vaseular response, (2) the 
preparation for a specific response and vascular activa
tion, and (3) the variation in these relationships aceord
ing to age suggest that the processing induced by a task 
and the conditions of performance cause specific patterns 
of cardiovascular support. With aging, this eoupling be
tween peripheral support and central processes may 
weaken. Further work is needed to establish those 
processes which induce autonomie and endocrine change 
and determine whether these processes, the peripheral 
changes, or the coupling is most alte red by the aging 
process. Tbe current results suggest that further work rely
ing solelyon the concept of general arousal and a rela
tively nonspeeified inverted-U relationship with perfor
mance may not be productive. 
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