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Research, to date, on the occurrence of additional heart rates during behavioral stressors has
employed oxygen consumption as the index of metabolic activity. Although this is the obvious
first choice, in certain situations measures of carbon dioxide production may be more readily ob
tained. The analysis presented in this paper explored the intuitively appealing notion that, since
oxygen consumption and carbon dioxide production are themselves intimately related, carbon
dioxide-production measures may also be appropriate in the "additional heart rate" methodol
ogy. Data from the most recent additional-heart-rate paper by Turner and colleagues were thus
reexamined, and additional heart rates during mental arithmetic and a video game were separately
calculated for the 24 subjects by first using oxygen consumption and then by using carbon diox
ide production. The values obtained were very highly correlated; the coefficients for the task periods
themselves were 0.99 and 0.96, respectively. Use of carbon-dioxide-production data in this man
ner would, therefore, seem to be appropriate.

Assessment of the metabolic status of large-magnitude
cardiac responses during behavioral stressors has been a
recent area of keen investigation within psychophysiol
ogy. Attention has focused on these responses because
they may be influential in the etiology of hypertension
(Obrist, 1981) and, even if they are not causally involved,
they may still be markers for its later development (Ma
nuck & Krantz, 1986). From either standpoint, these
cardiac increases are of interest only inasmuch as they
are over and above those necessitated by concurrent meta
bolic demand; metabolically appropriate cardiac activity
is not likely to be associated with pathophysiology.

The most compelling evidence of suprametabolic
cardiac activity has come from studies that have continu
ously assessed cardiac and metabolic parameters during
both psychological stressors and graded physical exercise;
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the orderly relationship that exists between cardiac and
metabolic activity during physical work provides an ex
cellent comparator against which to evaluate any possi
ble deviations during psychological challenge. This line
of inquiry was pioneered by Blix and colleagues, who re
ported evidence of metabolically exaggerated heart rates,
that is, additional heart rates, during flight maneuvers and
parachute training (Blix, Stromme, & Ursin, 1974;
Stromme, Wikeby, Blix, & Ursin, 1978). In the labora
tory, this methodology has been used to document cardiac
metabolic uncoupling during various behavioral stressors
(e.g., Sherwood, Allen, Obrist, & Langer, 1986; Stoney,
Langer, & Gelling, 1986; Turner & Carroll, 1985; for
a review, see Turner, in press).

All of this research has employed oxygen consumption,
the logical first choice, as the index of metabolic activity.
However, because of its excessive expense, the equipment
needed to obtain measures of oxygen consumption is often
not readily available in the average psychophysiology
laboratory. Although researchers past (Obrist, 1981) and
present (Johnston, Anastasiades, Vogele, Kitson, & Step
toe, 1989) have used muscle activity (EMG) recorded from
various locations to index metabolic activity, another pos-
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Table 1
Mean Physiological Values for Heart Rate (HR), Oxygen

Consumption (VOz), and Carbon Dioxide Production (VCOz)
for All Measurement Periods

Rest 71.7 11.4 401.5 69.4 274.0 53.1
Level I 85.7 11.4 858.3 116.5 598.0 104.6
Level 2 92.1 11.1 1,114.0 126.2 812.1 124.5
Level 3 102.3 12.0 1,374.0 139.2 1,058.8 141.5
Level 4 112.9 13.2 1,683.5 161.0 1,351.5 164.0

Note-HR measured in beats per minute (bpm). VOz and VCOz meas
ured in milliliters per minute (mlpm). N = 24.

Mental Arithmetic

Baseline 70.7 12.0 312.9 73.0 251.7 59.7
Task 80.6 17.1 386.5 80.6 323.3 88.5

Video Game
Baseline 70.9 13.2 313.0 71.1 247.9 49.0
Task 80.3 17.0 426.7 82.7 338.1 73.6

Exercise

concentration, in the expired gas. These are typical gas
analyzers that are used in human applications.

Table 2
Mean Additional-Heart-Rate Values (bpm) Calculated from Oxygen

Consumption (VOz) and Carbon Dioxide Production (VCOz)

Metabolic Mental Arithmetic Video Game

Index Baseline SD Task SD Baseline SD Task SD

VOz 2.7 3.7 10.3 8.2 3.0 6.1 8.7 9.3
VCOz -0.3 3.6 7.0 8.3 0.0 5.0 6.0 7.9

Note-N = 24.

Mean physiological values for heart rate, oxygen con
sumption, and carbon dioxide production for all measure
ment periods are presented in Table 1. Additional heart
rate scores were calculated in two ways: the traditional
way, which used heart-rate and oxygen-eonsumption val
ues, and the way that used heart-rate and carbon-dioxide
production values.

Heart-rate and oxygen-consumption values. For each
subject, values derived from the exercise task were used
to obtain a regression of heart rate on oxygen consump
tion. Individual correlation coefficients ranged from 0.970
to 0.999, with a mean of 0.992; all were highly signifi
cant (p < .01), bearing witness to the quality of fit in
all cases. The regression equations were then used in con
junction with the oxygen-eonsumption values derived from
the psychological-task periods to predict heart-rate values
for each period; the arithmetic difference, actual heart rate
minus predicted heart rate, was called additional heart
rate. Additional-heart-rate scores were thus calculated for
each subject for all psychological-task periods; the means
are presented in Table 2.

Heart-rate and carbon-dioxide-production values. The
same procedure was then repeated, employing carbon
dioxide-production values instead of oxygen-eonsumption
values. In this case, the individual correlations associated
with the regression equations ranged from 0.897 to 0.999,
with a mean of 0.990. All except the lowest value were
highly significant (p < .01), and the lowest value attained
significance at the p < .05 level, again bearing witness
to their quality of fit. The additional heart rates that were
then calculated are also presented in Table 2.

Comparison of the two sets ofadditional heart rates.
Inspection of the means presented in Table 2 indicates that
the mean heart rate/carbon dioxide additional-heart-rate
values are consistently around 3 bpm lower than the mean
heart rate/oxygen values. A similar spread around the
means is indicated by the similar standard deviations and
is further evidenced by the range of values observed: For
example, the ranges of heart rate/oxygen values for the
mental arithmetic and video game task periods were -0.5
to 37.3 bpm and -2.3 to 33.0 bpm, respectively; the
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sible alternative exists. Carbon dioxide production can be
obtained with the use ofhighly accurate, relatively low-eost
infrared gas analyzers. These analyzers can be as little
as one-third the cost, as well as more accurate than, 02
analyzers (Fishman, 1980; W. L. Kenny, personal commu
nication, March 1990). It therefore becomes necessary
to verify that such a strategy would be appropriate. Thus,
this paper reexamines data collected during the most re
cent' 'additional heart rate" experiment reported by Turner
and colleagues (Turner, Carroll, Costello, & Sims, 1988).
Although carbon-dioxide-production data were collected,
they were not reported at that time, because primary in
terest then lay with oxygen consumption. Thus, calcula
tion of additional heart rates with the use of heart rate
and carbon dioxide production was now possible; these
values were compared with those calculated "tradition
ally" with the use of heart rate and oxygen consumption.

Full details are reported in Turner et al. (1988). In sum
mary, 24 young, healthy males undertook the psycholog
ical challenges of mental arithmetic and a video game.
Each of these challenges consisted of an actual task period
and a pretask rest (baseline) period. The subjects also com
pleted a graded isotonic-exercise task on a bicycle ergom
eter. All task periods were 4 min in duration. Heart rate
was continuously monitored during all tasks with a Beck
man type R511A dynograph, and oxygen consumption and
carbon dioxide production were measured and automati
cally printed out by a Beckman Metabolic Measurement
Chart (see Turner, Carroll, & Courtney, 1983). A Beck
man OM-II oxygen analyzer was used to measure the
oxygen concentration, and a Beckman LB-2 carbon di
oxide analyzer was used to measure the carbon dioxide
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respective heart rate/carbon dioxide additional heart rates
were -4.5 to 36.3 bpm and -4.8 to 24.4 bpm.

Although this inspection is suggestive of a close rela
tionship between the two sets of values, correlational anal
ysis provided clear-cut evidence. For mental-arithmetic
baseline and task periods and video-game baseline and
task periods, the coefficients were 0.88,0.99,0.91, and
0.96, respectively; all four were highly significant
(p < .ool).

DISCUSSION

The simple conclusion to be drawn from this analysis
is that there is an extremely close relationship between
additional heart rates calculated with the use of oxygen
consumption data and those calculated with the use of car
bon dioxide production under standard conditions. Al
though this relationship is theoretically predicted and
might have been anticipated, the use of carbon-dioxide
production data in such a manner demands this rigorous
demonstration.

The fact that the magnitude of "carbon dioxide" addi
tional heart rates tends to be about 3 bpm smaller than
"oxygen" additional heart rates is also predicted by es
tablished physiological theory. The amount of eoz ex
pired is normally less than the amount of Oz inspired be
cause of a number of factors, including the amount of
oxygen that is stored in the lungs. This is reflected in the
respiratory quotient (RQ: eoz/oz) , which normally is
somewhat less than unity (Mines, 1986). Thus, the abso
lute magnitude of the additional heart rate is not crucial.
In research linking metabolically excessive cardiac activity
to risk of pathophysiology, the more important consider
ation is the range of individual differences observed (see
Turner, 1989). Since there is no absolute heart-rate
change value that delineates high from low reactors, the
correlations presented show that the individual differences
evident in one set of additional-heart-rate values are ex
tremely well reflected in the other set. Designation of high
and low reactors, and relative high- and low-risk categori
zation within a given subject sample, would thus be ex
tremely similar whichever method were employed.

Although the use of carbon-dioxide-production data in
assessing the metabolic relevance of concurrent cardiac
activity is thus given credence, a note of caution is in
order. During situations such as the present experiment,
when the necessary assumptions of the additional-heart
rate methodology are met, veoz and VOz will both yield
reliable estimates of metabolic activity. When assump
tions of steady-state and regular breathing are not met,
both veoz and VOz may yield biased estimates of meta
bolic activity. For example, during states of hyperventi
lation, estimates of metabolic activity based on both veoz
and VOz will be biased; however, VOz may be more
robust against such violations than veoz, due to smaller

oxygen stores in the body (Allen, Sherwood, & Obrist,
1986). Although procedures such as the use of a mask
apparatus, as opposed to a mouthpiece, can help minimize
the violations of assumptions, one must always be aware
that violations can occur.

The use of veoz to assess metabolic activity under stan
dard conditions is, therefore, recommended as an option,
along with the use of VOz and EMG, in studies address
ing cardiac-metabolic relationships.
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