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Using a classical auditory vigilance task, the relations between pupillometric indices
of phasic central nervous system increases in activation and sustained attention were
investigated . The amplitude of the task-invoked pupillary response declined as a function of time in task at a rate paralleling the performance decrement. These findings
are discussed in the context of an activation theory of attentlonal processes.
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INT 1 ‘DUCTION
The study of sustained attention in man Is virtually defined by an experimenta l paradigm , the vigilance task (Jerison , 1977) In which an observer is required to monitor a single display for prolonged periods to detect
Infr equent targets against a background of fr equent nontarget signals. Under
such conditions , performance normally deteriorates as a function of time on
task , an effect that has been termed the “vigilance decrement. ” This decrement is usually attributed to a gradual decline In the level of central nervous
system activation (Mackworth , 1969; Stroh , 1971; Mackie, 1977). Support
for the activation theory of sustained attention comes primarily from experiments demonstrating that degraded performance in a vigilance task is associated with physiological signs of decreased activation.
Electroencephalographlc (EEG) indicators of central nervous system
activation have been investigated In vigilanc e tasks by several groups . Halder , Spong and Lindsley (1964), for example, were able to demonstrate that
the amplitude of cortical event—related potentials (ERP8) declined with detection efficiency as a function of time on task. Further , ERPs to undetected
targets were smaller than ERPs to detected targett , suggesting that detection failure Is associated with activation-related lapses of sustained attention. Studies of changes In the spontaneous EEG rhythms In vigilance tasks
also lend support to an activation theory of sustained attention. In particular,
the presence of theta frequency (3 to 7 Hz) activity In the posterior EEG, an
electroencephalographic sign of drowsiness (Rechtschaffer & Kales , 1968),
often increases as perform ance deterior ates In vigilance—type tasks. Such
effects have been reported by Oswald (1962), WillIams et al. (1962), Groll
(1966), and O’Hanlon and Beatty (1977). Beatty, Greenberg, Deibler , and
O’Hanlon (1974) were also able to demonstrate that when operant conditioning procedures are employed to control posterior theta frequency activity
during a vigilance task , operant suppression of theta activity abolishes the
vigilance decrem ent whereas operant augmentation of theta activity increases
the magnitude of the decrement , providing an experimental test of one aspect
of the activation theory of sustained attention.
The major difficulty with the activation theory of sustained attention ,
as it is presently form ulated , is that it falsely simplifies the complex natur e
of brain activation processes. For example , the original concept of the
brainstem reticular formation as an undifferentiated, diffuse network that
regulated the level of brain activation Is no longer tenable. The anatomy of
the brains tern activating systems is now known to be highly complex and intricately organized (Schiag , 1974). Physiologically, the effects of activation
are also more com plicated than was initially realized (Duffy, 1972). Similar
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complexities have appeared in studying the neurophysiological basis of sustained attention . Not all physiological indicators of activation appear to decrement in the vigilance task (Jerison , 1977); only indicators of activation
appear to be related to sustained attention. Therefore , by analyzing the pattern of physiological activation that affects performance in the vigilance task ,
the physiological basis of sustained attention might be identified. The activation theory of sustained attention must then be modified to do justi ce to the
complexity of the neuropsychologicai data.
One approach to this question may come from the analysis of different
classes of physiological indicators of central nervous system activation, such
as the movements of the pupils of the eye. The study of pupillary movements
played a major role In the initial analysis of reticular activating system
(Moruzzl , 1972). Recent technical advances have made pupillometric analysis a feasible approach to the study of brain activation and behavior in man .
Pupiliary Signs of Brain Activation.
Pupillary diameter is determ ined by the relative excitation of the two
muscle system s of the Iris , the radially-oriented sympathetically-Innervated
dilator pupillae and the parasympathetically Innervated sphincter pupillae.
Thus, pupillary dilations result from either sympathetic activation or parasympathetic Inhibition alone, or both factors in combination (Loewenfeld,
1958).
It is useful to distinguish two types of pupillary movements which differ
In their temporal properties: the very short latency and short duration phasic
responses and the much slower tonic pupillary movements , the durations of
which may be measured in minutes or hours. In a wide variety of cognitive
tasks, phasic pupEllary responses appear to be closely related to momentary
changes in information processing load (Goldwater , 1972). For example,
phasic pupillary dilations are observed as item s are stored in memory for
imm ediate recall, the magnitude of the dilation being a nearly linear function
of the number of items stored (Kahneinan & Beatty, 1966). SImilarly , in a
perceptual discrimination task , the amplitude of the phasic pupillary response
is a direct function of discrimination difficulty. These transient , processing—
related dilations appear to be Independent of tonic or baseline pupillary
shifts (Kabneman & Beatty , 1967).
Changes In tonic pupiflary diameter have been related to changes In
alertness and fatigue. Yoss, Moyer and Hollenhorst (1970), In a study of
narcoleptic patients , report that tonic papillary diameter decreases by 50
2
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percent between full wakefulness and the onset of sleep. Further , a rapid dilation of similar magnitude is observed when the sleeping patient is awakened. This dilat ion Is then maintained if the patient remains alerted.
Fatigue may also be reflected In tonic puplilary diameter. Peavier
(1974) reports an attempt to assess the fatiguing effects of two different working procedures in a group of telephone operators. Pupillary diameter was
measured at the beginning and at the end of an 8-hour work period using both
working procedures. A larger and statistically mr e reliable decrease In pupillary diameter was observed in the operators when using the subjectively
mor e fatiguing proc edure. Lowenatein and Loewenfeld (1952) had previously
reported a decrease of 1 to 1• 5 mm In pupifiary diameter over an 8—hour
work period which they considered to be an autonomic sign of central nervous
system fatigue.
Finally, tonic puplilary diameter has served as an indicator of physiological arous al In a series of acute animal experiments Investigating the organization of bralnstem activating systems , with full pupillary dilation m dicating high physiological arousal (Moruzzi , 1972).
Thus , pupifiary movements may reflect two aspects of brain activation.
Phasic responses appear to be closely related to the demand imposed by on—
going cognitive processes , whereas tonic changes appear to reflect more
global shifts in organismic activation. Since previous work has Indicated
that these two components of activation may be somewhat independent of each
other (Kabneman & Beatty, 1967), the study of puplUary responses might be
useful In clarifying the natur e of the activation processes that appear to underlie sustained attention. To obtain such data , the following experiment was
performed.
METHOD
Subj ects.
Eleven persons served as subjects ; three were members of the laboratory and eight were university students who were paid $2. 30/hr for their
services. Three of the subjects were males.
Experimental Environment .
Each subject was tested individually in a sound-attenuated experimental chamber. Acou.tic white noise was presented over a loud speaker in the
-
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chamber to further mask extraneous noise orig inating in adjoining rooms.
Stimuli.
A string o~ 1 kllz 50 msec tone bursts were present ed every 3.2 sec .
Tone bursts were generated by a Hewlett-Packard 200A B audio oscillator ,
electronica lly switched , amplified , and presented to the subject over bi naural earphones. Target tones were attenuated by -3. 5 db.
Task.
Each subjec t was required to monitor the auditory display and r eport
any targets detected by depressing a mlcrosw itch. The test was 48 minutes
in duration , divided for purposes of analysis into nine segments of 5 minutes
20 seconds , each containing 12 target and 88 non-ta rget stimuli. Subjects
were given practice exposure to both kinds of stimuli before testing .
Experimental Control .
The entire experiment was controlled by a general purpose laboratory
computer (Hewlett-Packard 2116B), includ ing stimulus pre sentation , data
acquisition , data editing and data analysis.
Pup illometr ic Measur ement .
Pupillary diam eter was measured on-line in the experiment using a
Wh ittaker 1050S TV pupifiometer . This device processes the image obtained
from an Infrared video camera , Identifies the pupil using a specialized patte rn-recognition algorithm , and computes the diameter of the Image of the
pupil. Pupiflary diameter is transmitted to the computer as an analog signal
and the processed Irn age of the eye with an indication of the mach ine-identifled pupi l is displayed to the experimenter to assure that the pupi ilometer is
providing accurate measurem ents; the experimenter could reject on-line pupillometric data that was Inacc urately measured.
‘lb obtain accurate pupiflom etr ic measurements over a prolonged period without Interruptions the following procedures was employed. The subject sat In a comfortable upright ebtir and rested both chin and forehead on
a Bausch and Lom b head rest. The video camera was positioned 15 cm fro m
the subject’ s left eye and angled 350 to prevent Interference with the sub—
4
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j ect’ s field of view. A television monitor displaying the image of the eye at
very low contrast was posItioned 1 m from the subject in the center of the

visual field to enable him to maintain a stabl e position in the pupillometer
for the duration of the task.
Data Acquisition.

Pup lilomet ric data was sampled at 50 msec Intervals and stored as
time—series data on disc for later ana lysis. For analysis purposes , data was
stored in 6.2 sec trials , with stimuli presented at 0 and 3.2 sec in each trial. No data was taken between 6.2 and 6.4 sec , during which time the control program performed other functions . Thus the data from each of the 9
segments of the experiment was store d as 50 6.2 sec trials . The 12 targets
of each segment wer e always present ed as the second stimu lus of each trial.
The knowledge that signals would app ear on only even numbered sIgnals was
of little use to the 3 subjects who were acquainted with the experimental
procedu res , and was unnotic ed by the 8 paid subjects . Thi s permitted the
differential ana lysis of the pupifi ary response to the non-ta rget stimulus
preced ing detected and undetected target stimuli . Behavioral data on detection responses was also stored on disc for later anal ysis.
Data Editing .
The digitized pupill ary record of each tria l was individually examined
on a cathode -ray tube display after the experimental session. Trials were
either accepted If no artifacts wer e present , edited If flawed by minor artifacts or reje cted if contaminated by major artifacts. Editing was accompli shed using a linear Interpret ation algorithm between uncontaminated data
points on eithe r side of the eyeblink or pup illometer artifact. If the ar tifact
was In a criti cal region of the trial , during or immediately following presentation of either of the two stimuli , or was greater tha n about 500 msec in
duration , the trial was reje cted . Editing of the pup illomet ri c data was blind
with resp ect to both stimulu s and response condition s . Across all subjec ts ,
19 percent of all trials were rejected . The proba bility of trial reje ction increas ed as a function of tim e In task , rising from 12 percent in the first
third of the experim ent, to 20 percent in the second and 25 percent In the final th ird. This Increase In rejec tion rate 1 highly significant , as Indicated
~
by an analysi s of variance (F (2, 20) 7.270 , p <.005) . However , there Is
no evidence to indicate that target and nontarget trials were different ly affected.
5
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Data Analysis.
Pupilloinetry .
After editing , the averag ed pupiilary response was computed In each
of the nine segments of the test for nontarget trials , trials with missed targets and trials with correctly detected targets. From these primary averages , six second ary aver ages were computed for each subject . The averaged
pupillary resp onses to non-ta r get stimuli by thirds of the test (segments 1,
2 and 3; 4, 5 and 6; 7 , 8 and 9) were computed to test for the effects of time
on task upon pupi llometr ic measures. To test for the relations between pu—
pillometr ic measures and performance , pup illary responses were averaged
over all segments containing at least one hit, miss and nonsignal trial separate ly for each stimulus/respon se category. Tonic and pha sic measures of
pupi llary activity were then computed from these aver aged pup~Uary responses . Tonic pup lllary diameter was estimated as the value of the pupil lomet—
n c recor d at the onset of the second stimulus . Phasic pupillary res , onse
was computed as the maximal pup illary dilation in the 1.5 sec Interval following presentation of the second stim ulus. An analogous phas ic pupillary
measure was computed for the first stimulus in an analysis of differential
responsiveness preceding detected and undetected target s.
Performance.
The performance of each subject was characterized by the percent
correct detections in each segment of the experiment. These values were
then aver aged to obtaIn percent corre ct detections scores for each third of
the vigilance test. False alarms, although infr equent (16 percent of all responses) were similarly analyzed.
RESULTS
Performance.
The probability of correctly detecting a target declines systematica lly
over thirds of the vigilance test , dropping from 83 percent In the first period to 73 percent in the middle period and to 69 percent in the fina l period of
the task (see Figure 1). This performance decrement is highly system atic
and reliable , as Indicated by analysis of variance (ANOVA) (F (2 , 20) 9.403 ,
p c . 005). The degree of performance decrement was also analyzed by computing the slope of the linear function relating percent correct detection and
period of the task . By this ana lysis eight subjects showed performanc e decrements and three did not.
6
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Figure 1. Percent targets correctly detected (circles) and mean puplllary
dilation to nontarget stimuli (squares) averaged over eleven subjects as a
function of period of task. Both measures change in a similar manner dur ing
the vigilance task.
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Whet
her this performance decrement reflects a loss of sensitivity or a
shift in response bias (Green & Swets , 1966) is not clear , as false alarms
also decreased as a function of time on task. Although these rates were quite
low (. 03, .02 , and .01 percent in the three periods of the experiment), the
decline was highly significant (F (2 , 20) 9.721 , p < .005).
Pup illometr y .
Tonic pupillary diameter (estimated as pupillary diameter at the onset
of the second stimulus In a trial) did not vary significantly over periods of
the task, as tested by analysis of variance (F (2 ,20) = .048 , N .S.). Nor did
any of several other estimators of tonic pupillary level yield a significant effect.
However , the amplitude of phasic pupillary dilations in response to
task-relevant stimuli did decline systematically as a function of time on task ,
in a m anner that closely paralleled the decrement in performance (see Figure 1). The maximum pup lilary dilation In the 1.5 sec period following the
onset of the nontarget stimulus declined significantly over thirds of the task,
as tested by analysis of variance (F (2 , 20) = 5. 235 , p < .0 1) . Figure 2 presents the evoked pupillary response waveforms for nont arget stimuli for the
three periods of the task.
For target trials, the phasic pupillary response to target stimuli differed significantly for detected and undetected targets by t-test (t (10)
4.000 , p <.01). Figure 3 presents the evoked papillary response waveforms
for both detected and undetected targets over all periods of the task. The
phasic pupillary response for detected targets Is more than twice as large as
the response to undetected targets. However , detected and undetected targets
do not differ sIgnificantly in baseline pupillary diameter at stimulus onset (t
(10) = .152 , N. S.).
An attempt was also made to predict detection of target stimuli by analysis of the pupillary response to the immediately preced ing non—target
stimulus. However , neither phasic dilation nor tonic baseline differed sIgn!.—
ficantly between nontarget stimuli preceding detected and undetected targets.
To assess the strength of the relationship between phasic pupillary activity and performance, a correlation was computed for each subject between
percent targets detected in each 5 minute 20 sec block and the amplitude of
the dilation to nontarget stimuli in that block over the nine blocks of the experiment. For the three subjects who did not show a performance decrement
8
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Figur e 2. Averag ed evoked pupillary responses to non-target stimuli for the

firs t , second and third period of the vigilance task. Differences in peak dila-

tions are highly significant.

over time in the task , the mean correlation between dilation and performance
was 4- . 01 (range: -.19 to +. 24). For the eight subjects in which performance
deteriorated over time all correlations were positive. The mean value of the
correlation was 41 (range: + . 14 to +. 77).
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DISCUSSION

Although tonic pupillary diameter decreases markedly between wakefulness and the onset of sleep (Yoss , M oyer , & Hollenhorst , 1970) and decreases over an 8—hour work period (Lowenstein & Loewenfeld , 1952) , the
extent of that decrease being greater after subjectively more fatiguing work
(Peavler , 1974), tonic pupillary diameter Is not related to performance In
tie auditory vigilance task employed in this experiment. In contrast , the
amplitude of the phasic pupillary response to task-related stimuli did decrease in a manner paralleling the performance decrement. Such pupillary
changes have been previously shown to be systematically related to performance characteristics in a variety of information—processing tasks . In these
con texts , puplliary dilattons have been taken as a sign of attention (Beatty ,
1977) or “ effort ” (Kahneman , 1973). The present experiment extends this
relation to include vigilance tasks. These data suggest that the behavioral
processes of both intensive and sustained attention might share a common
phy8lological basis. However , the apparent dissociation between sustained
attention and tonic arousal level deserves further explication.

Mention should also be made of the difference in the evoked papillary
response to targets that were detected and targets that were missed. Although the larger dilations observed in the former case might to some extent
reflect differences In predecislona l processing of the auditory signal, the
fact that a behavioral respons e was required only for detected targets sug —
gests a simpler alternative. The large magnitude diiatlon s observed for detected target s probably reflects activation associated with response organ!zation and execution (Kahnexnan , 1973). Similar response effects have been
previous ly reported in other experimental tasks (Palvio , 1973).
The dissociation between phasic and tonic pupillometric measures of
centr al nervous system activation observed in the present experiment indicates that a detailed analysis of the relations between activation and attention
is necessary . One attempt in this direction has been published recently by
Pribra m and McGuinness (1975). The strength of the empirical relations between activation measures and performance variables observed here and
elsewhere (Kahneman , 1973; Bleatty , 1976 , 1977) bode well for the ultimate
success of an activation theory of attention .
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