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We studied the effects of noxious stimuli on arterial 
blood pressure, heart rate, pupil size, and the pupilkry 
light reflex in 13 volunteers anesthetized with either 
isoflurane or propofol. Those given isoflurane (n = 8) 
were anesthetized twice, in a randomly selected order, 
once at an end-tidal concentration of 0.8% and once at 
1.2%. An intense noxious stimulus was provided by 
electrical stimulation applied to skin of the abdominal 
wall (65-70 mA, 100 Hz). Hemodynamic values and 
pupillary responses were recorded immediately before 
stimulation and at 15-60-s intervals during 8 subse- 
quent min. In the volunteers given isoflurane (both 
concentrations), stimulation significantly increased pu- 
pil size (265 2 44%) and the amplitude of the light reflex 
(233 2 23%). In contrast, mean heart rate and systolic 
blood pressure increased only 19 2 7% and 13 2 7% 

after stimulation. Five additional volunteers were anes- 
thetized twice with propofol (-3 pg/mL plasma con- 
centration) and 60% nitrous oxide. The same electrical 
stimulus was applied, and hemodynamic and pupil- 
lary measurements were obtained. During one propo- 
fol anesthetic, an esmolol infusion (100 pg-kg-' emin-') 
was started 10 min before stimulation to determine 
whether this agent would blunt the pupillary response. 
The pupillary light reflex increased more than 200% 
during both propofol anesthetics with or without es- 
molol; once again, heart rate and blood pressure 
changed little. We conclude that with these experimen- 
tal conditions, the pupil is a more sensitive measure of 
noxious stimulation than the commonly used variables 
of arterial blood pressure and heart rate. 

(Anesth Analg 1993;76:1072-8) 

A nesthesiologists often must evaluate patient 
responses to surgical stimulation. The most 
commonly measured variables are blood pres- 

sure, heart rate, sweating, tearing, and movement. Pu- 
pillary size and its reaction to light, although easily 
accessible, often are overlooked, in part, because there 
has been no convenient and accurate method to record 
pupillary activity in the operating room. Pupillary 
changes, however, have been documented previously. 
Early studies in anesthetized animals (1) showed that 
an intense noxious stimulus provoked an approxi- 
mately fivefold increase in pupil diameter; dilation 
occurred slowly (1-2 mm/s) and was accompanied by 
changes in the light reflex. Cullen et al. (21, using a 
millimeter rule, subsequently demonstrated that the 
pupil dilated after skin incision during halothane an- 
esthesia. Thus, pupillary changes in humans may 
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provide a measure of noxious stimulation during sur- 
gery. To evaluate this hypothesis, we studied the dy- 
namics of the pupillary response to noxious stimula- 
tion with infrared pupillometry during isofluranel 
air/oxygen and nitrous oxide/propofol anesthesia. 
We compared changes in pupil size and reactivity with 
changes in hemodynamics to assess the sensitivity of 
both indicators to stimulation. 

Methods 
With approval from the Committee on Human Re- 
search at the University of California, San Francisco, we 
studied two groups of volunteers. All were between the 
ages of 20 and 35 yr, in good health, taking no medi- 
cation other than oral contraceptives, and free of eye 
disease. 

The first group comprised eight volunteers who re- 
ceived isoflurane/air/oxygen anesthesia on two sep- 
arate days, once with 0.8% isoflurane and once with 
1.2% isoflurane end-tidal concentrations. Isoflurane 
concentrations were maintained within 0.02% of the 
target concentrations during the test periods. The order 
of study in each volunteer was determined randomly. 
As part of a separate study of thermoregulation (3), 
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approximately 45 min before administration of the 
lower isoflurane concentration, a left-sided axillary 
block was performed by using 40 mL of pH-adjusted, 
1.5% mepivacaine with 1 :200,000 epinephrine. One vol- 
unteer refused axillary block. 

Anesthesia was induced without premedication by 
inhalation of 3%-4% isoflurane, 70% nitrous oxide, and 
oxygen. Thiopental and opioids were not adminis- 
tered. Vecuronium bromide, 10 mg, was administered 
intravenously, and muscle relaxation subsequently was 
maintained with an infusion of vecuronium (Program 
2 syringe pump, Becton Dickinson & Company, Lincoln 
Park, NJ) adjusted to maintain 0-1 twitches in response 
to supramaximal train-of-four electrical stimulation via 
surface electrodes of the ulnar nerve at the wrist. Ni- 
trous oxide was discontinued after induction, and the 
trachea of each patient was intubated. Mechanical ven- 
tilation was adjusted to maintain end-tidal C02 near 35 
mm Hg. Anesthesia thereafter was maintained with 
isoflurane at the designated end-tidal concentration 
(0.8% or 1.2%) in oxygen. 

The second group comprised five volunteers who 
were participating in a separate study of thermoregu- 
lation (4). Before induction of anesthesia, a 20-gauge 
radial arterial catheter was positioned to permit con- 
tinuous monitoring of arterial blood pressure and heart 
rate, and sampling of arterial blood. Anesthesia was 
induced by administration of an intravenous bolus of 
propofol, 3 mg/kg. Sixty percent nitrous oxide and 40% 
oxygen was then administered via face mask and con- 
tinued throughout the study. Propofol was adminis- 
tered by infusion, 150 pg.kg-'.min-' for the first 15 
min, then 100 pg-kg-'.min-' to maintain anesthesia 
(Program 2 syringe pump). No muscle relaxants were 
given, and volunteers breathed spontaneously without 
intubation of the trachea. After =65 min, volunteers 
were allowed to awaken and rest for approximately 2 
h before propofol was administered again using the 
same protocol. Sixty minutes after this second anes- 
thetic was begun, volunteers also received an intrave- 
nous bolus of esmolol (1.5 mg/kg), followed by an in- 
fusion of esmolol at 100 pg.kg-'.min-'. Esmolol is 
known to blunt hemodynamic responses to noxious 
stimuli, but its effect on pupillary responses is un- 
known. Esmolol and propofol infusions were stopped 
75 min after the start of the second anesthetic, and vol- 
unteers were allowed to awaken. 

All volunteers received an intense supramaximal 
electrical stimulus administered via needle electrodes 
placed in the skin of the abdomen. Stimulation con- 
sisted of a 65-70 mA, 100-Hz electric current lasting 5 
s (Digistim, Houston, TX). This stimulus was applied 
-45 min after the induction of isoflurane anesthesia, 
-60 rnin after the first propofol anesthetic, and 70 min 
after the second propofol anesthetic. 

Arterial blood (3 mL) was sampled immediately be- 
fore induction of propofol anesthesia, then again just 
before the noxious stimulus was applied. Samples were 
collected, centrifuged, and stored in heparin at 4°C for 
subsequent analysis of propofol concentrations. Sam- 
ples were analyzed using high-pressure liquid chro- 
matography. This assay has an accuracy exceeding 0.1 
pg/mL for concentrations ranging from 0.1 to 5.0 p g l  
mL, and an accuracy exceeding 0.2 pg/mL for concen- 
trations ranging from 5.0 to 10.0 pg/mL. 

Respiratory gas concentrations were quantified 
using an infrared gas analyzer (Datex Medical In- 
strumentation, Inc., Tewksbury, MA). Heart rate and 
oxyhemoglobin saturation (SpoJ were monitored con- 
tinuously using three-lead electrocardiography and a 
Nellcor N200 pulse oximeter (Hayward, CA). Blood 
pressures were measured oscillometrically (Dinamap 
TM 1846 SX, Critikon Inc., Tampa, FL) from the ankle 
at 1 -min intervals during isoflurane anesthesia, and 
measured continuously through the radial arterial 
catheter (Techtronix Instruments, Boston, MA) during 
propofol anesthesia. Systolic, diastolic, and mean blood 
pressure values were recorded before, during, and for 
8 min after each stimulus during the isoflurane studies, 
and before, during, and for 4 min after the stimulus 
during the propofol studies. Core temperatures were 
monitored using a thermocouple probe (Mon-a-Therm, 
Inc., St. Louis, MO) placed in contact with the tympanic 
membrane and were maintained near 36°C using a 
forced-air warming cover (Bair-HuggerB, Augustine 
Medical, Eden Prarie, MN). 

To measure the pupillary response, we used a por- 
table infrared pupillometer (Applied Sciences Labora- 
tory, Waltham, MA), the application of which we have 
described previously in detail (5). Briefly, the pupil- 
lometer was programmed to provide a 0.5-s 130 
candela/m2 pulse of green light and scan the pupil at 
a rate of 10 Hz for 2 s from the beginning of the light 
stimulus. Pupillary diameter and light reflex amplitude 
from the right eye were measured four to six times in 
the 15 min before induction of anesthesia and were av- 
eraged to provide preinduction values. Several scans 
(3-4) recorded just before electrical stimulation were 
averaged to provide prestimulus values. Subsequently, 
pupillary responses were measured at the start of the 
noxious stimulus (elapsed time zero), every 15 s for 1 
min, every 30 s for an additional 4 min (during both the 
isoflurane and propofol studies), then every minute 
until 8 min after the stimulus (during the isoflurane 
studies alone). Because preliminary studies revealed 
the light reflex to be highly dependent on the amount 
of ambient light, the intensity of the study room light- 
ing was controlled to 150 lux, and the left eye was kept 
covered. 
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Figure 1. Pupillary and hemodynamic changes after an intense 
noxious stimulation during 0.8% and 1.2% end-tidal isoflurane. 
Stimulation was administered at elapsed time zero. The pupillary 
changes were larger than the hemodynamic changes. Sys. BP = 
systolic blood pressure; BPM = beats per min. 

Pupillometry results are reported as pupil size (di- 
ameter) and pupillary light reflex. The light reflex re- 
sponse is reported both in absolute amplitude (initial 
size minus minimum size) and in percentage of pupil 
size (amplitude/initial pupil size). 

Differences in pupil responses and hemodynamic 
variables during 0.8% and 1.2% isoflurane anesthesia 
and the two propofol anesthetics were compared using 
paired t-tests. As recommended by Matthews et al. (6), 
statistical analyses were performed only on the curve 
descriptors, rather than at each measurement time. 
Data are expressed as means t SD; P < 0.05 was con- 
sidered statistically significant. 

Results 
Isoflurane 
Five women and three men averaging in age 29 t 7 yr 
participated in this portion of the study. At least 1.5 h 
elapsed between administration of axillary anesthesia 
and electrical stimulation. Figure 1 illustrates the effect 
of stimulation on autonomic variables. Noxious stim- 
ulation increased pupillary size and light reflex > 200% 
at each isoflurane concentration. The time to maximum 

Table 1. Pupillary Responses to Noxious Stimulation 
During Isoflurane Anesthesia 

0.8% 1.2% 

Preinduction 
Reflex (mm) 1.8 + 0.4* 2.0 + 0.5, 
Reflex (%) 32+5* 33+6* 
Size (mm) 5.5 + 0.8* 6.0 + 0.6* 

Reflex (mm) 0.4 f 0.1 0.2 + O . l t  
Reflex (%) 2 2 + 3  1 4 + 5 t  
Size (mm) 1.6 + 0.2 1.7 f 0.4 

Reflex (mm) 0.2 f. 0.1* 0.1 f 0.1* 
Reflex (%) 12+11 6 + 5 *  
Size (mm) 1.7 & 0.6 1.7 f 0.2 

Maximum reflex (mm) 1.2 + 0.4* 0.8 + 0.2*t 
Maximum reflex (%) 2 1 + 6  1 3 + 4 t  
Maximum size (mm) 5.9 + 0.7* 6.5 + 0.6*t 
Time to maximum reflex (s) 
Time to maximum size (s) 
Maximum increase SBP 13+10* 15+8*  

Maximum increase HR 8 +  7* 18 + 7*t 

Prestimulus 

During stimulus 

Poststimulus 

53 + 53 
26 + 13 

115 + 61t 
49 + 21t 

(mm Hg) 

(beats/min) 
Values expressed include: 1) the pupillary light reflex (expressed in absolute 

millimeters and as a percentage of pupil size) before induction of anesthesia 
(preinduction), postinduction, but before noxious stimulation (prestimulus), 
and during stimulation; 2) maximum reflex amplitudes and pupillary size 
following stimulation; 3) time elapsed (s) until maximum reflex amplitude and 
pupillary size were observed; and 4) maximum changes (mm Hg or beats/min) 
in systolic blood pressure (SBP) and heart rate (HR). During anesthesia (pre- 
stimulus), pupillary reflexes were much smaller than preinduction. The light 
reflex was nearly obliterated during stimulation, but increased substantially 
poststimulus. However, the poststimulus maximum reflex amplitude never 
reached preinduction amplitude. Maximum reflex amplitudes (in millimeters 
and percent) during 1.2% isoflurane anesthesia were significantly lower than 
during 0.8% isoflurane. Pupillary size increased -200% at each anesthetic con- 
centration, but the increase was slightly greater at 1.2%. In contrast to the 
pupillary responses, SBP and HR values increased ~ 3 0 %  after stimulation. 
Asterisks (9 indicate values significantly different from prestimulus values; 
significant differences between the two groups are indicated by daggers (t). 

pupillary dilation was significantly longer during 1.2% 
than 0.8% isoflurane anesthesia (Table 1). The maxi- 
mum amplitude of the pupillary light reflex following 
noxious stimulation was greater during 0.8% (1.2 t 0.4 
mm) anesthesia than during 1.2% (0.8 t 0.2 mm) an- 
esthesia. The pupillary changes in the one volunteer 
who refused axillary anesthesia was similar to the oth- 
ers given 0.8%. In contrast to pupillary responses, the 
maximum increases in systolic blood pressure trig- 
gered by noxious stimuli were only 10 t 6% and 15 t 
7% at 0.8% and 1.2% end-tidal isoflurane concentra- 
tions, respectively. Changes in diastolic and mean ar- 
terial blood pressure were even smaller. Similarly, the 
maximum increases in heart rate after noxious stimuli 
were only 12 2 13% and 26 t 11% at 0.8% and 1.2% 
end-tidal isoflurane concentrations. Although these he- 
modynamic changes were small, they were statistically 
significant in both groups. The latency of stimulus- 
induced dilation was less than 2 s. Rapidity of the 
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dilation is demonstrated by comparing average pre- 
stimulus scans with those at the time of noxious 
stimulation (Figure 2). 

Pro pofol 
Four men and one woman averaging in age 28 5 4 yr 
participated in this portion of the study. Propofol ar- 
terial plasma concentrations before stimulation were 
3.0 2 0.4 pg/mL in the presence of esmolol and 2.7 2 
0.7 pg/mL in its absence ( P  = NS). Stimulation 
increased the amplitude of the light reflex 253% during 
esmolol administration and 224% without esmolol 
(Figure 3, Table 2). The systolic blood pressure 
increases in response to stimulation were similar to 
those observed during isoflurane anesthesia. 
Changes in heart rate were small with, or without, 
esmolol administration. 

Discussion 
Our data suggest that under our experimental condi- 
tions, the pupillary responses to painful stimuli are far 
more dramatic than the associated hemodynamic 
changes. Cullen et al. (2) measured the change in pupil 
size following the skin incision during halothane an- 
esthesia and demonstrated results remarkably similar 
to ours. Roizen et al. (7) measured the pupil following 
a skin incision during enflurane, halothane, or narcotic- 
nitrous oxide anesthesia but did not measure the time 
course or magnitude of the changes. Our use of elec- 
tronic pupillometry has allowed us to extend and more 

A During Noxious Stimulation 

I A Prior tostimulation 

0 I 
0.0 0.5 1.0 1.5 2.0 

Scan Time (s) 
Figure 2. Prestimulus scans from all isoflurane anesthetics were 
averaged and compared to the average scans obtained during nox- 
ious stimulation (scan started at elapsed time zero). The pupil be- 
gins to dilate immediately after the noxious stimulus (pupil size 2 s 
after stimulation significantly exceeds control values); because 
stimulus-induced pupillary dilation opposes light-induced constric- 
tion, the light reflex appears to be depressed. 
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Figure 3. Pupillary and hemodynamic changes after an intense 
noxious stimulus during propofol/nitrous oxide anesthesia with 
and without an esmolol infusion. The pupillary changes were con- 
siderably larger than the negligible hemodynamic changes; esmolol 
did not blunt the pupillary response. Sys. BP = systolic blood pres- 
sure; BPM = beats per min. 

precisely define these observations, and we have ex- 
panded the study of pupillary responses to include 
other anesthetic agents. 

To approximate the effect of an intense surgical stim- 
ulus in our anesthetized volunteers, we administered 
an electrical stimulus five times greater than that 
needed to produce intolerable pain in awake volun- 
teers (8). Similar electrical currents are supramaximal 
in rats (personal communication, Edmond I. Eger 11, 
University of California, San Francisco, June 1992) and 
have been used in previous studies of anesthetic po- 
tency (9). Gracely (10) has compared the various meth- 
ods of producing an experimental noxious stimulus 
and the electrical method compares favorably with 
other experimental methods such as thermal-, 
chemical-, ischemic-, and pressure-induced pain. Elec- 
trical stimulation provided us with a severe and re- 
producible noxious stimulus; its abrupt onset and de- 
fined duration allowed us to compare time-dependent 
pupillary and hemod ynamic responses during each of 
the four study conditions. Specifically, accurate stim- 
ulus timing allowed us to determine the peak response 
and the time of the peak for each response. 
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Table 2. Pupillary Responses to Noxious Stimulation 
During Propofol Anesthesia 

No esmolol Esmolol 

Reflex (mm) 1.9 f 0.4 2.1 f 0.44 
Reflex (%) 3 3 + 9  3 4 + 4  
Size (mm) 5.9 f 1.2 6.2 f 1.7 

[Propofoll (pg/mL) 2.7 f 0.7 3.0 f 0.4 
Reflex (mm) 0.3 f 0.1 0.3 f 0.1 
Reflex (%) 1 6 f 5  1 6 f 2  
Size (mm) 2.1 f 0.3 2.2 f 0.1 
HR (beats/min) 69+ 11 6 3 f 8  

Reflex (mm) 0.2 f 0.2 0.3 f 0.1 
Reflex (%) 12+10 1 1 + 4  
Size (mm) 2.0 f 0.3 2.3 + 0.3 

Maximum reflex (mm) 1.2 f 0.2* 1.3 i: 0.4* 
Maximum reflex (%) 28+4* 2 6 f 8 *  
Maximum size (mm) 4.8 f 1 .O* 5.9 f 0.8*t 
Time to maximum reflex ( s )  63 f 43 
Time to maximum size (s) 30 f 11 
Maximum increase SBP 11 +7* 13*8* 

Maximum increase HR 4 + 4  7 f 5* 

Preinduction 

Prestimulus 

During stimulus 

Poststimulus 

42 f 27 
36 f 17 

(mm Hg) 

(beats/ min) 
Values expressed include: 1) the pupillary light reflex (expressed in absolute 

millimeters and as a percentage of pupil size) before induction of anesthesia 
(preinduction); 2) propofol concentration, pupillary measurements, and heart 
rate (HR) postinduction, but before noxious stimulation (prestimulus); 3) pu- 
pillary measurements during stimulation; 4) maximum reflex amplitudes and 
pupillary size after stimulation; 5 )  time elapsed (s) until maximum reflex am- 
plitude and pupillary size were observed; and 6) maximum changes (mm Hg 
or beats/min) in systolic blood pressure (SBP) and heart rate (HR). During 
anesthesia (prestimulus), pupillary reflexes were much smaller than pre- 
induction. After Stimulation, the light reflex increased substantially. However, 
the poststimulus maximum reflex amplitude never reached preinduction am- 
plitude values. Maximum reflex amplitudes (in millimeters and percent) were 
comparable with and without esmolol. Stimulation increased pupil size >ZOO% 
in each treatment group. The SBP increases in response to stimulation were 
similar to those observed during isoflurane anesthesia. Changes in heart rate 
were small with, or without, esmolol administration. Asterisks (9 indicate 
values significantly different from prestimulus values; significant differences 
between the two groups are indicated by daggers (t). 

Our findings during isoflurane anesthesia confirm 
and extend our previous results with this anesthetic (5). 
The light reflex was larger during 0.8% isoflurane than 
during 1.2% isoflurane anesthesia, both before and 
after noxious stimulation. We typically observed a de- 
crease in the light reflex (Figures 1 and 2) during the 
stimulus; a decrease apparently resulted when 
stimulation-induced dilation of the pupil opposed the 
light-induced pupillary constriction. Our findings sug- 
gest that the latency of the light reflex (time to onset 
from the start of the light stimulus) and the latency of 
the dilation (time of onset of dilation after the start of 
the noxious stimulus) are approximately the same, e.g., 
300 ms. Pupillary dilation was the first change ob- 
served in any physiologic variable that we measured 
after noxious stimulation. 

After the noxious stimulus, the pupil dilated rapidly 
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and the light reflex increased during both isoflurane 
and propofol anesthesia. Because the dilated pupil has 
a greater range of motion and admits more light (ll), 
it is not surprising that the absolute amplitude of the 
light reflex was greater after stimulation markedly in- 
creased pupil size. During isoflurane anesthesia, the 
increase in the amplitude of the light reflex appeared 
to result primarily from the larger pupil size, given that 
the reflex expressed as a percentage of pupil size re- 
mained unchanged. In contrast, during propofol an- 
esthesia, the percent reflex was greater after the stim- 
ulus than before, indicating that pupil size is not the 
only factor influencing the amplitude of the light reflex 
after noxious stimuli. We cannot explain these differ- 
ences by any reference to the unique pharmacology of 
the different anesthetic agents, but the observations do 
indicate the importance of pupil size at the time the 
light reflex measurements are made. With the exception 
of the percent reflex, the pupillary reflexes both before 
and after the stimulus were remarkably similar with 
the different anesthetic agents. 

We believe that these results show that the pupil is 
a sensitive indicator of noxious stimulation during 
these anesthetic conditions. It was not our purpose to 
study the utility of pupillometry in estimating either 
anesthetic depth or activation of the sympathetic ner- 
vous system. We did not measure movement in re- 
sponse to our stimulus, the traditional index of anes- 
thetic depth. Likewise, because the dilation of the pu- 
pil is primarily caused through inhibition of the para- 
sympathetic pupilloconstrictor nucleus (1 ), we did not 
attempt to correlate the pupillary response to any 
measures of sympathetic activity such as serum cate- 
cholamines. Our intent was to measure the response of 
the pupil to a uniform reproducible stimulus and com- 
pare this response to the response of other commonly 
measured autonomic variables. The fact that the pupil 
responds to noxious stimulation can be valuable infor- 
mation aside from any measures of sympathetic activ- 
ity or anesthetic depth. 

There are numerous factors besides the anesthetic 
agents themselves that can affect the pupil during an- 
esthesia. It is rare, for example, to observe pupillary 
dilation during opioid-supplemented anesthetics. Ap- 
parently opioids not only constrict the pupil but also 
prevent the dilation and light reflex changes caused by 
intense surgical stimulation. Old age reduces the extent 
of the pupillary dilation caused by total darkness (12). 
It is likely that we would have observed smaller 
changes in an older population. Certain abnormal pu- 
pillary syndromes, such as Argyll Robertson pupil, se- 
nile miosis, Adie's tonic pupil, or prior cataract surgery, 
can produce relative immobility of the iris. Changes in 
core temperature might alter the pupillary reaction to 
noxious stimulation. We have observed recently that 
hyperthermia during anesthesia dilates the pupil (13). 
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The muscles of the iris are also acted upon by many of 
the drugs and hormones that affect muscarinic and ad- 
renergic receptors. Large doses of atropine and high 
serum concentrations of catecholamines (14) dilate the 
pupil. Neuroleptic drugs constrict the pupil by an 
unknown mechanism (15). 

The action of neuromuscular blocking agents on the 
pupillary reactions have not been studied. We used ve- 
curonium bromide with our isoflurane studies and the 
pupillary reactions were very similar to those observed 
during propofol/nitrous oxygen anesthesia without 
paralysis. It is unlikely that either pupillary size or the 
light reflex would be changed by the newer neuro- 
muscular blocking agents having minimal muscarinic 
action (16). 

Antihypertensives drugs can be used during anes- 
thesia to control hemodynamic responses (17). We in- 
fused esmolol in a standard dose to determine whether 
this drug would blunt the pupillary changes in re- 
sponse to noxious stimulation. Our finding that pupil- 
lary responses remained intact after esmolol is clini- 
cally relevant because patients who receive both 
muscle relaxants and p-adrenergic blocking agents are 
unable to respond with either movement or hemody- 
namic changes during anesthesia. The pupil, however, 
continues to respond under these circumstances and 
therefore provides an alternative measure of noxious 
stimulation. 

Because the mechanism of reflex dilation in humans 
is unknown, we cannot explain with assurance why 
pupillary dilation was more extensive after esmolol in- 
fusion. Inhibition of the pupilloconstrictor nucleus or 
activation of the sympathetic dilator muscle both can 
dilate the pupil. The dilator muscle of the iris is acti- 
vated by al-adrenergic agonists, but a P-receptor also 
may be present (18,19) and is thought to relax this mus- 
cle. Esmolol-induced blockade of this putative 
p-receptor would accentuate the pupillary dilation 
in response to a noxious stimulus just as we have 
observed. 

Comparisons between the 0.8% and 1.2% isoflurane 
trials are potentially confounded, because the volun- 
teers given the lower anesthetic dose (0.8%) also were 
given an axillary block containing mepivacaine. How- 
ever, two reasons lead us to believe that pupillary and 
hemodynamic differences between the groups are due 
to the different isoflurane concentrations and not to 
residual mepivacaine levels in the plasma. First, the 
nerve blocks were performed at least 1.5 h before we 
applied the noxious stimulus, and plasma mepivacaine 
concentrations are known to peak 25 min after axillary 
administration, decreasing to low levels during the 
subsequent hour (20). Second, autonomic responses in 
volunteers who underwent axillary block were similar 
to those in the single volunteer who did not. 

We observed that the peak pupillary responses 

occurred sooner at 0.8% isoflurane; the slower response 
observed at the higher concentration likely resulted 
from greater anesthetic impairment of synaptic func- 
tion. Paradoxically, pupillary dilation had a slightly 
shorter duration and lesser magnitude during 0.8% iso- 
flurane than during 1.2% isoflurane anesthesia. Al- 
though these data might represent an enhanced auto- 
nomic response at the higher concentration, our 
hemodynamic results do not support this conclusion: 
the heart rate response was statistically significantly 
higher at 1.2%, but there were no clinically important 
differences in the hemodynamic responses at the two 
test concentrations. Reflex pupillary dilation in animals 
is thought to result partly from inhibition of the pup- 
illoconstrictor nucleus (l), and it is known that isoflur- 
ane enhances certain inhibitory processes in the central 
nervous system (21). It is possible, therefore, that the 
increased magnitude of the pupillary dilation at the 
higher anesthetic concentration (Figure 1, Table 1) 
represents enhancement by isoflurane of stimulus- 
provoked inhibition. 

As a result of these studies, we can model pupillary 
responses during surgery with isoflurane anesthesia. In 
the absence of painful stimuli, the pupil will be small 
and the light reflex will be a function of the end-tidal 
isoflurane concentration. An intense noxious stimuli 
will dilate the pupil approximately 200%, at a maxi- 
mum rate of approximately 0.2 mm/s. Similarly, the 
absolute amplitude of the light reflex will increase, and 
that increase will be larger and occur earlier during 
0.8% isoflurane anesthesia than during 1.2% isoflurane 
anesthesia. From these studies, we cannot determine 
how pupillary reflex dilation would be altered by 
end-tidal concentrations of isoflurane less than 0.8%, 
more than 1.2%, or at other propofol and esmolol 
concentrations. 

In summary, we studied the effect of an intense nox- 
ious stimulus on pupil size and light reactivity in vol- 
unteers given two different concentrations of isoflur- 
ane and in volunteers given propofol with, and 
without, esmolol. We compared changes in pupillary 
size and light reactivity to the changes in blood pres- 
sure and heart rate after the noxious stimulus. In all 
cases, pupillary responses were dramatic compared 
with the hemodynamic changes. These data provide 
further evidence that measurements of pupillary ac- 
tivity might enhance our ability to detect noxious stim- 
ulation during general anesthesia. 
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