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Rhesus monkey (Macaca mulatta) cool sensitivity
measured by a signal detection method
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Two rhesus monkeys were trained to detect cool stimuli (decrements in skin temperature from the
adapted temperature) presented to the palm of the left hand after the skin had been preadapted to a
33°C temperature. The procedure was analogous to the signal detection “yes-no” method used with human
observers. Receiver operating characteristic curves were generated by varying the a priori probability of
stimulus occurrence. The proportion of hits and of false alarms increased with increases in the a priori
probability of stimulation. The points of isosensitivity of both subjects for cool intensities of 0.3°C, but not
at greater intensities, yielded straight lines with slopes of approximately one when plotted on
normal-normal coordinates. The values of the dg detectability index decreased from 3.52 to 0.75 for one
subject and from 2.81 to 1.28 for the other as the stimulus intensity was decreased from 0.8° to 0.15°C
cooling from the adapting temperature. Cool thresholds for each subject of 0.19° and 0.12°C were
computed from classical psychometric functions when threshold was defined as 50% hits at a 50%
probability of stimulus occurrence. These thresholds are comparable to published reports of the cool

threshold for the rhesus.

It has been shown that both rhesus and guenon
monkeys are able to discriminate between two
hand-operated levers that differ in temperature by
1°C (Cragg & Downer, 1967; Laursen, 1972; Porter &
Semmes. 1974). These observations have been
extended by measuring thresholds of warm and cool
stimuli applied to the shaved skin of the inner thigh of
the rhesus after the skin had been adapted to
temperatures between 28° and 40°C (Kenshalo &
Hall. 1974). Thresholds at these adapting
temperatures were measured by the conditioned
suppression method (Smith, 1970). Thresholds for
warm stimuli decreased from 0.5° to 0.02°C, while
those for cool stimuli increased from 0.05° to 0.28°C,
as the adapting temperature was increased from 28°
to 40°C. Compared to humans, on which thresholds
were measured by the method of limits (Kenshalo,
1970). the rhesus monkeys were more sensitive to
changes in temperature at all but the 40°C adapting
temperature.

However, cross-species, cross-methods comparisons
are tenuous, at best. They assume similarities in the
experimenter’s definition of threshold. the subject’s
definition of threshold. and the subject’s motivation
and response biases. If the rhesus temperature
sensing system is to serve as a model for that of
humans, then similarities and differences must be
specified much more precisely than is possible with
the methods employed to date.

Signal detection theory (SDT) provides a method,
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applicable to both human and infrahuman species,
whereby a measure of stimulus detectability (d") is
obtained that is independent of motivational and
criterion biases. The response biases of the subjects
can also be evaluated (Egan & Clarke, 1966).

The only studies we have found that have employed
SDT in the measurement of temperature detectability
have used human subjects (Cain, 1973; Clark & Mehl.
1971, 1973; Stevens, Okulicz, & Marks, 1973;
Vendrik & Eijkman, 1968). The present study was
undertaken to evaluate the applicability of SDT in
measuring the detection of thermal stimuli by
infrahuman species.

METHOD

Subjects

The subjects were two feral rhesus monkeys (Macaca mulatta).
one male (M1) and one female (M2), weighing approximately 3 kg
at the start of the experiment. Daily feeding sessions. about 2 hin
length, occurred in their home cages within 2 h after the
experimental session. During this period, the subjects were given
free access to food and a restricted amount of water. The daily fluid
intake consisted of 75 to 100 ml of apple juice earned during the
experimental session and only enough water during the feeding
period to bring the total to 200 ml.

Apparatus

Just prior to the experimental session, the subject was led from
his home cage and seated in a Foringer monkey chair (Figure 1).
The chair was then wheeled into an Industrial Acoustics Company
sound-attenuating chamber for the experimental session. A liquid
dispenser. which delivered 0.64 ml of apple juice per operation, was
attached 1o the chair within easy reach of the subject’s mouth. A
cue light panel was mounted in front of the subject at eye level. and
a spring-loaded sliding bar was within easy reach of the subject’s
right hand. About 1.0 cm of movement of the bar toward the
subject closed an electrical contact. After the electrical contact was
closed. another 3.0 cm of movement was possible. The subject’s left
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Figure 1. Testing apparatus. The subject is seated in the chair
with hips and neck restrained. The left forearm is restrained in a
Plexiglas arm holder that holds the thermal stimulator against
the palm of the left hand. A spring-loaded sliding bar is within
reach of the right hand. A cue light panel is located at eye
level. Apple juice is delivered to the subject through a solenoid
and a drink tube.

forearm was restrained in a Plexiglas arm holder. The arm holder
contained the thermal stimulator and held it in constant contact
with the palm of the subject’s hand.

The thermal stimulator, which covered an area of 7.2 sq cm of
the palm, operated on the Peltier principle. Its temperature control
depended upon the amount and polarity of direct current passed
through the unit (Kenshalo & Bergen, 1975). The stimulator
maintained any temperature within the physiological range with an
accuracy of £0.001°C. This was established by observing that the
voltage analog of the skin temperature at the skin-stimulator
interface did not vary by more than +1 mV (the thermistor bridge
amplifier was calibrated to deliver 1 V/°C). During the calibration
period, the stimulator was held in contact with the palmar skin of a
human seated in a quiet room. Changes in the temperature of the
stimulator from 0.01° to 5°C at rates up to 2°C/sec were
obtained with an accuracy of 1%. The rate and intensity of a
temperature change were independent. Because operation of the
thermal stimulator was entirely electrical, cues to respond, other
than the temperature changes, did not occur. For convenience,
decrements in stimulator temperature from an adapted
temperature are referred to as “‘cool”” stimuli, and increments as
“warm’" stimuli. Thus, a cool stimulus of 1°C when presented
from a maintained temperature of 33°C represents a change to an
absolute temperature of 32°C.

A PDP-8 computer programmed the experimental paradigm and
recorded events. A PDP-12 computer was used in the data analysis.

Procedure

A single-interval, yes-no procedure was used. The more
expeditious rating procedure can be applied to animal studies
through the analysis of response rates (Blough, 1967) or latencies
(Kulics. Carlson, & Werner, 1974; Yager & Duncan, 1971). But the
yes-no procedure is the procedure of choice in evalnating the shape
of the ROC curves (Egan & Clarke, 1966).

Trial structure. The subject initiated a trial by pulling the lever.
A trial was divided into three consecutive periods, each of 3 sec
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duration: the prestimulus, stimulus, and poststimulus periods.
During the stimulus period, a cool stimulus, with a maximum
duration of 3 sec, was presented or not according to one of the
a priori probabilities. The lever pull also lighted a green cue light to
indicate that a trial was in progress. The green light remained on
until the subject released the lever or until the 3-sec stimulus period
ended. whichever came first.

A response consisted of a lever release at some time after trial
initiation. A lever release during the 3-sec prestimulus period
constituted an anticipatory response, which resulted in a 15-sec
time-out. During all time-outs, a white cue light was lighted and
lever pulls were ineffective. At the end of the 15 sec, the white light
was terminated and the subject was again able to irjtiate a trial.
Anticipatory responses occurred rarely during data collection.

Two types of response. hits and misses, were possible on trials in
which a cool stimulus was presented. A lever release during the
stimulus period was scored as a hit, and the subject received
0.64 ml of apple juice reinforcer. Failure to release the lever during
the stimulus period was scored as a miss and resulted in a 15-sec
time-out which commenced at the end of the stimulus period.

Two types of response, false alarms and correct rejections, were
possible on trials in which a cool stimulus was not presented. A
lever release during the stimulus period was scored as a false alarm
and resulted in a 15-sec time-out. A lever release during the
poststimulus period was scored as a correct rejection, and the
subject received the apple juice reinforcer. A lever release after the
end of the poststimulus period (late release) was without
consequences. Late releases rarely occurred in data collection
sessions.

Training. The subjects were led from their individual home cages
by collar and chain and were trained to seat themselves in the
restraint chair (Hurst & Lucero, Note 1). They cooperated to the
extent that they inserted the left forearm and hand into the thermal
stimulator restraint device.

The subjects were trained to pull and release the lever in order to
receive apple juice. They then learned to hold the lever through the
3-sec prestimulus period and to release the lever when a red light
was lighted during the stimulus period. The occurrence of the red
light was paired with a 5°C cool stimulus of up to 3 sec duration.
Cooling occurred at a rate of 2°C/sec from the 33°C adapting
temperature. A lever release at any time during the stimulus period
turned off the red light, returned the thermal stimulator to the 33°C
adapting temperature, and delivered apple juice to the subject. The
green light was then introduced along with reinforcement for
correct rejections. The probability of stimulus occurrence was
reduced from 1.0 to 0.5. The time-outs were also introduced at this
time.

Once the subject had attained a correct response rate above 95%.
the red light was gradually dimmed. The intensity of the cool
stimulus that was paired with the red light remained constant. The
rate of fading of the red light was determined by the degree of
stimulus control exhibited by the subject during the daily sessions.
Although the subjects learned to respond to the red light within a
month, it took several months of daily training of both subjects to
transfer control to the cool stimulus alone. Once this control was
established, the intensity and rate of the cool stimulus were
gradually reduced to 0.8°C cooling at a rate of 1°C/sec.

Experimental variables. The stimulus variables were the intensity
of the cool stimulus and the probability of stimulus presentation,
p(S). The p(S)s used were 0.25, 0.50, and 0.75. Cool intensities of
0.8°, 0.5°,0.3%,0.2°, and 0.15° were used for both M1 and M2. In
addition, M1 was tested at 0.18°C and M2 was tested at 0.13°,
0.10°, and 0.08°C.

Response variables were the proportion of hits, p(HIT), and of
false alarms, p(FA). ROC curves (i.e., isosensitivity curves) were
generated for the 0.8°, 0.5°, and 0.3°C cool stimuli by varying the
p(S). For the remaining intensities, p(S) equaied 0.50.

Experimental sessfons. The subject, seated in the restraint chair
with the left forearm restrained in the stimulator holder, was placed
in the sound-attenuating chamber. The thermal stimulator control



248 MOLINARI, RUZSA, AND KENSHALO
Z-SCORE OF FALSE ALARMS
4 3 2 I o -1 -2 -3 -4 4 3 2 ! 0O -t -2 -3 -4
3 L ] b L )] 1] By, ] ] ) ¥ L L 1 ] Y/
.99997 @ T @ --4
- wd of - -3
977200 - g “-2 N
fay 2 .
wn
=3 N - = - 8
£ s0000f o 4 r % i '?‘
T a A—o0.80°¢ 19
- O 0 80°C 8 0.50°C Q
r 4 F L) 4, M
Q : 8 0 .50°C o— 0.30°C
O— 0 30°C O— 0.20°¢C x
02280 O 0.20°C - - A— 0.15°C -2 J',
- 0.18°C O 0.13°c
L &= 3. 15°C - 9 &— 0.10°C - 3
&— 0.08°C
00003 I 4 r 4
i I L L - 4 A 'S J 1 I A i i S | I L
.00003 02280 .50000 97720 99997 00003 02280 50000 97720 99997
p ( FA)

Figure 2: Receiver operating characteristics for subjects M1 and M2 for detecting a number of cool intensities (at 1°C/sec) from a
33°C adapting temperature. The symbol p(HIT) stands for the proportion of hits, and p(FA), for the proportion of false alarms.

apparatus was set to maintain the palmar skin at 33°C. the
adapting temperature, After the subject had adapted for 10 min,
the session began. Sessions were held 6 days a week.

Infrahuman species act as “‘minimally informed observers™ and
can only act on the basis of a posteriori information. Through
training and experience with each probability factor, the animal’s
performance can be expected to approach that of the informed
subject (Boneau & Cole. 1967). To this end. practice sessions of 200
trials each day were given after each change in the stimulus
intensity or in the p(S) until the p(HIT) and p(FA) were stable (less
than 10% fluctuation) for 3 consecutive days. Data collection for
each point on the ROC curves consisted of five daily sessions of 200
trials each. Thus. each point on the ROC curves represents the
ptHIT) and p(FA) during 1,000 trials. Stimulus intensities were
presented in descending order and p(S)s in a sequence of 0.50, 0.25,
and 0.75 at each intensity down to and including the 0.3°C
intensity.

We assumed that once the ROC curves. plotted on
normal-normal coordinates. became linear and their slopes
approached one. those at lesser intensities would also be linear
with slopes of approximately one. This assumption is based on the
observation that the slopes of ROC curves often are not equal to one
at high intensities of stimulation but approach unity at lower
intensities and remain stable thereafter (Cain, 1973; Green &
Swets, 1974). Another factor influencing this decision was the large
number of daily sessions (often up to 25 at the low intensities of
stimulation) required to achieve stable responding and data
collection for each point. With unit slopes. only one point is needed
to determine the location of the ROC curves (Green & Swets, 1974).
Consequently, lower stimulus intensities (below 0.3°C) were tested
only ar p(S) equal 10 0.50.

Data analysis. The ROC curves were computed by plotting the z
scores of p(HIT) and of p(FA) and computing a least squares
regression line that fit the three data points at stimulus intensities of
0.3°C and higher. While a least squares fit is at best only an
approximation, it is considered to be adequate for the present
purposes (Pastore & Scheirer, 1974). An estimator of the d'
detectability index. dg. was determined for each ROC curve

following Pastore and Scheirer. At the lower stimulus intensities,
for which only one value of p(S) was used. the value of the
detectability index was determined directly from the z scores of the
point (Green & Swets. 1974).

RESULTS

The p(HIT) and p(FA) made in 1,000 trials for each
p(S) at each stimulus intensity are shown in Figure 2.
Each point represents the criterion used by the subject
in responding to a particular stimulus intensity at a
particular p(S). The ROC curves for the 0.8°, 0.5°,
and 0.3°C stimulus intensities are shown as the line of
best fit connecting the three response criteria. The
response criteria for M1 fell close to the line of best fit.
Those for M2 deviated from the line of best fit at the
0.8°C cool intensity, but the deviations decreased as
stimulus intensity decreased.

The slopes of the ROC curves for both subjects
deviated from one at the high stimulus intensities but
approached one as the stimulus intensity was
decreased. The slopes tfor M1 decreased from 2.85 to
1.13 and those for M2 increased from 0.3 to 0.9 for
stimulus intensities ot 0.8° to 0.3°C.

The p(HIT) and p(FA) are shown as a function of
p(S) in Figure 3, using the same data as plotted in
Figure 2. As can be seen, the subjects changed their
response criteria by decreasing p(HIT) and p(FA) at
each of the three stimulus intensities as the p(S)
decreased. The response criteria at the p(S) of 0.5 for
both subjects fell above the minor diagonal for the
0.8° and 0.5°C stimulus intensities, indicating a bias
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Figure 3. Response criteria for subjects M1 and M2 as a function of probability of stimulus occurrence, p(S), for a number of

cool intensities (at 1°C/sec) from a 33°C adapting temperature.

toward making “yes' responses. As the discrimina-
tion became more difticult, the criteria fell below the
minor diagonal, indicating a bias shift toward “‘no”’
responses.

The dg values are plotted as a function of stimulus
intensity in Figure 4. As the stimulus intensity
decreased, the dg values for each subject decreased in
a similar manner. The relationship between dg and
stimulus intensity approached linearity for intensities
of 0.3°C and below. At higher, more easily detected
stimulus  intensities. the relationship became
curvilinear. A similar type of curve was found by
Terman (1970) to describe the relationship of d’ to
auditory stimulus intensity for rats.

A classical psychometric function may be derived
from these data by plotting the p(HIT) at a p(S) of
0.50 as a function of stimulus intensity (Figure 5).
Threshold was defined as the stimulus intensity at
which p(HIT) equaled 0.50. Subject M1 had a
threshold of 0.19°C and M2, .12°C for cooling from
the 33°C adapting temperature.

DISCUSSION

The subjects shifted their response criteria at each
stimulus intensity as the probability of stimulus
occurrence was altered. The criteria approximated
linear ROC curves. indicating that sensitivity
remained constant at a given intensity. Reliable
estimates of the slopes of the ROC curves for the easily
discriminable stimulus intensities (i.e., 0.5° and
0.8°C) are ditficult to obtain (Green & Swets, 1974).

For instance, an increase of only 3% in the p(HIT)
made by M1 at p(S) equal to 0.75 for 0.8°C over 0.5°C
(from 0.96 to 0.99, Figure 2) drastically altered the
placement of that point and, thus, the slope of the
line. The slopes of the ROC curves for the 0.3°C
cooling stimulus were close to one, as would be
predicted by SDT (Green & Swets, 1974).

The subject shifted from a *‘yes’” toa “no’* response
bias as stimulus intensity decreased at p(S) equal to
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Figure 4. The values of dg detectability index as a function
of cooling stimulus intensity (at 1°C/sec) from a 33°C adapting
temperature for subjects M1 (0) and M2 (A).
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Figure 5. The proportion of hits, p(HIT), as a function
of cooling stimulus intensity (at 1°C/sec) from a 33°C adapting
temperature at an a priori probability of stimulation equal to
0.50 for subjects M1 (0) and M2 (4).
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. 0.5. Although the payoff matrix was asymmetric
(time-outs for misses occurred automatically, but
time-outs for false alarms only followed lever
releases), it was constant throughout testing and
therefore could not have produced the bias shift. If
the 3-sec interstimulus interval were not sufficient to
allow readaptation, a “no” bias would be expected. In
fact, a *‘yes” bias occurred at the largest stimulus
intensities. where failure to readapt would have the
greatest effect. Rather, it appears that the bias shift
resulted from the subjects’ responding to the decrease
in stimulus intensity as though it were a decrease in
probability of stimulation. With human subjects,
informed that the a priori probability does not change
as stimulus intensity is decreased, ome would not
expect to find these bias shifts.

The cool thresholds determined for the two subjects
in this study were 0.19° and 0.12°C. Kenshalo and
Hall (1974) used a conditioned suppression technique
and found that the mean threshold for the rhesus (as
determined from Figure 3 of Kenshalo and Hall,
1974) for cooling 7.2 sq cm of the thigh from a 33°C
adapting temperature was 0.07°C. Comparisons of
thermal thresholds across studies where different
techniques are used and different body areas tested
(Stevens, Marks, & Simonson, 1974) are difficult.
But, given these considerations, the agreement
between thresholds is considered to be good.

In this study, the subjects’ ability to detect a
stimulus was measured by dg. In every instance, the
values of dg for both subjects decreased with
decreases in stimulus intensity. Therefore, these
values provide a reasonable measure of stimulus
detectability.

The amount of effort and time involved in obtaining
estimates of signal detectability in monkeys by this
SDT method is large compared to that involved in
other behavioral methods (Stebbins, 1970). Had our
interest been solely the temperature sensitivity of
rhesus, another method would have been used.
However, our interest was to use a method that could
be employed equally with rhesus and humans in order
to provide comparable measurcments of thermal
sensitivity so that cross-species comparisons could be
direct. The SDT methods are the only formal methods
that we are aware of that can be used equally well on
human and infrahuman species and which provide, in
addition to a measure of sensory acuity, a measure
that allows assessment of response bias.
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