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The article, “Constructing receiver operating characteristics
(ROCs) with experimental animals: Cautionary Notes” offered by
Wixted and Squire (2008, this issue) attempts to dismiss our ob-
servation of linear ROC functions in rats performing recognition
tasks in two recent reports (Fortin et al. 2004; Sauvage et al.
2008). The motive for their effort is that the model of recognition
memory they choose to adopt (the single-process model of rec-
ognition memory known as the Unequal Variance Signal Detec-
tion Model) cannot account for a linear ROC, so they are con-
vinced that there must be a violation of key assumptions in sig-
nal detection analysis methodology that artificially causes the
functions to be linear. Of note, our approach has been different;
we examined our data using both the single- and dual-process
models and found that the dual-process model provided a better
fit in both studies.

Wixted and Squire begin with the assertion that linear ROC
functions are almost never observed in humans. However, their
analysis focuses on the linearity of the probability ROCs, which
rests only on the failure to find statistically significant curvilin-
earity. More compelling are analyses that calculate performance
in z-scores, which reveal a statistically significant U-shape curve
in z-space that provides direct evidence for ROC linearity. On
those grounds, our ROCs are in perfect agreement with the vast
majority of the findings from associative recognition tests (59
conditions from 17 different studies) (Parks and Yonelinas 2007),
wherein a large majority showed the U-shaped zROCs as seen in
our studies. U-shaped zROC functions were observed across a
variety of different associative recognition tasks, including tests
of word pairs, memory for location, list membership, and more.

Also, Wixted and Squire emphasize that our use of differen-
tial reward payoffs to manipulate response biases is unique and
suspect. In contrast to this claim, the manipulation of payoff
ratios is considered a valid way to obtain a range of response
criteria to determine ROCs, and this method has been used since
the beginning of signal detection analyses. The use of payoff
ratios was initially used in signal detection analyses on visual
detection performance (Tanner and Swets 1954) and produced
curvilinear ROCs. In their comprehensive review of the literature,
Macmillan and Creelman (1991) conclude: “Payoffs and verbal
instructions, although more time consuming than ratings pro-
vide one important advantage: The data points are statistically
independent, as they are not in a rating-experiment ROC. If the
aim of an experiment is to evaluate theoretical assumptions (e.g.,
that the ROC is regular), then a separate-session procedure may
be indicated. For most practical applications, however, the rating
task is recommended because of its efficiency.” Therefore, while
confidence ratings are more convenient for studies on humans,
the use of payoff ratios is considered valid and does not neces-
sarily produce linear ROCs in humans. Indeed, in our particular
application of payoff ratios, we observed curvilinear ROCs under

some memory demands and linear ROCs under others, using
identical payoff ratio conditions for all conditions (see below).
Therefore, while we appreciate Wixted and Squire’s suggestion of
a different method that has been used to manipulate biases, the
literature provides many precedents for our use of payoff ratios as
equally valid.

We will not further argue these general issues here, except to
highlight that Wixted and Squire’s interpretation of the literature
on the shape of ROC functions and on the use of payoff ratios is
far from consensual. Rather, we will focus on their three main
criticisms: that a valid ROC requires equal accuracy across bias
levels, a “differential outcomes effect” explains the observations
of linear ROCs, and other aspects of our protocol might force the
ROC curve to be linear.

Equal accuracy
Wixted and Squire expressed concern that ROC data are valid
“only if accuracy (measured, for example, as d!) remains constant
across all biasing conditions.” However, d! cannot be calculated
for each bias condition separately without a theory-driven
model. Notably, Wixted and Squire only consider the d! measure
from the view of their single-process model, and the requirement
applies only within that model, i.e., there is a key circularity in
their logic. Nevertheless, to address Wixted and Squire’s concern,
when we calculated d! according to their model, we found that
the variations in accuracy across levels were not significantly
different between our ROCs and theirs (for each ROC, we calcu-
lated the overall d!, the d! for each of the five biases, and five
“variation scores,” each representing the difference between the
d! of one bias and the overall d!). We used unpaired t-tests to
compare the variation scores of each of our ROCs in both the
Fortin et al. (2004) and the Sauvage et al. (2008) studies to those
of their 1-h control data reported in Wais et al. ([2006], their Fig.
3, top, left; all P-values >0.05). So, our data are as valid as those
reported by Wixted and Squire, according to their own measure
of accuracy.

An alternative approach to evaluate accuracy involves the
most commonly used accuracy score—percent correct
[P(hit) + (1 " P(FA))]/2 # 100—which can be readily calculated
for each bias. Notably, ROC functions in both humans and rats
are typically asymmetrical, characterized by an upward shift on
the left side of the function, so percent correct necessarily varies
across levels, and this is the case both for curvilinear and linear
ROCs and both for humans and rats. For example, in a recent
study by Wixted and coworkers (Wais et al. 2006), accuracy
across levels for the asymmetrical ROC observed for young hu-
man subjects at 1-h delay varied from 69% to 85%, a 16-point
range. By this standard, all of our data, including those derived
from linear as well as curvilinear ROCs, involved smaller ranges
of scores (8%–13%) and, therefore, are at least as valid as their
own. Measuring accuracy this way, equal accuracy is obviously
not required for construction or interpretation of ROC functions.
Importantly, Wixted and Squire can hardly complain that per-
cent correct is an invalid measure of accuracy, because they relied
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on this accuracy measure in describing the differential outcomes
effect, discussed next.

The differential outcomes effect
The differential outcomes effect is NOT relevant to our protocol.
In every study, including all three that are cited by Wixted and
Squire (Trapold 1970; Santi and Roberts 1985; DeMarse and Ur-
cuioli 1993), the differential outcomes (rewards) occur following
a correct response to a stimulus or stimulus pairing, and learning
of a set of stimulus–response–reward combinations is measured
by the increase in performance accuracy (always measured as
percent correct) over the course of many repetitions of the same
combinations. In other words, this effect involves learning to
associate specific stimuli and responses with different rewards,
and the effect emerges only after hundreds of repetitions of these
specific stimulus–response–reward combinations. This is not at
all similar to our experimental design, in which each stimulus is
presented only once and rewarded equally prior to a single
memory test. It is important to understand the details of the
behavioral protocol in each case of the differential outcomes ef-
fect and of our studies. In Trapold (1970), rats hear one of two
sounds, and then must press the appropriate one of two bars to
be rewarded—differentially or not differentially—for each Stimu-
lus–Response combination. They learn faster, after a few hundred
repetitions of the S–R–reward combinations, under differential
rewards. In Santi and Roberts (1985), pigeons are presented with
a red or green sample key, and then must peck the matching
color key in a test to obtain different or the same rewards for each
color. They are trained with the differential stimulus–match–
reward contingencies for hundreds of trials. Subsequently, their
accuracy over hundreds of additional repetitions of those stimu-
lus–match–reward combinations is superior with different re-
wards. In DeMarse and Urcuioli (1993), pigeons learn a set of
two-stimulus sequences associated with differential or the same
reward outcomes. For each sequence, they first peck at one of two
first visual patterns, then must choose the assigned second visual
pattern to obtain reward, wherein different stimulus pairings are
rewarded differently or the same. They learn these stimulus1–
stimulus2–response–reward combinations more rapidly with dif-
ferential rewards, albeit only after hundreds of repetitions on all
of the combinations.

In contrast, in our protocol each sample stimulus is pre-
sented just once and responding to that stimulus always pro-
duces the identical reward. Then, recognition memory is assessed
by a single go or no-go response to each new and old stimulus,
respectively. Only AFTER the recognition response is made can
the subject obtain differential rewards whose values vary across
bias levels. The effect of differential reward for the response to a
particular test stimulus is not subsequently measured, so there is
no opportunity for a differential outcomes effect. Wixted and
Squire are mistaken in their application of this effect, and this
erroneous claim is most egregious in their interpretation of the
DeMarse and Urcuioli (1993) study, where a superficial reading
can be deceptive. They conclude that, “. . . even when the re-
wards are not predictable during sample presentation” the dif-
ferential outcomes effect is observed. What Wixted and Squire do
not mention is that the “sample” in the DeMarse and Urcuioli
(1993) study is just the first element of each stimulus pair, the
response to the entire correct pairing is associated consistently
with a differential reward, and the benefit of differential rewards
emerges only after hundreds of repetitions of these specific
stimulus–response–reward combinations.

Furthermore, it turns out that the predictions of the differ-
ential outcomes effect are opposite to the pattern of findings in
our experiments. As mentioned earlier, accuracy as measured by
d! does not vary significantly across the biases in our studies,

providing strong support for the validity of our approach in pro-
ducing ROC curve. However, when accuracy is measured using
percent correct, as in all of the differential outcome effect studies
mentioned above, it is clear that animals actually perform less
accurately with the most differential amounts of rewards (bias
level 1, right side of curve, see Fig 1) compared with the same
amount (bias 5, left side) for go and no-go responses. This pattern
corresponds to the typical asymmetry in both linear and curvi-
linear ROC functions and is opposite to the pattern seen under
the differential rewards effect. Clearly, the differential outcomes
effect could not work and is not at work in our studies.

Other unusual task parameters that might affect
accuracy
Does any conceivable aspect of our experiments, such as reward
contingencies, differences in the total amount of reward that can
be obtained or in response effort across bias levels, or other vari-
ables unique to our behavioral protocol, drive our ROC functions
to be linear? No. Wixted and Squire neglected to mention that
while using the identical reward and effort contingencies, we
observed either a linear or a curvilinear ROC in Controls by sim-
ply varying the memory demands. Furthermore, these data pro-
vide a compelling test of what factors in our protocol determine
whether the ROC is curvilinear or linear. Combining the data
across our two studies, the key comparisons involve the data
from Control rats tested on item recognition with 30 and 75 min
memory delays in the Fortin et al. (2004) study and the Control
rats tested on associative recognition in the Sauvage et al. (2008)
study. Other than the differences in delays (30 or 75 min) and in
the stimuli (items or pairs) just mentioned, we used the identical
protocol, including all of the reward contingencies and differen-
tial effort, under all conditions, in both experiments. In the item
recognition task, Control rats had a curvilinear ROC (Fig. 1A). In
contrast, in the associative recognition study, Control rats had a
linear ROC (Fig. 1B). Because the reward contingencies, as well as
all other aspects of the protocol, were the same for both studies,
we can conclude that variations in the reward contingencies did
not cause the ROC function to change from curvilinear to linear.
Instead, a curvilinear ROC resulted when the stimuli were single
items, whereas a linear ROC resulted when the stimuli were item-
medium pairs, consistent with predictions of the dual-process
model. Another useful comparison involves the performance of
the same Control rats in the Fortin et al. (2004) study tested at 30
min versus 75 min memory delays using identical protocols, in-
cluding the reward contingencies. Whereas a curvilinear ROC
was observed with a 30-min delay (Fig. 1A), a linear ROC was
obtained with a 75-min delay (Fig. 1C). It was the delay and not
any variations in the reward contingencies or other task variables
that determined the shape of the ROC function. These compari-
sons provide compelling evidence that the ROCs can be linear or
curvilinear, depending on the memory demands, under identical
reward contingencies and other task parameters. Importantly,
our observations of linear ROCs in some of these conditions are
similar to observations in humans where, contrary to Wixted and
Squire’ claims, linear ROCs have been observed in associative
recognition (see above) and with elongated memory delays
(Hockley 1992; Yonelinas and Levy 2002).

In conclusion, Wixted and Squire make a flawed attempt to
dismiss our findings because they strongly challenge the single-
process theory of recognition memory. Linear ROC functions are
common in particular types of recognition performance and dif-
ferential reinforcement is a legitimate procedure for directly ma-
nipulating response biases. We encourage readers to devote the
significant effort required to carefully examine the literature on
the differential outcomes effect, because they will find that the
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effect is not relevant to our experiments and it is misleading to
claim that it is. Nor do differences in maximum rewards or effort
across bias levels, or any other aspect of our protocol, explain
why the ROC function of intact rats is linear under some memory
demands and curvilinear under others, under the identical re-
ward and effort contingencies. Instead, different memory de-
mands consistent with dual-process theory determine whether
the ROC function is linear or curvilinear.
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Figure 1. Two manipulations of memory demands that make a curvilinear ROC become more linear. (A) Curvilinear ROC observed in item recognition.
(B) Linear ROC observed for associative recognition. (C) Linear ROC observed in item recognition with increased memory delay. Note that the
reward/effort contingencies and all other aspects of the behavioral protocol are identical across these conditions. Numbers in ROC functions refer to bias
levels (see text).
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