
Understanding the interaction between emotion and 
memory is central to understanding our motivations, our 
behavior, and our well being. In laboratory research, a 
study–test procedure is often used that varies the emo-
tional content of studied materials. Such materials usu-
ally consist of words or pictures that vary in the responses 
they provoke in the average individual (Lang, Bradley, 
& Cuthbert, 1992, 2005). These normatively emotional 
stimuli vary on two distinct dimensions: valence, or the 
item’s subjective emotional value, ranging from positive 
to negative; and arousal, or how subjectively intense or 
exciting it is, ranging from low to high. Although the two 
variables are positively correlated, a large number of prior 
findings have shown that both are involved in enhancing 
memory (e.g., Hamann, Cahill, & Squire, 1997; see Ha-
mann, 2001, for a review).

Enhanced memory of emotional events has been at-
tributed to the activation of the amygdala (Windmann & 
Kutas, 2001), the capture of attention (Cahill, Babinsky, 
Markowitsch, & McGaugh, 1995; Cahill & McGaugh, 
1998; Estes & Adelman, in press; Hamann, 2001; Ochsner, 
2000), the binding of emotional stimuli to context (Mac-
Kay et al., 2004; Mather & Nesmith, 2008), and stimulus 
distinctiveness (Ochsner, 2000; reviewed in Christianson, 
1992). Even though one might question whether these 
explanations are mutually exclusive, all of them predict 
that memory should be better for events that elicit height-
ened states of emotion or arousal. However, the findings 
concerning enhanced memory for emotional stimuli have 

come largely from free recall experiments (e.g., Danion, 
Kauffmann-Muller, Grange, Zimmermann, & Greth, 
1995; Doerksen & Shimamura, 2001; Guy & Cahill, 1999; 
Hertel & Parks, 2002; Kensinger, Brierley, Medford, 
Growdon, & Corkin, 2002; Kensinger & Corkin, 2003). 
The findings in the episodic recognition literature are far 
less consistent in their support of these hypotheses. Some 
have shown that negative words are recognized better than 
neutral words (Comblain, D’Argembeau, Van der Linden, 
& Aldenhoff, 2004; Hamann, 2001; Kensinger & Corkin, 
2003; Ochsner, 2000; Pesta, Murphy, & Sanders, 2001), 
whereas others have shown no difference in accuracy for 
neutral versus negative words (Doerksen & Shimamura, 
2001; Ochsner, 2000). Still others have found decreased 
accuracy for negative stimuli (Danion et al., 1995; Dougal 
& Rotello, 2007; Maratos, Allan, & Rugg, 2000). In ad-
dition, some have shown that positive stimuli are recog-
nized no better than neutral stimuli (Comblain et al., 2004; 
Dougal & Rotello, 2007; Ochsner, 2000), whereas oth-
ers have shown that positive stimuli are recognized worse 
than neutral stimuli (Dougal & Rotello, 2007). Thus, there 
is no consensus about whether emotional stimuli are rec-
ognized better than neutral stimuli.

Some have argued that negative stimuli simply produce 
a more liberal response bias than do neutral stimuli (Dou-
gal & Rotello, 2007; Leiphart, Rosenfeld, & Gabrieli, 
1993; Windmann & Kutas, 2001), and several researchers 
have reported greater bias associated with positive stimuli 
(Comblain et al., 2004; Henriques, Glowacki, & David-
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where HR is the observed hit rate, FAR is the observed false 
alarm rate, z(X) is a z score transformation of probability 
X, and σ is the variance of the target and foil distributions 
of familiarity. Note that in addition to being affected by 
changes in the means of the target and foil distributions, 
d ′ is also affected by changes in σ. Recognition accuracy 
decreases as the variances of the distributions increase.

Bias is modeled as a shift in the criterion value, and 
common measures of bias are also derived from the ob-
served hit and false alarm rates. One of the most com-
monly used measures of bias is c:

 c z z= − +0 5. [ ( ) ( )].HR FAR  (2)

Thus, c increases as the sum of the HR and the FAR 
increases.

Much of the literature on the effect of emotion on 
recognition memory has utilized d ′ and c to distinguish 
between changes in accuracy and changes in bias (e.g., 
Dougal & Rotello, 2007; Ochsner, 2000). However, one 
of the critical assumptions underlying d ′ and c is discon-
firmed by ROC analyses of recognition data. To see why, 
consider that an ROC plots the entire range of possible 
HR–FAR pairs for a given level of accuracy as a function 
of bias. This range, according to signal detection theory, is 
always from (0, 0) to (1, 1), not inclusive. To construct an 
ROC, one must, therefore, obtain several HR–FAR pairs 
that correspond to different levels of bias (Green & Swets, 
1966; Macmillan & Creelman, 2005; Malmberg, 2002; 
Malmberg & Xu, 2006). This is most often accomplished 
using a confidence ratings task (Egan, 1958; Macmillan & 
Creelman, 2005; Malmberg, 2002). It is assumed that the 
confidence rating assigned by the subject to a given stimu-
lus is the rating associated with the highest criterion that 
the familiarity of the stimulus exceeds. Thus, a different 
HR–FAR pair is obtained from each rating’s criterion. The 
function relating them is the ROC, and an n-point rating 
scale produces an n  1 point ROC. This is illustrated in 
the top left panel of Figure 1.

Our present assumptions make specific predictions 
about the form of the ratings ROC. It is curvilinear and 
symmetrical. This is illustrated in the top middle panel of 
Figure 1. When the ROC is z-transformed, a zROC is ob-
tained, which is shown in top right panel of Figure 1. The 
zROC is linear with a slope of 1.0. Note that d ′ equals the 
distance between the zROC and the main diagonal, which 
runs from {0, 0} to {1, 1}. Thus, HR–FAR pairs that lie 
on the same zROC correspond to the same level of d ′ (i.e., 
level of accuracy).

The slope of the zROC equals the ratio of the variance 
of the foil distribution to the variance of the target distribu-
tion (Green & Swets, 1966). We have assumed that the un-
derlying distributions have equal variance, and this is why 
the slope of the zROC plotted in Figure 1 is equal to 1.0. In 
contrast, a large number of experiments have consistently 
shown that the slope is less than 1.0 (Egan, 1958; Ratcliff, 
Sheu, & Gronlund, 1992; for a review, see Parks & Yoneli-
nas, 2007). Hence, the slope of the recognition memory 
zROC disconfirms the equal- variance assumption. This 
has an important implication. To see why, consider the 
bottom three panels of Figure 1. The left panel illustrates 

son, 1994; Ochsner, 2000). The literature on recognition 
memory for arousing material is somewhat clearer. Stimuli 
with a high arousal value are recognized better (Hamann 
et al., 1997; Kensinger & Corkin, 2003), although there is 
some evidence that suggests that the relationship is a non-
monotonic one (Ochsner, 2000). Interestingly, although 
reports of bias for high-arousal words do exist (Comblain 
et al., 2004; Ochsner, 2000), arousal is not hypothesized to 
affect bias, suggesting that valance and arousal have quali-
tatively different effects on recognition performance.

In this article, we explore the effects of emotion and 
arousal on recognition memory accuracy and bias, utiliz-
ing two different methods. Our goal is to establish whether 
and, if so, how recognition is affected by emotional stim-
uli, and we hope to draw relatively strong conclusions. To-
ward this end, in Experiments 1 and 2, receiver operating 
characteristic (ROC) analyses were utilized to separately 
measure changes in accuracy and changes in bias. In Ex-
periments 3 and 4, two-alternative forced choice (2AFC)
analyses were utilized, which allowed us to relax the as-
sumptions required by signal detection theory and attempt 
to generalize our findings. The results from both types of 
experiments led to consistent conclusions. Before describ-
ing our findings, however, we will begin with a primer on 
signal detection analyses. This will allow us to understand 
some of the inconsistencies in the literature within a co-
herent theoretical framework.

Distinguishing Between Changes in Accuracy 
and Bias Using ROC Analyses

The current debate is whether recognition memory for 
emotional materials is more accurate or more biased than 
recognition memory for neutral materials (e.g., Dougal & 
Rotello, 2007; Ochsner, 2000; Windmann & Kutas, 2001). 
One way of distinguishing between changes in recognition 
accuracy and changes in bias is to conduct ROC analyses, 
which are usually based on the assumptions of signal de-
tection theory (Green & Swets, 1966). According to the 
classical signal detection model, recognition is based on 
a continuous random variable that is often conceptualized 
as familiarity. That is, each item elicits a level of famil-
iarity when memory is probed, and targets (T) are more 
familiar on average than foils (F) because they were re-
cently studied. The old/new recognition decision is based 
on the comparison of the familiarity associated with the 
test stimulus and a subjective criterion. If the familiar-
ity of the item exceeds the criterion it is called old; if it 
does not, the item is called new. Thus, μT . μF, where μT 
and μF refer to the mean familiarities of targets and foils, 
respectively, and the greater the difference is between the 
average familiarities of targets and foils, the greater rec-
ognition accuracy will be. The top left panel of Figure 1 
illustrates the signal detection model.

If we assume that the underlying familiarity values of 
targets and foils are normally distributed and the variances 
of these distributions are equal, recognition accuracy is 
computed as

 ′ =
−

= −d
µ µ

T F HR FAR


z z( ) ( ),  (1)
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Which of the unequal-variance measures are most ap-
propriate for recognition memory? The best measures of 
accuracy will minimize the differences in accuracy aris-
ing from the slope of the zROC, since accuracy should be 
related only to the degree to which the underlying distribu-
tions overlap, and not to the relative variances of the under-
lying distributions. To see why, consider Figure 2. In the top 
panel, the variance of the target distribution is greater than 
variance of the foil distribution, and the opposite situation 
is shown in the middle panel. In both cases, the distributions 
overlap by exactly the same amount, and hence, targets and 
foils are equally discriminable in both cases. However, the 
slope of the zROC obtained from the distributions in the top 

the unequal-variance model that is consistent with a rec-
ognition memory zROC with a slope less than 1.0. The 
middle panel plots the corresponding asymmetrical ROC, 
and the right panel shows the corresponding zROC. The 
zROC no longer has a slope of 1.0 and is no longer parallel 
to the main diagonal, and the HR–FAR points that corre-
spond to different levels of bias produce different values 
of d ′ (i.e., accuracy). Thus, d ′ and c are not independent 
when the equal-variance assumption is violated.

One way to address the violation of the equal-variance 
assumption is to obtain a multipoint zROC and to take into 
account its slope when computing measures of sensitiv-
ity and bias. There are four alternatives available to the 
researcher:

 ′ =
−

= −
d

z z

s1

µ
T F

F

HR FARµ
σ

( ) ( )
, (3A)

 ′ =
−

= −d z s z
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 d
s

z sz
a

=
−

( ) =
+







−
µ

T F

T F
rms

HR FA
µ

σ σ,
( ) (

2

1 2

1

2

RR), (3C)
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µ
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where s is the slope of the zROC and rms is the root-mean 
square of the variances of the underlying distributions.

There are three important things to note about this fam-
ily of equations. First, all four equations are equal to d ′ 
(Equation 1) only when s 5 1.0. Second, d ′1 and d ′2 take 
into account the variance of only one of the underlying 
distributions, whereas da and d ′e take into account the vari-
ances of both of the underlying distributions. Hence, we 
should expect that da and d ′e are better measures of accu-
racy, and they are (Macmillan & Creelman, 2005).1 Last, 
and most important for present purposes, all of the mea-
sures are affected by the slope of the zROC, and hence, if 
there are differences in the observed slopes of the zROCs 
associated with different classes of stimuli, this will affect 
our measures of accuracy. For each measure of accuracy, 
there is a corresponding measure of bias:

 c
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Again, note that each measure of bias is affected by the 
slope of the zROC.

Figure 2. Signal detection models that illustrate why the rela-
tive variances of the underlying distributions should not affect 
accuracy. ROC, receiver operating characteristic; HR, hit rate; 
FAR, false alarm rate.
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independence problem. As it turns out, however, signifi-
cant differences in the slopes of the zROCs associated 
with emotional stimuli have been reported (Dougal & 
Rotello, 2007). Thus, since all measures of accuracy and 
bias are going to be affected by differences in the slope 
of the zROC, the two important empirical questions are 

panel is less than 1.0, but the slope of the zROC obtained 
from the distributions in the middle panel is greater than 
1.0 Thus, the unequal-variance measures will give different 
results even though accuracy should be the same.

So far, we have seen that the unequal-variance mea-
sures of accuracy and bias are a potential solution to the 

Figure 3. Theoretical dependence of receiver operating characteristic (ROC) measures of accuracy upon the slope of the ROC. Hit 
and false alarm rates of (.7, .3), (.8, .2), and (.9, .1) are assumed for the top, middle, and bottom panels, respectively. When the ROC 
slope is less than one or the variance of the old distribution is greater than that of the new distribution, measures of accuracy change 
as a function of the slope of the ROC. Accuracy is over- or underrepresented depending on which measure is used, and da is the most 
appropriate measure of accuracy because it is least dependent on ROC slope.
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and nonarousing words. We conducted ROC analyses in 
Experiments 1 and 2, whereas Experiments 3 and 4, we 
distinguish between accuracy and bias effects by using a 
2AFC test procedure, in order to provide converging evi-
dence for the conclusion drawn from the first two experi-
ments. We will discuss this method after we present the 
results of Experiments 1 and 2.

ExpERiMEnT 1

In Experiment 1, we varied the mean subjective emotional 
responses to words while controlling for a large number of 
other variables, including arousal. To address the measure-
ment issues, we conducted a confidence ratings experiment 
in order to generate the zROCs necessary to independently 
measure accuracy and bias and to minimize the effect of the 
violation of the equal-variance assumption.

Method
Subjects. Thirty undergraduates from the University of South 

Florida participated in exchange for course credit.
Materials and Design. The stimuli were identical to those used 

by Joormann, Hertel, Brozovich, and Gotlib (2005). They consisted 
of 108 words drawn from the Affective Norms for English Words 
corpus (ANEW; Bradley & Lang, 1999). Thirty-six words were 
operationally defined as negative, positive, or neutral in valence. 
Negative words had valence ratings below 4.0 (ranging from 1 for 
negative to 9 for positive), neutral words had ratings between 4.0 
and 6.0, and positive words had ratings above 6.0. The mean rat-
ings were 2.3, 5.4, and 7.5 for negative, neutral, and positive words, 
respectively, and each stimulus class controlled for arousal value, 
semantic interrelatedness (as measured by latent semantic analysis 
matrix comparison; Landauer, Foltz, & Laham, 1998), as did Dougal 
and Rotello (2007), normative frequency in the natural language, 
and word length, so that mean values on these dimensions were not 
significantly different between conditions.

The presentation and the collection of data were carried out on 
personal computers in individual sound-attenuated subject booths. 
Each word was randomly assigned anew for each subject to the tar-
get and foil conditions by the computer. The study list consisted of 
18 negative, positive, and neutral words, for a total study list length 
of 54. The order of presentation was determined randomly and anew 
for each subject. The words on the study list served as targets during 
testing, and the remaining 54 words served as foils. The order of 
testing was randomly determined anew for each subject.

procedure. During the study phase, the subjects were presented 
one word at a time in the center of a computer screen, and they were 
instructed to read the words silently on the computer in preparation 
for a later memory test, the nature of which was unspecified. Each 
study word was presented for 2.5 sec with an interstimulus interval 
of 150 msec. The study phase was followed by a 90 sec distractor 
task in which the subjects mentally summed digits. The test list con-
sisted of 108 self-paced confidence rating trials. On each trial, a sin-
gle test word was presented, and the subjects’ task was to rate their 
confidence that the word had been studied. Responses were entered 
on the computer keyboard. Possible responses were as follows: 1 5 
very confident this word was studied, 2 5 less confident this word 
was studied, 3 5 less confident this word was not studied, and 4 5 
very confident this word was not studied. Hence, responses 1 and 2 
signify old responses, and 3 and 4 signify new responses.

Results
The results are presented in Table 1. For the statisti-

cal analyses, an alpha level of .05 was used. Significance 
tests of unidirectional hypotheses are one-tailed paired 
comparison t tests. Of the 29 subjects, 1 was excluded 

the following: (1) How are accuracy and bias affected by 
differences in the slope of the zROC? and (2) Which mea-
sures of accuracy and bias are least affected by differences 
in the slope of the zROC? The answers to these questions 
will determine which measures are most appropriate for 
addressing the question of whether recognition memory 
for emotional stimuli is more accurate or biased.

The left panels of Figure 3 plot the various measures of 
accuracy (Equations 3A–3D) and bias (Equations 4A–4D) 
as a function of the slope of the zROC obtained under a con-
stant HR and FAR. None of the measures are independent of 
the relative variances of the underlying distributions. How-
ever, some are much more affected by the slope of the zROC 
than are others. Furthermore, the degree to which these 
measures are affected by zROC slope seems to increase as 
accuracy increases, as is depicted in the top, middle, and 
bottom panels of Figure 3. We are particularly interested 
in how the slope affects the measures when it is between .5 
and .9, because this is the interval in which the vast majority 
of zROC slopes have been reported (see Rotello, Macmillan, 
& Reeder, 2004, for a review). Figure 3 shows that the mea-
sures that take into account both the variance of the target 
distribution and the variance of the foil distribution are the 
ones least affected by the slope of the zROC (i.e., da, d ′e, ca, 
and ce); hence, these measures are the most appropriate ones 
when the slopes of the zROCs vary across conditions.

To the best of our knowledge, only one signal detection 
analysis of recognition memory for emotional stimuli 
has been reported (Dougal & Rotello, 2007). Its results 
suggested that emotional stimuli were recognized worse 
than neutral stimuli and that there was bias to respond 
old to emotional stimuli. However, we note that Dougal 
and Rotello used the less desirable d ′ and d ′1 as their de-
pendent measures of accuracy, and they chose c as their 
dependent measure of bias. The problem with d ′ and c 
is that they do not independently measure accuracy and 
bias when recognition memory is tested. An additional 
problem arises from d ′1’s taking into consideration only 
the variance of the foil distribution. The upper panels of 
Figure 4 plot Dougal and Rotello’s observed measures 
of performance as a function of the slope of the zROC 
associated with them. There are clear negative relation-
ships between both Dougal and Rotello’s observed lev-
els of accuracy and bias and the slope of the zROC in 
a given condition. We have plotted a linear regression 
line to better illustrate these relationships. The strong 
negative relationships between d ′1 and c and slope are 
consistent with the theoretical anomalies associated with 
these measures that are plotted in Figure 3. Thus, it ap-
pears that the slope of the zROCs had an undue influence 
on their measures. Most important, the neutral stimuli 
produced zROCs with the shallowest slopes, and hence, 
accuracy and bias in these conditions were overestimated 
relative to emotional stimuli conditions.

Here, we will present four experiments that addressed 
memory for emotional stimuli. We manipulated the va-
lence and arousal value of the stimuli by testing lists of 
normed words. In Experiments 1 and 3, we investigated 
memory for emotional and neutral words, and in Ex-
periments 2 and 4, we investigated memory for arousing 
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2.46, respectively] and neutral words [t(27) 5 1.84 and 
1.73, respectively], but there was not a reliable difference 
in bias for negative versus neutral words.

We next measured accuracy and bias, using d ′1 and c, 
the measures used by Dougal and Rotello (2007). This 
analysis revealed a different pattern of results, as is shown 
in the bottom two panels of Figure 4. There were no dif-
ferences in accuracy by word condition when measured by 
d ′1. However, bias as measured by c was more liberal for 
negative words and neutral words than for positive words 
[t(27) 5 1.94 and 1.88, respectively], and there was not 
a reliable difference in bias between negative and neutral 
words. These results demonstrate the susceptibility of the 
d ′1 and c measures to changes in the zROC.

ExpERiMEnT 2

The results of Experiment 1 were that both negatively 
and positively valenced words were recognized better than 
neutral words and that there was a greater tendency to re-
spond old to positive words than to neutral words. Another 
dimension of emotion is arousal. However, in Experiment 1 
we controlled for arousal. The goal of Experiment 2 was to 

from analysis because the zROC produced was unusually 
extreme in one condition (s 5 5.65).

zROC slopes. For all stimulus types, the slopes of the 
zROCs were reliably less than 1.0, suggesting that the vari-
ances of the underlying distributions were not equal. In 
addition, the slope of the negative-word zROC was signifi-
cantly less than the slope of both the positive-word zROC 
[t(27) 5 1.95] and the neutral-word zROC [t(27) 5 2.57]. 
The slopes of the neutral- and positive-word zROCs were 
not significantly different. These findings confirm the im-
portance of taking into account the slope of the zROC in 
order to minimize differences in accuracy and bias arising 
from differences in the relative variances of the underlying 
familiarity distributions between affective conditions.

Accuracy and bias. Emotional stimuli were rec-
ognized better than neutral stimuli. Accuracy as mea-
sured by da and d ′e was greater both for negative words 
[t(27) 5 1.97 and 2.05, respectively] and for positive 
words [t(27) 5 2.16 and 2.04, respectively] than for neu-
tral words. There was not a reliable difference in accuracy 
between the  negative- and the positive-word conditions. 
Bias as measured by ca and ce was more liberal for posi-
tive words than for both negative words [t(27) 5 1.98 and 

Figure 4. Reports of accuracy and bias for neutral, negative, and positive words as a function of receiver operating characteristic 
(ROC) slope for Dougal and Rotello (2007) in the upper panels and for Experiment 1 in the lower panels.
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(ce) against the slopes of the zROCs that we observed in 
Experiment 1, in order to determine whether there is a sys-
tematic relationship between them. There were reliable dif-
ferences in the slopes observed for negative words, relative 
to those observed for neutral or positive words. However, 
the regression line in the lower left panel shows very little 
relationship between our measure of accuracy and slope 
(R2 , .01). Thus, it appears that the differences in accuracy 
associated with emotionally valenced stimuli are not due to 
the difference in the relative variances associated with them. 
Moreover, Table 1 shows that the slopes in the low-arousal 
and the high-arousal conditions were not significantly dif-
ferent, yet we observed a large difference in accuracy be-
tween these conditions. Likewise, there was a positive bias 
in responding only to positive words, and not to negative 
or neutral words. The lower right panel of Figure 4 does 
show a shallow negative correlation between slope and our 
measure of bias. Although this relationship is much smaller 
than the one observed in Dougal and Rotello’s (2007) data, 
it is still possible that differences in the relative variances 
of the underlying distributions contributed to the reliably 
greater response bias that we observed for positively va-
lenced stimuli. Since the neutral and positive words actually 
had the greatest slope on average, however, we would have 
expected that bias would have been greater in both of these 
conditions if relative variance was a major factor influenc-
ing our measure of bias, but this was not the case.

Discriminating Changes in Accuracy and 
Changes in Bias Using 2AFC procedures

Emotional words were recognized better than neutral 
words, and there was bias to respond old to positively va-
lenced stimuli. It would be desirable to generalize these 
findings to a different procedure, for two reasons: (1) The 
basis for our conclusions is a relatively large number of 
measurement assumptions associated with signal detec-
tion theory, and (2) even while making every effort to con-
trol for the influence of slopes on our measures of  bias, we 
did observe a weak relationship between slope and bias. In 
Experiments 3 and 4, we attempted to provide converging 
evidence by using a 2AFC procedure.

Under standard testing conditions, the 2AFC is between 
one target and one foil. Bias does not enter into the equa-
tion, because both items are of the same emotional status. 
Thus, a relatively pure measure of accuracy is obtained 
by simply observing the proportion of correct choices 
made. Using the 2AFC procedure, for instance, Sharot and 

determine whether our findings in Experiment 1 that sug-
gest that valenced stimuli are recognized better than neu-
tral stimuli extend to the arousal component of emotion. 
Hence, arousal (high vs. low) was varied while controlling 
for a wide variety of other factors, including valence.

Method
Subjects, Materials, and procedure. Sixty-three undergradu-

ates from the University of South Florida participated in exchange 
for course credit. Seventy-two words were drawn from the ANEW 
norms to make two lists of 36  words each that were either high or 
low in arousal value. Mean arousal values were 5.59 for high-arousal 
and 3.38 for low-arousal words on a 9-point scale. We also controlled 
for valence (high, M 5 5.00, SD 5 0.62; low, M 5 5.00, SD 5 0.37), 
semantic interrelatedness (as measured by latent semantic analy-
sis matrix comparison; Landauer et al., 1998), frequency, and word 
length, so that mean values were not significantly different between 
lists. The study list was composed of 18 randomly ordered high-
 arousal and 18 low- arousal words drawn from the lists of 36. The 
recognition procedure was identical to that in Experiment 1.

Results and Discussion
We estimated the zROC slopes using a linear regres-

sion on the observed data points. The mean slopes of the 
zROCs are found in Table 1. There was not a significant 
difference between the high- and low- arousal groups 
[t(61) 5 0.24]. Paired one-tailed t test comparisons of da 
and d ′e showed greater accuracy for high- arousal words 
relative to low-arousal words [t(27) 5 1.97 and 2.05, 
respectively]. Although there was a slight trend suggest-
ing a greater bias to respond old in the low-arousal word 
condition, no significant differences in ca or ce between 
high- and low-arousal words were observed [t(61) 5 1.29 
and 1.48, respectively]. Thus, high-arousal words were 
recognized better than low-arousal words, but arousal did 
not reliably affect old/new response bias.

Experiments 1 and 2 produced consistent results, in-
sofar as emotional and highly arousing stimuli produced 
more accurate recognition than did neutral or less arous-
ing stimuli. In our earlier discussion, however, we dem-
onstrated why one must take into account the slope of 
the zROC in order to minimize the influence of slope on 
our dependent measures. For instance, both da and d ′e are 
negatively related to slope (if only slightly). Hence, we 
questioned whether the present results might be due to the 
influence of the relative variances of the underlying distri-
butions, and not to actual differences in discriminability.

To address this issue, we plotted, in the lower panels of 
Figure 4, our dependent measures of accuracy (da) and bias 

Table 1 
Results of Receiver Operating Characteristic (ROC) Analyses by 

Valence and Arousal for Experiments 1 and 2

Experiment 1 Experiment 2

Negative Neutral Positive High Arousal Low Arousal

zROC  M  SD  M  SD  M  SD  M  SD  M  SD

Slope 0.54 0.36 0.71 0.41 0.84 0.52 0.80 0.65 0.83 0.69
da 1.81 1.20 1.39 0.73 1.86 1.21 1.79 1.04 1.46 0.81
d ′e 2.02 1.48 1.49 0.79 1.97 1.34 1.94 1.16 1.58 0.84
ca 0.05 0.52 0.08 0.35 0.26 0.42 0.17 0.36 0.25 0.42
ce  0.01  0.35  0.08  0.29  0.23  0.34  0.15  0.31  0.23  0.36
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stimuli and held a large number of other variables constant, 
including arousal. Responses to the standard pairs allowed 
us to infer differences in accuracy attributed to valence. For 
these pairs, memory was tested with an old and a new word 
of the same valence. For null pairs, both words of the test 
pair were either old or new, and an emotional word was al-
ways paired with a neutral word. We can infer the presence 
of bias if, on average, subjects tend to endorse emotional 
words as old more often, relative to neutral words, in both 
the null-target pairs and the null-foil pairs.

Method
Subjects, Materials, and procedure. Eighty undergraduates 

from the University of South Florida participated in exchange for 
course credit. Word lists were identical to those used in Experi-
ment 1, and the study list was composed of 14 negative, 14 positive, 
and 18 neutral words, for a total of 46 words. The study list compo-
sition was necessary given the constraints of the 2AFC task, and as 
before, these words were drawn from each word list and randomly 
ordered to form the study list. The study procedure was identical to 
that in Experiment 1 and was followed by a 90-sec distractor task. 
The subjects next completed the 2AFC task. On each test trial, a 
standard or null pair was presented, and the subjects chose which 
word they felt had been studied. Of 46 test trials, 30 were standard 
pairs and 16 were null pairs.

Results and Discussion
The arc-sines of the mean probabilities of correct re-

sponse scores were analyzed. Paired t test comparisons 

Phelps (2004) reported greater accuracy for high-arousal 
words than for neutral words but did not measure differ-
ences in bias. However, the 2AFC procedure can be used 
to assess response bias by using null-choice comparisons 
(e.g., Glanzer & Adams, 1990; Glanzer, Adams, Iverson, & 
Kim, 1993; Hicks & Marsh, 1998; Malmberg & Murnane, 
2002; Ratcliff & McKoon, 1995; Zeelenberg, Wagenmak-
ers, & Rotteveel, 2006). For the null-choice trials, either 
two targets or two foils are presented that vary with respect 
to the factor that is manipulated experimentally. These tri-
als are intermixed with the standard trials, and hence, the 
subject must simply choose which of the two alternatives 
was studied. Of course, there is no single correct answer 
for the null comparisons, and bias is revealed if there is a 
greater-than-chance tendency to choose one level of the 
factor over the other level of the factor for both the null-
target comparisons and the null-foil comparisons. For in-
stance, a null-target comparison might include a negative 
target and a neutral target, and a null foil comparison might 
include a negative foil and a neutral foil. If there is greater 
bias to call negative items old, subjects should select the 
negative alternatives at a greater-than-chance rate.

In the absence of response bias and in the presence of 
differences in accuracy, performance on the null compari-
son trials can tell us something important about why accu-
racy changed. To see why, assume that we have observed in 
the standard comparisons greater recognition accuracy for 
negative words than for neutral words. If the negative alter-
native is chosen less often in the null-target comparisons, 
but not in the null-foil comparisons, the average familiarity 
of the negative targets is greater than the average familiarity 
of neutral targets, and the average familiarity of negative 
and neutral foils is about the same (represented in the top 
panel of Figure 5). If the negative alternative is chosen less 
often in the null-foil comparisons, but not in the null-target 
comparisons, the average level of familiarity of the nega-
tive foils is less than the average familiarity of the neutral 
foils, and the average familiarity of negative and neutral 
targets is about the same (represented in the bottom panel of 
Figure 5). In both conditions, this is what we might expect, 
for instance, if negative words were encoded better or more 
distinctively than neutral words. In the former case, both the 
negative and the neutral items begin at the same baseline 
level of familiarity, but negative items are encoded better 
and, hence, seem more familiar than neutral items. In the 
latter case, negative foils begin at a lower baseline level of 
familiarity, and the additional encoding or more distinctive 
encoding makes them equally familiar as neutral targets. 
We will discuss the implications of our findings for mod-
els of memory in greater depth later. For now, we simply 
seek further evidence from the 2AFC procedure concern-
ing whether emotional stimuli are recognized better than 
neutral stimuli and/or whether response bias is influenced 
by the emotional status of words.

ExpERiMEnT 3

In Experiment 3, we used the 2AFC procedure in an at-
tempt to replicate and generalize the findings from Experi-
ment 1. Thus, we varied the valence associated with the word 

Figure 5. Signal detection models representing differences in 
target or foil familiarity. A greater tendency to choose the nega-
tive alternative in a null-target comparison, but not in a null-foil 
comparison, would indicate greater emotional target familiarity, 
pictured in the top panel. A lesser tendency to choose the negative 
alternative in a null-foil comparison, but not in a null-target com-
parison, would indicate lesser emotional foil familiarity, pictured 
in the bottom panel.
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Method
Subjects, Design, Materials, and procedure. Forty-four un-

dergraduates from the University of South Florida participated in ex-
change for course credit. The word lists were identical to those used 
in Experiment 2, and the study list was composed of 18 high-arousal 
and 18 low-arousal words, for a total of 36 words. These words were 
drawn from each word list and were randomly ordered to form the 
study list. The study procedure was identical to that in Experiment 3 
and was followed by a 90-sec distractor task. The subjects next com-
pleted the 2AFC test phase. On each test trial, the subjects chose the 
word they felt had been presented previously. Of 36 test trials, 24 were 
standard pairs, and 12 were null pairs. The design of the test phase was 
similar to that in Experiment 3. The exception is that the standard pairs 
were composed of one target and one foil that were of similar arousal 
value (i.e., high-old–high-new, low-old–low-new), and the null pairs 
were composed of a high- and a low-arousal word, both of which were 
targets or foils (i.e., high-old–low-old, high-new–low-new). The null-
 comparison trials pairing either high- and low-arousal targets or high- 
and low-arousal foils allowed us to further assess whether there is a 
bias to choose low-arousal words over high-arousal words.

Results and Discussion
All the analyses were identical to those used in Experi-

ment 3. Recognition accuracy was greater for high-arousal 
words than for low-arousal words [.83 vs. .79; t(43) 5 
1.72]. This replicates the findings from Experiment 2 that 
show greater recognition accuracy for high- versus low-
arousal words and extend them to the 2AFC task. There 
was also no evidence that the arousal manipulation af-
fected response bias. For the null comparisons, Figure 7 
shows that there was a small but reliable tendency for the 
subjects to choose a low-arousal word over a high-arousal 
word when both were foils [t(43) 5 1.88], but not when 
they were targets. The greater null comparison tendency to 
choose low-arousal foils over high-arousal foils suggests 
that the baseline familiarity of the low-arousal words is 
somewhat greater than the baseline familiarity of the high-

of the proportions correct for the standard pairs revealed 
greater accuracy, relative to neutral words, for both nega-
tive words [t(79) 5 2.24, .799 vs. .757] and positive words 
[t(79) 5 2.03, .787 vs. .757]. The results of the null compari-
son trials are shown in Figure 6. Bias is indicated if subjects 
are more likely to call an emotional word old both in target 
and in foil null comparisons. One-sample t tests indicated 
that both negative targets [t(79) 5 4.12] and positive targets 
[t(79) 5 1.92] were more likely to be called old than were 
the neutral targets. In addition, the null comparison revealed 
a significant bias to respond old to positively valenced 
stimuli [t(79) 5 2.00]. The probability of choosing a nega-
tive foil over a neutral foil did not differ reliably from .50. 
These results suggest that negative and positive targets were 
more familiar, on average, than neutral targets, and hence, 
valenced words were recognized better than neutral words. 
In addition, the null comparison revealed a significant bias 
to respond old to positively valenced stimuli. These findings 
extend our conclusions based on the findings from the rat-
ings task to the 2AFC task used here.

ExpERiMEnT 4

The results of Experiment 2 showed that high-arousal 
words were recognized better than low-arousal words, and 
the two conditions produced only a small, unreliable shift in 
response bias. This experiment is also a replication of Ex-
periment 3, insofar as arousal was varied instead of valence, 
using the 2AFC procedure. Hence, we expected to observe 
better 2AFC accuracy for high-arousal words in the standard 
comparison trials. The null comparison trials pairing either 
high- and low-arousal targets or high- and low-arousal foils 
will allow us to further assess whether there is a bias to 
choose low-arousal words over high-arousal words.

Figure 6. proportions of emotional words chosen in null pairs by valence and 
novelty. Response rates above chance (.5) for negative null pairs reflect greater 
accuracy for negative words. Error bars display the standard errors.
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hence, recognition accuracy is often very high. Exercising 
adequate control over confounding stimulus factors, such 
as concreteness, semantic relatedness, frequency, and word 
length, decreases the number of available stimuli and fur-
ther compounds this issue. Importantly, the small number 
of available stimuli is not a problem when investigating free 
recall, since it is a much more difficult task. Hence, this 
helps to explain why free recall of emotional words is typi-
cally reported to be better than free recall of neutral words, 
and why memory for emotional stimuli has sometimes been 
reported to be task dependent.

Another potential reason for the unsettled nature of the 
prior literature on recognition of emotional stimuli is that 
different researchers utilized different measurements of ac-
curacy and bias. In the introduction, we showed how fac-
tors unrelated to accuracy and bias can affect measures that 
do not take them into account. We were particularly inter-
ested in controlling for the slope of the recognition memory 
zROC (i.e., the relative variances of the underlying familiar-
ity distributions), since it had been found to vary between 
emotionally valenced and neutral words (Dougal & Rotello, 
2007). On the basis of our analyses, we concluded that da 
and d ′e were the measures of recognition accuracy that were 
least susceptible to variations in slope. Likewise, we con-
cluded that ca and ce were the best measures of recogni-
tion bias. When these were used as dependent measures in 
a confidence ratings experiment, the results consistently 
showed greater accuracy for emotional words.

The results from the 2AFC experiments support the 
same conclusions as the results from the confidence ratings 
experiments. They also shed some light onto the nature of 
memory for emotional words. We found that emotionally 
valenced and arousing words were recognized better than 

arousal words, and this is the one factor that is driving the 
enhanced accuracy in the high-arousal condition.

GEnERAl DiSCUSSiOn

With four experiments, we investigated whether recog-
nition memory is more accurate and/or more biased for 
normatively emotional words. The results were consistent 
for both the ROC analyses (Experiments 1 and 2) and the 
2AFC analyses (Experiments 3 and 4). Emotional words 
were recognized better than neutral words both when the 
valence component of emotion was varied and when the 
arousal component of emotion was varied. Moreover, both 
emotionally negative and emotionally positive words were 
recognized better than neutral words. On the other hand, 
a greater bias to respond old was observed only for emo-
tionally positive words, and not for emotionally negative 
words or words with high versus low arousal values.

The effects were not large, but they were consistent. Be-
cause the same pattern of results was obtained in experi-
ments that utilized different methodologies, the present 
findings are generalizable, and they cannot be attributed 
only to a specific recognition procedure. Nor are they 
wed to the assumptions of the signal detection analysis 
of ratings data. Given the robustness of our findings, one 
might also ask why the literature on recognition memory 
of emotional words has been so unsettled. For instance, 
our results are often in direct conflict with those reported 
by Dougal and Rotello (2007), who concluded that only 
valence stimuli affect response bias. They based this con-
clusion both on signal detection estimates and on visual 
inspection of the ROCs. However, ROCs provide no more 
information than do the estimates of the criterion locations, 
and their estimates are not independent of sensitivity.

Another potential reason is that the levels of perfor-
mance vary wildly between different reports. For instance, 
Windmann and Kutas (2001) reported a hit rate and a false 
alarm rate of about .60 and .40, respectively, for their neu-
tral stimuli. This corresponds to a d ′ of only about 0.506, 
which is barely above chance performance. The extremely 
low level of accuracy in the Windmann and Kutas experi-
ment was probably due to the extremely fast presentation 
rate used during study (400 msec). Under such condi-
tions, differences in accuracy would be very difficult to 
detect, and bias could, therefore, play a larger role, espe-
cially when subjects are encouraged to “guess” randomly, 
which is what Windmann and Kutas instructed subjects 
to do. Their results can be compared with our results and 
with Ochsner’s (2000) results, where accuracy was much 
higher. For instance, in Ochsner’s experiments, recogni-
tion performance as measured by d ′ was, on average, ap-
proximately 1.75, which is very similar to the levels of 
accuracy that we report. When overall accuracy is high, it 
is reasonable to assume that bias will play a lesser role in 
recognition decisions, due to the availability of relevant 
episodic information obtained from memory.

Thus, it is important to maintain moderate levels of accu-
racy when attempting to observe changes in accuracy. This 
can be a challenge when investigating recognition memory, 
since the number of available stimuli is relatively small and, 

Figure 7. proportions of high-arousal words chosen in null 
pairs by novelty. Response rates below chance (.5) for the foil pairs 
reflect greater accuracy for high-arousal words. That is, high-
arousal foils are less familiar, on average, than low-arousal foils. 
Error bars display the standard errors.
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words regardless of whether the mode of presentation is 
visual (Zeelenberg et al., 2006) or auditory (Weger, Meier, 
Robinson, & Inhoff, 2007). In addition, when two stimuli 
are visually presented and one stimulus is emotionally va-
lenced and the other is not, eye-tracking data indicate that 
the initial eye fixation is more likely to land on the emo-
tionally valenced stimulus (Knight et al., 2007). These 
findings suggest that relatively high-level information 
can guide attention (e.g., Sanborn, Malmberg, & Shiffrin, 
2004), that stimuli high in emotional status are more sa-
lient than neutral stimuli, and that hence, the attentional 
system is biased to select them for processing. If so, most 
models would assume that the occurrence of emotional 
stimuli should be remembered better than the occurrence 
of neutral stimuli, regardless of whether memory is tested 
via a free recall or a recognition procedure.

Here, we want to account for our findings that suggest 
that emotionally valenced words are recognized better be-
cause the average familiarity of valenced targets is greater 
relative to the average familiarity of neutral targets and for 
those that suggest that highly arousing words are recognized 
better because the average familiarity of highly arousing 
foils is lower than the average familiarity of nonarousing 
foils. In order to do so, we extend Malmberg and Murnane’s 
(2002) REM model by assuming that the preexperimental 
familiarity of emotionally valenced and neutral words are 
approximately equal. Therefore, enhanced processing of 
emotionally valenced stimuli increases their mean familiar-
ity, relative to neutral stimuli. This produces better recogni-
tion memory for emotionally valenced words and a greater 
tendency to choose emotionally valenced targets on null 
comparison forced choice trials.

We further assume that the preexperimental familiarity 
of highly arousing words is lower, on average, than that of 
relatively nonarousing words. This may be because arous-
ing words are more distinctive than nonarousing words 
(e.g., Malmberg, Steyvers, Stephens, & Shiffrin, 2002; 
Schmidt, 1991) or because they tend to occur in fewer 
different contexts than do nonarousing words (Dennis 
& Humphreys, 2001; Steyvers & Malmberg, 2003). En-
hanced processing during study then increases the famil-
iarity of highly arousing targets to a greater degree than 
it does that of less arousing targets, but not to the degree 
that would produce a greater mean familiarity of highly 
arousing targets, as compared with the mean familiarity of 
less arousing targets. This would produce better recogni-
tion memory for highly arousing words and a lesser ten-
dency to choose highly arousing foils on null comparison 
forced choice trials. Last, according to the Malmberg and 
Murnane (2002) model, the allocation of resources dur-
ing study might be related to the composition of the study 
lists. For instance, if a pure-list design was used instead of 
the mixed-list design that we used here, subjects might not 
selectively attend to emotional words to a greater degree 
than they do to unemotional words.

We also observed a greater tendency to indicate that 
positively valenced words were studied than to indicate 
that neutral words were. Comblain et al. (2004), Ochsner 
(2000), and Dougal and Rotello (2007) reported similar 
recognition findings. In addition, others have found evi-

neutral words. In addition, we found a null comparison 
advantage only for the emotionally valenced targets. This 
pattern of forced choice performance supports the infer-
ence that the average familiarity of emotional targets is 
greater than the average familiarity of neutral targets but 
that the average familiarity of emotional and neutral foils 
is about the same. A different picture emerged for the ac-
curacy difference observed for high- versus low-arousal 
words. Although standard comparisons showed greater ac-
curacy for high-arousal words, there was a null comparison 
advantage only for high- versus low-arousal foils. That is, 
the subjects were more likely to choose the low-arousal foil 
over the high-arousal foil, suggesting that the low-arousal 
foils were more familiar, on average, than the high-arousal 
foils. We were somewhat surprised by this finding, and 
thus we conducted a post hoc analysis of the results from 
Experiment 2. They showed that there was significant dif-
ference in false alarm rates (low arousal, .32; high arousal, 
.25), but not in hit rates (low arousal, .81; high arousal, .83) 
for high- versus low-arousal words. Thus, emotionally va-
lenced words are recognized better because of differences 
in target familiarity, and high-arousal words are recognized 
better than low-arousal words because high-arousal foils 
are less familiar than low-arousal foils.

Although the mnemonic status of valenced versus arous-
ing words may differ prior to the experiment, the mecha-
nism involved in producing better memory for them may 
be the same. For instance, the emotional status of a stimu-
lus could enhance mnemonic organization (e.g., Sison & 
Mather, 2007) and/or the binding of item and context infor-
mation (MacKay et al., 2004; Mather & Nes mith, 2008). 
Here, however, we want to consider a simple extension of 
Malmberg and Murnane’s (2002) retrieving effectively 
from memory (REM) model of the word frequency effect. 
Malmberg and Murnane assumed that a rational cognitive 
system should allocate more attention to those elements of 
our environment that are uncommon. In order to account 
for their findings that uncommon words are recognized 
better when they have been studied on a list dominated by 
common words, Malmberg and Murnane further assumed 
that uncommon words attract more attention when studied 
in contexts dominated by common words. As a result, un-
common words are encoded more accurately and, hence, 
more distinctively when studied in a context dominated 
by common words. In subsequent experiments, Malmberg 
and Nelson (2003; see also Criss & Shiffrin, 2005) reported 
evidence that supported the assumption that uncommon 
words attract more attention than do common words.

Within the same framework of a rational cognitive sys-
tem, one could assume that attention should be allocated 
to stimuli on the basis of the costs and rewards associated 
with them and that emotional stimuli have greater costs 
and rewards associated with them than do nonemotional 
stimuli, either because of the emotions that these words 
evoke or because of the arousal that they evoke. Hence, 
emotionally positive and negative words should receive 
more attention than do neutral words, and high-arousal 
words more attention than do low-arousal words. The lit-
erature is converging on this assumption. For instance, 
emotional words are perceived more readily than neutral 
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