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a b s t r a c t
Voice-speciﬁcity effects in recognition memory were investigated using both behavioral data and pupillometry.
Volunteers initially heard spoken words and nonwords in two voices; they later provided conﬁdence-based old/
new classiﬁcations to items presented in their original voices, changed (but familiar) voices, or entirely new
voices. Recognition was more accurate for old-voice items, replicating prior research. Pupillometry was used
to gauge cognitive demand during both encoding and testing: enlarged pupils revealed that participants devoted
greater effort to encoding items that were subsequently recognized. Further, pupil responses were sensitive to
the cue match between encoding and retrieval voices, as well as memory strength. Strong memories, and
those with the closest encoding-retrieval voice matches, resulted in the highest peak pupil diameters. The results
are discussed with respect to episodic memory models and Whittlesea's (1997) SCAPE framework for recognition memory.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
In the present study, we examined the extent to which memory
strength and speciﬁcity for spoken items are revealed by pupillometry across learning and recognition. Although the speech signal is
characterized by idiosyncratic variations that listeners must ﬂuently
overcome, debate surrounds the necessity of encoding this information into memory during on-line perception. For example, people encounter little perceptual resistance when processing the same words
spoken by different speakers, each of whom has a unique vocal structure, pattern of intonation, and speaking rate. Changes in context and
other non-linguistic variables similarly pose little challenge to the
perceptual system. Speech perception is clearly robust to idiosyncratic
variations in the input signal, but do these variations get “ﬁltered out”
during perception, or are they somehow stored in a detailed memory
trace, capable of affecting subsequent perception or retrieval?
Two general, and opposing, approaches to this problem have dominated the literature. According to the ﬁrst, the speech signal is stripped
of idiosyncratic information upon encoding, allowing the perceiver to
activate abstract representations in memory (Joos, 1948). Such theories
generally treat idiosyncratic variations as undesirable noise in the
speech signal, a problem for the perceptual system to overcome (Pisoni,
1993). According to the second approach, surface properties of speech
are stored in unique, episodic traces; surface information is not noise,
but is instead utilized to aid subsequent recognition (McLennan and
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Luce, 2005). These theoretical approaches are denoted abstractionist
and episodic theories, respectively. Both views have empirical support,
and either would allow listeners to resolve variability in speech, yielding immediate and effortless mapping of speech signals to segmental
and lexical representations.
Abstractionist theories posit normalization mechanisms that “correct”
the speech signal for its idiosyncratic properties, allowing perception to
operate at the level of stored, ideal representations. Normalization is
proposed to explain the constancy of linguistic perception, despite variations across talkers and contexts (see Bradlow et al., 1999; Magnuson and
Nusbaum, 2007). For example, Marslen-Wilson and Warren (1994; Lahiri
and Marslen-Wilson, 1991) proposed an account whereby variations in
spoken words are immediately resolved; lexical access occurs when a
stored lexical unit receives sufﬁcient activation from this corrected input
(see McClelland and Elman, 1986). Attention is directed to the level of
word meaning (as it should be); later, memory for surface information
should be negligible. Abstractionist theories are both logically appealing
(see Bowers, 2000; McQueen et al., 2006) and have empirical support.
For example, early in word perception, priming effects appear to be
mediated by abstract phonemic representations, devoid of superﬁcial
details (McLennan and Luce, 2005; see also McQueen et al., 2003).
Although the normalizing process has intuitive appeal, there are
many empirical demonstrations that spoken word perception creates
detailed, episodic memory traces. In theoretical terms, episodic theories have many desirable properties. For example, the correctly predict that speech perception becomes more robust as people are
exposed to a wider range of exemplars (Lively et al., 1993). Of greater
importance, they provide a natural mechanism to explain speciﬁcity
effects in perception and memory (Goldinger, 1996; McLennan and
Luce, 2005). Across many experimental paradigms, performance is
affected (usually improved) when items presented in a study phase
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are later repeated in a test phase. Such improvements are typically
stronger when surface information (such as the speaker's voice) is preserved across study and test. These voice speciﬁcity effects are especially
robust in implicit memory. For example, when the voice associated with
a word changes across study and test, it reduces performance in perceptual identiﬁcation (Church and Schacter, 1994; Goldinger, 1996; Pilotti
et al., 2000; Sheffert, 1998), naming (Goldinger, 1998), lexical decision
(Luce and Lyons, 1998), and word-stem completion (Church and
Schacter, 1994; Schacter and Church, 1992, but see Pilotti et al.,
2000). Exposure to voice-speciﬁc tokens of words can also affect
later speech production (Goldinger, 1998; Goldinger and Azuma,
2004; Pardo, 2006; Shockley et al., 2004).
In tests of explicit memory, word recognition is again typically best for
items that are tested in their original study voices. For example, Palmeri
et al. (1993; Sheffert and Fowler, 1995; Senkfor and Van Petten, 1998)
observed beneﬁts for same-voice repetitions in continuous recognition
memory, relative to changed-voice repetitions. Voice effects were robust for lists including as many as 20 talkers and study-test lags up to
64 items. Goldinger (1996) further examined voice effects, manipulating the similarity among talkers, levels of initial processing, and extending the retention time out to a week. He found same-voice advantages
in both implicit and explicit measures, although the same-voice advantage vanished in explicit recognition after a 1-week delay (see also Goh,
2005). In the present research, we further examined voice effects in recognition memory, complementing the standard paradigm with realtime measures of changes in pupil diameters. By doing so, we were
able to assess participants' cognitive effort during word encoding
and test, with special emphasis on potential voice effects: If people
encode voice-speciﬁc traces of spoken words, later repetition of those
same tokens should reduce cognitive effort, as indicated by the pupillary reﬂex.
The present paradigm also allowed us to assess whether voice
changes across study and test inﬂuence memory strength. By obtaining 1–6 conﬁdence estimates alongside recognition judgments (e.g., 1
= very sure new; 6 = very sure old), we examined subjective memory
strength in two ways. First, conﬁdence estimates allowed us to create
receiver operating characteristic (ROC) curves, plotting the hit and
false-alarm rates at various levels of conﬁdence or bias (Macmillan
& Creelman, 2005). ROC curves are also commonly z-transformed
and plotted on standardized axes (z-ROCs). Different memory theories make different predictions regarding the shapes of these curves
(Wixted, 2007; Yonelinas and Parks, 2007). For example, dual-process
theories (e.g., Yonelinas, 1994) assume that two processes subserve
memory decisions: A thresholded, all-or-none recollection process
and a graded, strength-based familiarity process. These theories generally predict that ROC curves will be linear and z-ROCs will be curvilinear. On the other hand, strength-based theories (Wixted and
Mickes, 2010) assume that recollection and familiarity signals are
both graded and summed into a single memory strength signal,
which is used as the basis for recognition decisions. Strength theories
generally predict curvilinear ROCs and linear z-ROCs. In the present
study, we collected conﬁdence estimates, allowing us to assess the
underlying strength distributions for targets and lures. We also examined pupillary reﬂexes during study as a function of subsequent conﬁdence. If pupil dilation reﬂects part of the recognition memory
process, as suggested by Võ et al. (2008) and Kafkas and Montaldi
(2011), then pupillary changes during encoding may accurately
“track” subsequent estimates of memory strength. This approach
allowed us to assess whether pupillometry reveals differences in
strong versus weak memories across both encoding and retrieval.
1. Pupillometry
Pupillary reﬂexes occur during all forms of visual and cognitive
processing, and are hypothesized to reﬂect brain activity during processing (Beatty and Kahneman, 1966). Enlarged pupils are typically
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associated with increased cognitive demand (Porter et al., 2007)
and provide sensitive indices of cognitive effort, similar to ERP waveforms (Beatty, 1982). Using the subsequent memory paradigm, researchers can compare neurophysiological measures across study
and test to differentiate the neural activity associated with subsequently remembered versus forgotten information. Such investigations have been reported using fMRI (e.g., Ranganath et al., 2005)
and ERP (Cansino and Trejo-Morales, 2008; Duarte et al., 2004; Guo
et al., 2006). In the current investigation, we used pupillometry to
compare the effort involved in cognitive operations across study
and test, with emphasis on voice effects. We had two key questions:
First, does greater effort during encoding predict greater success during recognition? And second, does preservation of voice information
inﬂuence processing during test?
The appeal of pupillometry to the investigation of cognitive phenomena lies in its automaticity. Pupillary reﬂexes are controlled by
the sympathetic and parasympathetic systems, which hold reciprocal
connections to central nervous system (CNS), suggesting that they may
exert an inﬂuence on CNS structures relevant to cognition (Gianaros et
al., 2004). Pupils dilate following sympathetic system activation and/or
parasympathetic system inhibition and constrict following activity of
the parasympathetic system (Steinhauer et al., 2004). Although the pupils change reﬂexively in response to general factors, such as emotional
arousal and anxiety, such tonic changes are independent of phasic
changes, which arise upon the onset of stimuli for cognitive processing.
Such phasic changes are known as task-evoked pupillary responses
(TEPRs), and have long been used to infer cognitive effort across domains such as lexical decision (Kuchinke et al., 2007), attention allocation (Karatekin et al., 2004), working memory load (Granholm et al.,
1996; Van Gerven et al., 2004), face perception (Goldinger et al.,
2009), and general cognitive processing (Granholm and Verney,
2004). In fact, Kahneman (1973) used TEPRs as his primary index of
mental processing load in his theory of attention, owing to its sensitivity
to variations within or between tasks, and its ability to reﬂect individual
differences in cognitive ability.
The relationship between human memory and the pupillary reﬂex
has seldom been investigated, but animal models suggest a potential
relationship between pupil dilation and memory encoding/retrieval
(Croiset et al., 2000). As has been shown with rats (Clark et al.,
1995), stimulating the vagus nerve in the parasympathetic pathway in
humans (patients undergoing treatment for epilepsy) enhances memory retention, if stimulation is applied during consolidation (Clark et al.,
1999). Such ﬁndings suggest a modulatory inﬂuence of autonomic activity on memory formation and retrieval. The ﬁrst study examining
human memory and the pupillary reﬂex was reported by Võ et al.
(2008), who noted the similarity between pupillary and ERP waveforms, which are known to reﬂect memorial processes (Dietrich
et al., 2000; Johansson et al., 2004). Võ et al. observed a “pupillary
old/new effect,” wherein pupils were larger during study trials leading to hits, relative to correct rejections. They interpreted this effect
in a dual-process framework (Yonelinas, 2001, 2002), suggesting
that enlarged pupils were observed for hits because they included
recollection, which is hypothesized to be a slow, cognitively demanding
process. Similar effects were reported by Papesh and Goldinger (2011),
who found a pupillary old/new effect across study and test presentations of auditory low- and high-frequency words. Speciﬁcally, when
participants studied words that were subsequently remembered,
those trials were associated with enlarged pupils, relative to subsequently forgotten and new words. This pattern was especially strong
for low-frequency words, suggesting that memorial encoding,
coupled with the cognitive operations usurped in processing lowfrequency words (see Goldinger and Papesh, 2009; Kuchinke et al.,
2007; Papesh and Goldinger, 2008), resulted in an overall increase
in cognitive demand. In prior studies (Goldinger, 1996, 1998), voice
effects were stronger for low-frequency words, relative to highfrequency words, and were stronger for nonwords, relative to words.
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To maximize our likelihood of observing voice effects in the pupillary
responses, we used all three classes of stimuli in the present design.
Related to the current study, Kafkas and Montaldi (2011)
employed a modiﬁed “remember/know” task (from Montaldi et al.,
2006) to examine the relationship between pupillary reﬂexes and
subsequent memory strength. In their study, participants incidentally
encoded a series of images, and were later asked to rate recognized
items along a “strength” scale (F1 = weakly familiar, F2 = moderately
familiar, F3 = strongly familiar, R = inadvertent recollections), and to
call unrecognized items “new.” The authors found that pupil constriction
at encoding was associated with subsequently stronger memories. This
ﬁnding was interpreted to reﬂect a strong inﬂuence of parasympathetic
activity during the incidental encoding of visual information.1
Unique to our study, we recorded pupil diameters during both
encoding and retrieval. Prior memory studies have employed pupillometry in a subsequent memory procedure, comparing pupil diameters during study trials that lead to eventual hits or misses. This focus allows
researchers to avoid analyzing reﬂexes that may reﬂect the decision
and motor processes involved in issuing a memory judgment. In the present study, however, we were interested in the entire memory process,
including encoding, strength, and decision dynamics. Although the abstractionist/exemplar debate nicely encapsulates the encoding process,
and memory strength describes conﬁdence, we suggest that Whittlesea's
(1997) SCAPE framework is well-suited to explain pupil data derived
from test trials. According to SCAPE, memory decisions are made in a
two-stage process, including the production (i.e., generation, or “calling
to mind”) of prior memory states and the evaluation of production ﬂuency (Whittlesea and Leboe, 2000; Whittlesea and Williams, 1998, 2001).
Pupillometry represents an ideal method by which to test the SCAPE
framework. If people truly engage in the hypothesized generation process, it should be reﬂected by similar pupil diameters across encoding
and retrieval. We hypothesized that pupillary changes during study trials
would predict memory accuracy and conﬁdence during test trials. We
also expected to observe “pupillary voice effects” in recognition memory,
allowing us to contrast predictions from episodic and abstractionist theories of lexical access.
2. Method
2.1. Participants
Twenty-nine Arizona State University students participated in exchange for partial course credit. All participants were native English
speakers with normal (or corrected-to-normal) vision and no
known hearing deﬁcits. Four participants were dropped from analysis
for having more than 6% missing ﬁxations, and three participants
were excluded for poor recognition performance (2 for extreme liberal response criteria and 1 for extreme conservative responding, as
indexed by the signal-detection bias index, C), leaving 22 participants
(12 men, 10 women, Mage = 18.82 years, SDage = .65) for analysis.
2.2. Materials
Twelve native English speakers (6 women and 6 men in their early
20s), with no discernable accents or abnormal speech characteristics,
volunteered to record items for this experiment. From each person,
we recorded 160 nonwords 2 and 160 words; of the words, half
were high frequency (HF) and half were low frequency (LF). Stimuli
were recorded at 41,000 Hz, using GoldWave software in a sound1

We consider this apparent contradiction in ﬁndings in the Discussion, but presently note that differences in both stimulus materials (visual scenes versus spoken words)
and encoding procedures (incidental versus intentional learning) make the present
study difﬁcult to directly compare to the study by Kafkas and Montaldi (2011).
2
Nonwords were recorded by having the speaker shadow a pre-recorded version of
the items spoken by the experimenter, to ensure that all nonwords were pronounced
similarly across speakers.

attenuated booth, and were digitally spliced into individual .wav
ﬁles. WavePad Sound Editor was used to equate the mean RMS amplitudes of the sound ﬁles. All items were pseudo-randomly assigned to
four study-test lists, such that word frequency and lexicality (i.e.,
words versus nonwords) were represented equally across lists. All
stimulus items are listed in the Appendix and relevant linguistic
data (obtained from the English Lexicon Project; Balota et al., 2007)
are provided in Table 1.
From this initial pool of 12 speakers, only four were used in each
experiment (randomly selected for each participant to avoid potential
artifacts arising from any particular voice). The four voices were always selected to be half male, and of those voices, one male and
one female were randomly selected to be studied voices. The remaining voices were used as novel test speakers.
2.3. Apparatus
The experiment was presented on a Tobii 1750 17-in. (43.18-cm)
monitor, with stimulus presentation and data collection managed by
E-Prime 1.2 software (Psychology Software Tools, 2006). Auditory
stimuli were played at a comfortable listening level over Sennheisser
HD-250 headphones. A chin rest maintained participants' viewing position at 60 cm, and pupil diameters were monitored binocularly at
50 Hz. The lighting in the room was set to a constant dim level for
all participants.
2.4. Procedure
Participants were ﬁrst familiarized with the experiment and the
eye tracker. The chin rest was adjusted so that the position of the
eyes was maintained centrally on the computer screen, and the eye
tracker was calibrated. This procedure establishes a map between
each participant's known gaze position and the eye tracker's coordinate estimate of that position. The routine proceeds by having participants follow a blue dot as it moves to 9 locations on the screen. If the
software or the researcher identiﬁed any missed ﬁxations, the calibration routine was repeated. All participants were successfully calibrated within two attempts.
During the study phase of the experiment, participants were presented with 80 items (40 nonwords, 20 HF words, and 20 LF words)
spoken by two speakers, one male and one female. Assignment of
items to voices was random, with the constraint that voices be used
equally often within each item type. Although the only visible element
was a 1000-ms ﬁxation cross to initiate each trial, we encouraged participants to keep their gaze on the computer screen throughout the
session by informing them that off-screen ﬁxations would slow the
trial progression.
Following the study phase, participants completed three 60-s
computer mouse-tracking games, which required them to use the
mouse (with an open-circle cursor) to follow a moving target around
the screen. During the test trials, participants listened to 160 items
and, approximately 1000 ms later, made old/new judgments by issuing conﬁdence estimates along a 6-point scale, where 1 represented
“very sure new” and 6 represented “very sure old.” To ensure that participants maintained their gaze on the computer screen, conﬁdence
Table 1
Summary statistics for the stimulus items.
Means
Item type

n

KF†

Subtitle freq‡

Letters

Syllables

High frequency
Low frequency
Nonword

40
40
80

414.3
7.5
n/a

518.8
11.2
n/a

4.3
4.8
5.3

1.2
1.2
1.6

†
‡

Kučera and Francis (1967).
Brysbaert and New (2009).
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estimates were made by clicking one of six on-screen boxes, numbered
along the scale. Test voice was manipulated across old items by presenting them in one of three voice types, the studied voice, the familiar
opposite-gender study voice, or a new, completely novel male or female
voice (assignment of words to voices was again random, with the restriction that each change type be used equally often with each stimulus
type). New test items were spoken either by one of the studied
speakers, so that the voice was familiar, or a new speaker. Participants
were not given feedback. The experiment lasted approximately 45 min.

3. Results
3.1. Recognition accuracy
For all analyses, alpha was set to .05 and multiple comparisons were
Bonferroni corrected. Overall recognition accuracy was examined by
computing the signal detection index for sensitivity, d′. Participants'
average d′ was .94, and there were no statistically reliable differences
across word types (HF, LF, nonword), F(2, 21) = .01, p = .98. This equivalence is reﬂected in the group-level ROC and z-ROC, depicted in the top
half of Fig. 1. Note that, across word types, the lines are essentially on
top of one another and, as such, all individual-level statistics were collapsed across word type. As is evident from the left panel of the ﬁgure,
the group ROC is curvilinear, yet the right panel displays a linear
group z-ROC. Recall that such an ROC proﬁle is consistent with
strength-based recognition theories, rather than dual-process theories.
These subjective impressions were supported by statistics obtained
from individual subject ROCs and z-ROCs, presented in Table 2 3.
Average quadratic constants in individual ROCs (M = .55, SE = .21)
were reliably above zero, t(21) = 2.55, p b .05, and a quadratic ﬁt of
the data accounted for greater variance (M = 95%, SE = .01), relative
to a linear ﬁt (M = 88%, SE = .01), t(21) = − 6.49, p b .05. In the individual z-ROCs, the average quadratic constant did not differ reliably
from zero (M = −.01, SE = .03), t(21) = 0.38, p = .71, indicating a
linear progression of points. Further, although a quadratic ﬁt to the
data did accounted for a greater proportion of the variance
(M = 98%, SE = .003), relative to a linear ﬁt (M = 96.7%, SE = .006),
t(21) = − 3.75, p b .05, the difference was relatively small 1.3%.
The inﬂuence of voice was also examined by ROC analyses, allowing us to assess whether voice matches increased memory strength
generally, or prompted more instances of recollection. Group-level
ROCs and z-ROCs are presented in the bottom half of Fig. 1. For ease
of presentation, we collapsed the voice manipulation into familiar
and unfamiliar voices. Familiar voices were those that were used in
study trials, regardless of the old/new status of the item. Unfamiliar
voices were those that were novel at test. As with the plots by word
type, the ROC appears curvilinear, and the z-ROC appears linear.
These conclusions were supported by statistics from individual ROC
data. Average quadratic constants from familiar and unfamiliar voice
trials were compared to each other, and to zero. Both sets produced
quadratic constants reliably different from zero, t(21) = − 4.82,
p b .05 (familiar) and t(21) = − 2.69, p b .05 (unfamiliar), but not
from each other (see Table 2). The proportion of variance accounted
for by linear and quadratic ﬁts to the data were also compared in a
2 (Equation: linear/quadratic) × 2 (Voice) within-subjects ANOVA.
Only the main effect of Equation was statistically reliable, revealing
that the quadratic ﬁt accounted for more of the variance (M = 97%,
SE = .005), relative to the linear ﬁt (M = 91%, SE = .01), F(1, 21) =
21.59, p b .05, η 2p = .51, suggesting that the ROCs were predominantly
curvilinear.
3
Although ROCs are typically plotted at the group-level, statistical analyses are performed on individual ROC analyses to prevent averaging artifacts (Brown and Heathcote, 2003; Wickens, 2002; see Yonelinas and Parks, 2007, for a review of memory
ROC measurement and analysis issues).
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Individual z-ROCs were also examined by voice. Quadratic constants for familiar voices (M = −.03, SE = .09) and unfamiliar voices
(M = .05, SE = .34) did not differ reliably from each other or zero, all
ts b .5, p > .7. The proportion of variance accounted for was analyzed
in a 2 (Equation) × 2 (Voice) within-subjects ANOVA. The quadratic
ﬁt again provided the better ﬁt of the data (M = 96.7%, SE = .004), relative to the linear ﬁt (M = 93.8%, SE = .01), F(1, 21) = 20.7, p b .05,
η 2p = .49. Although the beneﬁt for the quadratic ﬁt was relatively
small (~3%), it was statistically reliable. The interaction between
Voice and Equation, F(1, 21) = 7.24, p b .05, η 2p = .26, was consistent
with the main effect of Equation, suggesting that the quadratic equation ﬁt the data better, regardless of voice. Taken together, the ROC
results suggest that voice matches generally increased the strength
of recognition probes, rather than creating a separate category of recollected trials.
To examine the prediction that same-voice repetitions would enhance recognition accuracy, conﬁdence estimates were collapsed
into hits, false alarms, correct rejections, and misses. Note that
signal-detection analyses were not appropriate on these data because
lures have no inherent voice information, leaving only one falsealarm rate. Therefore, we analyzed hit rates as a function of voice
change, in a one-way ANOVA with Voice (same, familiar, new) as a
within-subjects variable. Univariate tests indicated that voice affected
hit rates, F(2, 21) = 6.38, p b .05, η 2p = .38, such that same voices
resulted in greater hits (M = 67%, SE = .02), relative to new voices
(M = 59%, SE = .02). No differences were observed for familiar voices
(M = 63%, SE = .03). No reliable differences were observed in false
alarms across familiar (M = 33%, SE = .02) and new (M = 30%,
SE = .03) voices, t(22) = 1.53, p = .14.
3.2. Recognition RTs
Response times were trimmed prior to analysis to remove outliers,
deﬁned as responses occurring sooner than 250 ms or longer than 3
standard deviations above the cell mean. To examine the inﬂuence
of conﬁdence, RTs were collapsed across word type to avoid missing
data. A one-way ANOVA on RT by conﬁdence revealed that participants' conﬁdence inﬂuenced the speed of responding, F(5, 18) =
3.69, p b .05, η 2p = .51. This main effect was driven primarily by
high-conﬁdence decisions, which were made faster (M = 1131 ms,
SE = 47) than decisions at all other conﬁdence levels, with the exception of level 4 (p = .06).
To examine the inﬂuence of voice during old test trials, RT data
were analyzed in a 3 (Voice: same/familiar/new) × 3 (Word Type)
within-subjects, repeated-measures ANOVA. Although we predicted
that changed voices would yield slower RTs, no reliable differences
in RT emerged as a function of voice, F(2, 20) = 1.55, p = .24, nor
did we observe any inﬂuence of word type, F(2, 20) = 1.29, p = .29.
The effect of voice was also analyzed in new test trials in a 2 (Voice:
familiar/new) × 3 (Word Type) within-subjects, repeated measures
ANOVA. As in old test trials, there were no reliable effects of voice, F
(1, 21) = 3.26, p = .08, or word type, F(2, 20) = 1.55, p = .23.
3.3. Pupil diameters
Prior to analysis, pupil data from each participant's “better” eye
(i.e., the eye with fewer missing observations) were corrected for
missing observations by linear interpolation across a 100-ms window
around the missing cell. This resulted in fewer than 6% corrected cells
per participant. All pupil diameters were baseline-corrected on a
trial-by-trial basis by subtracting the observed diameter from the average diameter during the ﬁxation cross on that trial. Because of differences in response frequencies (e.g., some participants never
responded with a conﬁdence estimate of “1” to a studied LF word),
several analyses collapsed across variables, as with the behavioral
data above. Peak diameters were calculated for each trial during the
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Fig. 1. Group-level receiver operating characteristic (ROC, left panel) and z-ROC (right panel) plots. The upper plots present data by word type, and the lower plots present data by
voice status (familiar versus unfamiliar).

window between stimulus onset and 1000 ms following the old/new
RT. Although we did not tightly equate the stimulus characteristics
(e.g. duration) across words and nonwords, we analyzed peak diameters to reduce the possibility that item length unduly inﬂuenced our
ﬁndings.

3.3.1. Study trials
Peak diameters were analyzed in a 2 (Subsequent Accuracy: hit/
miss) × 3 (Word Type) within-subjects ANOVA. Although a main effect
of Word Type revealed that nonwords resulted in enlarged pupils
(M = 1.17 mmd, SE= .07), relative to HF and LF words (both .99
mmd), F(2, 20) = 14.7, p b .05, η2p = .60, this effect was qualiﬁed by an
interaction with subsequent accuracy, F(2, 20) = 8.94, p = .002,
η2p = .47. Pairwise comparisons revealed that differences in peak diameter by word type were only observed in trials leading to hits, F(2, 20) =
23.1, p b .01, η2p = .70. No reliable differences in word type were observed in trials leading to misses, p = .49.
To examine whether memory strength yields differences in pupil diameter during encoding, peak diameters during study were analyzed by
subsequent conﬁdence estimate, collapsed across word type in a oneway ANOVA. Results revealed that study trials leading to highconﬁdence hits yielded the largest peak diameters (M = 1.31 mmd,
SE= .08), relative to all other conﬁdence estimates, F(5, 19) = 7.02,
p = .001, η2p = .65. Although there was a trend for peak diameter to decrease with decreases in subsequent conﬁdence (see Fig. 2), pairwise
comparisons were not statistically reliable.

3.3.2. Old test trials
Peak diameters were analyzed in a 2 (Accuracy: hit/miss) × 3
(Word Type) within-subjects ANOVA, showing that peak diameters
were larger during correct (M = 1.23 mmd, SE = .08), relative to incorrect (M = 1.14 mmd, SE = .08), trials, F(1, 22) = 5.55, p b .05,
η 2p = .21. Further, and mirroring the RT data, a one-way ANOVA on
conﬁdence revealed an inﬂuence of conﬁdence on peak diameter,
such that high-conﬁdence decisions yielded the largest peak diameters (M = 1.44 mmd, SE = .12), F(5, 19) = 4.98, p = .004, η 2p = .57. Although there appeared to be a gradual decrease in peak diameter
with decreasing conﬁdence estimates (see Fig. 3), no other pairwise
comparisons were statistically reliable.
To test the SCAPE prediction that pupil diameters at retrieval
should be similar to those during encoding, we examined the inﬂuences of word type and voice change in a 2 (Word Type) × 3 (Voice:
same, familiar, new) within-subjects ANOVA. As in the study trials,
we observed a main effect of Word Type, such that nonwords resulted
in the greatest peak diameter (M = 1.46 mmd, SE = .09), followed by

Table 2
Statistics for behavioral ROCs and z-ROCs.
ROCs

z-ROCs

Quadratic

Linear

Quadratic

Plot type

Constant

Slope

Constant

Slope

Words
Voices

0.55 (1.01)
− 2.04 (1.89)

0.77 (0.12)
1.25 (0.24)

0.01 (0.15)
− 0.04 (1.01)

0.75 (0.26)
1.43 (0.43)

Note: Standard error is in parentheses.

Linear

Fig. 2. Baseline-corrected peak diameters during study trials by subsequent conﬁdence
estimate. Error bars represent standard error of the mean.
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Fig. 3. Baseline-corrected peak diameters during test trials by conﬁdence estimate.
Error bars represent standard error of the mean.

LF words (M = 1.37 mmd, SE = .10), and HF words (M = 1.29 mmd,
SE = .10), F(2, 20) = 9.33, p = .001, η 2p = .48. As predicted by SCAPE,
voice also affected participants' peak pupil diameters, F(2, 20) = 15.04,
p b .01, η 2p = .60. When words were repeated in their studied voices,
participants' peak pupil diameters were reliably larger (M = 1.51
mmd, SE= .10), relative to familiar voice trials (M = 1.33 mmd,
SE= .09) and new voice trials (M = 1.28 mmd, SE= .10).
3.3.3. New test trials
Peak diameters were analyzed in a 2 (Voice: familiar/new) × 3
(Word Type) within-subjects, repeated-measures ANOVA. No reliable
main effects or interactions emerged, both Fs b 1.0.
4. Discussion
The present results add to the literature relating episodic memory
to lexical processing, replicating ﬁndings that voice matches across
study and test improve recognition memory. Our results further demonstrate that the strength and speciﬁcity of memory are observable in
a physiological index of cognitive effort, the pupillary reﬂex. Using
the subsequent memory paradigm, we found that, when participants
devoted greater cognitive effort (reﬂected by larger pupils) to encoding, they were more accurate at test (as in Võ et al., 2008). We further
demonstrated that encoding effort is directly related to subsequent
memory strength, as reﬂected by overt conﬁdence ratings and recognition accuracy. This effect was not limited to encoding: When participants
accurately recognized old items during test, their pupils were again more
dilated, relative to when they missed or committed false-alarms. Highconﬁdence decisions were reliably associated with larger peak diameters, as were same-voice repetitions. These results represent the ﬁrst
demonstration of voice speciﬁcity revealed by pupil dilations. In fact,
the pupillary reﬂex was sensitive to the strength and content of memory;
trials in which memory strength was strong, and those in which retrieval
cues matched encoding cues, yielded the largest peak diameters.
Recognition accuracy was greatest for words repeated in their
study voices, replicating previous work (Goldinger, 1996; Lively,
1994; Sheffert, 1998). Although we did not observe a reliable difference between hit rates for words repeated in studied voices versus familiar voices, hit rates numerically increased with voice familiarity, a
ﬁnding that is compatible with those from Goh (2005). Subsequent
signal detection analyses collapsing voice into familiar and unfamiliar
revealed no d' differences across familiar and new voices (p = .08).
We did, however, observe a difference in bias, c, which is centered
at zero (Macmillan & Creelman, 2005). When presented with an unfamiliar voice, participants were conservatively biased (.17), relative
to when they were presented with a familiar voice (.01), t(22) =
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−3.46, p = .002. Like Goh (2005), we found that voice familiarity encouraged more liberal responding.
The present experiment joins a handful of controlled studies to examine recognition memory through behavioral and physiological indices. By examining pupil sizes, we gauged the cognitive effort
devoted to both learning and recognition across experimental manipulations, including lexicality, word frequency, and voice. Although
word frequency did not strongly inﬂuence pupil responses, we observed a strong lexicality effect, such that participants' pupils were
larger during all nonword trials. Although previous researchers have
documented that word frequency typically affects pupillary reﬂexes
(Kuchinke et al., 2007; Papesh and Goldinger, 2008), the tasks
employed to elicit this effect were predominantly perceptual in nature, without instructions to intentionally memorize or retrieve
words. The present ﬁndings suggest that, in the context of intentional
learning, pupils reveal extra cognitive effort devoted to memorizing
nonwords, relative to HF and LF words. When participants encoded
and retrieved nonwords, their pupils dilated signiﬁcantly more, relative to when they encoded and retrieved both HF and LF words. Subsequent analyses suggested that these effects on peak dilation were
not due to slight differences in item length, but instead reﬂect the difﬁculty of processing novel phonetic strings. Considering that pupils
are typically smallest for HF words (Kuchinke et al., 2007; Papesh
and Goldinger, 2008), and that LF words are often remembered best
(Glanzer and Adams, 1990), this ﬁnding is consistent with the literatures on word perception and recognition memory.
The pupillary results also reﬂected voice effects in recognition memory, which have not been consistent in behavioral research. Whereas
several studies have shown that same-voice repetitions of words are
more accurately remembered, relative to changed-voice repetitions
(e.g., Goh, 2005; Goldinger, 1996; Sheffert, 1998), others have found
voice effects only in tests of implicit memory, such as stem completion
or perceptual identiﬁcation (e.g., Church and Schacter, 1994; Schacter
and Church, 1992). Our results revealed both behavioral and physiological evidence for voice speciﬁcity effects. When study words were later
repeated in their original voices, participants' pupils were essentially
unchanged across encoding and recognition: Response conﬁdence
was high and peak pupil diameters reﬂected this increase in memory
strength. These effects are consistent with instance-based memory
models (e.g., MINERVA 2, Hintzman, 1986, 1988; see Goldinger, 1998).
Our pupil results also revealed a previously undocumented, but intuitively predictable, pattern: Participants devoted greater cognitive resources to encoding items that were subsequently remembered with
higher degrees of conﬁdence, relative to those that were remembered
with less conﬁdence or subsequently forgotten. This ﬁnding suggests
that encoding strength can accurately predict whether a person will remember an item in a subsequent memory test. Although Kafkas and
Montaldi (2011) observed the opposite pattern, we do not consider
the results to be irreconcilable. Several differences in stimuli and in
study-test procedures could have caused Kafkas and Montaldi to observe pupillary constriction with high-conﬁdence memories, whereas
we observed dilation with high-conﬁdence memories. Importantly,
their procedure involved incidental encoding of images, whereas our
procedure involved intentional memorization of spoken words. In the
former case, it is reasonable to hypothesize that easily identiﬁed images
would trigger little effort during initial viewing, and would likely support accurate recognition during test. In our case, all items were spoken,
removing any tonic changes due to visual onset. Because we required
intentional memorization, it is not surprising that greater apparent
effort during encoding led to greater performance during test.
Whereas Kafkas and Montaldi interpreted their ﬁndings as reﬂecting
parasympathetic activity, because incidental encoding does not impose cognitive demand or impart any emotional signiﬁcance, we interpret our ﬁndings to reﬂect parasympathetic inhibition and/or
sympathetic activity, because intentional encoding is a cognitively
demanding task.
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A novel ﬁnding appeared in the analyses on pupil dilations during
the recognition test, wherein we observed effects of voice and conﬁdence. Speciﬁcally, pupil diameters were larger (1) when people were
highly conﬁdent and accurate and (2) when the study and test voices
matched. Less conﬁdent memories were not characterized by a lack of
dilation, but by progressively smaller peak diameters. This ﬁnding is
compatible with Whittlesea's (1997) SCAPE framework for recognition
decisions. In SCAPE, recognition memory reﬂects a two-stage process.
According to Whittlesea and Leboe (2000; Whittlesea and Williams,
1998, 2001), the ﬁrst stage is production of mental states, which involves
elaboration of perceptual inputs. During this stage, the person receives
input, and then “ﬁlls it in” by bringing associated images or ideas to
mind (Neisser, 1967). The second stage is evaluation, wherein the person automatically evaluates the production functions. As discussed by
Whittlesea (1997; Leboe and Whittlesea, 2002), this is not direct evaluation of the stimulus, such as comparing memory strength to a decision
criterion. Instead, evaluation indexes the relative harmony of mind.
To illustrate these processes, imagine that you encounter a coworker
after she has changed her hairstyle: The production process will easily
recognize your acquaintance, but the evaluation process will produce
a sense of disharmony — you know that “something is different.”
According to Whittlesea and Williams (2001), this reﬂects a discrepancy-attribution process. In most situations, people have implicit expectations of ﬂuent processing. You expect to see your coworker, easily
recognize her, and move on. As a result, ﬂuent processing typically creates no “feelings” of memory — you simply know your acquaintance.
When processing is dysﬂuent, however, the evaluation process generates a mismatch signal, which is experienced as a feeling of unexplained
familiarity. Despite standard usage, feelings of familiarity do not generally evoke a sense of memory, but rather a sense of memory failure
(Mandler, 1980). In SCAPE, the evaluation process signals potential
memory failures whenever perceptual inputs engage “extra” elaboration
during production. In terms of the present experiment, words studied
and tested new voices will generate (relative) processing dysﬂuency,
interpreted in a recognition test as novelty.
We anticipated and observed that processing ﬂuency at test, due to
same-voice repetitions, would elicit accurate memory performance.
We also observed, however, that pupils were enlarged for items that
were correctly recognized, relative to those that were missed, and that
same-voice trials yielded the highest peak diameters. These counterintuitive ﬁndings suggest that, when presented with test items, participants
may elaborate the perceptual input, essentially recreating the cognitive
processes associated with encoding (see Masson, 1989; Whittlesea and
Cantwell, 1987; Was, 2010). Because more “strongly encoded” items result in larger pupils during study, the production process during test results in similar dilation. Indeed, comparing Figs. 2 and 3, the similarity in
peak diameters is visually evident. We also observed signiﬁcant positive
correlations across observations (p b .05 for all comparisons, with the exception of conﬁdence estimates of 5, p= .14). Further research into the
evaluation process is needed, however, before strong conclusions can
be drawn regarding the physiological indices of SCAPE.
Taken together, the present behavioral and physiological ﬁndings
suggest that spoken words are stored as rich memory traces, with idiosyncratic perceptual details intact (Pisoni, 1993). Such details are naturally retained in memory, aiding subsequent perception and recognition.
When a person hears a test word that only partially matches its stored
trace, as when items are repeated in new voices, recognition performance
drops (Goh, 2005; Goldinger, 1996; Nygaard et al., 1995). Perceptual
ﬂuency appears as a key factor in such voice effects: as indicated by
pupillometry, voice speciﬁcity effects strongly inﬂuence subjective feelings of memory strength and cognitive demand.
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Appendix. Words and nonwords used in the experiment

Words

Nonwords

HF

LF

also
basis
big
boy
car
care
church
day
door
else
end
face
fact
feet
ﬁre
force
girl
good
hand
head
heard
help
high
hope
house
level
like
made
man
paper
real
simple
still
stood
strong
table
took
water
wife
woman

anvil
binder
blame
bleed
boar
brood
burglar
calf
chose
clove
coop
cork
fake
fool
glean
glove
grapes
haze
heal
locker
moot
nail
propel
repeal
rouge
slate
sneak
stamp
starch
stove
thief
thumb
tulip
wade
wallet
weld
wolf
worm
yolk
yore

mazz
ﬂazick
inﬂoss
wurve
sarlin
breen
preck
freem
tupe
tramet
greele
sagad
goip
hinsup
hesting
neep
hine
erbow
manuge
zolite
vorgo
swoke
puxil
fegole
humax
gurst
bilark
modge
vasult
yertan
lactain
rensor
seck
blemin
natch
plaret
verm
subar
glane
serp

borse
lexel
zeat
squeet
ashwan
corple
meegon
forch
lapek
remond
yole
ostrem
sorneg
rebook
nork
blukin
chark
brant
daver
loash
reast
dorve
roaken
ﬂoak
kosspow
vour
bawn
plitch
tink
rotail
skave
yolash
duforst
sleam
yusock
yince
gisto
behick
murch
redent
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