PSYCHOPHYSIOLOGY

Psychophysiology, 52 (2015), 754-769. Wiley Periodicals, Inc. Printed in the USA.

Copyright © 2015 Society for Psychophysiological Research
DOI: 10.1111/psyp.12412

The pupil as an indicator of unconscious memory: Introducing the

pupil priming effect
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Abstract

We explored whether object behavioral priming and pupil changes occur in the absence of recognition memory.
Experiment 1 found behavioral priming for unrecognized objects (Ms) regardless of whether they had been encoded
perceptually or conceptually. Using the same perceptual encoding task, Experiment 2 showed greater pupil dilation for
Ms than for correct rejections of unstudied objects (CRs) when reaction times were matched. In Experiment 3, there
was relatively less pupil dilation for Ms than for similarly matched CRs when objects had been encoded conceptually.
Mean/peak pupil dilation for CRs, but not Ms, increased in Experiment 3, in which novelty expectation was also
reduced, and the pupillary time course for both Ms and CRs was distinct in the two experiments. These findings
indicate that both behavioral and pupil memory occur for studied, but unrecognized stimuli, and suggest that encoding

and novelty expectation modulate pupillary memory responses.
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Learning, memory, and attention have mainly been investigated
through the use of behavioral measures, introspective reports, and,
more recently, by direct and noninvasive imaging of brain activity.
However, the human eye can, in some circumstances, also be an
accurate indicator of cognitive-specific processes. Indeed, over the
past few decades, eye-tracking methodology (i.e., the measurement
of eye movements and/or eye fixation patterns) and pupillometry
(i.e., the measurement of pupil diameter) have become established
and important markers of cognitive function (Laeng, Sirois, & Gre-
deback, 2012; Richardson, Dale, & Spivey, 2007).

Eye-tracking methodology has been extensively used to investi-
gate cognitive processes, including learning and memory (see Han-
nula et al., 2010; Rayner, 2009; Tanenhaus, Magnuson, Dahan, &
Chambers, 2000, for reviews on these topics). Eye movements at
encoding have been found to predict later memory (e.g., Katkas &
Montaldi, 2011) while, at retrieval, distinct eye-movement patterns
for previously encountered items have been observed (e.g., Chanon
& Hopfinger, 2008; Kafkas & Montaldi, 2012; Ryan, Althoff,
Whitlow, & Cohen, 2000), even when explicit awareness of such
pupillary behavior is ruled out (e.g., Hollingworth & Henderson,
2002; Hollingworth, Williams, & Henderson, 2001; Ryan et al.,
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Pupillometry studies, although fewer in number, have also been
conducted in order to identify correlates of cognitive processes
involving changes in pupil diameter, such as pupil dilation. Some
studies have revealed changes in pupil diameter, particularly under
conditions of high cognitive load (e.g., Granholm, Asarnow, Sar-
kin, & Dykes, 1996; Just & Carpenter, 1993; Kahneman & Beatty,
1966; Klingner, Tversky, & Hanrahan, 2011).

Researchers have also used pupillometry to investigate memory
in an attempt to identify pupil changes related to memory func-
tions. Early studies conducted by Gardner and colleagues (e.g.,
Gardner, Beltramo, & Krinsky, 1975; Gardner, Mo, & Borrego,
1974; Gardner, Philp, & Radacy, 1978) showed pupillary response
changes related to memory encoding and retrieval.

More recent studies have confirmed the link between pupil-
related changes and memory. For instance, Kafkas and Montaldi
(2011) found that, when encoding was incidental, pupil dilation
decreased as a function of subsequent memory strength. Papesh,
Goldinger, and Hout (2012), however, found increased pupil dila-
tion for later successful retrieval, but their encoding task, unlike
that of Kafkas and Montaldi’s (2011), was a directed one, so their
effects are likely to reflect encoding effort rather than an underly-
ing memory-related autonomic response. Using the same object
stimuli as in their earlier study, Katkas and Montaldi (2012) later
found that, at retrieval, the opposite relationship was apparent—
with greater pupil dilation for old compared to new, and for recol-
lected compared to familiar stimuli, even when reaction times
(RTs) and presumably effort was matched. Otero, Weekes, and
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Hutton (2011), using the traditional remember/know (R/K) proce-
dure (Tulving, 1985), also found this pupil old/new effect and less
pupil dilation for familiar relative to recollected words. Kafkas and
Montaldi, however, having used a modified R/K paradigm (Mayes,
Montaldi, & Migo, 2007; Montaldi, Spencer, Roberts, & Mayes,
2006) and RT matching, were able to conclude that these retrieval-
related recollection/familiarity pupil effects can occur independent
of memory strength and, relatedly, effort. Finally, Vo et al. (2008)
also illustrated a pupil old/mew effect in which emotionally
weighted, correctly recognized words produced more pupil dilation
than correctly novel, unstudied words, although the effect found in
this study was shown to be driven by the emotional valence of the
stimuli.

In contrast, and perhaps surprisingly, few studies have reported
pupil-related changes of long-term priming, a type of implicit
memory characterized by improved processing of studied material
that can occur in the absence of conscious memory (see Roediger,
1990; Tulving & Schacter, 1990, for reviews). To our knowledge,
only one study (Laeng et al., 2007) has attempted to investigate
long-term priming using pupillometric measures. In this study,
three patients with amnesia were shown a collection of pictures of
objects from different categories (e.g., animals, transports) at
encoding and were required to associate the pictures with spoken
semantic information. At test, the three patients were asked to pro-
vide yes/no recognition responses to each picture presented one at
a time on a computer screen. Although all three patients were
impaired at visual recognition memory, their pupils exhibited
increased dilation for new relative to old items. Importantly, this
pattern was evident even for one of the patients who responded
“new” to all pictures during the recognition memory test, which
suggested that explicit recognition memory was absent, but implicit
recognition as measured by pupillometry was intact.

Confidence in Laeng et al.’s (2007) interesting findings is
somewhat reduced by several concerns. First, the patient sample
included in this study was very small (three patients). Second, the
absence of a control group in their study makes it impossible to
ascertain whether this phenomenon would generalize to individuals
without memory disorders and, relatedly, whether unaware pupil
memory was completely normal in patients. Third, pupil priming
was reported as a raw score, although it is more common and reli-
able to report it as a deviation from a baseline. Fourth, priming was
calculated as the difference between studied and unstudied pictures,
regardless of whether the response was correct. In addition, of the
two patients who gave new and old responses, one of them
responded equally fast for old and new, whereas, for the other
patient, RTs were faster for new than for old, which may suggest
residual recognition memory for the old stimuli.

Given the ongoing debate about whether the memory sources
driving long-term priming and recognition memory should be
viewed as independent (e.g., Voss & Gonsalves, 2010; Voss,
Reber, Mesulam, Parrish, & Paller, 2008) or not (e.g., Berry,
Shanks, Speekenbrink, & Henson, 2012), the possibility that pupill-
ometry can help resolve this issue merits serious consideration. For
this reason, we decided to conduct two experiments (Experiment 2
and 3) to determine whether pupil changes mark object memory
when there is no recognition of the studied material.

In Experiment 1, participants performed both a perceptual (dot-
counting judgment) and a conceptual (animacy judgment) encoding
task on different objects, whereas at test they engaged in an object
decision task followed by a recognition memory test on a trial-by-
trial basis. This experiment was conducted in order to ascertain
whether reliable behavioral priming could be produced for unrec-
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ognized but studied stimuli. In Experiment 2, participants per-
formed the same perceptual encoding task as in Experiment 1. At
test, we administered a recognition memory task without the object
decision priming task while recording pupil data simultaneously.
Pupil priming' was defined as the difference in pupil dilation
between misses (i.e., studied objects incorrectly judged “new’) and
correct rejections (i.e., novel objects correctly judged “new”) with
matching RTs. Experiment 3 was similar to Experiment 2 with the
difference that a conceptual task (size classification) was used at
encoding to determine whether pupil priming would be different
for conceptually encoded objects than for perceptually encoded
ones.

To anticipate our key findings, behavioral priming (as measured
by RTs) for unrecognized objects occurred following both percep-
tual and conceptual encoding (Experiment 1). Pupil priming was
also identified in Experiment 2 as an increase in mean/peak pupil
dilation for misses (Ms) relative to RT-matched correct rejections
(CRs), whereas this effect was reversed in Experiment 3. In addi-
tion, the pupillary time course differed between matched Ms and
CRs as well as between experiments. Possible interpretations for
these findings will be considered in the General Discussion.

Experiment 1

We initially conducted a behavioral experiment using a typical
behavioral priming measure (i.e., RTs) in order to investigate
whether behavioral priming could be obtained for unrecognized but
studied stimuli using a novel behavioral task. In this experiment, par-
ticipants performed, at study, both a shallow- and a deep-encoding
task on pictures of common objects. At test, they judged whether or
not each object was real and, with real objects, decided whether they
had been presented during the study phase. We were particularly
interested in determining whether behavioral priming occurred when
studied objects were not recognized. If this was found, and partici-
pants showed different pupil sizes for Ms and CRs under very simi-
lar circumstances, it would strongly suggest that pupil priming and
behavioral priming depend on common mechanisms.

All experiments reported in this article were approved by the
School of Psychological Sciences Research Ethics Committee of
the University of Manchester.

Method

Participants. Thirty undergraduate students at the University of
Manchester were recruited. All participants had normal or
corrected-to-normal vision and gave informed written consent to
take part in this study. One participant was excluded from the sta-
tistical analysis due to answering correctly only once to nonobjects.

Materials. Stimuli were selected from an Internet clip art database
(www.clipart.com) and consisted of 60 black and white pictures of
real objects, half of which comprised animate objects (e.g., ani-
mals) whereas the other half represented inanimate objects (e.g.,

1. In Experiment 1, priming was indicated directly as a kind of mem-
ory through behavior in the form of an RT speedup. Theoretically, neu-
roimaging methods can reveal the neural underpinnings of this kind of
stimulus-specific unconscious memory. Pupil changes are neither the
defining behavioral indicators of priming nor its neural underpinnings,
but, presumably, are triggered specifically by the brain regions that
underpin this kind of memory. So, pupil changes indirectly mark the
occurrence of priming, and for brevity we refer to this as “pupil pri-
ming,” although the pupillary response is not itself primed.
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Figure 1. a: Experimental paradigm of Experiment 1. At study (top), participants either counted the number of red dots presented within the object
picture (dot task) or judged whether an object was either animate or inanimate (animacy task). At test (bottom), they performed an object decision
task followed by a recognition memory test. b: Experimental paradigm of Experiment 2. At study (top), participants counted the number of red dots
presented along the lines of the pictures. At test (bottom), they performed a recognition memory test. The numbers above each event correspond to

the duration of those events in milliseconds.

vehicles). In addition, a different set of 30 pictures depicting differ-
ent objects were altered to create the nonobjects used in the test
task (see Figure la for an example; see also Gomes & Mayes,
2014, for information on how these nonobjects were created).

Procedure. Figure la shows the experimental design used in
this experiment. Participants engaged in two different encoding
tasks that were randomly intermixed: In the dot task, participants
indicated whether they had seen either one or two red dots
flashed within the picture, whereas in the animacy task, they

indicated whether a picture depicted an animate or inanimate
object. The encoding task was randomly selected on each trial,
and a cue word was always shown before the presentation of a
picture to inform participants which task they were about to
engage in. There were a total of 40 pictures; half of these were
randomly assigned to the animacy task and the other half to the
dot task, with the constraint that for each task half of the pic-
tures depicted animate objects whereas the other half inanimate
objects. Each study trial began with a fixation cross shown for
1,000ms followed by the cue word, also presented for 1,000 ms.
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A picture of an object was presented immediately after the cue
for 1,500 ms. If the task corresponded to the dot task, each dot
briefly flashed for 500 ms at a random location within the image,
and when two dots were presented, they were shown sequen-
tially with an interval of approximately 200ms between them.
Participants pressed one of the control keys on the keyboard for
one-dot/animate decisions, and the other control key for two-
dots/inanimate decisions.

For the test phase, 20 new pictures of objects as well as an addi-
tional 30 pictures of nonobjects were shown along with the 40 stud-
ied objects (half of them from the dot task and the other half from
the animacy task). Participants were instructed to, first, decide as
quickly as possible whether a picture represented an object (object-
decision task), and, second, except when the stimulus was a nonob-
ject, whether it had been presented at study (recognition task).
Each test trial started with a fixation cross for 1,000 ms followed
by a brief presentation of either an object or a nonobject for 30 ms.
Participants attempted to respond within 5,000ms and, for object
stimuli, the question, “Did you see the following picture during the
first phase of the experiment?” appeared for 2,000 ms. The same
picture was then presented for up to 5,000 ms, within which time
participants had to respond. They pressed one of the control keys
for “real object” and “old object” decisions, and the other control
key for “nonobject” and “new object” decisions. This and subse-
quent experiments were programmed and run using the MATLAB
(http://www.mathworks.com) toolbox Cogent (http://www.vislab.
ucl.ac.uk/cogent.php).

Design and analysis. The experimental design comprised cate-
gory (hits, misses, correct rejections) as a within-subject factor.
The data were analyzed using repeated measures analysis of var-
iance (ANOVA) and paired ¢ tests on RTs. A Huynh-Feldt correc-
tion was applied to the degrees of freedom of those tests for which
the assumption of sphericity was violated. The alpha level was set
for all statistical tests at .05, and ¢ tests were two tailed.

Results

Incorrect trials, trials with absent responses, and/or with an RT
more than 2.5 standard deviations above or below the mean were
removed from subsequent analyses (13.5% of trials for all condi-
tions and participants).

A single score representing the “corrected” hit rate (PR) for
each condition and for each participant was calculated by subtract-
ing the false alarm rate from the hit rate of each study condition. A
paired ¢ test between PRy, and PRgpaow Wwas significant,
1(28) = 6.671, p < .001, d = 2.52, indicating better explicit memory
for deeply encoded objects (0.59) than shallowly encoded objects
(0.34). Notwithstanding, both PRy, #28)=19.278, p <.001,
d =347, and PRy10w, #(28) = 10.823, p <.001, d=1.97, were
significantly above chance.

In order to ascertain whether priming could be observed
without explicit memory, we separated object-decision trials into
three categories according to subsequent recognition: a hits (Hs)
category, a misses (Ms) category, and a correct rejections (CRs)
category. Only participants with more than four trials per cell
across all categories were included in the analysis (four partici-
pants excluded).

Figure 2 shows the RTs for Hs and Ms, separate for each encod-
ing condition, as well as for CRs. For Ms, a single-factor repeated
measures ANOVA (category: MSgeep, MSshaiiow, CRS) yielded a sig-
nificant effect, F(2,30) = 6.550, p <.01, ng =.30. Paired ¢ tests
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Figure 2. Mean reaction times (RTs) for Experiment 1. Hsyec, = hits for
objects studied under deep-encoding conditions; Hsgpapow = hits for
objects studied under shallow-encoding conditions; Msgep, = misses for
objects studied under deep-encoding conditions; Msg,j10w = misses for
objects studied under shallow-encoding conditions; CRs = correct rejec-
tions. Error bars represent the standard error of the mean.

revealed that both Msgeep and Msghaiiow Objects were judged signifi-
cantly faster than CRs (MSgeep vs. CRs: #(15) = —3.197, p <.01,
d = .80; MSghatiow V. CRs: #(28) = —2.964, p < .01, d = .55). There
was no difference between Msgaiiow and Msgeep, #(15) = —1.556,
p>.10,d = .39. The ANOVA on the Hs data did not approach sig-
nificance, F(1.661,46.510) = 2.141, p > .10, 17% =.07. However, a
paired ¢ test between Hsgaow and CRs revealed a trend towards
significance, #(28) = -1.868, p = .07, d = .35.

Discussion

The important finding of the present experiment was the detection
of a reliable priming effect: faster RTs for Ms relative to CRs. This
result provides some reassurance that any detectable difference in
pupil dilation between Ms and CRs should arise from a very similar
kind of memory trace to the one supporting the behavioral effect
obtained in the present experiment. However, there was no reliable
priming for Hs in either condition (although priming for Hsgpapow
approached significance). One possible explanation for this result
could be that interference occurred during the priming task when
participants were unable to stop themselves anticipating the recog-
nition memory decision that was to follow. This interference was
presumably greater when the objects were involuntarily recog-
nized, which would have occurred more with stronger memories.
Such active, explicit memories would have distracted attention
from the priming task even more, and thus caused a bigger slow-
down in the primed responses so as to minimize any speedup. In
other words, during the object-decision task, participants could not
stop themselves from attempting to retrieve whether a particular
object had been presented earlier, and, if a conscious memory had
been produced, the competing priming response would have been
slowed down.

General Pupillometry Method

The pupillometry experiments reported in this paper follow a typi-
cal study-test procedure. At study, participants saw pictures of
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objects, while the kind of encoding was manipulated across experi-
ments (see Method section of each experiment). According to dual-
process models of recognition memory (e.g., Yonelinas, 2002), rec-
ollection occurs when a recognition test stimulus cues recall of
aspects of its encoding context, whereas familiarity occurs when it
feels that a recognition test stimulus has been encountered before,
without any cued recall of specific associations from its encoding
context. In the following two pupillometry experiments, partici-
pants were presented, at test, with a modified R/K recognition
memory test used to measure the two kinds of memory that support
recognition memory. In this modified familiarity-only procedure
(Montaldi et al., 2006), participants are explicitly instructed to
report quickly and accurately whether familiarity is present, and
not to try to recollect specific contextual details about the stimulus,
but to report if they occur involuntarily.

Accuracy (i.e., proportion of correct responses), RTs, and pupil
data were recorded. Critically, six response categories (recollection
hits, familiarity hits (Fs), misses (Ms), correct rejections (CRs), rec-
ollection false alarms, and familiarity false alarms) were extracted
for offline analysis. However, given our specific interest in pri-
ming, the analyses described in this paper focused mainly on differ-
ences between Ms and CRs, although Fs were also included when
found relevant. Familiarity recognition success rate (PR) was cal-
culated assuming stochastic independence using the formula
[familiarity hit rate/(1 — recollection hit rate)] — [familiarity false
alarm rate/(1 — recollection false alarm rate)] (Yonelinas, 2002).

It should be noted that a pupillary response difference between
Ms and CRs is not an entirely satisfactory demonstration of uncon-
scious memory because Ms are usually found to be slower on aver-
age than CRs (as in our experiments). The slowness of Ms relative
to CRs is almost certainly related to the greater difficulty in making
M decisions so more effort has to be exerted, and it is well known
that increased effort is a major driver of pupil dilation (e.g., Beatty
& Kahneman, 1966; Kahneman & Beatty, 1966). In the recognition
memory context, such increased effort and decision time for Ms
rather than CRs could result from two sources. First, Ms could
have needed more effort to process than CRs in nonmemory-
related ways. Although selection of studied and unstudied objects
was based on randomization, Ms and CRs were selected by partici-
pants, so it is conceivable, even if unlikely, that their selections
were biased in terms of the relative processing difficulty of M and
CR pictures. To eliminate this possibility, we used a procedure to
confirm that M and CR pictures did not differ in this way (see
below). Second, the greater time and effort for Ms was almost cer-
tainly related to above-chance levels of familiarity, whereas the
familiarity of CRs must have been at chance. This is because famil-
iarity strength is a continuous variable (Yonelinas, 1994), and the
closer familiarity strength is to the recognition threshold, the more
difficult and effortful it will be to reach F and M decisions, slowing
these responses (Kafkas & Montaldi, 2014). Therefore, a straight-
forward comparison of Ms with CRs is confounded by the greater
familiarity and, relatedly, the greater effort needed for M decisions.
Consistent with this, we found that RTs were slower for Ms than
for CRs, and that pupil dilation was greater for slower than for
faster Ms.

To help ensure that any pupillary difference between Ms and
CRs reflects completely unconscious object memory (i.e., priming)
unconfounded by greater levels of above chance, but just below
threshold levels of familiarity, and, relatedly, higher levels of M-
related effort, Ms and CRs were RT matched. An overall RT con-
found matching procedure was used in both pupillometry experi-
ments. This was developed by Spencer, Montaldi, Gong, Roberts,
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and Mayes (2009) as a way to control for regression towards the
mean. The procedure involves the selection of pairs of individual
Ms and CRs that have identical RTs. However, given that it is
unlikely that a sufficient number of trials are identical at the milli-
second level, we allowed some variation to occur between any two
given trials, with the constraint that this variation did not exceed
100ms on either side.”. The number of positive differences (i.e.,
Ms RT < CRs RT) was balanced with the number of negative dif-
ferences (i.e., Ms RT > CRs RT) in an unbiased way, starting with
the smallest possible difference between the two categories and
proceeding by always alternating one negative difference with a
positive one. Thus, after matching, both response categories should
have identical RT distributions with equivalent means and standard
deviations.

Variations in RTs for Ms are a joint function of weak
familiarity-related effort and of nonmemory-related effort. In con-
trast, RT variations for CRs depend only on the nonmemory-
related effort because CR-related familiarity levels must be at
chance. Both these sources of effort need to be matched between
Ms and CRs to ensure that relative pupil dilation for Ms indicates
an effect of completely unconscious object memory (priming)
rather than a confound due to residual familiarity. Without this
double match, the matching RTs for Ms and CRs could have
resulted from quicker/slower nonmemory-related effortful process-
ing counterbalanced by slower/quicker memory-related effortful
processing. With an overall RT match, if nonmemory-related effort
for Ms was reduced, then any greater pupil dilation for Ms would
have related to residual familiarity and greater effort. A nonme-
mory RT confound matching procedure was used to match Ms and
CRs in the following way: we computed the mean RT for each
stimulus when it featured as a CR, because, as familiarity was at
chance for CRs, RTs could only have been influenced by variations
in nonmemory-related factors. Then, for each participant, the M
and CR RTs for each stimulus were replaced by the corresponding
mean CR RT for that stimulus. For each participant, a mean CR-
based M and CR score was calculated, which enabled us to check
whether these RTs were matched. Such a match would indicate
that nonmemory-related difficulty of the pictures comprising par-
ticipants” Ms and CRs was closely similar and that, therefore,
familiarity-related effort was also matched and M familiarity was
very close to chance levels. It should be noted that the validity of
this inference depends on there being a close relationship between
RT and both picture nonmnemonic processing and how close sub-
thresholded familiarity is to the recognition decision threshold.
This, of course, depends on the correctness of our reasoning, which
some may challenge.

To ensure the good quality of pupil data, only participants
whose pupil discrimination allowed for a consistent recording of
pupil data throughout the experimental session were included in
the analyses. Also, participants who demonstrated exaggerated
movement during the experiment were excluded from the analyses.

In keeping with other pupillometry studies (e.g., Katkas &
Montaldi, 2011, 2012), we also performed within-participant clean-
ing procedures. Artifacts such as blinks were removed from each
pupillary trace, and trials with an excessive number of these arti-
facts (>30%) were excluded from statistical analyses. Linear

2. We identified the cutoff point of 100 ms as a reasonable compro-
mise between closely matched RTs and number of Ms available, as
shorter time windows would have greatly reduced the number of poten-
tial Ms that could be matched. In any case, choosing different time win-
dows did not substantially affect the main effects reported.
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interpolation replaced data points for a particular trace that deviated
from the mean for that trace by more than * 2 standard deviations.
An unweighted 5-point moving average filter was then passed over
the data to minimize the partial lid closure effect (i.e., to account
for the constriction that occurs when the lid closes).

Finally, Goldinger and Papesh (2012) have recently
delineated a few experimental considerations that could improve
the validity of pupillometry as a means to study memory. In
short, they suggested using (a) colorless, low-contrast stimuli, (b)
relatively long stimulus exposure, (c) a sufficiently long intersti-
mulus interval, (d) baseline-corrected diameter analyses, and (e)
different but complementary pupillometric measures (e.g., mean
and peak pupil diameter). Thus, in order to increase the reliabil-
ity of our interpretations, we followed these recommendations in
the present study.

Experiment 2

In Experiment 1, reliable behavioral priming (as measured by RTs)
was observed for shallowly encoded and unrecognized objects. The
present experiment was conducted in order to determine whether
this effect could also be measured under very similar conditions
but with pupillometry. More specifically, we sought to investigate
whether Ms objects, for which recognition is likely to be partially
or completely absent, still show a pupillary response that differs
from that of CRs. To ensure that conditions were as similar as pos-
sible to the behavioral experiment, participants engaged in the
same low-level study task as in Experiment 1.> During the test
phase, a recognition memory test was administered using
familiarity-only instructions (Mayes et al., 2007; Montaldi et al.,
2006).

We purposefully chose a recognition task rather than the behav-
ioral priming task during the test phase because it is likely that
explicit memory contamination occurs for some trials during long-
term priming paradigms including ours. Without having a measure
of subjective recognition memory, any pupillary response differ-
ence between studied (primed) and unstudied (unprimed) stimuli
could simply reflect recognition of some stimuli, which could
inflate pupil dilation for the primed stimuli. This would be a serious
confound in our experiment that we wished to avoid. Also, using
exactly the same paradigm as in Experiment 1 (i.e., a behavioral
priming test followed by a recognition memory test) would be
problematic because a form of interference would be present during
priming trials as a result of participants anticipating recognition
memory judgments. An item-by-item priming-then-recognition test
would seriously undermine the possibility of disentangling whether
the pupillary response was due to true priming or just anticipation
effects because the pupil is sensitive to anticipation (e.g., Tressoldi,
Martinelli, Semenzato, & Cappato, 2011). Thus, we opted to
administer an object recognition memory test on its own during the
test phase on the assumption that reliable behavioral priming would
automatically occur for unrecognized objects under similar encod-
ing conditions as Experiment 1 (but see footnote 3).

3. For technical reasons, we used slightly different object stimuli in
Experiment 1 and Experiment 2. However, care was taken in choosing
pictures that were perceptually very similar between experiments (see
Figure 1): both picture sets consisted of clip art line drawings, were col-
orless, had a similar physical size, and depicted common objects. Never-
theless, we acknowledge that these nonspecific differences may limit
confidence in arguing that pupil priming in the present experiment and
behavioral priming observed in Experiment 1 are very similar kinds of
unconscious object-related memory.
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Method

Participants. Thirty undergraduate students from the University
of Manchester were recruited (M = 20.37, SD = 1.78). All partici-
pants had normal or corrected-to-normal vision and gave informed
written consent to take part in this study. Two participants were
excluded due to difficulties with discrimination of the pupil, and an
additional participant was excluded due to exaggerated movement
throughout the experiment.

Materials. Two hundred line-drawing images of common objects,
and an additional 10 for the practice trials, were selected from an
Internet database (http://www.clipart.com/). In order to ensure that
luminance levels across images were constant, only pictures of
basic drawings consisting of black lines were used (see Figure 1b
for some examples). The pictures were carefully selected such that
they contained an approximately equal number of dark pixels. Con-
sequently, the average pixel level was well matched across pictures
(mean: 121, range: 112—126). The images were then rescaled to fit
in a box of 400 X 400 pixels, in order to minimize potential retinal
size differences, as well as to maintain an approximate equal num-
ber of dark pixels in each image. Finally, all pictures were pre-
sented in low contrast on the center of the screen and on a dark
gray background with an RGB (red/green/blue) level of 128. The
baseline screen, which was shown before the presentations of each
picture, comprised an empty dark gray frame with the same RGB
level as the background of the picture stimuli (i.e., 128).

Procedure. Participants positioned approximately 60 cm from the
computer screen performed the same dot-encoding task as in
Experiment 1. Each trial started with a fixation cross presented at
the center of the screen for 2,000ms followed by the baseline
screen for 500ms. A picture of an object then appeared for
2,000ms, with either one or two dots each briefly flashed for
500ms (see Figure 1b). Participants pressed the left and right con-
trol keys on the keyboard for one-dot and two-dot decisions. A total
of 100 pictures randomly selected from a pool of 200 pictures was
presented during this phase.

Immediately after the study phase, participants were told they
would be presented with pictures, some of which they had studied
before, and that they were required to judge which pictures they
remembered having seen in the study phase. Importantly, they
were trained to discriminate between the two kinds of memory
they could experience during the recognition test, namely, recollec-
tion and familiarity memory. This was done by initially having
them read an instruction sheet describing the characteristics of each
kind of memory (see Appendix), and then provide the experimenter
with examples of each type of memory, to ensure they properly
understood the difference between familiarity and recollection
memory. All participants tested showed a proper understanding of
the difference between the two kinds of memory. In order to reduce
the occurrence of involuntary recollection memory, we instructed
participants to make their decisions quickly but accurately (Mayes
et al., 2007; Montaldi et al., 2006).

After a short practice session, the test phase began. Each test
trial commenced with a fixation cross presented for 3,000 ms fol-
lowed by the baseline screen for 500 ms. Each picture remained
on the screen until participants gave a response. The 100 pic-
tures presented at study were randomly intermixed with the
remaining 100 novel pictures. Participants pressed predefined
keys on the keyboard to give their recollection, familiarity, and
new responses.
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Apparatus. The equipment used in this experiment to record
eye movements and pupil data was an Applied Sciences Labora-
tory (www.asleyetracking.com) eye tracker (Eye-Trac 6000)
using a sampling rate of 60 Hz. The eye tracker consisted of a
remote camera positioned under the middle of the screen that
was used to present the stimuli, at a distance of approximately
60cm from each participant. A chin rest was used to minimize
movement, and the pupil data were recorded from the left eye of
each participant. Environmental light conditions were the same
for all participants and were kept constant throughout the whole
experiment. The presentation computer was connected via a
serial connection to the interface computer containing the soft-
ware that controlled the eye tracker. This connection allowed the
interface computer to trigger the eye tracker to initiate the
recording of data during the baseline period and presentation of
pictures. In order to convert the units utilized by the eye tracker
into metric units (i.e., in millimetres), a 4-mm artificial pupil
was placed at the location of the participant’s eye and its value
recorded for later conversion.

Data cleaning, reduction, and analysis. On average, 18% of the
trials were excluded using the procedures delineated in the General
Pupillometry Method.

Accuracy and RTs were calculated for each response category.
For the pupillometric data, both mean pupil dilation (i.e., average
value of pupil dilation for each trial) and peak pupil dilation (i.e.,
maximum value of pupil dilation for each trial) were also calcu-
lated for each category. In addition, analyses of the pupillary
behavior across time were also performed by splitting up the pupil
data for each trial into six categorical variables (bins), each con-
taining an equivalent number of pupil recordings. This was done as
a means of standardizing different trials with different RTs, since
participants responded at their own pace, thus producing different
numbers of pupil recordings for each trial (see Katkas & Montaldi,
2012, for a similar approach).

The data were analyzed using repeated measures ANOVAs and
t tests on accuracy, RTs, and pupil dilation scores. The alpha level
was set at .05, and statistical tests were two tailed; however, when-
ever we predicted the direction of the pupillary response (e.g.,
when testing mean pupil scores against zero, we did not expect
pupil constriction), we performed one-tailed ¢ tests. Effect sizes are
reported in the form of Cohen’s d and partial eta-squared (ng)
where appropriate.

Results

An additional 4% of trials with outlying RTs were excluded from
the analyses.

Table 1 (left column) shows the proportion of trials in each
response category. A one-sample ¢ test was conducted on the famil-
iarity PR scores (assuming stochastic independence) to ascertain
whether participants’ familiarity memory would be above-chance
levels. This test revealed a significant effect, #(26)= 11.181,
p <.001, d = 4.35, indicating that participants exhibited reasonably
good familiarity memory for studied objects (M = .25).

Table 1 (right column) shows the mean RTs for each response
category. Paired ¢ tests revealed that Fs were slower than both Ms,
1(26) =2.174, p <.05, d= .42, and CRs, #(26) =4.247, p < .001,
d = .82. Importantly, Ms were slower than CRs, #(26)=3.376,
p<.01, d=.65, suggesting that participants had above-chance
familiarity levels for Ms that made new decisions for this category
more effortful, slower, and harder to make.

C.A. Gomes, D. Montaldi, and A. Mayes

Next, we evaluated to what extent the effort-related difficulty in
reaching a decision, as indicated by RTs, affected the pupil data for
Fs, Ms, and CRs. We included Fs in this analysis to see whether
difficulty in making a memory judgment affected Ms and Fs in a
similar way. If RTs were found to be related positively to pupil
dilation for both Fs and Ms, this would suggest that increased effort
amplifies pupil dilation regardless of whether the strength of the
familiarity signal is above or below the recognition threshold. For
that aim, we split the RT data into six quantiles (sextiles) for each
of those three categories and computed the mean pupillary response
for each sextile. A linear trend analysis was conducted using a
polynomial of the first degree, and the results of this analysis are
illustrated on the left panel of Figure 3. Both Fs, F(1,26) = 4.118,
p=.05, n2=.14, and Ms, F(1,26)=6294, p<.05, 5’ =20,
showed a linear increase in mean pupil dilation with RTs, whereas
the effect was not significant for CRs, F(1,26) =.012, p > .10,
ng =.0004.

Because the increase in dilation for Ms (but not for CRs) as a
function of RTs, as well as the slower RTs for Ms than for CRs,
could indicate memory-related effort, Ms and CRs were matched
in terms of RTs. Both overall and nonmemory RT confound match-
ing procedures were used to ensure that any M-related pupil dila-
tion indicated unconscious object memory. To achieve the overall
RT confound match, approximately 78% of Ms were matched with
CRs, producing an average of 28 matched Ms per participant, and
their corresponding matched CRs. After matching, neither the dif-
ference in RTs, #26)=-710, p>.10, d=.14 (Msnatched:
M = 1369, SD = 330; CRSpatched: M = 1368, SD = 328) nor base-
line dilation levels, #26) =.127, p > .10, d = .02 (MSpachea: 447,
CRSparchea: 4.44), differed significantly between these two
categories.

The left panel of Figure 4 shows the mean and peak pupil dila-
tion for the two matched categories. Paired 7 tests revealed that, rel-
ative to CRSpaccheds MSmachea Showed greater pupil dilation for
both mean, #(26) = 2.064, p < .05, d = .40, and peak, #(26) = 2.147,
p <.05,d= 41, pupil dilation.

Table 1. Proportion of Responses (Range) and Reaction Times
(Standard Error of the Mean) for Each Response Category

Experiment 2 Proportion % Reaction times (ms)

H 0.46 (10-76) 1,614 (89)
R 0.07 (0-52) 1,748 (121)
F 0.39 (8-62) 1,600 (88)
M 0.36 (9-56) 1,502 (80)
CR 0.64 (12-91) 1,396 (71)
FA 0.17 (1-37) 1,630 (85)
FAr 0.008 (0-5) 1,673 (178)
FAg 0.17 (1-35) 1,625 (87)
Experiment 3
H 0.79 (32-96) 1,356 (55)
R 0.16 (0-49) 1,472 (66)
F 0.63 (18-94) 1,370 (57)
M 0.13 (4-32) 1,325 (50)
CR 0.79 (50-97) 1,161 (49)
FA 0.13 (1-36) 1,443 (72)
FAR 0.006 (0-6) 1,875 (266)
FAg 0.12 (1-36) 1,412 (71)

Note. H plus M (as well as CR plus FA) do not sum up to 1 due to
“bad” trials that were excluded prior to statistical analysis (see General
Pupillometry Method for a description). H =hit rate; R = recollection
hit rate; F = familiarity hit rate; M = misses; CR = correct rejections;
FA =false alarm rate; FAg =recollection false alarm rate;
FAp = familiarity false alarm rate.
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Figure 3. Mean pupil dilation for familiarity hits (Fs), misses (Ms), and correct rejections (CRs) as a function of reaction times (RTs) in Experiment
2 (left) and 3 (right). The first sextile (s1) contains the trials with fastest RTs, whereas the last sextile (s6) contains the trials with the slowest RTs.
Sextiles s2—s5 contain trials with intermediate speeds. Error bars represent the standard error of the mean.

Even though RT-matched Ms showed larger pupil dilation than
CRs, we used the nonmemory RT confound matching procedure
(see General Pupillometry Method) to ensure that this effect
reflected unconscious object memory rather than a failure to match
for nonmemory-related difficulty of the pictures selected as Ms and
CRs. Such a match failure would have meant that the enhanced
pupil dilation for Ms, matched overall, was related to above-chance
levels of familiarity. We compared a modified version of the RTs
of the Msuched and CRSachea in Which, for each participant and
picture by picture, the mean CR-RT score was substituted for each
individual’s M or CR RT score. There was no significant difference
between Msached (1,382 ms) and CRsached (1,379 ms) when this
modified mean CR-RT measure was used, #(26) =.191, p > .10,
d = .04, which showed that the perceptual difficulty (nonmemory-
related processing speed) of Msuchea @1d CRSpachea Was also
matched. Therefore, the familiarity level of Ms must have been
effectively at chance and the enhanced pupil dilation of Ms must
have reflected unconscious object memory of some kind rather
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Figure 4. Mean and peak pupil dilation for misses (Msyaiched) matched
in terms of reaction times with correct rejections (CRSacheq) in Experi-
ment 2 (left) and 3 (right). Error bars represent the standard error of the
mean.

than an effect of above chance, but below threshold levels of
familiarity.

To confirm that the pupil effect was not mainly confined to
slower Ms and CRs, we tested whether a similar pupillary dilation
difference would occur for fast and slow Ms and CRs that were RT
matched. We divided trials into a fast and slow group based on a
median split and calculated the pupillary response difference
between Msarched @d CRSatched fOr each group. Only participants
with more than six trials in each condition were included in this
analysis (four participants excluded). As we predicted, the differ-
ence was identical between the two speed groups (see Figure 5,
left), #(22) = —.141, p > 0.10, d = .03.

We next analyzed the time course of the pupillary response
using a 2 Category (Mspaccheds CRSmatched) X 6 Bin repeated meas-
ures ANOVA (see Method section for an explanation on how the
bins were constructed). There was only a significant main effect of
category, F(1,26)=4.193, p=.05, nf) =.14 (Figure 6, left),
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Figure 5. Mean pupil dilation difference between MSyachea and
CRSmarcnea Shown separately for fast and slow responses (division based
on a median split) in Experiment 2 (left) and Experiment 3 (right). Error
bars represent the standard error of the mean.
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Figure 6. Time course of the pupillary response (from stimulus onset—bin 1 until participants’ response—bin 6) for RT-matched misses (Msaiched)
and RT-matched correct rejections (CRSyarched) in Experiment 2 (left) and 3 (right). Error bars represent the standard error of the mean.

indicating how mean pupil dilation developed over time for
MSatched Telative to CRSpachea. One-sample ¢ tests revealed that
only bins 2 and 3 were significantly above baseline for the
MSmatched category (bin 2: #26) = 2.166, p < 0.05, d = .42; bin 3:
#(26) =1.977, p <0.05, d = .38), whereas pupil size did not differ
from baseline at any level of bin for the CRsacheq category (all
ps > 0.26).

Finally, given that slower Fs and Ms produced greater pupil
dilation, Fs and Ms were RT matched in order to see whether Fs
produced greater pupil dilation than Ms when effort was matched.
If there was a pupil dilation difference, it should have taken time to
develop, so we also analyzed the temporal evolution of the pupil-
lary response for Fsacheda and MSpachea bY splitting the pupil data
into six bins for each category. RTs between these two categories
were well matched (Msatched: M = 1,486 ms, SD = 380, Fspatched:
M =1,485ms, SD =379; 1(26) = .458, p> .10, d = .09). A 2 Cat-
egory X 6 Bin repeated measures ANOVA revealed a main effect
of category, F(1,26) =6.082, p <.05, 11% =.19, which indicated
that FSyacheq produced a greater pupil dilation than Mspyacheq. The
main effect of bin was also significant, /(1.350,35.109) = 4.228,
p <.05, n, =.14, indicating that pupil dilation increased across
time. More importantly, the interaction was highly significant,
F(1.532,39.821) = 11.584, p <.001, 17, = .31, which indicated that,
whereas FSpacnea Showed a linear increase across recognition time
bins, Ms.chea did not (see Figure 7, left). As would be expected,
the greater size of the pupillary response for Fs took time to
emerge, beginning by the third bin. This greater size of the pupil
for Fs following RT matching indicates that this dilation is a direct
consequence of familiarity because M and F effort was matched.

Discussion

In the present experiment, pupil priming was investigated using
three different measures for determining pupil size differences
(mean pupil diameter, peak pupil diameter, and pupil diameter
across time) between forgotten studied objects (Ms) and correctly
rejected new objects (CRs) matched in terms of RTs. The results
confirmed the usefulness of pupillometry as a measure of pri-
ming. The main finding was the observation of an increase in
both mean and peak pupillary dilation for Ms relative to CRs
that were RT matched both overall and for nonmemory-related
effort. This double confound check procedure showed that the

RT match was not confounded by Ms being based on pictures
for which nonmemory-related processing was easier. This lack of
confound strongly implied that familiarity levels of Ms matched
those of CRs and must, therefore, have been at chance, provided,
of course, that our arguments for the RT-matching procedures
are correct. The Msyacched Versus CRSpachea pupil memory effect
was, therefore, unlikely to have been caused by above baseline
but subthreshold familiarity memory, related to the need to use
greater effort in decision making. Finally, although the analysis
of pupil dilation across time only revealed a main effect of cate-
gory (reproducing the mean pupil effect), Ms.cneq deviated
from baseline relatively early in time whereas CRSyacheq did not
differ from baseline at any time bin.

Even though the pupil effect for MSyucheq Strongly suggests a
completely unconscious kind of object memory, it remains possible
that the memory indicated by the pupil dilation for Msacheq 1S
based on the same memory storage system as familiarity memory,
with the latter being supported by a stronger memory trace in the
same memory storage system. This possibility is consistent with
the greater pupil dilation shown with Fsached than Msycneq and
also with the emergence of this greater pupil dilation of Fs as a
function of the time following stimulus presentation. This pattern
of pupillary response is also compatible with M and F memories
being based on distinct memory systems, so our findings are not
conclusive either way (see General Discussion for further discus-
sion of these points).

Experiment 3

In Experiment 2, the study task directed participants’ attention
away from the objects’ meaning. It was shown that the pupil
dilated more for Msaicheq than CRS acheq during a subsequent
recognition memory test, a phenomenon we called pupil pri-
ming. The aim of Experiment 3 was to determine whether this
pupil priming effect would also be found when using a different
encoding task. In this experiment, participants decided, at study,
whether an object was bigger than a shoebox whereas, at test,
they engaged in the familiarity-only recognition memory test.
Importantly, the study task of the present experiment required a
different kind of study processing from that of Experiment 2:
specifically, a conceptual task (size judgment) versus a percep-
tual task (dot counting), so processing in the present experiment
was more elaborate.
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Figure 7. Time-course of the pupillary response (from stimulus onset—bin 1 until participants’ response—bin 6) for RT-matched familiarity hits
(Fsmatchea) and RT-matched misses (Msaicneq) in Experiment 2 (left) and 3 (right). Error bars represent the standard error of the mean.

The main aim of this experiment was to ascertain whether the
pupil-priming effect observed in the previous experiment would
generalize to a second experiment in which only the encoding task
differed. Importantly, in Experiment 1, we showed that deeply and
shallowly encoded objects exhibited equivalent behavioral priming,
and thus we were confident that any pupillary response difference
between Ms and CRs in the present experiment would be related to
that behavioral priming. It should be pointed out that an animacy
task was used in Experiment 1 rather than a size-judgment task. We
used a different encoding task in this experiment because we
needed a large number of objects meeting strict selection criteria,
with half falling into one category and half into another. It proved
impossible to select 100 animate objects that matched our criteria
(e.g., equal luminosity, similar line complexity) without risking
overlapping conceptual information (e.g., two kinds of bird). How-
ever, participants needed to encode and extract semantic informa-
tion in both tasks, so both should have produced similar behavioral
priming.

Method

Participants. Thirty undergraduate students of the University of
Manchester were recruited (M = 20.48, SD = 5.54). All participants
had normal or corrected-to-normal vision and gave informed written
consent to take part in this study. Two participants were excluded
due to difficulties with discrimination of the pupil, and one addi-
tional participant was excluded due to exaggerated movement.

Materials. The materials used in this experiment were mostly
taken from Experiment 2. A total of 200 objects was also used in
this experiment. Half of these objects were smaller than a shoebox
whereas the other half were bigger.

Procedure. At study, participants were told they were going to
see a series of pictures of common objects on the screen and were
required to decide whether each object was bigger than a standard
shoebox in real life. Each study trial started with the presentation
of a fixation cross for 2,000 ms, followed by the baseline screen
for 500 ms and a picture of an object presented for 2,000 ms. Par-
ticipants pressed the left and right control keys for bigger and
smaller decisions. Piloting showed that recognition memory was

close to ceiling if tested immediately after the size-classification
task (and, consequently, there would not have been a sufficient
number of MS;.cneq); therefore, the study and test phases were
separated by a break of approximately 20 min, which included
three distractor tasks followed by the test instructions. The three
distractor tasks consisted of solving arithmetic problems, writing
down 15 cities in the United Kingdom, and reading an excerpt
from a book, from which participants were asked to memorize as
many details as possible. After the three distractor tasks were
completed, participants were informed they would have to per-
form a recognition memory test (the instructions were identical to
the ones given in Experiment 2).

Data cleaning, reduction, and analysis. On average, 8% of the
trials were excluded from further analyses, using the procedures
delineated in the General Pupillometry Method section. The experi-
mental design, the statistical tests performed, and their correspond-
ing significance level were identical to the previous experiment.

Results

An additional 4% of trials with outlying RTs were excluded from
the analyses.

Table 1 (left column) shows the proportion of trials for each
response category during this experiment. In order to ascertain
whether participants’ familiarity memory was above chance, a one-
sample 7 test was conducted on the familiarity PR scores (assuming
stochastic independence). This test revealed a significant effect,
1(26) = 18.000, p < .001, d = 7.06, indicating that familiarity mem-
ory was relatively high in this experiment (M = .63), and, indeed,
significantly higher than familiarity memory in Experiment 2
(M = .25), ((44.593) = —9.015, p < .001, d = 2.70.

Table 1 (right column) shows the mean RTs for each category.
Paired ¢ tests revealed Fs were slower than both CRs and Ms,
although the effect only reached significance for the Fs versus CRs
comparison, #(25) = 5.180, p < .001, d = 1.01. Importantly, Ms were
slower than CRs, #(26) = 5.574, p < .001, d = 1.07, which, as with
the previous experiment, could suggest some degree of subthreshold,
but above-chance familiarity memory for the former category.

We then tested for a linear trend between pupil dilation and
RTs for Fs, Ms, and CRs (see Figure 3, right). Fs: F(1,26) = 9.743,
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p<.01, ;7]% =.27; Ms: F(1,23)=11.458, p<.01, 17!2) =.33; and
CRs: F(1,26) =6.874, p< .01, 115 = .21, each showed a linear
increase in mean pupil dilation as RTs became slower.

As with Experiment 2, Ms and CRs were RT matched using the
overall and nonmemory RT confound matching procedures. Given
that participants in the current experiment produced, as expected,
fewer Ms than in the previous experiment, only those who had six
or more Msacheqa Were included in the matching analysis (five par-
ticipants excluded). On average, approximately 90% of Ms were
possible to match with CRs using the overall RT confound match-
ing procedure. After the matching procedure, neither the difference
in RTs, #(21) = —1.146, p> .10, d = .24 (MSpatchea: M = 1228,
SD = 239, CRSpatchea: M = 1230, SD = 241) nor baseline dilation
levels, #21)=—.312, p>.10, d=.06 (MSpachea: M =4.34,
CRSparchea: M = 4.33), differed significantly between these two
categories.

Figure 4 (right) shows the results from the main analysis. Paired
t tests revealed a significant result for the mean pupil dilation,
1(21) = —2.102, p < .05, d= .45, with greater pupil dilation for
CRSpatchea than MSyached- For the peak pupil dilation data,
although greater dilation was also observed for Msacheq relative
to  CRSpacheas this effect did not approach significance,
#(21) = —1.555, p > .10, d = .33, presumably due to the peak pupil
data being slightly noisier than the mean pupil data. The nonme-
mory RT confound check procedure found no significant difference
between Mspachea  (1,129ms)  and  CRSpacnea (1,138 ms),
1(21) = —.717, p > .10, d = .15, indicating that nonmnemonic proc-
essing speed of Msaiched aNd CRSachea Was well matched. It can,
therefore, be inferred that familiarity was at chance for the
MSmacched- The pupil effect was also independent of response speed
because the difference between MS,ached @Nd CRSpatcheda WAas
equivalent for fast and slow trials, #(26) = —.700, p > .10, d = .15
(see Figure 5, right).

Next, the analysis of the pupil time course was conducted on
the matched M and CR categories. A 2 Category (MsSmaicheds
CRSpatched) X 6 Bin repeated measures ANOVA revealed a signifi-
cant main effect of category, F(1,21)=4.428, p < .05, 115 =.17,
and bin, F(1.460,30.661) = 13.903, p < .001, ’75 = 40, as well as a
significant interaction, F(3.219,67.601) = 2.695, p < .05, nf) =.11,
which resulted from a delay in the time course of pupil dilation for
MSatched Telative to CRSachea (See Figure 6, right). Indeed, one-
sample ¢ tests showed that, whereas every bin in CRS;cneq Was
above chance (all p <0.01), only bin 5 and 6 were significantly
greater than zero for Msachea (bin 5: p <0.05, bin 6: p <0.01).
Thus, the analysis of the pupillary time course in the current
experiment revealed a distinct pattern of pupil dilation across
time between MSyacched @Nd CRSmaicned, With the latter showing
an earlier and consistent increase in pupil dilation relative to the
former.

Finally, the pupillary time course of RT-matched Fs and Ms
was examined. RTs were well matched between these two
categories  (Mspacnea: M =1,327ms, SD =251; Fspuched:
M =1328ms, SD = 251; #(26)= —.793, p>0.10, d=.15). A 2
Category X 6 Bin repeated measures ANOVA revealed a main
effect of bin, F(1.678,2.815) = 24.560, p < .001, 115 = .54, as well
as a significant interaction, F(2.815,59.110) =3.495, p < .05,
’112; = .14, indicating that the temporal evolution of the pupillary
response for FSyached and MSyachea Was distinet (see Figure 7,
right). F-related pupil dilation occurred following RT matching,
thus indicating a direct effect of familiarity that was independent
of effort.
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Interexperimental Analyses

Surprisingly, the two experiments showed different patterns of
pupillary responses for Msatched and CRSatched, With greater pupil
dilation for Ms,,,cneq relative to CRSpached in Experiment 2 but the
reverse pattern in Experiment 3. To check the statistical validity of
this difference, a 2 Experiment (Experiment 2, Experiment 3) X 2
Category (MSmatcheds CRSmarcned) mixed repeated measures
ANOVA was conducted separately for mean and peak pupil scores,
using experiment as a between-subject factor.

Although the main effect of category did not approach signifi-
cance for either mean or peak pupil dilation (mean pupil:
F(1,47)=1.385, p>.10, ng =.03; peak pupil: F(1,47)=.268,
p>.10, 11[2) =.01 ), the interaction term was significant for both
pupillometric measures (mean pupil: F(1,47)=8.619, p<.01l,
11;‘; =.16; peak pupil: F(1,47)=6.085, p < .05, Ny = .12), confirm-
ing the directional difference in pupil scores across experiments
(see Figure 4). Importantly, when the same ANOVA was con-
ducted on the baseline pupil dilation levels, neither the main effect
of category, F(1,47)=.373, p> .10, = .01, nor the interaction,
F(1,47)=.194, p > .10, 11'2) =.004, was significant, suggesting that
the difference in the direction of the mean/peak pupillary response
cannot be accounted for by differential pupil baseline levels.

For the pupillary time-course analysis, a 2 Experiment X 2 Cat-
egory X 6 Bin mixed repeated measures ANOVA revealed a main
effect of bin, F(1.407,66.106) = 7.865, p < .01, 11% = .14, reflecting
the gradual increase in dilation across time. The interaction
between experiment and category was also significant,
F(1,47)=18.598, p<.01, 113 = .16, replicating the ANOVA con-
ducted above with the mean pupil. The interaction between ex-
periment and bin was also significant, F(1.407,66.106) = 4.136,
p<.05, 1112) = .08, with greater increase in pupil dilation across time
in Experiment 3 than in Experiment 2. More importantly, the
three-way interaction approached significance,
F(2.568,120.708) = 2.227, p = .098, Ny = .05, confirming our pre-
vious observation of distinct pupillary time courses for Msyuched
and CRSya(cheq ACTOSS eXperiments.

Discussion

Surprisingly, in the current experiment, pupil priming was identi-
fied as a decrease in pupillary response for Msp.cneq relative to
CRSmarchea- Although this finding is in marked contrast to the
greater dilation for Ms,acheq than for CRscneq Tesponses found
in Experiment 2, it is, nevertheless, consistent with Laeng et al.’s
(2007) finding of decreased pupil dilation for Ms relative CRs,
when a conceptual task was also used at encoding.

It should be noted that, apart from the study—test lag and differ-
ent kinds of encoding, the study and test conditions were purpose-
fully made similar across experiments (e.g., same timing
parameters, same kind of stimuli, same testing room, equipment,
and experimenter). The study—test lag difference between the
experiments (approximately 5 min in Experiment 2 and 20 min in
Experiment 3) was necessary because had we not introduced a
delay between study and test phases in Experiment 3, we would
not have had enough Ms,,cnea to analyze. However, we find it
unlikely that a slight temporal difference in study—test lag would
lead to such a dramatic reversal in the pupil effects, especially con-
sidering that the same number of intervening stimuli were pre-
sented between study and test phases in both Experiment 2 and 3.
It is more likely that the direction of the pupillary response was
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influenced by other factors, as will be considered in the General
Discussion.

General Discussion

This study was conducted in order to evaluate whether pupillome-
try could be used as a technique to detect priming without any rec-
ognition being present. In Experiment 1, participants engaged in
both a perceptual (dot-counting) and a conceptual (animacy)
encoding task. Then, at test, they performed an object decision task
followed by a recognition memory test on a trial-by-trial basis.
Reliable behavioral priming was observed for both perceptually
and conceptually studied objects that were not recognized (i.e.,
Ms). In Experiment 2, we recorded pupil data while participants
performed a recognition memory test after having engaged in the
same perceptual task as in Experiment 1. We observed a pupil pri-
ming effect, which was indicated by an increase in dilation for Ms
relative to correctly rejected novel objects (CRs), when these had
been matched, using two procedures, in terms of RTs. In Experi-
ment 3, participants engaged in a recognition memory test, after
having classified objects with respect to their size at study, and
pupil priming was identified as a decrease in pupil dilation for
MSmatched relative to CRSyached- TO our knowledge, our study was
the first to successfully identify changes in pupil diameter that
relate to long-term priming in control participants and that occur
when recognition memory and familiarity in particular are com-
pletely at chance.

A possible explanation for the different direction of pupillary
responses between the two experiments is that pupil priming
depended on the different kinds of processing at test that were trig-
gered by processing differences during encoding, determining the
pupillary response for Msached- Indeed, priming has often been
attributed to the reinstatement, during retrieval, of either perceptual
or conceptual study processes, with this processing overlap
between study and test being the source of increased memory per-
formance (e.g., Blaxton, 1989; Roediger, 1990). Given that the
study task of Experiment 2 and Experiment 3 emphasized percep-
tual and conceptual processing, respectively, the differential pupil-
lary response between Msached and CRSpachea could have
reflected this difference in processing type during the categoriza-
tion of M, ached ObjECES.

It is important to note, however, that the above explanation
assumes that the pupillary behavior for Ms,cheq changed across
experiments, since Msachea DUt Not CRSachea Objects had been
processed at study. In stark contrast to this, Ms,,cheq €Xhibited vir-
tually the same amount of mean/peak dilation in both experiments
(see Figure 4). Thus, pupil priming did not result from Msached
exhibiting less dilation in Experiment 3 than in Experiment 2, but
rather from greater pupillary response to CRSached In Experiment
3 than in Experiment 2. A simple interpretation of these effects
based on processing type is therefore insufficient, since it does not
account for the pupillary response changes of CRScheq between
the two experiments.

A plausible explanation for the differential pupillary response
for CRSpached across experiments could relate to expectation of
novelty. Weiskrantz (1998, p. 325) argued that, since the pupil is
under the control of the autonomic nervous system, the pupillary
response “is generated by a primitive, adaptive system that is espe-
cially tuned to the detection of sudden, novel occurrences.” There
is considerable evidence that these novelty-related pupil dilation
responses increase when likelihood and expectancy of novel events
is lower (e.g., Friedman, Hakerem, Sutton, & Fleiss, 1973; Qiyuan,
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Richer, Wagoner, & Beatty, 1985). Thus, the different dilation lev-
els for CRSatched @cross experiments could relate to how weak the
expectation of detecting novel objects is and, relatedly, how much
attention is paid to them as a result of their perceived significance.
Participants were not informed about the ratio of old to novel test
stimuli, so the expectation about the frequency of novel objects
likely developed differently between experiments as a function of
the proportion of judgments that were new. Indeed, the difference
between old and new responses, regardless of study status, in
Experiment 2 (76 old vs. 124 new) far exceeded that in Experiment
3 (99 old vs. 101 new). We calculated the expectation of novelty
using the formula [(CRs + Ms)/(CRs + Ms + Hs)] and compared
the scores across experiments. The difference between the scores
was highly significant, #(47) = 6.696, p <.001, d = 1.95, suggest-
ing a much higher expectation of novel objects in Experiment 2
(.69) than in Experiment 3 (.55), and, consequently, greater pupil
dilation in the latter experiment. Importantly, expectancy seems to
influence not only mean and peak pupil diameter but also the evo-
lution of the response across time: whereas CRSacheq 1N Experi-
ment 2 exhibited a relatively flat pupillary response across time (in
fact, it did not differ from zero), in Experiment 3 CRS;uched
evoked a large and significant response quite early in time, with a
constant increase in dilation throughout the entire time window
(see Figure 6). This finding, in particular, is consistent with the
notion that the perceived significance of CRs was augmented in
Experiment 3 as the result of lower expectation of novel objects.*
Relative to the shallow-encoding task of Experiment 2, the deep-
encoding task used in Experiment 3 most probably led to the crea-
tion of a stronger memory trace for old, studied stimuli. This may
have had the additional effect of enhancing the salience of novel
stimuli, leading to a high engagement in the detection of novelty
during the recognition memory test.

However, the mean/peak pupil diameter for Ms did not seem to
change between Experiments 2 and 3 as a function of expectancy.
Assuming that the matching procedure has eliminated any residual
familiarity contribution to the pupillary responses for Ms, it is plau-
sible to argue that the brain has detected that, with Ms, the objects
have been studied, but that the identifying brain region(s) is unable
to produce a feeling of aware memory for such objects. However,
activity in the “unconscious oldness-detecting” region(s) inhibits
any enlargement of the pupil’s mean/peak diameter that would oth-
erwise have been caused by low novelty expectation. In other
words, the failure of the mean/peak pupil diameter for Ms to
change as a function of probability of detecting novelty shows that
oldness is being indicated unconsciously by the different pupillary
response patterns of Ms and CRs in Experiments 2 and 3.

The expectancy view proposes that mean/peak pupil dilation is
greater when novelty expectation is lower (as in Experiment 3), but
that this response is inhibited for stimuli that the brain unconsciously
identifies as having been studied. This view implies that the mean/
peak amplitude of the CRs’ pupillary response will increase accord-
ing to an unknown function as expectancy decreases. Therefore,
with high expectation of novelty, CRs’ pupillary responses will be
smaller than Ms’ pupillary responses and, with low expectation of

4. It should be noted that we are not arguing that novel objects were
somehow unexpected in Experiment 3-we still observed the typical pupil
old/new effect (i.e., greater pupil dilation for Fs than CRs; data not
shown), suggesting that the levels of novelty expectation did not exceed
the levels of expectation of familiar stimuli. The proposal of lower lev-
els of novelty expectation in Experiment 3 relative to Experiment 2 sim-
ply attempts to explain the differential pupillary response for CRs across
experiments.
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novelty, they will be larger than Ms’ pupillary responses, but at
some point in between, the pupil diameter for CRs and Ms should
not differ. This needs to be demonstrated without altering encoding
and other variables. If true, it still indicates that Ms’ and CRs’ mean/
peak pupillary responses differ because they respond differently to
the expectancy variable. Therefore, to confirm that mean/peak pupil
diameter for appropriately matched Ms and CRs indicate uncon-
scious stimulus memory, it will be necessary to compare the pupil-
lary responses over several different novelty expectancy levels,
while keeping other factors as constant as possible.

Also, it should be noted that expectancy as calculated above is
based on conscious detection of novelty because it includes both
CRs and Ms. However, it is possible that unconscious detection of
oldness disrupts the pupil response to novelty. It may be, therefore,
that expectancy is better indicated as the ratio of new judgments
for which oldness has been neither consciously nor unconsciously
detected to old judgments as well as new judgments where there is
neither conscious nor unconscious detection of oldness. Future
work will be needed to determine whether this kind of expectancy
predicts pupillary responses to CRs better than the formula that
was used above.

Our general finding that the pupillary response distinguishes
properly RT-matched Ms and CRs is consistent with the findings
of other work using ERPs and fMRI. Several studies have found
qualitatively different ERP signatures between Ms and CRs, partic-
ularly in the time window range 200-500 ms (e.g., Friedman, 2007,
Rugg et al., 1998; Walla, Endl, Lindinger, Deecke, & Lang, 1999).
Similarly, some neuroimaging research indicates that activity in
brain structures involved in recognition memory, such as the
medial temporal lobes (the hippocampus and parahippocampal
gyrus), can distinguish between old and new items irrespectively of
participants’ subjective recognition memory judgments (e.g., Dase-
laar, Fleck, & Cabeza, 2006; Kirwan, Shrager, & Squire, 2009).
Our study is consistent with these findings, and suggests that
pupillometry can also be used to determine the actual old/new sta-
tus of test items.

Although the evidence considered so far does not convinc-
ingly show that perceptual versus conceptual processing of
stimuli differentially influences the pattern of Ms and CRs
mean/peak pupil diameter if other factors, such as novelty
expectancy, are kept constant, other ERP evidence supports
the idea that kind of stimulus processing may differentially
influence the temporal course of development of the Msyaiched
pupillary response. Several studies have identified a positive-
going peak between 120-200ms (the P150 effect), which is
believed to reflect perceptual priming (e.g., Harris, Cutmore,
O’Gorman, Finnigan, & Shum, 2009; Schendan & Kutas,
2003; Voss & Paller, 2010; Voss, Schendan, & Paller, 2010).
A close inspection of the pupillary time course of Experiment
2 indicated that Ms;acneq deviated from baseline during bins
2 and 3—the period corresponding to approximately 450 ms
and 680ms poststimulus (see Figure 7). This period corre-
sponds to the first half of the often present “double bump” in
pupillometric studies, which has been associated with
stimulus-driven processing (e.g., Laeng, @rbo, Holmlund, &
Miozzo, 2011; Murphy, Robertson, Balsters, & O’Connell,
2011). To the extent that certain ERP amplitudes covary with
the pupil dilation response, which suggests that both measures
are indexing similar kinds of processing (e.g., Friedman et al.,
1973; Kuipers & Thierry, 2011; Nieuwenhuis, De Geus, &
Aston-Jones, 2011), this early pupil effect may reflect access
to, or retrieval of, a perceptual representation.
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In contrast, in Experiment 3, Ms;,cneq Only started to show a
noticeable increase in dilation (above baseline) roughly between
the fourth and fifth bin (between 800—1,000 ms poststimulus), after
which a steep increase in dilation was observed. This time signa-
ture may correspond to the FN400 component (between 300—
500ms) in ERP studies, which some researchers have argued
reflects a form of conceptual priming (e.g., Voss, Lucas, & Paller,
2010; Voss & Paller, 2006, 2007). The conceptual study task used
in Experiment 3 required participants to think about the concept of
each object, so retrieval of encoded conceptual information about
studied objects was much more likely to occur in Experiment 3
than in Experiment 2.

The slightly later onset of the pupil priming effect (approxi-
mately 500 and 900ms for Experiment 2 and 3, respectively)
than for their putative ERP correlates (P150 and FN400 for
Experiment 2 and 3, respectively) is unsurprising and has been
noticed elsewhere in different experimental contexts (e.g.,
Kuchinke, Vo, Hofmann, & Jacobs, 2007; Kuipers & Thierry,
2011; Laeng et al., 2011). Contrary to the almost instantaneous
detection of brain activity changes allowed by ERPs, the pupil
dilation response usually has a latency of around 400ms after
the onset of a cognitive demand (e.g., Kuchinke et al., 2007,
Nieuwenhuis et al., 2011).

Although we have argued that behavioral priming and the possi-
bly closely related pupil memory can be found without any recog-
nition memory, there is still an unresolved debate over whether
priming and recognition memory (particularly familiarity) depend
on a common memory storage system or two distinct, if overlap-
ping, memory storage systems. There are possible ways in which
even these kinds of familiarity and priming could both rely on the
same memory storage system rather than distinct systems, even
when familiarity is not triggered by a priming-related fluency attri-
bution, which is surely common. First, and contrary to our argu-
ment, our RT match of Ms and CRs may not have succeeded, so
that familiarity strength was still above chance for Ms. If this was
so0, pupil priming for Ms,,cheq could have been based on subthres-
hold but above-chance familiarity. We think it very unlikely that
this happened considering how well matched Ms and CRs were so
as to equate memory and nonmemory-related effort, which implies
that familiarity should have been at chance. However, it must be
acknowledged that yet unidentified factors could be confounding
our comparisons so as to make our RT-matching procedures insuf-
ficiently effective.

Second, even if there was no residual familiarity for Ms,ached
in the critical comparison, it could be that familiarity falls to chance
at higher levels of trace strength of the same storage system that
supports priming. This trace strength level might be sufficient to
support robust unconscious memory, which only falls to chance at
lower trace strength levels. As Duss et al. (2014) recently found in
support of this single system view for a relational kind of associa-
tive priming, both recognition and priming activated the hippocam-
pus (a likely storage region), although much more activity was
found for recognition, which was more sensitive to small hippo-
campal lesions, than priming. It is less clear, however, whether the
kind of item priming identified here corresponds to a weaker level
of the same storage system that supports corresponding item famili-
arity memory. Future work with imaging and lesion studies is
needed to address this issue.

This study has several limitations. First, we only analyzed pupil
data up to participants’ response, so we are presently unable to
determine whether any significant changes in pupil dilation occur
beyond this time period. Extending the interstimulus interval to
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allow a longer recording window would have reduced the quality
of the pupil data by prolonging a demanding, repetitive task with
many trials, set in a dimly lit room and using a chin rest. Perhaps
future experiments could use a response deadline procedure and
examine the effects of postdecision pupillary effects. Second, a
potential problem with the current experiments may be the rela-
tively low number of Ms;cheq, particularly in Experiment 3. As
increasing the number of stimuli so as to obtain more MSached
may introduce other difficulties (e.g., stimulus overlap, fatigue),
using a different design (e.g., containing several breaks and multi-
ple runs) could be a suitable alternative. Third, it will be important
that future studies show a more direct relationship between behav-
ioral and pupil priming, perhaps by recording pupillary responses
during speeded priming tasks that are not likely to lead to high lev-
els of recognition memory. Finally, it will be also interesting to see
whether pupillometry could also indicate other kinds of long-term
priming such as negative priming (e.g., Grison, Tipper, & Hewitt,
2005), stimulus-response learning (e.g., Dennis & Perfect, 2013;
Horner & Henson, 2009, 2011, 2012), or priming for novel associa-
tions (e.g., Gomes & Mayes, 2014).
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Conclusion

Pupil priming was identified in Experiment 2 as an increase in
pupil dilation for Msyacheq relative to CRSpacheq after partici-
pants engaged in a perceptual encoding task, whereas following
a conceptual encoding task pupil priming was identified as
decreased pupil dilation for Msyuched Telative to CRSpacneq 10
Experiment 3. The pupil priming effect resulted from different
cognitive processes operating independently for Ms,chea and
CRSmached- Specifically, task-evoked dilation for CRSacheq May
have been produced by low novelty expectancy, whereas com-
pletely unconscious object memory probably drove the pupillary
behavior of Msyacheq- It 1S yet to be determined whether object
familiarity and unconscious object memory are supported by a
common or distinct storage system. Future studies will need to
employ neuroimaging and pupillometry with healthy and
lesioned participants to address this issue.
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Introducing the pupil priming effect

Appendix
Recognition Memory Test Instructions
Recollection memory

Sometimes when you are shown previously studied stimuli, you
will be able to recollect something specific about encountering
them in the study session. In order to be recollecting, you must
be retrieving something that isn’t the stimulus that is in front of
you or even part of it. Rather, you must be recollecting some-
thing additional to the stimulus itself, and this involves bringing
to mind information that is not currently in front of you. The
type of information you might recollect includes what you were
thinking when you encountered the stimulus during the study
session. For example, you might have thought that a studied
face resembled someone you know or that an object was partic-
ularly beautiful, and this comes back to you when you see the
face or object again during the memory test. You might also
recollect information that you might not have explicitly thought
about during study, but also isn’t part of the stimulus. For
example, you might recall that a stimulus came very early in
the list or that you sneezed when the stimulus was originally
presented.

However, if when your memory is tested you just remember
seeing a stimulus or even part of a stimulus in the study session,
but there is no other more specific extra information that you
recall about the study session, then you should say that the
stimulus is familiar (because you are recalling nothing about it
that is specific to the study episode).
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Familiarity memory

Everyone has a pretty good idea of what it is like to find a
stimulus familiar without being able to recall anything about it.
For example, we have all been in the situation where we have
met someone whom we recognize as familiar, although we
can’t recall anything about them such as their name, where we
last saw them, or why we know them.

You can have the same feeling of being sure that you encoun-
tered a stimulus in a specific context (such as a study session in
a testing room) although you are unable to recall anything extra
about what you thought or what else happened in the room
when you encountered the stimulus. Sometimes the stimulus
can feel very familiar from the context and sometimes only
weakly familiar.

We want you to be very clear about this idea of familiarity so
that you will be able to decide which stimuli you have studied
before because they feel familiar to you even though you have
recalled nothing specific about them. The distinction between
familiarity and recollection is very important in this experiment,
and it should not be confused with your feelings of confidence.
You can be very confident that you have encountered something
before, independent of whether you find it familiar or you recol-
lect something about it.

In this experiment, I would like you to try to only use famil-
iarity and not to try to recollect any specific details about
stimuli that you think may have been presented earlier in the
study. If you inadvertently recollect some specific details
about the previous item, then indicate this using the appropri-
ate key.
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