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Abstract

Abstract of “What Drives the Pupil Old/New Effect? Recollection, Familiarity, and Memory
Strength,” by Wen Jian, ScM., Brown University, May 2026.

During recognition memory, previously studied ("old") items elicit greater pupil dilation than
unstudied ("new") items, known as the pupil old/new effect. Traditionally, this effect is often
thought to reflect memory trace strength. However, recent findings suggest it reflects the
interaction between the retrieval cue and the stored trace, particularly the perceptual match (the
"pupil match/no-match effect"). We conducted two experiments to investigate the roles of
recollection and familiarity in these effects. In Experiment 1, words were encoded either through
distributed (sporadic repetitions) or massed (immediate repetitions) learning. Distributed learning
enhances contextual recollection and improves memory performance, while massed learning
suppresses recollection and emphasizes familiarity. Pupil dilation varied based on the perceptual
cue-trace match rather than the memory strength across conditions. Distributed learning yielded
better accuracy and confidence than massed and single-trial learning. The pupil old/new effect
was consistent across learning conditions. However, distributed learning showed a pronounced
pupil match/no-match effect, while massed learning exhibited a reversed effect. Experiment 2
used a word-stem completion priming task to test if this reversed pattern reflected ease of
processing due to familiarity. Successfully primed words, mediated by familiarity, elicited
smaller pupil dilation, mirroring the reversed match/no-match effect seen with massed learning
in Experiment 1. Overall, our results indicate that during recognition memory, pupil dilation
reflects the interaction between the encoded trace and the retrieval cue, rather than memory
strength alone. The amplified pupillary match effect for distributed learning suggests enhanced
recollection, while the reversed effect for massed learning suggests reduced retrieval effort due

to familiarity, akin to implicit priming effects.



Introduction

Our pupils change sizes not only as a reflexive response to brightness but also as a
sensitive indicator of our internal brain states. Pupil dilation has been associated with a variety of
cognitive processes, including arousal, attention, cognitive effort, and memory (see Sirois &
Brisson 2014, Sara 2015 for review). Strong empirical evidence has demonstrated a link between
pupil dilation and the activity of the locus coeruleus norepinephrine (LC-NE) system, which
modulates various cognitive functions by increasing the gain of neuronal circuits and
reconfiguring functional network connectivity (Aston-Jones & Cohen 2005; Hermans et al. 2011;
Joshi et al. 2016; Zerbi et al. 2019).

During tests of recognition memory, previously studied (“old”) items have been found to
elicit greater pupil dilation than unstudied (“new”) items, a phenomenon known as the “pupil
old/new effect” (Gardner et al. 1974; Otero et al. 2006; V0 et al. 2008). Despite extensive
research over the decades, the underlying mechanism of this effect remains unclear. Vo et al.
(2008) initially argued that the old/new effect reflects greater mental effort for recognizing an old
item compared to rejecting a new item. However, this mental effort account could not explain
several findings of greater pupil dilations for more confident or deeply processed memories,
which should be associated with greater ease of retrieval (e.g., Otero et al. 2011; Kaftkas &
Montaldi 2015). A more strongly supported explanation is that this effect is driven by the
strength of the underlying memory trace, with greater pupil dilation elicited by: a) deeply
encoded items than shallowly encoded ones (Otero 2011); b) remembered items than known
items (Kafkas & Montaldi 2015; Taikh & Bodner 2022); ¢) hits and false alarms than misses and
correct rejections (Montefinese et al., 2013); d) higher than lower confidence ratings (Papesh et

al. 2012; Naber et al. 2013); and e) recognition across shorter than longer study-test retention



intervals (Oliveira et al. 2021). Memory strength, defined as the accumulation of evidence of a
memory trace (Wickelgren & Norman 1966), is often measured with memory performance (d’ or
accuracy) or subjective confidence ratings (Murdock & Dufty 1972).

Recently, however, some studies have suggested that the magnitude of old/new effect is
not solely driven by memory strength but also by the degree of match between encoded memory
trace and cue information presented at retrieval. Papesh and colleagues (2012) found that largest
peak pupil diameters were elicited not only by strong memories (i.e., highest-confidence hits) but
also by word stimuli with the closest encoding-retrieval voice matches. To further elucidate the
effects of memory strength and cue-trace interactions on pupil dilation during recognition
memory, Siefert et al. (2024, Experiment 1) asked participants to study words and pictures while
engaging in either a shallow (“word or picture?”) or deep (“organic or inorganic?”’) encoding
condition, a manipulation of memory strength. During subsequent recognition, participants
judged whether each word was “old” (i.e., presented either as a word or picture in study phase)
or “new” (i.e., not studied in any format). The deep encoding group yielded higher memory
accuracy (and presumably stronger memory traces) than the shallow group, but the magnitude of
pupil old/new effect did not differ between the two groups, which was not predicted by the
memory-strength account.

In contrast, the shallow encoding group exclusively showed greater pupil dilation for
“match” items (i.e., presented as words in both study and test phases) than for “no-match” items
(i.e., presented as pictures at study and words at test). This pupil dilation difference observed
after shallow encoding is thereafter termed the “match/no-match effect”. Siefert and colleagues
(2024) argued that the shallow encoding condition enhances the encoding of perceptual details

within the memory trace, which maximizes the difference between perceptual “match” versus



“no-match” cue-trace pairs, producing a large pupil match/no-match effect. The authors
suggested that the lack of a pupil “match/no-match” effect in the deep encoding condition was
due to the focus on the studied items’ semantic features, which created similar cue-trace overlaps
for the items encoded as words and pictures, thus minimizing the match/no-match difference at
retrieval. Experiment 2 further showed that the magnitude of pupil dilation directly and
additively reflected the number of studied contextual details subsequently recalled. Based on
these findings, the authors proposed that the pupil old/new effect is not driven by memory
strength alone, but rather by the synergistic interaction between the retrieval cue and the encoded
trace.

Cue-trace interactions reflect a mechanism named “synergistic ecphory” by Tulving
(1982), which is the process of extracting appropriate information from the retrieval cue and
correlating it with stored trace information. A successful ecphory or cue-trace interaction
produces ecphoric information, a conjunction of cue information and trace information, which
supports memory retrieval (Tulving 1982). This account emphasizes that successful memory
retrieval does not rely solely on the strength of memory trace, but on the joint product of trace
and cue information that interacts with each other (Semon 1904; Tulving 1983). The same
memory could be successfully retrieved with some cues, but not others, suggesting that the
retrieval cue in relation to the memory trace plays an important role in the accessibility of
memory trace and the subsequent retrieval success (Tulving & Pearlstone 1966).

Compelling evidence for the role of ecphory in memory shows that higher chance of
successful memory retrieval is associated with higher correspondence of contextual information
present at encoding and retrieval (Godden & Baddeley 1975; Nairne 2002; Dewhurst & Knott

2010; Goh & Lu 2012), reflecting the “encoding specificity” principle (Tulving & Thomson



1973). Retrieval performance and vividness also involve reinstatement of neural activity patterns
observed during encoding (Ritchey et al. 2013; Yaffe et al. 2014; St-Laurent et al. 2015; Staudigl
et al. 2015). Similarly, rodent studies have demonstrated that natural contextual cues or
neurophysiological stimulation can reactivate the hippocampal neural ensembles active during
encoding and trigger memory responses (Liu et al. 2012; Orsini et al. 2013; Frankland et al.
2019). Furthermore, evidence suggests that norepinephrine enhances attention to relevant
contextual information during learning and that LC-NE activity plays an important role in
memory consolidation and retrieval via its neuromodulatory projections to the neocortex and the
hippocampus (Devagues and Sara, 1991; Lemon et al. 2009; Hansen & Manahan-Vaughan 2015;
Sara 2015). Therefore, the pupil match/no-match effect may indicate that, during the synergistic
interactions between cue and trace at retrieval, a greater degree of cue-trace match elicits greater
pupil dilation reflecting increased LC-NE activity, which in turn facilitates contextual memory
recall (Siefert et al. 2024).

A more recent study (Albi and Pajkossy, 2025) modified the second experiment of Siefert
et al. (2024) and found that pupil dilation reflected contextual recollection in a graded fashion.
By showing that pupil dilation during correct recognition linearly tracked the precision of source
memory judgement, Albi and Pajkossy argued that the pupil old/new effect might originate from
two sources: mere item recognition and strength of recollected contextual information. Within
the latter source proposed, the authors integrated the memory strength account (e.g., Otero et al.
2011) and the ecphory account (Siefert et al. 2024) by associating higher memory precision with
both greater memory strength and better contextual recollection. While there is certainly overlap
between these two components, how they interact and differentially contribute to the pupil

old/new effect remains unresolved. Indeed, pupil dilation is an aggregate signal of brain arousal



and may reflect multiple components involved in recognition (Mathot 2018; Kafka 2024), but
teasing apart some of these components would be informative to understand the old/new effect.

Therefore, the first aim of this study was to further clarify the mechanism underlying the
pupil old/new effect by manipulating memory strength and the ecphoric process against each
other. To this end, Experiment 1 of the current study utilized two different patterns of repeated
presentations during shallow encoding: distributed learning and massed learning (Greene 1989;
Russo et al. 1998). These two kinds of repeated learning have been shown to create memory
traces of different strengths and have qualitatively different impacts on the memory traces.
Distributed learning refers to learning repeatedly with sporadic, or distributed, repetitions that are
spaced by other stimuli. In contrast, massed learning refers to learning repeatedly with
immediate, or massed, successions. Distributed learning robustly and consistently leads to better
memory performance or stronger memory than massed learning, a phenomenon called the
“spacing effect” (Ebbinghaus 1885; Cepeda et al. 2006).

Besides the difference in memory strength of the encoded traces, the two kinds of
repetitions also have differential impacts on recollection and familiarity. According to the
dual-process model of recognition memory (Atkinson & Juola 1973; Mandler 1980; Jacoby &
Dallas 1981; Hintzman & Curran 1994), recollection is a relatively slow, conscious process
consisting of retrieving contextual information pertaining to the studied stimulus, while
familiarity is a fast, automatic process that allows one to make recognition judgements without
retrieving any contextual details. Distributed learning tends to enhance contextual recollection
via reactivating stored traces and encoding richer contextual details at each repetition; in

contrast, massed learning highlights familiarity by minimizing recollection through repetition



suppression that limits episodic encoding (Bjork 1999; Wagner et al. 2000; Van Strien et al.
2007; Zhao et al. 2015; Feng et al. 2019).

Therefore, the different impacts of distributed learning and massed learning on memory
traces may help us separate the effects of memory strength and contextual recollection on pupil
activity. If pupil dilation during recognition is mainly driven by memory strength, then we would
expect to see greater pupil dilation in the distributed learning condition than that in the massed
condition, with the smallest pupil dilation following single-trial learning. If pupil dilation,
particularly the match/no-match effect, reflects contextual recollection supported by cue-trace
interaction, then we would expect a greater match/no-match effect in the distributed learning
condition, in which encoding-related contextual reinstatement is enhanced, than that in the
massed learning condition, where contextual recollection is diminished.

Despite ongoing debates about whether recollection and familiarity are distinct processes
or not, as suggested by the single-process signal-detection model of recognition memory
(Ratcliff et al. 1992; Wais et al. 2006; Wixted 2007; Squire et al. 2007), studies measuring
event-related potentials (ERP) have shown independent neural patterns for recollection and
familiarity (Diizel et al. 1997; Rugg & Curran 2007; Shimamura 2011; Kwon et al. 2023).
Recollection is often associated with a late temporal-parietal positivity during recognition tests,
while familiarity is linked to an early positive deflection in the frontal N400 range (Duzel et al.
1997; Rugg & Curran 2007; Shimamura 2011). Functional MRI (fMRI) studies have also
identified distinct neural indices for these two memory components: recollection is typically
associated with bilateral hippocampal and parahippocampal activation, whereas familiarity
shows inconsistent activation in the perirhinal cortex, the left inferior temporal-occipital regions,

or right lateral and medial frontal cortex (Henson et al. 1999; Yonelinas et al. 2001; Aggleton &



Brown 2006; Kafkas & Montaldi 2012). However, it remains unclear whether human pupillary
responses can reflect these two memory components, despite a few investigations (Kafkas &
Montaldi 2011, 2012; Brocher & Graf 2016; Taikh & Bodner 2022). For example, Kafkas and
Montaldi (2011, 2012) showed larger pupil dilations and more dispersed fixation patterns for
recollection than strength-matched familiarity using a modified remember/know paradigm. Other
studies that used the remember/know paradigm to separate the two components found either no
pupillary distinction (Brocher & Graf 2016) or attributed the pupillary effect to memory strength
(Otero et al. 2011; Taikh & Bodner 2022). Manipulating distributed and massed learning may
help dissociate the effects of recollection and familiarity on pupillary activity from a different
route, which was the second aim of this study.

Interestingly, familiarity is closely related to priming given their overlapping behavioral
and neural signatures. Priming is a form of implicit memory in which the processing of
previously encountered stimuli is unconsciously altered or facilitated due to their prior
occurrence (Schacter & Buckner 1998; Henson 2003). Although familiarity-based recognition
has been well established as a conscious, explicit form of memory, other theories claim that
familiarity can be supported by or co-occur with some implicit, automatic processes, including
priming (Mandler 1980; Jacoby & Dallas 1981; Yonelinas 2002). Further, some research
suggests that the ERP frontal N400 “familiarity effect” obtained in recognition tests could be
“conflated” by priming due to their co-occurrence in those experimental designs (Paller et al.
2007; Stenberg et al. 2009; Voss et al. 2010; Lucas et al. 2012). Some fMRI studies also
demonstrated that familiarity and priming have overlapping neural correlates in perirhinal cortex
and parietal cortex (Wang et al. 2015; Thakral et al. 2016), although they may engage distinct

cortical networks (Voss et al. 2008). However, neither priming itself nor its relation with



familiarity has been extensively studied with pupillometry, except for a few explorations. For
example, amnesic patients showed decreased pupil dilation for seen but unrecognized items than
new items (Laeng et al. 2007); repetition priming elicited smaller pupil dilation than an explicit
change of color (Pome et al. 2020); a “pupil priming” effect was defined as an increase in
mean/peak pupil dilation for missed than correct rejections following perceptual encoding while
the reversed pattern was found following conceptual encoding (Gomes et al. 2015). Therefore,
the third aim of this study was to investigate the relationship between familiarity and priming
through pupillary activity.

In Experiment 1 of this study, we employed distributed and massed learning to
manipulate memory strength and degree of recollection. This approach was used to resolve the
mechanism underlying the pupil old/new effect (aim 1) and dissociate the pupillary effects of
recollection and familiarity (aim 2). We expected distributed learning to create stronger memory
traces and facilitate contextual recollection by enhancing cue-trace interaction. Conversely,
massed learning was anticipated to create weaker memory traces and exhibit a prominent
familiarity effect. Additionally, a baseline single-trial learning condition was included to produce
the weakest memory traces and replicate the shallow encoding results in Siefert et al. 2024. We
hypothesized that the magnitude of pupil old/new effect will remain consistent across the three
learning conditions, despite differences in memory strength. If the pupil old/new effect merely
reflects memory strength, we would expect its magnitude to track memory strength, forming a
linear relationship among distributed, massed, and single-trial learning. If the effect reflects
cue-trace interaction, we would expect a greater pupil match/no-match effect in distributed
learning due to the enhanced contextual reinstatement and recollection, and a reduced effect in

massed learning due to diminished recollection and dominant familiarity effect. In Experiment 2,
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we aimed to test whether the pupillary responses of the massed learning condition reflect a
common processing-facilitating effect shared by familiarity and priming (aim 3), using an
implicit repetition priming paradigm. Given the similarity of familiarity and priming, we expect
to see similar pupillary response patterns for massed learning and repetition priming.

In summary, this study aims to investigate the following questions: 1) Does the pupil
old/new effect, particularly the pupil match/no-match effect, reflect memory strength or cue-trace
interaction during recognition memory? 2) Can pupillary response during recognition
differentiate between recollection and familiarity? 3) Is there a pupillary effect for priming, and
how does it relate to the pupillary effect for familiarity? We address these questions through two
pupillometry experiments. Experiment 1 follows the shallow encoding recognition paradigm of
Siefert et al. (2024), adding distributed and massed learning conditions. Experiment 2 adapts the
word-stem completion priming task from Kane et al. (2015) to investigate the pupillary effect of

repetition priming.

Experiment 1: Pupil cue-trace match effect across differential shallow encoding conditions

Experiment 1 investigated how different patterns of repeated stimuli presentations at
shallow encoding may impact the pupillary effect of cue-trace match during recognition. We
predicted that single-trial presentations will replicate the shallow encoding results from Siefert et
al. (2024). Additionally, we predicted that massed learning will increase memory strength but
decrease the pupil match/no-match effect compared to single-trial learning, due to repetition
suppression and diminished contextual encoding. In contrast, we expected that distributed
learning will produce stronger memory traces than massed learning and show the largest
match/no-match effect among the three conditions, due to richer contextual details encoded in

the traces and enhanced recollection. If these predictions hold, this will support the argument that
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the pupil match/no-match effect is driven by the cue-trace interaction. Alternatively, if the
pupillary response is driven by memory strength alone, we would expect the magnitude of pupil

old/new effect to track memory strengths across the three repetition conditions.

Methods

Participants

We conducted power analysis using G*Power 3.1 (Faul et al. 2019) to estimate the
appropriate sample size. Several previous pupillometry studies reported large (d=0.80, Vo et al.
2008), medium (d=0.47, Otero et al. 2011), and small (d=0.28, Katkas & Montaldi 2015) pupil
old/new effects. One study reported a medium pupil match/no-match effect size (dz=0.46, Siefert
et al. 2024). Thus, to detect match/no-match effects across our three encoding conditions, we
estimated 27 participants were needed for a medium effect size (d=0.5) under a type I error
threshold of 0.05 and power of 0.8.

Fifty-three young adults were recruited from Brown University and received monetary
payment or course credit. The study protocol was approved by Brown University Institutional
Review Board under the Helsinki Declaration, and informed consent was obtained from all
participants prior to testing. Following the informed consent procedure, participants completed a
demographic and medical history questionnaire, the Pittsburgh Sleep Quality Index (PSQI,
Buysse et al., 1989), and were administered the Tumbling-E visual acuity test. All participants
reported normal or corrected-to-normal vision, English language fluency, and no psychological
or neurological disorders. Participants with poor pupil tracking quality (n=4) or task performance
(n=17) were excluded from analyses to ensure >50% usable trials of pupil data in each of the 3
encoding conditions and the new condition. Data from the remaining thirty-two young adults

(mean age: 22.4 years, std dev: 3.72, range: 18-31 years; 21 females) were included in the
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analyses. Visual acuity at 100% contrast ranged from 20/16 to 20/32 across participants with an
average of 20/16.9 (1 participant scored 20/32). Average PSQI global score across participants
was 5.34 (std dev: 2.27; range: 1-9; 13 people scored >5, 19 scored <5), indicating good to
mediocre sleep quality over the past month before testing.
Stimuli

For this experiment, we utilized the stimuli from Siefert et al. (2024). The original stimuli
comprised 120 images paired with their corresponding words, initially selected from the
Snodgrass and Vanderwart (1980) picture naming set. We chose 72 images and added another 24
words to be used in the retrieval phase, resulting in a total of 144 words in this stimuli set. The
selection criteria were strong picture-name associations, high frequency, high familiarity, low
complexity, low emotional salience, and word lengths of 3-6 letters. Word stimuli were presented
in black Arial font (visual angle: 1.59°- 3.61° x 0.5°; average pixel intensity: 233.3; average
contrast: 67.7) on a white background (luminance: 121.54 c¢d/m?; visual angle: 35.34° x 20.37°).
Image stimuli were presented as black outlines (average visual angle: 2.47° x 2.22°; average
pixel intensity: 248.99; average contrast: 31.72). The fixation cross was a black + in Arial font
(visual angle: 0.53° x 0.53°; pixel intensity: 251.1; contrast: 30.5).
Procedure

The experiment consisted of an encoding phase immediately followed by a recognition
phase. During the encoding phase, participants studied 72 stimuli (24 per encoding condition, 36
images and 36 words) that were shown once (Single condition), three times consecutively
(Massed Repetition condition), or three times distributed across the trials (Distributed Repetition
condition; mean interval 28 stimuli, range 24-34). This resulted in a total of 168 encoding trials

of which 72 contained novel stimuli and 96 contained repeated stimuli. Two pseudo-randomized
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stimulus lists were created, with half the items assigned to be images and half as words. The
identity of the stimuli assigned as images or words in these lists was counterbalanced across
participants, yielding four pseudo-randomized encoding lists.

During the recognition phase, participants were shown 144 word stimuli (72 old, 72 new)
in randomized orders across participants. “New” words were stimuli that were not presented
during the encoding phase, while “Old” words were those presented during the encoding phase
in either image or word form.

Figure 1a illustrates the sequence of events that occurred within a trial in each phase, and
Figure 1b illustrates the three encoding conditions across an example sequence of stimuli. In the
encoding phase, a fixation cross was shown at the center of the screen for 2 seconds, then
replaced by the stimulus for 2 seconds. The prompt “word or picture” then appeared and
remained on the screen for a maximum of 2 seconds unless the participant responded sooner. In
the recognition phase, each trial began with a fixation cross for 2 seconds, followed by a word
stimulus for 2 seconds. The prompt “old or new” then appeared and remained on the screen until
the participant responded. A confidence rating prompt was then displayed, and participants
indicated their confidence level regarding their old/new response on a scale of 1 to 5 (low/guess
to high/certain) by pressing one of five response keys.

Before the encoding phase, participants were instructed that their task was to determine
whether each stimulus presented was an image or a word by pressing one of two response keys.
They were told to withhold their response until the prompt “word or picture” appeared and to
refrain from blinking while the stimulus was on the screen. Participants were not informed of the
subsequent memory recognition task. Before the recognition phase, participants were instructed

that their task was to decide whether each word had been shown as either an image or word in



14

the encoding phase. They were told to respond “old” regardless of the presentation format, and to
respond “new” only if the stimulus had not been presented as either an image or a word in the
encoding phase. Participants were instructed to withhold their responses until the prompt “old or
new” appeared and to refrain from blinking while the stimulus was on the screen. An
eye-tracking calibration procedure was performed at the start of each phase, and participants

were given the opportunity to take a brief break between the two phases.

a b D1
Study Stimuli
BEAR
2 M1 Sequence
+ ) -
5 J:l M2
BEAR 25 or response .
‘Word or Picture? -
+ N M3
x168 Study (8 -
2s
" 5 BEAR S
BEAR
Old or New? .
Not Confident  very Confident -: = D3
1-2-3-4-5
Test
BEAR
x144

Figure 1. Schematic of trial events and stimulus conditions of Experiment 1. (A) The left panel illustrates
trial events for the encoding phase (top) and for the recognition phase (bottom). During the encoding
phase, participants viewed a series of images and words and indicated the stimulus format (word or
picture) with a button press. During the test phase, participants viewed a series of words and responded to
whether the stimulus was old or new, and then provided a confidence rating of their response. (B) The
right panel illustrates the three encoding conditions across an example sequence of stimuli in the encoding

phase. D = Distributed Repetition, M = Massed Repetition, S = Single-trial.



15

Data Acquisition

The tasks were delivered using E-Prime 3.0 on a Dell Precision M4800 laptop (344x194
mm; 1920x1080 pixel resolution; 60Hz refresh rate). Behavioral responses were collected with
the Chronos Response and Stimulus Device (Psychology Software Tools, Pittsburg, PA).
Pupillary data were collected using SMI iView RED250 mobile desktop-mounted eye tracking
device with a sampling rate of 250 Hz (SensoMotoric Instruments, version 4.4, 2017) at a
viewing distance of 54cm under ambient lighting conditions of 72.35 lux. Pupil diameter data
was collected during both the encoding phase and recognition phase, with only the recognition
phase data reported here. Before each phase, 9-point SMI calibration and validation procedures
were completed. Participants positioned their head on a chin and forehead rest to minimize
movement artifacts in the pupil data. They were instructed to keep their gaze at the center of the
screen and avoid blinking during the stimulus presentation, but were encouraged to blink during
the response periods. Pupil diameter data in millimeters (mm) from the right eye were exported
with Begaze 3.7 before preprocessing and analyses were done using MATLAB R2022a custom
scripts (MathWorks, Natick, MA).
Data Analyses

Behavioral accuracy and confidence ratings from the recognition phase were analyzed
using JASP 0.17.1 statistics software. A repeated-measures ANOVA was performed to compare
the memory accuracy across the three encoding conditions (Distributed, Massed, and
Single-trial), followed by two planned repeated contrasts comparing distributed vs. massed and
massed vs. single-trial. The same analysis was done for confidence ratings as the dependent

variable.
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Pupillary data were preprocessed and then analyzed using a trial-level regression model
approach that has been adopted in several recent studies (Krishnamurthy et al. 2017; Himmerer
et al. 2019; He et al. 2020; Siefert et al. 2024). Baseline and trial data from the recognition phase
were time-locked to the stimulus onset: baseline was defined as the 200 ms prior to the onset and
the trial period was defined as full 2 second stimulus duration. Artifacts (i.e., abrupt changes in
diameter and blinking) in these epoched data were removed and trials with more than 50% data
loss were discarded. Data from participants with more than 50% discarded trials were excluded
from analyses (n=3). Linear interpolation was performed on the missing data in each trial and
then baseline-corrected by subtracting the mean pupil diameter of the baseline period from the
pupil diameter at each time point for each trial.

Separate regression models for the old/new effect (I) and the match/no-match effect (II)
were performed for each encoding condition (Distributed, Massed, and Single-trial):

(I) Trial Pupil Diameter = Intercept + b1(OldorNew) + b2(Baseline) + b3(ToT);,

(IT) Trial Pupil Diameter = Intercept + bl(MatchNoMatch) + b2(Baseline) + b3(ToT)
where OldorNew is a variable coded for Old (1) or New (0) conditions, MatchNoMatch is a
variable coded for Match (1) or NoMatch (0) conditions, Baseline is the average baseline pupil
diameter, and 70T is time-on-task defined as the log of trial number. Independent variables
included in the models were mean-centered, and only accurate trials were included in the
analyses, as both effects have been observed for accurate but not inaccurate trials (Katkas &
Montaldi 2015; Siefert et al. 2024). Confidence variable was not included in the regression
models because that measure shares variance with the old/new response measure (i.e. confidence
ratings were higher for the old trials relative to new) and with the match/no-match conditions

(i.e. confidence ratings were higher in the match trials relative to no-match).
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Trial-level regression analyses of the pupillary data using the above models were
performed at every sampled time point across the 2 second trial window (He et al. 2020).
One-sample t-tests were then applied to test the statistical significance of the resulting regression
coefficients at each time point. To correct for multiple comparisons, cluster-size-based
permutation testing was employed. A cluster size was calculated by summing the number of time
points with p<0.05 across the one-sample t-tests for regression coefficients. A
permutation-corrected p-value was determined by calculating the average frequency of this
cluster size exceeding the cluster sizes in a permutation distribution obtained by running
one-sample t-tests after randomizing the sign of coefficients among participants (Krishnamurthy

etal. 2017; He et al. 2020; Siefert et al. 2024).

Results

Behavioral Results

Behavioral results showed converging patterns for accuracy (Figure 2a) and confidence
ratings (Figure 2b) across the three encoding conditions. Both measures showed an increase
across the Single, Massed, and Distributed conditions, consistent with an expected increased
memory encoding strength across these conditions. A one-way repeated measures ANOVA with
Accuracy as the dependent variable and Repetition Condition (Distributed, Massed, and Single)
as the fixed factor indicated significant differences between the conditions [F, 5 =41.45,p <
0.001, n? = 0.57]. Planned repeated contrasts revealed greater accuracy in the Distributed
compared to the Massed condition [mean(SD): 0.80(0.11) vs. 0.72(0.15); t(62) =3.39,p =
0.001) and in the Massed compared to the Single condition [mean(SD): 0.72(0.15) vs.
0.59(0.12); t(62) = 5.62, p < 0.001]. A similar repeated measures ANOVA with Confidence

Rating as the dependent variable and Repetition Condition (Distributed, Massed, and Single) as
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the fixed factor indicated significant differences between the conditions [F,¢,=27.08, p < 0.001,
n? = 0.47]. Planned repeated contrasts revealed greater confidence ratings in the Distributed
compared to the Massed condition [mean(SD): 4.07(0.44) vs. 3.76(0.48); 1(62) =4.72, p <
0.001], and a trending difference in the Massed compared to the Single condition [mean(SD):

3.76(0.48)vs. 3.59(0.58); t(62) = 2.53, p=0.014].
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Figure 2. (a) Mean recognition accuracy and (b) mean confidence ratings across three repetition encoding

conditions. Error bars indicate 95% confidence intervals. *p<0.05, **p<0.01, ***p<0.001.

Pupillary Results

We applied the following regression models to the accurate trials separately for each
repetition condition: (I) Trial Pupil Diameter = Intercept + b1(OldorNew) + b2(Baseline) +
b3(ToT); (1) Trial Pupil Diameter = Intercept + bl(MatchNoMatch) + b2(Baseline) + b3(ToT).
We found the expected effects of baseline pupil diameter and time-on-task in line with previous
findings (Krishnamurthy et al. 2017; Hammerer et al. 2019; He et al. 2020; Siefert et al. 2024).
First, larger trial pupil diameter was associated with larger baseline pupil diameter [permutation
test of duration: (I) Old/New effect: Distributed: 2000ms, p=0.027; Massed: 2000ms, p=0.022;

Single: 2000ms, p=0.021; (II) Match/NoMatch effect: Distributed: 2000ms, p=0.016; Massed:
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2000ms, p=0.016; Single: 2000ms, p=0.018]. Second, time-on-task was negatively associated
with trial pupil diameter in both models [permutation test of duration: (I) Old/New effect:
Distributed: 1484ms, p=0.012; Massed: 1428ms, p=0.028; Single: 1500ms, p=0.019; (II)
Match/NoMatch effect: Distributed: 1540ms, p=0.010; Massed: 1100ms, p=0.023; Single:
780ms, p=0.040].

We observed comparable pupil old/new effects across the three encoding conditions.
The trial-averaged pupil response curves for the Distributed, Massed, and Single conditions (all
of which constitute the Old condition) compared to the pupil response curve for the new stimuli
are shown in Figure 3a. Qualitatively, the “old” pupil response curves for all three conditions are
similar in shape and magnitude and larger than that of the “new” condition. The old/new
regression models (I), revealed significant positive effects of the Old condition on the trial pupil
diameter across all three encoding conditions (Figure 3 b-d). Permutation tests confirmed that
the pupil old/new effect was significant after correcting for multiple comparisons across all three
conditions [permutation test of duration: Distributed: 1144ms, p=0.006; Massed: 1132ms,

p=0.012; Single: 1216ms, p=0.006].
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Figure 3. Pupil old/new effect across repetition conditions. (a) Trial-level raw time-series plot of pupil
dilation averaged across participants. Trial time is relative to the onset of the target stimulus. Regression
coefficients of OldorNew factor plotted across trial time for (b) Distributed learning, (c) Massed learning,
and (d) Single-trial learning. In the coefficient plots, significant time points are marked in red (p<0.01 for

Distributed and Single-trial, p<0.05 for Massed); the shaded area represents standard error.

We found that the magnitude of pupil old/new effect was positively correlated with
the encoding-retrieval perceptual match in Distributed and Single-trial conditions, but
negatively correlated in the Massed condition (Figure 4). The raw pupillary response curves
and the match/no-match regression models (IT) both revealed differential match/no-match effects
across the three repetition conditions. In the Single-trial condition (Figure 4, a and b),
significantly greater pupil dilation was found for Match compared to NoMatch trials, replicating
the shallow encoding results observed in Siefert et al (2024). The Distributed condition (Figure
4, c and d) also showed a significant match/no-match effect with a greater peak of coefficient
values than in the Single-trial condition, in line with our hypothesis that distributed learning
enhances cue-trace interaction due to strengthened contextual recollection. In contrast, the

Massed condition (Figure 4, e and f) does not show a significant match/no-match effect during



21

the same trial time period as the other two conditions. Rather, there was a reversed

match/no-match effect (i.e., smaller pupil dilation for match than no match) earlier in the trial

time, as indicated by the negative coefficients between 300-1000 ms of the trial time. These

results are also consistent with our hypothesis that massed learning reduces recollection through

contextual encoding. Permutation tests confirmed that these pupil match/no-match effects are

significant in all three conditions after correcting for multiple comparisons [permutation test of

duration: Distributed: 864ms, p=0.017; Massed: 704ms, p=0.040; Single: 944ms, p=0.027].
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0.18 0.06 r
I Match
0.16 No Match
B W INew —~ 0.04
0.14 Q
Ee]
Eo12 2 002
E™ g
=
§ o .
5 5 0
5 0.08 © \
2 e¥ENy, =
a L “ o
S o006 Py Z-0.02}
o ® e
0.04 <§"u
-0.04
0.02 |
0 : ‘ ' ‘ -0.06 : : ‘ ‘
0 500 1000 1500 2000 0 500 1000 1500 2000
e Trial Time (ms) f Trial Time (ms)

Figure 4. Pupil match/no-match effect across repetition conditions. Trial-level pupil response time-series
curves for (a) Single-trial, (¢) Distributed, and (e) Massed learning conditions. Regression coefficients of
MatchNoMatch plotted across trial time for (b) Single-trial, (d) Distributed, and (f) Massed learning
conditions. For coefficient plots, significant time points are marked in red (p<0.05); green shaded area

represents standard error.

Experiment 1 Discussion

The behavioral results indicate increasingly stronger memory traces across the
single-trial, massed, and distributed learning conditions. Despite this, we found similar
magnitudes of pupil dilation and comparable pupil old/new effects across the conditions.
Notably, pupil dilation was greater for Match than NoMatch trials in both the Single-trial and
Distributed learning conditions, but not in the massed learning condition. This observed pupil
match/no-match effect may reflect the amount of contextual details encoded in the memory trace
that subsequently supported recollection. Compared to massed learning, distributed and
single-trial shallow encoding may enhance the encoding of contextual and perceptual details, and
the subsequent retrieval of those details may be significantly strengthened by cue-trace match

and accompanied by greater pupil dilation. These results indicate that pupil dilation in
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recognition memory is influenced by the nature of encoding that affects the subsequent cue-trace
interaction during memory retrieval. Taken together, the results from Experiment 1 provided
support for the role of cue-trace interaction, rather than memory strength alone, in the pupil
old/new effect.

Interestingly, a reversed pupil match/no-match effect was observed early in the time
course for the Massed learning condition. This effect may be driven by pronounced familiarity
signals following massed learning, where Match trials may be processed with greater fluency
than NoMatch trials. As a result, the smaller pupil dilation may be due to reduced cognitive
effort for recognizing items in Match trials than in NoMatch trials. To test this processing
fluency hypothesis, we conducted Experiment 2 in a priming paradigm to examine whether the
pupillary response for the priming effect reflects ease of processing, as suspected for massed
learning. Given the functional overlap between familiarity and priming, we expected their
pupillary effects to be similar, which may corroborate the hypothesized role of facilitated

processing in the reversed pupil match/no-match effect for massed learning.

Experiment 2: Pupil old/new effect in a word-stem completion priming task

To investigate the hypothesis that the familiarity effect drives the reversed pupillary
match/no-match effect observed in massed learning, we assessed the pupillary response in the
context of a stem-completion priming paradigm adopted from Kane et al. (2015), originally
adapted from Shimamura et al. (1987). Given that priming implies unconsciously facilitated
processing due to prior exposure, successful priming may result in stronger memory traces than
unsuccessful priming. If the pupillary response in priming is directly related to memory strength,
we would expect to see greater pupil dilation for successfully primed items (associated with

stronger memory trace) than unsuccessfully primed items (associated with weaker memory
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trace). Conversely, if the pupillary priming effect is related to the ease of processing the primed
items, we may observe smaller pupil dilation for successfully primed items than for
unsuccessfully primed items. Because pupil size robustly tracks cognitive effort (Hess & Polt
1964; Kahneman & Beatty 1966; Piquado et al. 2010; Alnzs et al. 2014; van der Wel & van
Steenbergen 2018), successful priming may reduce cognitive effort in the stem-completion task,

resulting in smaller pupil dilation compared to unsuccessful priming.

Methods

Participants

As in Experiment 1, we conducted power analysis using G*Power 3.1 (Faul et al. 2009)
to estimate the appropriate sample size. Here we are again interested in the pupil old/new effect
but within a stem-completion priming paradigm. Thus, we estimated 27 participants were needed
for a medium effect size (d = 0.5) under a type I error threshold of 0.05 and power of 0.8.

Thirty-one young adults were recruited from Brown University and received monetary
payment or course credit. The study protocol was approved by Brown University Institutional
Review Board under the Helsinki Declaration, and informed consent was obtained from all
participants prior to testing. Following the informed consent procedure, participants completed a
demographic and medical history questionnaire, the Pittsburgh Sleep Quality Index (PSQI,
Buysse et al., 1989), and were administered the Tumbling-E visual acuity test. All participants
reported normal or corrected-to-normal vision, English language fluency, and no psychological
or neurological disorders. Participants were excluded from analyses if they had stem completion
hit rate higher or lower than 2 standard deviations from the mean (n=4), diagnosis of
psychological/neurological disorder (n=1, oppressive compulsive disorder, head injury, severe

headaches), poor pupil data quality (>50% trial loss, n=1), or incomplete data (n=1). Data from
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the remaining 24 young adults (mean age: 19.7 years, range: 18-22 years; 15 females) were
included in the analyses. Visual acuity at 100% contrast ranged from 20/16 to 20/32 across
participants (1 person scored 20/32, 23 scored 20/16). Average PSQI global score across
participants was 5.08 (std: 2.78; range: 2-13; 6 people scored >5, 18 scored <5), indicating good
to mediocre sleep quality over the past month.
Stimuli

The stimuli used in this experiment were adopted from the Kane et al. (2015) study and
consisted of 80 nouns and verbs, each 5-8 letters long. Each word’s first three letters could
generate at least 10 different common words according to dictionary entries. The stimuli were
divided into four lists: Two lists (40 words) served as targets during the likeability rating task,
and two lists (40 words) served as distractors and were not presented during the likeability rating
task. Both the word stems of the target and distractors were presented during the stem
completion task. The assignment of word lists as targets or distractors was counterbalanced
across participants, ensuring that words serving as targets for half of the participants acted as
distractors for the other half. This design allowed food the determination of baseline guessing
rates for each word. Each combination of target and distractor lists was randomly assigned to the
two blocks of the experiment, with words or word stems presented in a randomized order within
each task.

All the stimuli were displayed in an isoluminant color-scheme created by using modified
colors from the Teufel colors set (Teufel & Wehrhahn, 2000). A slate blue (RGB = [55, 123,
170], CIE-xyY =1[0.196, 0.199, 25.5]) background and dark orange (RGB = [186, 94, 47],
CIE-xyY =[0.234, 0.226, 25.8]) task stimuli were used to maintain a constant light intensity at

25 c¢d/m2 throughout all tasks, verified with ColorCAL MKII Colorimeter (Cambridge Research
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Systems, Rochester, UK). Word stimuli (visual angle: 3.06° - 4.89° x 0.65°; average pixel
intensity: 112.1; average contrast: 6.1) and word stem stimuli (visual angle: 1.45° - 1.99° x
0.65°; average pixel intensity: 109.7; average contrast: 4.2) were presented in dark orange Arial
font on a slate blue background (27.35° x 20.78° visual angle). The fixation cross was a dark
orange + in Arial font (visual angle: 0.53° x 0.53°; pixel intensity: 111.7, contrast: 5.0).
Experimental Procedure

A schematic of the experimental procedure is summarized in Figure 5. Experiment 2
included two blocks, each consisting of a likeability rating task immediately followed by a stem
completion task. Participants completed a ten-minute spatial orienting of attention task (not
reported in this paper) between the two blocks of trials.

Likeability Rating Task:

Each trial in the rating task consisted of a 2-second fixation cross followed by a target
word that remained on the screen for 4 seconds. To ensure deep encoding during the target
presentation, participants rated how much they liked each word on a scale from 1 to 5
(1="strongly dislike” 5=“strongly like’’) by pressing buttons on a Serial-Response button box
(Psychology Software Tools, 2012). Twenty unique target words (e.g. MOTEL) were presented
individually on the screen in each block of the likeability rating task (40 total target words).
Participants were neither told to remember the words, nor informed of the subsequent stem
completion task.

Stem Completion Task:

Immediately after the likeability rating task, participants completed the stem completion

task with no reference to the prior rating task. A total of 80 word stems (i.e., 40 in each block)

with the first three letters of each word (e.g. MOT ) were presented. Each trial included a
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2-second central fixation cross followed by a word stem presented on the screen for 4 seconds.
During the word stem presentation, participants were asked to complete the word stems verbally
with the first complete word that came to mind. Half of the word stems could be completed with
studied words from the preceding rating task (“target stems”), and the other half could not
(“novel distractor stems”). Verbal responses were immediately transcribed by an experimenter

and recorded via a microphone to ensure accurate response coding.

1s 1s
+ +
45  rateon 1-5 45 say complete word
MOTEL 1s MOT__ 2s
\-\_\-\.
T 0 x40
Likeability Stem
a Rating b Completion

Figure 5. Experiment 2 task procedure. (a) Study phase: Participants rated the likeability of a series of
words during the presentation of each word. (b) Test phase: Participants completed word stems with the
first word that comes to mind. Half of the word stems could be completed by words from the preceding

likeability rating task, and the other half could not.

Apparatus and Pupil Diameter Acquisition

The apparatus and lighting conditions were identical to those used in He et al. (2020).
Stimuli were displayed on a 19-inch CRT monitor (1152x864 pixel resolution, 72 Hz, Viewsonic
G901b) situated 75 cm from the participants' eyes. The task was delivered and controlled on an
Intel Core 2 Quad 2.836 GHz PC (OS Windows XP SP3 32 bit, 2002) with Nvidia GeForce

GT440 graphics card using E-Prime v2.0 (Psychology Software Tools, Pittsburgh, PA, USA).
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Pupil diameter data were recorded using an Eye-Link1000 video-based desktop-mounted
eye tracker (EyeLink1000, SR Research, Ontario, Canada) with a sampling rate of 250 Hz.
Participants' heads were stabilized on a chin rest, and pupil diameter from the left eye was
captured using the Centroid Pupil Tracking Algorithm (EyeLink1000) by an infrared-sensitive
camera. Pupil data was collected throughout the experiment, with only the test phase data
reported here. A 9-point grid calibration was done before each eye-tracking session to calibrate
and validate the system to <1° average visual angle Cartesian prediction error. Behavioral and
pupillary data were processed and analyzed in the same way as in Experiment 1 using MATLAB
R2022a custom scripts (MathWorks, Natick, MA).

Data Analysis

Successful priming, or hits, was defined as completing the target stems with the
corresponding studied words shown in the rating task, while unsuccessful priming, or misses,
was defined as not using the studied words to complete the target stems. The completion of novel
distractor stems was used to calculate the baseline guessing rate for each word, which equals the
proportion of completing novel distractor stems with the words in the stimulus list. The
successful priming rate was then compared with the baseline guessing rate using a paired
samples t-test to measure the behavioral priming effect.

Pupillary data were analyzed using a trial-level linear regression model and
cluster-size-based permutation testing approach, similar to Experiment 1. The regression model,
with mean-centered predictors, was applied to target trials to examine the effect of successful
priming relative to unsuccessful priming:

(ITT) Trial Pupil Diameter = Intercept + bl(PrimedUnprimed) + b2(Baseline) + b3(ToT).
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In this model (II), PrimedUprimed is a variable coded as 1 for successfully primed trials
and 0 for unsuccessfully primed trials. Baseline is the variable for baseline pupil diameter
averaged at each time point, and 70T (time-on-task) was defined as the log of trial number. Novel
distractor stems were not analyzed with regression because the main interest of this study was to

test the priming effect of target stems on pupillary responses.

Results

Behavioral Results

The mean behavioral priming rate (i.e. the proportion of target stems being completed
with studied words from the rating task relative to all target stems) was 47.9%, with a baseline
guessing rate of 7.2%. A planned paired samples t-test confirmed significant behavioral priming
effects above baseline guessing rates: t(23) = 13.964, p <0.001.
Pupillary Results

To analyze the priming effect on pupillary response, we applied the following regression
model: (IIT) 7rial Pupil Diameter = Intercept + bl (PrimedUnprimed) + b2(Baseline) + b3(ToT).
The effects of baseline pupil diameter and time-on-task (ToT) were consistent with previous
findings (Krishnamurthy et al. 2017; Himmerer et al. 2019; He et al. 2020; Siefert et al. 2024).

Regression analysis indicated significantly smaller pupil dilation for successfully-primed
compared to unsuccessfully-primed words, as evidenced by the negative coefficients at the time
points marked red in the coefficients plot over trial time (Figure 6). This finding supports the
hypothesis that the pupillary priming effect reflects the cognitive effort required to generate
appropriate words to complete the stems. Successfully-primed words were easier to generate,

required less cognitive effort, and thus elicited smaller pupil dilation than unsuccessfully-primed
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words. 10,000 permutations were run to confirm the significance of this pupillary priming effect

after correcting for multiple comparisons [permutation test of duration: 2792ms, p<0.001].
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Figure 6. Pupil stem-completion priming effect. (a) Trial-level raw time-series plot of pupil dilation. (b)
Regression coefficients of PrimedUnprimed plotted across trial time. For the coefficient plot, significant

time points are marked in red (p<0.001); the shaded area represents standard error.

Experiment 2 Discussion

Results from Experiment 2 demonstrated smaller pupil dilation for successfully primed
words than unsuccessfully primed ones, likely indicating reduced cognitive effort due to priming.
This pupillary priming effect contrasts with the pupil old/new effect observed in recognition
memory across all three conditions in Experiment 1. Specifically, in priming, stronger memory
traces (successfully primed) lead to smaller pupil dilation, whereas in recognition, stronger
memory traces (old) result in larger pupil dilation. These opposing patterns suggest that pupil
size does not directly track memory strength but reflects the nature of task demands and the
cue-trace interactions. The LC-NE system, which influences pupillary response, may facilitate
different cognitive processes depending on the task context. During recognition, the salience of

the cue-trace match may engage the LC-NE system to enhance cue-trace interaction, while the
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difficulty of generating appropriate words in the stem-completion task may activate the LC-NE
system more for unsuccessfully-primed word stems.

Additionally, this reversed pupillary effect mirrors the flipped match/no-match effect
observed in massed learning during Experiment 1. Easier-to-process items (successfully-primed
and Match) show smaller pupil dilation compared to more cognitively-demanding ones
(unsuccessfully-primed and NoMatch). This alignment supports the hypothesis that the reversed
pupil match/no-match effect in massed learning is driven by processing fluency, potentially
combining or overlapping familiarity and priming effects. This processing fluency pupillary
effect becomes evident when task demands are high, as seen in the stem-completion task, where
the retrieval cue provides limited information, and in the recognition task following massed

learning, where stored trace contextual information is insufficient.

General Discussion

We conducted two pupillometry experiments to investigate the mechanisms behind
pupillary responses during tests of recognition memory and priming. In Experiment 1, we
explored the impact of different repetition modes (Distributed vs. Massed repetition, with a
Single-trial condition as the baseline) on shallow encoding of words and pictures. Our findings
replicate the pupil match/no-match effect observed by Siefert et al. (2024) in the Single-trial
condition, where items with greater perceptual cue-trace match elicited larger pupil dilation. This
effect was even stronger following Distributed learning, known to enhance contextual
recollection (Zhao et al. 2015; Feng et al. 2019). Conversely, Massed learning showed a reduced
standard pupil match/no-match effect and a reversed effect at an earlier time course, likely due to
diminished contextual recollection and a strong familiarity effect enhancing processing fluency.

Experiment 2 tested our hypothesis regarding the Massed learning results using a word-stem
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priming task. The results revealed smaller pupil dilation for successfully-primed words compared
to unsuccessfully-primed words, mirroring the reversed pattern observed in Massed learning.
This suggests that stronger memory traces from successfully-primed and Match items demand
less cognitive effort, resulting in smaller pupil dilation. These findings indicate that the pupil
old/new effect is driven by cue-trace interactions influenced by encoding and retrieval nature,
rather than memory strength alone.
Memory Strength and Pupillary Effects

In Experiment 1, we observed that memory strength did not directly affect the magnitude
of pupillary effects.. Repetitions in learning have long been associated with better memory
outcomes (see Rugg 1996; Mecklinger 2000 for reviews), and the memory advantage of
distributed learning over massed learning has been characterized as the “spacing effect”
(Ebbinghaus 1885; Cepeda et al. 2006). Prior studies supporting the memory strength account in
the pupil old/new effect have found greater pupil dilation for items with greater memory
strengths (Otero et al. 2011; Montefinese et al., 2013; Kafkas & Montaldi 2015; Taikh & Bodner
2022). Despite varying levels of memory strength across different learning conditions, the pupil
old/new effect remained comparable. Memory traces encoded through Massed learning were
stronger than those through Single-trial learning and weaker than those through Distributed
learning, and yet the pupil old/new effect was comparable across the three conditions. This
finding of non-correlation between memory strength and the magnitude of the pupil old/new
effect suggests that memory strength is not the only mechanism underlying the pupil old/new
effect.

In addition, we showed that the pupil match/no-match effect was not modulated by

memory strength, either. Siefert et al. (2024) found greater pupil dilation for Match than
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No-match trials in the weaker memory traces of the shallow encoding condition, but not in the
stronger memory traces of the deep encoding condition. Here, we found the opposite or a
nonlinear relationship between memory strength and the pupil match/no-match effect. The
standard match/no-match effect was found in the weakest memory traces of the Single-trial
learning condition and the strongest memory traces of the Distributed learning condition, but not
in the memory traces of intermediate strength of the Massed learning condition, where a reversed
match/no-match effect was found instead. Increasing memory strength with repetitions at
encoding did not necessarily lose the match/no-match effect in the same way as increasing
memory strength with deep encoding in Siefert et al. (2024). This finding supported our
hypothesis that memory strength does not account for the pupil match/no-match effect patterns.

These results indicate that the underlying mechanism contributing to the pupillary
response during recognition is the interaction between retrieval cue and memory trace, rather
than the strength of memory trace alone. The process of memory recognition is reactivating and
reinstating the stored information with the available retrieval cue (Tulving 1983; Savarimuthu et
al. 2023), hence the pupillary response during retrieval potentially tracks the joint synergistic
effects of stored memory trace and retrieval cue. The role of cue-trace interaction is made more
conspicuous by manipulating the nature of encoding and retrieval, as discussed in the next
section.
Encoding and Retrieval Demands Impact Pupil Response.

Employed in Experiment 1, distributed learning and massed learning differ in not only
memory strength but also their impact on encoding. Two influential models have been proposed
and tested to explain the spacing effect: the encoding variability hypothesis posits that greater

contextual variability across learning repetitions, as a result of longer inter-repetition intervals
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(IRIs), creates more routes to effective retrieval (Glenberg 1979; Appleton-Knapp et al. 2005);
the study-phase retrieval hypothesis states that each learning repetition serves as a retrieval cue
that reactivates and strengthens the stored memory trace (Thios & D’Agostino, 1976), and longer
ISIs make the momentary retrieval more cognitively demanding, thus leading to better
subsequent memory retrieval (Bjork 1988). The commonality between the two models is that
massed learning induces stronger repetition suppression (Wagner et al. 2000; Callan &
Schweighofer, 2010; Xue et al., 2011) and that distributed learning enhances contextual encoding
during repetitions and thus richer memory traces for contextual reinstatement and later retrieval
(Van Strien et al. 2007; Zhao et al. 2015; Feng et al. 2019).

Pupillary results from Experiment 1 fit our prediction and current understanding of
distributed and massed learning. Distributed learning repetitions reactivate the stored memory
trace and encode greater and richer contextual details pertaining to the trace, which in turn helps
enhance the contextual reinstatement and recollection as the cue and trace interact during
retrieval. A higher degree of perceptual match between the cue and trace creates greater
resonance in their interaction, which serves as a salient signal to the LC-NA system. Activation
of the LC-NA system then dilates the pupils and boosts memory retrieval via neuromodulation
(Sara 1985; Murchison et al. 2014; Poe et al. 2020). Distributed learning increases the sensitivity
of the context-rich traces to the perceptual match with the cues, thus maximizing the
match/no-match difference. On the other hand, massed learning repetitions exhibit a strong
momentary retrieval signal, which produces strong neural repetition suppression and inhibits
additional contextual encoding (Wagner et al. 2000; Zhao et al. 2015). The lack of contextual
information in the trace diminishes the role of recollection and potentially makes the familiarity

signal more prominent, which may amplify the match/no-match difference in a faster, more
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automatic manner. According to our data, this process is manifested by the early reversed pupil
match/no-match effect in the Massed learning condition. Such a drastic difference in the
pupillary response patterns between Distributed and Massed learning implies that pupillary
responses during recognition index the nature of encoding.

Comparing our data from Experiment 1 to that in Siefert et al. (2024) further reveals the
role of encoding nature, rather than memory strength, in pupillary responses at recognition. Deep
encoding in Siefert et al. increased memory strength but lost the match/no-match effect
compared to Shallow encoding. In the current study, both Distributed and Massed repetitions at
encoding increased memory strength relative to Single-trial learning but demonstrated different
pupillary effects: Distributed learning showed a similar (if not larger) match/no-match effect to
Single-trial learning, whereas Massed learning diminished this effect and showed an earlier
reversed match/no-match effect. Together, these results suggest that the pupil match/no-match
effect is modulated by the encoding nature and is independent of memory strength.

Similarly, data from Experiment 2 suggest that in a repetition priming paradigm, the pupil
size response follows a negative relationship with memory strength: successfully-primed words
with greater memory strength elicited smaller pupil dilation than unsuccessfully-primed words,
an opposite pattern to what the memory strength theory for the pupil old/new effect would
predict. Such a pupillary pattern may be driven by cognitive effort in generating words to
complete the stems: successfully-primed words are implicitly easier to come up with for the
word stems, and the associated decrease in the cognitive effort required in turn triggered a
smaller pupil dilation.

The cognitively-demanding nature of the stem completion task may highlight the

prominent effect of mental effort in the pupillary response. Interestingly, a similar pupillary
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response pattern has been reported in cued recall experiments. When strong retrieval cues are not
provided but required to be generated internally, weaker memory traces elicited greater pupillary
responses than strong memory traces (Rijn et al. 2012; Pajkossy & Racsmany 2019). In the
current priming task, the presentation of only weak retrieval cues (i.e. word stems) demands
greater mental effort for word retrieval compared to a recognition task. The “flipped” pupil
old/new effect observed in the current priming experiment and the previous cued recall studies is
consistent with the recruitment of the LC-NA system in situations where increased top-down,
effortful processing is required (Varazzani et al. 2015; Borderies et al. 2020).
Distinct recollection, familiarity and priming influences on pupil response

As suggested by previous studies, distributed learning may enhance recollection
compared to massed learning via richer contextual encoding (Van Strien et al. 2007; Zhao et al.
2015; Feng et al. 2019). In contrast, massed learning shows a strong repetition suppression etfect
that hinders contextual encoding and subsequent recollection (Wagner et al. 2000; Callan &
Schweighofer, 2010; Xue et al., 2011). Our data from Experiment 1 showed distinct pupil
match/no-match effects following Distributed learning versus Massed learning, and this
distinction seems to fit well with the differential encoding nature of the two types of repeated
learning. The amplified match/no-match effect in Distributed learning may be driven by
enhanced cue-trace interaction that is supported by contextual recollection; the rich contextual
details encoded in the memory trace increase the sensitivity to perceptual match between the
trace and the retrieval cue, such that greater cue-trace match significantly activates the LC-NE
system (and increases pupil dilation) to boost contextual recollection. However, the lack of

contextual encoding due to Massed learning diminishes the effect of contextual reinstatement
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and recollection, and thus greater perceptual cue-trace match does not elicit bigger pupil dilation
than the less matched cue-trace pairs.

While extensive research supporting the dual-process model of recognition memory has
claimed to show dissociable neural signatures of recollection and familiarity (see Mecklinger
2006; Rugg & Curran 2007 for review), contentious debates remain in the potential conflation or
co-occurrence of priming in these nominal familiarity signatures (Paller, Voss & Boehm 2007).
A controversial speculation is that priming reflects an early stage of processing that ultimately
produces familiarity (Yonelinas 2002; Rajaram & Geraci, 2000; Whittlesea & Williams, 1998;
Wagner, Gabrieli, & Verfaellie, 1997; Jacoby & Dallas, 1981). Therefore, with the currently
limited understanding of the relationship and distinction between familiarity and priming, we
may conjecture that massed learning reflects a combined effect of the two processes.

Our data from Massed learning in Experiment 1 and stem-completion priming in
Experiment 2 showed parallel pupillary response patterns, suggesting that the two tasks may
have employed similar or overlapping processes of familiarity and priming. Both familiarity and
priming may automatically facilitate cognitive processing, and such processing fluency is
reflected in smaller pupil dilation, as pupil size has been shown to robustly track cognitive effort
(Hess & Polt 1964; Kahneman & Beatty 1966; Piquado et al. 2010; van der Wel & van
Steenbergen 2018). The effect of cognitive effort on pupillary responses may become more
prominent under difficult task circumstances, where limited contextual details are encoded
following massed learning, and only retrieval cue that contains partial information is present in
the stem-completion task.

Our findings suggest that the pupil old/new effect is driven by cue-trace interactions

influenced by encoding and retrieval nature, rather than memory strength alone. Pupillary
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responses may reflect distinct influences of recollection and familiarity, with familiarity and
repetition priming showing converging patterns driven by cognitive effort. These insights
support a theoretical framework based on synergistic ecphory, integrating pupillary and
neurobiological mechanisms of LC-NE function. Understanding these mechanisms can provide
insights into age-related cognitive impairments and neurodegenerative diseases, highlighting the
potential for early diagnosis and intervention (Braak & Del Tredici 2012; Mather & Harley 2016;
Héammerer et al. 2019).

Future studies should apply a process-dissociation paradigm (Jacoby 1991) to further
investigate distinct pupillary patterns of recollection and familiarity. Analyzing receiver
operating characteristics (ROC) using confidence ratings to tease apart the influences of
recollection and familiarity (Yonelinas 2001) and incorporating EEG experiments can elucidate

the temporal dynamics of different memory components.
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