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Abstract

We investigated the relationship between, and functional significance of, P300, novelty P3, and the pupil dilation

response (PDR). Subjects categorized stimuli including (a) words of a frequent category, (b) words of an infrequent

category (14%), and (c) pictures of the frequent category (“novels”; 14%). The P300 and novelty P3 were uncorrelated

with the PDR and differed in their response to experimental manipulation. Therefore, although the three physiological

responses often co-occur, they appear to each manifest a distinct function: The PDR may be more closely linked to

aspects of behavioral responding than the event-related potentials. Within participants, P300 and PDR latencies

accounted for unique portions of the reaction time variance, and amplitudes of all three responses were larger for

stimuli recalled on a subsequent test, compared to not recalled. We discuss the possibility that all three responses

reflect norepinephric input from the locus coeruleus.

Descriptors: EEG/ERP, Pupillometry, Cognition

Humans and other animals preferentially attend to and remember

novel events. In line with its biological significance, novelty elicits

a set of autonomic responses collectively labeled the “orienting

reflex” (for reviews, see Kimmel, 1979; Sokolov, 1963). Further-

more, many event-related potential (ERP) components, including

the mismatch negativity (MMN), N2, novelty P3, P300, and N400,

are sensitive to novelty (Donchin, Spencer, & Dien, 1997; Fabiani,

2006). In particular, the eliciting conditions of the P300 show strik-

ing similarities to a temporary dilation of the pupil (the pupil dila-

tion response; PDR; see Donchin et al., 1984; Nieuwenhuis, De

Geus, & Aston-Jones, 2011). Their co-occurrence raises the ques-

tion whether P300 and PDR manifest the same neurocognitive

operation invoked upon the encounter with unexpected events

(such as response facilitation), or whether their functions are differ-

ent (such as responding vs. episodic encoding).

To investigate this, we recorded ERPs and pupil size simultane-

ously in an oddball task expected to elicit both a P300 and a PDR.

We additionally took the novelty P3 into consideration, which

overlaps with the P300. If the responses index the same cognitive

function, they should vary analogously with experimental manipu-

lation and with behavior. In turn, if their cognitive functions are

different, this variance should be dissociable. More specifically, we

asked whether each response is integrated into the stimulus-

response stream, as indicated by a correlation of its latency with

reaction time (RT), or indexes episodic encoding, indicated by a

correlation of its amplitude with subsequent recall. Our hypotheses

were guided by previous findings as well as theoretical accounts, in

particular the context updating hypothesis of the P300 and the locus

coeruleus norepinephrine (LC-NE) theory of P300 and PDR.

The P300

The P300 (Sutton, Braren, Zubin, & John, 1965) is a positivity that

is largest at parietal scalp sites and peaks at least 300 ms after the

eliciting event. It is often studied in the oddball paradigm, in which

events in a sequence can be classified into a rarely and a frequently

occurring category. Events of the rare category elicit a P300. The

context updating hypothesis (Donchin, 1981; Donchin & Coles,

1988) assumes that a mental schema of goal-relevant information

(Miller, Galanter, & Pribram, 1960) must be “updated” when new

information conflicts with expectations derived from it—the detec-

tion of the need for context updating is manifested in the P300. The

P300 is assumed not to be a stage in a serial process that leads from

stimulus to response, but to be part of a parallel processing stream

affecting future behaviors.

P300 and RT. P300 latency often correlates with RT (for a

review, see Verleger, 1997). This is consistent with the context

updating theory, because neither can the schema be updated, nor

can an accurate response be made, before the stimulus has been
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classified as deviant. Importantly, under some circumstances the

two measures are dissociable, for example when response speed

is emphasized over accuracy encouraging responding before full

stimulus evaluation (Kutas, McCarthy, & Donchin, 1977). Fur-

thermore, response conflict (such as in the Stroop task) induces a

RT cost but does not affect P300 latency (Duncan-Johnson &

Kopell, 1981; Ilan & Polich, 1999; see also Magliero, Bashore,

Coles, & Donchin, 1984; McCarthy & Donchin, 1981), suggest-

ing that P300 does not index responding directly. Nevertheless, a

different view of the P300 that is based on its putative neural

generators emphasizes a role in behavioral responding to stimuli

or events (Nieuwenhuis, Aston-Jones, & Cohen, 2005; Nieuwen-

huis et al., 2011): The P300 may reflect synchronized norepi-

nephric (NE) cortical input from the locus coeruleus (LC), which

plays a role in sensory and behavioral adaptation (e.g., Berridge

& Waterhouse, 2003). In this view, the P300 facilitates respond-

ing to goal-relevant stimuli.

P300 and encoding. The context updating hypothesis links the

P300 to episodic encoding, thus predicting that larger P300 ampli-

tudes should be associated with a higher probability of later recall-

ing the eliciting event. Indeed, deviant stimuli, which lead to

enhanced memory (Von Restorff, 1933), elicit larger P300 ampli-

tudes when they are subsequently recalled, compared to not-

recalled items. This P300 “subsequent memory effect” is observed

when encoding is incidental (Fabiani, Karis, & Donchin, 1986) or

based on simple rehearsal (Fabiani & Donchin, 1995; Fabiani,

Karis, & Donchin, 1990; Kamp, Brumback, & Donchin, 2013;

Karis, Fabiani, & Donchin, 1984), but not when encoding focuses

on interitem associations (Fabiani et al., 1990; Karis et al., 1984).

This suggests a relationship of the P300 to encoding that depends

on strategic processes.1

The Novelty P3

The second positivity of interest is the frontocentrally distributed

novelty P3. It exhibits substantial spatiotemporal overlap with the

P300, but can be disentangled from it by use of principal compo-

nent analysis (PCA; Spencer, Dien, & Donchin, 1999, 2001). The

novelty P3 is elicited by some stimuli that also elicit a P300,

including task-irrelevant presentations of salient stimuli (“novels”)

in oddball tasks (Courchesne, Hillyard, & Galambos, 1975; Fried-

man, Simpson, & Hamberger, 1993). However, perceptual devi-

ance is more crucial than task irrelevance to elicit a novelty P3

(Cycowicz & Friedman, 1999, 2004; Gaeta, Friedman, & Hunt,

2003).

Novelty P3 and RT. Due to similar eliciting conditions to the ori-

enting reflex (Sokolov, 1963), Courchesne et al. (1975) suggested

that the novelty P3 reflects an “orienting response” (for a review,

see Friedman, Cycowicz, & Gaeta, 2001). Alternatively, it may

index response inhibition (Goldstein, Spencer, & Donchin, 2002),

because the typical paradigm requires a response to all stimuli but

the novels, and because a morphologically similar positivity is eli-

cited by no-go stimuli in a go/no-go paradigm (e.g., Pfefferbaum,

Ford, Weller, & Kopell, 1985). However, adding a response

requirement does not abolish the novelty P3 (Cycowicz & Fried-

man, 2004; Gaeta et al., 2003), so its role in response adaptation

may be a more general one. The relationship between novelty P3

latency and RT on the same trial has yet to be studied; modifying

the novelty oddball paradigm such that the novels were classifiable

according to the same rule as the other stimuli allowed us to do so.

Novelty P3 and encoding. The role of the novelty P3 in episodic

memory is also unclear. On the one hand, Cycowicz and Friedman

(1999) reported no correlation between its amplitude and subse-

quent recognition success. On the other hand, Kamp et al. (2013)

found that physically deviant stimuli elicited a novelty P3 subse-

quent memory effect. Similarly, Butterfield and Mangels (2003)

reported that novelty P3 amplitude elicited by negative feedback

about the participant’s answer to a question predicted subsequent

memory for the correct answer.

The Pupil Dilation Response (PDR)

A phasic dilation of the pupil peaking 1–2 s after the stimulus was

first reported in the same paradigm in which the P300 was discov-

ered (Friedman, Hakerem, Sutton, & Fleiss, 1973). Like the P300,

the PDR is also elicited by infrequent events in oddball paradigms

(Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Murphy, Robert-

son, Balsters, & O’Connell, 2011) and is enhanced when an out-

come is better or worse than expected (Preuschoff, ‘t Hart, &

Einh€auser, 2011). Furthermore, erroneous responses are followed

by a PDR, which, like the P300, is larger for perceived than unper-

ceived errors (Wessel, Danielmeier, & Ullsperger, 2011). More-

over, in situations where N400 amplitude is larger, both the PDR

(Kuipers & Thierry, 2011) and the P300 (Arbel, Spencer, & Don-

chin, 2010) tend to be smaller.

However, in Stroop tasks the PDR (e.g., Laeng, Ørbo, Holm-

lund, & Miozzo, 2011; Siegle, Steinhauer, & Thase, 2004), but not

the P300 (e.g., Duncan-Johnson & Kopell, 1981; Rosenfeld &

Skogsberg, 2006), is larger for incongruous word-color combina-

tions. Combined with evidence that the response-locked PDR is

sensitive to the complexity of the movement (Richer & Beatty,

1985), this may suggest that the PDR is more closely related to

responding than the P300. Supporting a dissociation, in a simple

auditory oddball task, Murphy et al. (2011) found no correlation

between the amplitudes of PDR and P300.

PDR and RT. Both PDR and P300 may reflect phasic activity in

the LC-NE system (Nieuwenhuis et al., 2011). The LC is thought

to regulate behavior (Aston-Jones & Cohen, 2005; Aston-Jones,

Rajkowski, & Cohen, 1999): When tonic LC activity is low, but

phasic activity to task-relevant stimuli is high, the individual is

focused on the task and shows good performance. In contrast, high

tonic and low phasic activity index low task focus and poor per-

formance. Pupil diameter mirrors this pattern: Small pretrial (base-

line) diameters and large phasic PDRs correspond to good

performance and vice versa (Gilzenrat et al., 2010; Jepma et al.,

2011). Supporting the idea that the PDR indexes processes facilita-

tive of responding, PDR latency is correlated with RT between par-

ticipants (Nuthmann & Van Der Meer, 2005). However, to our

knowledge, no studies have tested this in single trials.

PDR and encoding. The role of the cognitive processes indexed

by the PDR in episodic memory is controversial (Goldinger &

Papesh, 2012). Thus, Papesh, Goldinger, and Hout (2012) found

1. In order to account for data pointing toward a role of the LC in
memory, Nieuwenhuis (2011) revised the LC-NE theory, attributing
both immediate action and learning to the P300. The newer version of
the theory is thus more compatible with the context updating hypothesis,
but it is broader in scope and therefore still not identical.
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that the PDR elicited by studied words correlated positively with

subsequent recognition confidence. Other studies have reported

negative correlations between relative PDR amplitude and subse-

quent recognition memory for pictures (Kafkas & Montaldi, 2011;

Naber, Fr€assle, Rutishauser, & Einh€auser, 2013). Finally, V~o et al.

(2008) found no evidence for a PDR subsequent memory effect.

The Present Study

We investigated, within participants, the relationship among P300,

novelty P3, and PDR in a modified novelty oddball task expected

to elicit all three physiological responses. If the physiological varia-

bles index the same cognitive function (as proposed by the LC-NE

theory), then their variance with experimental manipulation should

be the same. However, if the measures index different functions,

then their experimental variance should be dissociable.

The task required a behavioral response to all stimuli and was

followed by memory tests, allowing us to investigate covariance of

each physiological response with behavior. Following the LC-NE

theory of the PDR, we hypothesized that the PDR indexes a process

directly integrated into the stimulus-response stream, its latency

thus correlating with RT on the same trial. Following the context

updating hypothesis of the P300, we hypothesized that P300 is

linked more closely with episodic encoding, predicting that its

amplitude will correlate with subsequent recall. In this view, P300

latency should only correlate with RT to the extent that it depends

on stimulus evaluation. Therefore, when variance due to the PDR

had been statistically accounted for in a regression analysis, the

association between P300 latency and RT should break down. Due

to a scarcity of relevant prior findings, we did not make strong pre-

dictions regarding the covariance of novelty P3 with behavior.

Method

All procedures were in accordance with the Declaration of Helsinki

and approved by the Institutional Review Board of the University

of South Florida. All participants gave informed consent.

Participants

In exchange for partial course credit, 29 students participated. Data

from nine participants were excluded because memory perform-

ance deviated from the sample by 2 SD (n 5 1), due to data acquisi-

tion errors (e.g., failure of eye tracker calibration, n 5 4), or

because excessive artifacts led to fewer than four usable trials for

the picture category (n 5 4). The final sample included 20 partici-

pants, aged 18–49 years (M 5 23.5; SD 5 8). Six participants were

male, three were left-handed, and all were native speakers of Eng-

lish with normal or corrected-to-normal vision.

Stimuli

The stimuli were classifiable according to one of three rules: (1)

edible versus inedible (e.g., pizza vs. table), (2) living versus non-

living (e.g., lion vs. pencil), or (3) smaller versus larger than a

shoebox (e.g., ant vs. ship; the tasks are henceforth referred to as

the “edible,” “living,” and “size” tasks).

To select pictorial stimuli, 20 participants2 were asked to pro-

vide a label for 40 black-and-white clip art drawings of each cate-

gory (edible, inedible, etc.), and to rate the naming difficulty on a

scale of 1 (very easy) to 7 (very difficult). We selected the 20 pic-

tures of each category that exhibited the largest between-subject

agreement (same label provided by at least 18 participants) and

that were rated as easy to name (average rating< 1.8; M 5 1.17;

SD 5 0.12). For the labels (85%) that were available in the Francis

and Kucera (1982) database, word frequency ranged between 1 and

352 occurrences per million (M 5 31.1; SD 5 72.2).

For each of the six categories, 136 nouns that were 3 to 9 let-

ters long were drawn from Francis and Kucera (1982; the labels

of the selected pictures were excluded). Care was taken to match

word frequency and length between the categories of each task

(i.e., between the edible and the inedible category, etc.; see

Table 1).

Words and pictures were presented in black color on a gray

background (RGB: 125, 125, 125). The words were displayed in

Arial font spanning 2.8 to 8.6 degrees of visual angle. The largest

dimension (width or height) of the pictures was 95 mm, and there-

fore they spanned 8.6 degrees of visual angle. Pictures exhibited

lower luminance than words (t 5 14.46).

Task and Procedure

Every session took place at 9 am, and the duration did not exceed

2.5 hr. Up to 30 min were dedicated to preparing the electroence-

phalogram (EEG) recording and calibrating the eye tracker. The

experiment was presented with Eprime 2.0 software and completed

in a dimly lit room with constant luminance both within and across

participant runs. The experiment contained a practice (which was

shorter but followed the same structure) and six experimental

blocks, each consisting of encoding, free recall, a distraction task,

and recognition (Figure 1).

Encoding. Participants completed an oddball task that involved

one of three semantic judgments (edible, living, or size), each of

which was randomly assigned to two successive blocks. Partici-

pants pressed one of two buttons with their left or right hand

(response hand was randomized) to classify each stimulus. Partici-

pants were informed that memory tests would follow, but were

instructed to focus on the encoding task and to respond as quickly

and accurately as possible. Since the stimuli were presented in a

quick sequence and each stimulus required a response, we

assumed that participants would not use interitem associative

encoding strategies (this was confirmed by subject reports during

debriefing).

Table 1. Means (SD) for Word Frequency and Length of Words
in Each Category

Task Category Word frequency Word length

Edible
Edible 11.5 (14.7) 5.5 (1.4)
Inedible 12.4 (11.7) 5.5 (1.3)

Living
Living 22.5 (25.1) 5.6 (1.4)
Nonliving 20.5 (21.6) 5.6 (1.4)

Size
Smaller than a shoebox 16.4 (19.9) 5.6 (1.6)
Larger than a shoebox 17 (20) 5.7 (1.5)

Note. Word frequency values represent lemma occurrences per million
taken from Francis and Kucera (1982), and word length is given in the
number of letters.

2. Participants were 16- to 60-year-old native speakers of English.
Eleven were female and nine were male. None participated in the main
experiment.
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Each of the 73 stimuli in the encoding phase was presented for

300 ms and followed by a fixation cross for 2,000 ms. In Blocks 1,

3, and 5, 63 stimuli (86%) were of the frequent (e.g., edible), and

10 (14%) were of the infrequent (e.g., inedible) category. Blocks 2,

4, and 6 contained 53 frequents (72%), 10 infrequents (14%), and

10 pictures of the frequent category (14%). Which category was

infrequent was randomly determined. The pictures served the role

of the perceptually deviant novels expected to elicit a novelty P3,

but had to be classified according to the same rule as the words and

therefore always required the frequent response (however, this was

not explicitly mentioned). The first and last three stimuli were

always frequents and were not analyzed. Each stimulus was drawn

pseudorandomly with the restriction that no two infrequents and no

two pictures were presented successively.

Recall. Immediately after each encoding phase, participants were

asked to write down, in any order, every word or picture label they

remembered. Three minutes later, an experimenter entered the

room to take away the recall sheet.

Distraction phase. Pilot data indicated that recognition perform-

ance was at ceiling when recognition immediately followed recall.

Therefore, participants next completed a 3.5-min long simple odd-

ball task using visually presented letters X and O as stimuli.

Recognition. All infrequents (n 5 10), all pictures (n 5 10; only in

Blocks 2, 4, and 6), and a random sample of 10 frequents from the

encoding phase were presented in random order, along with an

equal number of unstudied stimuli drawn from the same pool.

Therefore, all stimulus types were equally frequent during the rec-

ognition test (however, we will still use the terms frequent and

infrequent according to the presentation mode of each category at

encoding). This resulted in 60 test trials in the blocks including and

40 test trials in the blocks not including pictures. Participants

judged each stimulus on a scale of 1 (definitely old) to 2 (probably
old) to 3 (probably new) to 4 (definitely new). The stimulus

remained on the screen until the response was given, and between

two trials a fixation cross was presented for 1,000 ms.

Performance feedback. Upon conclusion of each block, partici-

pants were given feedback on their performance during the encod-

ing and recognition phases. The purpose of this feedback was to

keep motivation high during the entire experiment. After a break,

the next block began.

Measures of Behavioral Performance

We calculated the proportion of correct responses to frequents,

infrequents, and pictures during encoding, as well the proportion of

stimuli produced during recall. For recognition performance, we

analyzed d0 as a measure of sensitivity (the ease of distinguishing

between an old and a new item), and c to quantify bias (the willing-

ness to respond old vs. new; e.g., Grider & Malmberg, 2008), col-

lapsing across confidence ratings (i.e., combining definitely with

probably responses).3

RTs at encoding and test exhibited skewed distributions, so we

report subject medians (although analysis of means led to

Figure 1. Illustration of the encoding and recognition phases of one experimental block. Shown is a block that included pictures in the encoding

sequence (Blocks 2, 4, and 6), and that used the “edible” task (categorize each stimulus into edible vs. inedible). See text for details.

3. Some participants had a hit rate of 1 or a false alarm rate of 0 for
one trial type. Because for such scenarios d0 and c are undefined, we
added one false alarm, and subtracted one hit for each subject and trial
type before calculating d0 and c. As the number of pictures was only
half the number of frequents and infrequents, for the pictures we added/
subtracted 0.5.
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equivalent results). Furthermore, we log-transformed RTs for the

correlation and regression analyses in order to approximate a nor-

mal distribution.

Recording and Preprocessing of Physiological Data

EEG/ERP. The EEG was recorded with a 128 Ag/AgCl electrode

EGI system (Eugene, OR), with Cz as the online reference, ampli-

fied at 0.1–100 Hz and digitized at a sampling rate of 250 Hz.

Using NetStation software, we applied a 20 Hz low-pass filter and

mathematically interpolated bad channels. Then, we extracted EEG

segments from the encoding phase, including 300 ms before to

1,200 ms after the onset of frequents, infrequents, and pictures. Tri-

als with incorrect responses were excluded. Eye blinks were

removed by independent component analysis (ICA) using the ERP

PCA toolkit (Dien, 2010). The epochs were rereferenced to the

average of the left and right mastoid electrodes and screened for

artifacts. Contaminated trials (as well as trials in which the pupil

recording was marked as bad) were excluded.

In the PCA (conducted using the ERP PCA toolkit), 14 spatial

factors were extracted from the subject ERPs (averaged for each

stimulus type) and rotated using Promax without Kaiser normaliza-

tion. Often, spatial PCA is followed by a temporal PCA. However,

this method provides one temporal factor with a fixed latency for

each ERP component and is therefore inappropriate to measure

latency differences within a component (Dien, Spencer, &

Donchin, 2004). Instead, we therefore picked the maximum factor

score in the baseline-corrected “virtual ERPs” (spatial factor scores

over time, Spencer et al., 1999) within time windows selected by

visual inspection of the grand-average waveform (e.g., Brumback,

Arbel, Donchin, & Goldman, 2012). Quantification of ERP compo-

nents in individual trials, for which we used self-written MATLAB

code, was analogous: The EEG was reduced to “virtual electrodes”

(one for each spatial factor; see Goldstein et al., 2002), followed

by peak picking. It is worth emphasizing that no new PCA was

conducted on individual trials, but that the existing factor score

coefficients were applied.

Pupil size. Pupil diameter was recorded from both eyes at 60 Hz

using SmartEye Pro 5.8 software and two SmartEye Pro cameras

installed below the screen. Using self-written MATLAB code, data

points that were contaminated by artifacts were replaced by linear

interpolation. Trials were excluded if more than 33% of the data

points or 15 sequential data points were contaminated, or if the

trial contained an artifact in the EEG. Next, we averaged across

measurements from both eyes and applied a six-point moving

average filter. We extracted the same trial types as for the ERPs

using a time window of 500 ms before to 2,000 ms after stimulus

onset. Mean diameter in the 500-ms prestimulus baseline was

extracted and used to baseline-correct each trial, after which sub-

ject averages were calculated. Based on the waveform shape, we

then extracted the maximum dilation (in mm),4 and latency thereof

(in ms) in a time window of 1,000 to 1,600 ms after stimulus onset,

as well as the mean dilation in a second (return-to-baseline) time

window (1,600–2,000 ms). Single-trial PDR quantification was

analogous.

Trial rejection. We excluded trials from both analyses if either

the ERP or the pupil size recording was marked as bad. This strin-

gent rejection procedure resulted in the following trial numbers:

frequents: 79–301, M 5 223.4, SD 5 66.8; infrequents: 17–58,

M 5 43, SD 5 12.3; pictures: 4–29, M 5 19.6, SD 5 7.1.

Statistical Analysis

For statistical analysis, we used IBM SPSS software. Most analyses

of the behavioral data and the factor scores (as measures of compo-

nent amplitudes) used paired samples t tests or repeated measures

analyses of variance (ANOVAs). Where the Mauchly test was sig-

nificant, we report Greenhouse-Geisser-corrected p values. Post

hoc tests used lower level ANOVAs or t tests with Bonferroni-

corrected significance levels.

For the subsequent memory analysis, we averaged the physio-

logical measures separately for trials that were, versus trials that

were not, subsequently produced in the free recall test. Note that

this analysis included only 19 participants, because one participant

provided only two artifact-free trials for one of the ERP averages.

We examined covariance of physiological measures with RT by

(a) analyzing subject averages for fast and slow responses using a

median split, and (b) conducting single-trial correlation and regres-

sion analyses. The pattern of results was the same, so we report

only the latter analysis. For this analysis, we standardized each

physiological measurement as well as log RT by calculating z
scores separately for each participant and measure. Trials with erro-

neous responses were not included. We then calculated Pearson’s

correlations between the physiological variables and RT (separately

for each stimulus type). Variables that significantly correlated with

RT were then included as predictors into linear multiple regression

models using the forced entry method. We report standardized

regression coefficients.5

Results

Behavioral Results

There were no significant differences in RTs and error rates

between the three tasks or between blocks including versus not

including pictures, so we collapsed across blocks. Table 2 provides

a summary of the behavioral data.

Encoding. Error rates, F(2,38) 5 86, p< .01, h2
p5:82, and RTs,

F(2,38) 5 38.65, p< .01, h2
p5:67, differed between stimulus types:

Responses were less accurate and slower for infrequents than for

frequents and pictures (all ts> 5.81), with no differences between

the latter two (both ts< 1.8).

Recall rates. Participants recalled about 20 percent of the stimuli

(M 5 .2, SD 5 .05). Recall rates differed between stimulus types,

F(2,38) 5 16.26, p< .01, h2
p5:46: Frequents were recalled with a

lower probability than infrequents and pictures (both ts> 4.43),

with no difference between the latter two (t< 1.16).

Recognition performance. Recognition responses were very

accurate (d05 2.29, SD 5 .52), and exhibited a liberal response

4. We also analyzed mean amplitudes for this time window. The pat-
terns were analogous, so we here report only the maximum amplitude,
which complements better the latency measure.

5. Note that, in additional analyses, we also included participant as
random effect and word length (which indexes luminance) and word fre-
quency as covariates into the regression model. The pattern of results
was the same.
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bias (c 5 20.37, SD 5 .24). Both d0, F(2,38) 5 61.32, p< .01,

h2
p5:76, and c, F(1.53,29.14) 5 18.07, p< .01, h2

p5:49, differed

between stimulus types: d0 and c were smallest (indicating the low-

est accuracy and the most liberal response bias) for frequents, inter-

mediate for infrequents, and largest for pictures. Planned

comparisons between all pairs reached significance after Bonfer-

roni correction (all ts> 3.9), except for the bias difference between

infrequents and pictures (t< 2.2).

Because not all participants provided responses of all types, we

analyzed recognition RTs only to high confidence correct

responses (i.e., definitely old responses to old items and definitely
new responses to new items). The Response (hit/correct rejection)

3 Stimulus Type (frequent/infrequent/picture) ANOVA resulted in

a main effect for stimulus type, F(1.23,23.3) 5 6.09, p< .05,

h2
p5:24, qualified by an interaction, F(1.1,20.84) 5 15.98, p< .01,

h2
p5:46. Correct rejections were faster for pictures than both infre-

quents and frequents, F(1.17,22.17) 5 8.85, p< .01, h2
p5:32. For

hits, differences were not significant, F(2,38) 5 2.38, ns.

Summary. Infrequents (which required a switch to the infrequent

response), but not pictures (requiring the frequent response) led to

longer RTs and higher error rates than frequents. In turn, both infre-

quents and pictures exhibited an advantage over frequents in both

the recall and recognition memory tests. Pictures enjoyed a further

advantage over the infrequents in recognition performance.

Physiological Measures: Variance with Stimulus Type

ERPs. The grand-average ERPs elicited by infrequents and pic-

tures exhibited larger positive amplitudes than for frequents (Figure

2A). The spatial PCA solution, which accounted for 91% of the

total variance, suggested the elicitation of both a P300 and a nov-

elty P3: Based on their spatial distributions and the virtual ERPs

(Figure 2B), the frontocentrally distributed spatial factor (SF) 1

(variance accounted for: 32%) and the posterior SF 4 (9%) encom-

passed the novelty P3 and P300, respectively.

P300. Within SF 4, pictures elicited an earlier positivity than

the other stimuli, so the time window for peak picking was set

to 200–400 ms for pictures, but to 500–900 ms for frequents and

infrequents. Quantified in this way, P300 amplitude differed

between stimulus types, F(1.49,28.25) 5 7.19, p< .01, h2
p5:27.

Amplitude differences were not significant between infrequents

and pictures (t 5 1.73), but both differed from the frequents

(t> 2.84).

Novelty P3. Novelty P3 amplitude, quantified as the maximum

factor score of SF 1 in a time window of 400–800 ms, differed

between stimulus types, F(1.42,26.96) 5 13.21, p< .01, h2
p5:41.

Amplitudes elicited by pictures and infrequents were larger than

for frequents (t> 3.48), while at the corrected significance level

the difference between infrequents and pictures was only a trend

(t 5 2.45).

PDR. The stimulus-elicited change in pupil size from the pretrial

baseline was characterized by a dilation that peaked about 1,200–

1,500 ms after the stimulus (Figure 2C). Quantified by the maxi-

mum between 1,000 and 1,600 ms, F(2,38) 5 15.24, p< .01,

h2
p5:45, as well as by the mean amplitude in the return-to-baseline

time window (1,600–2,000 ms), F(2,38) 5 9.15, p< .01, h2
p5:33,

infrequents elicited a larger PDR than both frequents and pictures

(all ts> 3.02) with no difference between the latter two (t< .9).

Peak latency also differed between stimulus types, F(2,38) 5 4.26,

p< .05, h2
p5:18, with an earlier peak for frequents than infrequents

(t 5 2.76; all other ts< 1.8).

Supplementary analysis of luminance effects. Frequents and

infrequents did not differ in luminance. Pictures extended the same

visual angle as the longest words, but most pictures covered a

larger area, resulting in lower luminance. Lower luminance

increases pupil size (e.g., De Groot & Gebhard, 1952), so the

smaller dilation for pictures compared to infrequents is unlikely to

be due to luminance. Nevertheless, we contrasted pupil responses

for pictures that were high versus low in luminance, as determined

by a median split (Figure 3). There was a nonsignificant (t< 1.5)

trend for pictures low in luminance to elicit larger PDRs. There-

fore, luminance did not account for the PDR difference between

pictures and infrequents.

Summary. The P300, the novelty P3, and the PDR differed in their

sensitivity to stimulus type. Perhaps the most striking difference is

the double dissociation between the novelty P3 and the PDR: Pic-

tures elicited the largest novelty P3, while infrequents elicited the

largest PDR.

Physiological Measures: Correlations with Behavior

The correlation analyses of the physiological measures with behav-

ior focused on frequents and infrequents, because there were not

enough picture trials for such analyses. Figures 4 and 5 show physi-

ological responses split into fast and slow responses (using a

within-subject median split), and by subsequent recall,

respectively.

P300. For both frequents and infrequents, P300 latency was corre-

lated with RT (Table 3), and continued to be a significant predictor

of RT when the other variables had been accounted for (Table 4). It

is worth noting that the amplitude difference between trials with

Table 2. Means (SD) for Behavioral Data Measures

Frequents Infrequents Pictures

Encoding Proportion correct .96 (.04) .76 (.1) .97 (.05)
RT (ms) 619 (73) 729 (99) 637 (86)

Recall Proportion recalled .16 (.06) .29 (.11) .33 (.15)
Recognition Sensitivity (d0) 1.68 (.26) 2.37 (.54) 3.05 (.73)

Bias (c) 2.53 (.28) 2.25 (.26) 2.01 (.39)
RT hit (ms) 795 (141) 815 (136) 674 (141)
RT correct rejection (ms) 1173 (470) 1078 (320) 919 (280)

Note. In the RT data for the recognition phase, only correct responses given with high confidence are included. See text for details. RT 5 reaction
time.
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fast and slow responses, which is apparent in Figure 4, was nei-

ther statistically significant in the median split, nor in the corre-

lation analysis. However, P300 amplitude was larger for

subsequently recalled than not-recalled words, F(1,18) 5 12.95,

p< .05, h2
p5:19.

Novelty P3. Larger novelty P3 amplitudes were consistently asso-

ciated with faster responses to the frequents (Tables 3, 4); for the

infrequents this negative correlation was nonsignificant (Table 3).

For the infrequents, novelty P3 latency correlated with RT, but in

the multiple regression model it became nonsignificant as a predic-

tor of RT. Furthermore, the novelty P3 was larger for subsequently

recalled compared to not-recalled stimuli, F(1,19) 5 6.45, p< .05,

h2
p5:25.

PDR. The PDR was prolonged and returned to baseline more

slowly when RTs were long. Thus, PDR latency and PDR ampli-

tude in the return-to-baseline time window were significantly corre-

lated with RT (Table 3). For the infrequents, only PDR latency

remained a significant predictor of RT in the multiple regression

(Table 4). Larger PDRs were also elicited by subsequently recalled

compared to not-recalled items [maximum: F(1,18) 5 17.55,

p< .01, h2
p5:49, mean in the return-to-baseline time window,

F(1,18) 5 8.5, p< .01, h2
p5:31].

Baseline pupil diameter. Pupil diameter during the pretrial base-

line period predicted RT to frequents (Tables 3, 4). However, for

A. Grand Average ERPs 

Fz 

A
m

pl
itu

de
 (µ

V
) 

Cz 

Pz 

B. PCA Factors Encompassing the Novelty P3 and P300 
 Spatial Factor Loadings Virtual ERPs 

SF
1 

 
(E

nc
om

pa
ss

in
g 

th
e 

N
ov

el
ty

 P
3)

 
SF

4 
 

(E
nc

om
pa

ss
in

g 
th

e 
P3

00
) 

Time (ms) 

C. Pupil Dilation Response – Change From Baseline 
C

ha
ng

e 
in

 p
up

il 
di

am
et

er
(m

m
)

Time (ms) 

Time (ms) 
Fa

ct
or

 S
co

re
 

Figure 2. Response of ERP components and the PDR to stimulus types at encoding. A: Grand-average ERPs from frontal (Fz), central (Cz), and pari-

etal (Pz) electrodes, time locked to the onset of frequents, infrequents, and pictures. B: Spatial PCA factors encompassing the novelty P3 and the

P300, respectively. Displayed are spatial factor loadings (left panels), as well as factor scores plotted over time by stimulus type (virtual ERPs; right

panels). C: Change of pupil diameter from baseline over time.
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Figure 3. Change of pupil diameter from baseline, calculated for pic-

tures lower in luminance versus pictures higher in luminance, as deter-

mined by a median split. The trend for low luminance pictures to elicit

a larger PDR amplitude is not statistically significant.
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infrequents, baseline diameter did not correlate with RT.

Baseline diameter did not exhibit a subsequent memory effect,

F(1,18) 5 .3, ns.

Summary. P300 and PDR latency predicted unique portions of the

variance in RT on the same trial. Furthermore, pretrial (baseline)

pupil diameter, dilation in the return-to-baseline time window, and

novelty P3 amplitude significantly predicted RT to frequents.

Amplitudes of P300, novelty P3, and PDR all were larger for sub-

sequently recalled than not-recalled stimuli.

Correlations Among Physiological Variables

Table 3 also shows the correlations between each pair of physiolog-

ical variables. ERP amplitudes and latencies were relatively highly

correlated with each other, and the same was true for PDR ampli-

tude measures. However, P300 and novelty P3 amplitudes were

uncorrelated with measures of PDR amplitude. Of further interest

are the negative correlations between baseline pupil diameter and

(a) PDR amplitude and dilation in the return-to-baseline time win-

dow, and (b) novelty P3 amplitude (which was statistically signifi-

cant only for frequents). These negative correlations would be

expected if baseline diameter is an index of tonic, and the PDR and

novelty P3 reflect phasic activity in the LC.

Discussion

We investigated the relationship between P300, novelty P3, and

PDR by comparing their sensitivity to experimental manipulation

and their within-subject correlations with RT and subsequent

recall in a modified novelty oddball paradigm. The overarching

question was whether the physiological responses are central and

peripheral nervous system indicators of the same cognitive pro-

cess (such as response facilitation), as suggested by hypotheses

derived from a potential common innervation by the LC-NE sys-

tem. If so, then they should (a) respond to experimental manipula-

tions in the same way, (b) correlate similarly with RT and

subsequent memory, and (c) be correlated with each other in indi-

vidual trials. To foreshadow our discussion, our results do not

appear to support the equivalence of each response’s functional

significance. We will first discuss the behavioral data from our

paradigm, continue to summarize and outline implications of the

findings on each physiological response individually, and finally

discuss the relationship between the responses in the light of rele-

vant functional theories.

Behavioral Data

Participants responded more slowly and less accurately to events of

the infrequent category, but performed equally well for pictures as
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Figure 4. ERP and pupil responses for frequents and infrequents, split

up by fast versus slow responses, as determined by a within-subject

median split.

Figure 5. ERP and pupil responses for frequents and infrequents, split up

by subsequently recalled versus subsequently not-recalled stimuli. [Cor-

rection added on 2 February 2015, after first online publication: the scale

of the y-axis in the PDR panel and the figure legend have been amended.]
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for frequents. Most likely, the frequent response is preplanned and

must be inhibited while the alternative response is prepared when

the infrequent category is presented, leading to response conflict

only for the infrequent category. By contrast, both infrequents and

pictures were more likely to be retrieved in the memory tests,

which is in line with an abundance of data beginning with Von

Restorff (1933). The pictures exhibited a further advantage over

infrequents—an instance of the “picture superiority effect” on epi-

sodic memory (Shepard, 1967).

Variance of P300, Novelty P3, and PDR with Experimental

Manipulation and Behavior

P300. The P300 was larger for infrequents than frequents—the

typical P300 effect observed in oddball paradigms (Donchin,

1981). The pictures also elicited a parietal positivity that exhib-

ited the same distribution as the P300 elicited by infrequents

(note that we additionally confirmed this in PCA analyses con-

ducted separately on the ERPs of each stimulus type). However,

its latency was much shorter than for the infrequents, a differ-

ence (� 400 ms) that was perhaps larger than might be

expected solely because perceptual deviance (picture vs. word)

can be detected more quickly than semantic deviance (infre-

quent vs. frequent), or because pictures are more quickly proc-

essed than words. Thus, while we cautiously interpret this

positivity as an instance of the P300, future research should

confirm its identity.

We replicated the finding that P300 amplitude was larger for

subsequently recalled than not-recalled items (the P300 subsequent

memory effect; Karis et al., 1984), supporting the idea that the cog-

nitive process indexed by the P300 operates in interaction with epi-

sodic memory, as proposed by the context updating hypothesis.

Participants’ relatively high response accuracy at encoding (at least

for the frequents) suggests that they behaved similarly to the condi-

tion in which response accuracy was emphasized in Kutas et al.

(1977), so the correlation between P300 latency and response speed

is a replication of those (and other) findings. However, based on

the context updating hypothesis we also predicted that, when var-

iance due to PDR latency (presumably as an index of response

facilitation) had been statistically accounted for, P300 latency

would not continue to explain a significant portion of the RT var-

iance. Our results disconfirmed this prediction, so viewed in isola-

tion our P300 results are not inconsistent with the idea that P300 is

a direct link in the stimulus-response stream and cannot distinguish

between the context updating hypothesis and the LC-NE theory

of P300.

Table 3. Pearson’s Correlation Coefficients for Each Pair of Physiological Variables

P300 Novelty P3 Pupil dilation response

1. RT 2. Ampl 3. Latency 4. Ampl 5. Latency 6. Ampl 7. Latency
8. Return

to baseline
9. Baseline

pupil diameter

1. – – – – – – – – –
2. 2.01 – – – – – – – –

2.03
3. .07** .10** – – – – – – –

.20** .08*
4. 2.07* .48** .03 – – – – – –

2.06 .54** 2.01
5. .01 .06** .08** .10** – – – – –

.17** .06 .18** .05
6. 2.01 .00 .04* 2.01 2.01 – – – –

2.04 .03 .04 .04 .04
7. .14** 2.03* .02 .01 .03 .11** – – –

.19** 2.05 .02 2.04 2.01 .13**
8. .08** 2.02 .01 2.02 2.01 .76** .29** – –

.10** 2.03 .05 2.04 .01 .79** .35**
9. .08** 2.02 2.02 2.05** 2.01 2.35** 2.03* 2.43** –

.01 2.01 2.03 2.06 2.02 2.39** 2.07 2.43**

Note. Correlation coefficients were calculated separately for frequents (first value in each cell) and infrequents (second value). For frequents,
df 5 4282; for infrequents, df 5 685. RT 5 reaction time (at encoding); Ampl 5 amplitude.
**p< .01. *p< .05.

Table 4. Multiple Regression Models on the Log Reaction
Times at Encoding

Variable
Standardized

coefficient (b) SE t

A. Frequents
P300

Latency .07** .02 4.47
Novelty P3

Amplitude 2.07** .02 4.42
PDR

Latency .12** .02 7.36
Mean return to baseline .10** .02 5.68

Baseline pupil diameter .12** .02 7.19
B. Infrequents

P300
Latency .20** .03 5.27

Novelty P3
Latency 2.02 .03 .53

PDR
Latency .17** .03 4.43
Mean return to baseline .03 .03 .49

Note. Multiple linear regression analysis for trials of the frequent cate-
gory (R2 5 .04**) and the infrequent category (R2 5 .07**). Only physi-
ological variables that individually correlated with reaction time on the
same trial were included in each model. SE 5 standard error.
**p< .01.
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Novelty P3. In line with Spencer et al. (1999) and others, the fron-

tocentral novelty P3 was largest for the pictures (which in our para-

digm represented the perceptually salient novels), followed by

infrequents, and finally frequents. This pattern notably paralleled

subsequent memory performance, suggesting that the novelty P3

indexes processes that directly or indirectly aid episodic encoding.

Novelty P3 amplitude was thus associated with (a) detection of

(perceptual) deviance, (b) quicker behavioral responses (at least to

the frequents), and (c) a higher probability of subsequent recall.

The novelty P3 likely does not directly index response preparation

or inhibition, as its latency did not account for unique variance in

RT on the same trial. Rather, it may be an index of trial-by-trial

variance in resource allocation (or reallocation) to novel stimuli

(see also Friedman et al., 2001). Worth discussing in this context is

a study by Wickens, Kramer, Vanasse, and Donchin (1983). In a

dual-task paradigm, they varied the difficulty of a primary task to

manipulate the extent to which resources were available for the

secondary (oddball) task. P300 amplitude elicited in the secondary

task was correlated with the amount of allocated resources. Since

in such early studies dense electrode arrays were not available, and

due to the spatiotemporal overlap between P300 and novelty P3, it

is possible that the variance in scalp-recorded ERPs with resource

allocation was, in fact, driven by variance in the novelty P3. It

would be fruitful to explore this idea in future studies.

PDR. In sharp contrast to the novelty P3 and P300, the PDR was

largest for infrequents and did not differ between pictures and fre-

quents. The PDR therefore does not vary with expectancy violation

per se, as infrequents and pictures were equally probable. Since

only infrequents required the infrequent response, response conflict

may be the crucial variable to elicit a large PDR. This is in line

with results from studies using the Stroop task (e.g., Laeng et al.,

2011; Siegle et al., 2004) or the Simon task (van Steenbergen &

Band, 2013) and studies that varied the number of response alterna-

tives (Richer & Beatty, 1987). Moreover, it is consistent with Kah-

neman’s (1973) suggestion that pupil size indexes cognitive

“effort.” The individual-trial correlation between PDR latency (as

well as the latency of the return of pupil diameter to baseline) and

RT discovered in our study is also consistent with a role in facilita-

tion of behavioral responding.

A possible alternative explanation is that the PDR indexes

semantic deviance detection, because infrequents were also of a

different semantic category than all other stimuli. However, in this

case the infrequents should have also elicited a larger N400 (Kutas

& Hillyard, 1980) than frequents and pictures, a pattern that was

not apparent in our ERP data. Furthermore, in a prior study, the

PDR negatively correlated with N400 amplitude (Kuipers &

Thierry, 2011), speaking against the semantic deviance idea.

Relationship Between P300, Novelty P3, and PDR

P300 and novelty P3 amplitudes were uncorrelated with PDR

amplitude. Together with their dissociable variance with stimulus

type and their distinct covariance with behavioral measures (espe-

cially for novelty P3 vs. PDR), this provides evidence that these

three physiological responses that are elicited in similar situations,

nevertheless, play different functional roles. It is worth noting that

the double dissociation between novelty P3 and PDR has also been

observed, between studies, in go/no-go tasks: The no-go stimuli

elicit a component that might be analogous to the novelty P3 (Pfef-

ferbaum et al., 1985), while the go stimuli are the ones that elicit a

larger PDR (Richer & Beatty, 1987).

Physiological responses and RT. P300 and PDR latency

remained significant predictors of RT when the other responses

had been accounted for. The predicted dissociation between the

association of PDR and P300 latency with reaction time was

therefore not obtained. The idea that the cognitive process indexed

by the PDR may be integrated into the stimulus-response stream

(as suggested by the LC-NE theory), while the P300 is not (as

suggested by the context updating hypothesis) should, however,

be further tested. That is, the fact that P300 and PDR latency

accounted for unique portions of the RT variance could in theory

be due to P300 latency being linked more closely to stimulus

evaluation, while PDR is linked to responding, processes that both

(perhaps relatively independently) affect RT. Independently

manipulating stimulus processing and response demands, such as

in the paradigm of McCarthy and Donchin (1981), would be ideal

to test this.

Subsequent memory effects. Larger amplitudes of P300, novelty

P3, and PDR were all associated with subsequently recalled com-

pared to not-recalled stimuli. Further research is necessary to deter-

mine whether the circumstances in which each subsequent memory

effect is pronounced exhibit perfect overlap or whether they are

dissociable. For example, strategic encoding or retrieval processes

may differentially affect which of the different responses will

exhibit a subsequent memory effect.

The LC-NE theory of P300 and PDR: Correlations with

baseline pupil diameter. Although we have thus far argued that

the P300 and novelty P3 are functionally dissociable from the

PDR, this does not necessarily exclude the possibility that all

responses, at least in part, emerge from phasic LC innervation.

That is, neurotransmitters and neural structures other than the LC-

NE system likely contribute to the P300 (and novelty P3; Nieuwen-

huis et al., 2011; Soltani & Knight, 2000), contributing to its func-

tional significance. To explore whether each physiological

response exhibits patterns consistent with the phasic LC response,

we took baseline pupil diameter as an index of tonic LC activity

(e.g., Gilzenrat et al., 2010), and investigated which of the physio-

logical responses negatively correlates with baseline diameter (as

would be expected for the phasic LC response). Similarly to PDR

amplitudes, novelty P3 amplitude indeed exhibited this pattern. For

the P300, however, a robust negative correlation with baseline

diameter was not obtained.

Baseline pupil diameter and task performance. A final point

that warrants discussion is that, although baseline (i.e., pretrial)

pupil diameter correlated with RT, this was only true for the fre-

quents, but not the infrequents. This is somewhat in conflict with,

for example, Murphy et al.’s (2011) results, who found a correla-

tion of baseline pupil diameter with RT to the infrequents in an

auditory oddball task. Possible explanations for this difference in

results include that (a) those authors used a much simpler oddball

task in which participants had to distinguish between a high and a

low tone, while in our paradigm a complex semantic judgment was

performed; and (b) in their study, only the infrequents but not the

frequents had to be responded to.

It is further worth noting that Murphy et al. (2011) reported an

association between baseline diameter and performance that fol-

lowed an inverted U-shape pattern. Additional analyses of our data

suggested that the association was linear. Again, this might be

explained by the differences in experimental design, and an inter-

pretation of the different result should await further research.
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Summary and Conclusions

Our results provide evidence that the functional significance of

novelty P3, P300, and the PDR is dissociable. However, we did

not find the predicted dissociation between P300 latency and

PDR latency in their association with reaction time on the same

trial. Future studies should further investigate this pattern and

extend the present findings by employing paradigms that manip-

ulate stimulus evaluation time and response preparation demands

independently. Furthermore, additional studies should attempt to

disentangle subsequent memory effects of each physiological

response by carefully manipulating the demands on episodic

encoding and retrieval. This way it would be possible to pre-

cisely determine under which circumstances P300, novelty P3,

and PDR amplitude correlate with the probability of successful

retrieval on a subsequent episodic memory test. Overall, such

studies would contribute greatly to a more detailed theoretical

framework for the functional significance of each physiological

response.
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