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Abstract

The masked priming technique (which compares #####-house-HOUSE vs. #####-fight-HOUSE) is the gold-
standard tool to examine the initial moments of word processing. Lupker and Davis showed that adding a pre-prime
identical to the target produced greater priming effects in the sandwich technique (which compares #####-HOUSE-
house-HOUSE vs #####-HOUSE-fight-HOUSE). While there is consensus that the sandwich technique magnifies
the size of priming effects relative to the standard procedure, the mechanisms underlying this boost are not well
understood (i.e., does it reflect quantitative or qualitative changes?). To fully characterise the sandwich technique, we
compared the sandwich and standard techniques by examining the response times (RTs) and their distributional features
(delta plots; conditional-accuracy functions), comparing identity versus unrelated primes. The results showed that the
locus of the boost in the sandwich technique was two-fold: faster responses in the identity condition (via a shift in the
RT distributions) and slower responses in the unrelated condition. We discuss the theoretical and methodological

implications of these findings.

Keywords

Masked priming; lexical decision; visual word recognition; interactive activation

Received: |5 June 2021; revised: 16 September 2021; accepted: 19 September 2021

Forster and Davis’s (1984) masked priming technique has
become the gold-standard tool for researchers interested in
the initial moments of letter and word processing. This
technique allows researchers to manipulate the relationship
between a forwardly masked and briefly presented prime
(approximately 30-50ms) and a target item, while mini-
mising the non-automatic processes induced by visible
primes (see Grainger, 2008, for a review). The type of
prime—target relationship depends on the ingenuity of the
researchers’ working hypothesis (e.g., to cite three
instances: phonological priming: #####-hint-MINT
vs. #####-pint-MINT; translation priming: ####4-
maison-HOUSE vs. #####-appel-HOUSE; and
identity priming: #####-house-HOUSE Vs.
#####-fight-HOUSE). Proof of the ubiquity of this
technique is that it has been employed in a wide range of
approaches, from behavioural research—with response
times (RTs) and accuracy as dependent variables (e.g.,
Forster et al., 1987; Grainger & Ferrand, 1994)—to compu-
tational modelling (e.g., Gomez et al., 2013) and cognitive

neuroscience (e.g., functional magnetic resonance imaging
[fMRI]: Dehaene et al., 2001; enterprise resource planning
[ERPs]: Grainger & Holcomb, 2009; magnetoencephalog-
raphy [MEG]: Monahan et al., 2008).

Because of the short stimulus-onset asynchrony
between prime and target, the magnitude of masked prim-
ing effects is small, in the range of 10-50ms in behav-
ioural studies. Thus, a problem faced by researchers using
this technique is that it may not be sensitive enough to
detect subtle manipulations or interactions (e.g., 1ght-
LIGHT vs. 11ht-LIGHT; see Grainger, 2008). This issue
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Figure |. Sequence of events with the sandwich masked priming technique (top panel) and the standard masked priming technique

(bottom panel).

is more prominent when designing experiments with
developing readers or special populations (e.g., readers
with dyslexia or deaf readers), for whom there tends to be
more within-participant variability in the RTs compared
with university students (i.e., the typical participants
recruited in research studies; see Lété & Fayol, 2013). One
approach to overcome this intrinsic limitation of masked
priming is statistical, by conducting over-powered large-
scale experiments (e.g., Adelman et al.’s, 2014, mega-
study with more than 1,000 participants, each responding
to 840 stimuli). While highly valuable, this approach is
costly in resources and in time, and it does not fully address
the within-participant variability.

Another approach is to modify the technique to mag-
nify the effects; this was a basic idea underlying the incep-
tion of the Lupker and Davis (2009) sandwich technique.
The sandwich technique consists of a modification of the
standard masked priming paradigm. The forward mask is
followed by an initial masked prime identical to the target
(the so-called pre-prime), followed by the prime of interest
(see Figure 1 for an example). As in the standard

technique, the target replaces the prime and is displayed
until the participant responds. Note that both methods
involve a prime that is pre-masked (by the pre-prime in the
sandwich method and by the hash marks in the standard
method) and post-masked (by the target in both methods),
so strictly speaking, both procedures are forms of masked
priming; hence, in the remainder of the article, we will
refer to them as standard and sandwich techniques.

As first shown in a series of form-priming experiments
conducted by Lupker and Davis (2009), the sandwich
technique produces greater priming effects than the stand-
ard technique. This boost has since been replicated with
various types of prime—target relationships (e.g., see
Comesana et al., 2016; Perea et al., 2014; Stinchcombe
et al., 2012; Trifonova & Adelman, 2018, for behavioural
evidence, and Ktori et al., 2012, for electrophysiological
evidence). Indeed, because of the larger priming effects,
the sandwich methodology has become the preferred
option in many recent masked priming studies (e.g.,
Campos et al., 2021; Colombo et al., 2020; Gutierrez-Sigut
et al., 2017; Ktori et al., 2014; Lupker et al., 2015, 2020a,
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Figure 2. Example of the initial processing cycles of an unrelated trial in the sandwich technique (top panel, pre-prime: house [10
cycles], prime: fight [20 cycles], and target [until response]) and in the standard masked priming technique (bottom panel, prime:
fight [20 cycles] and target [until response]) in a leading competitive network model of visual word recognition (SCM; C. J. Davis,
2010). The thick horizontal line represent a response threshold, and the coloured lines represent the activation levels of the

corresponding lexical units.

2020b; Meade et al., 2020; Taikh & Lupker, 2020; Ziegler
etal., 2014).

Notwithstanding its utility in amplifying priming
effects, the sandwich technique requires some further
examination. The specific mechanisms at play and how
they differ from the standard technique, have not been
fully elucidated (see Lupker & Davis, 2009 vs. Trifonova
& Adelman, 2018). Thus, it is not yet well understood
whether the priming effects in the sandwich technique are
simply magnified or, instead, the underlying processes are
fundamentally altered. Exploring this question is the main
goal of the present work. In the original Lupker and Davis
(2009) experiments, task procedure (sandwich vs. stand-
ard) was manipulated between subjects, making it difficult
to compare the nuances of the two techniques. Trifonova
and Adelman (2018) have been the only researchers to date
who employed a within-subject design for task procedure.
However, their form-priming experiments focused on
whether the characteristics of the pre-prime influenced
word processing (e.g., how the pre-prime PROTECT influ-
ences the processing of the target PROJECT) rather than a
direct comparison of the two techniques using their most
common set-up as in Figure 1.

To compare the two techniques, we manipulated the
procedure (standard vs. sandwich) in a within-subject
design where we compared the largest and most robust
form of masked priming: identity priming (i.e., identity vs.
unrelated primes). Our comparison aims to shed light on
the processing differences between the two techniques. To
do so, we also examine the distributional features of the
RT data and the relative speed of correct and error
responses in the two paradigms.

For identity primes, the activation from the pre-primes
in the sandwich technique would naturally help word pro-
cessing: the target word is presented as a pre-prime and as
a prime (e.g., compare pre-prime: HOUSE, prime: house,
target: HOUSE in the sandwich method vs. prime: house;
target: HOUSE in the standard method). Thus, word recog-
nition times in the identity condition should be faster in the
sandwich technique than in the standard technique. For the
unrelated primes, the presence of the pre-prime in the
sandwich technique does not generate such a straightfor-
ward prediction (e.g., pre-prime: HOUSE, prime: fight,
target HOUSE in the sandwich technique vs. prime:
fight, target: HOUSE in the standard technique). As sug-
gested by Trifonova and Adelman (2018), in the standard
technique one would expect unrelated primes to push the
target’s activation below resting level after prime offset in
interactive activation models of word recognition (e.g.,
SCM, C. J. Davis, 2010; see bottom panel of Figure 2). In
contrast, because of the residual activation caused by the
pre-prime in the sandwich technique, the target’s activa-
tion would be higher than with the standard technique after
prime offset (see top panel of Figure 2). Thus, one would
predict that unrelated pairs would be identified faster in the
sandwich than in the standard technique—note that this
mechanism would reduce the boost (i.e., reduce the prim-
ing effect) of the sandwich technique.

The above pattern was confirmed by simulations on the
spatial coding model (C. J. Davis, 2010). We used the tar-
get words of C. J. Davis and Lupker’s (2016) Experiment
2—they were all five-letter words—paired with identity
versus unrelated primes.! For the sandwich method, we
simulated a scenario with a 33-ms pre-prime followed by a
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50-ms prime, whereas for the standard technique, we sim-
ulated a scenario with a 50-ms prime. We found a greater
identity priming effect in the sandwich technique than in
the standard technique (69 vs. 47 processing cycles). This
boost was exclusively due to the identity condition (an
advantage of 24 processing cycles in the sandwich tech-
nique). For the unrelated condition, the sandwich tech-
nique produced slightly faster responses than the standard
technique (an advantage of two processing cycles in the
sandwich technique). Of note, in a form priming experi-
ment, Trifonova and Adelman (2018, Experiment 2) found
the opposite trend for unrelated pairs in the error rates (i.e.,
better performance in the standard technique); if this
advantage for the standard technique becomes the domi-
nant pattern of results, this would suggest that the way
models simulate masked priming with the standard and
sandwich techniques many need to be reevaluated.

To get a richer picture of the differences between the
two techniques, we also aim to fully describe the distribu-
tional features of the RTs in the sandwich technique and
standard methods; in the present work, we report delta
plots (De Jong et al., 1994) and conditional accuracy func-
tions (Bonnet & Dresp, 1993; Ollman, 1977). Critically,
the study of RT distributions offers rich information to elu-
cidate the time course of an effect (Balota et al., 2008; see
also Heathcote et al., 1991; Ratcliff, 1979; Townsend &
Ashby, 1983, for early research), because many theories of
word processing make claims of the sequence and timing
of mental operations, as can be seen in Figure 2. However,
all previous studies with the sandwich technique only
focused on the analysis of the mean RTs.

In the standard technique, masked identity priming has
repeatedly shown a shift between the RT distributions of
the identity and unrelated conditions (i.c., identity prim-
ing), with the magnitude of identity priming being close to
that of the prime duration (e.g., Gomez et al., 2013; Gomez
& Perea, 2020; Perea et al., 2018, for a similar finding).
This pattern supports Forster’s (1998) claim that the iden-
tity prime produces a “head start” advantage when pro-
cessing the target word: The identity pair house-HOUSE
would enjoy an advantage over the unrelated pair fight-
HOUSE of approximately the prime duration. In contrast,
when using visible primes (150-ms prime duration), iden-
tity priming elicits a shift in the RT distributions and a
change in their shape as it is more skewed for the unrelated
condition. This pattern is consistent with the idea that
unmasked visible primes affect core decision processes
(see Gomez et al., 2013). Here, we tested whether masked
identity priming effects in the sandwich technique also
reflect a shift in the RT distributions (i.e., a head-start
advantage, as in the standard masked priming technique,
simply of a larger size) or whether they are larger in the
higher quantiles (i.e., activation of the lexical units grow
over time as a consequence of the identity primes). The
former outcome would support the view that the two

techniques tap the same core processes, whereas the latter
result would imply that the sandwich technique taps core
processes other than a “head-start” advantage.

In sum, to provide the first full description of the sand-
wich technique, we designed a lexical decision experiment
that examined the similarities and differences in masked
identity priming with the standard and sandwich tech-
niques. The findings of this study are also relevant to
inform us of whether the sandwich technique taps similar
encoding processes (i.c., a head-start advantage) as the
standard priming technique or whether the two tasks are
more different than originally thought. Keep in mind that,
in the sandwich technique, the pre-prime presentation adds
complexity to the information processing; that is, the sys-
tem must handle with three strings in brief succession (see
Forster, 2009; Trifonova & Adelman, 2018). To rephrase
our research question, an apt analogy might be that the two
methods can be thought of as measuring devices for cogni-
tive processes and the present study aims to understand
whether these devices are qualitatively different as they
detect different signals, or quantitatively different, as they
may magnify the same signal to different levels.

Method

Participants

A total of 36 undergraduate students from the University
of Valencia volunteered to participate in the experiment—
this ensured 2,160 observations per condition, in line with
Brysbaert and Stevens’s (2008) suggestion for masked
priming experiments. All participants were native speakers
of Spanish with normal/corrected vision and no history of
reading disorders. This study was approved by the
Experimental Research Ethics Committee of the University
of Valencia, and all participants signed an informed con-
sent form.

Materials

We selected 240 word targets of 5 letters, which were
extracted from Fernandez-Lopez et al.’s (2019) Experiment
1. The average Zipf frequency was 4.15 (range 3.74—4.61)
and the mean OLD20 was 1.41 (range: 1.00-2.65) in the
EsPal Spanish database (Duchon et al., 2013). Each target
word (e.g., PASTA [pasta]) was paired with an identity
prime (e.g., pasta) or an unrelated prime (e.g., suelo
[floor]). The pre-primes in the sandwich method were
always the same as the targets (see Figure 1). To act as
foils, we selected 240 orthographically legal pseudowords.
These were also extracted from the Fernandez-Lopez
et al.’s (2019) Experiment 1. Each target nonword (e.g.,
JARSA) was paired with an identity prime (jarsa) or an
unrelated prime (ruezo). We created four lists to counter-
balance the prime—target combinations across the two
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Table . Mean correct response times (in ms) and accuracy
(in brackets) for words and pseudowords with the standard
and sandwich masked priming techniques.

Standard technique Sandwich technique

Identity Unrelated ldentity Unrelated

Words 589 (96.9) 629 (93.9)
Pseudowords 704 (91.6) 717 (92.6)

563 (96.9) 642 (91.2)
695 (92.7) 709 (92.0)

priming conditions and the two techniques—they are
available at the OSF link https://osf.io/83x9t

Procedure

Testing took place in groups of 4—6 participants in a quiet
laboratory room. Computers equipped with DMDX soft-
ware (Forster & Forster, 2003) displayed the stimuli and
registered the timing/accuracy of the responses. Each trial
started with a pattern mask (#####) displayed for 500 ms
in the centre of a computer screen. In those trials with the
sandwich technique, the uppercase target stimulus was
presented for 33 ms as a pre-prime, followed by a 50-ms
lowercase prime stimulus which, in turn, was replaced by
the uppercase target stimulus—this was presented until
response or 2s had elapsed. In the trials with the standard
technique, the pattern mask was followed by the 50-ms
prime, and then replaced by the target (see Figure 1). All
stimuli were presented in 14-pt Courier New black font on
a white background. Participants were instructed to decide
whether the uppercase stimulus was a word or not by
pressing a green button (“word”) or a red button (“non-
word”) with their index fingers. Both speed and accuracy
were stressed in the instructions. Instructions did not men-
tion the existence of any briefly presented primes. A total
of 16 practice trials preceded the 480 experimental trials.
Each participant received a random sequence of trials. The
session lasted 18—22 min.

Results

Error responses and anticipations (RTs faster than 250 ms:
2 correct responses and 4 incorrect responses) were omit-
ted from the latency analyses. Timeouts after 2.5s were
categorised as errors (there were 32 timed out responses
and 1,091 error responses out of 17,280 trials). Table 1 dis-
plays the mean RTs for correct responses and the accuracy
in each condition. We first present the inferential analyses
using Bayesian linear mixed-effects models, and then we
present the exploratory data analyses.

Bayesian linear mixed-effects analyses

The RT and accuracy data were modelled with Bayesian
linear mixed-effects models in R (R Core Team, 2020)

using the brms package (Biirkner, 2020). This package,
which uses the programming language Stan as its core,
allows us to fit the maximal random effect structure mod-
els allowed by the experimental design (see Barr et al.,
2013). The fixed effects were relation (identity vs. unre-
lated; coded as —0.5 and 0.5) and procedure (sandwich vs.
standard; coded as —0.5 and 0.5). As usual in masked prim-
ing experiments, we conducted separate analyses for word
and nonword trials.
The fitted model was as follows:

Dep. variable [RT or accuracy] ~ rela-
tion * procedure+ (l+relation*procedur
e|subject)+(l+relation*procedure|i
tem)

We used the ex-Gaussian family function to model the
RT data and the Bernoulli family function (1=correct,
O=incorrect) to model the accuracy data. For the fits of
each model we employed four chains, each with 5,000
iterations (1,000 warmup + 4,000 sampling). All R values
were 1.00, thus meaning that the four chains converged
successfully. In the output, the Bayesian linear mixed-
effects models indicate the estimate of each fixed effect,
its standard error, and its 95% credible interval. For infer-
ence purposes, those intervals that did not include zero
were interpreted as significant. In the case of a significant
interaction, we computed the simple effect tests with the
emmeans package (Lenth et al., 2020)—this package pro-
vides the 95% highest (posterior) density (HPD) interval
for each effect. Note that this method yields what is called
Bayesian shrinkage, which means that posterior estimates
might be shifted from the empirical effects due to the prior
and the data from other conditions.

Word targets

Response times were faster for identity pairs than for unre-
lated pairs (b=72.35, SE=3.78, 95% credible interval
[CrI] [64.58, 79.56]) and responses were faster in the sand-
wich than in the standard technique (b=25.65, SE=2.70,
95% Crl [20.74, 31.29]). As expected, there was clear evi-
dence of an interaction between the two factors (b=—32.76,
SE=4.09, 95% Crl [-40.80, —24.78]). This interaction
reflected that, for identity pairs, responses were substan-
tially faster in the sandwich than in the standard technique
(95% HPD [-31.29, —20.7]); in contrast, for unrelated
pairs, responses were faster in the standard than in the
sandwich technique (95% HPD [0.75, 13.6]).

The analyses on the accuracy data showed that partici-
pants were more accurate for identity pairs than for unre-
lated pairs (b=—1.16, SE=0.19, 95%CrI [-1.52, —0.79]).
While the 95% credible intervals of the other parameters
included zero, accuracy was lower in the sandwich than in
the standard technique (b=0.18, SE=0.23, 95%CrI [-0.28,
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0.65]) and the size of the identity priming effect was
greater in the sandwich than in the standard technique
(interaction: b=0.40, SE=0.26, 95%CrI [-0.11, 0.90]).

Nonword targets

Responses to nonwords were faster in the trials with the
sandwich technique than in the trials with the standard
technique (b=17.54, SE=3.67, 95% Crl [10.37, 24.72)).
We also found a small advantage of identity over unrelated
pairs (b=9.83, SE=5.07, 95% Crl [0.22, 19.93]). There
were no clear signs of an interaction between the two fac-
tors (b=—4.21, SE=5.11, 95% Crl [-14.30, 5.7]).

The analyses on the accuracy data did not show any
effects (relation: b=-0.14, SE=0.16, 95% Crl [-0.45,
0.18]; procedure: b=-0.14, SE=0.16, 95% Crl [-0.45,
0.17]; relation*procedure: 5=0.21, SE=0.21, 95% Crl
[-0.20, 0.61]).

To summarise, the results with the Bayesian linear mixed-
effects models on word trials showed that, for identity
primes, the presentation of the target word in the sandwich
technique yielded faster responses than the standard tech-
nique (HOUSE-house-HOUSE<house-HOUSE). In
contrast, the sandwich technique slowed down word
responses for unrelated primes (fight-HOUSE<<HOUSE-
fight-HOUSE). Thus, the boost in the sandwich technique
is caused by faster responses in the identity condition and
slower responses in the unrelated condition. Regarding the
nonword trials, we found faster responses in the sandwich
technique, accompanied by a small identity priming effect.

Exploratory data analyses

To further examine the nature of the priming effects under-
lying the sandwich and standard techniques, we compared
the empirical RT distributions for both techniques. We
focused on delta plots and conditional accuracy functions,
as they describe how the latency distributions differ. Note
that these methods do not have established inferential
properties, so in our discussion we focus only on large
effects.

Delta plots. Delta plots are frequently used to display how
a latency effect (e.g., identity priming, or task) evolves
across time (see De Jong et al., 1994; Ridderinkhof et al.,
2004). These plots are constructed as follows:

1. We obtain the RTs at the desired quantiles (here we
use.l,.2,.3, .4,.5,....9) for every participant for
each of the conditions to be compared, only for
correct responses.

2.  We average the RTs obtained in Step 1 across par-
ticipants (these averaged quantiles are also called
vincentiles in the RT literature; see Ratcliff,
1979).

3. For each of the quantiles in the vincentiles (a) we
find the average between the two conditions, and
(b) then compute the differences (i.e., the delta)
preserving the sign.

4. The last step is to plot the points (as many points as
there are quantiles), with the averages (Step 3a) on
the x-axis, and the delta (Step 3b) on the y-axis.

As is evident from Step 3b, delta plots are based on
residual quantiles (i.e., RTs at quantiles in condition A
minus condition B), and hence can provide us with some
indication of the temporal dynamics of an effect when
interpreted within the lens of process models. For exam-
ple, a flat line at around y=50ms would mean that there
is a 50-ms shift in the RT distributions—this could be
interpreted as faster encoding times in evidence accumu-
lation models (see Gomez et al., 2013, for an example of
such interpretation in the standard masked priming tech-
nique). Alternatively, an ascending function would indi-
cate that the effect grows for slower responses, and it
could be interpreted as a difference in the rate of evi-
dence accumulation.

As just indicated, in delta plots, one needs to contrast
two conditions; in our analysis of the two priming meth-
ods, it makes sense to perform two separate comparisons
that are presented in two different delta plots: (a) the effect
of prime type in the standard and sandwich techniques
(across condition comparison: unrelated vs. identity;
Figure 3), and (b) the effect of procedure for identity and
unrelated pairs (within-condition comparison: standard vs.
sandwich; Figure 4).

Effect of prime type (Figure 3). For word trials, when cal-
culating priming effects as RT for unrelated primes minus
RT for identity primes, we found a relatively flat line for
the identity priming effect in the standard technique (all
points lie between 38 and 51 ms), thus replicating earlier
research. In contrast, in the sandwich technique, the iden-
tity priming effect was not only greater than in the standard
technique (as attested by the higher values in the y-axis),
but it progressively increased from the .1 quantile (63 ms)
to the .7 quantile (95 ms)—it decreased slightly in the .9
quantile, though. For the nonword trials, we found a small
identity priming effect that slowly grew across quantiles,
with a steeper slope in the sandwich technique.

Effect of technique (Figure 4). For word trials, when
calculating the effect of technique as standard minus
sandwich, we found an approximate flat line for the
identity primes (around 25=*5ms for all quantiles).
This pattern indicates that responses were overall faster
in the sandwich than in the standard technique. In con-
trast, we found a line that lies on the negative numbers
for the unrelated primes (i.c., responses were slower in
the sandwich than in the standard technique)—note that
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Figure 3. Delta plot comparing unrelated primes to identity primes. The points represent the difference RT, . .i—RT,s..;, at the
.1,.2, .3, 4, .5, .6, .7, .8, and .9 quantiles.
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Figure 4. Delta plot comparing the standard and sandwich techniques. The points represent the residual of RT_ . —RT_ .. at

the .1, .2, .3, 4, .5, .6, .7, .8, and .9 quantiles.

this difference effect grew as quantiles increased from .1
quantile (—.5ms) to .8 quantile (—.16ms; i.e., a negative
slope). We found functions with negative slopes for the
nonword targets, but with points above zero for the most
part. This pattern reflected that responses were faster in
the sandwich technique, but this advantage decreases (or
even reversed, in the unrelated condition) for the slower
responses.

Note that delta plots highlight the dynamics of effects
across different points of the latency distributions.
However, they do not convey information about accuracy
as they are only built with correct responses; hence, we

resort to conditional accuracy functions to explore accu-
racy issues as explained below.

Conditional accuracy functions. Conditional accuracy func-
tions (Bonnet & Dresp, 1993; Ollman, 1977) allow us to
visualise how accuracy evolves as latencies increase.
These plots were generated as follows:

1. For each type of item and each participant, we
divide all responses into 5 equal-sized bins based
on their latency; to do so, we included both correct
and error responses.
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Figure 5. Conditional accuracy functions, the points represent the accuracy and average RT of the responses within equal-sized

bins (20% of responses per bin).

2.  We averaged the RTs and accuracies for each bin
across all participants, and then calculate (a) the
average RT for each of the bins and (b) the accu-
racy within each bin.

3. The last step is to plot the points (as many points as
there are quantiles), with the averages (Step 3a) on
the x-axis, and the conditional accuracies (Step 3b)
on the y-axis.

As is evident from Step 3b, conditional accuracy func-
tions can indicate whether the accuracy in the responses
for a given condition varies across the latency of the
responses to such condition. For example, a flat line at
around y=.90 would mean that the accuracy for that condi-
tion (90%) is equal for fast and for slow responses. In addi-
tion, an ascending function would indicate that the fast
responses tend to be less accurate, and a descending func-
tion would indicate that slow responses tend to be less
accurate.

The panels in Figure 5 show the conditional accuracy
for all the conditions in our experiment. Two patterns are
worth highlighting: for words, the fastest 20% of responses
in the unrelated condition in the sandwich method tend to
be less accurate than slower responses, which is reversed
for the identity condition. For nonwords, the conditional
accuracy functions are remarkably similar in the two

techniques: fastest responses tend to be less accurate for
the identity primes than for the unrelated primes, but this
pattern reverses for the slower responses. This is consist-
ent with the idea that familiarity influences lexical deci-
sion (e.g., Masson & Bodner; cf compound-cues),
particularly for fast responses, which could be sensitive to
the orthographic match of the prime and target. A match
could bias for “word” responses, and fast responses might
be most affected by this bias.

Discussion

An increasing number of masked priming researchers now
opt for the sandwich technique due to its promise of greater
effect sizes than the standard technique. However, the
mechanisms underlying this boost are still not well under-
stood. To fully characterise the sandwich technique, we
conducted a lexical decision experiment comparing the
sandwich and standard techniques in a within-subject
design. We focused on masked identity priming effects for
three reasons: (a) theoretical models offer straightforward
predictions (Forster, 1998); (b) it has already been mod-
elled with the standard masked priming technique (Gomez
et al., 2013); and (c) the magnitude of the effects is much
larger than with other types of prime—target relationships
(i.e., we may capture more easily potential interactions).
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To elucidate whether the differences between the standard
and sandwich methods were merely quantitative or also
qualitative, we examined the locus of the boost in the sand-
wich technique and the time course of the effects for both
techniques via delta plots and conditional accuracy
functions.

For word trials, we found the expected boost in the
sandwich technique (a 79-ms priming effect with the sand-
wich technique vs. a 40 ms priming effect with the stand-
ard method; i.c., a 39-ms boost), thus replicating earlier
research (see Lupker & Davis, 2009, for the first demon-
stration). Critically, the use of a within-subject design
allowed us to discover that while the major component of
the 39-ms boost in the magnitude of priming effects in the
sandwich technique was due to the faster responses to
identity pairs (26 ms: 563 vs. 589 ms in the sandwich and
standard techniques, respectively), there was also a com-
ponent due to the slower responses to unrelated pairs
(13 ms: 642 vs. 629 ms, in the sandwich and standard tech-
niques, respectively)—note that Trifonova and Adelman
(2018) also found an effect in this direction for unrelated
pairs in the accuracy data. As indicated in the Introduction,
C.J. Davis’s (2010) spatial coding model would have pre-
dicted not only substantially faster responding in the iden-
tity condition in the sandwich than in the standard
technique, but also slightly faster responding in the unre-
lated condition. Thus, the effect of the unrelated priming
conditions predicted by the spatial coding model does not
match the observed data. We found that the responses were
slower in the sandwich technique than in the standard tech-
nique after an unrelated prime. The discrepancy in the
unrelated trials suggests that the pre-prime in the sandwich
technique may influence target processing in a way that
cannot be captured in the present implementations of
masked priming in interactive activation models like the
spatial coding model.

In addition, the exploratory data analyses (both delta
plots and conditional accuracy functions) offer valuable
information on the underlying processing differences
between the standard and sandwich techniques. For word
targets, the delta plot on the standard technique showed, as
expected, that masked identity priming reflects essentially
a shift in the RT distributions (see Figure 3; see also Gomez
etal., 2013; Gomez & Perea, 2020). This pattern is entirely
consistent with the commonly shared assumption that
masked identity primes have a “head start” advantage dur-
ing an early encoding stage (i.e., a “savings” effect; Forster,
1998; see also Gomez et al., 2013). In contrast, the delta
plot with the sandwich technique showed a different pic-
ture: the magnitude of masked identity priming grows
stronger in the higher quantiles (see Figure 3). At first
glance, one might interpret this last pattern as being due to
some involvement of decision processes for identity
primes in the sandwich technique. However, this interpre-
tation misses the critical information provided by within-
condition comparisons (see Jacobs et al., 1995). The

advantage of the identity primes in the sandwich technique
is approximately constant along quantiles (see left panel of
Figure 4), thus reinforcing the idea that the identity primes
are processed similarly in the two techniques (i.e., an
encoding effect; Forster, 1998). Instead, the largest differ-
ences across tasks occur in the unrelated priming condi-
tion, where there is a costlier processing in the sandwich
technique as latency increases. Of note, the delta plot in
the left panel of Figure 4 also allows us to visualise that the
difference between the sandwich and the standard method
manifests itself in both identity and unrelated primes: the
sandwich technique yields faster responses for the identity
primes and slower responses for the unrelated primes.

The conditional accuracy functions shown in Figure 5
provide further clues on the differences between the two
techniques. The fast responses in the sandwich method for
the unrelated condition are much less precise than the fast
responses for any other condition in the experiment. This
pattern suggests that the pre-prime interacts with the prime
in ways that affect the early moments of processing of the
target. One possible explanation for the divergent pattern
in the unrelated primes across technique is the following.
Because of the briefness of the pre-prime, its processing
may overlap with the prime, creating a jumbled ortho-
graphic code that would impair the first moments of target
processing—note that this interpretation has some resem-
blance with the legibility effect described by C. Davis and
Forster (1994). For instance, for HOUSE-fight-HOUSE
(sandwich technique), when participants initially encoun-
ter HOUSE-fight, they might perceive a fused ortho-
graphic code that might initially hinder target recognition,
occasionally leading to fast error responses. This early dif-
ficulty would be later overwhelmed by lexical activation.?
Importantly, this is a post hoc explanation that can be inter-
preted in different ways. What do we mean by a “jumbled
orthographic code”? Two implementations of this idea
come to mind: the first one is that the orthographic features
of both the pre-prime and the target are partially available,
and hence there might be at least some benefit for the sand-
wich technique over the standard technique; unfortunately,
this idea does not seem to be supported by the data because
RTs for the sandwich technique are slightly longer than for
the standard technique. Another way to think about this
“jumbling” is that the orthographic codes mutually inhibit
each, thus diminishing lexical activation for both entries.
This question, however, is well beyond the scope of the
present article. Nevertheless, it raises interesting issues
around how information from the strings integrates versus
contrast in the type of fast presentation displays in this
type of paradigms. These questions will be central in future
analyses of the sandwich technique, which was developed
to explore rather fine-grained orthographic processes that
yield much smaller effects than identity versus unrelated
primes.

In sum, the present experiment has both theoretical and
practical implications. On the theoretical side, the shift in
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the RT distributions for identity pairs in the sandwich and
standard technique strongly suggests that the extra time
from the pre-prime does not alter the underlying processes
beyond encoding. Notably, the story is different from unre-
lated primes: the pre-prime in the sandwich technique hin-
ders the processing of unrelated prime-target pairs. Further
research with a better temporal resolution (i.e., ERPs) is
necessary to uncover these differences—note that the
Ktori et al. (2012) ERP sandwich experiment did not
include a block with the standard technique. On the applied
side, one basic question is shall we continue using the
sandwich technique? The answer from the present experi-
ment is “yes.” Even in the largest manipulation in priming
experiments (i.e., identity primes), we found a similar pat-
tern in the two techniques for identity pairs—except for
the expected processing advantage in the sandwich tech-
nique due to the pre-prime. At the same time, researchers
should be cautious in interpreting some of the across-con-
dition priming effects in subtle manipulations in the sand-
wich technique, as these effects may derive not from
facilitation in the related condition but rather from some
inhibition in the unrelated condition and might consider
using both the identity and unrelated conditions as controls
when exploring more subtle manipulation (e.g., does corn
prime ACORN?). Perhaps an analogy from the physical
sciences is apt. We explored whether the sandwich tech-
nique is a more powerful microscope than the standard
masked priming technique. Our results indicate that a bet-
ter way to think about it is as a different catalyst that trig-
gers related but slightly processes.
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Notes

1. The simulator is available at http://www.pc.rhul.ac.uk/
staff/c.davis/Spatial CodingModel/

2. While the main focus of this work is the words, no com-
plete account of the tasks can exclude a description of the
responses to pseudowords. In our data, the conditional accu-
racy function and the delta plots are remarkably similar,
with effects augmented in the sandwich condition.

References
Adelman, J. S., Johnson, R. L., McCormick, S. F., McKague,
M., Kinoshita, S., Bowers, J. S., ... Davis, C. J. (2014).

A behavioral database for masked form priming. Behavior
Research Methods, 46, 1052—1067. https://doi.org/10.3758/
s13428-013-0442-y

Balota, D. A., Yap, M. J., Cortese, M. J., & Watson, J. M. (2008).
Beyond mean response latency: Response time distribu-
tional analyses of semantic priming. Journal of Memory
and Language, 59, 495-523. https://doi.org/10.1016/].
jml.2007.10.004

Barr, D.J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random
effects structure for confirmatory hypothesis testing: Keep it
maximal. Journal of Memory and Language, 68, 255-278.
https://doi.org/10.1016/1.jm1.2012.11.001

Bonnet, C., & Dresp, B. (1993). A fast procedure for study-
ing conditional accuracy functions. Behavior Research
Methods, Instruments, & Computers, 25, 2-8. https://doi.
org/10.3758/BF03204443

Brysbaert, M., & Stevens, M. (2018). Power analysis and
effect size in mixed effects models: A tutorial. Journal of
Cognition, 1(9), 1-20. http://doi.org/10.5334/joc.10

Biirkner, P. C. (2020). Analysing standard progressive matrices
(SPM-LS) with Bayesian item response models. Journal of
Intelligence, 8, 5. https://doi.org/10.3390/jintelligence8010005

Campos, A. D., Oliveira, H. M., & Soares, A. P. (2021). Syllable
effects in beginning and intermediate European-Portuguese
readers: Evidence from a sandwich masked go/no-go lexical
decision task. Journal of Child Language, 48(4), 699-716.
https://doi.org/10.1017/S0305000920000537

Colombo, L., Spinelli, G., & Lupker, S. J. (2020). The impact of
consonant—vowel transpositions on masked priming effects
in Italian and English. Quarterly Journal of Experimental
Psychology, 73, 183-198. https://doi.org/10.1177/4174072
0121881986677636838

Comesaiia, M., Soares, A. P., Marcet, A., & Perea, M. (2016).
On the nature of consonant/vowel differences in letter posi-
tion coding: Evidence from developing and adult readers.
British Journal of Psychology, 107, 651-674. https://doi.
org/10.1111/bjop.12179

Davis, C., & Forster, K. 1. (1994). Masked orthographic prim-
ing: The effect of prime-target legibility. Quarterly Journal


https://orcid.org/0000-0001-5814-5104
https://orcid.org/0000-0002-3291-1365
https://orcid.org/0000-0001-8755-5903
https://orcid.org/0000-0003-4180-1560
https://osf.io/83x9t
https://osf.io/83x9t
http://www.pc.rhul.ac.uk/staff/c.davis/SpatialCodingModel/
http://www.pc.rhul.ac.uk/staff/c.davis/SpatialCodingModel/
https://doi.org/10.3758/s13428-013-0442-y
https://doi.org/10.3758/s13428-013-0442-y
https://doi.org/10.1016/j.jml.2007.10.004
https://doi.org/10.1016/j.jml.2007.10.004
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.3758/BF03204443
https://doi.org/10.3758/BF03204443
http://doi.org/10.5334/joc.10
https://doi.org/10.3390/jintelligence8010005
https://doi.org/10.1017/S0305000920000537
https://doi.org/10.1177/41740720121881986677636838
https://doi.org/10.1177/41740720121881986677636838
https://doi.org/10.1111/bjop.12179
https://doi.org/10.1111/bjop.12179

1392

Quarterly Journal of Experimental Psychology 75(7)

of Experimental Psychology, 47, 673—697. https://doi.
org/10.1080/14640749408401133

Davis, C. J. (2010). The spatial coding model of visual word
identification. Psychological Review, 117, 713-758. https://
doi.org/10.1037/a0019738

Davis, C. J., & Lupker, S. J. (2006). Masked inhibitory prim-
ing in English: Evidence for lexical inhibition. Journal
of Experimental Psychology: Human Perception and
Performance, 32, 668—687. https://doi.org/10.1037/0096-
1523.32.3.668

Dehaene, S., Naccache, L., Cohen, L., Le Bihan, D., Mangin, J.,
Poline, J., & Riviere, D. (2001). Cerebral mechanisms of
word masking and unconscious repetition priming. Nature
Neuroscience, 4, 752—758. https://doi.org/10.1038/89551

De Jong, R., Liang, C.-C., & Lauber, E. (1994). Conditional and
unconditional automaticity: A dual-process model of effects
of spatial stimulus-response correspondence. Journal
of Experimental Psychology: Human Perception and
Performance, 20, 731-750. https://doi.org/10.1037//0096-
1523.20.4.731

Duchon, A., Perea, M., Sebastian-Gallés, N., Marti, A., &
Carreiras, M. (2013). EsPal: One-stop shopping for Spanish
word properties. Behavior Research Methods, 45, 1246—
1258. https://doi.org/10.3758/s13428-013-0326-1

Fernandez-Lopez, M., Marcet, A., & Perea, M. (2019). Can
response congruency effects be obtained in masked prim-
ing lexical decision? Journal of Experimental Psychology:
Learning, Memory, and Cognition, 45, 1683—1702. https://
doi.org/10.1037/xIm0000666

Forster, K. 1. (1998). The pros and cons of masked priming.
Journal of Psycholinguistic Research, 27, 203-233. https://
doi.org/10.1023/A:1023202116609

Forster, K. 1. (2009). The intervenor effect in masked priming:
How does masked priming survive across an intervening
word? Journal of Memory and Language, 60, 36—49. https://
doi.org/10.1016/j.jm1.2008.08.006

Forster, K. 1., & Davis, C. (1984). Repetition priming and fre-
quency attenuation in lexical access. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 10, 680—
698. https://doi.org/10.1037/0278-7393.10.4.680

Forster, K. 1., Davis, C., Schoknecht, C., & Carter, R. (1987).
Masked priming with graphemically related forms:
Repetition or partial activation? Quarterly Journal of
Experimental  Psychology, 39, 211-251. https://doi.
org/10.1080/14640748708401785

Forster, K. 1., & Forster, J. C. (2003). DMDX: A Windows
display program with millisecond accuracy. Behavior
Research Methods, 35, 116—124. https://doi.org/10.3758/
BF03195503

Gomez, P., & Perea, M. (2020). Masked identity priming reflects
an encoding advantage in developing readers. Journal of
Experimental Child Psychology, 199, 104911. https://doi.
org/10.1016/j.jecp.2020.104911

Gomez, P., Perea, M., & Ratcliff, R. (2013). A diffusion model
account of masked versus unmasked priming: Are they qual-
itatively different? Journal of Experimental Psychology:
Human Perception and Performance, 39, 1731-1740.
https://doi.org/10.1037/a0032333

Grainger, J. (2008). Cracking the orthographic code: An intro-
duction. Language and Cognitive Processes, 23, 1-35.
https://doi.org/10.1080/01690960701578013

Grainger, J., & Ferrand, L. (1994). Phonology and orthography
in visual word recognition: Effects of masked homophone
primes. Journal of Memory and Language, 33, 218-233.
https://doi.org/10.1006/jmla.1994.1011

Grainger, J., & Holcomb, P. J. (2009). Watching the word go by:
On the time-course of component processes in visual word
recognition. Language and Linguistics Compass, 3, 128—
156. https://doi.org/10.1111/j.1749-818X.2008.00121.x

Gutierrez-Sigut, E., Vergara-Martinez, M., & Perea, M. (2017).
Early use of phonological codes in deaf readers: An ERP
study. Neuropsychologia, 106, 261-279. https://doi.
org/10.1016/j.neuropsychologia.2017.10.006

Heathcote, A., Popiel, S. J., & Mewhort, D. J. (1991). Analysis
of response time distributions: An example using the Stroop
task. Psychological Bulletin, 109, 340-347. https://doi.
org/10.1037/0033-2909.109.2.340

Jacobs, A. M., Grainger, J., & Ferrand, L. (1995). The incremen-
tal priming technique: A method for determining within-
condition priming effects. Perception &Psychophysics, 57,
1101-1110. https://doi.org/10.3758/BF03208367

Ktori, M., Grainger, J., Dufau, S., & Holcomb, P. J. (2012). The
“electrophysiological sandwich”: A method for amplifying
ERP priming effects. Psychophysiology, 49, 1114-1124.
https://doi.org/10.1111/j.1469-8986.2012.01387.x

Ktori, M., Kingma, B., Hannagan, T., Holcomb, P. J., & Grainger,
J. (2014). On the time-course of adjacent and non-adjacent
transposed-letter priming. Journal of Cognitive Psychology,
26, 491-505. https://doi.org/10.1080/20445911.2014.9220
92

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve,
M. (2020). emmeans: Estimated marginal means (R
Package Version 1.4.8). https://CRAN.R-project.org/
package=emmeans

Lété, B., & Fayol, M. (2013). Substituted-letter and transposed-
letter effects in a masked priming paradigm with French
developing readers and dyslexics. Journal of Experimental
Child Psychology, 114, 47-62. https://doi.org/10.1016/].
jecp.2012.09.001

Lupker, S.J., & Davis, C. J. (2009). Sandwich priming: A method
for overcoming the limitations of masked priming by reduc-
ing lexical competitor effects. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 35, 618—
639. https://doi.org/10.1037/a0015278

Lupker, S. J., Spinelli, G., & Davis, C. J. (2020a). Is zjudge a bet-
ter prime for JUDGE than zudge is? A new evaluation of cur-
rent orthographic coding models. Journal of Experimental
Psychology: Human Perception and Performance, 46(11),
1252-1266. https://doi.org/10.1037/xhp0000856

Lupker, S. J., Spinelli, G., & Davis, C. J. (2020b). Masked form
priming as a function of letter position: An evaluation of cur-
rent orthographic coding models. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 46, 2349—
2366. https://doi.org/10.1037/xIm0000799

Lupker, S. J., Zhang, Y. J., Perry, J. R., & Davis, C. J. (2015).
Superset versus substitution-letter priming: An evaluation of
open-bigram models. Journal of Experimental Psychology:
Human Perception and Performance, 4, 138—151. https://
doi.org/10.1037/a0038392

Meade, G., Grainger, J., Midgley, K. J., Holcomb, P. J., &
Emmorey, K. (2020). An ERP investigation of orthographic
precision in deaf and hearing readers. Neuropsychologia,


https://doi.org/10.1080/14640749408401133
https://doi.org/10.1080/14640749408401133
https://doi.org/10.1037/a0019738
https://doi.org/10.1037/a0019738
https://doi.org/10.1037/0096-1523.32.3.668
https://doi.org/10.1037/0096-1523.32.3.668
https://doi.org/10.1038/89551
https://doi.org/10.1037//0096-1523.20.4.731
https://doi.org/10.1037//0096-1523.20.4.731
https://doi.org/10.3758/s13428-013-0326-1
https://doi.org/10.1037/xlm0000666
https://doi.org/10.1037/xlm0000666
https://doi.org/10.1023/A:1023202116609
https://doi.org/10.1023/A:1023202116609
https://doi.org/10.1016/j.jml.2008.08.006
https://doi.org/10.1016/j.jml.2008.08.006
https://doi.org/10.1037/0278-7393.10.4.680
https://doi.org/10.1080/14640748708401785
https://doi.org/10.1080/14640748708401785
https://doi.org/10.3758/BF03195503
https://doi.org/10.3758/BF03195503
https://doi.org/10.1016/j.jecp.2020.104911
https://doi.org/10.1016/j.jecp.2020.104911
https://doi.org/10.1037/a0032333
https://doi.org/10.1080/01690960701578013
https://doi.org/10.1006/jmla.1994.1011
https://doi.org/10.1111/j.1749-818X.2008.00121.x
https://doi.org/10.1016/j.neuropsychologia.2017.10.006
https://doi.org/10.1016/j.neuropsychologia.2017.10.006
https://doi.org/10.1037/0033-2909.109.2.340
https://doi.org/10.1037/0033-2909.109.2.340
https://doi.org/10.3758/BF03208367
https://doi.org/10.1111/j.1469-8986.2012.01387.x
https://doi.org/10.1080/20445911.2014.922092
https://doi.org/10.1080/20445911.2014.922092
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1016/j.jecp.2012.09.001
https://doi.org/10.1016/j.jecp.2012.09.001
https://doi.org/10.1037/a0015278
https://doi.org/10.1037/xhp0000856
https://doi.org/10.1037/xlm0000799
https://doi.org/10.1037/a0038392
https://doi.org/10.1037/a0038392

Ferndndez-Lépez et al.

1393

146, 107542.
2ia.2020.107542

Monahan, P. J., Fiorentino, R., & Poeppel, D. (2008). Masked
repetition priming using magnetoencephalography. Brain
and Language, 106, 65-71. https://doi.org/10.1016/].
bandl.2008.02.002

Ollman, R. T. (1977). Choice reaction time and the problem
of distinguishing task effects from strategy effects. In S.
Domic (Ed.), Attention & performance VI (pp. 99-113).
Erlbaum.

Perea, M., Abu Mallouh, R., & Carreiras, M. (2014). Are
root letters compulsory for lexical access in Semitic lan-
guages? The case of masked form-priming in Arabic.
Cognition, 132, 491-500. https://doi.org/10.1016/j.cogni-
tion.2014.05.008

Perea, M., Marcet, A., Lozano, M., & Gomez, P. (2018). Is
masked priming modulated by memory load? A test of the
automaticity of masked identity priming in lexical deci-
sion. Memory & Cognition, 46, 1127-1135. https://doi.
org/10.3758/s13421-018-0825-5

Ratclift, R. (1979). Group reaction time distributions and an
analysis of distribution statistics. Psychological Bulletin,
86, 446—461. https://doi.org/10.1037/0033-2909.86.3.446

R Core Team. (2020). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.
http://www.R-project.org/

https://doi.org/10.1016/j.neuropsycholo-

Ridderinkhof, K. R., van den Wildenberg, W. P. M., Wijnen, J.,
& Burle, B. (2004). Response inhibition in conflict tasks is
revealed in delta plots. In M. 1. Posner (Ed.), Cognitive neu-
roscience of attention (pp. 369-377). The Guilford Press.

Stinchcombe, E. J., Lupker, S. J., & Davis, C. J. (2012).
Transposed-letter priming effects with masked subset
primes: A re-examination of the “relative position priming
constraint.” Language and Cognitive Processes, 27, 475—
499. https://doi.org/10.1080/01690965.2010.550928

Taikh, A., & Lupker, S. J. (2020). Do visible semantic primes
preactivate lexical representations? Journal of Experimental
Psychology: Learning, Memory, and Cognition, 46(8),
1533-15609. https://doi.org/10.1037/xIm0000825

Townsend, J. T., & Ashby, F. G. (1983). Stochastic modeling of
elementary psychological processes. Cambridge University
Press.

Trifonova, 1. V., & Adelman, J. S. (2018). The sandwich prim-
ing paradigm does not reduce lexical competitor effects.
Journal of Experimental Psychology: Learning, Memory,
and Cognition, 44, 1743-1764. https://doi.org/10.1037/
xIm0000542

Ziegler, J. C., Bertrand, D., Lété, B., & Grainger, J. (2014).
Orthographic and phonological contributions to reading
development: Tracking developmental trajectories using
masked priming. Developmental Psychology, 50, 1026—
1036. https://doi.org/10.1037/a0035187


https://doi.org/10.1016/j.neuropsychologia.2020.107542
https://doi.org/10.1016/j.neuropsychologia.2020.107542
https://doi.org/10.1016/j.bandl.2008.02.002
https://doi.org/10.1016/j.bandl.2008.02.002
https://doi.org/10.1016/j.cognition.2014.05.008
https://doi.org/10.1016/j.cognition.2014.05.008
https://doi.org/10.3758/s13421-018-0825-5
https://doi.org/10.3758/s13421-018-0825-5
https://doi.org/10.1037/0033-2909.86.3.446
http://www.R-project.org/
https://doi.org/10.1080/01690965.2010.550928
https://doi.org/10.1037/xlm0000825
https://doi.org/10.1037/xlm0000542
https://doi.org/10.1037/xlm0000542
https://doi.org/10.1037/a0035187

