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Abstract
Priming from a masked presentation of a written stimulus has 
been a productive technique in exploring visual word 
recognition. The current study explored a method for masked 
speech priming recently introduced in the literature, in which 
a compressed spoken prime is embedded in masking stimuli 
and presented immediately prior to a target. This procedure 
was examined by first investigating the degree to which 
spoken stimuli could be compressed without significant data 
loss. Second, using this compression level, repetition and 
form priming was measured for the target words with High 
versus Low phonological neighbourhoods. The results 
indicated that robust masked speech priming occurred only 
for word targets that had few phonological neighbours. Third, 
the audibility of the masked prime was assessed and results 
indicated that participants were unable to reliability determine 
prime lexical status. 
Index Terms: Masked priming, spoken word recognition 

1. Introduction
The visual masked priming paradigm [1] is where a written 
prime that is forward masked by a pattern is presented for a 
short time (~50ms) before a written target (which backward 
masks the prime). The vast majority of participants are not 
aware of the prime but robust word repetition priming occurs 
(i.e.,  lexical decision on word targets were faster when 
preceded by same word primes compared to entirely 
unrelated primes). By observing whether priming occurs for 
varying prime-target relationships, lexical representation and 
processing can be mapped while at the same time minimizing 
the involvement of conscious response strategies. 

Initial attempts to develop auditory masked priming used 
dichotic listening procedures and manipulated attention in 
order to prevent awareness. For example, Dupoux et al [2] 
measured lexical decision response times made to a list of 
isolated words in the attended ear while at the same time 
presenting a list of isolated words to the other ear. In order to 
reduce the probability of attention switching to the unattended 
ear this signal was time compressed and attenuated by 12 dB 
relative to the attended speech. The critical measure was 
whether words in the attended ear could be primed by those in 
the unattended ear (word onsets were synchronized across 
ears).  

Although Dupoux et al [2] found repetition priming (faster 
decisions when word in the attended ear was also presented in 
the unattended one) all participants were in fact aware of the 
presence of the prime stimulus in the unattended channel and 
indicated that it was sometimes the same or similar to the 
target. Dupoux et al speculated that the sudden onsets of the 
isolated word primes may have lead to attentional capture and 
the subsequent awareness of primes even though participants 
were instructed to ignore the unattended channels. This 

interpretation was supported by the results of a subsequent 
experiment in which the prime was embedded in a carrier 
sentence (to discourage an attention switch) and no repetition 
priming was found. 

Recently Kouider and Dupoux [3] have developed a method 
that produced reliable masked speech repetition priming even 
when the prime was embedded amongst other speech-like 
signals. Critically, this method does not involve an attentional 
manipulation whereby primes are unattended (since 
unattended processing might eliminate lexical processing 
altogether [4]). What was done was that auditory primes were 
time-compressed and hidden within a stream of spectrally 
similar unintelligible speech-like noise (backward speech). 
Immediately following the prime, a target was presented for 
lexical decision (targets were 15dB louder than masks and 
primes). Figure 1 shows a schematic representation of the 
Kouider and Dupoux method.

 Kouider and Dupoux examined four types of prime-target 
relationship: repetition, morphological, phonological and 
semantic and measured the priming effect of these (against 
matched unrelated control prime conditions). They also used 
four different prime compression rates: 35%, 40%, and 50% 
and 70%. They found that when primes were compressed to 
35 or 40% participants had little awareness of them. At these 
prime compression rates, a robust repetition priming effect 
(30-40 ms) was found but there was no phonological, no 
morphological priming and no semantic priming. Likewise, at 
these compression rates there was no repetition or 
phonological priming for nonword targets. 

Kouider and Dupoux proposed that their demonstration of the 
feasibility of subliminal priming for spoken word processing 
opens up a line of investigation by which the functional 
architectures of the written and auditory modality can be 
compared using parallel tasks and masking techniques. This 
claim raises a number of questions that will be addressed in 
the current research: How robust is the masked auditory 
priming effect (will it be readily found in replication)? This is 
an interesting issue since to date there has been no published 
replication of Kouider and Dupoux’s results. Does using a 
fixed compression rate of 35% for all prime stimuli degrade 
the data of some stimuli (will all the primes be “intact” as is 
the case for written primes)? Given the idiosyncratic nature of 
speech (in contrast to non-idiosyncratic written words), can a 
standardized auditory masked priming method be developed? 

Apart from the above questions, there are several other 
aspects of the Kouider and Dupoux study that can be 
extended. For instance, in their study, the repeated and form 
priming contrast was based on using different target different 
items, but it would be a more powerful demonstration if the 
same targets were used (with an across participant design). 
Furthermore, it is a general assumption of current form-based 
spoken word recognition models (see [5] for a review) that 
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word recognition entails the parallel evaluation of multiple 
lexical hypotheses with a process of competition among those 
hypotheses. Given this, phonological neighbourhood is an 
important variable to be manipulated, since it has been shown 
that the number of orthographic neighbours that a written 
target word has modulates masked repetition priming effects 
[6]. 

To address the above questions and issues, three experiments 
were conducted: The first examined whether the set of words 
chosen for the experiment could all be identified at 
compression rates of 35%. To attempt to achieve 
standardization whereby other researchers can produce the 
same materials, a commercially available text to speech voice 
was used (see below). In the second priming experiment, 
contrasts between repetition and form priming used the same 
target items and the neighbourhood density of these targets 
was varied to assess whether this would affect the size of 
priming. The third experiment assessed the conscious 
availability of the masked primes using the prime lexical 
decision procedure used by Kouider and Dupoux [3]. 

2. Method
The current experiments used the masked auditory priming 
technique developed by Kouider and Dupoux (see Figure 1). 
To ensure uniformity and standardization of materials we 
used a text to speech program (TextAloud program from 
Nextup.com). To create the speech stimuli, we chose the 
Nuance text-to-speech Australian Lee voice (for a sample see 
Hhttp://nextupdownloads.com/scansamples/Lee.mp3H). This 
very natural sounding synthesized speech is generated by 
concatentative synthesis that uses a unit selection approach 
(where small segments of recorded speech selected and joined 
together using flexible unit-selection algorithms). This 
program allows manipulation of the speech rate without 
changing pitch. 

Figure 1: Illustration of the masked speech paradigm 
used by Kouider & Dupoux (2005). The target (in 
gray) is dubbed over the masking sounds and 
presented immediately after the prime (the masks and 
prime are time compressed and attenuated -15dB 
compared to the target). 

The auditory editing program Cool Edit 2000 (now Adobe 
Audition®) was used to edit and adjust the compression of the 
experimental stimuli. This program enabled any further time 
compression of primes through the PSOLA technique (Pitch 
Synchronous OverLap and Add, see [7]). The program was 
also used for the reversal of the background masks and the 
embedding of prime and target items within the background 
masks. The intensity of the primes, targets, masking items 
was adjusted by the computer software Praat [8]. DMDX [9] 
was used as the display software for each of the three 

experiments. Lexical statistics (spoken word frequency and 
neighbourhood size) were selected from the Celex database
[10] and checked with the HAL corpus [11]. 

2.1. Participants 
Experiment 1: Compression test. Seventeen participants (10 
men and 7 women, mean age = 25.2 years) were native 
speakers of Australian English with no self-reported hearing 
impairment. Experiment 2 and 3: Priming and prime 
availability. Fifty-two participants (21 men and 31 women, 
mean age = 23.69) were native speakers of Australian English 
with no self-reported hearing impairment. 

2.2. Materials
In the priming experiment, the target items consisted of 60 
English words ranging from 1-3 syllables (average = 1.75). 
Thirty words were selected that had few phonological 
neigbours (range = 0-6; M = 2.4) and 30 words that had many 
(range = 5-31; M = 15.2). There was a significant difference 
between the number of neighbours for low and high 
neighbourhood groups, t(58) = 9.64, p < 0.05. The low 
neighbourhood group had a mean spoken word frequency of 
968 per million and the high neighbourhood group a mean of 
830 per million (see Table 1). The difference in spoken word 
frequency between low and high neighbourhood groups was 
not significant, t(58) = 0.43, p > 0.05. Given that neither the 
Celex nor Hal corpuses provide neighbourhood density 
statistics for nonwords, these targets were constructed to 
closely resemble words from the experimental list (e.g., 
TODAY-TOFAY). It was presumed that the neighbourhood 
statistics for these nonwords would trend with the 
neighbourhood densities of the closely matched real words. 

Table 1. Summary of target lexical statistics for the 
word targets. Phonological neighbourhood statistics 
were calculated using an average of the HAL [11] 
and Celex [10] corpuses . 

Condition Mean phon N 
(HAL - Celex) 

Mean Celex 
frequency 

LN targets 2.4 960

HN targets 15.2 830

These target items were converted into speech using the 
maximum speed setting of the Textaloud text-to-speech 
engine. This resulted in a rate that was on average 
approximately 35% of original duration and any further time 
compression adjustment was conducted using Cool Edit 2000.
The Praat program was used to normalize the amplitude of all 
sound files. In the priming experiment, three sets of prime-
target items were constructed: repetition primes, form primes 
(phonologically related primes and targets in which the 
different phoneme(s) typically did not occur in the onset, e.g., 
/fr�g/, /fr�m/), and control primes (these were unrelated 
nonwords). Primes for word targets were words and nonwords 
primes for nonword targets. Three experimental lists were 
constructed so that each target would appear in each prime 
condition without being repeated in any list. 
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2.3. Procedure
Experiment 1: Compression test. Participants were tested 
individually in a quiet testing booth. Each participant listened 
to the compressed prime materials presented one at a time 
over a set of headphones (Sennheiser PC 131). Participants 
were asked to listen to four practice items and 60 test words 
(nonwords were not tested) and to identify the rapidly spoken 
word by typing what they thought they had heard. The order 
of items was counterbalanced across participants. After each 
identification, participants were then asked to rate their 
confidence in the decision by typing a number ranging from 1 
(not very) to 5 (very) confident.   

Experiment 2: Priming. As per experiment 1, participants 
were tested individually. Each participant was assigned to one 
of the three versions of the experiment. Participants were 
required to perform a lexical decision task on the loud target 
item that was embedded in the babble speech. Participants 
were not informed about the presence of the prime. They 
placed their index fingers on the right and the left hand 
buttons of a button box connected to the PC via a PIO card 
for record of accurate response timing. The right hand button 
was labeled YES and was pushed when the participant 
believed the loud word to be an English word. The left hand 
button was labeled NO and was pushed when the participant 
believed the loud word to be a nonword. Each participant 
listened to the same 12 practice items. The first two practice 
items were provided with feedback via DMDX identifying the 
correct response and required the participant to request the 
next item. The remaining practice items played immediately 
after a participant made a response and there was no 
feedback. Following this the participants listened to the 120 
test items and perform a lexical decision task on each test 
item. Response date was trimmed with response that were less 
than 160 ms and those greater than 4000 ms discarded from 
the analysis (this affected less than 0.5% of the data) 

Experiment 3: Prime availability. Experiment 3 was 
conducted directly after Experiment 2. Participants told that 
they were would hear similar items to those that they heard in 
Experiment 2. Participants were told that they were now 
required to ignore the loud word and concentrate on the prime 
word that was presented just before the loud target and to 
classify the prime as either a word or a nonword using the 
same response options as Experiment 2. Participants first 
performed lexical decision for three practice items for which 
the prime compression was 60% and feedback about the 
correctness of the response was provided. After each item a 
request was necessary to get the next item. Following these 
items, five more practice items were presented at the 35% 
compression rate; these items were presented immediately 
after a response was made and no feedback was provided. 
Participants were required to listen to 80 test items (repetition 
trials were not used) and perform lexical decisions on the 
masked primes.  

3. Results
Experiment 1: Compression test. An analysis of the 
percentage of words correctly identified (exact spelling) 
indicated that on average participants correctly identified 
80.2% (range = 6% - 100%; SE = 3.364) of the target words 
time compressed at 35%. The mean confidence rating of 
participants was 3.92 (range = 2.3 – 4.7). There were nine 
words that attracted an error rate greater than 30% with a 

mean error rate of 75% (range = 47% – 94% errors; SE =
5.126). This indicated that the compression rate of 35% did 
not enable all words to be still identifiable. The compression 
for these words were hand adjusted (compression the vowels 
more than the consonants) in order to render them more 
identifiable for use in Experiment 2. 

Experiment 2: Priming. Mean reaction times for High and 
Low neighborhood word targets as a function of prime type 
are shown as Table 2. As can be seen, for the Low N targets 
mean response times were fastest in the repetition prime 
condition (M = 856 ms) and those to the form prime (M = 
890 ms) and control condition (M = 892 ms) where similar. 
The results for the High neighbourhood targets showed a 
different pattern. Mean lexical response times were fastest in 
the form prime condition (M = 866 ms) and the repetition 
prime condition was the slowest, mean response time (M = 
888 ms).

Table 2. Mean lexical response time ( in milliseconds) 
and error rates with standard error in parentheses for 
Low and High neighborhood word targets for the three 
priming conditions (repetition prime, form prime, and 
control prime).  

Target
Neighbourhood
Size               

Condition RT % Error 

Low Repetition 856 (22) 6.3 (1)
Form 889 (22) 8.1 (1.2) 
Control 891 (27) 7.3 (1)

High Repetition 888 (24) 6.9 (1.2)
Form 863 (21) 10  (1.3) 
Control 873 (21) 8.8 (1.3) 

Two omnibus ANOVAs were conducted (one for the 
participant data, F1 collapsing over item data and one for the 
item data, F2 collapsing over participant data) that examined 
neighbourhood size (High and Low) and priming condition 
(repetition, form, and control). The analysis revealed that 
there was no significant effect for target Neighbourhood size, 
both Fs < 1. Likewise, there was no significant effect of 
prime type (both Fs < 1).  However, there was a significant 
interaction between the variables of target Neighbourhood 
size and Prime Type for participant analysis F1(2, 96) = 
5.922, p < 0.05 that almost reached significance for the item 
analysis, F2 (2, 54) = 3.00, p = 0.06.

To investigate the basis of this interaction between target 
Neighborhood size and Prime Type, Low and High 
neighbourhood targets were analyzed separately. For Low 
neighbourhood targets there was a significant effect of prime 
type on mean response times F1(2, 96) = 4.478, p < 0.05; 
F2(2, 54) = 2.88, p < 0.05.  Unlike what was found for Low 
neighbourhood targets, there was no difference among the 
prime types for the High neighbourhood targets, F1(2, 96) = 
1.779, p > 0.05; F2(1,27) = 1.08, p > 0.05.

The analysis of the nonword items was performed in the same 
way as the words. Mean response times and percentage of 
errors for nonwords are shown in Table 3. As can be seen, 
repetition primes in both low and high neighbourhood target 
conditions yielded the fastest reaction times compared to the 
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form and the control priming conditions. However, the results 
indicated that there was no significant difference between 
prime types F1(2, 98) = 2.244, > 0.05. There was also no 
significant interaction between prime type and target size 
F1(2, 98) = 2.2291, p > 0.05. An analysis of the error rates for 
nonwords showed that although the repetition condition 
attracted greater errors in both neighbourhood target 
conditions, this difference was not significant for prime type, 
or the interaction between prime type and target size, both F’s
< 1.

Table 3. Mean lexical response time ( in milliseconds) 
standard error in parentheses and error rates  for Low 
and High neighborhood nonword targets for the three 
priming conditions (repetition prime, form prime, and 
control prime).  

Target
Neighbourhood
Size 

Condition RT %Error

Low Repetition 972 (27.0) 17 (1.9)
Form 978 (29.0) 16 (1.4) 
Control 990 (27.1) 16 (1.6)

High Repetition 958 (30.0) 19 (1.6)
Form 994 (29.0) 15 (1.8) 
Control 960 (30.8) 17 (1.8) 

Experiment 3: Prime availability. As the prime lexical 
decision task entailed making a forced-choice between two 
alternatives (word or nonword) chance performance was 50% 
correct. If participants performed at this level it can be 
assumed that they had no awareness of the lexical status of 
the masked primes. The results showed that the mean 
percentage of correct responses at identifying the masked 
primes was similar for words 50.87% (SD = 15.15) and 
nonwords 50.97% (SD = 14.25).

To confirm that the percentage of correct responses for the 
words and the nonwords was at a chance level, a one-sample t
test was conducted. As expected, statistically non-significant t
values were found for words t(51) = 0.415, p > 0.05 and for 
nonwords t(51) = 0.493, p > 0.05. This indicated that 
performance was at chance and participants were unable to 
reliably identify the masked primes.  

4. Discussion
This study investigated the auditory masked priming method 
introduced by Kouider and Dupoux using a high quality (at 
least at the word level) commercially available text to speech 
voice. The initial experiment evaluated the integrity of the 
compressed words at a fixed rate of compression. The 
subsequent experiment manipulated phonological 
neighbourhood size and then tested the degree of prime 
availability. 

The results of Experiment 1 indicated that not all words can 
be time compressed to the same level (at compression rates of 
30%) and still be able to reliably signal lexical information. 
This result means that some care needs to be taken in 
conducting auditory masked priming studies in order to avoid 
problems with the intactness of primes.

The results of Experiment 2 showed that priming can occur 
with this masking method. In general, the pattern of results 
that were reported by Kouider and Dupoux were confirmed: 
repetition priming for word targets, no form priming effects 
and no effects for nonword targets. However, the current 
results also indicated that neighbourhood target size is an 
important moderator in priming effects. That is, the size of 
masked speech priming is strongly affected by the 
neighbourhood size of the target word. Indeed, when the 
target word has many phonological neighbours, no reliable 
repetition priming effect was found. 

The influence of neighbourhood size on repetition priming 
appears to be stronger than for written words; this suggests 
that either there is stronger competition in auditory lexical 
processing, poorer registration of masked primes or both. It is 
important then that researchers investigating auditory masked 
priming effects are aware of the influence of phonological 
neighbourhood size on repetition priming,  

5.
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