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Abstract 

A review of the literature on the masked associative/semantic priming effect shows that the 

priming effect increases linearly from a prime duration of 30 ms (when it is nearly absent) to a 

prime duration of 100 ms, and that the size of the effect correlates positively with the 

association strength between prime and target. These findings are predicted from an 

elementary activation model according to which the input to the target based on the prime 

depends on the lexical activity of the prime multiplied by the weight of the prime-target 

association. Such a model also predicts an effect of prime frequency. In two experiments we 

failed to obtain such an effect, however. We argue that the most likely explanation of this 

finding is the fact that high-frequency primes are comparatively less likely to be followed in 

discourse by their targets than low-frequency primes. 
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Masked associative priming in visual word recognition: 

What matters and what does not? 

 

 

Arguably the two most important effects in word processing are those of word frequency and semantic 

priming: Words are recognized more efficiently when they occur frequently in discourse and when they 

are embedded in a related context.  

The word frequency effect was first examined properly by Howes and Salomon (1951, Experiment 1). 

They presented 60 words of varying frequency (as assessed with the Thorndike & Lorge frequency 

counts). The words were presented with a Gerbrands tachistoscope, starting from a duration of 10 ms 

and increased with steps of 10 ms. On each trial participants were asked to report the word they thought 

they saw; they were encouraged to guess. Howes and Salomon observed a curvilinear relationship 

between the duration thresholds needed to recognize the various words and the frequencies of those 

words, which was captured well by a logarithmic function.  

The semantic priming effect was first reported by Meyer and Schvaneveldt (1971). They presented two 

letter strings one under another and participants had to decide whether the two strings were words 

(“yes”) or whether any of them made a nonword (“no”). The upper word of the 48 word-word trials 

came from the Connecticut Free Association Norms, a list of words with their most frequent associates 

(obtained by asking participants to give the first word that comes to mind upon hearing the stimulus 

word). Examples of words from this list were BREAD (upon which most participants in the association 

norm study had answered “BUTTER”) and NURSE (with “DOCTOR” as the most frequent associate). The 

lower word in the Meyer and Schvaneveldt study either was the first associate of the upper word 
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(BREAD-BUTTER, NURSE-DOCTOR) or the associate of another word (e.g., BREAD-DOCTOR, NURSE-

BUTTER). Meyer and Schvaneveldt (1971) observed that participants were almost 100 ms faster to 

indicate “yes” to pairs of associated words (855 ms, 6.3% errors) than to pairs of non-associated words 

(940 ms, 8.7% errors). They concluded from this finding that the degree of association was a powerful 

factor affecting lexical decisions in the yes-no task. They further speculated that the priming could be 

due either to “spreading of excitation” (as shortly before postulated by Collins & Quillian, 1969) or to a 

“location shift” (caused by the time needed to shift the readout in memory from one location to another, 

analogous according to the authors “to how information is retrieved from a tape”). 

 

Meta-analyses of associative/semantic priming 

The priming effect of associated words has been the topic of hundreds of studies, which have been 

summarized in two meta-analyses (Lucas, 2000; Van den Bussche, Van den Noortgate, & Reynvoet, 

2009). 

Lucas (2000) was particularly concerned about the question to what extent the priming effect reported 

by Meyer & Schvaneveldt is due to the association strength of the words (as measured by association 

norms) or to their meaning overlap (which she called “true semantic priming”). On the basis of her 

analysis she concluded that: 

1. For associated words, there is a priming effect of d = .5 (this is a medium effect size, which 

requires 33 participants to have 80% chances of finding a significant two-tailed .05 effect in a 

repeated measures design). 

2. When words are semantically related but not each others’ associates according to association 

norms (as in robin-eagle), there is an effect size of d = .3 (requiring 89 participants to achieve a 
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power of .80 in a repeated measures design with a two-tailed alpha level of .05). Lucas referred 

to the difference in effect size between semantically related and semantically + associatively 

related words as the “associative boost”. 

3. The true semantic priming effect was smaller for naming (d = .2) than for lexical decision (d = .3). 

4. The true semantic priming effect did not depend much on the proportion of related trials vs. 

unrelated trials. 

5. The true semantic priming effect did not depend much on the time between the prime and the 

target (the so-called stimulus-onset asynchrony, usually abbreviated as SOA).  

Lucas (2000) noted that the last two findings related to pure semantic priming seemed to differ from 

those reported with associative priming, where the effect depends on the SOA (automatic under 250 ms, 

strategically controlled above) and on the relatedness proportion (with the possibility of negative 

priming effects in experiments with a low relatedness proportion and a long SOA). 

Hutchison (2003) examined the differences between semantic and associative priming reported by Lucas 

in more detail. Questions he addressed were: Are different processes involved (e.g., feature overlap for 

semantic priming vs. discourse co-occurrence in associative priming)? Is associative priming only possible 

for words that also have a meaning overlap?  Are there different forms of semantic priming (e.g., feature 

overlap vs. functional relationships)? On the basis of a microanalysis of the various studies, Hutchison 

agreed with Lucas that: 

1. Automatic semantic priming occurs for functionally related items (as in torch-candle, 

restaurant-waiter, hammer-nail). 

2. There is an associative boost such that semantic pairs sharing an association show larger 

priming than non-associated pairs (although Hutchison warned that it cannot be excluded 
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that the boost is due to the associated pairs sharing more semantic features than the non-

associated pairs). 

Hutchison further disagreed on two aspects with Lucas (2000): 

1. There is no strong evidence for automatic priming between different members of a category 

(i.e., of the type robin-eagle). So, not all types of semantic priming are automatic. 

2. There is evidence for pure associative priming between words that are not semantically related. 

Van den Bussche, Van den Noortgate, and Reynvoet (2009) expanded the analysis by taking into account 

not only word primes and targets but all sorts of stimuli (e.g., pictures, Arabic numbers). On the basis of 

their meta-analysis they added the following factors to the picture: 

1. There is a larger effect size (d = .8) in semantic categorization tasks than in lexical decision and 

naming. Part of this extra effect is due to the fact that automatic stimulus-response connections 

are formed when the primes and targets come from small categories (e.g., digits, days, months) 

and are repeatedly presented in the course of the experiment. This is particularly the case when 

the primes are also used as targets. Part of the priming effect then is due to response congruity. 

Participants can respond more quickly when the response to the target is the same as that 

elicited by the prime. Otherwise there is interference of both responses. 

2. The semantic priming effect is larger for symbols than for words, both when they are used as 

primes (d = .9 vs. d = .5) and as targets (d = 1.0 vs. d = .5). 

3. In lexical decision and naming there is an average priming effect size of d = .5. The effect is 

stronger in lexical decision than in naming (no d-values given). For both tasks the priming effect 

is stronger with large target sets, with large numbers of trials, and with increasing prime 

duration. There is also some evidence for stronger priming effects in studies with small numbers 
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of participants than in studies with large numbers of participants, suggesting the presence of a 

publication bias (because the nonsignificant effects with small samples fail to be reported). 

 

Analysis at the item level 

An approach that complements the meta-analyses just mentioned is the study of the item variables that 

affect the priming effect. Such an analysis was reported by Hutchison, Balota, Cortese, and Watson 

(2008). They investigated the data of younger adults and older adults on 300-prime target pairs in both 

lexical decision and naming. They noticed that the priming effect at the item level was reliable enough 

for analysis (r = .61 or 37% of the variance to explain) when the RTs of the participants were 

standardized (i.e., for each participant were converted into z-scores on the basis of the mean and the 

standard deviation of the participant). Otherwise, interindividual differences in overall RT and variability 

caused too much noise to find any significant predictors. Priming effects were compared for a condition 

with an SOA of 250 ms (prime presented for 200 ms followed by a blank screen for 50 ms) and a 

condition with an SOA of 1250 ms (prime presented for 1000 ms followed by a blank screen for 250 ms). 

Hutchison et al. (2008) observed first that standardizing the RTs took away the difference in priming 

between lexical decision (raw priming effect = 56 ms, standardized priming effect = .39) and naming (raw 

priming effect = 27 ms, standardized priming effect = .35). Apparently lexical decision not only increases 

the size of the priming effect but also its variability. 

Although there were some minor differences between tasks and age groups, the overall findings in the 

various conditions were remarkably similar. With respect to the prime characteristics, in the SOA=250 ms 

condition there was more priming for short, frequent primes with few orthographic neighbors. In the 

SOA=1250 ms condition, priming depended on the speed with which the prime word could be 
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recognized. Surprisingly, this time there was more priming for primes that take long to identify (as 

assessed by the lexical decision latencies to the prime words in the Elexicon project; Balota et al., 2007). 

As for the target characteristics, priming was greater for difficult targets with long baseline RTs. Finally, 

at the short SOA the priming effect depended on the forward association strength between prime and 

target. This is measured by looking at how many participants in the association norm study report the 

target as an associate of the prime (e.g., for the prime “nurse”, how many participants say “doctor” as 

the first word they think of). At the long SOA, not only the forward association strength played a role but 

also the backward association strength (measured by looking at how many participants give the prime as 

an associate to the target; i.e. for the prime-target pair “nurse-doctor”, how many participants say 

“nurse” when they hear “doctor” in the word associate generation task?). 

 

Masked associative/semantic priming in visual word recognition: a mixed effects analysis 

The analyses reported thus far were largely based on primes that were clearly visible (this was not the 

case for all studies included in Van den Bussche et al., 2009). In recent years, however, the masked 

priming technique has become the paradigm of preference for many researchers. In this paradigm the 

prime is presented so briefly that either it cannot be perceived at a conscious level or, when it can be 

seen, it is not likely to be perceived as an event separate from the target.  

To find out to what extent the conclusions mentioned above generalize to masked priming with word 

primes and targets, we searched the literature for all articles that kept the prime-target SOA at 

maximally 100 ms and that used lexical decision or naming (there were too few studies about semantic 

categorization to conclude anything beyond Van den Bussche et al., 2009). We did not observe anything 

that would contradict the findings of Lucas (2000) and Hutchison (2003) about the associative boost. 
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Therefore, we dropped this variable, as many studies did not make a clear distinction between semantic 

overlap and association strength. 

We were able to locate 27 articles with a total of 106 priming effects (Appendix A). Although the latter 

mostly came from different experiments involving different samples of participants, this was not always 

the case. Sometimes two types of trials were presented within the same experiment or several 

experiments were run on the same participants. This is indicated in Appendix A by not writing the sample 

size for conditions based on the same participants as the condition above). 

A first problem we were confronted with was that many of the studies did not report enough 

information to calculate the effect sizes of the various conditions. A typical case is one in which several 

conditions were examined that did not differ from each other. Then, the authors usually report the 

overall priming effect without further information about the individual conditions. There are three ways 

to deal with such situations. The first option (taken by Van den Bussche et al., 2009) is to exclude all 

studies that do not report the full data. This would reduce the number of conditions in our analysis from 

106 to 19. Another option is to estimate the effect sizes on the basis of the partial results reported. A 

final option is not to work with standardized effect sizes (such as d) but with the raw difference scores 

mentioned in the articles. Statisticians do not particularly like this score, but in the current case it is 

perfectly acceptable, as all experiments made use of the same dependent variable (RTs measured in ms) 

and absolute differences in RTs are thought to be meaningful. As a further precaution, we calculated the 

correlation between the raw priming effects and the standardized effect sizes for the 19 data pairs we 

had. This correlation was .71 (n = 19). Furthermore, it was attenuated by an outlier we had spotted 

before. Chen, Yamouchi, Tamaoka, and Vaid (2007) reported a large priming effect of 34 ms with 

Japanese Kanji words, which was only marginally significant and resulted in an exceptionally small effect 

size of r = .19 (see Rastle & Brysbaert, 2006, for the use of r as an index of the effect size). This compares 
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to the mean priming effect of 13 ms overall and the mean effect size of r = .34 (which equals to d = .4). 

When the Chen et al. (2007) data pair was deleted, the correlation between the raw difference scores 

and the standardized effect sizes rose to .86. There were no other instances of similarly glaring 

differences between the priming effect in milliseconds and the associated p-value. Therefore, no other 

studies from Appendix A were excluded from the analyses below. 

To find out which factors influenced the priming effects, we ran correlational analyses and mixed effects 

models. The latter are a new type of statistical analysis allowing researchers to enter both continuous 

(linear) and non-continuous variables (e.g., the different languages tested). In addition, these analyses 

enable one to easily introduce random effects. In the present case we wanted to consider the article in 

which an effect was published as a random effect, so that effects due to a single article did not 

contribute excessively to the conclusions. For the rest, the analysis was kept as simple as possible and 

only served as a powerful eyeball technique. In particular, we did not weight the studies as a function of 

their sample sizes and we did not make a distinction between effects that were obtained from different 

samples of participants and effects that were obtained from the same sample. We just wanted to know 

at a descriptive level the main variables affecting the degree of priming. Appendix A contains the 

necessary information for colleagues who disagree with the approach taken and want a more in-depth 

analysis (we are confident that the overall conclusions will not differ in practical terms). 

First, we looked at whether there was a correlation between the size of the participant sample and the 

priming effect reported. As indicated above, a negative correlation would point to a situation in which 

only significant effects have been published (with larger priming effects required for small sample sizes 

than for large sample sizes). Figure 1 shows the results of the analysis. The correlation between sample 

size and priming effect was not significant (r = .126, n = 105) and, if anything, went in the opposite 
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direction (with on average slightly larger effects sizes for studies based on many participants than for 

studies based on fewer participants). 

- - - - - - - - - - - - - - - - - - - - - - - - 

Insert Figure 1 about here 

- - - - - - - - - - - - - - - - - - - - - - - - 

Next we wanted to know whether the priming effect was influenced by the target set size and the 

number of trials presented in the experiment (many experiments contained more trials than the critical 

test trials because fillers were introduced and/or the experiment involved several conditions).  There was 

a positive correlation between the target set size and the priming effect (r = .223, n = 105, p < .05), as 

reported by Van den Bussche et al. (2009). However, there was no such correlation between the number 

of word trials in the experiment and the priming effect (r = .042, n = 105). Figure 2 shows the correlation 

between the number of prime-target pairs used and the size of the priming effect. This picture also 

illustrates the large scatter that is present when the findings are based on a small number of items.  

- - - - - - - - - - - - - - - - - - - - - - - - 

Insert Figure 2 about here 

- - - - - - - - - - - - - - - - - - - - - - - - 

Further correlation checks suggested that the priming effect across studies did not depend on the RT in 

the unrelated condition (r = .053, n = 105), but that there was an effect of target repetition (r = -.226, n = 

105, p < .05), prime duration (r = .280, n = 105, p < .01), and SOA (r = .289, n = 105, p < .01). The effect of 

target repetition was due to the fact that in one article (Bueno & Frenck-Mester, 2008) targets were 
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presented twice and in this article rather low priming effects were reported. Such a correlation due to a 

single source disappears in a mixed model with article as random variable (F(1,17.8) = 2.94, p > .10). 

In the mixed effects model (run on SPSS; see Brysbaert, 2007, for an introduction), we started with a 

model containing only “source article” as a random variable. This gave us a baseline fit (AIC = 801.2 
1
; 

Nparameters = 3). Then we entered the continuous variable SOA as the first fixed effect. As could be 

expected from the correlational analysis, this variable was significant (F(1,103.0)= 19.01, p < .001; AIC = 

788.2, Nparameters = 4). Priming is stronger at long SOAs than at short SOAs. At the shortest durations 

(around 30 ms) priming is nearly absent. Figure 3 shows the relationship. 

- - - - - - - - - - - - - - - - - - - - - - - - 

Insert Figure 3 about here 

- - - - - - - - - - - - - - - - - - - - - - - - 

Next we entered task (LDT vs. naming) as a non-continuous variable. This variable was on the significance 

borderline (F(1, 65.6) = 4.14, p < .05; AIC = 780.2, Nparameters = 5) and did not interact with SOA. In 

numerical terms the mean priming effect of LDT was 17 ms; that of naming was 11 ms (remember from 

Hutchison et al. (2008), however, that this difference may not survive standardization of the RTs). 

Adding language as a non-continuous variable also yielded a significant effect (F(5,14.8) = 2.85, p < .06; 

AIC = 742.3, Nparameters = 10). The mean priming effects were 25 ms in Dutch, 22 ms in Chinese, 13 ms 

in English, 10 ms in Spanish, 6 ms in French, and 2 ms in Arabic. It should be noted, however, that the 

most extreme values (Dutch, French, Arabic) were based on single source articles. There was also some 

evidence for an interaction between language and task, but we feel very unsure about interpreting this, 

                                                           
1
 AIC or the Akaike information criterion is a measure indicating goodness of fit of a model. It takes into account 

both the deviations between observations and predictions and the number of parameters required by the model.    
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as only three languages had observations in both cells. For Chinese and Spanish, the difference between 

LDT and naming was substantial (Chinese: 38 vs 13 ms; Spanish: 15 vs. 7 ms); for English it was not (15 vs. 

13 ms).  

Adding the target set size as a continuous variable to the model did not further improve the fit even 

though the variable itself came close to significance (F(1,42.3)=4.34, p<.07; AIC=743.7, Nparameters=11). 

No further improvements were observed when interaction terms were added. Table 1 summarizes the 

results of the mixed effects model with source article as a random variable, and SOA, task, and language 

as fixed effects. 

- - - - - - - - - - - - - - - - - - - - - - - - 

Insert Table 1 about here 

- - - - - - - - - - - - - - - - - - - - - - - - 

A final test was run on those studies that examined associative priming and included information about 

the forward association strength. There were 34 such conditions. For these conditions there was a 

significant correlation between the priming effect and the association strength (r = .359, n = 34, p < .05), 

also when SOA was partialled out (t(31) = 2.93, p < .05). Figure 4 summarizes the relationship. The 

correlation was attenuated because of 2 outliers with association strength of 66%. These two conditions 

come from the same source (Balota, Yap, Cortese, & Watson, 2008) and involved one naming task and 

one lexical decision task (Appendix A). Interestingly, there was no real difference between articles that 

mentioned the association strength (M = 16 ms) and those that did not (M = 14 ms), arguably because 

most of the latter used a mixture of associativeness and semantic similarity. 

- - - - - - - - - - - - - - - - - - - - - - - - 
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Insert Figure 4 about here 

- - - - - - - - - - - - - - - - - - - - - - - - 

In summary, researchers are least likely to find associative/semantic priming in the masked priming 

paradigm when they use a short SOA, the naming task, and prime-targets with low association strength. 

Longer SOAs, lexical decision, and strong associations between prime and target increase the size of the 

priming effect that can be expected. These relationships may not be earth-shattering, but it is good to 

see them within the wider picture of all the studies run thus far. 

 

Does prime frequency matter? 

To our surprise, a variable that has not received much attention in masked associative priming is the 

frequency of the prime: Is there evidence that at short SOAs a high frequency prime is more efficient 

than a low frequency prime? Such an effect would be expected on the basis of the most elementary 

activation model of associative priming according to which the input to the target (based on the prime) 

depends on the lexical activity of the prime multiplied by the prime-target association strength, i.e., 

Ti(t) = xp(t) * aPT 

where Ti(t) is the input to the target at time t, xp(t) is the activity of the prime’s lexical representation, 

and aPT is the strength of the association between the prime and the target. In principle, the association 

can be direct or mediated by conceptual nodes. 

This model successfully predicts the effects of the association strength between prime and target (Figure 

4): the higher aPT the stronger the input to the target Ti(t). The model also naturally accounts for the rise 

in priming with longer SOAs (Figure 3). Given that the input to the target (Ti) depends on the activity of 
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the prime (xp) and given that the activity of the prime grows over time (t) until a ceiling level is reached, 

the model predicts that for short SOAs the priming effect will increase over the period for which the 

prime is presented. On the basis of Figure 3 we can conjecture that the typical S-shaped activation curve 

does not reach its plateau before an SOA of 80 ms.  

At the same time the model predicts that, if aPT is held constant at some nonzero level, priming should 

be greater for primes that have a more rapidly growing activation function. If there are two primes, P1 

and P2, with xp1(t)> xp2(t) (for t>0), then priming effects should be greater for P1 than for P2. The 

variable most commonly hypothesized to influence the rate of the activation function is prime 

frequency. So, the simplest model to explain both the effects of association strength and SOA, also 

predicts that priming effects should be greater for high frequency primes than for low frequency primes, 

at least as long as the activation levels of P1 and P2 have not reached the ceiling level of their activation 

curves (i.e., for SOAs below 80 ms). 

Some evidence in line with the expected effect of prime frequency can be found in Hutchison et al.’s 

(2008) analysis, discussed above: Even at an SOA of 250 ms, short, high frequency words primed targets 

more than long, low frequency words. Or as Hutchison et al. (2008, p. 1053) summarized their findings: 

“Priming was greater when related primes were short and had few orthographic neighbours. These 

effects were especially pronounced at the short SOA, where priming was also greater following high-

frequency related primes. This pattern makes intuitive sense in that related primes that are quickly 

identified can exert a greater influence on recognition of the target, especially at short SOAs where quick 

identification of the prime is critical.” 

Prime frequency might also account for some unexplained findings in the masked priming literature. For 

instance, it has been found repeatedly that in bilinguals at short SOAs it is easier to prime targets of the 

second language with primes from the first language than vice versa (see Schoonbaert, Duyck, Brysbaert, 
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& Hartsuiker, 2009, for a review). Assuming that bilinguals use their first language more often than their 

second language, such an effect could simply be a consequence of differences in word frequency. A 

related observation was made by Brysbaert, Speybroeck, and Vanderelst (2009). They observed that at 

an SOA of 48 ms it is more difficult to prime target words with acronyms (e.g., BBC-television, ABC-

alphabet) than with words of the same length and association strength (ARK-Noah, ELM-tree), whereas 

equivalent priming was observed at an SOA of 80 ms. Assuming that acronyms are less frequent than 

words, such a finding could also be explained as the result of differences in activation function due to the 

prime’s frequency. 

On the other hand, the prime frequency effect was very small in Hutchison et al. (2008); it was much 

smaller than the effect of prime length. Also, in the only publication we could find that manipulated 

prime frequency in a masked priming experiment, a null effect was reported. Lukatela and Turvey (1994) 

made a distinction between associative primes of high and low frequency and had to hide this 

manipulation behind the significant effect of homophony because it failed to reach significance 

(participants had to name the targets). So, the evidence for an effect of prime frequency in masked 

associative priming is sketchy at best. 

To examine the issue properly, we decided to run two new studies: one with an SOA of 250 ms and one 

with SOAs below 100 ms (i.e., masked priming). The primes differed in frequency and were matched as 

well as possible on a series of other variables (length, forward association strength, backward association 

strength, LSA and orthographic overlap with the target). Similarly the targets of both types of primes 

were matched. Finally, enough stimuli and participants were used to make sure that any frequency 

effect would come out if it was there (assuming we were dealing with a small effect). First, we discuss 

the condition with SOA = 250 ms, the short condition used by Hutchison et al.’s (2008). 
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Experiment 1 

In this experiment, target words were preceded by primes with a high association strength (>50%). 

Primes differed in frequency to find out whether high-frequency words have a stronger priming effect 

than low-frequency words at an SOA of 250 ms. 

Method 

Participants. Thirty students from Royal Holloway, University of London took part in the experiment. 

They all had normal or corrected to normal vision and were unaware of the research hypothesis. They 

were paid for their participation, had given informed consent, and were informed that they could 

withdraw from the experiment at any moment without cost. 

Stimuli. The word stimuli consisted of 180 targets with related and unrelated primes (Appendix B). Half 

of the pairs had low frequency primes (4 per million according to the British National Corpus database; 

Leech, Rayson, & Wilson, 2001; available online at http://ucrel.lancs.ac.uk/bncfreq/), half had high 

frequency primes (148 per million). As shown in Table 2, the stimuli were matched on important factors, 

such as length and semantic overlap with the target as measured with the LSA coefficient (Latent 

Semantic Analysis; Landauer & Dumais, 1997; online available at http://lsa.colorado.edu/). The items 

were also controlled for the forward association strength between the primes and the targets according 

to the University of South Florida Free Association Norms (Nelson, McEvoy, & Schreiber, 2004; available 

online at http://w3.usf.edu/FreeAssociation/) and the backward association strength from the target to 

the primes (also based on the University of South Florida Free Association Norms). The forward 

association strength (FAS) was as high as possible (range: .40 -.83); the backward association strength 

(BAS) was rather low (range: .00 - .39). Finally, the stimuli were matched on the orthographic similarity 

between the primes and the targets (calculated according to the equation given in Van Orden, 1987). 
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The only factor we could not fully control was the orthographic neighborhood of the primes, as 

calculated with N-Watch (Davis, 2005). The high-frequency primes had significantly less neighbors than 

the low frequency primes and the related primes had significantly less neighbors than the unrelated 

primes. According to Hutchison et al. (2008) this could favor the high frequency primes (as they are less 

confusable with other words). 

Two stimulus lists were made according to a split-plot design, so that participants saw half of the targets 

with the related primes and half with the unrelated primes but that across participants each target was 

seen by half of the participants with a related prime and by half with an unrelated prime. 

Next to the word stimuli, we made 180 nonword stimuli. These stimuli were compiled in the same way 

as the word stimuli (i.e., they consisted of 180 target words with highly associated primes and matched 

unrelated primes). Then, the target words were turned into legal nonwords by changing one or two 

letters. 

Procedure. Stimulus presentation was controlled with DMDX (Forster & Forster, 2003). Before the test 

session of 360 trials, participants completed a practice session of 10 trials. On each trial, a fixation 

symbol (+) was presented for 200 ms, followed by a forward mask (######) for 500 ms, the prime word 

for 250 ms, and the target word, which remained visible until the participant made a response or 2000 

ms had elapsed. Participants responded with the dominant hand to the word stimuli (for all but one 

participant the right hand) and with the nondominant hand to the nonword stimuli.  

Results 

Response times longer than 1500 ms were discarded (0.1%). No other data trimming occurred. Table 3 

shows the data. There was no evidence for a speed-accuracy trade-off. Therefore the low error rates 

were not analyzed separately. 
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- - - - - - - - - - - - - - - - - - - - - - - - 

Insert Table 3 about here 

- - - - - - - - - - - - - - - - - - - - - - - - 

With respect to the response latencies, there was a significant priming effect for the low frequency 

primes (F1(1,29) = 62.11, MSe = 212.0, p < .01, d = 1.4, r = .83; F2(1,88) = 29.56, MSe = 1008, p < .01, d = 

.8, r = .50) and for the high frequency primes (F1(1,29) = 21.71, MSe = 437, p < .01, d = .9, r = .65; 

F2(1,88) = 36.20, MSe = 1145, p < .01, d = .8, r = .54). Importantly, there was no hint of an interaction 

(F1(1,29) = .64, MSE = 234.6; F2(1,176) = .33, MSe = 176) nor a main effect due to prime frequency 

(F1(1,29) = 2.76, MSe = 400.0; F2(1,176) = 1.30, MSe = 2030). 

To examine the variables contributing to the priming effect, we calculated the z-scores of the 

participants (Hutchison et al., 2008) and established the priming effect for each stimulus by subtracting 

the z-score of the related condition from the z-score of the unrelated condition. We failed to find any 

significant predictor of these difference scores, possibly because the participant groups were too small 

(twice 15). Another reason may be the restricted range used for several variables as part of our matching 

for potentially confounding variables (e.g., frequency of the target, forward and backward association 

strengths between prime and target, length of the prime).  

  

Discussion 

The priming effects of 25-30 ms, observed in Experiment 1, fit well within the pattern shown in Figure 3 

(associative/semantic priming as a function of SOA). There was no evidence that the frequency of the 

prime made a difference for the degree of priming, contrary to the suggestion made by Hutchison et al. 
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(2008; see above). This may be because the frequency of the prime has no impact, or because both low-

frequency and high-frequency words have reached their maximal activation levels at SOA=250 ms. 

Indeed, eye fixation times in normal reading typically are of the order of 250 ms and at a reading speed 

of 300 words per minute (the speed one would expect for good university students) people recognize 5 

words per minute (admittedly including easy function words such as the articles before the nouns). So, it 

is possible that an SOA of 250 ms is too long to see a clear effect due to the frequency of the prime. 

Experiment 2 examined whether the word frequency effect would become stronger at shorter SOAs. 

Experiment 2 

In Experiment 1 we failed to find a prime frequency effect with SOA = 250 ms. In the present experiment 

we looked at SOAs below 100 ms. More specifically we investigated the associative/semantic priming at 

SOAs of 34, 57, and 80 ms, which are in the time range in which the priming effect starts to emerge 

(Figure 3) 

 

Method 

Participants. Forty-two students from Royal Holloway, University of London took part in the experiment. 

One participant had to be excluded because they made too many errors. All participants had normal or 

corrected to normal vision and were unaware of the research hypothesis. They were paid for their 

participation, had given informed consent, and were informed that they could withdraw from the 

experiment at any moment without cost. 

Stimuli. The stimuli were the same as in Experiment 1. However, because the present experiment 

contained 12 conditions (low frequency/high frequency * 3 SOA levels * related/unrelated), the number 
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of observations per cell was limited to 15. To present all stimuli in equal numbers in each of the 6 SOA * 

relatedness conditions, 6 stimulus lists were made according to a Latin-square design. Each list except for 

one was seen by 7 participants. 

Procedure. The procedure was the same as in Experiment 1.  

 

Results  

Two RTs longer than 1500 ms were omitted (making less than .1%). Table 4 shows the priming effects as 

a function of prime frequency and SOA. As the percentage of errors was low and there was no evidence 

for a speed-accuracy trade-off, no ANOVAs were run on the PE. 

- - - - - - - - - - - - - - - - - - - - - - - - 

Insert Table 4 about here 

- - - - - - - - - - - - - - - - - - - - - - - - 

Analyses of variance were run on the RTs with the variables Prime Frequency (2 levels), SOA (3 levels), 

and Prime Relatedness. These yielded a significant main effect of Prime relatedness (F1(1,40) = 5.88, 

MSe = 1649, p < .03, r = .36; F2(1,178) = 7.67, MSe = 3228, p < .01, r = .20) and a close to significant main 

effect of SOA (F1(2,80) = 3.34, MSe = 947, p < .05; F2(2,356) = 2.34, MSe = 2827, p < .10). The main effect 

of Prime Frequency was nearly significant in F1 (F1(1,40) = 4.00, MSe = 1034, p < .06) but not in F2 

(F2(1,178) = 1.42, MSe = 7271). Neither the interaction between Prime Relatedness and Prime Frequency 

(F1(1,40) = .61, MSe = 152; F2(1,178) = .69, MSe = 3228) nor the interaction between Prime Relatedness 

and SOA (F1(2,80) = .38, MSe = 1280; F2(2,356) = .51, MSe = 2205) reached significance, although a look 
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at Table 4 indicates that the priming effect grows with SOA, also in terms of standardized effect sizes (34 

ms: d1 = .17, d2 = .09; 57 ms: d1 = .22, d2 = .14; 79 ms: d1 = .32, d2 = .18). 

As in Experiment 1, we failed to find significant predictors of the priming effects at the item level 

(expressed in z-scores).  

To have a better idea of the similarities and the differences between Experiment 1 and 2, we ran an 

additional mixed effects analysis with participants and prime-target combination as random effects, and 

SOA, forward association strength (FSG), orthographic overlap between prime and target, log frequency 

of the prime and the target, and the length of the target as fixed effects (Baayen, 2008). Dependent 

variable was lexical decision time to the target word; p-values were based on MCMC sampling. This 

analysis revealed faster responses to high frequency targets (regression weight (B) = -12.4, t = -8.68, p < 

.01), short target words (B = 4.8, t = 4.30, p < .01), short SOAs (B = .15, t = 3.12, p < .01), a high 

orthographic similarity between prime and target (B = .056, t = -3.28, p < .01), and a low prime frequency 

(B = 4.01, t = 3.26, p < .01). Surprisingly, there was no main effect of forward association strength (B = -

7.07, t = -.91, p = .36), but there was a significant interaction between FSG and SOA (B = -.16, t = -3.94, p 

< .01). The latter was due to the fact that the effect of FSG grew stronger with increasing SOA (i.e., it was 

strongest for SOA = 250 ms and weakest for SOA = 34 ms). There were also significant interactions 

between SOA and log prime frequency (B = -.02, t = -3.31, p < .01) and between SOA and orthographic 

similarity between prime and target (B = .0002, t = 2.79, p < .01). These were due to the fact that the 

effects of prime frequency and orthographic similarity were limited to the masked priming conditions. 

They were not present in Experiment 1 (SOA = 250 ms). Similar (but less pronounced) results were 

obtained when FSG was replaced by LSA. 
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Discussion 

As in Experiment 1, the priming effects observed fitted well within the general pattern of priming effects 

reported in the literature (Figure 3). At SOA = 34 ms priming was almost absent (5.5 ms); at SOA = 57 ms 

there was a priming effect of 9.5 ms, which grew to 12.5 ms for SOA = 79 ms. Although the latter tends 

toward the low end (certainly for the high frequency primes, given the values we obtained in the other 

conditions and in Experiment 1), it is within the range of effects reported at this SOA (Figure 3). 

Again, however, we failed to obtain any evidence for stronger priming with high-frequency words than 

with low-frequency words. As in Experiment 1, the effect tended to be in the opposite direction, 

suggesting that despite our efforts to match the two prime lists, the list with high-frequency primes 

contained a few less good items (on the basis of the available evidence, we do not want to postulate an 

inverse frequency effect). 

 

General discussion 

The present studies were designed to find out whether the frequency of the prime is an important 

variable in masked associative/semantic priming studies. Such an effect would be in line with a simple 

model that sees associative priming as the outcome of activation input from the prime’s lexical 

representation to the target’s lexical representation, with the activation build-up depending on (i) the 

association strength between the prime and the target and (ii) on the activity level of the prime’s lexical 

representation. Such an effect would further be in line with Hutchison et al.’s (2008) finding that short, 

frequent words with few orthographic neighbors induce the strongest priming effects. Finally, it would 

also provide an explanation why it is difficult to find priming with low frequency stimuli (words in L2, 

acronyms) at very short SOAs. 
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Against the above lines of reasoning, however, we failed to find any support for a difference in priming 

between words with an average frequency of 4 per million and words with an average frequency of more 

than 120 per million. This was true both for an SOA of 250 ms (Experiment 1) and SOAs below 100 ms 

(Experiment 2). In particular the latter is surprising given that the activation function is increasing faster 

for high-frequency than for low-frequency words. According to the Elexicon project (Balota et al., 2007) 

the low-frequency primes we used take about 50 ms longer to be recognized in a lexical decision task 

than the high-frequency primes (675 ms vs. 626 ms). Still, if anything, they induced slightly more priming, 

even in the masked priming conditions of Experiment 2. Previously, Lukatela and Turvey (1994) had also 

failed to obtain a difference in associative priming between high and low-frequency primes, and the 

empirical evidence for a specific contribution of word frequency in Hutchison et al. (2008) was rather 

weak (only the effect on error rate in the long SOA condition with lexical decision was significant; see 

tables 4 and 5 of their article). Together these findings make it quite unlikely that prime frequency could 

influence the degree of associative priming either at long or at short SOAs. Instead, it seems there is 

more need to try to understand why frequency fails to have an impact. 

To get a better insight, we decided to have a closer look at the performance of a computational model 

that has been proposed for semantic and associative priming (Plaut, 1995; Plaut & Booth, 2000). In this 

distributed connectionist model artificial orthographic inputs make contact to a layer of semantic units 

through a layer of hidden units. Semantic similarity of the input words is introduced by grouping the 

words into 8 semantic categories; words of the same category have overlapping semantic 

representations. Associative priming is simulated by manipulating the probability of a word being 

followed by a word of the same category: Chances that a word from the same category follows the prime 

word are twice as high as those of an unrelated word following the prime. In other words, the 
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“associative boost” (Lucas, 2000) in the model is caused by the transition probabilities in the training 

phase. 

Plaut (1995) and Plaut and Booth (2000) showed that their model is capable of simulating many patterns 

of human data. For instance, the model simulated the larger priming effect for low-frequency targets 

than for high-frequency targets, and the fact that this effect interacted with the perceptual ability of the 

participants (it was particularly present for the high-ability group). Unfortunately, neither Plaut (1995) 

nor Plaut and Booth (2000) discussed the impact of prime frequency in their model. 

When contacted, Plaut (personal communication, June 12, 2009) kindly provided us with the outcome of 

the model as a function of prime frequency and SOA. These data are shown in Figure 5.  The SOA of the 

model was set so that it equaled 50 ms, 100 ms, 200 ms, or 800 ms. Although there was some more 

priming for high-frequency primes than for low-frequency primes, ANOVAs over stimuli indicated that 

the difference did not reach significance until at the longest SOA (800 ms). Another interesting result was 

that the difference between high and low-frequency primes grew bigger with longer SOAs, in contrast 

with our intuition that high-frequency primes would have a particular advantage at short SOAs given that 

they are more efficient at activating their meaning. 

- - - - - - - - - - - - - - - - - - - - - - - - 

Insert Figure 5 about here 

- - - - - - - - - - - - - - - - - - - - - - - - 

The observation that high-frequency primes do not result in significantly more priming in Plaut’s model 

seems to be the outcome of two variables. First, the activation of semantic features takes quite some 

time, which explains why the difference between high and low-frequency primes increases with longer 
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SOAs. The second reason has to do with the co-occurrences of high-and low-frequency words 

(remember that in Plaut’s model associative priming is operationalized as the transition probability 

between prime and target). On average, we can expect that the relative chances of a low-frequency 

prime being followed by its target are higher than the relative chances of a high-frequency prime being 

followed by its target. Take, for instance, the two primes “surgeon” and “doctor” and the target 

“hospital”. The first prime is much less common than the second (16 per million words vs. 264 per 

million words; Brysbaert & New, in press). However, when it occurs, it is likely to be followed shortly 

afterwards by the word “hospital”. In contrast, because “doctor” is a high-frequency word it is 

encountered in many more contexts than those related to “hospital”. Such a difference in relative 

probabilities could explain why low-frequency primes are better than high-frequency primes to activate 

their target. This is particularly the case when the frequencies of the targets are matched for the high-

frequency and the low-frequency primes, as happened in our study (in unselected, real-life materials it is 

not unreasonable to assume a positive correlation between the frequencies of primes and targets).  

It might be objected that our selection of stimuli prevented such a bias from happening. After all, the 

high- and low-frequency primes were matched on LSA and on forward and backward association 

strength. However, on further scrutiny this matching may not have been strict enough. The LSA measure, 

for instance, estimates the chances of two words occurring in similar contexts, not of the target following 

the prime. In addition, this measure is known to be affected by the frequencies of the words involved in 

the comparison (Shaoul & Westbury, 2006). 

To have a better estimate of the chances of our primes being followed by their target, we contacted 

Shaoul, who kindly provided us the HiDEx (High Dimensional Explorer) probabilities of each prime being 

immediately followed by its target (personal communication, August 7, 2009). As predicted, the 

probability of the related low-frequency primes preceding their targets (.76%) was higher than the 
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probability of the related high-frequency primes preceding their targets (.10%; the probabilities of the 

unrelated primes preceding the targets were .01% for the low-frequency primes and .003% for the high-

frequency primes). This resulted in a next to significant interaction between Prime Frequency and Prime 

Relatedness (F(,1,178) = 5.43, MSe = 2.95, p < .08).
2
 

The idea of differences in transition probabilities as the mechanism underlying associative priming can 

also be implemented in a localist connectionist model. Assuming that all connections between activated 

words and active concept nodes become stronger under the influence of Hebbian learning, one can 

expect that high-frequency primes (which occur in many different contexts) will become connected to 

many more conceptual nodes than low-frequency primes. Further assuming a process of lateral 

inhibition between competing concept nodes or a normalization of the word output weights, it follows 

that the word nodes connected to a small number of concept nodes will be more efficient in activating 

the nodes than words connected to a large number of concept nodes. 

In summary, although the null-effect of prime frequency at different SOAs was quite surprising to us at 

first sight, it does not seem to be at odds with the dynamics of computational models and it constrains 

the dynamics of these models in interesting ways. In addition, finding that prime frequency does not 

make a difference in masked associative/semantic priming has practical implications as well. In 

particular, it means that differences in word use cannot be invoked to explain systematic differences in 

priming effects between various types of stimuli. For instance, Van den Bussche et al. (2009) noticed that 

larger priming effects were observed with nonverbal stimuli than with verbal stimuli. Similarly, it has 

been reported repeatedly that it is more difficult to prime targets from the first language with 

semantically related words from a second language than the other way around (Schoonbaert et al., 

                                                           
2
 It might be objected that the absolute frequencies are too low to have any practical impact. However, these are 

the probabilities of the primes being followed immediately by their targets. If a wider window of a few 

intermediate words is used, the absolute values can be expected to increase substantially. 
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2009). Although it is tempting to attribute these differences in priming capacity to variations in the 

amount of experience with the various stimulus types, the present data (together with those of Lukatela 

& Turvey, 1994) strongly suggest that the frequency with which stimuli are encountered is of little 

importance in associative priming at short SOAs. It seems more worthwhile to look for other factors to 

explain these empirical findings. 
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Table 1 : Significant variables in the mixed effects analysis of the studies listed in Appendix A. Task = 

naming vs. lexical decision. 

 

 
 Type III Tests of Fixed Effects(a) 
 

Source Numerator df Denominator df F Sig. 
Intercept 1 71,152 ,366 ,547 
Task 1 42,702 7,931 ,007 
SOA 1 96,192 20,713 ,000 
language 5 14,761 2,851 ,053 

a  Dependent Variable: Prim. 
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Table 2 : Characteristics of the stimuli used in Experiments 1 and 2. BNC = British National Corpus, LSA = 

latent semantic analysis, FAS = forward association strength, BAS = backward association strength, Orth-

sim : orthographic similarity. 

 

    Low frequency primes   High frequency primes 

    Rel.  Unrel. Target   Rel. Unrel. Target 

Frequency (BNC)  4.0 4.0 123.2   124.1 124.1 172.3 

Length (letters)   5.5 5.5 4.8   6.0 6.0 4.8 

N     4.3 4.7 6.3   2.8 3.9 5.6 

LSAprime-target   .44 .04    .47 .09 

FASprime-target   .55 .00    .52 .00 

BASprime-target   .09 .00    .12 .00 

Orth-simprime-target  124 125    129 122  
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Table 3: Results from Experiment 1 (SOA = 250 ms). Between brackets: the standard deviation of the 

priming effect across items. 

    Low frequency prime   High frequency prime 

    RT  PE   RT  PE 

Related    508  .01   504  .02 

Unrelated   538  .03   529  .03 

Priming effect     30 (60.7)       25 (61.1)
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Table 4: Results from Experiment 2 (SOA < 100 ms). Between brackets: the standard deviation of the 

priming effect across items. 

 

SOA = 34 ms 

    Low frequency prime   High frequency prime 

    RT  PE   RT  PE 

Related    524  .02   538  .05 

Unrelated   529  .04   544  .04 

Priming effect       5 (71.9)         6 (62.6)  

 

SOA = 57 ms 

    Low frequency prime   High frequency prime 

    RT  PE   RT  PE 

Related    531  .02   534  .04 

Unrelated   540  .05   544  .03 

Priming effect       9 (72.7)      10 (76.3) 

 

SOA = 79 ms 

    Low frequency prime   High frequency prime 

    RT  PE   RT  PE 

Related    518  .02   526  .01 

Unrelated   539  .04   530  .04 

Priming effect     21 (71.8)        4 (74.1)  



37 

 

 

 

 

Figure 1 : The lack of a relationship between the size of the priming effect and the size of the participant 

sample. This suggests that there has not been a publication bias only to report significant effects. 
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Figure 2: Relationship between the prime size and the number of stimuli used in the experiment. 

Notice the negative priming effects for small stimulus samples.  
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Figure 3: Relationship between SOA and the priming effect. At the shortest SOA (30 ms) the priming 

effect is close to 0; at the longest SOAs (80-100 ms) it is around 20 ms. 
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Figure 4: Relationship between the prime-target association strength and the priming effect. In general 

the effect is positive. The two outliers at Assoc = 66% come from a single study. 
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Figure 5 : Priming effects for low- and high-frequency primes in Plaut’s (1995) computational model 

of semantic and associative priming as a function of SOA. Only at SOA = 800 ms does the difference 

between high- and low-frequency primes reach significance. 
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Appendix A: Studies used in the mixed effects analysis 
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Appendix B : Stimuli used in Experiments 1 and 2 
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