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I. Background and objectives

I.1. Historical background: the role of interference and inhibition in human forgetting

Although the history of experimental research on human memory embraces almost 150
years, the investigation of retrieval processes was a neglected area until the late 1960s. For
most of the scholars of human learning and memory, a fixed testing condition was a gold-
standard of memory experiment to adequately assess learning performance. However, since
the pioneer work of Endel Tulving (e.g. Tulving and Pearlstone, 1966, Tulving and Thomson,
1973), retrieval was not regarded as a fixed condition in memory experiments anymore,
instead as a dynamic, self-limiting process, which can significantly alter remembering.
Forgetting has been a central topic of research on human memory since the seminal work of
Ebbinghaus (1885). From the point of view of the presented studies in this dissertation, it is a
crucial issue whether forgetting is an adverse side effect of inadequate consolidation
processes or an adaptive and inherent feature of retrieval processes. The following short
review aims to summarize the most important findings and theories concerning the complex

relationship between retrieval and forgetting.
1.1.1. Retrieval cue and forgetting

The first significant scientific quarrel in the realm of memory research concerning human
forgetting was between trace decay and interference theories. Whereas trace decay theories
focused on the representation of target memory, interference theories emphasised the
relationship between retrieval cues and target memories (see reviews of Crowder, 1976;
Anderson & Bjork, 1994; Anderson & Neely, 1996). Trace decay theories assumed that the
representation of target memories deteriorates with time, memory traces simply dissolve
and become no more available (Jenkins & Dallenbach, 1924; Hebb, 1949; Minami &
Dallenbach, 1946). In contrast, according to theories of interference, the representation of

target memories remains intact, but later learning affects the relationship of cues and target

12
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memories. From the numerous experimental paradigms that have been developed to check
this latter assumption, those two would be discussed here which hold the greatest
significance regarding the theories and experiments of this dissertation. One of these
experimental procedures is the A-B, A-D learning paradigm, where ‘A’ items designate the

retrieval cues in two learning lists whereas ‘B’ and ‘D’ are for the associated response items.

In the A-B, A-D learning paradigm there is a decrease of retrieval performance of the
first learning list, which is a result of the retroactive interference caused by the second
learning list. One of the most significant explanations given to this phenomenon was the so-
called "occlusion hypothesis" of McGeoch (1936, 1942), claiming that forgetting is a result of
the competition of items connected to identical retrieval cues. The more identical the two
response items are, the greater their competition would be, so in an A-B, A-D learning
situation the recall of B responses would be impaired due to the adverse effect of D
responses. It is important to note that, however McGeoch (1942) often uses the term
retroactive inhibition in his works, it is only a description of the impaired retrieval of B
responses and does not refer to any underlying mechanism involving the active inhibition of

an item or a cue-target relationship.

Although according to McGeoch, the retroactive inhibition appearing in the A-B, A-D
learning situation depends on the strength of A-D relationships, i.e. the intrusion of D
responses, he considered the effect of two other factors as well, that of the altered stimulus
and of the searching of the inappropriate set. These two factors of McGeoch's theory did not
receive much attention later, and so his concept has widely been regarded as a simple
response-competition model ever since (e.g. Anderson & Neely, 1996; but see Crowder,
1976). However, from the point of view of theses of this dissertation these two factors bear
with significance. The phenomenon of altered stimuli calls attention to the fact that during
episodic coding the representation of a nominal stimulus is modified by the contextual,
episodic information of the learning situation and the functional stimulus the subject aims to
retrieve later is a result of this coding process. Therefore it is possible that the original
nominal stimuli will not be appropriate later to activate the functional stimuli (response)
which results in forgetting as a behavioural consequence (McGeoch, 1942; see also Guthrie,
1935; Estes, 1955). The third important factor according to McGeoch is the selection of

appropriate searching strategies, as forgetting may be the consequence of the subject's
13
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searching an irrelevant learning set, in other words forgetting could take place, even with

intact memory representation, as a consequence of inappropriate retrieval cue.

The other significant account of retroactive inhibition effect in the A-B, A-D learning
paradigm was introduced by Melton and Irwin (1940). This hypothesis suggested that the
later learning of A-D association extinguishes the A-B association. This account presumes
that the intrusion of newly learned responses explains only some part of the forgetting
effect. This account based on findings showing that the amount of intruding errors deriving
from A-D responses stops increasing after a while when repeated intervening learning
phases are used, whereas the retroactive inhibition appearing in the number of A-B
responses keeps increasing. According to Melton and Irwin (1940) the only explanation for
this result can be the gradual decreasing of the strength of A-B relationships while A-D
relationships are developed. This ‘unlearning’ theory therefore claims that a permanent
change occurs in the representational activity of cue-target relationships. It should be
emphasised that later main stream ‘inhibitory theories" do not consider this account an
"inhibitory" one for two reasons: one is that the change does not occur in the representation
of the target memory but in the cue-target relationship, and the other is that this change is

not a temporary suppression but has a more or less permanent nature.

Beside the A-B, A-D learning situation another experimental procedure, called part-
set cueing became highly influential in experimental research of forgetting. It refers to a
situation affecting episodic memory when the retrieval of certain items of a set (a learning
list, a category etc.) reduces the probability of retrieving other items from the same set
(Slamecka, 1968, 1969). It has been shown that the part-list cueing effect can be released
with the same intensity whether the cues are words of the original learning list, or extra-list
words from the same category (Roediger, 1973; Watkins, 1975). Some studies have even
found that intra-list words caused a bigger_part-list cueing effect when cues were from the
same category as target words, and the effect existed with non-categorised lists, as well

(Mueller & Watkins, 1977; Roediger et al., 1977; Roediger & Neely, 1982; Nickerson, 1984).

Although several explanations have been given to the part-list cueing effect, here
only those models will be discussed in the following short paragraphs which have some

relevance to the theories and paradigms of memory that are in the focus of this dissertation.

14
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The main reason why part-set cueing has evoked such great interest in researchers of human
forgetting was that this phenomenon questioned the previously dominant theoretical
models assuming a direct association between memory items and an activation spreading
along this associative chain. According to these theories the presentation of associating cues
should facilitate and not inhibit the retrieval of target memory items (e.g. Anderson, 1972;

Postman, 1971; Collins & Loftus, 1975).

Watkins (1975) explains the effect so that cues increase the length of the list to be
remembered which, in turn, decreases the retrieval probability of particular items. This idea
was, however, undermined by results showing that extra-list cues elicit weaker inhibition
and that intra-list words not from the categories of tested words do not elicit an inhibitory
effect (Roediger et al., 1977; Mueller & Watkins, 1977). Taking these empirical data into
consideration, Mueller and Watkins (1977) modified Watkins' original idea: their so-called
cue-overload account suggests that target words and cue words are integrated in a higher
unit or episode and the more items are associated to a cue, the lower the retrieval
probability of particular items would be (Murdock, 1962; Tulving & Pearlstone, 1966). This
means that in the retrieval phase cues from the same category overload the retrieval cue
which results in a decreased retrieval performance. This assumption is supported by the so-
called fan-effect: the more facts a subject has to associate to the same topic area, the longer

the retrieval time of particular facts would be (J. R. Anderson, 1974).

The two theories to be presented next are based on the same principle as that of
McGeoch (1942): inhibition is the consequence of the fact that some cue-item relationships
are strengthened at the expense of other cue-item links. According to the influential
sampling-with-replacement model of Rundus (1973), memory structures are hierarchically
organised and memory search is controlled by various set cues or control elements (the
phrase of Estes, 1972). Memories acquired during list learning are organised into a three-
level hierarchy, in which the highest level represents the list-wide context and the middle
level includes category names (i.e. the control elements) through which we can access the
lowest level of particular words. The retrieval probability of particular words depends on
how strongly they are related to control elements, and the retrieval of a certain item
enhances its relationship with the control element. Memory retrieval stops automatically if

repeated retrieval attempts do not produce new items. The part-set cueing effect arises
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because during retrieval certain control elements are presented, thereby related items are
repeatedly retrieved, and after a while the searching process stops. The idea of Rundus is
supported by Roediger's (1978) findings that the more category names are presented from a
learning list, the lower retrieval probability would words from other categories have. The
model of Rundus, therefore, explains part-set cueing with the principle of occlusion without

assuming the operation of a specific inhibitory mechanism.

A very similar, and up to the present very popular, concept is the SAM (search of
associative memory) model of Raaijmakers and Shiffrin (1981). In contrast with the
hierarchical theory, the SAM model assumes that the phenomenon of part-set cueing cannot
be fully explained by vertical relationships between cues and target memories, but the
importance of inter-item relationships should be considered as well (Slamecka, 1972;
Rundus, 1973; Roediger, 1974). According to the SAM model, memory retrieval is a cue-
dependent process, in which in each step of the search process a particular set of cues is
assembled that activate certain target items (or images, or samples). The information of the
sampled image is accessed, unpacked and evaluated, which process is called recovery. Thus,
in the free-recall phase subjects first retrieve specific contextual cues associated to the list-
learning situation, then the first target items that are the most intensely related to these
cues. From this point on cues already involve both these retrieved items and the context,
and through item-item associations further items get retrieved. This retrieval cycle goes on
as long as new items can be accessed, and when there is no more, a stopping rule terminates
the searching process. An interesting suggestion of the SAM model is that although in many
cases the changing of the cue-target relationship is responsible for forgetting - for example
in the A-B, A-D paradigm -, this is not the case with the part-set cueing phenomenon. Using
computer simulation, Raaijamakers and Shiffrin (1981) showed that neither the enhanced
relationship between context and particular target items, nor the stopping rule are
accountable for the part-set cueing effect (although those were the central features of the
theory of Rundus, 1973). The only factor responsible for eliciting the effect is that while in a
free-recall situation subjects first recall those items that have the strongest connection with
the context and with other items, in a part-set cueing situation the cues given are not those
with the strongest connections, so they would not help the recall of so many items. It is
important to emphasise that although there is a fundamental difference between the
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explanations of Rundus (1973) and Raaijamakers & Shiffrin (1981) regarding the part-set
cueing phenomenon, both claim that retroactive inhibition is due to the increase in the
activation of cue-item relationships (or item-item links in the SAM model) and do not
presume a change in the activation of the representation of cues or target memories

themselves.

The following group of theories of retroactive inhibition has the common starting
point that one cue can have only one related memory response (Martin, 1971). So, for
example, although the "A" words are identical in the first and second learning lists the A-B,
A-D paradigm, they are influenced by the various responses associated to them and by the
contextual signs during encoding process, so that they become functionally different. After
the A-D learning phase the functional "AD" variant of the nominal "A" cue would be more
accessible, so subjects would more probably produce a "D" response. This presumption, also
referred to as meaning bias, explains part-set cueing effect as a result of the change in the
representation of cues (Sloman et al., 1991). According to this idea, the greater the
overlapping of functional cues is in the learning and in the test phases, the better the recall
performance would be, and since the arbitrary cues in the part-set cueing situation are not
congruent with those in the learning situation it would result in an impaired recall

performance.

The theory to be finally discussed assumes a change in the organisation of responses
to be the underlying mechanism of retroactive inhibition. The response-set inhibition theory
of Postman et al. (1968) claims that the facilitation of new responses and the inhibition of
old ones may underlie forgetting. During recall subjects have to respond to a cue and when
several responses are associated with the same cue, subjects have to exclude intruding
alternative responses in order to select the right one. Postman assumes this to be the reason
why retroactive interference decreases in recognition tests where subjects have the right
response in front of them and they only have to pick it from among the others, and also in
the so-called "modified-modified" retrieval situation where more than one response can be
given to a given cue. Although Postman et al. (1968) define retroactive inhibition as a
phenomenon where the whole set of inhibited items gets suppressed, they do not make a
clear statement as for the activation level of to-be-forgotten items. Their theory allows for a

possibility that retroactive inhibition is elicited by subjects' use of some searching criterion
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(they call it a "general purpose-selector mechanism") which rejects emerging target
memories in case of certain contextual signs (e.g. signs referring to the first list in the A-B, A-
D paradigm). In this case, however, the activation level of the representation of target
memories would be unchanged and the retrieval strategy could be responsible for
retroactive inhibition (Postman et al., 1968, Postman & Underwood, 1973). The model of
Postman and his colleagues gives a clear explanation for retroactive inhibition appearing in
the A-B, A-D paradigm, where neither a competition of responses, nor cue-overload is
present. However, it fails to interpret results when retroactive inhibition occurred in a
mixed-list experimental design where both experimental A-D items and control C-E items
were randomly intermixed in the list following the A-B learning phase (see Crowder, 1976;

Anderson & Neely, 1996).
1.1.2. The rise of the concept of retrieval inhibition

In the 1960’s a new experimental paradigm was invented, which caused difficulties for
contemporary theories of human memory. In the experimental procedure called "directed
forgetting" subjects have to intentionally forget some previously learned information. The
difference between this situation and those annoying everyday examples of spontaneous
forgetting is that in this case the subject wants to forget something in order to be able to

learn something else more successfully.

Two basic experimental procedures of directed forgetting has been developed: one is
the "item method" or "word-by-word" which means that during the learning of a word list
(item list) each word is accompanied by a cue indicating whether that particular word should
later be remembered (R-word) or forgotten (F-word). The other procedure is the "list
method" in which the learning of a whole word list is followed by a cue (remember or forget)

and then a second list has to be learned.

A plethora of experimental data show that the recall of words is significantly worse
following an F instruction than in the control group receiving an R instruction. An important
finding is that F-words do not cause the same level of proactive interference than R-word
does: the amount of previously learned F-words does not influence the recall performance
of R-words (Bjork, 1970). The impaired recall of F-words and improved recall of R-words (this

is called the DF effect) suggest that subjects "obey" the instruction and really forget the F-
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words. Another interesting phenomenon is that F-words do not intrude the free recall of R-
words (Reitman et al., 1973), even if there is an explicit instruction to recall F-words (e.g. if

the recall of each F-word is rewarded, (Woodward & Bjork, 1971).

Bjork originally suggested that there are two mechanisms underlying these
phenomena. One is the segregation or separate grouping of F- and R-items and the other is
the selective rehearsal of F- and R-items (Bjork, 1970). According to the hypothesis of
selective rehearsal, subjects keep the items in mind with a shallow rehearsal until they
receive the cue (F or R cue), and only when particular items turn out to be R-words do they
start a deeper, more elaborate rehearsal. The theory of selective rehearsal is supported by
such findings like that extending the time before the appearance of the cue has no influence
on recall (Woodward et al., 1973) and that the forgetting curve is significantly steeper in the

case of F-words (Weiner, 1968).

According to the principle of segregation, a successful DF effect can only be achieved
if subjects are able to separate F- and R-items properly. Shebilske et al. (1971) showed that
categorised F-items tend to intrude much less than those not categorised, however, the
segregation of F- and R-items is possible within one category, as well (Woodward & Bjork,
1971). The importance of segregating the two sets was further shown by Geiselman and
Richle (1975) in their experiment on sentences: when both R- and F-sentences were
categorised, the recall performance of R-sentences was much better than in the other case

when all sentences were mixed together.

Another interesting result is that when F-items are categorised and R-items are not,
the recall performance of R-items is much better than in the reverse case (when R-items are
grouped and F-items are not). This means that the F-instruction can reduce proactive
interference only if F-items are organised into a set (see MaclLeod, 1998). For the theoretical
assumptions concerning directed forgetting it is an important result that the forget
instruction can reduce only proactive interference but not retroactive interference. For
example, when, using the list method, subjects were told to forget the second list after
having learned it, no DF effect was found (Block, 1971). It is therefore crucial to give the
forget instruction during the encoding process, because if it is given during recall, no DF

effect would occur.
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There is much debate concerning the nature of the forget instruction, and
experimental results are rather contradictory. EImes et al. (1970) found that the F-cue has to
be explicit in order to achieve successful directed forgetting, while Epstein (1969) could elicit
a DF effect also when subjects had to recall only the end of a word list (i.e. when the forget
instruction was implicit). Weiner and Reed (1969) gave their subjects two kinds of F-cues,
"forget it" and "don't rehearse it", and found that the instruction calling for non-rehearsal
was much less effective than the explicit forget instruction. The forget instruction proves to
be most effective when it is given directly after learning the F-words, and it is much less
effective when some R-words have to be learned as well before the F-instruction (Timmins,
1974). The recall of R-words is best when there is a short delay before the cue, while in the
case of F-words there should be a long delay. This supports the assumption that the DF

effect is partly caused by the different rehearsal techniques of R- and F-words.

Although the mechanism of selective rehearsal is useful in understanding directed
forgetting, intentional forgetting is a general characteristic of the cognitive system and,
therefore, it does not only concern the learning of word lists. For example, Burwitz (1974)
demonstrated directed forgetting in the learning of simple motor responses. In his
experiment subjects had to learn the operation of a lever without any visual feed-back. After
learning four different movements subjects had to repeat a fifth one and they could repeat it
significantly better when they were told to forget the previous four movements. Cruse and
Jones (1976) used unrehearsable sounds as stimuli: when some of the sounds given were F-
sounds, the reaction time of the recognition of R-sounds was much shorter than in the case
when there were only R-sounds. These experiments all support the assumption that

selective rehearsal itself cannot fully explain the directed forgetting effect.

It would also be important to know how the elaborateness of encoding affects the
pattern of directed forgetting. According to the hypothesis of selective rehearsal, subjects
keep the F-words in mind with a shallow rehearsal until they receive the cue, and right after
the forget instruction they stop processing F-words. It is not yet clear what happens when
the elaborateness of the processing of F-words is manipulated. The experimental results are
contradictory, for example Wetzel (1975) found that manipulating the level of processing
does not influence the DF effect, while Horton and Petruk (1980) showed that the recall rate

of R-words is significantly higher in case of semantic encoding than in case of phonemic or
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structural encoding. Horton and his colleagues conclude that the deeper level of encoding
separates F- and R-sets more clearly. However, Geiselman, Rabow, Wachtel and MacKinnon

(1985) found no DF effect in case of the deep processing (synonym generation) of F-words.

Another interesting result is that maintenance of rehearsal affects knowing and not
remembering, while elaborative rehearsal affects remembering and not knowing (Gardiner,

Gawlik & Richardson-Klavehn, 1994).

Bjork (1970), who originally assumed segregation and selective rehearsal to be the
two main causes of the DF effect, suggests that the basis of segregation may be the
chronological information concerning the position of R- and F-words. This hypothesis is
supported by the fact that there is a difference in how well subjects can determine the
sequential position of recalled R- and F-words. According to Tzeng et al. (1979), if subjects
have to decide which group of five words contained a particular word, they can locate R-
words much more precisely than F-words. These results were later replicated by others as
well (e.g. Jackson & Michon, 1984). In the 1970s one of the most challenging questions was
to explore the exact differences between the encoding of F- and R-words. The findings are
quite contradictory as in many experiments both the recall and the recognition of F-words
were less successful, while in other cases a DF effect appeared only in recall but not in
recognition tasks where, in the latter case, the advantage of R-words disappeared. Basden
and Basden (1998), however, pointed out that these contradictions were due to the use of
different experimental techniques. When using the item method there is a DF effect both in
recall and in recognition tasks, while in the case of the list method it is only in recall that F-

words reliably show a significant decrement.

These contradictions suggest that there are different mechanisms underlying these
two forms of directed forgetting. In the item method one of the most important mechanisms
seems to be that after receiving the cue subjects do not rehearse the F-words any more. This
assumption is supported by the fact that both the recall and recognition performances of F-
words are poorer in this situation, subjects simply do not learn the F-words so well. The
mechanism eliciting a forgetting effect in the list method was first demonstrated by
Geiselman, Bjork and Fishman (1983) in an important experiment. Their subjects had either

to learn some words or just decide about their attractiveness, while, at the middle of the
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word list, they were given a forget instruction. This caused an impairment in the later recall
of the first half of the word list, surprisingly to the same extent in the case of learned words
and words judged for attractiveness. Selective rehearsal could not have played any role in
the case of words judged for attractiveness since those words did not have to be learned at
all. To explain their results Geiselman and his colleagues assumed that the recall of F-words
declined as a consequence of the retrieval inhibition triggered by the F-cue. This idea is
supported by the fact that the recognition performance of F-words is just as good as that of
R-words, which means that the appearance of F-words in the recognition test releases

inhibition.

Geiselman and Bagheri (1985) gained further evidence in support of the retrieval
inhibition hypothesis when they found that if subjects are instructed to re-learn both the F-
and the R-words after the DF procedure, then there is a greater improvement in the case of
F-words than in the case of R-words. Now subjects were much more likely to recall F-words
than R-words from all the words that previously could not be recalled. In the second
experiment of Geiselman and Bagheri the improvement in the recall performance of F-words
was so significant after re-learning that subjects were able to recall more F-words than R-
words. Considering these results Bjork (1989) proposed that an inhibitory process operates
in case of the list method that prevents the recall of F-words. In Bjork and his colleagues'
definition this inhibition is a "possible mechanism that results in loss of retrieval access to
inhibited items, without a commensurate loss, if any, in the availability of those items"

(Bjork, Bjork & Anderson, 1998, p.105.).

Bjork emphasises that inhibition is meant in a strong sense (i.e. as suppression),
indicating that inhibition is not the automatic result of the strengthening of other items but
of an explicit suppression of the to-be-forgotten items (Bjork, 1989). However, this does not
necessarily imply that the person can intentionally control the inhibitory process itself. This
hypothesis is, indeed, very similar to Freud's original concept of repression (see Erdelyi &
Goldberg, 1977). We might even say that many researchers find the directed forgetting
procedure so interesting exactly because they expect it to be the experimental model of
repression (Anderson & Green, 2001; Conway, 2001, but see Kihlstrom, 2002). The
psychoanalytic literature considers repression a process used by the subject for referring

certain thoughts, images and memories related to instinctual drives to the domain of the
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unconscious. Repression happens when the satisfaction of a certain impulse would cause

unpleasure from another point of view (Freud, 1926).

Although later psychoanalytic writings consider repression an unconscious defence
mechanism, Freud originally described it as an intentional suppressive technique. The
relationship between directed forgetting and repression appears so evident that there had
already been some attempts to connect the two, even before the inhibition theories of DF
were developed. For example, Weiner and Reed (1969) thought that the study of the

directed forgetting phenomenon would help to explore the mechanism of repression.

The A-B, A-D learning paradigm - where B and D are loosely associated words - has
already provided some relevant results: if subjects got a slight electric shock during learning
D, then the re-learning of B was found to be impaired, too (Glucksberg & King, 1967).
According to Weiner (1968), forgetting happens faster in the case of those items that are
associated with an electric shock both during encoding and retrieval. However, despite
Weiner's findings, the similarities between repression and directed forgetting were ignored
for a long time, as researchers were mainly interested in the characteristics of F-words and

the circumstances under which they may appear in recall.

Inhibition resulting from the competition of different representations is the central
element of the hypothesis of Conway and his colleagues concerning directed forgetting
(Conway et al., 2000). They propose that inhibition occurs in a directed forgetting procedure
only if the to-be-forgotten and to-be-remembered items are similar in type. The idea here is
that similar but distinct lists compete in memory in terms of their potential memorability. If
two lists have a similar potential, then they interfere with each other and one of them must
be inhibited in order to maintain the potential memorability of the other. This hypothesis is
based on the function of directed forgetting - the reducing of the disturbing effect of present
but irrelevant information -, and this occurs when to-be-forgotten items interfere with to-

be-remembered items.

It is also important to explore the retrieval circumstances under which the forget
instruction can evoke a retrieval inhibition effect on items to-be-forgotten. Bjork and Bjork
(1996) believes that to elicit inhibition the original learning episode should be present

somehow. In case the retrieval of to-be-forgotten items happens in a situation when the
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subject cannot access the original learning episode, then no DF effect would appear (Bjork &
Bjork, 1996). This hypothesis is supported by a study of Bjork and Bjork (1996), in which they
used a standard, list-learning directed forgetting task, where after the second list but before
recall they presented subjects a recognition test containing F-items, and they found that
there was no DF effect (the F-words have been released from inhibition). On the other hand,
when the F-words were presented before recall in a word fragment completion task, the
completion of F-words was similarly successful to that of R-words, but a DF effect was still

present at recall.

Not all researchers agree with this idea, though. According to the findings of
MaclLeod (1989), the performance of R-words is much better than that of F-words in such
implicit memory tests like the word fragment completion task, although there is some
facilitation in the case of F-words, too. For instance, in a lexical decision task the responses
given to F-words are significantly slower than those given to R-words, indicating that the
inhibition of F-words can occur without the presence of the original learning episode. The
results are controversial, but Paller (1990) pointed out that the two implicit tests used by
MaclLeod (fragment completion and lexical decision tasks) can be solved with explicit
memory strategies as well (see Allen & Vokey, 1998; Hauselt, 1998; Squire et al., 1987; Toth,
Reingold & Jacoby, 1994). This means that the impaired performance of F-words could be
the consequence of the fact that, after all, subjects did recall the original learning episode.
Another problem of MacLeod's study is that he used the item method, in which case the DF
effect is primarily caused by selective rehearsal and not by retrieval inhibition (see Basden et

al., 1993).

Altogether, the results of directed forgetting experiments can hardly be solely
explained by the interference theories. This concerns primarily the experiments done with
the list method - although most of the results received with the item method of directed
forgetting are well explicable by assuming the operation of a selective coding mechanism, in
the list method the information acquired prior to the forget instruction seem to be subject
to retroactive inhibition and this inhibition is expressed only in the recall phase. Since there
is no difference whatsoever between the "forget" and the "remember" situations regarding
the new information to-be-remembered (List 2), this phenomenon cannot be interpreted by

assuming that previously learned items had been excluded from recall due to the
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confirmation of newly acquired items. Nor can the unlearning hypothesis acceptably explain
this finding, since the effect is temporary and regards only recall. What is more, the re-
presentation of items causes a rebound effect, an impossible phenomenon unless cue-item
links are eliminated. Perhaps Postman's (1968) response-set suppression theory is the most
acceptable explanation, as it is also supported by Bjork's (1996) finding that if some F-items
are presented during the distracting task in the delay phase, then the recall of not presented
F-items is also significantly improved which eliminates the DF effect. Postman's theory
would, however, have difficulty in explaining results received in the retrieval-induced

forgetting procedure, the other inhibitory paradigm used by Anderson and his colleagues.
1.1.3. Context-based explanations of intentional forgetting

Although explanations in the 1970s preferred the idea that the experimental effect is due to
different encoding of to-be-forgotten and to-be-remembered items (segregation and
selective rehearsal of List 1 items, e.g. Bjork, 1970), the two accounts that have become
dominant in the directed forgetting literature are the retrieval inhibition theory (Bjork, 1989;
Geiselman, Bjork, & Fishman, 1983) and the context-change account (Sahakyan & Kelley,
2002). The retrieval inhibition theory posits that the F-instruction recruits inhibitory
processes in order to suppress the accessibility of the to-be-forgotten items at final recall. It
is an important aspect of this theory that the inhibition of List 1 items is regarded a goal-
directed and adaptive process (Anderson, 2005; Bjork, 1989; Conway, Harris, Noyes,
Racsmany, & Frankish, 2000). The goal of the inhibition of List 1 items is to decrease the
interference of these items with List 2 items, in other words, to facilitate the learning of
relevant items at the expense of irrelevant information. This adaptive nature of the directed
forgetting phenomenon is demonstrated by some experimental results showing that the F-
instruction of first list items was not successful without a consecutive to-be-remembered
learning list, underlying the assumption that suppression of the first list serves the goal of
decreasing the memory load during the learning of the List 2 items (Gelfand & Bjork, 1985;
Pastotter & Bauml, 2007).

The context-change account suggests that the F-cue elicits a kind of mental context
change in participants and this between-list shift in mental context will cause a mismatch of

contexts between encoding and later retrieval for List 1 items, so directed forgetting is
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simply a further example of context-dependent forgetting (Sahakyan & Delaney, 2003;
Sahakyan & Kelley, 2002). Sahakyan and her colleagues provided a range of experimental
evidences that instructing participants to change their mental context (e.g. imagine a specific
environment during encoding of List 1 and another one during encoding of List 2) can

simulate the cost and benefit effects of the standard F-instruction (Sahakyan & Kelley, 2002).

Although inhibitory and context-change accounts of directed forgetting posit
different factors in their explanation, recent versions of these theories equally assume that
the cost (lower memory performance for to-be-forgotten items) and the benefit (higher
performance on List 2 items in the F group) of the F-instruction are due to different
mechanisms. Pastotter and Bauml (2010) in their reset-of-encoding hypothesis suggested
that the cost of F-instruction is due to retrieval inhibition of List 1 items, whereas the benefit
is the indirect consequence of decreased memory load during encoding of the second list
items. Sahaykan and Delaney (2003) suggested that the cost of the F-instruction is due to a
change in internal context, whereas the benefit is the consequence of more elaborated

encoding of List 2 items.
1.2.The adverse effect of retrieval practice: retrieval induced forgetting (RIF)

Retrieval can enhance learning but interestingly it can also induce forgetting of related
memories, a phenomenon known as retrieval-induced forgetting. Anderson, Bjork and Bjork
(1994) produced compelling evidences that the cued recall of an item can impair later recall
of items previously associated to the same cue, and this phenomenon was labelled retrieval-
induced forgetting. According to Anderson and his colleagues (Anderson & Spellman, 1995;
Shivde & Anderson, 2001) an important property of retrieval-induced forgetting is cue-
independence, i.e. the inhibition caused by retrieval generalises to any other cue used to
test that item. This means that the forgotten competitive item itself is impaired by an active
suppression when a related target is sufficiently retrieved (Anderson & Neely, 1996).
Anderson and his colleagues developed a three-phase paradigm to study the mechanism of
how memory retrieval impairs interfering memories (Anderson, Bjork & Bjork, 1994;
Anderson, & Spellman, 1995; Anderson, & McCulloch, 1999). In the study phase of this
procedure subjects study category-exemplar pairs, the standard procedure consisting of six

exemplars in each of eight different categories. After the study phase subjects participate in
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a practice task where they recall three exemplars from half (i.e. four) of the categories,
induced by presenting the category name together with the first two letters of the exemplar.
After a steady retention interval a final, category-cue-directed recall is administered. The
well-replicated result is that the recall performance of unpractised items from partially
practised categories (Rp- items) is significantly below the performance of nonpractised items

from unpractised categories (Nrp items) (Anderson & Bjork, 1994; Anderson & Neely, 1996).

According to Anderson and his colleagues, the impaired recall performance of
competing unpractised items reflects the operation of an active suppression mechanism
(Anderson & Spellman, 1995; Anderson & Neely 1996). This account is in agreement with
many inhibitory theories in interference literature, which assume that active deactivation of
interfering items plays an important role in human forgetting (e.g. Carr & Dagenbach, 1990;
Dagenbach & Carr, 1994; Zacks & Hasher, 1994). Anderson and Spellman (1995) emphasise
that inhibited items are rendered generally. According to the suppression theory of
Anderson and his colleagues, Rp- items get inhibited because they are associated to the
same cues (in this case category names) as practised items, therefore when practised (Rp+)
items are presented, an interference occurs (Anderson & Neely, 1996). This idea implies that
the more intensely Rp+ and Rp- items compete with each other, the greater the inhibition of
Rp- items would be. Anderson and his colleagues received exactly this result in an
experiment where they manipulated the intensity of the relationship between cues and
items (Anderson et al., 1994), so that exemplars were either of very high frequency (e.g.
FRUIT-APPLE) or very rare (e.g. FRUIT-PAPAYA). When the cue is presented the high
frequency items would very probably be recalled, as they are strongly associated to the cue.
The suppression theory predicts that the recall probability of high frequency items would be
greater than that of low frequency items, in case they are Nrp words (exemplars of
unpractised categories), but their recall rate would be lower in case they are Rp- words
(exemplars of categories from which other items were practised). That was exactly the result
Anderson and his colleagues (1994) received: the recall rate of high frequency exemplars
was lower than that of low frequency ones if they were Rp- words, but it was significantly

higher when they were Nrp words.

The above findings unquestionably support the theory of cue-independent inhibition,

however, they leave open the important question of what exactly gets inhibited in this
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experiment. Anderson and his colleagues assume that in retrieval-induced forgetting the
target items themselves (Rp- words) are inhibited, and they call this concept "the theory of
cue-independent forgetting" (Anderson & Spellman, 1995; Shivde & Anderson, 2001). This
concept is underlined by experiments where retrieval-induced forgetting was elicited in
categories with partly overlapping exemplars. The theory of cue-independent forgetting
predicts that if subjects learn the exemplar of STRAWBERRY together with the cue FOOD -
but, according to their prior knowledge, it might as well be a member of the category RED -,
and in the practice phase other exemplars of the category RED are practised (e.g. BLOOD)
but not the word STRAWBERRY - i.e. STRAWBERRY becomes an Nrp word -, then in the recall
phase STRAWBERRY will be inhibited as if it were an Rp- word, although no other exemplars
from its originally associated category (FOOD) were practised. According to Anderson and his
colleagues, this means that it is not in the category-exemplar relationship where inhibition
occurs, but the item itself (STRAWBERRY ) gets inhibited, independent of the category.
Obviously, the item would not be inhibited if exemplars were not overlapping, in that case
the recall of STRAWBERRY and other Nrp words would be significantly better than that of the
unpractised Rp- words of the category RED (Anderson & Spellman, 1995; Anderson & Green,
2001). So Anderson and his colleagues believe that retrieval-induced inhibition is
independent of the cue-target relationship evolving in the process of learning, but it
concerns directly the representation of the intruding target item. The function of inhibition
appearing in the recall phase is to keep out intruding but irrelevant items from
consciousness. Once inhibition has appeared, it would be independent of specific cue-target
associations developed during learning, so the target item would be impossible to recall,
whatever cue is used, since the representation of the target item itself would be suppressed.
Anderson and his colleagues suggest that in the process of accessing a particular item from a
previous set the focus of selective attention turns towards an object no more present in
reality (Anderson & Neely; Anderson, Green & McCulloch; Shivde & Anderson, 2001), so as a
consequence of focused attention ignored items may become inhibited during recall.
According to Anderson et al., retrieval-induced inhibition is the result of a similar process as
the one underlying the negative priming effect (Anderson & Spellman, 1995; Anderson &
Neely, 1996). This phenomenon occurs when attention has to be focused on one particular

set of stimuli among several others, and as a consequence, when attention is later focused
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on previously ignored stimuli, they will be processed much more slowly than they would if
they were not intentionally ignored before (Neill, 1977; Tipper, 1985). Therefore, Anderson
and his colleagues presume that something similar happens in retrieval-induced inhibition
where competing items that should be ignored become inhibited by the inner focus of
attention, controlled by retrieval processes. Disregarding the otherwise important problem
that there are alternative explanations for the negative priming phenomenon which refute
the hypothesis of inhibition (see Park & Kanwisher, 1994), the theory of cue-independent
forgetting provides a fine interpretation of the experimental results of Anderson and
Spellman (1995) and a new explanation for several other experimental findings, well-known

from the literature of interference.

The inhibition of target memories can occur in several different ways, of which
Anderson and Spellman (1995) consider two explanations in depth, lateral inhibition and
pattern suppression, and they prefer the latter one. In lateral inhibition, with an analogy to
neural networks, target memories activated by cues send an inhibitory signal to other target
items closely associated to them and to the cues, thereby preventing a spreading activation
within the network which would cause an intolerable degree of interference in the system
(Estes, 1972; McClelland & Rumelhart, 1981). The concept of lateral inhibition helps to
explain both within-category and cross-category impairments occurring in the retrieval-
induced forgetting paradigm (Anderson & Spellman, 1995). The theory of Anderson and his
colleagues was widely criticised from another aspect, too. According to this criticism, the
idea that a cue-independent inhibition underlies the phenomenon of directed forgetting
does not seem to be properly supported. There are many properties of retrieval-induced
forgetting which support the assumption that inhibitory effects in this paradigm are based
on the cue-item relationship. An important feature of Anderson and his colleagues'
procedure is that in the practice phase retrieval is necessary for inducing impairment in the
recall of related nonrepeated items, the mere re-exposition of items is not enough (Ciranni &
Shimamura, 1999; Anderson, Bjork & Bjork, 2000). This finding again supports the idea that
retrieval-induced forgetting is the result of the competition of exemplars associated to the
same retrieval cue. Above this, Tim Perfect and his colleagues have recently found that
repeated retrieval of practised items without their cues does not produce forgetting in the
case of related items from the same category (Perfect et al., 2001). The main empirical
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evidence of the cue-independent inhibitory theory came from the experimental procedure
called independent probe technique by Anderson and Spellman (1995). They used a special
set of materials that contained related categories with similar items. Each category
contained six exemplars, three of them in addition to being members of their own study
category, were also associated to another study category. In a series of experiments
Anderson and Spellman found that retrieval-induced forgetting impaired not only Rp- items
but those Nrp items as well that were similar to practised exemplars ("similar Nrp items").
The similar Nrp items were studied and tested under cues different from those used to
practise Rp+ items. According to Anderson and Spellman (1995), this supports the idea that
retrieval-induced forgetting is the consequence of the inhibition of the exemplars
themselves and this inhibition is independent from their study or test cues. However, this
argument is highly questionable on the ground of the existing experimental data - for
example it is possible that during the retrieval practice phase similar Nrp words are recoded
as members of the practised categories thus becoming actually Rp- words. Another problem
is that Williams and Zacks (2001) could not replicate Anderson and Spellman's results of cue-
independent inhibition. They used exactly the same experimental procedure and identical
material as Anderson and Spellman (1995), and their results showed that retrieval practice
did not impair the recall of related Nrp words. Considering that the phenomenon of cross-
category impairment is the most powerful evidence for the cue-independent inhibitory
theory, the result of Williams and Zacks rather questions the appropriateness of this

hypothesis.

There are other problems, however, with the hypothesis of cue-independent
inhibition, for example that it pays no sufficient attention to the fact that the inhibition
occurring in the selective retrieval practice paradigm is basically of episodic nature. Although
Anderson and his colleagues emphasise in most of their studies that inhibition may appear in
episodic representations as well, a theory that treats the RIF phenomenon as a suppression
of target memories based on semantic features, completely independent of the episodic
context, can hardly be called an episodic one. The episodic nature of the RIF phenomenon
can be well demonstrated by the following retrieval-induced forgetting experiment. A
problematic point of the original paradigm of Anderson et al. (1994) is that inhibition is
influenced by the previous semantic knowledge of subjects about category-exemplar
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relationships, while Macrae and MaclLeod (1999, Experiment 1) were able to elicit a RIF
effect in completely arbitrary episodic category-exemplar relationships. In the study phase of
their experiment subjects had to associate various personality traits (e.g. trustful, sensible,
tolerant etc.) to two names (John and Bill), and in the practice phase they practised half of
the traits associated to one of the names, in a similar way and to a similar degree as in the
paradigm of Anderson et al. (1994). In the final recall phase a significant RIF effect appeared,
as subjects recalled a significantly smaller amount of the unpractised traits associated to the
practised name than of the traits associated to the unpractised name. Macrae and MaclLeod
(1999) presume that this mechanism may possibly underlie prejudiced, stereotype thinking,
when some (usually unfavourable) personality traits are more readily retrieved concerning
certain persons or groups and this impedes the recall of other (favourable) traits. Looking at
this finding from the aspect of Anderson and Spellman's (1995) pattern suppression theory
we have to assume that unpractised traits related to the same cue (person) will try to
intrude during the practice phase, so a control process has to decrease their activation in
order to reduce interference. As a consequence, these traits will be difficult to recall later,
not only in connection with that particular cue (the particular person, in this case) but in
connection with all other cues. Regarding stereotype thinking this would mean that the
favourable traits we are unable to recall in connection with certain persons or groups are
just as inaccessible for us in connection with everybody else, too, even with people or
groups close to us. Obviously, this would result in a rather unevenly operating cognitive
system, so inhibition of traits makes sense only together with the inhibition of their episodic

cue.

Importantly, research on RIF has shown that only retrieval practice and not
restudying of items leads to decreased performance on unpracticed items from the same set
(Anderson, Bjork, & Bjork, 2000; Ciranni & Shimamura, 1999; Bauml, 2002; Staudigl,
Hanslmayr, & Bauml, 2010; Bauml & Aslan, 2004; but see Verde, 2009), although both types
of practicing could strengthen the cue-target associations equally. The most influential
theory of RIF — the inhibitory control based accounts — posit that when participants practice
retrieval of half of the members from a given category, the other half would compete for
retrieval (Anderson & Bell, 2001; Anderson et al., 1994; Anderson et al., 2000; Anderson &
McCulloch, 1999; Bauml & Hartinger, 2002; Storm, Bjork, Bjork, Nestojko, 2006; Storm &
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Nestojko, 2010). This competition is then resolved by executive control guided active
inhibition, which renders the memories of competitors less accessible for later recall
(Anderson, 2005; Anderson & Levy, 2007). Interference based accounts explain RIF without
inhibition (Camp, Pecher, & Schmidt, 2007; Camp, Pecher, Schmidt, & Zeelenberg, 2009;
Jakab & Raaijmakers, 2009). These models assume that strengthening some category-
member associations is enough to lead to interference at any later attempt to retrieve
competitors. Here, it is this interference at final recall that leads to RIF. In sum, interference
based accounts assume that RIF is the consequence of a sampling failure, i.e., a bias in
relative associative strengths, whereas inhibitory models assume that RIF occurs due to

recovery failure, i.e., due to a decreased item strength.

Studies on retrieval-induced forgetting typically used categorized lists as learning sets
(LS) and applied interim retrieval practice sessions during which some of the items from
certain categories received repeated retrieval practice while other category members were
not practiced (Storm, 2011). Most of the studies in this literature put only a few minutes
delay between practice and final recall (Anderson and Bell, 2001; Anderson et al., 1994;
Anderson, Bjork, Bjork, 2000; Anderson and McCulloch, 1999; Bauml and Hartinger, 2002;
Racsmany and Conway, 2006; Storm, Bjork, Bjork, Nestojko, 2006; Storm and Nestojko,
2010). However, two recent studies applied longer practice-recall delays (Racsmany,
Conway, Demeter, 2010; Abel et al. 2012). They found that following longer delays between
practice and final recall (12 hours or a day), the ratio of recall probabilities of practiced and
unpracticed items within the LS was the same than in experimental conditions using shorter
delays (Racsmdny, et al., 2010; Abel et al. 2012). Note that the ratio of recall probabilities of
practiced and practiced items within the practiced LS could be independent from the
presence of retrieval-induced forgetting (RIF), as this later phenomenon is measured as the
difference between recall of unpracticed items from the practiced LS and the recall of
elements from unpracticed LSs (Macrae and Macleod, 1998; MaclLeod and Hulbert, 2011). A
possible explanation for this is that the recall success of the entire practiced LS could be
higher than that of the baseline LS, when there is a longer delay between practice and final
test (Racsmany and Keresztes, 2015). In other words, the forgetting rate is higher for the
unpracticed LS than for the practiced LS, as a consequence, the nominal recall percent of
unpracticed items of the practiced and unpracticed LSs will be different after short delay (RIF
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present), and will be the same following a longer delay (lack of RIF), although the ratio of
recall probabilities for practiced and unpracticed items within the practiced LS is similar or
even the same after short and long-term delays (Bauml & Schlichting; 2014). This could be
one reason why RIF is usually regarded as a short-term phenomenon (Macrae and Macleod,
1998; MacLeod and Hulbert, 2011). Here we argue that the proper way of measuring the
long-term effects of repeated practice is not the comparison of unpracticed items from
practiced and unpracticed LSs, rather to measure the ratio of recall probabilities within the

practiced LS before and after practice.
1.3. Stopping retrieval: the Think/No-Think Task (TNT)

Anderson and Greene (2001) have recently provided evidence that a phenomenon similar to
retrieval-induced forgetting can be elicited in an intentional forgetting task, as well. The so-
called Think/No Think paradigm is actually a mixture of the A-B, A-D learning situation and
the directed forgetting procedure. Subjects learn loosely associated word-pairs (e.g.
ORDEAL-ROACH), then they are trained to provide the second word as a response when they
are given the first word as a cue. Next, they participate in the Think/No Think phase, when
the first words are given as cues, but together with the cues a signal is provided, too,
indicating whether they should remember the second word or try not to think of it. Word-
pairs were tested for recall/avoiding between 1 and 16 times. The results of Anderson and
Green (2001) show that the more times subjects recalled the second halves of the word-
pairs in this phase, the more probably they could recall them in the final recall phase. On the
other hand, the more times they were instructed not to think of these words, the worse
their final recall performance was compared to the baseline, where there was only a delay
phase instead of the Think/No Think phase. Anderson and Green (2001) not only
demonstrated that the more times the retrieval of a learned item is intentionally inhibited,
the more difficult it would be later to access that item, but also that this retrieval
impairment is independent of the cue given during the learning phase. This idea is supported
by the finding that words instructed to ignore in the Think/No Think phase, were not only
difficult to retrieve with the help of the first word (the episodic cue) but also with such
closely associated but unlearned words that would otherwise activate the semantic memory
trace of these items (e.g. INSECT-R___ for ROACH). Thus, in Anderson and his colleagues'

opinion these experimental results can be generalised to explain other experimental and
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clinical phenomena because it seems that the temporary, context-independent inhibition of
target memories can be elicited in several situations other than the original retrieval-practice
paradigm (Anderson et al., 1994). In the following section some clinical data will be
presented which reflect the consequences of the impairment of the executive inhibitory

control mechanism, described by Anderson and his colleagues.

The most influential family of theories — the inhibitory control based accounts — posit
that when participants practice retrieval of half of the members from a given category, the
other half would compete for retrieval (Anderson & Bell, 2001; Anderson et al., 1994;
Anderson et al., 2000; Anderson & McCulloch, 1999; Bauml & Hartinger, 2002; Storm, Bjork,
Bjork, Nestojko, 2006; Storm & Nestojko, 2010). This competition is then resolved by
executive control guided active inhibition, which renders the memories of competitors less
accessible for later recall (Anderson, 2005; Anderson & Levy, 2007; Anderson, 2003;
Anderson & Bell, 2001; Anderson, Bunce, & Barbas, 2014; Anderson & Hanslmayer, 2014;
Anderson & Levy, 2007; 2011).

Interference based accounts — the second family of theories — explain RIF without
inhibition (Camp, Pecher, & Schmidt, 2007; Camp, Pecher, Schmidt, & Zeelenberg, 2009;
Jakab & Raaijmakers, 2009). These models assume that strengthening some category-
member associations is enough to lead to interference at any later attempt to retrieve
competitors. Here, it is this interference at final recall that leads to RIF. The most influential
of these models, the Search of Associative Memory (SAM) model (Raaijmakers & Shiffrin,
1981) assumes that retrieval occurs in two steps. First — in the sampling phase — cues are
assembled into a short-term store for activated memory sets, and items are sampled into
these sets based on the relative strength of their associations to the given cue. In a second
step — the recovery phase — sampled items are retrieved based on the absolute strength of
their associations to the given cue. It is only a successful recovery that leads to conscious
retrieval of a memory item. Using these terms, interference based accounts assume that RIF
is the consequence of a sampling failure, i.e., a bias in relative associative strengths, whereas
inhibitory models assume that RIF occurs due to recovery failure, i.e., due to a decreased
item strength.

The third family of theories pinpoint episodic retrieval as the source of RIF, suggesting
that selective retrieval creates and reshapes highly contextualized episodic memory
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representations (Conway, 2005; 2009; Jonker, Seli, and Macleod, 2013; Karpicke, Lehman, &
Aue, 2014; Racsmany & Conway, 2006; Racsmany, Conway, Keresztes, & Krajcsi, 2012). One
line of these theories assume that episodic memory sets contain context, cue, and item
features (Conway, 2009; Racsmany & Conway, 2006). In this framework, selective episodic
retrieval of a studied memory set transcribes the contextual features and the current ratios
of cue-item associations of the learnt memory set into a constrained episodic
representation, and RIF occurs whenever these association strengths are reestablished
through reinstatement of contextual episodic memory sets of the latest retrieval phase
(Racsmany & Conway, 2006; Racsmany et al.,, 2010). Another line of these theories
emphasize the role of context shift between studying a memory set and selective retrieval of
parts of this set (Jonker et al., 2013). According to these theories, the mental context of the
study phase is changed due to retrieval processes activated during the selective retrieval
phase (Sahakyan & Hendricks, 2012), and remains the same throughout the rest of these
experiments; therefore RIF is found because the mental context of the final recall is biased

to mimic retrieval patterns of the previous selective retrieval.
1.4. Retrieval and long-term facilitation: the testing effect

The classical view on human learning treated memories as formed during studying, and
testing as an assessment of the efficiency of studying (e.g. Crowder, 1976). However, a novel
research approach has shown that testing is a strong memory enhancer, and could be more
beneficial for long-term retention than restudying (Karpicke and Roediger, 2008; Roediger
and Karpicke, 2006a). The finding that additional retrieval practice promotes better long-
term retention and a slower forgetting rate than the simple restudy of the same information
has been termed the testing effect, an effect that is currently attracting considerable
attention (Roediger and Butler 2011). This phenomenon contradicts what is typically thought
about successful learning and is also in conflict with general educational practice, in which
testing is only the checkpoint of consecutive study phases (Roediger and Karpicke 2006b).
Furthermore, recent experiments have demonstrated that the rate of forgetting is
influenced by learning strategy. Although retesting had no mnemonic advantage over
restudying at short retention intervals, it produced significantly higher learning performance
than an equal amount of restudying when the retention interval was longer than one day

(Wheeler et al. 2003; Karpicke and Roediger 2008; Toppino and Cohen 2009). These results
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suggest that the efficiency of testing over restudying has a positive correlation with the
length of retention interval. Although this interaction between learning strategy and
retention interval seems to be an important aspect of human learning, the responsible
functional neural networks have not yet been identified. Presently, there is no widely
accepted theoretical account of the testing effect. Here, we discuss two popular theories
that have been raised in recent discussions. Both theories stressed the role of retrieval cues
in its explanation of the testing effect. However, they significantly differ in the specific role

they have postulated for cue-related processing.

According to the elaborative encoding hypothesis (Carpenter, 2009, 2011) attempts
to reconstruct target memories during repeated retrieval produce extra information related
to the cues which might mediate retrieval during later tests (Pyc and Rawson, 2010). At long
retention intervals, when target memories become harder to be reconstructed from single
cues, it is the use of extra cues that would produce the long-term advantage of repeated
retrieval over repeated study. In contrast, the search set constraining theoretical framework
(Karpicke and Smith, 2012; Karpicke and Zaromb, 2010; Karpicke, 2012) suggests that
retrieval prompts a process, probably through effective temporal context reinstatement,
which narrows the cue-related search set, and even a single retrieval can decrease the
number of potentially retrievable items in response to a specific retrieval cue (Karpicke &
Blunt, 2011; Karpicke & Zaromb, 2010; Karpicke, 2012). In this account retrieval is a
discrimination process, where the effectiveness of a given cue will be determined by its
ability to specify a given memory fragment in the context of many similar and interfering
memory features. According to the set constraining hypothesis, retrieval prompts a process
which narrows the cue-related semantic network, and even a single retrieval can decrease
the number of potentially retrievable items in response to a specific retrieval cue (Karpicke
and Zaromb, 2010; Karpicke and Blunt, 2011; Karpicke, 2012). Retrieval is accompanied by a
cognitive state frequently termed retrieval mode (Tulving, 2002), and produces the opposite
process of spreading activation, a network narrowing process involving discrimination
between stimuli (Kahana et al., 2008). The act of study and retrieval differ not solely in their
background processes, but also in their goal of cue processing. Whereas the task during

retrieval is to constrain the search set to a limited size suitable for the reconstruction of the
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targeted knowledge, the goal of study is to elaborate the cue through activating a large

associated semantic network (Karpicke & Blunt, 2011).
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Il. Theses of the dissertation

The dissertation includes 10 published papers presenting the results of 29 experiments. The

following theses mainly based on the results and the conclusion of these publications.

Thesis 1: The concept of ‘episodic inhibition” proposes that knowledge in episodic memories
preserves a pattern of activation/inhibition derived from the original experience or
generated in it by subsequent access of memory details. Thus, an item inhibited in episodic

memory may nonetheless be activated in a conceptual knowledge structure.

Thesis 2: Here it is proposed that target items following an intentional forgetting procedure
represented in an episodic memory of the study phase are marked as to-be-forgotten, and

these episodic representations are specifically tagged not to be recollectively experienced.

Thesis 3: If people observe another person with the same intention to learn, and see that
this person is instructed to forget previously studied information, then they will produce the
same intentional forgetting effect as the person they observed. This seems to be an
important aspect of human learning: if we can understand the goal of an observed person
and this is in line with our behavioural goals then our learning performance will mirror the
learning performance of the model. Our results support the assumption that suppression of
episodic memories is not automatically generated by environmental cues but depends on

the goals of the person who encodes and retrieves them.

Thesis 4: Our results indicate that possible disrupted executive functions (e.g. in
schizophrenia) considerably weaken the ability of patients to intentionally avoid recent
memories. This can occur even when other incidentally initiated inhibitory processes appear

to function relatively normally.

Thesis 5: Retrieving memories does not induce forgetting of related memories among
participants with obsessive-compulsive disorder (OCD). Lack of forgetting in OCD occurred in
spite of the fact that overall memory and the mnemonic effect of practicing memories was
almost identical to that among healthy controls. Our results suggest that suppression of

irrelevant, interfering memories during competitive recall is impaired in OCD. The lack of
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retrieval-induced forgetting (RIF) among OCD patients is not related to overall recall
performance, rather, we suggest that it is related to differences in resolving interference

during competitive retrieval.

Thesis 6: It is proposed that RIF occurs only when interference during competitive retrieval
reaches moderate levels, but not when it is too low or too high. This proposal indicates that
low levels of interference do not trigger interference resolution, whereas interference

resolution can fail when the interference reaches extremely high levels.

Thesis 7: An initial retrieval of the learning set shields against the adverse effect of retrieval
practice; RIF is absent either when measured in comparison to baseline performance on the
initial retrieval or to members of unpracticed categories. Here it is proposed that retrieval is
the key process that enhances long-term accessibility of retrieved memories and it is the
process that can hinder retrieval of items through search set restriction or can shield against

the adverse effect of later selective retrieval.

Thesis 8: Here a revised form of the episodic inhibition account is proposed: retrieval
practice establishes a pattern of activation and inhibition over the contents or features of an
episodic memory of the study phase. As the episodic memory is consolidated in long-term
memory, the pattern of activation and inhibition, which determines the accessibility of the
contents of the memory, stabilizes and becomes resistant to further change. As a memory is
repeatedly retrieved and its contents are accessed, its durability in long-term memory
increases, and the accessibility levels of its contents become fixed. Our findings suggest that
sleep is important to this process of consolidation. It is proposed that consolidation
processes occurring during sleep, and possibly featuring some form of offline rehearsal,

mediate these long-term effects of retrieval practice.

Thesis 9: Here it is proposed that recalling two associated items can be simultaneously
attenuated or primed depending on how the association is accessed. Furthermore, not
thinking about a target item, as compared with thinking about an alternative, can produce
the same decrements in cued recall or, sometimes, differences. Our findings suggest that the
locus of inhibition in the Think/No-think Task (TNT) task is not the representation of the
items themselves in memory but, rather, the associations between them and, in particular,

the A—> B association.
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Thesis 10: Based on the results of a functional neuroimaging study it is proposed that the
long-term behavioral advantage of repeated retrieval over repeated study is due to the
differential activation of a large network. Specifically, when the retention interval is long,
participants cannot effectively process the cue and a large percentage of retrieval attempts
fail. Thus, the so-called testing effect may be a consequence of processes that, through each
additional retrieval act, conserve the effectiveness of the retrieval cue to access a specific
memory. Based on our findings, we suggest that this strengthening arises from an effective
and stable response for specific episodic cues in a network of brain areas related to cognitive

control functions.
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lll. Applied experimental paradigms in the dissertation

1ll.1. The list method directed forgetting procedure

List-method directed forgetting refers to the experimental procedure when participants
typically learn two lists of items for a later memory test, and following the first list (List 1)
and right before the learning of the second list (List 2) they are instructed to forget the first
list. The typical result demonstrated in a plethora of publications is the decreased recall of
List 1 items (called the cost of the F-instruction) and the increased recall rate of List 2 items
(called the benefit of the F-instruction), when the performance is compared to a control
condition in which participants instructed to remember both study lists (Bjork, 1989; see also

Johnson, 1994; MaclLeod, 1998 for detailed reviews of the directed forgetting literature).
1l1.2. The retrieval practice paradigm

In the retrieval practice paradigm (Anderson et al., 1994) participants study category—
member pairs (e.g. animal-tiger, furniture—couch, animal—chicken, etc.); then, in a selective
retrieval practice phase, they repeatedly retrieve half of the members from half of the
categories (e.g. animal - t...?; labelled as Rp+ items). Typically, final recall administered after
a delay reveals that repeated selective retrieval leads to forgetting of related material (e.g.
'‘animal - c...?'; labelled as Rp- items) compared to unpracticed baseline categories (e.g.
furniture - c...?; labelled as Nrp items) — this effect is referred to as retrieval-induced

forgetting (RIF).
111.3. The Think/No-Think Task

In the think/no-think (TNT) procedure introduced by Anderson and Green (2001), a list of
paired associates were first learned to a criterion such that participants could readily recall B
terms when presented with A terms. Following acquisition, there then followed a practice
phase in which an A term was presented and either its corresponding B term was thought

about (the think condition) or participants were cued not to think about the previously
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paired B term (the no- think condition). These TNT trials were repeated a number of times so
that thinking and not thinking about associated B terms were practiced. There was also a
subset of baseline control items that were neither thought about nor not thought about. The
important finding in the subsequent cued recall test, in which A terms acted as cues to B
terms, was that recall of B terms that had been thought about was high, recall of baseline
items was intermediate, and recall of no-think items was reliably lower than baseline,

suggesting inhibition of these items.
111.4. Retest vs. restudy learning paradigm

This memory task usually consists of three main phases: an initial learning phase, a practice
phase, and a final test phase (see Roediger and Butler 2011 for a detailed review of this
paradigm). In the initial learning phase, participants are presented with all word pairs
(typically Swahili words as a cue, and words from the native language of the participants as a
response) in random order on the computer screen, with the Swahili word on the left and its
Hungarian equivalent on the right (40 word pairs in our experiments). Participants are
instructed to memorize as many word pairs as possible. Immediately after the initial learning
phase, participants practice the word pairs in six cycles (practice phase). Word pairs are
randomly assigned into a restudy (20 word pairs) or a retest condition (20 word pairs). Each
cycle begins with a restudy or a retest block (the order of the restudy and retest blocks
varies randomly across the learning cycles), and each restudy-retest block is followed by a
feedback block. In the restudy blocks, participants see 20 Swahili words together with their
Hungarian meanings in random order. In the retest blocks, 20 Swahili words is presented in
random order on the computer screen. Participants are instructed to press the space button
on a standard keyboard of the computer when the right answer came to their mind.
Participants are allowed to type the Hungarian meanings of the Swahili words only when

they pressed the space button.

Following a 20 minutes or a 7-day retention interval, participants’ memory for all 40
word pairs is tested in the final test phase. Swahili words are presented in random order.
Similarly as in the practice phase, participants are instructed to press the space button when
the right answer came to their mind. Participants were allowed to type the Hungarian

meanings of the Swahili words only when they pressed the space button.
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IV. Episodic retrieval and memory suppression effects

As it was detailed before, episodic and context-based accounts suggest mechanisms
inherent to episodic retrieval processes to explain the positive and adverse effects of
retrieval. For instance, the context-based accounts of RIF and retrieval-enhanced learning
(Jonker et al., 2013; Karpicke et al., 2014) emphasize the role of context change between
initial study of category-member pairs on the one hand, and selective retrieval and final
recall on the other. These accounts predict that an initial retrieval of the entire learning set
after the study phase will already have participants change their mental context and later
selective retrieval practice will cause no further change in this mental context. As a

consequence, the context of the initial retrieval will be the active context at final recall.

The starting point for studies, presented in this dissertation, is the episodic inhibition
concept of human forgetting (Racsmany and Conway, 2006). Beyond an emphasis on a
passive contextual shift, episodic accounts of forgetting phenomena (Conway, 2009;
Racsmany & Conway, 2006; Racsmany et al., 2012) highlight the active role of retrieval
processes in creating and reshaping episodic memory representations. According to these
accounts, episodic retrieval transcribes current contextual information and cue-item
association strength ratios of a learning set into an episodic representation. Whenever the
same episodic representation is accessed through episodic cues, the encoded cue-item
association strength ratios are reinstated. Initial retrieval of the entire learning set can
eliminate the adverse effect of later selective retrieval because it transcribes the entire
learning set into an episodic representation. When — in the absence of an initial test — the
first retrieval is in the practice phase, then final retrieval using the episodic context of the
practice phase restricts the search set to practiced items and some arbitrarily activated
competitors, whereas other competitors are not involved into the search set at all. That is
why RIF is a long-term phenomenon, if final retrieval can reinstate the context of practice
phase RIF will be detected following longer delay (Racsmany et al., 2010, see also Abel &
Bdauml, 2012). A critical point, and the purpose of this research program, is that if a

poststudy task contains items from the study phase but neither requires access of the
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memory of the study phase nor automatically cues access, then the pattern of
activation/inhibition represented in the memory will not influence performance on the

poststudy task.

The larger theoretical frame of the episodic inhibition account is the concept of
episodic memory described by originally Tulving as a system (1983, 1985) and later by
Conway as a representation (2005, 2009). According to Conway, episodic memory is a
representation containing the summary representation of sensory-perceptual processing,
recollectively experienced, accessed through episodically relevant (spatial and temporal)
cues, and associated with short-term goals. Based on this conceptual framework we
assumed that intentional and retrieval-induced forgetting phenomena will be characterized
by features of episodic representations. Therefore, suppression effects will only be
manifested in memories accessed through episodically relevant cues, in recollectively
retrieved experiences and will be shaped by short-term goals of the participants. The
following three papers investigated these interrelated aspects of human memory

suppression effects.
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Six experiments examined the proposal that an item of long-term knowledge can be simultaneously
inhibited and activated. In 2 directed forgetting experiments items to-be-forgotten were found to be
inhibited in list-cued recall but activated in lexical decision tasks. In 3 retrieval practice experiments,
unpracticed items from practiced categories were found to be inhibited in category-cued recall but were
primed in lexical decision. If, however, the primes and targets in lexical decision were taken directly from
the study list, inhibition was observed. Finally, it was found that when items highly associated with a
study list were processed in between study and test, no inhibition in recall was present. These, and a broad
range of other findings, can be explained by the concept of “episodic inhibition,” which proposes that
episodic memories retain copies of semantic knowledge structures that preserve patterns of activation/
inhibition originally generated in those structures during encoding.

Keywords: inhibition, retrieval, practice, cued recall, lexical decision, forgetting

An emerging and important finding in the study of inhibitory
processes in human memory is that manipulations that apparently
induce inhibition in explicit remembering do not have the same
effect when memory is assessed implicitly. This was originally
observed by Bjork and Bjork (1996, but see also Basden, Basden,
& Gargano, 1993), who conducted a list-method directed-
forgetting experiment in which participants were instructed to
forget the first list learned (TBF items) prior to learning a to-be-
remembered (TBR) second list. In a novel manipulation, a word
fragment completion test, which included TBF and TBR items,
was interposed between study and free recall. Although a standard
directed forgetting effect was observed in free recall, there was no
directed forgetting effect in word fragment completion. In order to
explain this unusual finding, Bjork and Bjork (1996) suggested
that the word fragment completion test could be completed by
accessing long-term memory conceptual/semantic or lexical rep-
resentations of the to-be-completed word fragments. Because there
was no directed forgetting effect in word fragment completion, it
follows that if word fragments were completed by accessing con-
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ceptual/lexical representations, then no inhibition would have been
present in those representations and, hence, there would be no
effect of the directed forgetting instruction in fragment completion.
In contrast, the free-recall test explicitly requires access of a
memory of the episode in which the word lists were learned.
However, the episodic memory of the TBF list is inhibited by the
forget instruction and consequently cannot be easily accessed,
leading to impaired memory performance. According to Bjork and
Bjork (1996), “the inhibition involved in the directed-forgetting
situation appears to be a type of retrieval inhibition that impairs
conscious access to the original learning episodes” (p. 192). In the
experiments below, we systematically explore retrieval inhibition
in directed forgetting and retrieval-induced forgetting experiments
using both explicit and implicit tests of memory. First, however,
we introduce a modification to the notion of retrieval inhibition.
Retrieval inhibition proposes that episodic memories are inhib-
ited. A slightly different version of this is that rather than memo-
ries being inhibited it is their contents that are inhibited. It is, after
all, the case that at least some items from the TBF list are always
recalled, and no one forgets that there were in fact two lists—even
patients with quite severe brain damage show this pattern (Conway
& Fthenaki, 2003). It is not then as though the TBF list has been
rendered wholly inaccessible and, given that it can be accessed
apparently completely normally in a recognition rather than a
free-recall test (see, e.g., Conway, Harries, Noyes, Racsmany, &
Frankish, 2000), its accessibility is clearly not severely compro-
mised. Instead, we suggest that the effect of a forget instruction on
an episodic memory of a list of items recently and normally
acquired is to impose a pattern of activation/inhibition over the
contents or features of the memory. In order to distinguish this
view from that of retrieval inhibition we refer to it here as episodic
inhibition. Episodic inhibition emphasizes the idea that for every
episodic memory there is a pattern of activation/inhibition over the
contents of the memory, and this strongly influences access to
specific features of the content, that is, representations of words in
a memory of a recently acquired word list. The pattern of activa-
tion/inhibition over the features of an episodic memory initially
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reflects processing that occurred during encoding but can be
changed by subsequent access of the memory and processing of its
content. Later we show how this concept of episodic inhibition
might be used to provide a common basis for understanding
attenuation of memory in directed forgetting and retrieval practice.

One implication of the notion of episodic inhibition, which
derives from Bjork and Bjork (1996) and which we also emphasize
here, is that the effect of inhibition on the contents of episodic
memories is long lasting. In contrast, the effects of inhibition on
other types of long-term knowledge representations may be less
enduring and more transitory (see Neely, 1991, for a review).
Thus, for example, patterns of activation/inhibition over concep-
tual, lexical, and perhaps other types of representations, generated
for example while words on a list are read, will dissipate in periods
measured in seconds and milliseconds. Because these patterns of
activation/inhibition are rapidly changing they are unlikely to
influence performance on a memory test given some time (often
minutes) later. In contrast, it is suggested that representations of
items in episodic memories, which are themselves derived from
conceptual, lexical, and other types of processing present during
encoding, maintain the patterns of activation/inhibition that char-
acterized the epoch an episodic memory represents, (cf. Conway,
2001). Indeed, one possibility is that the patterns of activation/
inhibition present over features in an episodic memory will remain
unchanged until the contents of the memory are accessed and
subjected to further processing (see MacLeod & MaCrae, 2001, for
highly relevant findings, and Tipper, 2001, and Tipper, Grison, &
Kessler, 2003, for related findings from the study of attention).

Our account of episodic inhibition makes a strong claim,
namely, that the same representation (item) can be processed
independently according to whether it is accessed in conceptual,
lexical, or other knowledge structures or in an episodic memory
(see too Perfect, Moulin, Conway, & Perry, 2002). An episodic
memory, however, preserves a pattern of activation/inhibition
from a previous processing episode whereas other knowledge
structures, in which the original pattern of activation/inhibition
was first established, do not. According to this reasoning a partic-
ular pattern of activation/inhibition will be detected when an
episodic memory of an item is accessed. However, when a con-
ceptual, lexical, or other representation of the same item is ac-
cessed, a different pattern of activation/inhibition will be observed.
A representation may then be both inhibited (in an episodic mem-
ory) while being noninhibited or even activated in conceptual,
lexical, or other knowledge structures. It is this prediction of
episodic inhibition that is the main focus of the series of experi-
ments reported below, which investigate the phenomenon first in
directed forgetting (Experiments 1 and 2), next in retrieval practice
(Experiments 3 through 5), and finally in a novel study suggested
by the earlier experiments (Experiment 6).

Experiment 1

The present experiment and Experiment 2 both used a directed
forgetting by lists procedure. In this procedure participants learn a
list of words. Halfway through the list they receive a mid-list
instruction. For half the participants—the F group—this is an
instruction to forget the words they have learned thus far and
instead to concentrate on the upcoming words, which will have to
be recalled. The other half—the R group—are instructed to keep

remembering the words they have just studied and to learn the next
set of words that will have to be recalled. In this procedure the
directed forgetting effect consists of poorer recall for List 1 by the
F group relative to their List 2 performance and to the performance
of the R group for List 1 (see Conway et al., 2000, for further
discussion of this particular pattern of directed forgetting). One
current view is that the directed forgetting effect (at least in the
lists method) is due to inhibition of the List 1 TBF items in the F
group triggered by the intention to forget and by learning List 2
(Bjork, 1989; Bjork, Bjork, & Anderson, 1998; Conway et al.,
2000). Other accounts in terms of, for instance, selective rehearsal
have not received empirical support (Geiselman, Bjork, & Fish-
man, 1983; Geiselman, & Bagheri, 1985) and it is also acknowl-
edged that the inhibitory account may not extend to other forms of
directed forgetting, that is, by items rather than by lists (see Basden
& Basden, 1998, and MacLeod, 1998, for reviews).

The novel procedure introduced here is to interpose an appar-
ently unrelated lexical decision test between study and test. This is
a test that includes all items from the study phase in the context of
new nonstudied filler words and a matching set of nonwords. A
clear prediction of the episodic inhibition view detailed earlier is
that performance decrements should be present for F group List 1
items in free recall, but these may not necessarily be present for the
same items in lexical decision times. Indeed, episodic inhibition
predicts that performance decrements of inhibited List 1 items will
only be present if the lexical-decision task is mediated by an F
group episodic memory of List 1. If, however, lexical decisions are
mediated by lexical and conceptual representations of List 1 items,
which do not themselves preserve the inhibition induced by the
directed forgetting procedure, then no slowing of lexical decision
times should be observed. There is some evidence both in support
of this prediction and against it. Against the prediction are findings
by MacLeod (1989; see also Fleck, Berch, Shear, & Strakowski,
2001) showing that lexical decision times were slowed for F items
in an item-by-item directed forgetting procedure, that is, when the
F and R instructions followed presentation of each individual
word. However, as directed forgetting effects in item-by-item
procedures are thought to reflect changes in rehearsal strategies
rather than inhibitory processes (Basden & Basden, 1996), there is
no reason why episodic inhibition should provide an account of
these particular effects. In contrast, experiments involving the
list-directed forgetting procedure have revealed that on a range of
implicit tasks (none of which were lexical decision tasks) inter-
posed between study and test, there are often no effects of directed
forgetting despite a reliable effect in free recall (Bjork & Bjork,
1996; Perfect et al., 2002). It is this pattern that is predicted by
episodic inhibition and that is assessed in the present experiment.

Method

Participants. The participants were 32 undergraduate Hungarian stu-
dents from the University of Szeged, who participated in return for partial
credit in a lower division psychology course. Their age varied between 18
and 24 years. There were 20 women and 12 men

Procedure. Participants were tested individually and were informed
that they were participating in an experiment on memory that would test
their ability to recall words. The experiment was conducted in four phases:
a list learning phase, a distractor phase, a lexical decision phase, and a
free-recall phase. Words were presented visually on a computer screen.
Each word was displayed for 2 s with a 2-s inter-item interval. After the
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words of the first list (12 words) had been presented, participants were
instructed to stop. At this point, participants in the F group were given the
forget instruction and those in the R group were given the R instruction.
For the F instruction, the experimenter gave spoken instruction that the
previous presentations had been a practice list to familiarize the partici-
pants with the method and stimuli and that they should now forget the
words they had just studied, put them out of mind, and concentrate on the
upcoming experimental list, which they would have to remember. For the
remember instruction, also spoken, R-group participants were informed
that they had now completed studying a first list, and this was to be
followed by a second list that also had to be remembered later in the
experiment. Allocation to groups was random. After all words had been
studied, participants were given a 5-min arithmetic distractor task. The
distractor task was followed by a lexical-decision task. The experimental
lists were randomly selected from four study lists, each of which contained
12 high-frequency words naming common objects (see Racsmany, 2003,
for the full lists).

The design of the lexical-decision task was the same as that used by
MacLeod, (1989). There were 15 practice trials, made up of seven words
and eight nonwords not included in the experimental sets. Each trial began
with a 250-ms warning ****_ followed by a 250-ms blank period prior to
the item. Each item was presented in uppercase letters at the center of the
screen either until the participant pressed a key to indicate the chosen
response or for a maximum of 2 s. There was a 250-ms blank period before
the next warning stimulus. The 96 experimental trials were made up of 24
studied words (List 1 and List 2 words), 24 unstudied words, and 48
nonwords. Participants were encouraged to respond as rapidly as possible
and at the same time to avoid errors. After the lexical-decision task was
completed, participants took part in a free-recall task. For this, they were
given a sheet of paper and were instructed to try to recall any words they
could first from the first list, then from the second list. The forced order of
recall served to eliminate output interference from the second list.

Results and Discussion

Lexical-decision task. There were fewer than 1% errors and
most participants made no errors. There was no systematic distri-
bution of errors to conditions and the few errors were, for the
purposes of analysis, replaced by the mean for that participant in
that condition. We conducted a 2 (group) X 3 (words) mixed
analysis of variance (ANOVA) on the reaction time data; the

Table 1

reaction times of nonword items were not included in the analyses
because they were not pertinent to the predictions. The main effect
of group was not significant (F < 1), whereas the main effect of
words was significant F(1, 60) = 18.20, p < .01. Studied words
were reliably responded to more quickly than unstudied words (see
Table 1), and there was no significant Group X Words interaction,
F(1, 60) = 0.98, p > .10. Planned comparisons between F-group
Lists 1 and 2, and between F-group List 1 and R-group List 1,
showed no reliable differences.

Free-recall performance. The main effect of group was not
significant F(1, 30) = 1.84, nor was the main effect of List (F <
1). There was, however, a significant Group X List interaction,
F(1, 30) = 16.10, p < .01. Planned comparisons confirmed that
the recall of List 1 words was significantly lower than the recall of
List 2 words in the F group, F(1, 15) = 8.27, p < .01. The recall
performance of List 1 words in the F group was significantly
poorer than the recall of List 1 words in the R group, F(1, 30) =
13.57, p < .01 (see the lower section of Table 1). Thus, a powerful
directed-forgetting effect was present in free recall, but this effect
was absent in lexical decision.

The findings of this first experiment are then highly consistent
with the predictions of the episodic inhibition account. By this
view, representations of the List 1 items in the F group are in an
inhibited state in an episodic memory of learning the list. When
this episodic memory and its contents are accessed, during the
list-cued-recall test, relatively few items from List 1 for the F
group can be accessed because their representations are inhibited.
This inhibition occurs after the memory has been constructed and
representations of the items copied into it. Just prior to presentation
of the F instruction, the items would presumably be highly acti-
vated and accessible, but the F instruction and the second list
learning trigger inhibition of the contents of the memory. It is
perhaps important to note that no participant failed to recall that
there had been a first list, indicating that the memory itself was not
in a state of lowered accessibility. An alternative to the episodic
inhibition account of the present experiment might focus on the
fact that lexical decision preceded free recall and, perhaps, it is this

Mean Lexical Decision Times and Percentage Recalled in Experiment 1

Type of target words

List 1 List 2
Group words words New words Nonwords
Mean latencies in the lexical decision task
F group 581.2 (54.1) 586.9 (67.2) 625.7 (79.5) 630.2 (80.1)
R group 576.4 (70.4) 574.2 (60.3) 611.8(71.4) 627.2 (70.3)
Mean percentage recall of List 1 and List 2
List 1 List 2
M SD M SD
F group 24.2 13.2 36.5 15.1
R group 40.1 20.0 30.9 229

Note. F group refers to those participants told to forget the words they have learned; R group refers to the
participants told to remember the words they have learned. Latencies are presented in milliseconds.
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fixed order that is in some way influencing the findings. In the next
experiment, we tested this alternative by giving an additional
free-recall test just before the lexical-decision task. This strategy
should ensure that to-be-forgotten items would be under active
suppression at the beginning of the reaction time task and thus
maximize the conditions for a directed-forgetting effect in lexical
decision.

Experiment 2
Method

The participants were 42 undergraduate Hungarian students from the
University of Szeged, who participated in return for partial credit in a lower
division psychology course. Their ages varied between 18 and 22 years,
with the mean age being 20.1 years. There were 26 women and 16 men.
Experiment 2 followed the same procedure as Experiment 1, with one
difference. The experiment was conducted in five phases: a list learning
phase, a distractor phase, the first list-cued recall phase, a lexical decision
phase, and a (second) list-cued recall phase.

Results and Discussion

First free-recall performance. A 2 X 2 (Lists X Group)
mixed-factor ANOVA was conducted on the number of words
recalled by each subject in the first free-recall phase. Table 2
(upper section) shows the mean probabilities for groups and lists.
To compare the critical differences between means, we performed
a series of planned comparisons on pairs of means, as in Experi-
ment 1. The main effect of groups was significant, F(1, 40) = 5.49,
p < .05. The main effect of list was not significant (F < 1). The

Table 2
Mean Percentage Recalled and Mean Lexical Decision Times in
Experiment 2

Type of target words

List 1 List 2

Group M SD M SD

Mean percentage recall in the first free-recall task

F group 19.8 11.1 325 12.1
R group 42.1 17.8 27.3 16.3

Mean latencies in the lexical decision task

List 1 List 2

words words New words Nonwords
F group 569.6 (62.1) 568.7 (52.8) 610.7 (78.7) 613.2 (84.6)
R group 588.1 (66.3) 584.3 (54.5) 597.3 (79.8) 616.6 (63.5)

Mean percentage recall in the second free-recall task

List 1 List 2
M SD M SD
F group 26.6 15.8 37.5 16.6
R group 45.8 225 342 22.4

Note.  F group refers to those participants told to forget the words they
have learned; R group refers to the participants told to remember the words
they have learned. Latencies are presented in milliseconds.

analysis of recall scores yielded a significant Group X List
interaction, F(1, 40) = 27.14, p < .01. Planned comparisons
confirmed that the recall of List 1 words was significantly lower
than the recall of List 2 words in the F group, F(1, 20) = 15.42,
p < .01. The recall performance of List 1 words in the F group
was significantly poorer than the recall performance of List 1
words in the R group, F(1, 40) = 23.70, p < .01. These results,
the List X Group interaction, and the critical contrast of
F-group List 1 versus R-group List 1 demonstrate a robust
directed forgetting effect.

Lexical-decision task. 'We conducted a 2 (group) X 3 (words)
mixed ANOVA on the reaction time data; the reaction times of
nonword items were not included in the analyses. The main effect
of group was not significant (F < 1), the main effect of words was
significant, F(1, 80) = 16.80, p < .01, and overall studied words
had faster lexical decision times than new words (see the middle
section of Table 2). There was no significant Group X Words
interaction (F < 1).

Second free-recall performance. The main effects of group
and lists were not significant. However, as in the first recall phase,
a highly reliable Group X List interaction, F(1, 40) = 14.60, p <
.01, was observed (see the lower section of Table 2). Planned
comparisons confirmed that the recall of List 1 words was signif-
icantly lower than the recall of List 2 words in the F group, F(1,
20) = 7.56, p < .01. Recall of List 1 words in the F group was
significantly poorer than the recall of List 1 words in the R group,
F(1, 40) = 10.46, p < .01. These results, the List X Group
interaction, and the critical contrast of F group List 1 versus R
group List 1 indicate that the directed forgetting effect was not
released by the lexical-decision task or by the earlier recall. The
moderate increase in recall overall in the second recall indicates a
weak hyperamnesia effect.

Whether lexical decision precedes or follows recall does not
appear to influence the presence of the directed forgetting effect in
recall or the lack of it in lexical decision times. Indeed, even when
a second recall is undertaken, the pattern of the directed-forgetting
effect remains intact. Thus, neither prior recall nor encountering
the inhibited items in another processing context was sufficient to
overcome the effect. According to the episodic inhibition account,
these effects occur because the extended dynamic pattern of acti-
vation/inhibition that evolved in perceptual, conceptual, motiva-
tional, and affective systems during encoding becomes represented
in an episodic memory, or set of such memories, and this pattern
determines recall. If, however, items inhibited in the episodic
memories are encountered in contexts in which they can be pro-
cessed without accessing the episodic memories, then no inhibition
will be observed. The present findings not only support this view
but also show that the episodically inhibited items are in fact
primed in lexical decision times. In both Experiments 1 and 2,
lexical decision times to studied items, including the critical List 1
F-group items, were quicker than to previously unstudied new
words. This paradoxical effect is predicted by episodic inhibition,
which proposes that the pattern of activation/inhibition induced by
the study phase is preserved only in episodic memories of the
study phase. It seems that for conceptual or lexical representations,
prior exposure to the words in all lists gave rise to enduring
activation or priming.
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Experiment 3

The episodic inhibition view proposes that by accessing knowl-
edge in an episodic memory, the pattern of activation/inhibition
over representations in the memory can be altered for at least some
time after encoding. Indeed, this malleability provides an impor-
tant mechanism for reevaluating memories in response to later
experience. An experimental procedure that has extensively exam-
ined this is the retrieval practice procedure (Anderson, Bjork, &
Bjork, 1994; Anderson & Bell, 2001; Anderson & Spellman,
1995). In the retrieval practice procedure, inhibition is induced by
selectively rehearsing a subset of items from a recently learned list.
Typically, the first list to be learned consists of several categories,
for example, fruits, birds, vehicles, and so forth, and paired with
each category are several exemplars, for example, orange, apple,
banana. Having studied the list, the participant enters a second
phase in which practice is undertaken in the form of cued recall of
some of the categories and their exemplars. Items previously
learned are recalled to word-stem cues such as “fruit/or ?”’ In the
third phase that follows retrieval practice, an attempt is made to
recall all the originally acquired items to the category cues, for
example, “fruit: ___, 7 The typical pattern of findings
is that category-cued recall of unpracticed items from categories
that were practiced (rp items) is reliably lower than that of items
from categories that were not practiced (nrp items) and which
constitute the baseline for gauging retrieval-induced forgetting
(RIF) in this procedure. Finally, recall of items that were practiced
(rp+ items) is reliably greater than that of items from practiced
categories that were themselves not retrieval practiced (rp—) and
items that were not from categories that contained an item that
received retrieval practice (nrp items). Thus, the beneficial effects
of rehearsal are shown in the high levels of rp+ recall, and the
inhibition of unpracticed highly related category members caused
by the practice is reflected in the low recall of the rp— items
relative to the nrp items.

There are several explanations of the memory effects in retrieval
practice, and we consider these later in the General Discussion.
The episodic inhibition approach we have developed here makes
much the same predictions for retrieval practice as it did for
directed forgetting, namely, that the effects of practice will be to
set up a particular pattern of activation in an episodic memory of
processing the study list, and it is this pattern that will determine
later recall. Thus, the study list items will be represented with
varying degrees of accessibility in the episodic memory of learning
the list. It seems reasonable to assume that most items will be
activated and accessible; after all, the goal set for participants is to
learn the study items for a later memory test. Practice of one item
from a category in which all the items are at roughly similar levels
of activation will have the effect of increasing the activation level
of that item (rp+ items) in the memory and perhaps of decreasing
and even inhibiting the closely associated items (rp— items). The
activation levels of episodic memory representations of items from
unpracticed categories (nrp items) will presumably undergo little
change, as they are not directly accessed during the practice phase.
As with directed forgetting, however, if items that are inhibited in
an episodic memory can be processed in a new processing context
that does not require or induce access to the episodic memory, then
no inhibition and even activation of these inhibited items may be
observed. Thus, a lexical-decision task interposed between study-

and test-containing words inhibited by retrieval practice, words
that cannot be recalled, may show no slowing of lexical decision
times and even a speeding of reaction times relative to new
previously unstudied words. Such a pattern of findings would
generalize our findings in directed forgetting to retrieval practice
and provide convergent evidence for the episodic inhibition
account.

The present experiment uses the retrieval practice procedure of
Anderson et al. (1994), with two modifications. After the category
cued recall phase, a lexical-decision task was undertaken in which
word/nonword judgments were made of previously studied words,
new words, and previously unstudied nonwords. Following this, a
second cued-recall test was taken and this was to examine the
effect of implicit reexposure on the pattern of cued recall. This
sequence of tests will establish whether an RIF effect is (a) present
in the first cued recall phase, (b) absent in the lexical-decision task,
and (c) present again in the second recall phase. By the episodic
inhibition view, the RIF pattern should be present at least in the
first recall test and very possibly in the second test as well; this is
because both involve access of an episodic memory of the study
list in which the RIF pattern of activation/inhibition has been
induced by retrieval practice. However, the episodic inhibition
account predicts that RIF effects will not be present in the lexical-
decision task because this task can be completed by accessing
semantic representations that are not inhibited.

Method

Participants. Twenty-five undergraduate Hungarian students from the
University of Szeged, Szeged, Hungary, participated in return for partial
credit in a lower division psychology course. The students’ ages varied
between 18 and 24 years, with the mean age being 20.3 years.

Materials. Following Anderson et al. (1994), we constructed 10 cate-
gories, 2 of which were used as fillers. Each category contained six
examples, the words being drawn from several published Hungarian norms
(Fiiredi & Kelemen, 1989; Kénya & Pintér, 1985), of moderate to high
frequency and highly typical members of their category (see Appendix A).

Procedure. Participants were tested individually and were informed
that they would be participating in an experiment on memory. The exper-
iment was conducted in six phases: a learning phase, a retrieval-practice
phase, a distractor phase, a category-cued recall phase, a lexical decision
phase, and a second surprise category-cued recall phase. The learning
phase was controlled by a Pentium III personal computer. The participants
saw category—exemplar pairs on the monitor screen, which they were to try
to remember as best as they could for a later memory test. Each category
exemplar pair was presented in uppercase letters at the center of the screen
for 5 s. We presented the category—exemplar pairs in an unsystematic
intermixed order. When participants completed the learning phase, the
experimenter distributed practice booklets. Each page in the booklet con-
tained one of the category names studied in the previous phase of the
experiment and the first two letters of one of the members of that category,
which they had to complete. They were encouraged not to guess but to
retrieve an item studied in the previous phase. Participants were warned
that some of the category—exemplar pairs might be repeated and that when
this occurred they should again recall the item from the original list. The
participants practiced 3 exemplars from half of the 8 learning categories.
The practice booklet contained every critical exemplar three times and thus
contained 66 category—exemplar stem pairs. The practiced categories were
counterbalanced between experimental groups. After the retrieval practice
phase had been completed, the booklets were collected, and participants
were given an unrelated arithmetic task for 5 min.
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In the first recall phase, participants were given recall booklets with the
name of one of the categories studied previously at the top of each page.
In each booklet, the order of presentation of the categories was random.
The participants worked through the 8-page booklet from first page to last,
recalling as many previously studied exemplars as they could in the 40 s
allocated for each category. The lexical-decision task followed standard
practice, and there were 15 practice trials, consisting of 7 words and 8
nonwords not included in the experimental sets. Each trial began with a
250-ms warning of ****  followed by a 250-ms blank screen prior to
presentation of the item. Each item was presented in uppercase letters at the
center of the screen until the participant pressed one of two keys to indicate
the chosen response or for a maximum of 2 s. The “WORD” key was
always operated with the right hand and the “NONWORD” key, with the
left. There was a 250-ms blank period before the next warning symbol. The
176 experimental trials were made up of 48 studied words (12 rp+, 12
rp—, 24 nrp words), 48 unstudied words, and 80 nonwords. Order of
presentation was random. Participants were required to respond as rapidly
as possible while avoiding errors. Response time was recorded from item
on screen to keypress in milliseconds. After the lexical-decision task had
been completed, participants took a second category-cued-recall test fol-
lowing the procedure of the first test but with the order of cues unsystem-
atic with respect to the first test and original learning trial.

Results and Discussion

Category-cued recall. Table 3 shows the percentages of each
type of item that was correctly recalled in the first and in the
second category-cued recall phase. Following Anderson et al.
(1994), retrieval-induced forgetting was assessed by comparing
recall performance on unpracticed items from the practiced cate-
gories (rp— items) with recall performance on unpracticed items
from the previously unpracticed categories (nrp items). If the latter
exceeds the former, then retrieval-induced forgetting has occurred.
To determine whether this was the case, we conducted a within-
subject ANOVA—with item type as the single variable having the
three levels rp+, rp—, and nrp—on the raw scores both for the
first- and second-recall performances. In the first-recall phase, a
reliable effect of item type was found, F(2, 48) = 76.10, p < .01.
Planned comparisons found that recall of rp+ items was signifi-
cantly higher than that of nrp items, F(1, 24) = 637.10, p < .01,
confirming the benefit of retrieval practice. Recall of rp— items
was significantly lower than that of nrp items, F(1, 53) = 17.70,
p < .01, demonstrating retrieval-induced forgetting. For the
second-recall phase, conducted after the lexical-decision task, a
reliable effect of item type was again found, F(2, 48) = 23.40,p <

.01. Recall of rp+ items was significantly higher than that of nrp
items, F(1, 24) = 1,079.90, p < .01, and recall of rp— items was
significantly lower than that of nrp items, F(1, 24) = 21.50, p <
.01. The usual RIF pattern of recall in the recall practice procedure
was then present in the standard category cued-recall test and in
the same test again after an intervening lexical-decision task that
featured exactly the same items.

Lexical decision. The lower section of Table 3 shows the mean
RTs by item type condition and for new (unstudied) words. Note
that although the means for the nonword trials are also shown in
Table 3, these were not included in the analyses, as they were not
pertinent to the main questions. Thus, a single factor (item type:
rp+, rp—, nrp, and unstudied words) within-subject ANOVA was
carried out on the latencies. There was a significant effect of item
type, F(3, 72) = 32.80, p < .01. The latency of rp+ words was
significantly shorter than that of the nrp words, F(1, 24) =
3,145.60, p < .01, demonstrating a strong priming effect arising
from the original study phase and reinforced by subsequent re-
trieval practice. Note that these two sources of activation, study
and retrieval practice, may sum to produce rp+ items that are more
strongly activated than any other items in the set. The latency of
nrp words was significantly shorter than that of the previously
unstudied words F(1, 24) = 30.69, p < .01, and this demonstrates
that the study phase on its own was sufficient to prime lexical-
decision times. Critically, however, there was no significant dif-
ference between latencies of the nrp words and rp— words (F < 1),
and this shows that there was no RIF effect in lexical decision
times for items inhibited in category cued recall. Thus, the same
items can be both inhibited and primed depending on the type of
test used to access the items.

Experiment 4

One way in which the lexical-decision task can be extended is
into primed lexical decision. This provides an opportunity to
explore, albeit in a different task and different manner, the spread
of inhibition originally reported by Anderson and Spellman
(1995). Thus, in the present experiment, category exemplars were
primed in the lexical decision phase with either a studied or
unstudied category. For example, if “orange” was studied in the
context of “fruit,” then in lexical decision, its studied prime would
be “fruit” or, if allocated to the unstudied prime condition, its
unstudied prime would be “food.” Note that, studied and unstudied

Table 3
Mean Percentage Recall and Mean Lexical Decision Times in Experiment 3
Variable Rp+ items Rp— items Nrp items New word Nonword
Mean percentage of items recalled on first- and second-category cued recall
First recall 72.6 139 332
Second recall 72.5 16.5 43.7
Mean (and SD) lexical decision times
Latency 568.5 (42.9) 595.9 (70.2) 597.3 (69.6) 679.4 (52.9) 780.3 (74.8)
Note. Rp+ = Items that received retrieval practice; Rp— = items from practiced categories that were

themselves not retrieval practiced; Nrp = items that were not from categories that contained an item that received
retrieval practice. Lexical decision times are presented in milliseconds.
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primes (all category names) were selected to be equally associated
to the target exemplar. Collapsed over prime type, we expect to
observe the same pattern of findings for lexical decision and
category cued recall as that observed in the previous experiment.
For studied primes, it is possible that both episodic and conceptual
representations may be accessed and, if so, inhibition may be
detected in the form of slower latencies for rp— compared with rp
items. For unstudied primes, latency may be mediated mainly, or
even solely, by conceptual representations and, if so, no reliable
differences in latencies between rp— and nrp items should be
observed. On the other hand if there was some spread of inhibition,
and this was represented in the episodic memory of the study phase
(modified by practice) then it is possible that these unstudied
category-plus-studied exemplar pairs might access the memory
and thus show some inhibition reflected in slow latencies to rp—
items.

Method

Participants. Twenty-six undergraduate Hungarian students from the
University of Szeged participated in return for partial credit in a lower
division psychology course. Their ages varied between 18 and 25 years,
with the mean age being 21.3 years.

Procedure. The procedure was identical to Experiment 3 except that
the lexical-decision task was replaced by a primed lexical-decision task. In
this task, prior to each visually presented target word, a category name
appeared as a prime. There were two different types of prime—target trials:
previously studied category—word pairs for example, fruit—orange, or un-
studied but related category—word pairs, for example, food—orange (see
Appendix B). The 176 trials were made up of 48 studied words (12 rp+,
12rp—, 24 nrp words), 48 unstudied words, and 80 nonwords. There were
two category label sets; half of the studied words were randomly assigned
to studied category primes and the other half, to unstudied category primes.
The unstudied (new) words were primed with associated categories but
ones that had not been used for studied words. Nonword trials were primed
with studied or unstudied category primes. Each trial began with a 250-ms
warning of **¥*; then the prime was shown for 500 ms, followed by a
500-ms blank period, and finally the target word was presented in upper-
case letters at the center of the screen until the participant pressed a key to
indicate the chosen response or for a maximum of 2 s. There was a 250-ms

Table 4

blank period before the next warning stimulus. As usual, participants
responded as quickly and as accurately as possible.

Results and Discussion

Category-cued recall. As in Experiment 3, the number of
items recalled in both category-cued recall phases were each
analyzed with a single variable (item type: rp+ or rp— or nrp)
within-subject ANOVA. Table 4 shows the percentages of each
type of item correctly recalled in the first and in the second
category-cued recall phase. In the first-recall phase, there was a
significant effect of item type on recall, F(2, 50) = 206.24, p <
.01. Planned comparisons found that recall of rp+ items was
significantly higher than that of nrp items, F(1, 25) = 940.28, p <
.01, which confirmed the recollective benefits of the retrieval
practice. Recall of rp— items was significantly lower than that of
nrp items, F(1, 25) = 63.61, p < .01, demonstrating retrieval-
induced forgetting. In the second-recall phase, which was con-
ducted after the lexical-decision task, we again found a significant
effect of item type, F(2, 50) = 160.43, p < .01. The recall of rp+
items was significantly higher than that of nrp items, F(1, 25) =
869.12, p < .01, and the recall of rp— items was significantly
lower than that of nrp items, F(1, 25) = 38.29, p < .01 (see Table
4). These results demonstrated the presence of retrieval-induced
forgetting after a lexical-decision task involving items of the
learning phase. Taken together, the present results and those of
Experiment 3 demonstrate powerful and extremely robust effects
of RIF recall following the retrieval practice procedure.

Primed lexical decision. Table 4 shows the primed lexical
decision data. A 2 X 4 within-subject ANOVA was conducted in
which the two variables were prime (studied vs. unstudied) and
item type (rp+, rp—, nrp, and unstudied words). Both the prime
and the item type main effects were significant, F(1, 25) = 8.35,
p < .01, F(1, 23) = 16.90, p < .01, respectively. The Prime X
Item Type interaction was also significant, F(1, 23) = 3.60, p <
.03. Two separate, single-variable within-subject ANOVAs were
then conducted on the raw latencies for studied primes and for
unstudied primes. When the prime words were studied categories,

Mean Percentage Recall and Mean Lexical Decision Times in Experiment 4

Recall group/

type of prime Rp+ Rp— Nrp Overall New word Nonword
Mean percentage of items recalled on first and second category cued recall
M(%) M(%) M(%) M(%)
First recall 80.4 12.9 222 432
Second recall 83.6 12.8 324 50.8
Mean (and SD) lexical decision times
Rp+ Rp— Nrp New word Nonword
Studied category 546.8 (55.3)  594.9(90.6)  568.1(82.7) 632.5(71.9)  714.7(76.3)
Unstudied category 577.8 (85.8) 5709 (68.1)  603.8 (75.2) 637.2(72.5)  719.2(75.8)
Note.  Rp+ = items that received retrieval practice; Rp— = items from practiced categories that were

themselves not retrieval practiced; Nrp = items that were not from categories that contained an item that received
retrieval practice. Lexical decision times are presented in milliseconds.
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there was a significant effect of item type, F(3, 75) = 26.56, p <
.01. The latency of rp+ words was significantly shorter than that
of the nrp items, F(1, 25) = 4.23, p < .05, showing a priming
effect of retrieval practice (see Table 4). The latencies of nrp words
were reliably faster than that of the previously unstudied words,
F(1, 25) = 59.20, p < .01, demonstrating a priming effect of the
learning phase on the lexical decision times. These findings are
then highly consistent with the findings of Experiment 3. For the
critical contrast, however, a reliable difference was found between
latencies of nrp words and rp— words, F(1, 25) = 8.37, p < .01,
and it can be seen from Table 4 that rp— latencies were slower
than nrp latencies. This constitutes an RIF effect in the lexical-
decision task that was absent in Experiment 3, and it is an RIF
effect that (only) occurs when the primes are studied categories.
When the primes were unstudied but nonetheless highly associated
categories, a significant effect of item type was again observed,
F(3, 75) = 13.17, p < .01. The latencies of rp+ words were
significantly shorter than those of the nrp words, F(1, 25) = 7.50,
p < .01. The latencies of rp— words, however, were significantly
shorter than those of nrp words, F(1, 25) = 14.50, p < .01, and did
not differ reliably from the corresponding latencies for rp+ items.
Why this unexpected “rebound” effect occurred is not known, but
what is critical for the present argument is that these findings for
unstudied primes, unlike the results for the studied primes, show
no evidence of inhibition of rp— items. Finally, in all cases, all
studied items were responded to more quickly than the new words
(p < .05), demonstrating a priming effect of similar magnitude
over all conditions.

In the present experiment, the pattern of findings for category-
cued recall was highly similar to that found in Experiment 3 at
both test phases and constitutes a robust RIF effect. The pattern of
lexical decision latencies was also highly similar to that observed
earlier when this is collapsed over prime type. The lexical decision
data by prime type, however, were more complex: When the
prime—target pair contained previously studied items, such as
fruit—apple, the RIF pattern of inhibition was present in the lexical
decision times, but when the prime—target pair consisted of previ-
ously unstudied primes paired with previously studied items, such
as food—apple, no RIF inhibition was present, and all items were
primed relative to new items. These findings suggest that studied
prime—targets accessed a representation of the study list that con-

Table 5

tained the RIF pattern of activation/inhibition. This representation
produced the slowing of latencies to rp— items that would be
expected if retrieval practice influenced lexical-decision times. In
contrast, unstudied primes paired with studied targets did not show
the slowing to rp— items that might be expected to occur when the
retrieval practice procedure is used. Thus, whatever representation
these cues (unstudied primes plus studied targets) are accessing, it
cannot be the same as that accessed by the studied primes and
targets.

Experiment 5

In this experiment we repeated the preceding experiment but
omitted the category-cued recall administered prior to the lexical-
decision task. The reason for this is that it may be the case that the
cued-recall test has some (undetected) effect on primed lexical
decision, and this might be so even if both tasks access different
long-term memory representations (a concern that also applied to
Experiment 1).

Method

A new group of 32 undergraduate Hungarian students from the Univer-
sity of Szeged participated in return for partial credit in a lower division
psychology course. Their ages varied between 18 and 23 years, with the
mean age being 20.1 year. The experiment was the same as Experiment 2
in all other respects.

Results and Discussion

Category-cued recall. The analyses were the same as those
conducted previously. Table 5 shows the percentages of each type
of item that was correctly recalled in the category-cued recall
phase, which was conducted after the lexical-decision task. A
significant effect of item type, F(2, 62) = 53.25, p < .01, was
found. The recall of rp+ items was significantly higher than that
of nrp items, F(1, 31) = 26.40, p < .01, and the recall of rp— items
was significantly lower than that of nrp items, F(1, 31) = 50.50,
p < .01. These results demonstrate again the presence of a pow-
erful and consistent RIF effect after a lexical-decision task involv-
ing items from the learning phase.

Primed lexical decision. Table 5 shows the primed mean lex-
ical decision times. Both the prime and the item type main effects

Mean Percentages of Items Recalled and Mean Lexical Decision Times in Experiment 5

Recall group/

type of prime Rp+ Rp— Nrp Overall New word Nonword
Mean percentage of items recalled

M(%) M(%) M(%) M(%)

First recall 69.4 17.4 37.4 53.7
Mean (and SD) lexical decision times

Studied category 543.8 (54.6)  596.6 (75.4)  568.3 (66.9) 630.1 (54.7)  720.1 (64.9))
Unstudied category 569.3(85.2)  600.4 (85.1)  606.7 (79.7) 633.4 (58.8)  718.3 (67.5)
Note.  Rp+ = items that received retrieval practice; Rp— = items from practiced categories that were

themselves not retrieval practiced; Nrp = items that were not from categories that contained an item that received
retrieval practice. Lexical decision times are presented in milliseconds.
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were significant, F(1, 31) = 6.13, p < .02, F(1, 29) = 30.50, p <
.01, respectively. This time the Prime X Item Type interaction was
only marginally significant, F(1, 29) = 2.50, p < .08. As in
Experiment 2, when the prime words were studied categories,
there was a highly reliable effect of item type, F(2, 62) = 7.60,
p < .01. The latency of rp+ words was significantly faster than
that of the nrp items, F(1, 31) = 4.10, p < .05, confirming the
priming effect of retrieval practice. There was again a significant
difference between latencies of nrp words and rp— words, F(1,
31) = 7.50, p < .01, demonstrating an RIF effect in the lexical-
decision task when the prime word was a studied category. When
the prime word was an unstudied but related category a significant
effect of Item Type was found, F(2, 62) = 4.80, p < .01. The
latency of rp+ words was significantly shorter than that of the nrp
words, F(1, 31) = 4.20, p < .05, but there was no significant
difference between latencies of nrp words and rp— words (F <
1.3). Thus, the curious “rebound” effect detected in Experiment 4
did not occur again and, therefore, this is not a consistent effect.
Crucially, however, there was no RIF effect. In addition to this, the
latency of nrp words with studied primes was reliably shorter than
that of nrp words with unstudied prime, F(1, 31) = 19.15, p < .01,
but there was no significant difference between latencies of rp—
words and studied or unstudied primes (£ < 2). These findings are,
for most contrasts, highly similar to those of Experiment 4 and
clearly show that an initial category cued-recall test does not
influence either lexical decision or a second category cued-recall
test. The robust RIF effects induced by retrieval practice were
again observed in recall, and again there was an RIF effect in
lexical decision latencies when items were primed by studied
categories but not when items were primed by unstudied
categories.

Experiment 6

In all the experiments reported thus far, we have observed
impaired recall of items targeted for inhibition (Tables 1 through
5). For lexical decision, however, the pattern of findings is more
complicated. Lexical-decision times have been unaffected by ma-
nipulations intended to induce inhibition except when the items
featured in the lexical-decision task were exact copies of items
from the study lists, for example, studied fruit—apple, later primed
with fruit, followed by a lexical decision to apple (Experiments 4
and 5). This pattern can be explained by our proposal that when
cues access an episodic memory of the learning event, one that has
been affected by retrieval practice, then inhibition is observed.
When, however, cues access conceptual representations, no inhib-
itory pattern is observed and, instead, mainly activation (priming)
is observed (Tables 1 through 5). This suggests one further test of
the episodic inhibition account. When a task intervenes between
study and test, if that task can be completed without accessing an
episodic memory of the study phase, that is, by using conceptual
knowledge, then no RIF pattern should result regardless of how
strong the semantic association is between the study and interven-
ing tasks. This assumes, of course, that the items used in the task
do not automatically cue access of the episodic memory. For
example, if the study phase containing the usual list of categories
and exemplars is followed by a category exemplar generation
phase, which although highly related to the study items neverthe-
less fails to access the memory of the study phase, then no RIF
effects should occur. In order to test this, we constructed an

experiment in which retrieval practice was replaced by category
generation. As usual, category names and exemplars were studied,
for example, fruit-apple, fruit—banana, fruit—pear, and this was
followed by the generation of exemplars to category exemplar
word-stem cues, for example, fruit—or . The category ex-
emplar word-stem cues were designed so that they featured a
highly typical or dominant exemplar from a previously studied
category. They were also constructed so that they could not be
completed by accessing a memory of the previously studied list.

Method

Participants. ~Seventy undergraduate Hungarian students from the Uni-
versity of Szeged took part in the experiment. They participated in return
for partial credit in a lower division psychology course. Their ages varied
between 18 and 25 years, and their mean age was 20.4 years.

Procedure. Participants were tested in groups of 3 to 6 participants.
The experiment was conducted in four phases: a learning phase, a gener-
ation phase, a distractor phase, and a category-cued recall phase. The
learning, distractor, and category-cued recall phases were identical to those
used in the previous experiments. The only difference from the standard
RIF procedure was that participants took part in a generation task rather
than a practice task. In the generation task, immediately after the learning
phase, participants received two-letter stems together with a studied cate-
gory cue and generated a word related to the category cues. The cues were
designed to elicit exemplars that, when included in a retrieval practice
phase, induced inhibition of words encoded in the study phase (as found in
Experiments 3 through 5 in the present series). However, the cues were
also designed to elicit exemplars that had not been presented in the study
phase (see Appendix C). There was no requirement to recall any items from
earlier in the experiment, and the generation task was introduced as a filler
task, the main requirement of which was to respond as quickly as possible
without error. The generation cues elicited previously unpresented words
from half of the eight learning categories, and each cue was repeated three
times. Participants generated the same items three times, exactly the same
number of practice trials as in the practice phase in the standard RIF
procedure. The practiced categories were counterbalanced between exper-
imental groups. After completion of the generation task, participants un-
dertook a numerical filler task for 5 min. Finally, the studied category
names were represented, and participants were instructed to recall the items
from the study list.

Results and Discussion

In this experiment rp— words were the items from the categories
from which participants generated items in the generation phase. If
the activation of items from the same categories impairs the
representation of related items, then the recall performance of rp—
items should be lower than that of nrp items (there was no
generation of items from these categories). Note, there were no
rp+ items in this version of the RIF procedure. The repeated
generation of the items during the semantic generation task was
successful, and in over 98% of responses the planned items from
the correct categories were generated. As in the previous experi-
ments, retrieval-induced forgetting was assessed by comparing the
recall performance of unpracticed items from the practiced cate-
gories that is, items from categories later involved in the genera-
tions phase (rp— items) with the recall performance of unpracticed
items from the previously unpracticed categories, that is, items
from those categories that were not included in the generation
phase later (nrp items). Mean recall of rp— items was 48%
compared with a mean of 46% for nrp items (see Table 6). This
difference was not reliable (+ < 1) and shows that processing of
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Table 6
Mean Percentage of Items Recalled in Experiment 6

Retrieval practice status of item

Rp— Nrp
Type of recall M(%) SD M(%) SD
Category cued recall 47.79 26.58 45.66 26.25
Note. Rp— = Items from practiced categories that were themselves not

retrieval practiced; Nrp = items that were not from categories that con-
tained an item that received retrieval practice.

highly associated semantic items in between study and test does
not necessarily induce inhibition (see also Anderson, Bjork, &
Bjork, 2000).

General Discussion

In this series of experiments, we have sought to identify the
locus of effects in directed forgetting and retrieval practice and, in
particular, to isolate the types of mental representations that un-
derlie these effects. Our version of episodic inhibition seeks to
account for the findings by distinguishing between episodic and
other types of long-term memory representations. We posit that
during study, activation/inhibition of several different interacting
memory systems mediates comprehension and learning. One result
of this goal-oriented processing is an episodic memory or set of
such memories which represent the study period. The memory
represents the period by containing sensory—perceptual as well as
conceptual—affective knowledge that was prominent during the
period and that is goal-related (see Conway, 2001). Notably, the
content or features of the episodic memory also reflect the pro-
cessing priorities of the study period and those of any subsequent
processing directed at the memory, for example, a directed forget-
ting instruction or period of selective retrieval practice. Thus, a
pattern of activation/inhibition is present over the features of the
episodic memory and when the memory is accessed, this pattern
determines access of content. Highly active features, representa-
tions of rp+ items, for example, are highly accessible whereas
other features that are lower in accessibility or, possibly, inhibited,
for instance, TBF items and rp— items are more difficult to access.
Thus, when an episodic memory of the study phase is accessed, as
it has to be in directed forgetting and RIF, the pattern of activation/
inhibition over its features powerfully influences what is recalled.
The resulting effects, good recall of List 2 and rp+ items (Exper-
iments 1 through 5), reflect high levels of activation of these items
in the episodic memory of the study phase. Poorer recall of items
from the TBF list and of nrp and rp— items shows either lower
levels of activation of these items, as most probably is the case for
nrp items, or as others have suggested, their inhibition, which may
be the case for List 1 TBF items and rp— items (Anderson &
Spellman, 1995; Bjork, 1989).

The critical point, and the purpose of the present research, is that
if a poststudy task contains items from the study phase but neither
requires access of the memory of the study phase nor automatically
cues access, then the pattern of activation/inhibition represented in
the memory will not influence performance on the poststudy task.

In the present series of experiments, lexical decision was used to
test this proposal. Lexical decision times to items from the study
list were unaffected by manipulations that nonetheless gave rise to
striking and marked decrements in recall performance, and this
was the case across Experiments 1 through 5. The exception to this
occurred when the lexical decision items were pairs of words (e.g.,
fruit-apple) from the study phase. These items did show the
expected effects of retrieval practice, that is, rp+ items were
responded to more quickly than all other items and nrp items were
responded to more quickly than rp— items (Experiments 4 and 5).
This was the case even though in the same experiments, studied
items that were preceded by unstudied primes (e.g., food—apple)
showed no RIF effects (Tables 4 and 5). These are problematic
findings for those theories of inhibitory effects that argue for
semantic processing as the locus of the effects, for example,
Anderson and Spellman (1995). It is unclear why the semantic
representations of some items should be difficult to access com-
pared with others when all have received the same processing
thought to induce inhibition. Even more problematic are the find-
ings that in all the experiments, studied words were primed relative
to unstudied words regardless of their status as facilitated or
attenuated on other measures.

We believe that there are several processes at work here. First,
the RIF effects in lexical decision in response to the copy cues may
arise because these cues automatically access the episodic memory
containing the pattern of activation/inhibition that mediates the
RIF effect (so prominently present in category cued recall). Sec-
ond, the absence of an RIF effect in lexical decision for those
targets that were not exact copies of studied items may have
occurred because these items could be responded to using concep-
tual/lexical representations, which do not preserve the RIF pattern
of activation/inhibition. Third, the overall priming seen for studied
words, in both directed forgetting and RIF, may occur because
when conceptual/lexical networks dysfacilitate a pattern of activa-
tion/inhibition, they do not return to a baseline resting level im-
mediately but rather change to some raised level of activation that
sets them in readiness to process the same or similar items. Thus,
the priming observed over all conditions in lexical decision may
reflect speeded processing of items recently encountered. In other
words, the inhibition (and activation) that would have been present
during study and again during second-list learning or retrieval
practice was only preserved in the episodic memory of the studied
items, hence, the term episodic inhibition.

Extending the Episodic Inhibition View

A key feature of episodic inhibition is that the nature and pattern
of activation/inhibition of the semantic or conceptual knowledge
contained in an episodic memory will determine later recall. It has
long been known that when a list of categories and their exemplars
are studied, activation spreads through the representations of the
categories to related knowledge (see, for example, Rosch, 1973).
Thus, unpresented associates, features, and interitem relations, as
well as those items explicitly presented in the study list may
become part of an episodic memory of the study phase. It is,
perhaps, in this way that independent cues (cues not presented
during study and practice) can prove effective in recall (Anderson
& Spellman, 1995). Thus, a cue such as “color” might be effective
in eliciting “orange,” even though orange was originally encoded
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in terms of “fruit,” and this is because the semantic attribute of
orange, “color,” is activated during the study phase and incorpo-
rated into the episodic memory. One advantage of this account is
that it shows how, by encoding specificity (Tulving & Thompson,
1973), related but unpresented cues might be either effective or
ineffective in eliciting recall. If unpresented cues do not corre-
spond to knowledge in the episodic memory of the study phase and
cannot be elaborated into cues that do correspond, then recall will
be unsuccessful. Because the experimenter has relatively little
control over what additional unpresented knowledge is encoded
into a memory (but see Anderson et al., 2000, for manipulations
that attempt to impose stronger control), then the effectiveness of
independent cues will always fluctuate.

Thus, a useful aspect of the episodic inhibition account is that it
offers a way to consider weaker and less consistent retrieval
practice effects. For example, Anderson and Spellman (1995)
demonstrated that inhibition can spread from an item directly
inhibited by retrieval practice to items associated by semantic
features but not themselves directly inhibited by retrieval practice.
This effect was weaker than the main inhibitory effect and has not
been observed in all studies (Williams & Zacks, 2001). Given that
this is a relatively small effect it is perhaps not so surprising that
it is not always observed. The present account argues that for this
effect to occur at all, the semantic feature linking the items must be
represented in the episodic memory of the study phase. Therefore,
if Foods, strawberry, crackers, and Red, blood, tomato, were
studied and Red-blood retrieval was practiced, Foods—strawberry
would show some inhibition if the semantic feature “red” was
represented in the episodic memory for both “strawberry” and
“blood” (in fact the finding of Anderson & Spellman, 1995, and
also of Anderson et al., 2000). If this feature was only represented
in the episodic memory of the study phase for one of these items
and not for both, then RIF should not occur; this is because the
items would not under these circumstances compete in terms of
overlap of semantic attributes.

Episodic inhibition also provides an account for a wide range of
inhibitory findings and not just those limited to aspects of semantic
processing. Consider for example the findings of Anderson, Bjork,
and Bjork (2000), who replaced the retrieval practice word frag-
ment cues with copy cues, for example, fruit—orange, and simply
required that these be read during practice rather than recalled. No
inhibitory effects were observed in the reading condition. Accord-
ing to episodic inhibition, this occurs because the read-only copy
cues can be read by accessing conceptual/lexical representations in
which no extensive representation of processing from the learning
phase persists. As there is no requirement to access the episodic
memory of the learning phase during the practice phase, knowl-
edge in the episodic memory remains in a form similar to that at
encoding, that is, with representations of list items active. When
the episodic memory is accessed during category cued recall the
pattern of activation/inhibition that would have been present had
the standard retrieval practice manipulation been used is not
present and therefore memory for RP items is not reliably im-
paired. Similarly, a study by MacLeod and MaCrae (2001), in
which it was found that the effects of RIF dissipated over a 24-hr
period, but when a similar retention interval intervened between
study and retrieval practice, the usual RIF pattern was observed.
This suggests that the pattern of activation imposed on the episodic
memory by retrieval practice immediately following study begins

to weaken and dissipate over the 24-hr retention interval. Most
probably the episodic memory itself is undergoing some process of
forgetting. According to the present account, the RIF-inducing
effect of the delayed retrieval practice occurs because an episodic
memory of the study phase is accessed during the delayed retrieval
practice phase, and the RIF pattern of activation/inhibition is then
generated by selective practice. If the episodic memory could not
be accessed or if information in it was degraded, as may occur at
even longer retention intervals, then according to episodic inhibi-
tion, no RIF pattern would be observed. Note, that it would be
implausible to suggest that these long-lasting effects are mediated
by patterns of activation/inhibition in semantic knowledge struc-
tures only.

We also note that episodic inhibition can be extended to proce-
dures that induce RIF but that do not use retrieval practice.
Directed forgetting is one such procedure, and it is very difficult to
envisage how, for example, theories of RIF that are focused mainly
on semantic accounts can be extended to directed forgetting and
other procedures (Perfect et al., 2002). The findings of Experi-
ments 1 and 2 could not simply be explained by a semantic
features account such as that of Anderson and Spellman (1995).
This does not mean that the semantic features account has no role
in understanding RIF effects; quite clearly, it does (Anderson,
2003). What needs to be added, however, is that it does so by
accounting for the pattern of activation/inhibition of conceptual
knowledge contained in episodic memories.

According to episodic inhibition, the common mechanism un-
derlying the relatively poor memory performance in directed for-
getting and following retrieval practice is the pattern of activation/
inhibition that exists over the contents of episodic memories of the
study phase. Basden, Basden, and Morales (2003) reported find-
ings that suggest that directed forgetting and retrieval practice
might not share a common mechanism or set of processes. In their
experiments, retrieval practice was performed several times on the
second (remember) list in a directed forgetting experiment. It was
reasoned that when List 2 remember items were studied, some List
1 TBF items might be accessed. If this is the case, then practicing
recall of List 2 should provide further opportunities to inhibit List
1 and thus increase the directed forgetting effect. No increases in
the magnitude of the directed forgetting effect were observed,
suggesting that retrieval induced forgetting did not underlie the
directed forgetting effect. These findings are not especially prob-
lematic for the episodic inhibition view, which simply argues that
when an episodic memory is accessed, the pattern of activation/
inhibition over the contents of the memory powerfully influences
what will be remembered. Thus, retrieval practice in the form of
recalling List 2, once or several times, will only influence an
episodic memory of the TBF List 1 if that memory is accessed and
processed during the retrieval practice phase. There is no guarantee
that such access would spontaneously take place. Even if it did
take place, it does not follow that inhibition would be increased.
For instance, Conway et al. (2000) found that when 50% of the
items in the two lists were close associates of each other, so that
List 2 powerfully cued access of the TBF List 1 items, then the
directed forgetting effect was abolished and instead a paradoxical
increase in the recall of TBF List 1 items was observed. Conway
et al. argued that this reflected a “release” from inhibition. Thus,
the crucial issue is whether the memory is accessed prior to recall.
However, we acknowledge that the possibility that different pro-
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cesses may mediate directed forgetting and the effects of retrieval
practice, as Basden et al. (2003) argue, remains open. The present
work strongly suggests that one feature these two procedures may
share is reliance on an episodic memory of the study phase and the
pattern of activation/inhibition that exists over the contents of the
memory. There may, nonetheless, be other processes differentially
associated with the two procedures which have not been consid-
ered here.

Finally, we note that Sahakyan and Delaney (2003) have argued
that the directed forgetting effect might be conceptualized in terms
of context change rather than in terms of inhibition (others too
have expressed reservations about the notion of inhibition as it is
used to explain changes in memory performance in directed for-
getting, e.g., MacLeod, Dodd, Sheard, Wilson, & Bibi, 2003). Our
concept of episodic inhibition is entirely compatible with the
context change account, the main differences being that we focus
on the nature of the episodic memories that are formed in response
to context change. We retain the notion of inhibition, however,
partly because the greater body of evidence supports this view
(Bjork, Bjork, & Anderson, 1998) but also because it allows us to
extend our development of theory beyond the directed forgetting
task to the retrieval practice task and to other clearly inhibitory
tasks such as memory for the inhibition of return (see Tipper,
Grison, & Kessler, 2003). Currently, it is not clear how the
context-change account of directed forgetting might be extended in
this way.

Conclusions

The present series of experiments demonstrated simultaneous
inhibition and activation of the same recently learned items in two
different experimental procedures: directed forgetting (Experi-
ments 1 and 2) and retrieval practice (Experiments 3 through 5).
This can best be explained by postulating fast-changing concep-
tual/lexical knowledge structures, copies of which become repre-
sented in episodic memories. Knowledge in episodic memories is
slow changing and preserves that pattern of activation/inhibition
derived from the original experience or generated in it by subse-
quent access of memory details. Thus, an item inhibited in a
memory may nonetheless be activated in a conceptual knowledge
structure. If the memory is accessed then evidence of inhibition is
found. If, in contrast, an item is accessed in a conceptual network,
then evidence for inhibition is not detected. We termed this “epi-
sodic inhibition” and showed how it can be applied to a wide range
of findings using different procedures.
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Appendix A

Category-Exemplar Pairs Used in Experiment 3

Categories

Items

Instrument (musical)

Vehicle

Clothes

Colour

Animal

Furniture

Occupation

Fruit

Filler categories: flower, reading matter

guitar, cello, piano, violin, flute, harp

train, car, ship, tram, wheeler, bicycle

coat, gloves, boots, socks, gown, cap

red, yellow, black, purple, brown, green

tiger, deer, cat, horse, dog, cow

armchair, carpet, wardrobe, lamp, couch, table
lawyer, actor, miner, cook, painter, policeman
plum, pear, apricot, grape, raspberry, orange

Appendix B

Category-Exemplar Pairs Used in Experiments 4 and 5

Categories

Items

Instrument (musical) or music

Vehicle or traffic

Flower or fragrant

Clothes or fashion

Color or paint

Animal or mammal

Furniture or apartment

Fruit or food

Filler categories: occupation, reading matter

guitar, cello, piano, violin, flute, harp

train, car, ship, tram, wheeler, bicycle

tulip, narcissus, rose, poppy, carnation, violet
coat, gloves, boots, socks, gown, cap

red, yellow, black, purple, brown, green

tiger, deer, cat, horse, dog, cow

armchair, carpet, wardrobe, lamp, couch, table
plum, pear, apricot, grape, raspberry, orange
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Appendix C

English Translation of Category-Exemplar Pairs and Semantically Generated Items
Used in Experiment 6

Categories

Items

Generated items

Instrument (musical)

Vehicle train, car, ship, tram, wheeler, bicycle

Clothes coat, gloves, boots, socks, gown, cap

Color red, yellow, black, purple, brown, green

Animal tiger, deer, cat, horse, dog, cow

Furniture armchair, carpet, wardrobe, lamp, couch,
table

Occupation lawyer, actor, miner, cook, painter,
policeman

Fruit plum, pear, apricot, grape, raspberry,

orange
Filler categories: flower,
reading matter

guitar, cello, piano, violin, flute, harp

trumpet, drum, cymbal
underground, lorry, boat
skirt, jacket, sweater

grey, blue, claret

donkey, badger, squirrel
curtain, coat-rack, bookshelf

teacher, joiner, plumber

melon, currant, blackberry
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Three experiments used directed forgetting (DF) and retrieval practice (RP) to investigate the relation
of inhibited items to states of memory awareness occurring at test. In Experiment 1 using list DF
robust inhibitory effects were present in cued recall, but in a recognition test these effects were
only present in responses accompanied by recollective experience. In Experiments 2 and 3 using
RP reliable effects of inhibition were found but these did not relate systematically to states of
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A remarkable finding in the study of human
memory is that many of the major memory eftects
established in laboratory and field studies over the
past 30 years are only present when rememberers
consciously recollect recently acquired materials
(see Gardiner & Richardson-Klavehn, 2000, for

a review). If remembering is not accompanied by
the experience of recollection (Tulving, 1985; see
too Conway, 2005) but instead by some other
state of memory awareness, for instance a feeling
of familiarity, then standard effects such as level of
processing, generation eftects, picture superiority
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effects, and many others are not observed. Thus,
the state of consciousness termed by Tulving
(1985) as autonoetic consciousness or recollective experi-
ence would seem to be integral to many variables
known to determine memory performance.

In the present research we investigate whether
this requirement for recollective experience is also
integral to manipulations that impair memory per-
formance by inducing inhibition of recently studied
items. Memory inhibition procedures take essen-
tially two forms: those that feature a conscious
intention to forget and those that do not. Our con-
jecture is that inhibitory manipulations that contain
a conscious intention to forget may have a specific
relation to later states of memory awareness in
remembering. In particular, it may be that episodic
memories that are formed under intentional con-
ditions to forget may be marked in some way as
not to be recollectively experienced (NTBRE). In con-
trast, episodic memories formed under conditions
of inhibition that do not feature a conscious inten-
tion to forget may not be marked in this way. It
follows then that intentional inhibitory procedures
that give rise to episodic memories, or episodic
memory content, that are tagged NTBRE should
lead to attenuated recollective experience in
remembering. Memory inhibitory procedures that
do not entail a conscious intention to forget
should not result in NTBRE-tagged memories
and as a consequence should not vary in any
systematic way with recollection.

Here we examine two states of memory aware-
ness operationally referred to as remember and
Sfamiliarity or R and F responses. Recollective
experience (R) is known to involve the recall of
highly specific details, usually in the form of visual
or other modes of imagery (Gardner, Richardson-
Klavehn, & Ramponi, 1998). It features a strong
sense of the self in the past, and attention turns
inwards to focus on the memory construction
(Conway, 2005; Tulving, 2002). Familiarity (F)
on the other hand is a distinct state of conscious
memory awareness that does not have these features
and instead is characterized by a strong feeling that
some item in the current environment has been
encountered recently. We hypothesize that tasks
that intentionally induce memory inhibition will
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impair or reduce R responses but leave F responses
unaffected. We also further conjecture that inten-
tionality of remembering may be important here
too and that inhibition will be greater in voluntary
than in involuntary remembering. This may in
part be because the aim of voluntary remembering
is to recollectively experience the past.

EXPERIMENT 1

In this experiment we used directed forgetting (DF)
to induce inhibition of a recently learned list of
words (see E. L. Bjork & Bjork, 1996, and R. A.
Bjork, 1989, for a review of the DF procedure
and MacLeod, 1998, for a more general review
of DF). The specific procedure used was DF by
lists. In the DF by lists procedure two lists are
studied for later recall, and a surprise midlists
instruction designates the first list as to be forgot-
ten (TBF) or to be remembered (TBR). The exact
procedure followed here is that of Conway,
Harries, Noyes, Racsmany, and Frankish, (2000).
However, one change to the procedure of
Conway et al., is that we use a within-subjects
design and refer to the two memory instruction
manipulations as the directed forgetting or DF
condition and the directed remembering or DR
condition. In order to examine memory awareness
during remembering three different memory tests
were conducted: list cued recall, word stem
completion, and a recognition test.

In the cued-recall test List 1 was always recalled
first. This test assesses the effect of the forget
instruction, by comparing TBF List 1 with TBR
List 1 memory performance, while minimizing
any potential output interference from memory
for List 2 (Conway et al., 2000; Racsmdny &
Conway, 2006). The word stem completion test
was based on a similar test used by Richardson-
Klavehn and Gardiner (1996). In this test word
stems were completed with words studied on the
earlier lists (voluntary or intentional condition).
If a stem could not be completed in this way it
was completed with any appropriate word that
could be generated. When this word was in fact
a word from the earlier lists then this constituted
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involuntary recall. Finally, a recognition test for the
two lists was undertaken, and for every word judged
to be “old” the state of memory awareness, R or F,
accompanying that judgement was recorded.

Method

Participants

A total of 27 undergraduate Hungarian students
from the Technical University of Budapest partici-
pated in return for partial credit in an introductory
psychology course. Their ages varied between 19
and 25 years, and there were 16 females and 11
males.

Procedure

Participants were tested individually and were
informed that they were taking part in a memory
experiment and that their memory for the studied
items would be tested later. The order of the mid-
lists forget/remember instructions was counterba-
lanced between individuals. In the study phase the
TBR words were presented visually on a computer
screen. Each word was displayed for 2 s with a 2-s
interitem interval. After the first 12 words had
been presented, the participants were instructed to
stop. At this point participants in the DF condition
were given the following forget instruction: “The
list you have just studied was a practice list to fam-
iliarize you with the experimental procedure. You
should now forget these words, try to put them
out of your mind. The experimental list will be
presented now.” In the DR condition the same
procedure was followed but the midlists instruction
was: “That is the end of List 1. You must try to keep
those words in mind while you learn the second list
which will be presented now.”

After all words had been studied participants
were given a 5-minute arithmetic distractor task.
The distractor task was followed by the cued recall
test. Participants were given a sheet of paper and
were instructed to try to recall as many words as
they could from both lists. They were asked to
start at the top of the page and write each recalled
word under the previous word. In order to reduce
the role of output interference effect in recall per-
formance we followed the recall instruction of

THE QUARTERLY JOURNAL OF EXPERIMENTAL PSYCHOLOGY, 2008, 61 (4)
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Conway et al. (2000, Exp. 7): Participants had to
recall List 1 words first and then List 2 words.
Every participant took part in both the DF and
the DR conditions, and the order of conditions
was counterbalanced among participants. We used
four experimental learning lists consisting of
words of moderate to high frequency. The order
of presentation of the lists was random for each
participant. Each study list contained 12 items.

After free recall participants completed the
word stem test (based on David & Brown, 2003).
This test consisted of 24 word stems, e.g., “ta__”
tor table, and each word stem could be completed
with at least two different Hungarian words. The
order of presentation of the stems was randomized
for each participant. Participants were instructed to
complete the stems with words that they had pre-
viously studied. If able to do so, participants were
then asked to provide a second word stem com-
pletion, thus indicating that their first completion
was based on recall—that is, voluntary conscious
memory. If they were unable to complete the
stem with a studied word, participants were asked
to complete the stem with the first word that
came to mind. Some participants might complete
the stem with the first word item coming to
mind and then recognize that completion as a
studied word. To indicate such occurrence, partici-
pants were instructed to place an asterisk next to
the completed item. The recognition test consisted
of 48 items with 24 studied (old) and 24 unstudied
(new) items (every new word had a first syllable
that corresponded to a syllable in one of the
studied items). For every item judged to be “old”
participants also indicated the basis of their judge-
ment, R or F, following standard instructions
(see Gardiner et al., 1998).

Results and discussion

In the list cued recall the critical interaction of
List x Cue was present, F(1, 26) = 26.47, MSE
equals; 1.48, p < .01. DF List 1 recall was found
to be reliably poorer than DR List 1, A1, 26) =
11.2, p<.01 (Table 1). Together this pattern
shows a strong and reliable DF effect. There were
no reliable effects of voluntary versus involuntary
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Table 1. Mean percentages of memory performances in Experiment 1

DF DR
List 1 List 2 List 1 List 2
Cued recall 29.7 (12.3) 40 (19.1) 42.3 (19.6) 28.4 (20.1)
Voluntary recall 36.3 (17.6) 37.7 (18.1) 43.4 (13) 39.9 (18.6)
Involuntary recall 6.1 (4.6) 8.1(5.1) 7.8 (6.1) 9.7 (7.4)
Recognition hits 83 (16.5) 83.9 (11.4) 86.7 (13.2) 82.4 (14.2)
“Remember” responses 58.4(25.8) 68 (22.4) 74.4 (28) 63.1 (29.9)
“Familiarity” responses 39.5 (26.1) 31 (23.3) 25.6 (28) 36.9 (29.9)

Note: Standard deviations are presented in parentheses. DF refers to the directed forgetting condition; DR refers to the directed

remembering condition. Figures in italics reflect significant to-be-forgotten memory impairment compared to control and to-be-

remembered scores.

recall for List 1 compared to List 2 in either con-
dition, F(1, 26) = 1.7, MSE = 0.32, p > 0.1,
and F(1, 26) = 2.8, MSE = 0.2, p > 0.1, respect-
ively (Table 1). Similarly, there was no overall
effect of DF in recognition, F(1, 26) = 1.14,
MSE = 1.1, p > 0.1. A post hoc analysis of
power for the critical contrast of List 1 perform-
ance in DF and DR conditions showed that with
an alpha at .05 the calculated power is 0.66, indi-
cating that the lack of difference in the recognition
task was not due to low power (Erdfelder, Faul, &
Buchner, 1996).

More interesting was that a powerful DF effect
was found in recognition accompanied by recollec-
tive experience, R responses, F(1, 26) = 21.78,
MSE = 1.45, p < .01. For R responses, DF List 1
recall was found to be reliably poorer than DR
List 1. An inversed DF effect was observed in F
responses, F(1, 26) = 19.65, MSE = 0.33, p < .01
(see Table 1). These findings quite clearly demon-
strate a strong DF effect when remembering is
accompanied by recollective experience, but not
when it is accompanied by feelings of familiarity.
The voluntary/involuntary dimension appeared to
be orthogonal to the DF effect and was dominated
by a powerful recency effect in both DF and DR
groups.

In the directed forgetting paradigm the standard
finding with free recall is that the forget instruction
decreases the level of first-list items and increases
recall of second-list items compared to the condition
in which only the remember instruction was used.
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Another usual finding in this procedure is that the
effect of the forget instruction generally observed
in free recall is abolished in recognition. This
pattern was observed in Experiment 1 where signifi-
cant and standard directed forgetting effect was
found in free recall but not in recognition. In a
turther analysis of recognition performance it was
found that the specific effect of forget instruction
was present in “R” items and reversed for “F” items.

EXPERIMENT 2

This second experiment uses the retrieval practice
procedure of Anderson, Bjork, and Bjork (1994).
In this procedure participants practise selectively
recalling items from a previously studied list.
The effects of this selective practice are to induce
inhibition of closely associated items in a
memory of the original study list (Racsmdny &
Conway, 2006). Memory for these unpractised
items is reliably poorer than memory for baseline
items. Our question is: Will this effect only be
presented in R responses as was the case with DF?

Method

Participants

A total of 48 undergraduate Hungarian students
from the Technical University of Budapest partici-
pated in return for partial credit in an introductory
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psychology course. Their ages varied between 18
and 29 years, and there were 27 females.

Procedure and materials

Following Anderson et al. (1994) we constructed 10
categories, 2 of which were used as fillers. Each cat-
egory consisted of 12 exemplars from each of 8
target categories forming two subsets (6 items)
with moderate-to-high-frequency words drawn
from two published Hungarian frequency norms
(Firedi & Kelemen, 1989; Kénya & Pintér,
1985). The categories chosen were: animals, fruits,
sports, cooking utensils, clothes, musical instru-
ments, professions, and reading materials (fillers:
flowers, nations). For each category, two counterba-
lancing sets of 6 items were each created and used an
equal number of times as targets versus lures on rec-
ognition task. Each item in the first subset had a first
syllable that corresponded to a syllable of an item in
the other subset. We created two subsets from the 8
target categories and designated them an equal
number of times as practised and nonpractised cat-
egories. The practised and nonpractised exemplars
were counterbalanced as well. There were four
phases to the experiment.

Phase 1: Study. A PC controlled the study phase.
The participants saw category—exemplar pairs on
the monitor screen, and they were told to try to
remember the category examples as best as they
could. Each category exemplar pair was presented
in uppercase letters at the centre of the screen for 5
seconds.

Phase 2: Retrieval practice. When participants had
completed the study phase, the experimenter dis-
tributed retrieval practice booklets. Each page in
the booklet contained one of the category names
studied previously and the first two letters of one
member of that category also studied previously.
Participants were instructed to complete the exem-
plar fragment with one of the words they had
studied earlier. Participants were told that some
of the examples might be tested more than once
and that in those cases they should respond with
the remembered item.
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Phase 3: Filled retention interval. After the retrieval
practice phase had been completed, booklets were
collected, and participants were given an unrelated
mathematical task for 5 minutes.

Phase 4: Recall phase. Participants were given recall
booklets with the name of one of the previously
studied categories on the top of each page.
Participants were instructed to recall as many
examples as they could in the 10-minute period
allocated for this test. They were constrained to
keep the order of categories as they were presented
in the recall booklet. Order of presentation of cat-
egory cues was counterbalanced over participants.
As in Experiment 1, category cued recall was
tollowed by a test list consisting of 48 category
label-word stem pairs. Each word stem could be
completed with at least two different Hungarian
words within the same categories. Order of the pres-
entation of category-plus-stems was random with a
different random order for each participant. Using
these items voluntary and involuntary memory was
assessed in the same way as in Experiment 1.

Phase 5: Recognition phase. Finally, participants
took a 96-item recognition test. The target
stimuli consisted of 12 exemplars from each of
eight target categories with moderate-to-high-
frequency words drawn from two published
Hungarian frequency norms (Firedi & Kelemen,
1989; Kénya & Pintér, 1985). We created two
subsets from the eight target categories and desig-
nated each an equal number of times as practised
and nonpractised categories. In the recognition
list old category exemplar pairs from the study
list were mixed with an equal number of new
pairs. In this task participants were given
category—exemplar pairs for an old—new decision.
As in Experiment 1, for every item judged to be
“old” participants also indicated the basis of their
judgement, R or F, following standard instructions

(see Gardiner et al., 1998).

Results and discussion

It can be seen from Table 2 that there was a
large effect of retrieval practice on category-cued
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Table 2. Mean percentages of memory performances in Experiment 2

Rp + items Rp— items Nrp items
Category-cued recall 76 (17.3) 46.7 (18.5) 55.7 (13.5)
Voluntary recall 83.5(17.1) 57.2(19.1) 65.2 (17.5)
Involuntary recall 7.7 (8.4) 10.3 (10.9) 12.1 (9.6)
Recognition hits 93.5 (7.1) 84.1 (15.1) 89.3 (8.4)
False alarms 21.1 (20) 23.8 (16.8) 25.8 (19.6)
“Remember” response 63.7 (27.8) 61.3. (26.3) 61.8 (20.3)
“Familiarity” response 35.9 (28.2) 38.7 (26.3) 37.8 (28.2)

Note: Standard deviations are presented in parentheses. Rp+ = items that received retrieval
practice; Rp— = items from practised categories that were themselves not retrieval practised;
Nrp = items that were not from categories that contained an item that received retrieval practice.
Figures in italics reflect significant to-be-forgotten memory impairment compared to control

and to-be-remembered scores.

recall. This main effect of item type was reliable,
F(2, 94) = 81.4, MSE = 0.99, p < .01, and so
was the critical contrast of Nrp items (items that
were not from categories that contained an item
that received retrieval practice) with Rp— items
(items from practised categories that were them-
selves not retrieval practised), A1, 47) = 4.18,
p < .01. There was then a robust retrieval practice
effect similar to that observed in many previous
studies (for recent findings showing this effect,
see Racsmdny & Conway, 2006). In terms of
voluntary versus involuntary recall there were no
comparable effects of retrieval practice, although
the critical contrast of Nrp and Rp— items was sig-
nificant in voluntary cued recall, #47) = 2.04,
< .05, but not in the involuntary recall, #47) =
0.1, p=.8. As this manipulation has produced
mainly null effects in both experiments we con-
clude that this task is not sensitive to these mani-
pulations, and, therefore, we do not discuss it
further. Although memory performance increased
markedly in the recognition test, see Table 2, the
effects of retrieval practice observed in recall were
maintained in recognition, F(2, 94) = 8.84,
MSE = 4.2, p < .01, Finally, and of particular
interest to the present study, there were no reliable
effects of retrieval practice in R and F responses.
Memory performance for items recognized with
recollective experience was higher than that of
items recognized with familiarity: a difference
that did not vary significantly over Rp+ (items
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that received retrieval practice), Nrp, and Rp
items, F(2, 94) = 0.59, MSE = 3.39, p> .1; a
post hoc analysis of power for the omnibus
ANOVA of recognition data revealed that the
lack of significant difference was not due to
sample size, partial eta squared = .21, critical F
= 3.64; power = 0.9 (Erdfelder et al., 1996).
Thus, unlike the DF effect, the effects of retrieval
practice were only present in overall responses and
were not selectively confined to R responses.

In summary it was found that prior retrieval of
Rp+ items facilitated later retrieval of those
items, but decreased the recall of Rp— items rela-
tive to the Nrp baseline items. The same pattern
was observed in voluntary cued recall and recog-
nition, but not in involuntary cued recall
Critically there was no interaction between the
selective practice effect and the recollective judge-
ment of “R” and “F” items in the recognition test.
This pattern of data suggests that previous inhibi-
tory consequence of selective practice influences
“F” and “R” items equally.

EXPERIMENT 3

In this third experiment we modified the retrieval
practice procedure of Experiment 2 in two ways. In
Experiment 3 the recognition task preceded cued
recall, and we measured not only hits and false
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alarm rates but also reaction times of recognition
decisions.

Method

Participants

A total of 48 undergraduate Hungarian students
from the Technical University of Budapest partici-
pated in return for partial credit in an introductory
psychology course; 4 participants were later dis-
carded as they misunderstood the instruction and
exchanged key presses during the recognition
task. Their ages varied between 21 and 28 years,
and there were 20 females.

Procedure and materials

As in Experiment 2 we constructed 10 categories, 2
of which were used as fillers. The target stimuli con-
sisted of 12 exemplars from each of 8 target cat-
egories with moderate-to-high-frequency words
drawn from two published Hungarian frequency
norms (Firedi & Kelemen, 1989; Kénya &
Pintér, 1985). The categories chosen were:
animals, fruits, sports, clothes, musical instruments,
professions, flowers, nations, and reading materials
(fillers: colours, vehicles). Following the procedure
of Hicks and Starns (2004) for each category, two
counterbalancing sets of 6 items were created and
used an equal number of times as targets versus
lures in the recognition test. We created two
subsets from the 8 target categories and designated
each an equal number of times as practised and
nonpractised categories. The practised and non-
practised exemplars were counterbalanced. As in
Experiment 2 participants viewed category—
exemplar pairs on the monitor screen and were
instructed to try to remember the category examples
as best as they could. Each category—exemplar pair
was presented in uppercase letters at the centre of
the screen for 5 seconds. A computer program was
used to present the study list, and the same
program was used to present the recognition task
and to record participant’s responses. When partici-
pants had completed the study phase, they took part
in the practice and unrelated filler tasks used in the
previous experiment. Following this they took the
recognition test. In this test participants were
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given individual items for an old—new decision
(category cues were not used). Each word remained
on the computer screen until the person responded
with a maximum response window of 2 seconds. We
applied a relatively strict response window to force
participants to respond as fast as possible in order
to detect minor reaction time differences between
conditions. Nevertheless, the 2-s response window
is far above the average response time (700—
1,200 ms) observed in previous recognition studies
(see MacLeod, 1999). If participants responded
“old” they also indicated whether the response was
based on remembering, knowing, or guessing (R,
K, or G) using labelled keys. At the beginning of
the test participants were given both written and
verbal instructions. They also practised the response
keys using the filler exemplars and associated new
words. Standard remember—know instructions
were used (Gardiner et al.,, 1998). Finally, after
the recognition test participants took part in a cat-
egory cued recall as in Experiment 2. Order of pres-
entation of category cues was counterbalanced
across participants.

Results and discussion

It can be seen from Table 3 that RP had a positive
effect on recognition performance of Rp+ items,
F(2, 86) = 38.9, MSE = 0.5, p < .01; however,
the inhibitory eftect of RP on the Rp— hits observed
in Experiment 2 was not present in this experiment.
The critical contrast of Nrp with Rp— items did not
show a reliable difference, A1, 43) = 0.22, p > .1.
A post hoc analysis of power for the recognition
data revealed that the failure to find a significant
difference was not due to small sample size, partial
eta squared = .64, critical 7' = 3.09; power = 0.9.
This finding, which it might be noted runs counter
to the findings of Hicks and Starns (2004), is not
wholly unexpected as the RP effect is not always
observed in recognition memory hits (Koutstaal,
Schacter, Johnson, & Galluccio, 1999). The same
is also true of DF effects (see MacLeod, 1998).
The standard explanation is that the copy cues
used in recognition memory tests overcome inhibi-
tory effects (E. L. Bjork & Bjork, 1996). In RP

this appears to be case in at least some studies
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Table 3. Mean percentages of recognition accuracy, means of RT medians, and means of cued-recall performance

in Experiment 3

Rp + items Rp— items Nrp items
Recognition hits 92.3(9.1) 73.5 (15.5) 74.1 (13.4)
False alarms 79(7.1) 7.9 (7.1) 8.1(7.4)
“Remember” responses 70.3 (20.8) 70.7 (21.5) 70.5 (21.2)
“Know” responses 25 (18.8) 21.7 (17.3) 21.6 (18.7)
“Guess” responses 4.7 (7.5) 7.6 (11.9) 7.9 (9.3)
Recognition RT's 1,006.1 (217.1) 1,131.9 (254.4) 1,012.7 (212.9)
Category-cued recall 76.4 (13.6) 57.5 (16.6) 60.1 (14.2)

Note: Standard deviations are presented in parentheses. RT (reaction time) medians in ms. Figures in
italics reflect significant to-be-forgotten memory impairment compared to control and to-be-

remembered scores.

although systematic RP effects in recognition have
been observed in other series of experiments—see,
for example, Racsmdny and Conway, (2006).
Despite the lack of an RP effect in hits there was a
strong effect in reaction times. Table 3 shows the
mean RTs of recognition decisions, and it can be
seen that these varied over Rp 4+, Nrp, and Rp—
items and that this effect was reliable, F(2, 86) =
18.4, MSE = 2220.5, p < .001. Recognition of
Rp— items was a full 100 ms slower than recognition
of Nrp items, and this difference was also reliable,
Tukey HSD test, df = 86, p < .01. Thus, it seems
that although the copy cues of the recognition test
were effective in overcoming the inhibition
induced by RP, inhibition was nonetheless still
present in access times to inhibited items. This is
interesting as it suggests that despite previous incon-
sistent findings in amount of Rp— items recognized
there may be an additional and more consistent
effect present in retrieval times. The powerful copy
cues present in a recognition test may, then, over-
come RP induced inhibition but the inhibitory
effect of the RP manipulation remains in access
times to memory details (list items).

Crucially, for present concerns, memory per-
formance for items recognized with recollective
experience was reliably higher than that of items
recognized with familiarity or guess, F(2, 86) =
2959, MSE = 8.8, p<.001, but this did not
vary significantly over Rp+, Nrp, and Rp— con-
ditions, F(2, 164) = 0.76, MSE = 2.2, p > .1.
This result replicates the findings of Experiment
2 and further demonstrates that there is no
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systematic relation between RP and recollective
experience at test.

Finally there was no RP effect in category-cued
recall: The main effect of item type was reliable,
F(2, 86) = 36.18, MSE = 0.46, p < .01, showing
elevated recall of Rp + items relative to the other
two conditions, but the critical contrast of Nrp
with Rp— items was not significant, 1, 47) =
1.18, p > .1. The results in cued recall are highly
similar to those in the recognition hits rates and
most probably are so because of the effect of the
recognition test in releasing RP-induced inhibition.

Changing the sequence of recognition and recall
tasks in this experiment yielded significant differ-
ences in the pattern of data. This time we found
no significant difference between Rp— and Nrp
baseline items in recognition hits, but found a
strong difference in retrieval times: Recognition of
Rp— items was reliably slower then recognition of
Nrp baseline items. Another difference relative to
the previous results was that we did not find the criti-
cal difference of Nrp and Rp— items in cued recall
either. However, the most important finding of the
present experiment was that retrieval practice had
no difterential effect on R and K items and in this
respect quite clearly differs from directed forgetting.

GENERAL DISCUSSION

In the three experiments we found robust effects of
directed forgetting (DF) and retrieval practice (RP).
In DF items on a list designated as TBF were poorly
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recalled compared to baseline. This effect was,
however, only present for items associated with
recollective experience at recall. In RP items seman-
tically associated with practised items but that were
themselves not practised were recalled to reliably
lower levels than baseline items (Experiment 2).
This was the case in responses overall but, unlike
DF, there was no selective effect in items recollec-
tively experienced in the recognition test. As
hypothesized earlier this pattern of findings
suggests that two tasks may have rather different
relations to memory awareness in later recall.

According to episodic inhibition (Racsmany &
Conway, 2006) recall patterns resulting from both
DF and RP are mediated by an episodic memory
of the study phase. This memory represents patterns
of activation that predominated in conceptual and
other knowledge networks during study. In the
case of DF the explicit instruction to forget gives
rise to a general attempt to inhibit the recently
acquired list but this is usually unsuccessful unless
followed by second-list learning (R. A. Bjork,
1989). During second-list learning a few items,
probably fewer than one or two (Conway et al.,
2000), spontaneously come to mind and in so
doing trigger further inhibition of List 1 items. A
critical point here is that in order for this to occur,
TBF List 1 items have to be identifiable, in some
way, as TBF. In contrast, in RP there is no explicit
instruction to forget, and studied items can, in prin-
ciple, be brought to mind at any time in the practice
phase. Indeed, informal enquires of our participants
indicated that this does occur at least occasionally on
some trials. We assume, however, that as the prac-
tice increases such intrusions become much less fre-
quent, and this is because the repeated recall of the
practice items repeatedly induces inhibition of
closely associated items represented in the episodic
memory of the study phase. The important point
then is not that Rp— items may intrude into RP
but rather that when they do they are not identified
as TBF. They may become TBF in order to reduce
interference with Rp 4 items but this is almost cer-
tainly a nonconscious process that does not require
an explicit intention to forget.

Our suggestion is, then, that in DF List 1
studied items represented in an episodic memory
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of the study phase are marked as TBF. In particu-
lar, and as argued earlier, we propose that these
episodic representations are specifically tagged
not to be recollectively experienced—NTBRE. It
may be that rather than individual items in the epi-
sodic memory being tagged NTBRE the entire
memory is tagged, and the contents of the
memory inherit the tag. Thus when the episodic
memory is accessed in cued recall its contents are
more difficult to access than those of a comparable
untagged memory (memory for List 1 in the
remember group, for example). Interestingly, the
contents of a memory tagged NTBRE can
still strongly influence performance in tasks that
do not require conscious recall—for example,
stem completion, lexical decision, and so on
(E. L. Bjork & Bjork, 1996; Perfect, Moulin,
Conway, & Perry, 2002; Racsmany & Conway,
2006). These findings lend further support to the
NTBRE tagging idea because they show that it
is the explicit conscious representation of inhibited
memories that is affected by intentions to forget.
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Abstract

Background: Intentional forgetting refers to the surprising phenomenon that we can forget previously successfully
encoded memories if we are instructed to do so. Here, we show that participants cannot only intentionally forget episodic
memories but they can also mirror the “forgetting performance” of an observed model.

Methodology/Principal Findings: In four experiments a participant observed a model who took part in a memory
experiment. In Experiment 1 and 2 observers saw a movie about the experiment, whereas in Experiment 3 and 4 the
observers and the models took part together in a real laboratory experiment. The observed memory experiment was a
directed forgetting experiment where the models learned two lists of items and were instructed either to forget or to
remember the first list. In Experiment 1 and 3 observers were instructed to simply observe the experiment (“simple
observation” instruction). In Experiment 2 and 4, observers received instructions aimed to induce the same learning goal for
the observers and the models (“observation with goal-sharing” instruction). A directed forgetting effect (the reliably lower
recall of to-be-forgotten items) emerged only when models received the “observation with goal-sharing” instruction
(P<.001 in Experiment 2, and P<<.05 in Experiment 4), and it was absent when observers received the “simple observation”
instruction (P>.1 in Experiment 1 and 3).

Conclusion: If people observe another person with the same intention to learn, and see that this person is instructed to
forget previously studied information, then they will produce the same intentional forgetting effect as the person they
observed. This seems to be a an important aspect of human learning: if we can understand the goal of an observed person
and this is in line with our behavioural goals then our learning performance will mirror the learning performance of the
model.
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Introduction

A flexible memory needs a mechanism by which it can disregard
earlier encoded information that is no longer reliable, is irrelevant
or even disturbing. The experimental procedure called directed
forgetting (DF) demonstrates this relevant aspect of human
memory. In a typical directed forgetting experiment participants
first learn a set of items, usually a list of words (henceforth: List 1),
then receive an instruction either to forget or to remember these
items. This paradigm is called the list method of directed forgetting
and studies using this procedure demonstrated that following
learning of further items (henceforth: List 2), participants can recall
significantly fewer of the items designated to be forgotten
compared to those that were to be remembered [1-4]. The
experimental work of the last thirty years has revealed many
attributes of the DF effect and the brain mechanisms involved in
this phenomenon have also become clear [5,6,7-13].
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The dominant theory of directed forgetting was framed by
Bjork [1] who suggested that the forget instruction elicits a process
in participants which suppresses the access of List 1 items,
although this process is modulated by factors such as list
segregation and recall output order. According to Bjork [1] the
suppression of List 1 items serves an adaptive goal for participants
to escape from proactive interference while studying List 2 items
(see Racsmany and Conway [14] for an extension of this concept
to episodic retrieval). This idea was supported by experimen-
tal results showing that recall performance of List 2 items is
significantly higher following a forget instruction than following
a remember instruction of List 1 items, although this beneficial
effect of forget instruction has not been present constantly in
directed forgetting experiments (see[2]). The suppression theory of
directed forgetting received strong support both from neuroimag-
ing studies and from investigations of patients suffering from brain
damage or psychiatric disorders. For instance, Mecklinger, Para
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and Waldhauser [15] showed that successful forgetting in a
directed forgetting experiment elicited a right frontal activation
following the forget instruction. This brain area — and especially
the right inferior frontal gyrus - is associated to inhibition of
prepotent responses [15,16] (see also [6]). Bauml, Hanslmayr,
Pastotter and Klimesch [17] showed that forget instruction induces
a change in alpha oscillations which is assumed to be an active
neural inhibitory filter. Furthermore, patients with lesion in the
right frontal cortex and patients diagnosed with schizophrenia —
known to have frontal dysfunctions [18] - were unable to produce
a directed forgetting effect [11,19].

An alternative explanation of directed forgetting was proposed
by Sahakyan and Kelley [20] who suggested that the forget
instruction produce a change in mental context of participants and
this change serves as a key factor for later recall patterns.
According to this explanation, directed forgetting is just another
example of context dependent memory phenomenon. Participants
in the forget group change their internal context as a response to
the forget instruction, therefore they are studying List 2 items in a
changed mental context and finally they try to recall List 1 and
List 2 items in this new mental context. In contrast, participants
who receive a remember instruction will learn both lists in the
same internal context. Sahakyan and Delaney [21] suggested that
only the cost of directed forgetting (the decreased List 1 recall
performance in the forget group) is explained by contextual
change, while other factors, such as changed learning strategy,
contribute to the benefit of forget instruction (the higher recall of
List 2 items in the forget group). The results of these experiments
gave evidence that instructing participants to intentionally change
their mental context produced the same level of forgetting of List 1
items as the ‘standard’ forget instruction (see [22]).

A fundamental difference between these two concepts of
directed forgetting is the role of participant’s goal in the causal
explanation of the phenomenon. According to the framework of
Bjork [1], suppression of the first list is a goal-related response to
the forget instruction, where the goal of the participant is to learn
valid and disregard invalid information. In contrast, the context
change hypothesis [20] proposes that the suppression of the first
list is a side effect of the instruction. The forget instruction
segregates the two learning lists and creates different contexts for
them, however the goal of the participant does not play a causal
role in this process. It is difficult to discriminate the predictions of
the two explanatory concepts in the standard directed forgetting
procedure, because we should manipulate independently the goal
of participants and the type of instructions they receive. However,
the type of the instruction always determines the goal of the
participant, thus these two factors are strongly associated in the
standard DF procedure. We can discriminate these two factors, if
participants are not directly instructed, but observe another
person, a model, who receive a forget instruction. This way it is
possible to manipulate independently the goal of the observer
(congruent or incongruent with the goal of the model) and the type
of instruction (forget or remember) given to the model.

Dissociating goal and instruction is also fruitful from a more
general point of view. The directed forgetting procedure is a
paradigmatic case of intentional learning, where a learner has to
keep relevant information in an active form while has to suppress
irrelevant information. From the perspective of an adaptive
cognitive system we can assume that participants are able to
produce an intentional suppression of successfully studied
information by detecting which information is relevant and which
is irrelevant for an observed model. By applying the directed
forgetting procedure in an observational learning task, where the
relevant information must be extracted from the interaction of the
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experimenter and the observed model, it is possible to get evidence
for the adaptiveness of intentional forgetting.

The central question of the present study was whether or not
observers were able to mirror the learning performance of an
observed model who had received a forget instruction. Consider-
ing the learning process as a specific action, we aimed to
investigate the role of the observer’s goal in activating and
suppressing memories. In research on action understanding there
are many observations of an action eliciting the same brain activity
pattern in motor planning areas as the actual execution of that
same action [23-26]. Morcover, studies using various stopping
paradigms have demonstrated that the observers mirrored
inhibitory attention processes along with the perceived person’s
action [27,28]. However, so far there has been no demonstration
of mirroring explicit goal-related memory access.

According to our hypothesis, observers can mirror the intentional
forgetting performance of an observed model, but only if they share
the same goal in the learning situation. If the observers’ goal is
simply to observe the behaviour of the observed model, they will not
mirror intentional forgetting; therefore, they will remember the to-
be-forgotten information. We assume that a forget instruction elicits
suppression of earlier encoded information only if this instruction
targets goal relevant information for the observer.

We developed a modified version of the DF procedure aimed at
investigating whether or not participants are able to simulate the
intentional forgetting performance of a model. In this experimen-
tal procedure, called observational directed forgetting (oDF),
participants (the observers) observe another person (the model)
taking part in a directed forgetting experiment.

Methods

We have obtained ethics approval for our study from the ethics
committee of the Budapest University of Technology and
Economics, Hungary, all participants gave written consent.

Experiment 1 & 2

In two consecutive experiments, a total of 200 native Hungarian
speakers were recruited from the Budapest University of
Technology and Economics student population. They received
course credits for their participation. One hundred participants (45
males and 55 females) took part in each experiment, their ages
varied between 19 and 26 years.

In both experiments, participants (referred to as observers
throughout the article) watched a movie of a directed forgetting
experiment. In this movie, a model learnt a list of words (List 1),
then received a midlist instruction (forget or remember), then
learnt another list of words (List 2). In both experiments, observers
were randomly assigned to either the forget or the remember
group.

The two experiments differed only in the instruction given to
the observers prior to watching the movie. In Experiment 1, they
were told simply to observe everything they saw in order to
remember it later on (“simple observation”), whereas in
Experiment 2 observers were told to observe everything they
saw in order to remember what the model in the movie had to
remember (“observation with goal sharing”).

In the movie presented to the observers, a male model sat in
front of a computer screen and was told by an experimenter that
he would be presented with a list of words and that his task was to
learn all of the words for a later memory test. Each word was
displayed for 2 s with a 2-s inter-item interval. When filming the
movies we used two experimental learning lists (List A and List B)
consisting of 12 words of moderate to high frequency. Half of the
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observers saw a version of the movie in which List A served as
List 1, and List B served as List 2, while the other half of the
observers saw a version in which List A served as List 2 and List B
as List 1. After List 1 had been presented on the screen the
experimenter gave either a “forget” or a “remember” instruction.
In the “forget” condition, the model in the movie received the
instruction that the words presented up until this point were only
presented by mistake, and the experimenter asked the model to try
to forget these words in order to properly carry out the learning of
the following words. Following the forget instruction the model
was presented with a second list of 12 words. In the “remember”
condition, the experimenter in the movie gave a remember
instruction following List 1; that is, he asked the model to
remember the words presented up until that point and to try to
learn the words in the second list as well. Following the
presentation of List 2, the experimenter thanked the model for
their contribution.

Following the presentation of the movie, observers took part in a
distractor task in which they solved simple arithmetic tasks for
10 min. Then they were asked to recall all the words that had been
presented to the model in the movie. All observers were first asked
to recall List 1, and then List 2 words, in order to avoid a possible
output interference of List 2 words in the forget condition.

Experiment 3 & 4

In two further experiments, a total of 208 native Hungarian
speakers were recruited from the Budapest University of
Technology and Economics student population. One hundred-
twenty participants (43 males and 77 females) took part in
Experiment 3, and eighty-eight participants (39 males and 49
females) took part in Experiment 4. Their ages varied between 19
and 28 years. Data of four participants (two models and one
observer) was excluded from the analysis of Experiment 3, and
data of three participants (two models and one observer) was
excluded from the analysis of Experiment 4, because they figured
out the goal of the experiment, as it was revealed by the debriefing.

The two experiments followed the same logic as Experiment 1
and 2 with the only exception that this time the observed model
was a real participant, not only an actor in a movie.

Two participants (one model and one observer) took part in the
experiment at the same time. Each participant pair (observer and
model) was randomly assigned to either the remember or the
forget group and each member of the pair was randomly assigned
to be the observer or the model in the experiment. First, the
observers were informed that they would take part in a memory
experiment as an observer where a model would learn lists of
words for a later recall. The observer was also informed that the
aim of their participation is to warm up for a later memory
experiment. Similarly to Experiment 1, in Experiment 3 observers
received a “‘simple observation” instruction; that is, their task was
to watch carefully and observe everything they saw, because later
they would have to remember it. Similar to Experiment 2, in
Experiment 4 observers received an ‘“‘observation with goal
sharing” instruction; that is, their task was to watch carefully
and observe everything they saw, but crucially they were also
informed that at the final recall test there would be a possibility to
help the model if she/he asks for it.

The model and the observer sat close to each other in front of a
computer screen, in a distance from the screen so that both of
them could easily read the presented stimuli. Each word was
displayed for 2 s with a 2-s inter-item interval. The experimenter
gave instructions only to the model, who were informed that they
would be presented with a list of words and were to learn all of the
words for a later memory test. After the first list of words had been
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presented on the screen the experimenter gave either a “forget” or
a “remember” instruction to the model. In the “forget” condition
the models received the instruction that the words presented up
until that point were only presented by mistake, and the
experimenter asked them to try to forget those in order to
properly carry out the learning of subsequent words. After the
forget instruction the models were presented with a second list of
words. In the “remember” condition the experimenter gave a
remember instruction following List 1, asking the models to
remember the words presented up until that point and to try to
learn the words on the second list as well.

After the presentation of List 2, both the models and the
observers took part in a distractor task, solving simple arithmetical
problems for 10 minutes. Then they were asked to recall all the
words that had been presented to the model in the movie. All
observers were first asked to recall List 1, and then List 2 words, in
order to avoid a possible output interference of List 2 words in the
forget condition.

Results

In all four experiments the same mixed ANOVA was carried
out with instruction (Forget/Remember) as between subject
variable and list (List 1/List 2) as within subject variable. In
Experiment 3 and 4, recall data of models and observers were
analysed separately, and when discussing these results, we report
data for models first, and data for observers second.

Experiment 1

We found a significant main effect of list, /1,98)=13.15,
P<.001, but no significant interaction between list and instruction,
F1,98)=0.02, ns. Independent t-tests showed that, on average,
observers in the forget group and the remember group recalled the
same proportion of List 1 words, {99)= —0.67, ns., and the same
proportion of List 2 words, (99)= —0.66, ns. This supports our
hypothesis that observers with an attitude of merely observing a
learning action of a model will not produce the same memory
performance as the observed model; therefore, they will not
produce an intentional forgetting of List 1 in the forget condition
(see Figure 1, upper part of panel B).

Experiment 2

The same ANOVA as in Experiment 1 yielded a significant main
effect of list, M1, 98)=20.08, P<.001, and more importantly, a
significant interaction between list and instruction, /1,98)=17.4,
P<.001. Independent t-tests revealed that observers in the forget
group recalled fewer List 1 words, #99) =2.19, P<.05, r= .22, but
more List 2 words, #99) = 2.83, P<.01, r= .27, than observers in the
remember group. This recall pattern shows that our manipulation
was successful in inducing a directed forgetting effect. (see Figure 1,
lower part of panel B).

Experiment 3

Models. The list X instruction interaction was significant,
1,58) =10.56, P<.005. Independent t-tests revealed that models
in the forget group recalled fewer List 1 words, {(58)= —2.67,
P<.01, r=.33, but more List 2 words, (58)=1.29, ns., than
models in the remember group. Although this latter effect, the
benefit of directed forgetting instruction, was not significant, our
manipulation was successful in inducing a directed forgetting
pattern among models (see Figure 2, upper part of panel C).

Observers. Observers showed a different pattern compared
to the models they had observed. Their recall data showed
no significant list X instruction, F1,54)=2.54, P=.117. Also,
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Figure 1. Experimental set-up and results of Experiment 1 and 2. (A) In both experiments the observers sat in front of a computer screen on
which they saw a movie of a directed forgetting experiment. In this movie, a model was instructed to learn a list of words shown on a computer
screen, and was then shown a second list that was also to be learnt. Immediately before being presented with the second list to learn, the model in
this movie received a midlist instruction. Half of the observers saw a movie where the model was instructed to forget the list that they had seen
before and to learn the second list (this is the forget condition shown here). The other half of the observers saw a movie where the model was
instructed to remember the second list as well (the remember condition). In experiment 1 (upper part of panel B), the observers were simply told to
observe the movie in order to remember as many details as possible (simple observation). Here, we found no directed forgetting effect: after
watching the movie the observers recalled a similar number of words in the two conditions, P>.1. In experiment 2 (lower part of panel B), the
observers were told to observe the movie in order to remember everything that the model in the movie had to remember (observation with goal-
sharing). Here, we found a significant directed forgetting effect: after watching the movie the observers in the forget condition recalled significantly
fewer words from the first list and recalled significantly more words from the second list than the observers in the remember condition, P<<.001.
doi:10.1371/journal.pone.0029992.g001
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Figure 2. Experimental set-up and results of Experiment 3 and 4. (A) In both experiments participants sat in front of a computer screen and
participated in a directed forgetting experiment (we refer to these participants as models and their results are shown in panel C). They were
instructed to learn a list of words (List 1) shown on the screen. Inmediately after being presented with List 1, the models received a midlist
instruction. Half of the models was instructed to forget the list (List 1) they had seen before, and learn the second list (List 2). This is the forget
condition shown here. The other half of the models was instructed to remember List 2 as well (remember condition). Models (panel C) in both
Experiments showed directed forgetting. Each model was observed by another participant (we refer to these participants as observers and their
result are shown in panel B). In experiment 3, observers (upper part of panel B) were told simply to observe the experiment in order to remember as
many details as possible (simple observation). Here, we found no directed forgetting effect: after watching the experiment, observers in the forget
and remember condition recalled a similar number of List 1 words, and observers in the remember condition recalled more words from List 2 than
observers in the forget condition. In experiment 4, observers (lower part of panel B) were told to observe the experiment in order to be able to help
the model in the experiment (observation with goal-sharing). Here, we found a significant directed forgetting effect: after watching the experiment,
observers in the forget condition recalled significantly less words from List 1 than observers in the remember condition.
doi:10.1371/journal.pone.0029992.g002
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independent t-tests revealed that observers in the forget group
recalled a similar proportion of List 1 words, £{54)=0.43, ns., and
a lower proportion of List 2 words, #54)=1.69, ns., compared to
observers in the remember group. In brief, in this group we found
no directed forgetting effect (see Figure 2, upper part of panel B).

Experiment 4

Models. The list X instruction interaction was significant,
F1,40)=12.34, P<.001. Independent t-tests revealed that models
in the forget group recalled fewer List 1 words, (40)= —3.47,
P<.001, r=.48, but more List 2 words #40)=0.51, ns., than
models in the remember group. Again, as for models in
Experiment 3, although the benefit of directed forgetting
instruction was not significant, our manipulation was successful
in inducing a directed forgetting pattern among participants (see
Figure 2, lower part of panel C).

Observers. In contrast to Experiment 3, observers in
Experiment 4 showed a similar pattern as the models they had
observed. Their recall data showed significant list X instruction,
H1,41)=4.24, P<.05. Also, independent t-tests revealed that
observers in the forget group recalled fewer List 1 words, {41)=
—2.36, P<.05, r=.35, and a similar proportion of List 2 words,
{(41)=.12, ns., compared to observers in the remember group. In
brief, although we found no benefit of the directed forgetting
instruction for the forget group, the observers showed a clear
directed forgetting effect (see Figure 2, lower part of panel B).

Discussion

In Experiment 1 and 2 we demonstrated that observers mirror
the effect of the forget instruction given to an observed model.
This mirroring only occurred when the instruction given to the
observers induced shared goal representations.

Although Experiment 1 and 2 gave evidence that suppression of
the to-be-forgotten items is modulated by the observer’s goal, the
applied instruction and the specific way of item presentation raised
a series of question with respect to the above interpretation of our
results. Did the instruction to remember everything that the model
had to remember induce any empathy/goal sharing with the
model, or did the observers simply interpret the instruction given
to the model as an instruction given to them? Another problem in
our interpretation might be that the model did not suppress
memories (models were actors in a movie). Therefore we cannot
infer that the forgetting effect produced by the observers is truly a
mirrored effect.

To clarify these questions we changed both the learning
situation and the goal-sharing instruction in two following
experiments. In Experiment 3 and 4, instead of watching a movie
about an experiment, observers observed a directed forgetting
experiment in a real-life setting, with real experimental partici-
pants (models). In order to induce empathy/goal sharing of
observers with the models, we changed the “observation with goal-
sharing” instruction of Experiment 2 in a way to stress the shared
goal of the two persons. Therefore, the observers were told that
they could help the model at the final recall. We reasoned that this
mnstruction not only induces shared goal-representations, but also
rules out the possibility that observers simply interpret the
instruction given to the model as an instruction they (the observers)
should follow. Besides this, the real-life setting, used in Experiment
3 and 4, allowed us to match the recall pattern of observers to the
recall pattern of real participants.

The results of Experiment 3 and 4 replicated the results
of Experiment 1 and 2. That is, observers mirrored the effect of
the forget instruction given to the observed model, but only
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when the instruction given to the observers induced shared goal
representations.

In sum, we demonstrated that directed forgetting effect in the
observer was only present if the goal to encode specific memories
was the same or similar for the observer and the model. In four
experiments we gave evidence that observers suppressed List 1
items if they observed a model who was instructed to forget these
items. However, this effect was modulated by the instruction type
given to the observers. Observers only produced the directed
forgetting effect if they were instructed to share the goal of the
model. This means that if the observer’s goal is to acquire the same
information as the model, then any environmental manipulation
of the model’s behaviour will influence the accessibility of the
observer’s memories. It is important to note that goal sharing was
manipulated in two fundamentally different ways in Experiment 2
and Experiment 4. In Experiment 2 observers watched a movie
about the experiment, they had no contact with the models, and
because of this one could argue that observers may have not felt
empathy for the models or shared the model’s goal. More
importantly, as the observer were instructed to remember
everything that the model in the movie had to remember, this
may have forced them to instruct themselves the same way as the
experimenter instructed the model. However, in Experiment 4
observers took part in the same experiment as the model: they sat
next to them and they followed their behaviour from close
distance. This experimental design should have induced more
empathy in the observers for the model. Moreover, the instruction
also differed in Experiment 4. Observers were instructed that they
might have the chance to help the model at the final test. This
instruction probably led the observer to share the goal of the
model. Although there are major differences in the observer’s
instructions in Experiment 2 and 4, the two experiments produced
exactly the same pattern of results. This supports the conclusion
that shared goal of observers and models was the critical factor in
producing this observational directed forgetting effect.

A further contribution of Experiment 3 and 4 compared to
Experiment 1 and 2 is that the memory performance of the model
is known. The direct comparison of observers’ and models’
performance gave further evidence that observers mirrored the
memory performance of the model in Experiment 4, while their
performance was different from that of the model in Experiment 3.

In a narrower interpretation, our results provide relevant
evidence for theoretical accounts of directed forgetting. The
concept of retrieval inhibition [1] states that the forget instruction,
together with further learning of List 2 triggers an inhibitory
process in order to attenuate the interference of to-be-forgotten
items with to-be-remembered items. Inhibitory processes serve an
adaptive role to enhance the accessibility of reliable items and
suppress all unimportant and disturbing information. In contrast,
the context change hypothesis [20] proposed an account without
inhibition by suggesting that participants in the forget group will
create a larger than normal change in internal contextual
elements, and will treat the two study lists as separate events
because of the forget instruction. As a consequence, participants in
the forget group will encode List 1 words in a different context
than List 2 words, and there will be a contextual mismatch
between List 1 and final recall. According to this concept the
forget instruction plays no specific role in the directed forgetting
phenomenon, and it is replaceable with any other manipulation
causing a similar contextual change between the two study lists.

In our opinion the results of the present study fit better to the
concept of retrieval inhibition than to the context change
hypothesis. The forget instruction will carry the future importance
of studied information only if it targets goal-relevant aspects of the
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previous event. In other words, the forget instruction will trigger
inhibitory processes for to-be-forgotten information, because it
informs the participant that these items are no longer relevant
from the perspective of the present goal of the learner, that is, the
successful recall of the studied items. An observer without the goal
to recall all relevant information from the point of view of the
model will not use the information of the forget instruction.

It is unclear, how the context change hypothesis could explain
the present results in a parsimonious way. To explain the recall
performance of the observers with this concept we should assume
that observers without shared goal with the models did not create a
new internal context for the second list as a response to the forget
instruction. Contrary, they have changed their mental context if
their goal was in accord with the model. Following the logic of this
account we should assume that the “observation with goal
sharing” instruction increased the encoding of contextual elements
compared to the “simple observation” instruction. One problem
with this explanation is that there has been no evidence for such an
association between goal-directed learning and internal context
encoding. Another, and more evident, problem is that enhanced
contextual encoding should have lead to a higher average recall
rate among observers instructed with “observation with goal
sharing” instruction. This is certainly not the case.

In sum, these results underlic the general assumption that
activation and suppression of episodic memory representations is
based on goal-related action plans [29]. It is important to note that
it has been widely documented that the suppression effect in the
directed forgetting procedure lowers the accessibility, but not the
availability of to-be-forgotten memories, meaning that these
memory items remain intact but become inaccessible by episodic
retrieval cues [2,14,30]. Our results support the assumption that
suppression of episodic memories is not automatically generated
by environmental cues but depends on the goals of the person who
encodes and retrieves them [29]. In a broader interpretation, these
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Mirroring Memory Suppression

results gave evidence that observers can mirror the suppression
memory effect of the model if they take the model’s action goals.
The central question of action mirroring is whether the
mechanism is a direct match between the perception of the
model’s action and the observer’s motor system [26] or whether it
is generated from goal interpretation via top-down processes [31].
Our results suggest that the mirroring of intentional forgetting
takes place in the latter form. When the observer shares the
model’s goal, they will encode items that are relevant to the model
and then they will manipulate the accessibility of their own
memories according to what seems to be relevant to the model in a
learning action. The exact nature of this process — whether it is an
action simulation or an end state emulation by different means — is
presently unclear, but our results point to a relevant aspect of
social learning. Human learners manipulate the activation level of
their own memory according to the specific goal of the
observation, and if this goal matches the goal of the observed
model than the observer will mirror the learning performance of
the model.
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Abstract

A feature of schizophrenia is disrupted executive function leading to learning difficulties and memory problems. In two
experiments we measured the ability of patients with schizophrenia to suppress irrelevant parts of acquired information by
intentional (executive) and autonomic (non-executive) strategies. In the first experiment using directed forgetting by lists patients
were found to be unable to intentionally suppress recently acquired episodic memories. In a second experiment using a procedure
that induces inhibition automatically schizophrenic patients showed levels of inhibition comparable to those of normal controls.
These findings indicate that in schizophrenia memory is most impaired in tasks that load heavily on control or executive processes.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Patients diagnosed with schizophrenia show a range
of neurocognitive deficits including memory malfunc-
tions (McKenna et al.,, 1990; Saykin et al., 1991).
Indeed, it has been frequently shown that patients with
schizophrenia perform poorly on immediate and delayed
verbal learning tasks, such as the Rey Auditory Verbal
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Learning Test or the Wechsler Memory Scale (Aleman
et al., 1999; Heinrichs and Zakzanis, 1998; see Cirillo
and Seidman, 2003 for a review). Patients with
schizophrenia are sensitive to interference and con-
textual change between learning and recall and the
degree of memory impairment has not been found to be
related to medication or duration of illness (Sevan-
Schreiber et al., 1996; Torres et al., 2004). It seems that
patients within the schizophrenia spectrum are compro-
mised in their ability to disregard irrelevant information.
This observation is supported by findings demonstrating
that patients with schizophrenia produce less release
from proactive interference and show a usually high
intrusion error rate of items from earlier sets (Chan et al.,
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2004; Sitskoorn et al., 2002). Moreover, studies of
executive system functions have found schizophrenic
patients to be disinhibited on executive tasks such as
negative priming, Stroop, and the Go/No-Go motor
inhibitory task (Perlstein et al., 1998; see Palmer and
Heaton, 2000). Taken together these findings all point to
a dysexecutive profile in which malfunctioning control
processes leave processing sequences open to inter-
ference by related but task-irrelevant information. In
short, the pattern shows attenuation in the effectiveness
of centrally controlled inhibitory processes.

Inhibitory processes can be triggered intentionally
in an explicit, conscious, attempt to avoid or suppress
unwanted or irrelevant information, or they may be trig-
gered implicitly, nonconsciously, as part of a processing
sequence. Note that what is important here is the way in
which inhibitory processes are triggered or initiated, there
is no suggestion that the processes themselves could come
under direct intentional control. Also note that there is no
suggestion either that executive or control processes are
conscious, we assume along with all other theorists in the
area that executive processes are nonconscious but that
some of their outputs may occasionally enter conscious-
ness and that they can be initiated by conscious intentions.
Thus, a person might, for example, consciously and
intentionally attempt to avoid thinking about a memory or
a memory may be inhibited from entering consciousness
by nonconscious, incidental, process (Barnier et al., 2007;
Barnier et al., 2004; Racsmany and Conway, 2006).

Two experimental paradigms that have been widely
used to explore intentionally and incidentally triggered
inhibition and these are, respectively, direct forgetting
(DF) and retrieval practice (RP). The DF procedure has
been most extensively investigated by Bjork and
colleagues (see Bjork, 1989; Bjork et al., 1998). In the
list-method of DF participants are explicitly instructed to
intentionally forget a previously learned list. The forget
instruction is then followed by a second to-be-learned list
(see MacLeod, 1998 for a detailed review of list- and
item DF). The critical contrast that defines the DF effect
and which has been observed in many studies is lower
List 1 memory performance following a forget instruc-
tion compared to List 1 memory performance following
a remember instruction, (Bjork and Bjork, 1996; Con-
way et al., 2000). The single study of directed forgetting
in patients with schizophrenia found that produced a
significant DF effect, although their forgetting perfor-
mance was somewhat weaker than that of control group
(Miiller et al., 2005). This study, however, used an item-
by-item DF task, in which items are followed by an R or
an F instruction. Item DF effects are considered to be
mediated by rehearsal strategies rather than by inhibitory

processes (Basden and Basden, 1998) and, therefore, not
directly relevant to the present goal of investigating
intentional and incidental inhibition. Nonetheless, we
note that these patients were able to alter their rehearsal
strategies, in order to produce an item DF effect, and that
indicates at least partly preserved executive function.

The RP procedure has been extensively studied by
Anderson and colleagues (Anderson et al., 1994; Ander-
son and Spellman, 1995; see for a recent review Norman
et al., 2007). In the RP procedure participants study a list
containing words grouped into categories. The study phase
is followed by the RP phase in which participants practice
recalling selected items from the study list. This yields
three types of items: Rp+ items are items which have been
rehearsed, Rp— items which were studied items but which
not themselves been rehearsed but which originate from
categories that contain an Rp+ item, and finally Nrp items
which are from studied categories from which no items
have been rehearsed. The standard finding is that Rp+
items are remembered to a high level, Nrp items to a
reliably lower level, with Rp— items showing poorest
recall. The explanation is that this effect arises because of
the effect of recalling Rp+ items during the practice phase
is to automatically inhibit Rp— items (see Racsmany and
Conway, 2006). Importantly, a recent study (Nestor et al.,
2005) using the RP procedure with 15 patients diagnosed
with schizophrenia and found a normal RP effect.

The aim of the present study is then to compare these
two inhibitory procedures, DF and RP, in a patient group
diagnosed with schizophrenia. We expect RP perfor-
mance in this group to be in the normal range and show
the standard inhibitory pattern as, indeed, previous studies
have found, (Miiller et al., 2005; Nestor et al., 2005). If
this is the case then it demonstrates that at least some
incidental, automatic, inhibitory processes are intact and
function normally in this group. In contrast, we predict
that in DF where initiating inhibition is intentional and
effortful and requires the normal functioning of executive
processes then a standard pattern of inhibition will not be
observed. This is because executive function in schizo-
phrenic spectrum disorder is comprised, as it is in brain
damaged patients with frontal lobe lesions who also do
not show a normal pattern of directed forgetting (Conway
and Fthenaki, 2003).

2. Experiment 1
2.1. Method
2.1.1. Participants

A total of thirty patients with a diagnosis of schizo-
phrenia defined by DSM-IV (American Psychiatric
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Association, 1994) and ICD-10 criteria for research
(World Health Organization, 1993) took part in the
experiments. Patients were selected from the outpatient
clinic of the Department of Psychiatry, University of
Szeged. All patients were in an early stage of the illness,
currently in a stable inter-episodic state, and under
antipsychotic medication. The thirty control subjects
were recruited from hospital staff and community
volunteers. They were evaluated with a modified
structured interview (Mini International Neuropsychiatric
Interview). Control participants with a personal history of
psychiatric disorder or a family history of psychotic and
affective spectrum disorders, history of neurological
illness, any medical illness known to affect brain structure,
head injury with loss of consciousness for more than
30 min, clinically significant substance abuse within the
last 6 months, or any medical illness that could
significantly constrain neurocognitive functions were
excluded. All participants were 18 to 50 years of age,
minimum 8 years in education (primary school), and able
to give informed consent. The patients were excluded if
they had previously undergone electroconvulsive therapy
or were subject of clinically significant substance abuse.

2.1.2. Clinical and neuropsychological measures

Clinical symptoms were assessed by psychiatrists
using the Positive and Negative Syndrome Scale
(PANSS) (Kay et al., 1991), and the Scale for the Assess-
ment of Negative Symptoms (SANS) (Andreasen, 1982).
The demographic and clinical characteristics are shown in
Tables 1 and 2.

Widely used neuropsychological tasks were employed
to measure working memory and executive functions. We
measured verbal working memory capacity with the Digit
Span Task (Racsmany et al., 2005), we used the Visual
Patterns Test (VPT, Della Sala et al., 1997) for measuring
visuo-spatial working memory capacity. We assessed
executive functions with the Wisconsin Card Sorting Test
(WCST, Heaton et al., 1993).

2.1.3. Procedure
Participants were tested individually. They were told
that they were participating in an experiment on memory

Table 1
Demographic characteristics of the subjects

Patients Control

Mean  SD (+/-) Mean  SD (+/-)
Age 31.1 9.8 32.6 9.4
Education (years) 11.1 1.8 12.2 1.9
Full scale IQ WAIS-H  103.4  14.8 109.1 11.2

Standard deviations are presented in parentheses.

Table 2
Clinical and neuropsychological characteristics of the subjects
Mean SD (+/-)
Age at onset (years) 23.5 6.8
Duration of illness (years) 7.5 7.1
Relapses 4.5 4.7
PANSS
Positive 11.4 5.5
Negative 16.4 6.2
Global 29.8 11.1
Total 57.6 19.9
SANS
Affective 1.6 1.1
Alogia 1.5 0.9
Avolition 1.5 1.2
Anhedonia 2.1 1.2
Attention 1.4 1.1
WCST
Categories 2.8 2.4
PE% 28.8 18.7
CLR% 37.8 26.6
Digit span 5.7 1.1
VPT 6.4 1.6

Standard deviations are presented in parentheses.

with the aim to test their ability to recall words. The
experiment was conducted in four phases: a list learning
phase, a distracter phase, a free-recall phase, and a cued-
recall phase. Words were presented visually on separate
sheets of papers. After the words of the first list (7 words)
had been presented, participants were instructed to
stop. At this point participants in the forget-instruction-
condition (F-condition) were given the following forget
instruction: The list you have just learned was a practice
list to familiarize with the experimental procedure. You
should now forget these words, try to put them out of
your mind. The real experimental list will be presented
now. In the remember-instruction condition (R-condi-
tion) the same procedure was followed, but instead of the
forget instruction, participants received a remember
instruction: That is the end of List 1. You must try to keep
those words in mind while you learn the second list
which will be presented now.

Following the forget or remember instructions,
the second list was presented. After all words had been
studied participants were given a 5-minute simple arith-
metic filler task. This was followed by the free-recall test.
Participants were provided with paper and pen and asked
to try to recall as many words as they could from both
lists. They were asked to start at the top of the page and
write each recalled word under the previous word. In
order to reduce the role of output interference we
followed the recall instruction of Conway et al. (2000
Experiment 7): participants were required to recall List 1
words first and then List 2 words. Following the free-



dc_1204 16

M. Racsmany et al. / Schizophrenia Research 101 (2008) 218-224 221

recall participants took part in a stem-cued-recall test.
They were given printed list containing the first two
letters of the words of first and second lists in a
randomised order, and completed the stems for the
previously studied words. Each subject took part both in
F and R conditions and the order of conditions was
counterbalanced among participants. Four lists were
constructed from a pool of twenty eight (Hungarian)
words of moderate to high frequency (Fiiredi and
Kelemen, 1989). The order of presentation of the lists
was counterbalanced for each participant in both
conditions.

2.1.4. Results and discussion

A 2x2x2 (group x instruction x list) mixed analysis of
variance (ANOVA) was conducted on individual free-
recall rates. The main effect of group was significant
F(1,58)=482.9, p<0.001, the main effect of instruc-
tion was not significant F(1,58)=2.7, p>0.1, and the
main effect of list was also not significant F(1,58)=2.8,
p>0.1. More interesting was that we found highly sig-
nificant interaction between instruction and list £(1,58)=
19.42, p<0.001, and also a powerful interaction between
group, instruction, and list F(1,58)=10.7, p<0.001.
Together this pattern shows a strong and reliable directed
forgetting effect for the control group but no effect for the
patient group. As can be seen from Table 3 the forget
instruction had no effect on patients’ performance, the
only detectable change is a small, non-significant reverse
directed forgetting effect in which patients recalled more
List 1 words in the forget than in the remember conditions.
We calculated an inhibitory index for each participant by

Table 3
Mean percentages of memory performances in Experiment 1
Patients Control
Mean SD (+/-) Mean SD (+/-)
Recall of F1 words 357 17.1 42.8 243
Recall of F2 words 314 214 62.9 199
Recall of R1 words 343 18.6 61.4 20
Recall of R2 words 243 174 40 22.1
Inhibitory index for list-cued —9.6 18.2 184 133
recall (R1—F1)
Stem-cued recall of F1 55.7 19.2 629 21.1
Stem-cued recall of F2 543 19.8 729 19.7
Stem-cued recall of R1 51.4 20.1 727  19.6
Stem-cued recall of R2 457 21.1 62.6 194
Inhibitory index for stem-cued —6.1 14.1 104 112

recall (R1—F1)

Standard deviations are presented in parentheses.

F1 = List 1 words in the forget condition; F2 = List 2 words in the
forget condition; R1 = List 1 words in the remember condition; R2 =
List 2 words in the remember condition.

subtracting F1 (List 1 in F-condition) performance from
R1 (List 1 in R-condition) performances. As can be seen
from Table 3 the inhibition score is negative for the patient
group showing a reverse effect of the forget instruction.

Anidentical 2x2x 2 (group x instruction x list) analysis
ofvariance (ANOVA) was carried out with the stem-cued-
recall rates. The pattern of results was the same as for the
previous the list-cued-recall task, the main effect of group
was significant F(1,58)=14.75, p<0.001, the main effect
of instruction was not significant F(1,58)=1.7, p>0.1,
and the main effect of list was also not significant 7(1,58)=
0.57, p>0.1. However, we found again a significant in-
teraction between instruction and list F(1,58)=8.4.42,
p<0.01, and also a powerful interaction between group,
instruction, and list F(1,58)=6.2, p<0.01.

An inhibitory index was again calculated by subtract-
ing List 1 performances in the forget condition from List 1
performance in the remember condition. As can be seen
from Table 3 patients with schizophrenia did not produce
inhibition at all in either recall test and their inhibitory
index was negative reflecting a rebound effect. A one-way
ANOVA was carried out on individual’s inhibitory
indexes which yielded significant differences between
groups both for the free-recall £(1,58)=8.51, p<0.01 and
for the stem-cued-recall tasks F(1,58)=7.34, p<0.01.
Overall this pattern of data demonstrates that patients
with schizophrenia are not able to intentionally inhibit
previously acquired information.

3. Experiment 2

The aim of this second experiment was to establish
whether those patients who produced no inhibition in DF
task were nonetheless able to produce inhibition in the
RP task. Such a result would replicate the main findings
of Nestor et al. (2005), and confirm our hypothesis that
patients with schizophrenic spectrum disorder cannot
initiate inhibition intentionally but are able to initiate
inhibition when it is an incidental part of a task.

3.1. Method

3.1.1. Procedure and materials

The same patients and controls who took part in
Experiment 1 took part in the present experiment and the
data was collected from participants individually. The
order of the DF and RP experiments was counterbalanced
among participants; there was minimum one day delay
between the two experiments. The RP procedure was
conducted in four phases, following the procedure of
Racsmany and Conway (2006): Study Phase, RP Phase,
Distracter Phase, and a surprise cued-recall phase. Ten
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categories were used two of which were fillers. Each
category consisted of twelve exemplars from each of eight
target categories forming two subsets (six items) with
moderate to high frequency words drawn from two
published Hungarian frequency norms (Koénya and Pintér,
1985; Fiiredi and Kelemen, 1989). We created two subsets
from the eight target categories and designated an equal
number of items as practiced and nonpracticed categories.
The practiced and nonpracticed exemplars were counter-
balanced as well. In the study phase participants saw
category-exemplar pairs on a screen and were told to try to
remember the category examples as best as they could.
Each category-exemplar pair was presented in uppercase
letters at the centre of the screen for 5 s. When participants
had completed the learning phase, the experimenter dis-
tributed practice booklets. Each page in the booklet
contained one of the category names they had seen
previously and the first two letters of one of the members
of that category which they had to complete. Their task
was to complete the exemplar fragment with one of the
words they had studied earlier. Participants were told that
some of the examples might be tested more than once but
in every case they should complete the word stem with a
word studied previously (note that only a single response
was possible for each word stem). After the RP phase
booklets were collected and participants were given an
unrelated mathematical task for 12 min. Finally, partici-
pants were given recall booklets with the name of one of
the previously studied categories on the top of each page.
Participants had 10 min to recall as many examples as
they could, and they had to keep the order of categories as
they were arranged in the booklet. Order of presentation
of category cues was counterbalanced over participants.

3.1.2. Result and discussion

A 2x3 (groupxitem type) mixed analysis of variance
was performed on individual recall percentages. The main
effect of group was significant F(1,58)=44.143,
p<0.001. The main effect of list was also significant
F(1,58)=241.2, p<0.001, however and more important-
ly there was no significant group by item type interaction
F(1,58)=2.1, p>0.1. To detect specific effects of RP in
both groups separate one-way analyses of variance on
item types (Rp+, Rp—, Nrp items) were conducted for
both the patient and the control groups. The findings
replicated the results of Anderson et al. (1994), and a
reliable effect of item type was observed, F(1,29)=165.1,
p<0.001 for the control group. Planned comparisons
showed that the recall of Rp+ items was significantly
higher than that of Nrp items, F(1,29)=12.7, p<.001,
confirming the benefits of practice on subsequent recall.
The recall of Rp— items was found to be significantly

Table 4
Mean percentages of memory performances in Experiment 2
Patients Control
Mean SD (+/=) Mean SD (+/-)
Recall of Rp+ words 57.5  19.1 80 11.9
Recall of Rp— words 158 158 30 14.25
Recall of Nrp words 204 16.8 442 13
Inhibitory index Nrp—Rp—) 4.6 103 122 11.2

Standard deviations are presented in parentheses.

lower than that of Nrp items, F(1,29)=5.8, p<.001,
indicating inhibition of these items.

Importantly the same pattern of results was present in
the patient group where the main effect of item type was
significant F(1, 29)=91.6, p<0.001. Planned compar-
isons showed that the recall of Rp+ items was significantly
higher than that of Nrp items, F(1,29)=11.9, p<.001,
showing that the patients too benefited from retrieval
practice. The critical finding was, however, that recall of
Rp— items was significantly lower than that of Nrp items,
F(1,29)=5.3, p<.01, indicating the standard inhibitory
effect. As in Experiment 1 inhibition scores were calcu-
lated and the patient group scores although showing the
standard inhibitory effect (see Table 4) were nonetheless
reliably lower than those of the control group, F(1,58)=
6.69, p<0.01. Thus, normal but weaker inhibition was
found in the patient’s with schizophrenic spectrum
disorder.

4. General discussion

The present study demonstrates that patients with
schizophrenia are not able to intentionally forget items
from a previously acquired list, and compared to controls
patients produced no DF effect. Patients with schizo-
phrenia are not then able to intentionally initiate inhibition.
In marked contrast our patients produced a strong and
reliable inhibitory effect in the RP procedure (a finding
highly consistent with Nestor et al., 2005). Despite this
normal pattern of recall in the RP procedure the general
level of their inhibitory index was somewhat lower
than that of control subjects, perhaps indicating a more
widespread memory problem, in addition to problems
with intentional forgetting.

Over the two experiments the pattern of performance
is very similar to that reported by Conway and Fthenaki
(2003) in a group of patients with frontal and temporal
lobe lesions. Frontal patients produced an inverted DF
effect and normal RP effect (as did the patients in the
present study), while temporal lobe patients produced
the reverse pattern. Conway and Fthenaki (2003) argue
that the actual process of inhibition is the same in both
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kinds of task and it is the way this process is triggered
that differs. In DF inhibition is intentionally elicited by
active thought avoidance, a process carried out mainly
by networks of the lateral prefrontal cortex and its con-
nections (Anderson et al., 2004; Bunge et al., 2001;
Aaron et al., 2004; Wylie et al., in press). Although
prefrontal cortex may also have an important role in
successful inhibition in RP paradigm, hippocampal and
temporal networks can apply inhibitory processes with-
out top-down executive control (see Norman et al., in
press, for an interesting neural network model of this).

We suggest then that the pattern of performance by
the patients with schizophrenia in DF may be a sign of
disrupted frontal function possibly associated with
attenuation of fronto-temporal pathways that, under
normal circumstances, would mediate inhibition of
recently acquired knowledge. In contrast, the intact,
albeit somewhat weaker, inhibitory pattern in RP
may reflect functioning medial temporal lobe inhibitory
processes. In this case the practice phase induces in-
hibition by establishing retrieval competition between
practiced items and unpracticed items from the same
category that compete for recall during the category
cued practice phase. In this way a pattern of activation
and inhibition is created over the contents of a memory
of the study list, with some items highly active (Rp+),
some active but at a lower level (Nrp), and some
inhibited (Rp—). It is this pattern that mediates recall (see
Racsmany and Conway, 2006) and leads to the normal
pattern of cued recall in the patients and controls.

In conclusion, the present experiments indicate that
possible disrupted executive functions may considerably
weaken the ability of patients with schizophrenic
spectrum disorder to intentionally avoid recent mem-
ories and, perhaps, other cognitions too. This can occur
even when other incidentally initiated inhibitory pro-
cesses appear to function relatively normally. The wider
consequences for schizophrenic cognition more gener-
ally are negative and one implication is that of weakened
intentional control of a wide range of recently acquired
material.
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The aim of the present study was to investigate the role of executive functions in resolving memory
interference in a clinical sample of patients with obsessive-compulsive disorder (OCD). Retrieval of
memories has been shown to involve some form of executive act that diminishes the accessibility of rival
memory traces, leading to retrieval-induced forgetting (RIF). These executive control processes might
suppress unwanted thoughts and irrelevant memories during competitive retrieval. We assessed RIF
with the retrieval practice paradigm among 25 OCD patients and 25 healthy controls matched for age
and education. Retrieval of target memories led to enhancement of target memory recall in both groups,
but suppression of related memories (RIF) occurred only among controls. Our results suggest that
suppression of irrelevant, interfering memories during competitive recall is impaired in OCD.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Obsessive-compulsive disorder (OCD) is a highly debilitating
neuropsychiatric condition characterized by intrusive unwanted
thoughts and/or repetitive, compulsive behavior or mental rituals
(American Psychiatric Association, 2000).

The cognitive profile of the disorder is marked by the deficit of
executive functions (Olley et al., 2007; Rao et al., 2008; Cavedini et
al., 2010). However, some studies of OCD patients have found
intact performance on traditional executive neuropsychological
tasks (for reviews see Greisberg and McKay, 2003; Kuelz et al.,
2004; Chamberlain et al., 2005; Abramovitch et al., 2013).

According to Chamberlain et al. (2005) failures of cognitive
and behavioral inhibition could also explain many of the relevant
clinical symptoms as well as executive deficits observed on tasks
requiring inhibition of prepotent responses, set-shifting, and
inadequate strategy use in memory tasks. Lesion and functional
neuroimaging studies (e.g., De Bruin et al,, 1983; Bokura et al,,
2001; Chudasama and Robbins, 2003; Aron et al., 2004) suggest
that abnormalities in the lateral orbitofrontal loop might lead
to inhibitory dysfunctions. In OCD there is evidence for the

* Corresponding author. Tel.: +36 14631 273 (Office); fax: +36 1 4631 072.
E-mail address: gdemeter@cogsci.bme.hu (G. Demeter).
1 These authors contributed equally to the work.

http://dx.doi.org/10.1016/j.psychres.2014.04.022
0165-1781/© 2014 Elsevier Ireland Ltd. All rights reserved.

hyperactivity of the lateral orbitofrontal (IOFC) and the dorsal
anterior cingulate cortex (dACC) and the hypoactivity of the
medial orbitofrontal cortex (mOFC) (for a review see Milad and
Rauch, 2012).

Behavioral experiments have provided only partial support
for cognitive inhibitory deficits in OCD. Some studies found
impaired performance on Stroop (Martinot et al., 1990), GoNogo
(Bannon et al., 2002; Penades et al., 2007), Antisaccade (Tien et al.,
1992) and negative priming tasks (Enright and Beech, 1993a,
1993b; Enright et al., 1995). Also, OCD patients manifested poorer
performance on memory tasks that require updating of the
executive system, such as the Letter Memory Task (e.g., Morris
and Jones, 1990), the n-back Task (e.g., Kashyap et al., 2013; Nakao
et al,, 2009; Van der Wee et al.,, 2003), and prospective memory
tasks (Racsmany et al., 2011; Harris et al.,, 2010). However, many
studies failed to detect such impairments on executive tasks (e.g.,
Aronowitz et al., 1994; Maruff et al., 1999; Bannon et al., 2002;
Aycicegi et al., 2003; Spengler et al., 2006; Moritz et al., 2010).

Importantly, another controversial body of literature assessing
verbal, visual, and spatial memory in OCD (for reviews see Kuelz
et al., 2004; Abramovitch et al., 2013) could be explained by a less
effective organizational strategy use and impaired executive func-
tioning (Christensen et al., 1992; Savage et al., 2000; Deckersbach
et al., 2005).

Executive functions are crucial in everyday memory. Impor-
tantly, their role is not restricted to organizing during encoding,
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planning retrieval, and monitoring memory output, but also
in adaptive forgetting (Baddeley, 1996; Anderson, 2003; Dobbins
et al.,, 2002). Indeed, the act of retrieval itself has been shown to
cause forgetting of material related to the retrieved memory
(Anderson et al., 1994; Anderson, 2003). This research line has
shown that when one tries to retrieve a memory that is associated
to a given cue, other memories associated to the same cue will
become less accessible for later recall (Anderson et al., 1994; Camp
et al., 2007; Racsmany et al., 2010).

This phenomenon has been widely studied with the retrieval
practice paradigm (Anderson et al., 1994). In this paradigm parti-
cipants study a list of category-exemplar pairs (e.g., vegetables —
carrot, vegetables - tomato, sports — cycling, etc.), then practice
retrieval of half of the exemplars from half of the categories (e.g.,
vegetables - ca___?). After a short delay, all exemplars from all
categories are tested by a cued recall test. Typically, this final test
shows that exemplars (e.g., tomato) associated to practiced exem-
plars (e.g., carrot) are less accessible than exemplars unrelated to
any practiced exemplar (e.g., cycling). This effect has been termed
retrieval-induced forgetting (RIF) and was replicated with a wide
range of materials and research designs (Anderson and Bell, 2001;
Levy and Anderson, 2002; Anderson, 2003; Bajo et al., 2006; Levy
et al,, 2007; Anderson and Levy, 2011; Storm, 2011).

Several mechanisms have been proposed to explain RIF. These
include retrieval inhibition (Anderson et al., 1994), inhibitory
executive control (Anderson, 2003), episodic inhibition (Racsmany
and Conway, 2006), and, based on the Search of Associative
Memory (SAM) theory (Raaijmakers and Shiffrin, 1981), noninhibi-
tory interference processes (e.g., Raaijmakers and Jakab, 2012).
Although these explanations contradict each other as to the
involvement of inhibitory and/or executive control processes, neu-
roimaging studies of RIF clearly indicate that competitive retrieval
activates cognitive control related areas in the human brain (Kuhl et
al., 2007, 2007, Johansson et al., 2007; Kuhl et al., 2008; Wimber
et al,, 2009). These results show that when one tries to retrieve a
target memory associated to a given cue, interference from
other competing memories related to the same cue has to be
resolved. According to these studies, interference resolution during
memory retrieval involves prefrontal areas, as well as the anterior
cingulate gyrus.

Problems in interference resolution through cognitive control
(e.g., inhibition of intruding memories) have been suggested to be
at the core of several psychiatric syndromes (Chamberlain et al.,
2005). Therefore, RIF has been a popular tool to assess cognitive
control in memory retrieval in schizophrenia (Racsmany et al.,
2008) depression (Groome and Sterkaj, 2010), posttraumatic stress
disorder (PTSD) (Amir et al., 2009), and OCD (Jelinek et al., 2012).

Jelinek et al. (2012) found intact RIF for neutral words and a
tendency for reduced RIF for personally salient OCD relevant
words in patients compared to healthy controls. They concluded
that OCD is not characterized by a general inhibitory deficit,
and that the reduced RIF for OCD-relevant memories is most likely
due to cognitive biases. However, at the final test in their
experiment, Jelinek et al. (2012) used a category cued recall where
participants were given a category (e.g., vegetables) and were
instructed to recall all words they had learnt together with that
category in the experiment. When using this type of test, the
observed RIF can be explained by response competition or output
interference at test; practiced items come to mind first, and this
blocks access to non-practiced memories (Anderson, 2003). Inhi-
bition is unnecessary for the emergence of RIF in such a procedure,
and non-inhibitory models (e.g., Raaijmakers and Shiffrin, 1981;
Anderson, 1983) can account for a significant RIF. To eliminate the
contribution of output interference to RIF, the final test should use
category plus word stem cues which are specific to one given word
in the experiment. Such a test could establish whether lower

accessibility of a memory is due to interference resolution during
an earlier retrieval act (Anderson, 2003). Therefore, in the current
study we used this type of final test procedure.

In the clinical studies of RIF reviewed by the authors (Moulin et
al., 2002; Nestor et al., 2005; Racsmany et al., 2008; Groome and
Sterkaj, 2010; Storm and White, 2010) the final test was a category
cued free recall task. As discussed above, in the RIF effects found in
such studies output interference and inhibitory mechanisms are
confounded. It follows that when output interference is ruled out
from mechanisms producing the RIF effect, the effect itself
becomes smaller, and less detectable (for a similar argument see
Storm, 2011). Therefore, in our study, we focused on differences in
recall latencies as a measure of RIF to ensure that any effect that
decreases accessibility of memories due to competitive retrieval
would be detected. Our choice for measuring RTs was motivated
by earlier studies which suggested that RTs may be indeed
sensitive to the effect of interference (Anderson, 2003; Keresztes
and Racsmany, 2013) and may be more direct measures of the
effect of interference resolution (Veling and van Knippenberg,
2004) than retrieval failure per se. Indeed, RTs proved to be a
sensitive measure of the magnitude of RIF, even in cases when
recall accuracy did not reveal any forgetting effect (Veling and van
Knippenberg, 2004; Racsmany and Conway, 2006; Verde and
Perfect, 2011).

Our goal was to investigate the role of executive functions in
competitive retrieval in OCD. According to the executive deficit
hypothesis both adaptive forgetting induced by retrieval (RIF) and
suppression of unwanted thoughts are driven by similar executive
processes (Levy and Anderson, 2008). In line with this hypothesis,
Aslan and Bauml (2010) found that the RIF effect was modulated
by working memory capacity among healthy adults. Therefore we
also assessed working memory using an n-back task which
requires continuous updating of working memory contents. Apart
from variables that are known to influence memory, such as
symptom severity, depression, we also controlled for stress that
has also been suggested to eliminate the RIF effect (Koessler et al.,
2009). We hypothesized that OCD patients manifest reduced RIF
compared to the matched healthy controls due to impaired
executive functions that are supposed to resolve interference
during competitive retrieval.

2. Methods
2.1. Participants

Twenty five patients diagnosed with OCD who satisfied the diagnostic criteria
in the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) (American
Psychiatric Association, 2000) were examined at the Nyirs Gyula Hospital,
Psychiatry II, Budapest, Hungary. A psychiatrist confirmed the diagnosis following
the Structural Clinical Interview for DSM-IV Axis I Disorders (SCID-I) (First et al.,
1997). The severity of OCD symptoms was assessed using the Yale Brown
Obsessive-Compulsive Scale (Y-BOCS) (W.K. Goodman et al., 1989; W.L. Goodman
et al., 1989). Severity of depression of the clinical sample was assessed using the
Hamilton Rating Scale for Depression (HAM-D, 21-item) (Hamilton, 1960; Warren,
1994). Anxiety was assessed by the Spielberger State and Trait Anxiety Inventory
(STAI). We used the State subscale of the STAI to estimate the stress induced by the
experiment (Spielberger et al., 1970; Sipos, 1978; Spielberger, 1983). (See Table 1 for
a summary of these assessments.)

We excluded participants who met the criteria for severe depression (Hamilton
score > 24). Fourteen participants in our OCD sample were mildly depressed
(Hamilton score between 7 and 17). We also excluded participants who met
criteria for any other comorbid psychiatric diagnosis (Axis I or Axis II) and who had
a lifetime history of drug or alcohol dependence or neurological disorder. Regarding
medication, two patients had not been medicated for at least three months, eleven
were taking selective serotonin reuptake inhibitors (seven paroxetin, two citalo-
pram, one fevarin, and one stimuloton), ten were taking double action noradrena-
line and serotonin agents (seven clomipramine and three venlafaxine) and two
patients were taking serotonin reuptake inhibitors combined with double action
noradrenaline and serotonin agents (paroxetin and clomipramin).
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Table 1
Sample demographics and basic assessment results.

OCD (n=25) Healthy control Independent
(n=25) t-test

Characteristics Mean S.D. Mean S.D. t p
Age (years) 364 102 36.24 9.69 -0.05 ns
Education (years) 1336 299 14.28 2.76 112 ns
Sex (M/F) 17/8 19/6
DSF 6.04 0.93 6.16 1.31 037 ns
2-back hit % 84.36 18.04 93.92 10.71 227 <0.05
2-back correct rejection %  95.04 5.66 97.48 2.78 1.93 ns
3-back hit % 72.68 2298 85.84 17.64 227 <0.05
3-back correct rejection %  93.32 512  95.88 2.69 22 <0.05
STAI-T 558 1157 372 494 -738 <0.001
STAI-S 4591 1099 36.28 743 -3.57 <0.01
Y-BOCS total 266 73
Y-BOCS ORS 13.04 3.65
Y-BOCS CRS 13.64 4.80
HAM-D 9.48 4.98

Note. OCD, obsessive-compulsive disorder; M, male; F, female; DSF, Digit Span
Forward; STAI-T, Spielberger Trait Anxiety Score; STAI-S, Spielberger State Anxiety
Score; Y-BOCS Total, Yale Brown Obsessive Compulsive Scale Total score, Y-BOCS
ORS, Yale Brown Obsessive Compulsive Scale, Obsessions-Severity Score; Y-BOCS
CRS, Yale Brown Obsessive Compulsive Scale, Compulsions Severity Score; HAM-D,
Hamilton Depressive Rating Scale; and ns, not significant.

Both concerning medication and symptoms, the OCD group was heteroge-
neous, and due to the sample size, no subgroup data could be analyzed.

The study was approved by the hospital's ethical review board. Patients
received a detailed description and explanation of the study before they decided
to sign the informed consent forms. All patients were assured that participation in
the study would not interfere with their clinical treatment. The healthy control
group (n=25) was matched in age and education (see Table 1).

2.2. Experimental design and materials

2.2.1. The retrieval practice paradigm

2.2.1.1. Design and material. We used 60 category-word pairs, six words belonging
to each of ten categories. To induce the competitive retrieval supposed to be nec-
essary to produce RIF, and to avoid moderation of the RIF effect (see Anderson,
2003), we followed strict selection criteria described in detail in Keresztes and
Racsmany (2013). Briefly, we used neutral words of moderate frequency, based on
the Frequency Dictionary of the Hungarian Webcorpus (Halacsy et al., 2004; Kornai
et al., 2006). We used categories that were not associated to each other (either
semantically or phonetically), and category members that were not associated to
another member of another category. (see for the list of words used.)

Twelve category-word pairs (belonging to two categories) were used as fillers. The
other 48 category-word pairs were assigned to one of the four item types. This was
done in a fully randomized manner for each experimental session. First, each
category was randomly assigned to be practiced or unpracticed (baseline) cate-
gories, so that half of the categories were selected for both category type. Words
within each category were randomly assigned into two groups. Half of the words
(Rp+) in each practiced category was to be practiced during the practice phase, the
other half (Rp—) was not. For unpracticed (baseline) categories, half of the words
(Nrp+) were assigned to be baseline items for Rp+ words, the other half (Nrp—)
were assigned to be baseline items for Rp— words. We used Presentation 14.5 to
randomly assign items to conditions, for presentation of stimuli and data recording.
All participants performed the experiment on an IBM T40p ThinkPad.

2.2.1.2. Procedure. In the study phase, all 60 words were presented to participants
together with their category label, at a rate of 5000 ms with a 500 ms intertrial
interval, in the center of the computer screen, with the category label on the left
and the category member on the right. Participants were instructed to memorize
the words with the help of the category label. Presentation of the pairs was pseudo-
randomized with the constraint that two words belonging to the same category
could not appear consecutively. The study phase started and ended with two filler
items to avoid primacy and recency effects.

The practice phase consisted of three blocks, each containing 18 practice trials.
Each block consisted of 12 trials with Rp+ items and six trials with fillers. The first
and the last two items in each series were filler items. The order of the rest of the
items was pseudo-randomized with the constraint that two consecutive trials
never involved members of the same category. In each trial, the category label of
the target word plus a two-letter stem cue for the target word appeared in the

middle of the screen. Participants were instructed to say aloud the corresponding
target. They had 6000 ms in the first block and 4000 ms in the second and third
block to answer. Answers were recorded with a voice-key, and the correctness of
the answers was manually checked by the experimenter after each session. In each
trial, trigger onset time of the voice key was considered the response reaction time.

The three practice blocks followed each other in a repeated spaced retrieval
schedule in order to increase the effect of practice (see Karpicke and
Bauernschmidt, 2011). We introduced three, and six minutes of delay filled with
simple arithmetic (adding or subtracting three-digit numbers randomly generated
by the experimental software), before the second, and third practice block and a
5 min delay before the final test, respectively.

During the final test phase we used category plus word stem cues. This way, we
ensured that each cue corresponded to only one test item in the experimental set.
To further control for the effect of output interference, we tested Rp — items before
testing Rp+ items. This procedure ensured that accessibility of Rp— items was not
influenced by response competition arising during the final test (i.e., that a
practiced word accessed during the test phase blocks access to a related memory
that is tested after this practiced word). The final test phase consisted of two blocks.
Rp — items and their controls (Nrp — items) were tested in the first block, followed
by Rp+ items and their controls (Nrp+ items) in the second block (Camp et al.,
2007). The order of items within blocks was randomized. Testing Rp— items first
was necessary to avoid output interference created by Rp+ retrieval during test.
Without such output control, output interference cannot be ruled out as an
alternative explanation for any RIF effect observed. Controlling for output order
of Rp— and Rp+ items necessitated the use of two baselines (Nrp— and Nrp+).
This was necessary because recall of items tested at the end of a test session is
usually lower than recall of items tested at the beginning of the session. This might
then lead to a masking of the RIF effect because of a low overall baseline (see
Anderson, 2003). Both blocks started and ended with two filler items. Filler items
were necessary during the test phase to ensure consistency between experimental
phases, and served as warm up trials. Trials in the test phase were the same as in
the first retrieval practice block except that the category-plus-word-stem cue
contained only a first-letter stem of the category member.

2.2.2. Assessment of short term and working memory

2.2.2.1. Digit span forward (DSF). We used the Hungarian version of the DSF task
(Racsmany et al., 2005) as a measure of verbal short-term memory. In this task, a
series of digits are presented orally by the examiner at a rate of one digit per sec-
ond. The digits are to be repeated by the participant in the same order. Each trial
consisted of four series of equal length (three digits in the first trial), and was
considered successful if the participant reproduced at least two series correctly. In
this case, the examiner advanced to the next trial which included series that were
one digit longer. Digit span was determined by the length of the series in the last
trial where the participant could recall at least two series correctly (see Table 1).

2.2.2.2. n-Back task. We designed visual 2-back and 3-back tasks with digits to
measure the updating function of working memory. Each task consisted of five
blocks of 30 trials. The first block served as practice in both the 2-back and the
3-back task. In these practice blocks participants were given feedback about correct
hits, false alarms and misses. After each block, participants had a short self-paced
break. In each trial, lasting 2000 ms, a digit, randomly sampled from one to nine,
appeared in the center of the screen for 700 ms, followed by a blank screen for
1300 ms. Participants had to press the space bar on the keyboard if the digit on the
screen was identical to the digit seen two (in the 2-back task), or three (in the
3-back task) trials before (see Table 1).

2.3. Statistical analysis

Statistical analyses were performed using mixed analysis of variance (ANOVAs),
one-tailed t-tests and bivariate correlation (Pearson correlation coefficient). Partial
Eta squared was used as a measure of the effect size for ANOVA and Cohen's d for
the t-test analyses (Cohen, 1988; Field, 2005).

3. Results
3.1. Psychiatric assessment

Statistics and p values for the differences between scores of
OCD patients and controls on the psychiatric scales are shown in
Table 1. Patients were at the lower end of the mild depression
range as revealed by the HAM-D. Their level of both trait and state
anxiety was higher than that of controls, as indexed by the STAI-T
and STAI-S respectively.
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3.2. Short term and working memory

We performed independent t-tests to compare OCD patients'
and controls' performance on the digit-span task, and hit and
correct rejection rates in the 2-back and 3-back tasks. Statistics
and corresponding p values are shown in Table 1. In brief, although
short term memory span was almost identical in the two groups,
working memory performance of OCD patients was lower than
that of controls, as qualified by both hit rates and correct
rejection rates.

3.3. Performance during retrieval practice

Recall performance during practice cycles can be seen in Fig. 1.
To analyze memory improvement during retrieval practice, we
conducted a mixed design ANOVA on recall RTs and recall
percentages, with practice cycles (1-3) as a repeated measures
factor, and group (OCD vs. Control) as a between-subject variable.

As can be seen in Fig. 1, there was a significant decrease in Recall
RTs from cycle 1 through cycle 3, F2,90)=57.56, p < 0.0001,
nﬁam-u,:o.64, indicating that participants’ recall performance
improved during retrieval practice, although participants’ recall
accuracy (77%,76%,78% and 77%, 80%, 79% from cycle 1 to cycle 3 in
the OCD and the control group respectively) did not improve from
cycle 1 through cycle 3, F2,94)=0.69, p=0.51, 7faaia=0.01. These
main effects were not qualified by either a main effect of group (F
(1,45)=0.12, p=0.73, 12aria=0.00, for recall RTs and F(147)=0.11,
p=0.74, nfmm»a,=0.00, for recall accuracy) or a group x practice cycle
interaction (F(2,90)=0.34, p=0.71, r]ﬁam-alzo.Ol, for recall RTs and F
(2,94)=112, p=033, 7paria=0.02, for recall accuracy). In sum,
memory improved in both groups during practice cycles, and this
improvement was similar among participants with OCD and among
controls.

3.4. The effect of retrieval practice on final test performance

Recall performance during the final test can be seen in Fig. 2. In
order to see the differential effect of retrieval practice on recall of
different item types, we conducted a mixed design ANOVA on recall
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Fig. 1. Average recall reaction times in the three consecutive cycles of retrieval
practice in the two groups. Note. Error bars represent standard deviations.
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RTs and recall accuracies (see Table 2) with item type (Rp+, Rp—,
Nrp-+, Nrp—) as a repeated measures variable, and group (OCD vs.
controls) as a between subject variable. Item type had a significant
main effect both on recall RTs, F(3,126)=12.77, p < 0.001, nf,ama,: 0.23,
and recall accuracy, F(3,144)=57.68, p < 0.001, nﬁumﬂl= 0.55. Item type
did not interact significantly with group, neither for recall RTs,
F(3,126)=144, p=0.24, nﬁa,ﬁal=0.03, nor for recall accuracy,
F(3,144)=0.52, p=0.67, 172artiar=0.01.

Importantly, the healthy control group recalled more Nrp—
items than Nrp+ t(24)=2.02, p=0.027, d=0.82. This was not
surprising given that Nrp— items were tested first, and Nrp+
items second, i.e., we observed the effect of output interference
(see Anderson, 2003). However this effect was absent among
OCD patients, which might indicate that patients were not
sensitive to output interference.

3.4.1. Practice effect

Fig. 2 (left panel) shows the positive effect of retrieval practice,
the practice effect (Rp+ minus Nrp+) for recall RTs in the two
groups separately. To detect a practice effect, we performed one
sided paired-samples t-tests for the OCD and the control group
separately, contrasting Rp+ recall with Nrp+ recall. Retrieval
practice enhanced later recall of practiced memories based on
recall RTs, (£(23)=3.75, p < 0.001, d=1.56, for controls, and t(19)=
3.84, p<0.001, d=1.76 for the OCD group) as well as recall
accuracy (t(24)=6.73, p<0.001, d=2.75 among controls, and t
(24)=8.66, p < 0.001, d=3.54 among participants with OCD). In
brief, practicing retrieval enhanced recall enhanced later memory
for practiced items among both the OCD patients and controls.

3.4.2. Retrieval-induced forgetting

Fig. 2 (right panel) shows the negative effect of retrieval
practice, the RIF effect (Nrp— minus Rp— recall) for recall RTs in
the two groups separately. To detect a RIF effect, we performed
paired-samples t-tests (one-sided) for the OCD and the control
group separately, contrasting Rp— recall with Nrp— recall. Recall
RTs revealed a significant RIF among controls, t(24)=2.12,
p=0.022, d=0.87, but not among OCD patients, t(19)=0.33,
p=0.75, d=0.15. The same pattern emerged from recall accuracy
data, with no RIF observed among OCD patients, t(24)=1.02,
p=0.16, d=0.42, but a tendency for a RIF effect among controls,
t(24)=1.67, p=0.053, d=0.68. In brief, repeated retrieval of

Table 2
Recall accuracies for the four item types in the two groups.

Rp+ Nrp+ Rp— Nrp—
0ocD 0.70 (0.17) 0.38 (0.19) 0.39 (0.17) 0.41 (0.15)
Control 0.64 (0.20) 0.36 (0.16) 0.37 (0.17) 0.43 (0.18)

Note. Values show mean recall percentages (with standard deviations in brackets)
during the final test for practiced items (Rp+), their baselines (Nrp+), and items
related to practiced items (Rp—) and their baselines (Nrp—).
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Fig. 2. Average recall reaction times on the final test in the two groups. Note. Final recall RTs of practiced items (Rp+ ), their baselines (Nrp+ ) (left panel), and items related
to practiced items (Rp—) and their baselines (Nrp —) (right panel). The practice effect is evident in both groups (Rp+ items being recalled faster than Nrp+ items). Retrieval
induced suppression is evident in the control group (Rp— recall is slower than Nrp— recall), but is absent in the OCD group. Error bars represent standard deviations.
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memories caused suppression of related memories in the control
group, but not among participants with OCD.

3.5. Potential factors modifying retrieval-induced forgetting

In the analyses below we calculated the Pearson correlation
coefficients between the RIF score (calculated as the differences
between Rp— recall RT and Nrp — recall RT), and potential factors
related to RIF.

3.5.1. Working memory

Working memory did not correlate with RIF in our study:
neither hit rates nor correct rejection rates in either the two-back
or the three-back condition correlated with the RIF effect. This was
true when correlations were calculated for the whole sample (all
p's>0.16, ns), as well as when the same correlations were
calculated for the two groups separately (all p's>0.29, ns for
controls and all p's>0.46, ns for participants with OCD,
respectively).

3.5.2. Anxiety

Retrieval-induced forgetting did not correlate significantly with
either the state (STAI-S) or the trait (STAI-T) measures of anxiety,
r=0.05, p=0.77, and r=0.23, p=0.13, respectively. This pattern
was the same when we analyzed the OCD group and the control
group separately (respective statistics were: r=0.33, p=0.88;
r=-0.08, p=0.71, for controls, and r=—0.16, p=0.52; r=0.15,
p=0.54, for participants with OCD). In brief, the RIF effect was not
correlated with anxiety.

3.5.3. Symptom severity

As measured by Y-BOCS total scores, symptom severity did
not correlate significantly with RIF, r=—0.19, p=0.38. Also, there
was no significant correlation between RIF, and either the obsessive
subscale (r=—0.21, p=0.33), or the compulsive subscale of the Y-
BOCS (r= —0.12, p=0.55).

4. Discussion

In this study, we aimed at assessing the ability to resolve
interference during competitive retrieval in a sample of OCD
patients, where the core cognitive dysfunction is characterized
by executive deficits.

Our results demonstrate that retrieving memories does not
induce forgetting of related memories among participants with
OCD. Lack of forgetting in OCD occurred in spite of the fact that
overall memory and the mnemonic effect of practicing memories
was almost identical to that among healthy controls. Importantly,
learning curves during the retrieval practice phase were similar in
the two groups. The lack of RIF among OCD patients therefore is
not related to overall recall performance, rather, we suggest that it
is related to differences in resolving interference during competi-
tive retrieval. In brief, despite similar recall performance in the
two groups, recall of memories was not accompanied by adaptive
suppression of related memories among OCD patients.

In line with previous work (Veling and van Knippenberg, 2004;
Racsmany and Conway, 2006; Verde and Perfect, 2011) recall RTs
proved to be more sensitive in detecting a RIF effect than simple
recall accuracies. Among controls, we found a large and significant
RIF effect (Cohen's d=0.87) as indexed by the RT data, and a
medium size RIF effect (Cohen's d=0.68) that was present only at
a trend level, when the measure of the effect was recall accuracy.
In the OCD sample, according to the same measures, we found no
effect for the RT data (Cohen's d=0.15) and a small and non
significant effect for recall accuracy (Cohen's d=0.42).

Earlier, it was suggested by Koessler et al. (2009) that induced
stress eliminates RIF among healthy participants by temporarily
suspending the inhibitory mechanisms involved. Importantly, we
found that both state and trait levels of anxiety were higher
among patients than among controls, however these scores did
not show any relationship with the amount of RIF. We have to
mention that our study assessed stress induced by our experiment
indirectly by the subjective evaluation of state anxiety (STAI-S),
which could have caused the different results of our study and that
of Koessler et al. (2009). In comparison with controls, updating of
working memory was impaired among OCD patients, however
contrary to the findings of Aslan and Bauml (2010), WM perfor-
mance did not correlate with RIF. We have to note that WM in our
study was assessed by a different task (n-back) than the complex
WM-task used by Aslan and Bdauml (2010). Although the n-back
task and complex WM tasks have been generally thought to
measure similar processes of WM, a recent meta-analysis by
Redick and Lindsey (2013) implies that they are actually weakly
correlated. Another difference between our study and the Aslan
and Bdauml study was that our task produced much less variance,
and their sample was four times as large as ours, while the effect
detected in their study was weak. The correlation analyses showed
no linear relationship between the RIF effect and stress, WM
capacity, and symptom severity.

Our main findings are in contrast with the results of Jelinek
et al. (2012) who found comparable RIF effects among OCD
patients and healthy controls. However, in that study, Jelinek and
colleagues also found a “tentative evidence for a weakened RIF
effect for subjectively salient OCD-relevant material” (Jelinek et al.,
2012, pp. 81). One potential confounding factor in their study
could be the use of category cued free recall at final test. Such a
test fails to control for output interference, whereby accessing
memories that had been practiced during the practice phase
blocks access to other related memories. In this case, the RIF effect
would not be due to the effect of suppression but rather to some
output interference process (Anderson, 2003). Here we showed
that when item specific cues were used at the final test, retrieval
practice did not impair the accessibility of related memories, i.e.
no RIF was found.

From previous studies we know that OCD patients manifest
problems in the use of organizational strategies during encoding of
episodic memories (e.g., Savage et al., 1996; Deckersbach et al,,
2005; Muller and Roberts, 2005) and in situations that involve
executive functions (see; Kuelz et al., 2004; Abramovitch et al.,
2013). These difficulties are particularly pronounced in tasks that
are generally thought to tap inhibitory processes, such as the
Stroop task (e.g., Martinot et al., 1990), the Go/NoGo task (Bannon
et al., 2002; Penades et al., 2007; Watkins et al., 2005), and the
antisaccade task (Maruff et al., 1999; Spengler et al., 2006; Tien
et al., 1992). A strong hypothesis of Chamberlain et al. (2005) is
that deficits of inhibition mechanisms are responsible for the main
symptoms and neuropsychological profiles in OCD. In addition to
inhibitory mechanisms, deficits in monitoring information also
seem to be essential aspects of the cognitive profile of OCD, as
suggested by results that indicate an overmonitoring in prospec-
tive memory tasks (Racsmany et al., 2011). Both of these processes
are thought to be involved in conflict detection and conflict
resolution arising during retrieval of competing memory repre-
sentations (Anderson, 2003; Kuhl et al., 2007; Wimber et al., 2009;
Hellerstedt and Johansson, 2013).

For instance, in an fMRI study, Kuhl et al. (2007) found evidence
that repeated retrieval of target memories reduced the activity in a
control network involving the ACC and dorso and ventrolateral
PFC, structures important in detecting and resolving interference
(Barch et al.,, 2000; Botvinick et al., 2004; Carter and Van Veen,
2007). The magnitude of reduction of PFC activity across repeated
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retrieval attempts of a target memory was associated with
increased forgetting of interfering non-target memories at a final
test, i.e., increased RIF. Accordingly, another fMRI study demon-
strated that when memory competition is successfully resolved,
the activity of the left medial and left lateral PFC, as well as activity
in the left ACC is reduced (Wimber et al., 2009). Authors of both of
the above studies suggest that the frontal structures are important
not just in target memory selection but also in inhibition of related
memories.

The ACC is of special interest in the context of interpreting
our results. This area has been shown to be hyperactive in OCD
compared to activity in controls, in tasks requiring cognitive conflict
resolution and error detection (Bush et al., 2002; Van Veen and
Carter, 2002; Fitzgerald et al., 2005; Maltby et al., 2005; Page et al.,
2009; for a detailed review of brain areas affected in OCD see Milad
and Rauch, 2012). Milad and Rauch (2012) suggested that the
hyperactivity of the dorsal ACC might contribute to the persistence
of error signals, producing the obsessive thoughts in OCD.

Given its role in conflict detection, one speculative interpreta-
tion of our results would be that the RIF effect is absent in OCD
patients due to inappropriate conflict resolution processes during
retrieval of competing memories driven by the constant hyper-
activity of ACC and prefrontal structures. However, as no neuro-
imaging was involved in our study, the specific background
mechanisms leading to the absence of RIF in OCD need to be
addressed by novel experimental and neuroimaging studies.

Our study had a couple of limitations that have to be taken into
account when interpreting the results. First, the material used
in our study was not selected to be OCD relevant. Although our
study was designed to address control processes in memory with
emotionally neutral material, an earlier study by Jelinek et al.
(2012) found tentative evidence that the use of personally salient
material can modify the RIF effect. Second, the majority of the
patients was under medication during the study and we included
in the sample patients with mild depression. We think that
studies with medication-naive patients are critical to obtain a
better understanding of the relationship between clinical symp-
toms and cognitive deficits (e.g., Krishna et al., 2011). Third, a lot
of different processes could be involved in the wide range of
inhibitory tasks used in studies of inhibition, and cognitive
inhibition itself has been defined in many different ways (for a
review see Gorfein and MacLeod, 2007). Therefore, our conclu-
sions may have benefited from additional results on another task
measuring inhibition.

To conclude, it seems that in OCD interfering memories are not
suppressed. Based on the inhibition deficit account of Chamberlain
et al. (2005), one interpretation of our data is that the lack of the
suppression effect is due to the inefficient suppression of irrele-
vant, interfering memories during competitive retrieval. However,
it is also possible that the suppression effect is not produced by
competitive retrieval in OCD because participants with OCD are
not sensitive to interference as much as healthy participants.
Further experiments are needed to clarify the role of conflict
detection processes in the deficit of selective memory suppression
in OCD.
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Appendix A

See Table Al.

Table A1
English translation of the categories and target words used in the experiment (The
original experimental material was Hungarian).

Category cue Target member Category cue Target member

Material Silk Bird Vulture
Material Marble Bird Seagull
Material Ceramics Bird Parrot
Material Linen Bird Oowl
Material Concrete Bird Raven
Material Silver Bird Sparrow
Transport Trolley-bus Clothes Pullover
Transport Truck Clothes Stockings
Transport Airplane Clothes Socks
Transport Helicopter Clothes Tyre
Transport Train Clothes Hat
Transport Metro Clothes Boot

Job Soldier Sports Wrestling
Job Interpret Sports Fencing
Job Model Sports Kayaking
Job Waiter Sports Tennis
Job Policeman Sports Volleyball
Job Driver Sports Riding
Fruit Cranberry Tools* Pike?®
Fruit Ananas Tools* Saw*
Fruit Strawberry Tools* Hammer®
Fruit Prune Tools* Rake®
Fruit Banana Tools* Shredder®
Fruit Melon Tools* Welder*
Instrument Saxophone People® Mexican®
Instrument Clarinet People® Norvegian®
Instrument Harp People® Turkish®
Instrument Trumpet People” Brazilian®
Instrument Viola People® Afgan?®
Instrument Organ People? Ukrainian®

2 Indicates filler categories and filler items.
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Abstract Retrieving memories renders related memories less
accessible. This phenomenon, termed retrieval-induced forget-
ting (RIF), is thought to be the result of processes that resolve
interference during competitive retrieval. In several studies,
researchers have manipulated the level of interference to test
different theoretical accounts of RIF (e.g., inhibitory vs. non-
inhibitory). However, the nature of how interference and RIF are
related has not been systematically investigated. Here, we intro-
duce a design that allows for assessing interference during com-
petitive retrieval by measuring the recall RTs associated with
target recall. Using such a design, we found that RIF occurred
only when interference during competitive retrieval reached
moderate levels, but not when it was too low or too high. This
finding might indicate that low levels of interference do not
trigger interference resolution, whereas interference resolution
might fail when the interference reaches extremely high levels.

Keywords Retrieval - Forgetting - Retrieval-induced
forgetting - Interference - Inhibition

Interference as a cause of forgetting has long captured the
interest of scholars of memory. One specific question that has
resurfaced in scientific discussions has concerned the way that
interference during memory retrieval is resolved (for a review
of interference theories from this perspective, see, e.g.,
Anderson & Bjork, 1994). The focus in these discussions was
not solely on how interference causes memory failures during
retrieval. Rather, it centered around the consequences of inter-
ference resolution. What happens to memory representations
when a target memory is to be retrieved in the face of compet-
ing memories? How do we achieve retrieval of the correct
target memory, and what happens to competing memories?

A. Keresztes (<)) - M. Racsmany

Department of Cognitive Science, Budapest University of
Technology and Economics, Budapest, Hungary

e-mail: akeresztes@cogsci.bme.hu

In a seminal study, Anderson (2003) suggested an execu-
tive process—analogous to response override—that resolves
interference by weakening memory representations that inter-
fere with target memories at the time of recall. This weakened
representation would be evident in the decreased probability
of recall of the interfering memory when it is tested at a later
time. This model was the first to hypothesize an active exec-
utive process that can act to weaken memory representations
so that those memories become less accessible for retrieval.

Early on, Anderson, Bjork, and Bjork (1994) devised a
procedure, the retrieval practice paradigm, that can separate a
recall phase at time ¢, when interference from competing
memories has to be resolved, from a recall phase at time 7+
1, when the accessibility of these competing memory repre-
sentations can be measured. In this paradigm, participants are
shown several category—member word pairs (e.g., animal—
tiger, furniture—couch, and animal—chicken) and then practice
retrieval of half of the members from half of the categories
with category-plus-stem cues (e.g., animal—ti...?). Anderson
et al. (1994) reasoned that, during retrieval practice, nonprac-
ticed members of practiced categories (e.g., chicken) would
interfere with the recall of practiced members, and therefore
have to be inhibited. This should be evident from later testing,
and that was exactly what they found: Participants’ recall of
nonpracticed members of practiced categories was worse than
their recall of members of categories that had not appeared in
the retrieval practice phase. Anderson et al. (1994) termed this
effect retrieval-induced forgetting (RIF).

Inhibition, in this theoretical approach, is a process that
operates when a relatively strong competing item interferes
with the retrieval of a target memory. This approach
involves three testable properties of RIF that are relevant
for our study. First, RIF is interference dependent; that is,
only items interfering with the retrieval of a target memory
would suffer inhibition. Second, RIF is retrieval specific;
that is, manipulating target strength without retrieval of the
target would not induce competition-based forgetting. Third,
RIF is strength independent; that is, even when targets are
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retrieved, target strength does not influence RIF (e.g.,
Anderson, 2003). Together, these assumptions imply that
RIF is the product of executive processes that resolve inter-
ference during competitive retrieval.

The relationship between interference and interference
resolution

Although the dependence of RIF on interference seems to be
well established, we know little about how interference-
resolving processes operate in the face of increasing interfer-
ence. Proponents of different inhibitory accounts of RIF have
conceived this relationship quite differently. Anderson (2003,
p. 421) suggested that “The more strongly associated to the
category an unpracticed competitor was, the more impairment
was found.” This implies a linear function between interfer-
ence and the result of inhibition: The more that an item
interferes with retrieval, the more inhibition it suffers.

Béuml, Pastotter, and Hanslmayr (2010, p. 1049) sug-
gested that “very low levels of interference may not trigger
inhibitory processes when competing material is retrieval
practiced,” but otherwise the strength of the interference that
a competing item causes during retrieval plays only a minor
role in defining the level of forgetting. According to their
interpretation, inhibition would be a process that kicks in only
when interference reaches a certain threshold. They also the-
orized that, over this threshold level, the effect of inhibition
would not change significantly with increasing interference.

Norman, Newman, and Detre (2007) programmed a neural
network model of RIF in which increasing competitor strength
increased the effect of inhibition, but over a certain point, this
could lead to a decrease in its success (i.e., a decrease in RIF).
Similarly, Anderson and Levy (2010) suggested that a positive
linear relationship exists between the level of interference and
inhibition demands, and a negative linear relationship between
the level of interference and inhibition success. Together,
these opposing relationships lead to a demand—success
trade-off in which very low levels of interference do not lead
to RIF, because the level of inhibition demand remains low,
whereas interference can reach a level over which inhibition
cannot be effective, resulting in above-baseline facilitation of
competitors. The carryover assumption put forward by these
authors states that RIF should be seen only for items that
induce moderate levels of interference.

The lack of knowledge about the function relating interfer-
ence to forgetting makes it hard to design tests that try to tap
properties of RIF. Take a study that tries to provide evidence
for interference dependence by including a group of items
with strong taxonomic frequencies (supposedly inducing great
interference) and another group with low taxonomic frequen-
cies (supposedly inducing little interference; e.g., Anderson et
al., 1994; Williams & Zacks, 2001). This study would reliably

@ Springer

provide significant RIF differences between these two groups
if the relationship between interference and forgetting was a
simple linear one, as suggested by Anderson (2003). In the
case of a threshold-like interference resolution process, as
suggested by Bauml et al. (2010), differences would only be
found if the low-taxonomic-frequency words did not achieve a
certain threshold at which inhibition kicks in. Moreover, if
inhibition causes forgetting to decrease over a certain level of
interference, as predicted by Norman et al. (2007) and
Anderson and Levy (2010), one might see no differences
between the two groups, because one of them could cause
no interference at all, while the other one could cause too
much interference. Studies using factorial designs might ob-
tain contradictory results (see, e.g., Anderson et al. [1994] vs.
Williams & Zacks [2001]) simply because the groups of
words chosen to cause great or little interference are chosen
on an arbitrary basis and without any knowledge of the
underlying relationship between interference and the effect
of interference resolution.

Another advantage of understanding how the effect of
interference resolution changes as interference increases
would be to design tests that are more sensitive to detect
RIF. Such tests could focus only on memories that truly
caused interference during memory retrieval, and thus that
would be expected to suffer the results of interference resolu-
tion. Such sensitive tests would be very useful in settling some
hot debates about the nature of interference-resolving process-
es in memory—for instance, to clarify whether RIF general-
izes to novel, independent cues (for positive evidence, see,
e.g., Aslan, Bauml, & Pastotter, 2007; Levy, McVeigh,
Marful, & Anderson, 2007; Saunders & MacLeod, 2006; for
negative evidence, see, e.g., Camp, Pecher, & Schmidt, 2007,
Perfect, Stark, Tree, Moulin, Ahmed and Hutter 2004).

Item-by-item RIF

Our goal in this study was to develop a test that could give an
indication of how RIF changes as a function of competition
during retrieval. Therefore, we needed a design that could
provide data on how retrieval of each memory item was
affected by interference during the retrieval practice phase.
We set two objectives to achieve this goal. First, the design
should be such that each item had an individual competitor
that interfered with it. Second, we needed to collect data that at
least indirectly would inform us about the amount of interfer-
ence that a memory item suffers during its retrieval in the
retrieval practice phase. For this second purpose, we chose to
measure the reaction times (RTs) of target memory retrieval
during the retrieval practice phase.

RTs have been used to measure the levels of interference
caused by competing representations or processes in a num-
ber of paradigms—among others, negative priming (Tipper,
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1985), repetition priming (Rajaram, Srinivas, & Travers,
2001), and the stop signal RT task (Logan & Cowan,
1984). Blaxton and Neely (1983) showed that RTs to gen-
erate the target exemplar were faster if the participant had
first read other exemplars from the same category rather
than exemplars from a different category. However, RTs
were slower if the participants had first generated other
exemplars from the same category.

RT data have rarely been collected in RIF studies.
Anderson (2003, p. 439) suggested that “when the measure
of interference is reaction time, the presence of multiple
competitors or a single strong competitor should slow the
recall of a target.” Indeed, RTs have been used in RIF
studies to measure the magnitude of the RIF effect (e.g.,
Racsmany & Conway, 2006; Veling & van Knippenberg,
2004; Verde & Perfect, 2011).

In a similar vein, RTs have been used to measure interfer-
ence during retrieval practice. In one study (Levy et al., 2007,
Exp. 2), the participants were split into two groups according
to the interference that a memory suffered during retrieval
practice. In this study, participants had to name pictures in
their second language and were tested later using the same
pictures in their first language. Levy et al. performed a median
split of their sample based on the overall RT differences
between the participants’ performance in the first and second
languages. The authors suggested that slower naming perfor-
mance in the second than in the first language indicates poorer
knowledge of the second language. On this basis, they hy-
pothesized that participants with larger RT differences would
need to resolve greater interference from the first language
when naming pictures in their second language than would
participants who have better knowledge of their second lan-
guage. This would lead to greater RIF among poorer speakers
than in the other group, and this is exactly what was found.

Kuhl, Dudukovic, Kahn, and Wagner (2007), measured
RTs and activation in prefrontal areas during retrieval practice
and correlated the amount of RIF with the decrease of these
measures from the first to the third practice cycle. They found
that the decreases in prefrontal activation, but not RTs, corre-
lated positively with forgetting of the interfering memories. It
is important to note that such a reduction is more a measure of
successful interference resolution than of interference per se.

Here, we used a variation of the retrieval practice paradigm
introduced by Anderson et al. (1994), in which only two items
share the same category cue (and compete for retrieval) in
every category. We did not manipulate interference in a fac-
torial design, but rather used the retrieval practice RTs as an
independent variable to assess the magnitude of interference.
Of course, we do not assume that retrieval RTs only reflect
interference. They are influenced by several other factors as
well, such as target strength and number of competitors. In the
Method section, we will discuss how we tried to control the
variability of these potential factors.

Using such item-by-item RIF, we intended to reproduce
findings supporting the interference dependence of RIF and
to better understand how interference and the forgetting
effect caused by interference resolution are related.

Method
Participants

A group of 64 students (age: M = 21.81 years, SD = 2.12; 32
women, 32 men) participated in the experiment for credit in
partial fulfillment of an introductory psychology course re-
quirement at Budapest University of Technology and
Economics. The participants were tested individually in a quiet
room in sessions that lasted for a maximum of 30 min. Due to a
computer error, one participant could not complete the test
phase. This participant’s data were excluded from the analyses.

Materials

We used 22 categories with two members in each category,
making a list of 44 word pairs. To induce the competitive
retrieval that is supposed to be necessary to produce RIF,
and to avoid moderation of the RIF effect (see Anderson,
2003), we followed strict selection criteria. To produce any
RIF effect, it would be essential to have items in a category
that would interfere with each other. Integration has been
shown to counteract the RIF effect robustly (Anderson &
McCulloch, 1999), and reducing the number of elements in
a category increases the chances of integration (e.g., Camp
et al., 2007). Since we used only two members per category,
we had to take care to reduce the chances of integration.
Frequency and association data were drawn from the open-
source Frequency Dictionary of the Hungarian Webcorpus,
developed by BME Média és Szocioldgia Tanszék—Média
Oktatasi és Kutatd Kozpont (Media Research Centre at the
Department of Sociology and Communications of Budapest
University of Technology and Economics; BME-MOKK,
2003). For a full description of the database, see Halacsy et
al. (2004) and Kornai et al. (2006). We included categories
that were not associated with each other (either semantically
or phonetically) and that were themselves of moderate fre-
quency. The category labels and targets were neutral words.
Category members were moderate-frequency words, and
within their category they had a moderate to high relative
frequency. Category members that were either too typical or
too rare were excluded. No member from a given category
was associated with another member in another category, nor
was it associated to another category cue. We made an effort to
choose the two members of one category from different sub-
categories. To avoid cues that would uniquely refer to one

@ Springer



dc_1204 16

514

Mem Cogn (2013) 41:511-518

target in semantic memory during the test phase, the first letter
of each target was shared with at least one other low- or
moderate-frequency category member that did not appear in
the experiment. In contrast, to avoid extraexperimental inter-
ference during retrieval practice, we excluded words whose
first two letters could be completed to create another category
member not seen in the experiment. The first two letters had a
moderate versatility; that is, a moderate number of words
could be generated from the same two letters from semantic
memory. We made an effort to reduce the number of words in
which the first two letters made up or contained a syllable of
the word.

After filtering possible materials through these selection
criteria, we had a list of 88 words, including four words be-
longing to each of the 22 categories. In order to reduce item-
based confounds in the RT data, we wanted to create a final list
that would produce the least variation in baseline retrieval RTs.
To this end, we ran a pilot study in which participants learned
all 88 category—member pairs and then performed retrieval
practice on all of the items once. To obtain the final list to be
used in our experiment, we excluded two items per category on
the basis of the retrieval practice results in this study. Using
recall RTs, we excluded words that produced RTs that either
were more than one standard deviation away from the group
mean or differed substantially (more than 1,000 ms) from the
group mean RT of their category. Using recall accuracy, we
excluded both words that were recalled by every participant in
the pilot and words that were recalled by less than 33 percent of
the participants (around the lower and upper deciles of the 88
words; see the Table 2 for the final list of word pairs selected.)

We used Presentation® software (Version 14.1, Build
09.21.09) for presentation of the stimuli and preanalysis of
the data.

Design

Out of the 22 categories, two were used to provide filler items,
and ten were categories from which no members were presented
in retrieval practice (i.e., Nrp categories and targets). From the
other ten (Rp) categories, one member (Rp+) was practiced
during retrieval practice, leaving the other member nonpracticed
(Rp—). Members of the Nrp categories were divided into Nrp+
and Nrp— items, which served as baselines for the Rp+ and Rp—
items, respectively. For each participant, the categories (except
filler categories) were randomly assigned to category types (Nip
vs. Rp), and members of each category (except filler items)
were then randomly assigned to item types (+ vs. —). Fillers
were from the same categories throughout the experiment.

Procedure

The participants went through four phases of the experiment; a
study, a retrieval practice, a delay, and a test phase. In the study
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phase, participants were shown all 44 category—member pairs
once on a computer screen and were asked to remember the
members with the help of the category cues. In each trial, a
category word appeared to the left of the middle of the screen,
together with one of the words from that category to the right
of the middle of the screen. The word pair was shown for
3,000 ms, followed by a 500-ms intertrial interval (blank
screen). We opted for such a short presentation of the word
pairs in order to further decrease the possibility of integration
of items from the same category. The study list was pseudor-
andomly shuffled for each participant, with the constraint that
the same category could not appear within five consecutive
trials. Presentation of the study list started and ended with two
of the filler category—member pairs.

When the study phase was finished, participants immedi-
ately received the instructions for the retrieval practice phase.
This phase consisted of three cycles. In every cycle, all Rp+
items were presented for retrieval practice once, in a random
order. In each trial, the participants saw a category cue to the
left of the middle of the screen and the two-letter stem of the
Rp+ member of that category. The instructions were to try to
recall and report the correct answer. Participants were asked to
press the response button (the Enter key on the keyboard) as
soon as they had the answer in mind. In order to have a valid
measure of how fast an item came to mind (and not just a
measure of category familiarity or feeling of knowing), we
told the participants that we were curious about how fast they
could recall memories, and instructed them to act as if they
were on a TV quiz show, where they could lose points if they
pressed the response button but could not come up with an
answer immediately. After pressing the button, they were
asked to type in the answer. They had 8 s to do this. If they
pressed the response button or exceeded the time limit, they
were shown the subsequent trial. In the first cycle, participants
had 6 s to report that they knew the answer, and in the
following two cycles they had 4 s. If participants did not press
the response button, the next trial was introduced. The retriev-
al phases also started and ended with two filler trials.

After retrieval practice, the participants engaged in a 5-
min two-back task, which served as a delay before the test.

The test phase consisted of 44 trials that tested memory
for all of the category members. This phase also started and
ended with two of the filler items. Trials were presented in
the same way as in the first retrieval practice cycle, except
that the category-plus-word-stem cue contained only a first-
letter stem of the category member. In order to avoid output
interference effects (Anderson, 2003), the test phase in-
volved two blocks. Rp— items and their controls were tested
in the first block, followed by Rp+ items and their controls
in the second block. Items were randomly intermixed within
both blocks. The use of different control items for the Rp+
and Rp— items was necessary in order to circumvent base-
line deflation (Anderson, 2003).
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Results

During analysis, we used alpha set to .05 and corrected for
multiple comparisons using Bonferroni correction. The re-
trieval practice success rates were 85%, 86%, and 89% in
the three practice cycles, respectively. The final recall per-
formance can be seen in Table 1.

To test whether our retrieval practice manipulation was
successful, we performed a one-way repeated measures anal-
ysis of variance (ANOVA) on the final recall data, with four
levels of item type: Rp+, Nrp+, Rp—, and Nrp—. Item type had a
significant effect on final recall, (3, 186) = 88.11, p <.001. To
test for beneficial effects of practice on the practiced items and
a detrimental effect of practice on the recall of competitors, we
performed two post-hoc tests. Recall of Rp+ items was signif-
icantly better than recall of their Nrp+ baseline, #(62) = 15.31,
p <.001, » = .89, and recall of Rp— items was significantly
lower than recall of their Nrp— baseline, #62) = 2.46, p = .034
(Bonferroni corrected), » = .30. This shows that our item type
manipulation was successful and that it provided a strong
practice effect and a medium-size RIF effect.

The primary target of our investigation was the relationship
between the recall RTs of Rp+ items during practice and later
recall of their Rp— competitors. We analyzed first-cycle RTs
only because we assumed that variance in interference, and
thus in the RT data, would be greatest in the first practice cycle
and would be smoothed out during further practice.

In order to rule out cheating (i.e., pressing the button when
the participant did not yet know the answer), we analyzed
typing time (the time that elapsed between two Enter presses:
the first indicating that participants knew the response, and the
second indicating that they had finished typing) for each
participant. This analysis showed that no participant had indi-
vidual outliers in typing times, and therefore all successfully
recalled Rp+ items were included in the analysis.

Within each participant, we ranked Rp+ items by their RTs
measured during the first practice cycle. Then, on the basis of
this rank, we split Rp+ items into tertiles with fast, moderate,
and slow RTs. For each tertile, we calculated the recall rates of
the corresponding Rp— items at the final test (see Fig. 1).

To test which of the Rp-— tertiles contributed to the RIF, we
ran an ANOVA on the final recall data with four levels of item

type (Rp—1.terty RP—2.erts RP—3.4e, @nd Nrp-). In this analysis,
Mauchly’s test of sphericity was significant, Mauchly’s

Table 1 Mean recall percentages at test for the four item types

Item Type

Rp+ Nrp+ Rp- Nrp—
M .82 45 46 53
SD 17 .19 .19 .20

0.70

0.50 . ’
0.40 .

0.30

% recall of corresponding Rp- items

0.20
1000 1500 2000 2500

Mean recall RT (ms) of Rp+ items during the first practice cycle

Fig. 1 Recall of Rp— items at test as a function of recall RTs for the
associated Rp+ items during the first cycle of the retrieval practice
phase. The empty rectangle on the right represents average Nrp—
(baseline for the Rp— items) recall. The data are grouped into three
tertiles according to the Rp+ RTs during the first practice cycle. Rp—
recall was significantly below baseline only for second-tertile items,
associated with moderate practice RTs. Error bars represent the stan-
dard errors of the means.

W = 81; therefore, degrees of freedom were corrected using
Greenhouse—Geisser estimates of sphericity. Item type had a
significant effect on final recall, F(3, 186) = 2.85, p = .042.
Planned contrasts (Bonferroni corrected) showed that RIF was
significant only for items corresponding to second-tertile Rp—
items (corresponding to Rp+ items with moderate RTs), F(1,
62) = 9.73, p = .006. Rp— items corresponding to Rp+ items
with fast and slow RTs also showed lower recall than baseline,
but these differences were not significant: F(1, 62) = 0.57,
p = .99, for Rp— items corresponding to Rp+ items with fast
RTs, and F(1, 62) =2.28, p = .41, for Rp— items corresponding
to Rp+ items with slow RTs.'

To assess the nature of the relationship between interfer-
ence and the results of interference resolution, we conducted
a repeated measures ANOVA on Rp- recall, with First-
Cycle Rpt+ Recall RT (fast vs. moderate vs. slow) as a
within-subjects factor. We found a trend toward an effect
of Rp+ RTs on recall of Rp- items, F(2, 124) = 2.17,
p = .118, which was due to a tendency toward a quadratic
trend in the final recall data, F(1, 62) = 3.78, p = .057,

! Originally, we ran the experiment with 32 participants. In this original
experiment, the final recall percentages (with standard errors in parenthe-
ses) for Rp—1.tert, Rp—2.tert, Rp—3.tert, and Nrp— items were .46 (.05), .38
(.06), .44 (.05), and .51 (.04), respectively. Rp— recall was significantly
below baseline only for second-tertile items with moderate practice RTs, t
(31) = 2.35, p = .038, one-tailed (Bonferroni corrected). Because this
experiment was, in essence, exploratory, in order to see that this result was
not a Type I error, we extended the experiment with the inclusion of
another 32 participants. Logically, this was an extension rather than a
replication of the original experiment (same materials, same university
population, same lab, same assistant). The pattern of results obtained from
this extension replicated the results of the original experiment, and the
extended experiment provided greater power in detecting the same effect:
Only second-tertile Rp— items were recalled below baseline, t(62) = 3.16,
p = .006 (Bonferroni corrected). The data presented here are pooled from
all 63 participants (as described above, one of the participant’s data were
excluded from the analyses).
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indicating that there was one change in the direction of the
relationship between Rp+ RTs during retrieval practice and
the recall rate of the corresponding Rp— items at final test.

Discussion

We found practice and RIF effects with a variant of the
retrieval practice paradigm that involved only two members
per category. This was a novel finding, showing that the
materials and design adopted here did not allow for integra-
tion of the two category members, an effect that might have
masked RIF (e.g., Anderson, 2003).

Retrieval of target memories induced forgetting of compet-
ing items only when the targets were recalled with moderate
retrieval RTs; RIF did not occur for competitors of memories
that were recalled either too fast or too slow. This suggests that
processes resolving interference during recall lead to forgetting
when retrieval attempts produce moderate levels of interference.

Crucially, we showed that only a subsample of memories
contribute to the RIF effect. Choosing the right sample of
items to be included in the analysis might be critical for
detecting the RIF effect. This can guide further investiga-
tions of the boundary conditions of RIF—for instance, when
designing studies that test RIF’s cue independence.

As for the exact nature of the relationship between target
recall RTs and later recall of competing memories, our study is
not conclusive. Our data suggest that the direction of the
relationship between interference and the recall of interfering
memories changes at one point from negative to positive. This
would then support the suggestion that RIF is an inverted-U-
shaped function of interference (Anderson & Levy, 2010;
Norman et al., 2007). However, since this was supported only
by a statistical tendency, strong conclusions are not warranted.

One weakness of our study is that it is hard to find three
data points that would lead to rejection of a U-shaped
function. A better test of this type of relationship would be
to analyze final recall data binned into quartiles instead of
tertiles. However, the number of items in our study was too
low to provide enough power to detect such an effect if the
data were split into more than three bins.”

Future studies could clarify several further issues raised by
our results. For instance, retrieval RTs are affected not only by
the magnitude of the interference that has to be resolved during

2 Binning our data into quartiles did reveal a U-shaped pattern of final
recall (standard errors in parentheses): .50 (.04), .41 (.04), .44 (.04),
and .48 (.04) for Rp—1.quar, Rp—2.quar, Rp—3.quar, and Rp—4.quar,
respectively. Only the second- and third-quartile Rp— items differed
significantly from Nrp—recall (p =.013 for Rp—2.quar, and p = .042 for
Rp-3.quar). However, these comparisons do not survive Bonferroni
correction. Also, this analysis did not have enough power to detect a
quadratic trend in the data [F(1, 62) = 1.98, p = .164]. We thank one
anonymous reviewer for drawing our attention to this problem.

@ Springer

retrieval, but are influenced by a range of factors, such as target
strength and the strength of the associations between category
cues and targets, or the relative strengths of targets and com-
petitors. To assess the differential contribution of these factors to
interference during retrieval would require new methodologies.

Another interesting issue is that the use of RT data made
it impossible to analyze the effect of interference during
unsuccessful retrieval attempts. Storm, Bjork, Bjork, and
Nestojko (2006) showed that even unsuccessful Rp+ retriev-
al contributes to Rp— forgetting. Therefore, an experiment
based on a measure of interference that can be collected for
both retrieved and nonretrieved Rp+ items might be a sig-
nificant addendum to the pattern of results presented here.

We have provided converging evidence for the interference
dependence of RIF, and suggest that interference-resolving
processes cause forgetting of interfering memories at moderate
levels of interference. This might provide evidence for both a
theoretical model based on the carryover assumption of
Anderson and Levy (2010) and the computational model of
Norman et al. (2007), both of which suggest that the supposed
nonmonotonic function relating interference to forgetting is the
sum of two linear monotonic functions: one positive, relating
interference and inhibition demand, and one negative, relating
interference and the success of inhibition. Although our results
seem to be in line with these theories, two caveats should be
mentioned here. First, as noted earlier, converging evidence
will be necessary to refute either of the models describing the
relationship between interference and forgetting. Second, noth-
ing in our data suggests that the interference-resolving process
involves inhibition at all. Replicating our findings with inde-
pendent cues would be a strong indication of the role that
inhibition plays in resolving interference.

The leap of thought introduced in the seminal article of
Anderson and Bjork (1994) was the shift of attention from
interference as a cause of forgetting to the consequences of
interference resolution (Anderson, 2003). Our results support
the view that the amount of interference plays a role in how the
retrieval probabilities of related memories are shaped for later
retrieval. Our study also highlights the fact that using factorial
designs alone might not be sufficient to fully understand the
mechanisms of interference resolution. In recent years, we have
gained considerable knowledge about how the brain implements
interference resolution at the systems level (e.g., Kuhl et al., 2007
Wimber, Rutschmann, Greenlee, & Bauml, 2009). The approach
and results presented here may contribute to a better understand-
ing of interference resolution at the level of cognitive processes.

Author note This work is connected to the scientific program of the
“Development of Quality-Oriented and Harmonized R+D+I Strategy and
Functional Model at BME” project. This project is supported by the New
Hungary Development Plan (Project ID: TAMOP-4.2.1/B-09/1/KMR-
2010-0002) by OTKA (the Hungarian National Science Foundation)
Grant No. K84019. We thank Péter Pajkossy for his useful comments
on a previous version of the manuscript.
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Appendix

Table 2 English translations of the categories and target words used in
the experiment

Category Cue Target Member

bird gull

bird pelican
body part elbow
body part front

cloth gloves
cloth pajamas
drink hot chocolate
drink lemonade
fish herring
fish trout
flower geranium
flower lily

fruit ananas
fruit prune
game dominoes
game hide-and-seek
illness allergy
illness cold

insect butterfly
insect tick

job model

job soldier
kitchen utensils microwave
kitchen utensils whisk
mammal bear
mammal elephant
material aluminium
material concrete
musical instrument harp
musical instrument synthesizer
nature cliff
nature swamp
office utensil calculator
office utensil Xerox
spice marjoram
spice parsley
sports horse riding
sports triathlon
weapon rifle
weapon spear
country® Argentina®
country” Bulgaria®
tools® pliers®
tools® screwdriver”

The original experimental materials were in Hungarian. *Filler cate-
gories and filler items.
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Testing, as a form of retrieval, can enhance learning but it can also induce forgetting
of related memories, a phenomenon known as retrieval-induced forgetting (RIF). In
four experiments we explored whether selective retrieval and selective restudy of target
memories induce forgetting of related memories with or without initial retrieval of the entire
learning set. In Experiment 1, subjects studied category-exemplar associations, some
of which were then either restudied or retrieved. RIF occurred on a delayed final test
only when memories were retrieved and not when they were restudied. In Experiment
2, following the study phase of category-exemplar associations, subjects attempted
to recall all category-exemplar associations, then they selectively retrieved or restudied
some of the exemplars. We found that, despite the huge impact on practiced items,
selective retrieval/restudy caused no decrease in final recall of related items. In Experiment
3, we replicated the main result of Experiment 2 by manipulating initial retrieval as a
within-subject variable. In Experiment 4 we replicated the main results of the previous
experiments with non-practiced (Nrp) baseline items. These findings suggest that initial
retrieval of the learning set shields against the forgetting effect of later selective retrieval.
Together, our results support the context shift theory of RIF.

Keywords: retrieval-induced forgetting, retrieval-enhanced learning, inhibition, context reinstatement, episodic
memory, context effects

Introduction

The act of retrieval facilitates later access to retrieved memories. Typically, in comparison with
repeated study (restudy), repeated retrieval of memories improves long-term retention, whereas it
produces equal or often lower recall performance following a short-term delay (Carrier and Pashler,
1992; Wheeler et al., 2003; Roediger and Karpicke, 2006a,b; Karpicke and Roediger, 2008; Toppino
and Cohen, 2009; Keresztes et al., 2013). However, the long-term benefits of retrieval often come
with a cost: retrieval-induced forgetting (RIF; Anderson et al., 1994); when retrieval is selective, non-
retrieved, but related memories become less accessible.

It has been shown that both selective retrieval and selective restudy of a learning set increase
the recall probability of retrieved/restudied memories; however, only selective retrieval induces
forgetting of related information from the same set (Ciranni and Shimamura, 1999; Anderson et al.,
2000; Bauml, 2002; Bauml and Aslan, 2004; Staudigl et al., 2010; but see Verde, 2009). RIF is a robust
experimental phenomenon at short delays, and recent findings suggest that it is present also after
longer delays (Racsmany et al., 2010; Abel and Bauml, 2012; Storm et al., 2012; but see MacLeod and
Macrae, 2001).

Frontiers in Psychology | www.frontiersin.org 1

May 2015 | Volume 6 | Article 657



dc_1204 16

Racsmany and Keresztes

Initial retrieval shields against RIF

Importantly, this pattern of findings is a potential problem for
any educational program using frequent selective retrieval—i.e.,
testing—of large sets of information as a learning method. In
brief, these findings highlight that retrieval has a robust long-term
advantage over repeated study of information at the expense of
forgetting related, but not retrieved, information. Identifying any
factor that could protect these memories from being forgotten,
therefore, is key to creating effective learning programs.

In the following sections, we outline the retrieval practice
paradigm (Anderson et al., 1994), that is most commonly used to
investigate RIF, and then briefly overview three families of theo-
ries on associative retrieval processes that can explain RIF. Finally,
based on the assumptions of one family of theories, we suggest one
critical factor that could shield against the adverse effects of RIF:
an initial—non-selective—retrieval of the entire learning set.

In the retrieval practice paradigm (Anderson et al., 1994),
participants study category-member pairs (e.g., animal-tiger,
furniture-couch, animal-chicken, etc.); then, in a selective
retrieval practice phase, they repeatedly retrieve half of the
members from half of the categories (e.g., animal-t. ..?). Typi-
cally, final recall administered after a delay reveals that repeated
selective retrieval leads to forgetting of related material (e.g.,
“animal-c. . .?”) compared to unpracticed baseline categories (e.g.,
furniture-c. . .?)—this effect is referred to as RIE.

The most influential family of theories—the inhibitory control
based accounts—posit that when participants practice retrieval of
half of the members from a given category, the other half would
compete for retrieval (Anderson et al., 1994, 2000; Anderson and
McCulloch, 1999; Anderson and Bell, 2001; Bauml and Hartinger,
2002; Storm et al., 2006; Storm and Nestojko, 2010). This competi-
tion is then resolved by executive control guided active inhibition,
which renders the memories of competitors less accessible for later
recall (Anderson, 2005; Anderson and Levy, 2007).

Interference based accounts—the second family of theo-
ries—explain RIF without inhibition (Camp et al., 2007, 2009;
Jakab and Raaijmakers, 2009). These models assume that
strengthening some category-member associations is enough to
lead to interference at any later attempt to retrieve competitors.
Here, it is this interference at final recall that leads to RIE. The
most influential of these models, the search of associative mem-
ory (SAM) model (Raaijmakers and Shiffrin, 1981) assumes that
retrieval occurs in two steps. First—in the sampling phase—cues
are assembled into a short-term store for activated memory sets,
and items are sampled into these sets based on the relative strength
of their associations to the given cue. In a second step—the recov-
ery phase—sampled items are retrieved based on the absolute
strength of their associations to the given cue. It is only a successful
recovery that leads to conscious retrieval of a memory item. Using
these terms, interference based accounts assume that RIF is the
consequence of a sampling failure, i.e., a bias in relative associative
strengths, whereas inhibitory models assume that RIF occurs due
to recovery failure, i.e., due to a decreased item strength.

The third family of theories pinpoint episodic or context-
based retrieval as the source of RIF, suggesting that any kind
of retrieval creates and reshapes highly contextualized episodic
memory representations (Racsmany and Conway, 2006; Conway,
2009; Racsmany et al., 2012; Jonker et al., 2013; Karpicke et al.,

2014; see Sahakyan and Hendricks, 2012, for a similar account
of directed forgetting). Episodic memory sets contain context,
cue, and item features (Racsmdny and Conway, 2006; Conway,
2009). The most influential of these theories emphasizes the role
of context shift between studying a memory set and retrieval
of parts of this set (Jonker et al., 2013; for a similar account of
directed forgetting, see Sahakyan and Kelley, 2002). According to
the context shift theory, the mental context of the study phase is
changed in the following retrieval phase due to processes activated
by retrieval of parts of the set. This context then remains the same
throughout the rest of these experiments—RIF is found because
the mental context of the final recall is biased to mimic retrieval
pattern of the previous selective retrieval and not that of the initial
study phase.

Importantly for our current research question, the context shift
theoryleads to the prediction that an initial retrieval attempt of the
entire learning set can eliminate the adverse effect of later selective
retrieval. This is because an initial retrieval can already establish
the episodic context for the rest of the experiment (see Jonker
et al., 2013; Karpicke et al., 2014). This way, final recall will bias
the retrieval process to mimic the pattern of the initial retrieval
and grant access to items not selectively practiced as well.

Retrieval is so central to the wide range of the above discussed
theories that retrieval-specificity—the concept that retrieval is
necessary to produce RIF—has become a descriptive feature of
RIF (Anderson and Spellman, 1995; Anderson, 2003; Storm,
2011). A crucial, and well replicable finding, is that selectively
restudying category-member pairs is not enough to produce RIF,
category members should be selectively retrieved to induce the
effect (Blaxton and Neely, 1983; Bauml, 1996, 1997, 2002; Ciranni
and Shimamura, 1999; Anderson et al., 2000; Anderson and Bell,
2001; Shivde and Anderson, 2001; Levy and Anderson, 2008;
Jonker et al., 2013;, but see Raaijmakers and Jakab, 2012). This
finding is in line with the inhibitory control based accounts,
because these assume that inhibition is only necessary when the
retrieval process induces competition between target memories
and competitors (Anderson, 2003). It is also in line with the-
ories emphasizing the role of context-based, episodic retrieval
in producing RIF, because these theories assume that it is the
retrieval process that produces the shift from the study context
to the context of retrieval, and creates biased contextualized
episodic memory sets (Racsmany and Conway, 2006; Jonker et al.,
2013). In contrast, according to the interference accounts, both
selective retrieval and restudy should lead to RIF—a prediction
incompatible with what is generally found.

However, Verde (2013) suggested that the latest version of
the SAM-REM model (Malmberg and Shiffrin, 2005) could
explain the same pattern with the additional assumption that
retrieval strengthens the context-item associations, whereas
restudy strengthens cue-item associations. Because only the for-
mer affects the sampling process (by modifying relative strength
of associations)—the source of RIF in this model—only retrieval
leads to RIF. In support of this suggestion, recent studies (Jonker
and MacLeod, 2012; Raaijmakers and Jakab, 2012; Verde, 2013;
Experiment 2) showed that selectively strengthening category-
member associations and emphasizing context encoding without
retrieval might also lead to RIE
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Given the pivotal role of retrieval in shaping episodic mem-
ory sets, it is surprising that studies using the retrieval practice
paradigm have not investigated the effect of an initial retrieval
phase where participants attempt to recall the entire learning
set once before selective retrieval. To our knowledge, in the
vast amount of experiments investigating the RIF effect, the
first retrieval act that occurred in the experiments was selective
retrieval, when participants aimed to access only a part of the
studied elements’.

Besides investigating its protective role against RIF, perfor-
mance in an initial retrieval phase could also provide experi-
menters with a direct baseline for measuring the extent of for-
getting. In the retrieval practice paradigm, baseline is generally
measured as the final recall performance of memory items belong-
ing to categories not appearing during the practice phase. Because
these categories and corresponding target memories appear in
the initial study phase, but neither the category label, nor any
member of these categories appear during the selective practice
manipulation, these items seem to be a good choice for measuring
baseline performance. However, this poses at least three prob-
lems in the interpretation of final recall performance. The first is
baseline deflation (Anderson, 2003), coined for the phenomenon
that during the course of a test session items tested later will
suffer interference from items tested earlier, and the probability of
successful recall during a test session decreases with the number
of previously tested items. The second is cue priming: Cues for
selectively retrieved categories appear during the practice phase,
and this causes a bias in cue processing at final recall so that
practiced items are more probably retrieved and may block access
to unpracticed items. Similar cue biases do not occur for cues
of categories not selectively retrieved. Third, context biases may
add up to cue priming: The context of the retrieval practice phase
itself creates uneven recall probabilities for retrieved and non-
retrieved memories from categories retrieved during the practice
phase. Again, similar context biases do not occur for cues of
categories not retrieved during the practice phase of the retrieval
practice paradigm (Racsmany and Conway, 2006; Jonker et al.,
2013). We suggest that measuring baseline directly with an initial
retrieval of the entire learning set can circumvent these issues, and
facilitate interpretation of final recall data in the retrieval practice
paradigm.

In this paper, we investigated the possible adverse effect of
retrieval practice on a part of the studied elements when an
initial retrieval accessed the entire memory set studied earlier in
the experiment. Additionally, using performance of this initial
retrieval, the effect of further selective retrieval on both retrieved
and non-retrieved memories could be assessed to a baseline
recall level of the same memories. Therefore the following exper-
iments had two aims: first, to measure the interaction between
initial testing of the entire learning set and the adverse effect of
later selective retrieval practice on related unpracticed items, and

1 Although a few studies with clever designs (e.g.,Storm et al., 2006, 2008) did
investigate the effect of iterating retrieval practice cycles and relearning cycles
after the study phase in retrieval practice paradigms, these studies focused on
the effect of adaptive forgetting on later relearning, and were not designed to
look at the effect of an initial, non-selective retrieval on the negative effects of
later selective retrieval.

second, to introduce a novel baseline measure, the initial retrieval
performance, for future RIF experiments.

Based on accounts emphasizing the episodic/contextual nature
of retrieval practice (Racsmany and Conway, 2006; Jonker et al.,
2013; Karpicke et al., 2014), we predicted that an initial attempt
to—non-selectively—retrieve the entire learning set would shield
against the adverse effects of later selective retrieval, together
with maintaining the positive effects of retrieval practice for
retrieved memories. In contrast, interference accounts would pre-
dict no effect of an initial retrieval. Because in these accounts,
RIF depends on relative cue-item or context-item association
strengths, an equally distributed increase in these association
strengths would not shift the effect of later selective strengthening
of these associations. It is harder to derive predictions based
on inhibitory control based accounts. Although strengthening
all items via an initial retrieval can lead to larger competition
during later selective retrieval—hence to larger RIF, the effect
could also be the opposite; based on a trade-off between the
need for inhibition during competitive retrieval, and the success
of inhibition (Norman et al., 2007; Anderson and Levy, 2011;
see experimental evidence, Keresztes and Racsmany, 2013) it can
well be that strengthening items that later become competitors
can render inhibitory processes ineffective—hence to no RIE.
Similarly, results showing that retrieval of cue-item associations
can decrease later interference generated by these associations
(Szpunar et al., 2008; Halamish and Bjork, 2011) would suggest
that an initial retrieval of competitors can decrease competition
during later selective retrieval of related targets. Again, decreased
competition would lead to decreased inhibition—hence to an
attenuated RIF.

The first experiment reported here aimed to replicate previous
findings of retrieval specificity of RIE Then, using the same
material and procedures, we investigated the effect of an initial
retrieval of all items in the experiment on further effects of
selective retrieval.

Experiment 1

Method

Participants

All four experiments were approved by the Ethical Committee of
the Budapest University of Technology and Economics, and all
participants gave their written informed consent.

Sixty® participants were recruited for Experiment 1 at the
Budapest University of Technology and Economics. Outliers were
defined as data points more than three standard deviations away
from the group mean. We screened data for outliers for overall
recall performance and recall in all four item types (see design
section). Data for one participant was identified as outlier; and

2Since some of our hypotheses concerned finding null-effects (i.e., no RIF), we
performed preliminary power calculations with G*Power (Faul et al., 2009)
using earlier published (Racsmany et al., 2010) and unpublished data from
a retrieval practice paradigm with similar material and population from our
lab. To achieve a power of (1 — B) = 0.8 to detect RIF, with a two-sided
paired-samples t-test, we needed to include 25 participants per condition.
Therefore we settled on 30-participant samples for all our experiments—a
number common in retrieval-practice paradigms.
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excluded from further analyses. Therefore, the results section
shows the data for 59 participants (26 men and 28 women), aged
between 19 and 26 years (M = 20.36, SD = 1.47).

Design and Materials

We varied practice type (retest or restudy) between subjects, and
item type within subjects. We used 10 categories and six words
from each category, a total of 60 category-word pairs. To induce
competitive retrieval supposed to be necessary to produce RIF,
and to avoid moderation of the RIF effect (see Anderson, 2003),
we followed strict selection criteria described in detail in Keresztes
and Racsmany (2013). Briefly, we used neutral words of moderate
frequency, based on the Frequency Dictionary of the Hungarian
Webcorpus (Halacsy et al., 2004; Kornai et al., 2006). We used cat-
egories that were not associated to each other (either semantically
or phonetically), and category members that were not associated
to another member of another category.

Members of two categories were used as filler items. The
remaining 48 words from the remaining eight categories were
assigned to one of the four item types. Counterbalancing across
all conditions was achieved by a full randomization procedure run
by Presentation® software (Version 14.7, www.neurobs.com) for
each participant separately. Briefly, four categories were selected
randomly to be practiced categories. The four others were to be
unpracticed categories. Words within each category were split
randomly into two groups. One half of the words (Rp+) in each
practiced category was to be practiced during the practice phase,
the other half (Rp—) was not. Words in the unpracticed categories
were used as baseline items. One half of the words (Nrp+) in each
unpracticed category served as baseline for Rp+ words, the other
half (Nrp—) served as baseline for Rp— words.

Procedure

The experiment consisted of four phases: a study phase, a practice
phase, a delay, and a final test phase. Restudy and retest conditions
differed only in their practice phase.

In the study phase, participants were presented all 60 words
paired with their category label. Each pair was shown once for
5000 ms in the centre of the screen with the category label on
the left and the category member on the right. Participants were
instructed to memorize the words with the help of the category
label. Presentation of the pairs was pseudo-randomized with the
constraint that two words belonging to the same category could
not appear consecutively.

The practice phase consisted of three cycles, each containing a
practice block with 18 trials followed by a reexposure block with
18 trials. Practice and reexposure blocks each consisted of 12 trials
with Rp+ items and six trials with filler items. The first and the
last two items in each block were filler items. The order of the rest
of the items was pseudorandomized with the constraint that two
consecutive trials never involved members of the same category.

Practice trials in the retest condition were cued recall trials.
In each trial, the category label of the target word plus a two-
letter stem cue for the target word appeared in the middle of the
screen, and participants were instructed to complete the stem to
the corresponding target. They had 6000 ms in the first cycle
and 4000 ms in the second and third cycle to type the answer

using a keyboard. Practice trials in the restudy condition were the
same as trials in the study phase, except that restudy trials lasted
6000 ms in the first cycle and 4000 ms in the second and third
cycle. Each pair was shown once in the center of the screen with
the category label on the left and the category member on the
right, and participants were instructed to use these trials to restudy
the category label—word pairs.

Reexposure trials were the same as trials in the study phase,
except that reexposure trials lasted 1000 ms. Participants were
told that they would see some words again in a rapid sequence
as a memory enhancer. Note that whereas practice trials were
different for the retest and restudy conditions, reexposure trials
were the same. Reexposure trials served as a feedback in the retest
condition, and were introduced in the restudy condition as well to
equal the time on study in the two conditions.

The three practice cycles (for both retest and restudy) followed
each other in a repeated spaced retrieval schedule in order to
enhance the effect of testing (see Karpicke and Bauernschmidt,
2011). We introduced 1, 3, and 6 min of delay filled with a
two-back task, before the first, second, and third practice cycle,
respectively.

After the practice phase participants performed a 5-min long
two-back task, and then were introduced to the final test phase. In
the 2-back task, participants saw a series of numbers, one at a time,
in the middle of a computer screen, and for each trial they had to
respond by pressing a button on the keyboard when the number
in the current trial was the same as the one presented two trials
before. In each trial, stimuli was sampled pseudorandomly from
among five integers (1-5) so that the program selected the current
number to be a target, i.e., the same as the number appearing to
trials before, with a 25% probability. Trials were 2000 ms long
(700 ms stimulus duration, 1300 ISI). Participants received a
2000 ms feedback for hits, misses, and false alarms.

The final test consisted of two blocks. In order to avoid output
interference (see Anderson, 2003) Rp— items and their controls
(Nrp— items) were tested in the first block, followed by Rp+ items
and their controls (Nrp+ items) in the second block. Items were
randomly intermixed within blocks (Camp et al., 2007). The use
of different control items for Rp+ and Rp— items was necessary to
circumvent baseline deflation (see Anderson, 2003). Both blocks
started and ended with two filler items. Trials were the same as
in the first retrieval practice block except that the category-plus-
word-stem cue contained only a first-letter stem of the category
member.

Randomization of trials, presentation of stimuli, response log-
ging, and data preprocessing were performed by Presentation’
software (Version 14.7, www.neurobs.com).

Results and Discussion

Throughout the manuscript, we report effect sizes using r for t-
tests and 1, for F-tests. Recall performance at the final test for the
four item types are shown in Figure 1.

The Effect of Practice on Final Recall
We conducted a mixed design ANOVA on recall data with item
type (Rp+, Rp—, Nrp+, Nrp—) as a repeated measures variable,
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FIGURE 1 | Recall performance on the final test in Experiment 1, for
the four item types in the two practice conditions. Rp+, Practiced
words from practiced categories; Rp—, unpracticed words from practiced
categories; Nrp-+, words from unpracticed categories used as baseline for
Rp+ words; Nrp—, words from unpracticed categories used as baseline for
Rp— words. Error bars indicate standard error of the mean.

Proportion recalled

and practice type (retest vs. restudy) as a between subject vari-
able. Item type had a significant main effect on final recall,
F(3,171) = 66.40, p < 0.001, nf, = 0.54, and there was a ten-
dency toward an interaction of item type with practice type,
F(3,171) = 2.53, p = 0.058, nf, = 0.04. Retesting led to a similar
overall recall as restudying, F(1,57) = 0.26, ns.

To detect RIF, we performed paired-samples ¢-tests for partici-
pants in the retest and the restudy condition separately, contrast-
ing Rp— recall with Nrp— recall. The RIF effect was only signifi-
cant in the retest condition, #(28) = —3.13, p = 0.004, r = 0.37, but
no RIF was found in the restudy condition, #(29) = 1.43, p = 0.16.
In brief, testing induced forgetting only when participants were
retested during the practice phase, and not when they restudied
the same material.

Retrieval practice led to enhancement of memory for practiced
items (as compared to Nrp+ baseline items) in both conditions,
t(28) = 5.91, p < 0.001, r = 0.60, in the restudy and #(29) = 9.94,
p < 0.001, » = 0.70 in the retest condition.

In brief, the results of Experiment 1 replicated earlier findings:
Selectively retrieving memories from a category induce forgetting
of related, but non-retrieved memories from the same category,
whereas selective restudy of memories does not lead to this type
of forgetting. Importantly, post hoc power calculations on data
from Experiment 1 showed that the paradigm was indeed well-
powered to detect any differences between Rp— items and their
Nrp— baselines (1 — ) = 0.88. It was crucial for us to have a
well-powered paradigm in order to exclude Type II errors in the
following experiments.

In Experiment 2 we manipulated the type of practice within
subjects, and introduced an initial retrieval test immediately after
the study phase to test whether an initial retrieval test able to
eliminate the RIF effect. This procedure also introduced a novel
baseline measure for each item type: the initial recall performance.

Note that this experiment did not involve unpracticed items from
unpracticed categories (NRP items) as a baseline.

Experiment 2

Method

Participants

Thirty participants were recruited at the Budapest University
of Technology and Economics (15 men and 15 women), aged
between 19 and 26 years (M = 21.9, SD = 1.88). None of them
participated in Experiment 1.

Materials, Design, and Procedure
Materials were the same as in Experiment 1. Two differences were
introduced in the design and procedure.

First, practice type (retest vs. restudy) was manipulated within
subjects, so that half of the critical categories were randomly
assigned to be retested and another half were assigned to
be restudied. (Note that there were no categories that did
not receive one kind of practice, i.e., Nrp categories were
not used in this experiment.) Again, only half of the mem-
bers from each category underwent practice. In the practice
phase retest and restudy trials were run in separate blocks,
with two blocks in each practice cycle. Within each cycle, the
order of retest and restudy blocks was counterbalanced between
subjects.

Second, participants were tested once for all word pair right
after the study phase. Trials in this initial test phase were identical
to trials in the final test phase (also identical to the test phase of
Experiment 1). To our knowledge, this was the first experiment
using the retrieval practice paradigm that measured baseline recall
levels as the performance on the first retrieval attempt after an
initial study. All other aspects of this experiment were the same
as those in Experiment 1.

Results and Discussion

The Effect of Practice on Final Recall

We conducted a repeated measures ANOVA on final recall data
with item type (practiced vs. unpracticed) and practice type
(retest vs. restudy) as repeated measures variables. Item type
had a significant main effect on final recall, F(1,29) = 141.31,
p < 0.001, n; = 0.83. There was no main effect of practice
type, F(1,29) = 0.96, ns., and no interaction, F(1,29) = 0.004,
ns. The same ANOVA on initial recall performance revealed
that baseline performance did not differ in the four conditions,
i.e, no main effect of item type, F(1,29) = 0.10, ns., practice
type, F(1,29) = 0.25, ns., and no interaction, F(1,29) = 0.09, ns.,
emerged.

To detect RIE, we performed paired-samples ¢-tests for unprac-
ticed items vs. their own baselines, i.e., recall performance of the
same items at the first retrieval attempt, in the retest and the
restudy condition separately. Looking at the data in Figure 2, it
is not surprising that we found no significant RIF in either the
retest, £(29) = 0.00, ns., or the restudy condition, #(29) = 0.72,
ns. In brief, practice, either through restudying or retesting, did
not induce forgetting when items had been retrieved once after
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FIGURE 2 | Recall performance on the baseline test and the final test
in Experiment 2, for the two item types in the two practice conditions.
Rp+, Practiced words from practiced categories; Rp—, unpracticed words
from practiced categories.
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FIGURE 3 | Recall performance on the final test in Experiment 3, for
the two item types in the two initial test conditions. Rp+ items
with/without initial test: practiced words from categories that were/were not
tested during an initial test, Rp— with/without initial test: unpracticed words
from categories that were/were not tested during an initial test. Error bars
indicate standard error of the mean.

the study phase. Retrieval practice led to enhancement of memory
for practiced items (as compared to their own baselines, i.e.,
recall performance of the same items at the first retrieval attempt)
in both conditions, #(29) = 10.29, p < 0.001, r = 0.68, in the
restudy and #(29) = 9.95, p < 0.001, r = 0.70, in the retest
condition.

In Experiment 2, we measured initial retrieval performance.
Comparing the effect of selective retrieval and selective restudy
to this initial retrieval performance, we found that practicing by
means of both selective retrieval and selective restudy enhanced
recall of practiced memories. We also found that neither type

of practice (either retrieval or restudy) impaired accessibility of
memories related to the cues associated to the practiced memories.
This finding is not surprising in the condition where practice
involved restudy—it is consistent with finding no RIF after selec-
tive restudy in Experiment 1, as well is many other experiments
(Blaxton and Neely, 1983; Bauml, 1996, 1997, 2002; Ciranni and
Shimamura, 1999; Anderson et al., 2000; Anderson and Bell,
2001; Shivde and Anderson, 2001; Levy and Anderson, 2008).
However, based on the predictions of inhibitory and interfer-
ence explanations of RIF, the lack of RIF is indeed surprising
in the condition where practice involved retrieval. In contrast,
these results are in line with contextual accounts of RIF. These
accounts predict that an initial retrieval of the entire learning set
after the study phase will already have participants change their
mental context and change contextual memory representation
of studied items and later selective retrieval practice will cause
no further change in this mental context and contextual mem-
ory representation (Racsmany and Conway, 2006; Jonker et al.,
2013).

Although—as shown in Experiment 1—our paradigm was well-
powered to detect a RIF effect if it existed, Experiment 2 did not
allow directly testing the effect of initial testing, because it did not
include a condition without initial testing. The goal of Experiment
3 was to allow for directly testing the impact of an initial test on
the forgetting effect induced by later selective practice.

Experiment 3
Method

To analyze the effect of initial retrieval test in a single experi-
ment, participants practiced word pairs during the practice phase
through retrieval practice, and we varied whether categories
received an initial test or not within subjects.

Participants

Thirty participants were recruited at the Budapest University of
Technology and Economics. One participant’s data were excluded
from the analyses, because of a failure to type in the answers
during the baseline test, therefore the final sample consisted of 29
individuals (16 men and 13 women), aged between 19 and 28 years
(M = 22.68, SD = 2.59). None of them participated in previous
experiments.

Materials, Design, and Procedure

Materials were the same as in Experiments 1 and 2. Two changes
were introduced to the design and procedure of Experiment 2.
First, initial test was administered only for half of the categories,
and second, participants practiced by only retrieval and not by
restudy for half of the words in all critical categories. Therefore
this experiment did not involve a restudy condition, and item
type (practiced vs. unpracticed) and initial test (administered
vs. not administered) was varied within subjects. As in Exper-
iment 2, each practice cycle contained two blocks. One block
included trials with items that had received an initial test and the
other block included trials with items that did not. Within each
cycle, the order of blocks was counterbalanced between subjects.
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All other aspects of this experiment were the same as those in
Experiment 2.

Results and Discussion

The Effect of Practice on Final Recall

Recall performance at the final test for the four item types is
shown in Figure 3, together with the initial test performance
for items with initial test. A repeated measures ANOVA on final
recall data with item type (practiced vs. unpracticed) and initial
test (administered vs. not administered) as repeated measures
variables. Item type had a significant main effect on final recall,
F(1,28) = 203.30, p < 0.001, T];Z; = 0.88, as well as the initial test,
F(1,28) = 17.05, p < 0.001, nzz, = 0.38. Importantly, initial test
interacted significantly with item type, F(1,28) = 31.96, p < 0.001,
nf, = 0.53. These effects occurred with initial performance not
being different for practiced and unpracticed items, #(28) = 1.11,
p=0.12.

To assess RIF, we performed paired-samples t-tests contrasting
unpracticed items and their available baselines. Note that in this
experiment, we used initial test performance as a baseline—there
were no categories that did not receive practice, i.e., Nrp categories
were not used in this experiment. Therefore, final recall of Rp—
items was contrasted with initial test performance of for Rp—, both
for categories that received an initial test and for categories that did
not. We found a significant RIF for Rp— items that did not receive
an initial test, £(28) = 4.23, p < 0.001, r = 0.41, but no RIF for items
that received an initial test, #(28) = 1.61, ns. Retrieval practice
led to enhancement of memory for practiced items irrespective
of whether initial test occurred or not, £(28) = 9.04, p < 0.001 for
items without an initial test, r = 0.72, and #(28) = 8.46, p < 0.001
for items with an initial test, r = 0.64.

Using a within-subject design, Experiment 3 showed that initial
testing can eliminate RIF due to later selective practice. However,
one might argue that this experiment did not allow for calculating
a classical RIF score ([Nrp—] — [Rp—]), as it did not include
Nrp items. The goal of experiment 4 was to remedy this issue.
This was important because the higher recall rate of Rp— items
with initial test compared to recall rate of Rp— items without an
initial test in Experiment 3 might have been the result of a higher
rate of decay for initially non-tested information. The inclusion of
unpracticed baseline items (Nrp) in Experiment 4 allowed us to
test this alternative explanation.

Experiment 4
Method

This experiment was an extension of Experiment 1 with all
items in the experiment receiving an initial test. This experiment
allowed us to compare the effect of retrieval practice on the recall
of different item types to a standard Nrp performance, i.e., items
from categories with no selective retrieval practice, and also to an
initial retrieval test performance measured for each item type.

Participants
Twenty-nine
19 and 26 years (M =

(13 men and 16 women),
21.66, SD =

aged between
2.16), participants

were recruited at the Budapest University of Technology
and Economics. None of them participated in previous
experiments.

Materials, Design, and Procedure

Materials, design, and procedure were the same as in Experiment
1, with two major changes: First, an initial test was administered
for all items. Second, participants practiced by only retrieval and
not by restudy for half of the words from half the categories. The
initial test phase was inserted immediately after the study phase.
Trials in this initial test phase were identical to those in the same
phase of Experiment 2.

Results and Discussion

The Effect of Practice on Final Recall

Recall performance at the final test as well as initial test perfor-
mance for the four item types are shown in Figure 4. A repeated
measures ANOVA on final recall data revealed a significant main
effect of item type, F(3,84) = 36.87, p < 0.001, n; = 0.57.
Importantly, in this experiment, we could assess RIF either by
contrasting Rp— recall performance to Nrp— performance, i.e.,
items from categories with no selective retrieval practice, and also
by contrasting initial test performance to final recall performance
of the same Rp— items. Paired-samples t-tests showed that nei-
ther comparison yielded a significant RIF effect, #(28) = 0.43,
ns., for the contrast with Nrp— items, and #(28) = 0.24, ns,,
for the contrast with initial Rp— recall performance. Similarly,
retrieval practice led to enhancement of memory for practiced
items both based on the contrast between Rp+ recall and Nrp+
recall, t(28) = 11.91, r = 0.74, and based on the contrast between
Rp+ recall and initial Rp+ recall performance, #(28) = 22.53,
r = 0.86.

Comparison of Retrieval-Induced Forgetting Across
Experiments 1 and 4

Collapsing data across Experiments 1 and 4 also allowed us to
compare classical RIF scores ([Nrp—] — [Rp—]) across two crit-
ical conditions—one with an initial test of all Nrp— and Rp—
items, and one without it. Although this analysis was post hoc, it
could provide converging evidence for the effect of initial test on
RIE To compare RIF scores across procedures with (Experiment
4) and without (Experiment 1) an initial test, we performed a
mixed design ANOVA on recall data of Rp— and Nrp— items
collapsing data from the two experiments (see Figure 5). This
analysis revealed a tendency for an interaction of item type
(Rp— vs. Nrp—) and initial test (with vs. without initial test),
F(1,56) = 3.842, p = 0.055, n; = 0.064, indicating that initial
testing of all items studied in the experiments reduced the RIF
effect.

Importantly, we found no difference between the final recall
of Nrp items with and without initial recall, £(56) = 0.24, ns.,
showing that the initial test itself did not change the studied items’
forgetting rate. This also suggests that the different recall rates of
Rp— items with and without initial test cannot be explained by
faster forgetting without initial test.
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FIGURE 4 | Recall performance on the initial test and the final test in
Experiment 4, for the four item types. Rp+, Practiced words from
practiced categories; Rp—, unpracticed words from practiced categories;
Nrp+, words from unpracticed categories used as baseline for Rp+ words;
Nrp—, words from unpracticed categories used as baseline for Rp— words.
Error bars indicate standard error of the mean.
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FIGURE 5 | Comparison of RIF as a function of whether an initial test
took place or not. Data without initial test was collected in Experiment 1,
data with initial test (testing all items shown in the study phase once, after the
study phase, before the retrieval practice phase) was collected in Experiment
4. Rp—, unpracticed words from practiced categories; Nrp—, words from
unpracticed categories used as baseline for Rp— words. Error bars indicate
standard error of the mean.

Discussion

In four experiments we investigated the interactive effect of initial
retrieval of the entire learning set and later selective practice of a
part of studied items on final recall performance. We found that
selectively practice—either by retrieval or by restudy—increased
the recall probability of the practiced items on a final recall.
However, only selective retrieval practice decreased final recall of
the unpracticed members from the practiced categories in com-
parison with exemplars of unpracticed categories (Experiment 1).
An initial retrieval of the learning set shielded against the adverse
effect of retrieval practice; RIF was absent either when measured

to baseline performance on the initial retrieval (Experiments 2 and
3), or to members of unpracticed categories (Experiment 4).

These results can be explained by assuming that selective
retrieval, by shifting the context of the study phase to the context
of retrieval practice phase, leads to RIF by generating a compound
contextual episodic memory representation with a restricted and
biased search set (Karpicke et al., 2014). In such contextualized
memory sets, cue-item associations are biased toward increased
recall probabilities for retrieved items from practiced categories
and decreased recall probabilities for non-retrieved items from
practiced categories (Racsmany and Conway, 2006; Jonker et al.,
2013). In fact, these are genuine properties of episodic memories
(Conway, 2009). On a more pragmatic point, these results also
imply that the presence of RIF in any given experiment depends
on the specific sequence of the experimental design—the selec-
tive practice phase must follow the study phase and no interim
retrieval of studied items should take place in order to elicit RIE.

An inhibitory explanation of RIF is at odds with these results at
afirst glance. It is because this theory assumes that the unpracticed
competitors would compete for retrieval during practice and this
competition is then resolved by active inhibition, which renders
competitors less accessible for later recall (Anderson et al., 1994,
2000; Anderson and Bell, 2001). It is reasonable to assume that
unpracticed items would compete for retrieval during practice
independently whether these items were retrieved previously or
not. Moreover, accepting that initial retrieval strengthened these
items, it is plausible to assume that competitors compete even
stronger following initial retrieval testing. Therefore, later selec-
tive retrieval should induce forgetting on related competitors with
and without initial testing of the entire learning set.

However, recently Anderson and Levy (2011) described some
fundamental prerequisite for applying inhibition as an explana-
tion for the presence or the lack of RIF in a given experiment.
This is the demand/success trade off principle that is proposed
to apply inhibitory explanation in a functional theoretical frame
for RIE This principle holds that the relation between interfer-
ence of competitors and the size of inhibition follows a non-
monotonic function (Anderson and Levy, 2011; Detre et al., 2013;
see experimental evidence in Keresztes and Racsmany, 2013).
That is because inhibition is imperfect and failure of inhibition
will influence final accessibility of competitors, therefore RIF
reflects the joint influence of inhibition demand and failure rate.
An inhibitory theory can explain the lack of RIF following initial
retrieval by either assuming that inhibition of competitors failed
because of earlier retrieval of these items or by assuming that ini-
tial testing of competitors decreased the demand of inhibition. If
the failure of inhibition diminished RIF following initial retrieval
in our experiments, then we should assume that the same failure
of inhibition influenced the success of practice phase too. As it
was described by Anderson and Levy (2011) the same inhibitory
processes should be active during the practice and the final recall
phases of the experiment. Accepting this, we should assume that
inhibition failure decreased the success rate of the practice phase
and the benefit of practice on final recall of practiced exemplars.
This is certainly not the case, both the practice success and the
benefit of practice on final recall were the same in conditions
with and without initial testing. Therefore failure of inhibition
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cannot explain the lack of RIF following initial retrieval. The
other possibility is that initial retrieval decreased the demand of
inhibition during practice, as a consequence there was no need
to elicit inhibition on competitors. There is no direct way to test
this hypothesis in our experiments, however, there are indirect
evidences underlying this assumption in the literature of retrieval-
enhanced learning (Roediger and Karpicke, 2006b).

A couple of recent experiments have found the retrieval of cue-
target associations decreased the interference of these associations
with learning of new associations to the same cues (Szpunar et al.,
2008; Halamish and Bjork, 2011). Based on this, it seems plausible
to assume the initial testing of the entire learning test significantly
decreased the interference between exemplars during practice,
and the level of interference between target and competitor items
did not trigger inhibition. Although the lack of inhibition demand
can be used in explaining the results of the present study by
inhibition, inhibitory theories can offer no mechanism to explain
why initial retrieval decreased the later demand of inhibition.

Interference theories of RIF are at odds with our results because
these theories do not predict that an initial retrieval attempt
should modulate the effect of later selective practice. The latest
version of interference models (Verde, 2013), assumes that RIF is
the result of a sampling failure. In this model, retrieval strengthens
the context-item associations, whereas restudy strengthens cue-
item associations. Accepting this, we should assume that initial
retrieval of the entire learning set strengthens the context-item
associations equally for targets and competitors. As a conse-
quence, relative association strengths, which determine the sam-
pling process, remain unaffected; the following selective retrieval
practice should still lead to RIF.

Context-based accounts suggest mechanisms inherent to
episodic retrieval processes to explain the current pattern of
results. Context-based accounts of RIF and retrieval-enhanced
learning (Jonker et al., 2013; Karpicke et al., 2014) emphasize the
role of context change between initial study of category-member
pairs on the one hand, and selective retrieval and final recall on the
other. These accounts predict that an initial retrieval of the entire
learning set after the study phase will already have participants
change their mental context and later selective retrieval practice
will cause no further change in this mental context. As a conse-
quence, the context of the initial retrieval will be the active context
at final recall.

Altogether context-based accounts of RIF assume that in the
retrieval practice paradigm, selective retrieval restricts the search
set through encoding a biased contextual information into an
episodic memory representation, but an initial, non-selective,
retrieval of the entire learning set before the selective retrieval can
hinder this search set restriction.

A recent account of the testing effect—the episodic con-
text account of retrieval-enhanced learning (Karpicke et al,
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Abstract

Two experiments investigated the long-term effects of retrieval practice. In the retrieval-practice procedure, selected items
from a previously studied list are repeatedly recalled. The typical retrieval-practice effects are considerably enhanced memory
for practiced items accompanied by low levels of recall, relative to baseline, for previously studied items that are associated
with the practiced items but were not themselves practiced. The two experiments demonstrated that the former effect
persisted over |12 hr; the latter effect also persisted over |2 hr, but only if a period of nocturnal sleep occurred during the
retention interval. We propose that consolidation processes occurring during sleep, and possibly featuring some form of off-
line rehearsal, mediate these long-term effects of retrieval practice.
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It has long been thought that sleep plays a crucial role in the
consolidation of recently formed memories. Current evidence
shows that retention of procedural knowledge can be enhanced
by a period of sleep (Stickgold & Walker, 2005), as can reten-
tion of motor skills (Walker, Brakefield, Morgan, Hobson, &
Stickgold, 2002). In a recent programmatic series of studies,
Gaskell, Dumay, and their coworkers demonstrated that sleep
is critical to the retention of new vocabulary, and in particular
to the integration of newly acquired words into the lexicon
(see Dumay & Gaskell, 2007, for a review). Furthermore, it
has been observed that relatively few episodic memories
formed during a day are retained the following day, which sug-
gests that only a minority of episodic memories are selected
for enduring retention (Conway, 2009; Williams, Conway, &
Baddeley, 2008). According to one view, consolidation pro-
cesses operating during sleep mediate these effects. Reactivation
of the medial temporal lobe memory system, and especially
hippocampal circuits, may be the locus of sleep-mediated con-
solidation (Wilson & McNaughton, 1994). Other brain areas
have been implicated too, and it seems that networks in medial
prefrontal cortex, operating at faster processing rates during
sleep than during awake periods, rapidly and repeatedly replay
processing sequences featured in the immediately preceding
awake period (Euston, Tatsuno, & McNaughton, 2007). This
mechanism may consist of a sequence of speeded off-line
rehearsal, and possibly it is these intense bursts of rehearsal

that lead to the consolidation of recent experience in long-term
memory.

Consolidation processes operating during a nocturnal sleep
cycle should influence the retention of recently formed epi-
sodic memories, and we explored this idea in two experiments
using the retrieval-practice procedure (Anderson, Bjork, &
Bjork, 1994; Racsmany & Conway, 20006). In this procedure,
participants first study a list of words and then selectively
practice recalling a subset of the list. Memory is then tested,
typically by cued recall. The retrieval-practice procedure is
particularly suited to exploring the consolidation of episodic
memories, as it is thought that the study phase gives rise to the
formation of an episodic memory of learning the study list and
that the later practice phase gives rise to a pattern of activation
and inhibition over the contents of the episodic memory. It is
this pattern of activation and inhibition that mediates later
access to memory content and that gives rise to the character-
istic pattern of recall seen on the memory test (Racsmany &
Conway, 2006). By this view, retrieval practice should give
rise to long-term patterns of activation and inhibition that are
strengthened by consolidation during sleep. The sole previous
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study of long-term retrieval-practice effects indicates that this
may indeed be the case (MacLeod & Macrae, 2001), although
we acknowledge that other researchers consider the effects of
retrieval practice to be more likely short-term than long-term
(Saunders & MacLeod, 2002; but see Anderson, 2001), and at
least one current model (Norman, Newman, & Detre, 2007)
proposes that REM sleep may “reset” inhibitory patterns. The
retrieval-practice procedure was well suited for our study
because it easily allows a period of sleep or equivalent period
of wakefulness to be interposed between practice and test.

Experiment |

In the retrieval-practice procedure, exemplars from various
categories are first studied. After the study phase, selected
items from selected categories are then repeatedly recalled,
typically three times, in response to cues consisting of a cate-
gory name plus word fragment. For example, if “fruit-orange”
is a studied item, “fruit-o 7 might be a retrieval-practice
cue. The three phases of study, practice, and test usually are
separated only by the few minutes required to give the instruc-
tions for each phase. The design yields three types of items:
items that have been practiced (Rp+), items that have not
themselves been practiced but that originate from a category
for which another item has been practiced (Rp-), and items
from categories for which no items have been practiced (Nrp).

The typical finding is that memory for Rp+ items is highest,
memory for Nrp items is at an intermediate level, and memory
for Rp— items is poorest. This pattern is taken to indicate
strong activation of Rp+ items resulting from retrieval practice
making these items highly accessible to recall, weaker activa-
tion of Nrp items, and inhibition of Rp— items (Anderson &
Spellman, 1995; Bjork, Bjork, & Anderson, 1998; Racsmany
& Conway, 2006; Storm, Bjork, Bjork, & Nestojko, 2006).
According to this explanation, practice recalling an item from
a previously studied set of category exemplars induces inhibi-
tion of exemplars that are not practiced and that could
potentially compete with and disrupt recall of the cued items
(cf. Anderson & Levy, 2007). Thus, studying “apple,” “pear,” and
“orange” and then repeatedly practicing recall of only “orange”
induces inhibition of “apple” and “pear.” The net result is that
memory for “apple” and “pear” (Rp— items) is hurt, whereas
memory for “orange” (an Rp+ item) is enhanced. Other inter-
pretations of these effects of retrieval practice have emphasized
the role of interference rather than inhibition (e.g., Camp,
Pecher, & Schmidt, 2007; see also Mensink & Raaijmakers,
1988).

In our first experiment, participants were assigned to two
groups: a sleep group and a no-sleep group. The sleep group
studied and practiced the items in the evening; the following
morning, some 12 hr later and after their usual period of noc-
turnal sleep, their memory for the items was tested. The
no-sleep group studied and practiced the items in the morning;
12 hr later, in the evening, their memory was tested." We
expected that the no-sleep group would not show the typical

retrieval-practice effect and instead would simply show for-
getting of the items. In contrast, and assuming that consolidation
can enhance retention, we expected the sleep group to show
the usual retrieval-practice pattern.

Method

Participants. Sixty-four undergraduate Hungarian students
from the Budapest University of Technology and Economics
(32 females, 32 males) participated in return for partial credit
in an introductory psychology course. Their ages ranged from
19 to 26 years. There were 32 participants each in the sleep
and no-sleep groups (16 females and 16 males randomly
assigned within gender to each group). Note that all partici-
pants in the sleep group were tested a minimum of 1 hr after
awakening.

Materials. Following Anderson et al. (1994), we used 10
categories, 2 of which were fillers. Each target and filler cate-
gory consisted of 6 exemplars. Exemplars were moderate- to
high-frequency words drawn from two Hungarian word-
frequency norms (Fiiredi & Kelemen, 1989; Konya & Pintér,
1985). For each subject, 4 target categories were practiced and
4 were nonpracticed; across subjects, each target category was
equally often practiced and nonpracticed. The practiced and
nonpracticed exemplars from practiced categories were coun-
terbalanced over participants. In sum, in each learning session,
participants learned 60 exemplars from 10 categories (2 of
which were fillers), practiced 18 exemplars (including 6 fill-
ers) from 6 categories (including the 2 filler categories), and
finally tried to recall 60 exemplars (including 12 fillers) from
the original 10 categories. During both practice and final cued
recall, items from filler categories were always in the first
and last positions in order to avoid the confounding effect of
category position.

Procedure. Participants were randomly assigned to either the
sleep or the no-sleep group. All participants completed a short
questionnaire about the length and quality of their sleep period
prior to the experiment. Those who had slept less than 4 hr or
used sleeping pills were excluded from the experiment. The
no-sleep group completed the sleep questionnaire only on the
day of the experiment, answering the questions with reference
to the previous night’s sleep, whereas the sleep group com-
pleted the same sleep questionnaire on the day of the study
phase and also on the day of the recall test, in each case answer-
ing the questions with reference to the previous night’s sleep.
At 8 p.m., the sleep group completed the study phase fol-
lowed by the practice phase; these participants returned to the
laboratory for the surprise delayed recall test at 8 a.m. the fol-
lowing morning. Note that in all cases the test was given a
minimum of 1 hr after awakening. The no-sleep group com-
pleted the study phase and practice phase at 8 a.m. and the
surprise recall test at 8 p.m. on the same day. Neither group
knew that they were returning to take a memory test; rather, all
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participants were led to believe that they were returning to take
part in a new and unrelated experiment.

In the study phase, participants were instructed that category-
exemplar pairs would be presented on a computer screen and
that they should study the pairs in preparation for a later
memory test. Each category-exemplar pair was presented in
uppercase letters in the center of the screen for 5 s. Order of
presentation was semirandomized; exemplars from the same
category did not appear on consecutive trials. When partici-
pants had completed the study phase, the experimenter
distributed retrieval-practice booklets. Participants believed
that this second phase was the memory test. Each page in the
booklet showed one of the category names studied previously
and the first two letters of one member of that category, also
studied previously. Participants were instructed to complete
the exemplar fragment with one of the words they had studied
earlier. They were informed that some of the exemplars might
be tested more than once and that in those cases they should
respond with the remembered item. Rp+ items were repeated
three times. At the end of the retrieval-practice phase, the
booklets were collected, and participants were sent home for
12 hr. When they returned to the laboratory, they were given
cued-recall booklets, in which the name of one of the previ-
ously studied categories appeared at the top of each page.
Participants were instructed to recall as many examples as
they could for each category in the 10-min period allocated for
this test. They were instructed to complete the pages in order
and not to return to a previous category once they had turned
the page in the recall booklet. Order of presentation of the
target categories was counterbalanced across participants.

Results

Planned comparisons revealed that the critical contrast of Nrp
with Rp— items was reliable only in the sleep group, #(1, 31) =
-3.7,p,, =99, r=.55 (for the no-sleep group, £ < 1). Thus, the
retrievalp-practice effect was observed only in the sleep group
(see Fig. 1 for mean percentages).” An independent ¢ test
revealed that there was no reliable difference between the two
groups’ recall of Rp+ items #(62) = —1.12; the long-term ben-
eficial effect of selective practice (relative to baseline—i.e.,
Nrp items) was similar in the two groups. Debriefing inter-
views uncovered no evidence of conscious, intentional
rehearsal in either group, and participants indicated that they
were generally surprised by the delayed cued-recall test.

Experiment 2

A problem with the retrieval-practice procedure is that
although it may induce inhibition of Rp- items, performance
on Rp— items must almost certainly also be impaired by output
interference from Rp+ items. Given that we were primarily
interested in the effects of sleep on memory performance in
the retrieval-practice procedure, this was in some respects a
secondary issue. Nevertheless, in order to reduce the potential
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Fig. 1. Mean percentages of exemplars recalled by the sleep and no-sleep
groups in Experiment |. Results are shown separately for practiced items
(Rp+), unpracticed items from practiced categories (Rp—), and unpracticed
items from unpracticed categories (Nrp). Error bars show 95% confidence
intervals.

effects of output interference, and also to further examine the
effects of sleep on retrieval practice, we decided to run a repli-
cation of Experiment 1 in which output was more directly
controlled. To achieve such control, we constructed a new
study set in which the first letter of each word was unique
within its category. At test, participants were cued with the cat-
egory names and the first letters of studied items. Using these
cues, we were able to control the order in which items were
recalled. In addition, to control for potential time-of-day
effects, we included a new control group who studied and
practiced items at 8 a.m. and were then given the surprise
recall test 1 hr later; we refer to this group as the morning no-
sleep group. We reasoned that if the morning no-sleep group
showed the retrieval-practice effect, then this effect might be
attributable to the time of day of the test, rather than a period
of sleep intervening between study and test.

Method

Participants. A new cohort of 96 undergraduate Hungarian
students from the Budapest University of Technology and
Economics (48 females, 48 males) participated in return for
partial credit in an introductory psychology course. Their ages
ranged from 20 to 28 years. There were 32 subjects in each of
the three groups (16 females and 16 males randomly assigned
within gender to each group). All participants in the sleep
group and in the morning no-sleep group were tested a mini-
mum of 1 hr after awakening.

Materials. Following Anderson et al. (1994), we used 10 cat-
egories, 2 of which were fillers. Each target and filler category
consisted of 6 exemplars (as in Experiment 1). The exemplars
were moderate- to high-frequency words drawn from two
Hungarian word-frequency norms (Fiiredi & Kelemen, 1989;
Koénya & Pintér, 1985). For each subject, 4 target categories
were practiced and 4 were nonpracticed; across subjects, each
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target category was equally often practiced and nonpracticed.
The practiced and nonpracticed exemplars from practiced cat-
egories were counterbalanced over participants. The study list
contained 6 words from each of the 10 categories, for a total of
60 words. Within each category, every word had a unique ini-
tial letter, so that a category name and first letter could serve as
a specific cue for each target word.

Procedure. The procedure was the same as in Experiment 1
with the exception of changes in the cued-recall test. In that
test, the cues appeared on a computer screen one at a time for
5 s each. Each cue consisted of a category name together with
the first letter of one of the studied exemplars (e.g., “Fruit —
o ). Items for each category were presented as a block;
the cues for the three Rp— words were always presented first,
in random order, and the cues for the Nrp and Rp+ items were
then presented ungrouped and in random order. Participants
wrote their responses in a response booklet.

Results

Planned comparisons found that the critical contrast of Nrp
with Rp— items was reliable in the sleep group, #(1, 28) =
-2.43, Prp = .95, r= .43, but not in the no-sleep group and the
morning no-sleep group, ts < 1.2. Thus, the retrieval-practice
effect was observed only in the sleep group (see Fig. 2). A one-
way independent analysis of variance found no reliable
difference between groups on recall of Rp+ items, F' < 1.2,
showing that the long-term beneficial effect of selective prac-
tice was present to the same degree in all groups (see Fig. 2).
The debriefing interviews again indicated that participants did
not rehearse items in the retention interval, and that all partici-
pants were surprised by the memory test. In sum, the overall
pattern of findings replicated the pattern observed in Experi-
ment 1 and indicates that output interference and time-of-day
differences had little, or possibly no, influence in the two
experiments.

Discussion

One account of the effects of retrieval practice posits that
they are mediated by an episodic memory of the study phase
(Racsmany & Conway, 2006). According to this view, which
we term the episodic-inhibition hypothesis to distinguish it
from accounts focusing on other types and sources of inhibi-
tion in long-term memory, retrieval practice establishes a
pattern of activation and inhibition over the contents or fea-
tures of an episodic memory of the study phase. As the episodic
memory is consolidated in long-term memory, the pattern of
activation and inhibition, which determines the accessibility of
the contents of the memory, stabilizes and becomes resistant to
further change. One major mechanism of this process of con-
solidation is rehearsal. According to the episodic-inhibition
hypothesis, as a memory is repeatedly retrieved and its
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Fig. 2. Mean percentages of exemplars recalled by the sleep, no-sleep, and
morning no-sleep groups in Experiment 2. Results are shown separately for
practiced items (Rp+), unpracticed items from practiced categories (Rp—),and
unpracticed items from unpracticed categories (Nrp). Error bars show 95%
confidence intervals.

contents are accessed, its durability in long-term memory
increases, and the accessibility levels of its contents become
fixed (Racsmany & Conway, 2006; Racsmany, Conway, Garab,
& Nagymaté, 2008).

The present findings suggest that sleep is important to this
process of consolidation, as indeed other researchers using dif-
ferent procedures have also observed (e.g., Drosopoulos,
Wagner, & Born, 2005). The findings of Experiment 2 indicate
that retrieval-practice effects begin to dissipate after a reten-
tioninterval of just 1 hrinthe absence of rehearsal. Interestingly,
in a related experiment not reported here, we found that
if there is rehearsal in the retention interval, then retrieval-
practice effects can be maintained over at least 12 hr (with no
period of sleep). We use the term rehearsal here in a slightly
nonstandard way, as according to our episodic-inhibition view,
rehearsal occurs when a memory is activated and the pattern of
activation and inhibition over its contents is instantiated. Such
rehearsal does not have to occur consciously or intentionally,
although, of course, it might. We suggest that when rehearsal
occurs in this way, it approximates what has been termed elab-
orative rehearsal (Craik & Lockhart, 1972), and it promotes
the integration of the memory with other memories and knowl-
edge structures in autobiographical memory (see Conway,
2009). It is perhaps the degree and nature of the integration
that determines the durability of access to a memory and its
contents. Clearly, other memories formed during the retention
interval may reduce integration, prevent it, or interfere with it
in some other way. It seems likely that the opportunity for
interference by new memories was greater in our no-sleep than
in our sleep groups, and, consequently, integration may have
been attenuated in the no-sleep relative to the sleep groups.
(Note that this would not have been the case if rehearsal had
been intentionally undertaken during the retention interval.)
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According to this reasoning, the greater degree of integration
of memories in the sleep groups underlies the long-term
retrieval-practice effects we observed in these groups. This
integration is, perhaps, similar in kind to the integration of new
words with the lexicon found to occur after periods of noctur-
nal sleep (Dumay & Gaskell, 2007).

These novel long-term, sleep-related, retrieval-practice
effects lend some support to suggestions that spontaneously
occurring retrieval practice in everyday cognition may medi-
ate aspects of remembering and forgetting (e.g., Anderson,
2001). But we can now add to this idea the notion that consoli-
dation and integration processes occurring during sleep are
also important in maintaining access to memories and their
contents. The present findings demonstrate that consolidation
of recently formed episodic memories during sleep may be
integral to the normal functioning of episodic memory.
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Notes

1. A very important design feature is that the memory test is unex-
pected. In a separate experiment not reported here, we found that
long-term retrieval-practice effects can occur if participants rehearse
the retrieval-practice items during the retention interval.

2. An alternative interpretation might focus on diurnal effects, such as
the awakening cortisol response (ACR), which is thought to influence
memory. However, as the ACR peaks and then begins to decline within
30 to 45 min following sleep (Clow, Thorn, Evans, & Hucklebridge,
2004), and all participants were tested at least 1 hr after awakening
(and most were tested 90 to 120 min postsleep), it seems unlikely that
the ACR could have directly influenced memory performance in the
sleep group. Moreover, although cortisol levels begin to fall toward
the onset of sleep and are at their lowest levels in the first 3 to 4 hr of
sleep, all participants in the no-sleep group were tested several hours
prior to sleep, and there is no reason to suppose that their cortisol
levels had changed systematically at this point in the sleep/wake
cycle. Thus, the sleep and no-sleep groups most likely had highly
similar diurnal cortisol levels.
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Abstract Five experiments using the think/no-think (TNT)
procedure investigated the effect of the no-think and
substitute instructions on cued recall. In Experiment 1,
when unrelated A-B paired associates were studied and
cued for recall with A items, recall rates were reliably
enhanced in the think condition and reliably impaired
below baseline in the no-think condition. In Experiments 2
and 5, final recall was cued with B items, leading to reliably
higher recall rates, as compared with baseline, in both the
think and no-think conditions. This pattern indicates
backward priming of no-think items. In Experiments 3
and 4, the no-think instruction was replaced with a thought
substitution instruction, and participants were asked to
think of another word instead of the studied one when they
saw the no-think cued items. As in Experiments 1 and 2,
the same amount of forgetting of B items was observed
when A items were the cues, but in contrast to Experiment
2, there was no increase in the recall performance of A
items when B items were the cues. These results suggest
that not thinking of studied items or, alternatively, thinking
of a substitute item to avoid a target item may involve
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different processes: the former featuring inhibition and the
latter interference.
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Remembering is driven, channeled, or controlled by cues
that feature in the retrieval process. This has been
extensively explored in, arguably, one of its simplest forms,
the cued recall of paired associates. A person who learns a
list of unrelated A-B terms, such as bread—hat, when cued
with the A term, bread is often able to recall the B term
with which it was originally paired—that is, sat in this
example (for reviews, see Baddeley, 1976; Crowder, 1976;
Murdock, 1974; for a contemporary overview, see Kahana,
Howard, & Polyn, 2008). Indeed, the principle that retrieval
is based on specific cue—target associations—the cue being
an item in the retrieval environment and the target a sought-
for item in long-term memory—is so fundamental that it is
virtually axiomatic to our understanding of retrieval
processes (Thomson & Tulving, 1970; Tulving & Osler,
1968). Some recent and intriguing experiments have,
however, demonstrated that cues might also be used to
avoid, rather than access, items in memory with which they
are associated (Anderson & Green, 2001; Anderson et al.,
2004; Depue, Banich, & Curran, 2006; Depue, Curran, &
Banich, 2007; Hanslmayr, Leipold, & Bauml, 2010).

In the think/no-think (TNT) procedure introduced by
Anderson and Green (2001), a list of paired associates were
first learned to a criterion such that participants could readily
recall B terms when presented with A terms. Following
acquisition, there then followed a practice phase in which an
A term was presented and either its corresponding B term
was thought about (the think condition) or participants were
cued not to think about the previously paired B term (the no-
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think condition). These TNT trials were repeated a number of
times so that thinking and not thinking about associated B
terms were practiced. There was also a subset of baseline
control items that were neither thought about nor not thought
about. The important finding in the subsequent cued recall
test, in which A terms acted as cues to B terms, was that
recall of B terms that had been thought about was high,
recall of baseline items was intermediate, and recall of no-
think items was reliably lower than baseline, suggesting
inhibition of these items and showing how cues might be
shaped to either promote remembering or hinder it.

These controversial results prompted a lively debate about
the reliability and the possible explanations of TNT. Anderson
and colleagues demonstrated a reliable amount of forgetting in
the TNT procedure (see Anderson & Green, 2001; Anderson
et al., 2004; for a summary of results from 687 participants,
see Levy &, Anderson, 2008), while Bulevich, Roediger,
Balota, and Butler (2006), Hertel and Calcaterra (2005),
Mecklinger, Parra, and Waldhauser (2009), and Bergstrom,
Velmans, de Fockert, and Richardson-Klavehn (2007) were
not able to reproduce the TNT effect. There are two
alternative explanations for TNT and the memory effects
observed in it (when present). According to an inhibitory
explanation, favored by Anderson and colleagues, inten-
tionally avoiding and practicing avoiding the recall of a
specific target memory (no-think B items in the TNT
task) inhibit the representation of the B item and so
reduce access to the items in the test phase.

Additional support for this suggestion has come from the
attenuation of recall performance for no-think items when
cued with a so-called independent cue. 1f, in recall, a no-think
B term such as hat is cued with clothing, a previously
unpresented item, memory for the B term is still reliably
lower than baseline (Anderson & Green, 2001; see also
Bergstrom, de Fockert, & Richardson-Klavehn, 2009).
However, in several studies in which the TNT procedure
has been used, only tests where no-think items were tested
with the original learning cues have been reported (Hertel &
Gerstle, 2003); or, when independent probes have been used,
the TNT effect has been absent (Algarabel, Luciano, &
Martinez, 2006; Bulevich et al., 2006; Wessel, Wetzels,
Jelicic, & Merckelbach, 2005). In our own laboratory, in
unpublished studies, we have not been able to obtain the
TNT effect using independent probes. One problem with the
notion of independent probes is the assumption that they
were not, in fact, present in the original study and/or practice
phases. It is possible that these “independent probes,” which
are always semantically related to the B terms they cue, were
in fact activated when the B terms were processed at study
and/or practice and have become part of the resulting
memory representation of the list. If so, they might provide
an alternative route to the “inhibited” item and so facilitate,
rather than inhibit, recall (see Racsmany & Conway, 20006).

A second and alternative explanation of the TNT
phenomenon is based on interference theory, which argues
that the accessibility of items in memory can be reduced if
there are other related or associated items in memory that
compete and so interfere with access to and retrieval of a target
item. Thus, it may be the case that following the no-think
instruction during the practice phase, participants adopt a
strategy of thinking of some other item—for example, another
word (see Bulevich et al., 2006). Thinking about an
alternative will create interference for the cue-target rela-
tionship similar to the interference seen in the well-
established A—B, A—C procedure. Thus, learning bread—hat
and then bread—lamp reduces the efficiency with which the
A terms elicit the target B term. It is this interference that
will, not surprisingly, cause attenuated recall performance for
target items on the final test, and concepts such as inhibition
need not then be invoked.

In the present experiments, we investigated both the
inhibition and interference accounts of TNT. The inhibition
account proposes that the effect of not thinking about selected
B items in the practice phase leads to the inhibition of those
items (Anderson & Green, 2001; Anderson et al., 2004). A
strong prediction that follows is that in addition to being
poorly recalled to A item cues, inhibited B items should
themselves also be relatively ineffective cues to recalling A
items. Experiments 2 and 5 tested this prediction. According
to the interference account, the effects of thinking about
alternative items (C items) to no-think B cues in the practice
phase should lead to the poorer recall of B items in the test
phase. In other words, the effects of not thinking or thinking
about another item should produce identical effects in later
recall. In Experiments 3 and 4, we tested this prediction too.

Experiment 1

The aim of this experiment was to replicate the original
result of Anderson and Green (2001) and produce a
reliable decrease in recall performance, relative to base-
line, following eight cycles of suppression (not thinking).
Pilot work indicated that, at least among our participants,
eight cycles of suppression were sufficient to produce a
robust no-think effect. We note that the TNT procedure
has not always proved effective in attenuating later
memory in the no-think condition (Bulevich et al.,
2006), and for this reason, we wanted to establish that
we could, in fact, obtain the effect.

Method
Participants Data were obtained from 31 native Hungarian

speakers. We ran the experiment until we had data from 30
participants who reached the 51% learning criterion in five
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cycles. (One participant did not reach the criterion and was
not used for this reason.)

Procedure and materials Participants first took part in a
learning task in which they were asked to learn 40
semantically unrelated word pairs. The stimuli consisted of
80 unrelated Hungarian words with a moderate word
frequency, as measured by Szdszablya, a Hungarian Web
Corpus (Halacsy et al., 2004). The items were randomly
paired and then inspected. Any related pairs were re-paired to
produce the 40 unrelated paired associates (PAs). The PAs
were randomly allocated to four sets of 10 assigned to the
think, no-think, baseline, and filler conditions. All items were
presented on a computer screen, and order of presentation in
each phase of study, practice, and cued recall was random.
The PAs were displayed individually in white uppercase
letters for 5 s in the center of the screen. In the study phase,
participants attempted to learn all the word pairs. Test—
feedback cycles followed in which participants recalled the
word pairs in a cued recall task. One cycle consisted of 40
cued recall trial cue—target pairs. On each trial, after the cue
appeared on the screen, there were 5 s in which to recall the
target word aloud. When a response was omitted or when the
5 s had passed, the target word appeared on the screen to the
right of the cue word. The next trial followed with a 1-s
intertrial interval. After all 40 cues had been presented,
another test—feedback cycle followed, until a minimum of
51% of the target words had been correctly recalled.

After the learning phase, participants took part in the TNT
practice phase and were given the following instructions: “You
are going to see the left-hand side members of the previously
presented word pairs in different colors on the computer screen.
If you see a word in ‘Green,” try to recall the other word
previously seen together with this word and say it out loud. If
you see a word in ‘Red,” try not to think of the other word
previously seen together with this word and do not say it out
loud.” Participants first practiced this instruction with the filler
words. There were eight cycles of this task. Only think and no-
think words were used in this task; that is, 160 trials were
performed altogether. Finally, participants took part in a cued
recall test in which the cues of think, no-think, and baseline
words were presented and participants were asked to recall the
targets to each cue word. The procedure of this phase was
identical to that of the test—feedback cycles of the initial
learning phase. In sum, the task was to recall B items of the
word pair cued A items.

Results
The 30 participants who finished the experiment reached the

learning criterion in 3.1 cycles (SD = 1.15). A one-factor
ANOVA showed a main effect of item type, F(2, 58) = 6.5,
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p < .01. As can be seen in Table 1, row 1, the recall
percentage for the no-think items was lower than that for the
baseline items, and this effect was reliable, F(1, 29) = 6.99,
p < .01. This finding shows attenuation and, possibly,
inhibition of no-think items. The percentage of recalled baseline
items was significantly lower than the percentage of recalled
think items F(1, 29) = 15.59, p < .01, showing the benefits of
rehearsal. These results are highly consistent with those of
Anderson and Green (2001) and show a robust TNT effect.

Experiment 2

This experiment used the same procedure and analysis as in
Experiment 1, with the following single modification: In the
final cued recall test, target words (B items) served as cues,
and cue words (A items) were to be recalled. Thirty new
right-handed native Hungarian speakers with normal or
corrected-to-normal vision were recruited for this experi-
ment. The mean age was 22 years (range, 19-26), and there
were 20 women and 10 men. In all other respects, the design
and analyses were identical to those in Experiment 1. Data
were obtained from 30 native Hungarian speakers. All
participants reached the 51% learning criterion in 5 cycles
(M=29, SD=1.29).

The one-factor ANOVA again showed a reliable main
effect of item type, F(2, 58) = 9.2, p <.01). However, as can
be seen from Table 1 (second row), the recall percentage of
the no-think items was significantly higher than that of the
baseline items F(1, 29) = 5.9, p < .05. The percentage of
recalled baseline items was significantly lower than the
percentage of recalled think items, F(1, 29) = 6.99, p < .01.
There was no reliable difference between no-think and think
items. Thus, B items in the no-think condition can be
effective cues to the recall of A items, as effective as A items
are to B items in the standard procedure.

Table 1 Mean cued recall from five cued recall experiments using the
think/no-think (TNT) task

Standard TNT: Experiments 1 and 2

Experiment Cues at Test  Think No-Think  Baseline
Experiment 1 A cues 7 (14)* .61 (.15) 70 (.17)
Experiment 2 B cues 76 (.21) 74 (.20) .63 (.17)
TNT With Substitution: Experiments 3 and 4
Think Substitute  Baseline
Experiment 3 A cues .83 (.11) 57 (.21) .70 (.14)
Experiment 4 B cues .84 (.17) .66 (.21) 1 (. 14)
Standard TNT: Experiment 5
Think No-Think  Baseline
Experiment 5 B cues .83 (.13) 78 (.19) 70 (.15)

*Standard deviations are shown in parentheses.
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In Experiment 1, the association A— B in previously
learned unrelated paired associates was attenuated by not
thinking about B, given A, being repeatedly practiced. Later
cued recall, using A items as cues, showed recall of B items
to be reliably lower in the no-think condition, as compared
with recall of baseline and practiced items (Table 1). In
contrast, in the practice or think trials, the association A— B
was strengthened, and recall was found to be higher than
baseline following the think trials. One explanation of this
pattern of recall is that the effect of the no-think trials is to
inhibit the previously acquired B items—hence, the lower
recall. The effect of the think trials, on the other hand, is to
strengthen, by rehearsal, the representation in memory of the
A-B pairs and so enhance their later recall (Anderson &
Green, 2001). However, in Experiment 2, it was found that
when B items were used as cues, recall of A items in the no-
think condition was as high as recall of A items in the think
condition, and both were reliably higher than baseline.
Assuming that the effect of the no-think trials was the same
in both experiments, and given that they were identical in
other respects, it cannot be the case that B items are
themselves inhibited. Indeed, the level of recall of items in
the no-think condition suggests that the association of B
items to A items is, in fact, primed.

An alternative explanation, and our original hypothesis, is
that it is the relation between the word pairs that is affected
by the no-think trials and, in particular, the unidirectional
relationship A— B (Hertel & Calcaterra, 2005). Thus, when
A items are used as cues to memory for no-think items, they
are comparatively ineffective (Experiment 1). In sharp
contrast, quite the reverse was found when A items, in the
no-think condition, were cued by B items in the present
experiment. This suggests that the association A« B is
primed by the no-think trials but that the relation A— B is
suppressed by them. Thus, paradoxically, an item can be
inhibited and primed at the same time, depending on its
association with other items.

However, there is an alternative explanation of these
findings that derives from interference theory: In the
practice phase, when presented with an A cue (e.g., grass)
in a no-think trial, participants may avoid thinking of the
target word orange by thinking of a different word
(e.g., kiwi). To the extent that this occurs, it constitutes a
version of the A—B, A-D, interference procedure, and B
items, such as orange, become less retrievable to A cues,
because the A cues are associated with more B items that
compete for and, in the process, interfere with retrieval.
Thus, an interference account of the low memory perfor-
mance following the no-think trials in Experiment | is a
possibility. How an interference account would apply to the
enhanced memory levels following the no-think trials and
recall cued with B items in Experiment 2 is, however, not
clear (see Table 1). Assuming that participants routinely and

covertly generate alternative words to B items on no-think
trials, then, according to interference theory, these B cues
should be less efficient in accessing A items simply because
of the A-B, A-D relations present in memory. Because, in
Experiment 2, memory levels for B-cued no-think items
were significantly above baseline and equivalent to memory
levels for think items, it would seem, following the reasoning
above, that B items are effective cues of A items despite the
interfering effects of covertly generating an alternative word
on the no-think practice trials. Given the paradoxical nature
of these findings, it was decided to explicitly investigate the
suggestion that participants achieve not thinking about or not
retrieving a cued word by blocking retrieval with an
alternative. In the following two experiments, we tested this
idea by replacing the no-think instruction with a thought
substitution instruction. This simply required participants to
think of another word whenever they saw an item that was
cued not to be thought of and spoken about. Note that this
procedure was also used by Bergstrom and colleagues in an
event-related potential study (Bergstrom et al., 2009). They
found that their participants with the substitution strategy
produced cue-dependent but no cue-independent forgetting,
in contrast to participants with the standard no-think
instruction (Bergstrom et al., 2009).

Experiment 3

Experiment 3 was identical in all aspects to Experiment 1,
with one crucial modification in the instructions given for
the think/no-think phase. For words appearing in green,
participants were given the same instructions as in
Experiment 1. For red words, however, participants were
given the following instructions: “When you see a word in
red, say out loud the first word that comes to your mind that
this red word reminds you of.” So, for example, if the A
item was orange, the word apple might be generated.
Further instructions emphasized that the word the cue had
previously been paired with (the original B item) should not
be spoken. Data were obtained from 33 native Hungarian
speakers, 30 of whom reached the 51% learning criterion in
5 cycles. Three participants did not reach the criterion and
were not used, for this reason. The 30 participants who
completed the experiment reached the learning criterion in
2.5 cycles (SD = 1.13). Their mean age was 20 years
(range, 19-22), and 6 were females.

The ANOVA was the same as that used previously, with
item type the single within-subjects variable consisting of
three levels: baseline, think, and substitute. Mauchly’s test
of sphericity was significant, x*2) = 8.78, p < .05;
therefore, we used degrees of freedom corrected with
Greenhouse—Geisser estimates of sphericity (¢ = .71). Item
type had a significant effect on recall performance, F(1.57,
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45.54)=25.19, p <.001. As can be seen in Table 1, row 3,
the average recall percentage for the think items was higher
than that for the baseline items, while recall of substitute
words was lower than the baseline. Planned contrasts
confirmed that recall in the think condition was significantly
higher than baseline, F(1, 29) = 28.29, p < .001, and recall in
the substitute condition was significantly lower, F(1, 29) =
9.61, p = .01. These findings then mirror those of
Experiment 1 (see Table 1, rows 1 and 3).

Experiment 4

Experiment 4 was the same as Experiment 2, but with the no-
think instruction replaced with the same generate-a-substitute
instruction as in Experiment 3. Data were obtained from 32
native Hungarian speakers. Two participants did not reach
the learning criterion in 5 cycles and so took no further part.
The 30 participants who finished the experiment reached the
learning criterion in 2.27 cycles (SD = 1.33). Their mean age
was 21.4 years (range, 19-26), and 6 were female. A reliable
effect of item type was observed, F(2, 58) = 17.58, p <.001.
As can be seen in Table 1, row 4, recall of items in the think
condition was higher than baseline, but recall in the substitute
condition was not substantially different from baseline.
Planned contrasts confirmed that only recall in the think
condition differed significantly from baseline, F(1, 29) =
24.9, p < .001. It can be seen in Table 1 that mean recall in
the substitute condition was lower than baseline, but this was
not found to be a reliable difference.

Experiment 3 demonstrates that virtually exactly the same
effect can be produced by thinking about a substitute item as by
not thinking about a target item in memory (see Table 1, rows 1
and 3). In contrast, thinking about a substitute item when the
item substituted is subsequently used as a cue does hurt
memory (Experiment 4), as compared with simply not
thinking about an item that is later used as a cue, where
recall is facilitated (Experiment 2). This suggests that different
processes might underlie not thinking versus thinking about a
substitute. The results of Experiments 3 and 4 only partially
replicated the results of Bergstrom et al. (2009), who found
that using substitution, instead of a no-think strategy,
produced the same cue-dependent effect, but only the no-
think strategy produced cue-independent forgetting. The
results of Experiments 3 and 4 support our original hypothesis
that not thinking of a specific target, when presented with its
cue, harms only this specific cue—item relationship and primes
all other relationships of this specific target item; in other
words, the no-think effect is not independent of the retrieval
cue. This is not the case for the substitution strategy, which
probably alters the cue-target relationship by generating
interference for this cue, and hence, participants will not
access and prime the target items during the TNT phase.
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Experiment 5

One problem with the findings above, and it is a problem in
all TNT studies, is that the baseline levels of performance
frequently shift across experiments. So, for instance, the
baseline level of performance in Experiment 2, above, was
considerably less than the baseline level of performance in
the other experiments. If the baseline in Experiment 2 had
been similar to the baseline in the other experiments, our
main results may not have been reliable, and there would be
no significantly higher recall of no-think items when B
items are used as cues, relative to baseline. Why baselines
vary from experiment to experiment and across studies, too, is
not known, but it seems likely that there may be many factors
in play relating to participants, environment, slight variations
in procedure, time of day, and other uncontrolled chance
influences. It is, therefore, possible that in Experiment 2, we
observed reliable above-baseline recall of no-think items
simply because of a baseline that was low by chance.'

To exclude this possibility, in Experiment 5, we repeated
Experiment 2. In this control experiment, all aspects of the
procedure, design, and analyses were identical to those in
Experiment 2, with one single exception: A new set of
word stimuli were used. These were a set of word pairs
taken from other TNT studies in our laboratory. These word
pairs had consistently produced a TNT across several
studies. We decided to use a different material because we
wanted to show that the effect we found is reliable over
different materials, too, (even if we failed to reproduce a
baseline similar to that in our other experiments). Also, in
this experiment, we used a questionnaire (a Hungarian
version) developed by Bulevich et al. (2006), in order to
exclude participants who did not follow the TNT instructions.
Data were obtained from 46 native Hungarian speakers. The
mean age of participants was 21.6 years (range, 18-30), and
13 were female. One participant did not reach the 51%
learning criterion in 5 cycles and was not used. The 45
participants who finished the experiment reached the learning
criterion in 1.89 cycles (SD = 0.93). More participants were
included on the assumption that some would have to be
excluded on the basis of their questionnaire responses. On
the basis of questionnaire responses, data from 8 participants
were excluded. But note that including this excluded data in
the analyses did not change the pattern of results. A
significant effect of item type was observed, F(2, 72) =
17.07, p < .001. As can be seen in Table 1, row 5, recall of
both think and no-think items was higher than baseline.
Planned contrasts confirmed that just as in Experiment 2,
these differences were significant [F(1, 36) = 43.40, p <.001,
for the contrast between think and baseline items, and F{(1,
36) = 7.86, p < .01, for the contrast between no-think and

! We thank an anonymous reviewer for pointing this out.
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baseline items]. Note that this pattern of findings exactly
replicates the findings of Experiment 2 with a higher baseline.
Baseline performance notwithstanding, then, the critical effect
observed in Experiment 2, of B items priming recall of A
items, is robust.

Additional analyses

The experiments above were conducted in relatively simple
between-subjects designs, with each successive experiment
changing a variable of theoretical interest. We adopted this
approach in order to ensure compatibility with the original TNT
experiments (Anderson & Green, 2001). One drawback to this
approach is that of changing baselines from study to study.”
However, given that the changes between the experiments

2 Another way in which to obviate the problem of changing baselines
over experiments would be to conduct a fully within-subjects design. But
such a design requires considerably more items, leading to possible floor
effects in some conditions and contamination between conditions at test.
As a preliminary pilot study, we ran a within-subjects replication of
Experiment 1 and 2—that is, using the suppress instruction only and
involving cue type as a within-subjects variable. We ran two groups and
tested with blocks of cues. One group had B cues first for half the items,
followed by A cues for the other half of items, and the other group had
the reverse of this order. The learning and practice phases were the same
as in the present experiments. In this experiment, the group tested with
A cues first corresponded to that in the standard TNT experiment
(Experiment 1 in the present series), and the pattern of findings was as
expected: think, .82; no-think, .62; and baseline, .70. For the group that
then received B cues to recall A items, the pattern was as follows: think,
.85; no-think, .70; and baseline, .65—also in line with the pattern of
recall seen in Experiments 2 and 5 above. These differences, although
consistent with the earlier patterns of means, did not reach statistical
significance. Removing participants on the basis of the Bulevich et al.
(2006) questionnaire and 2 participants with outlying scores, a reliable 2
(no-think vs. baseline) x2 (A vs. B cuing) interaction is present. This
interaction is due to a below-baseline performance for no-think B items
when cued with A items (the TNT effect) and above-baseline
performance for A items when cued with no-think B items—effects
consistent with the findings of Experiments 1 and 2/5. Supportive
though these findings are, we believe that this within-subjects type of
design needs considerable development in order to find a procedure that
does not increase individual differences and has the appropriate power.
In the presentation order condition in which participants were first tested
with a block of B cues and subsequently with a block of A cues, the
means were the following: B cues, think .85, no-think .69, and baseline
.56; A cues, think .65, no-think .73, baseline .53. Interestingly, planned
contrasts to baseline showed both think and no-think (irrespective of cue)
to be reliably higher than baseline, F(1, 10) = 6.60 and F(1, 10) = 7.64,
p < .05 in both cases. The pattern for B cues is consistent with
Experiments 2/5. The pattern for A cues is, however, anomalous and is
not consistent with any of the findings above—in particular, with those of
Experiment 1 and the TNT effect. We tentatively suggest that this may
reflect some type of carryover from having successfully used B no-think
items in the first block of the test to recall A items. What form this
might take will require further research. Clearly, a within-subjects and/or
mixed approach is of value, and the preliminary findings reported here
(full details are available from the first author) are broadly consistent
with the findings using between-subjects designs (Experiments 1-5).

were in the experimental variables and all other conditions
remained the same—for example, different groups of partic-
ipants in the different experiments were drawn from the same
pool of participants, all of similar ages, educational levels, and
socioeconomic backgrounds; the experiments were conducted
in the same laboratory at the same time of day by the same
experimenters; and stimuli were held constant—it seems
reasonable to treat Experiment 14 as a single experiment. In
this analysis, a mixed design 2 x 3 x 2 ANOVA was
employed in which instruction (suppress vs. substitute)
formed a between-subjects variable and item type (think, no-
think, and baseline) and cue type (A cues and B cues) formed
within-subjects variables. A strong and highly reliable
(observed power of .919) interaction of instruction with item
type was found, F(2, 232) = 6.85, p < .001, highly consistent
with the earlier analyses. Also reliable (observed power .943)
was the item type x cue type interaction, F(2, 232) = 7.57,
p <.001, demonstrating across experiments impaired memory
for no-think B items when cued with A items after either
suppress or substitute instructions, and the reverse when recall
of A items were cued with no-think B items after suppress but
not after substitute instructions. Exploring these interactions
further with planned contrasts of think and no-think items
with baseline, we found that the cue type x item type
interaction effect was due to the differential effect of the
forward versus backward cue manipulation on the no-think
items (p < .001; power, .936), and not the think items
(p = .38). Similarly the instruction x item type interaction was
due to the differential effect of the suppress versus substitute
instruction manipulation on the no-think items (p < .05;
power, .71), and not the think items (p = .32). This overall
analysis confirms that despite changing baselines, the pattern
of reliable effects is consistent over analyses.

General discussion

Two important findings emerged in these experiments. The
first is that recalling two associated items can be simulta-
neously attenuated or primed depending on how the
association is accessed (Experiments 1, 2 and 5). The
second is that not thinking about a target item, as compared
with thinking about an alternative, can produce the same
decrements in cued recall (Experiments 1 and 3) or,
sometimes, differences (Experiment 4). These findings are
summarized in Fig. 1, and here we consider each in turn
and their implications for the nature of the underlying
memory representations that mediate them.

Episodic inhibition and the representation of paired associates

According to our account of episodic inhibition (Racsmany
& Conway, 2006) in TNT and procedures like it, partic-
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ipants first form an episodic memory of the study phase that
contains some of the items activated during study, contex-
tual, and possibly other associated information (Conway,
2009; Kahana et al., 2008). During the practice phase, items
represented in the episodic memory of the study phase are
accessed or access is resisted, and this establishes a pattern
of activation/inhibition over the contents of the memory. In
other words, the effects of selectively thinking and not
thinking about different items alters their activation levels
to render them highly accessible or comparatively inacces-
sible. This pattern of accessibility subsequently determines
performance in the cued recall test phase. Items highly
activated (think items) are readily accessible and can be
recalled to a high level. Items activated but not so strongly
can be recalled to a moderate level (baseline items), and
items that are inhibited (no-think items) are difficult to
access and, as a consequence, are recalled to the lowest
levels. Thus, it is the pattern of activation/inhibition over
the contents of the episodic memory of the study phase
resulting from the effects of the practice phase that
determines the various levels of cued recall.

What is clear from Experiment 2/5 is that this account
needs modifying because, when no-think B items are used
as cues at test, they lead to high levels of recall of
associated A items. In fact, they can lead to levels of recall
equivalent to recall of the think items, indicating priming of
no-think B items (Experiment 2/5; see Fig. 1). It would be
paradoxical to propose that an item in memory could be
simultaneously inhibited and primed, and we certainly do
not propose this. Rather, we consider how the nature of the
underlying representations in memory could support such
an apparently contradictory finding. In earlier thinking in
PA learning, the A—B relation has been viewed as
associatively symmetric (see Asch & Ebenholtz, 1962). In
a recent review, Kahana et al. (2008) concluded that
although there is some evidence that the A-B relation
may be associatively asymmetric, the evidence overwhelm-
ingly favors the symmetric view. In further support of this,
a recent study (Carpenter, Pashler, & Vul, 2006)3 found that
under certain practice conditions, cuing with either term, A
or B, enhanced recall of the other. Thus, a model of the
representation of PAs may take the form of A«—B. In this
model, there is a single bidirectional connection between
the representation of the A and B terms in the PA. The
present findings suggest, however, that this model, too,
requires modification.

The finding that no-think B terms can be inhibited when
cued by A terms but facilitate recall of A terms when they
themselves are used as cues indicates that the B term’s

* We thank Henry Roediger III for drawing this work to our attention
and for a number of other important comments and suggestions that
helped develop the present article.
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representation in memory cannot be inhibited. This is a
finding and conclusion that runs counter to other accounts
of inhibition in the TNT task (e.g., Anderson & Green,
2001) that posit inhibition of no-think items. Instead, it
might be proposed that what is inhibited is the bidirectional
link between A and B, A«///—B, while the representations
of the two terms remain at some raised level of activation.
But this, too, fails to account for the effectiveness of no-
think B items in cuing recall of A items (see Fig. 1). The
model that seems to us to account for the findings is one in
which the associations A— B and A« B are both
independently represented in an episodic memory of the
study phase. It may be that the repeated practice in list
learning during the initial study phase facilitates the
development of a memory representation in which inde-
pendent unidirectional links exist among representations of
PAs in a specific and detailed episodic memory created
during the learning trials (see Conway, 2009, for a recent
account of specific episodic memories).*

Assuming that a memory resulting from the study phase
contains A— B and A« B representation of PAs, the effect
of the practice phase might be as follows: The think trials
raise the activation levels of all items and their various
associations, making them more accessible to retrieval
processes and, eventually, leading to high levels of recall.
The no-think trials decrease activation of the A— B
association while increasing activation of the items them-
selves and of their other associations—for example, A« B.
This may occur because in order to decrease activation of,
or inhibit, the relation A— B, both items must be accessed,
as must other associations between them that are not
targeted by no-think strategies for attenuation.’ If this is
the case, recall of B given A will be attenuated, whereas
recall of A given B will be facilitated. Essentially, this
explanation posits inhibition of the unidirectional associa-
tion A— B, while all other representations in association
with the memory of the A-B pairs remain activated above
the activation levels of baseline items (see Grison, Tipper,
& Hewitt, 2005, for a similar explanation of negative
priming). Furthermore, this model of independent associa-

* Indeed, one interesting manipulation suggested by this would be to
have learning trials that alternate between learning B given A and A
given B and explicitly foster memory representations in which the two
terms are associated by independent unidirectional links that together
act as a (virtual) bidirectional link. Selective priming/inhibition
following later processing of the list items in memory might be
optimized by such a procedure.

> Note that this may be conscious on some trials, particularly on the
first few no-think trials, and on later trials become nonconscious.
Interestingly, a pattern like this is seen in the ‘“White Bear’ procedure
(Wegner, 1994), where not thinking about the concept of a white bear
for a 5-min period is marked by strong intrusions in the first 2 to 3 min
but by virtually no intrusions in the last 2 or so minutes of the 5-min
period.



dc_1204 16

Mem Cogn (2012) 40:168-176

175

tions, A— B and A« B, not only explains the effectiveness
of “inhibited” no-think B cues in the recall of A items, but
also preserves associative asymmetry, since any pair of
unidirectional associations can act together as a bidirec-
tional association.

One further feature of the model is that because
inhibition is assumed to be directed at associations between
representations of A and B terms, it is possible for
representations of the terms themselves to remain above
some resting level of activation, as can other associations
between them not targeted for inhibition. For instance, the
PA bread—lamp might be represented with independent
associations, as described earlier, but also with other,
additional (semantic) associations. Consider the case where,
quite spontaneously and as part of processing not controlled
in the study phase, the B term /amp has, in memory, the
associations lamp — light and lamp < light. 1f, at test, the
A cue bread were now substituted with the cue /ight, a so
called independent cue (Anderson & Green, 2001), there
would be no inhibition and, instead, /ight would cue recall
of lamp. This would occur, according to the independent
associations view, because the representation of /ight in the
episodic memory is above a resting level of activation and
so are its other associates (to varying degrees). This line of
reasoning may explain why it has proved so difficult to
produce inhibitory effects with semantically associated
“independent cues” (see, e.g., Bulevich et al., 2000).

Inhibition and interference

The two main competing accounts of the TNT effect posit
that no-think items are hard to recall because they are
inhibited (Anderson & Green, 2001) or because access to
them in memory is blocked by substitutes covertly
generated during the practice phase (Bulevich et al., 2006;

Hertel & Calcaterra, 2005). Experiment 3 in the present
series found, definitively, that explicitly generating sub-
stitutes can produce a TNT effect that is indistinguishable
from that often observed (see Fig. 1). Given that this is the
case, it seems reasonable to ask how the two views could
ever be distinguished.

One way might be to simply ask participants what they are
aware of doing when they encounter a not-to-be-thought-
about item. Levy and Anderson (2008) reported some data on
this, and we routinely ask our own participants. The
predominant reply is that they “just go blank™; importantly,
very few participants ever report thinking about other words.
Indeed, thinking about substitutes in the practice phase is a
difficult task, as participants in Experiments 3 and 4 all
reported. Also relevant here are the findings of Experiment
4, in which a substitution strategy did not produce effects
that paralleled those of Experiments 2. In Experiment 4,
generating substitutes and then being cued to recall A items
to (blocked) B cues did not lead to the striking and reliable
increase in recall observed in Experiments 2 and 5 (see
Table 1). Experiment 4 found that using substitution rather
than no-think, B-cued recall of no-think (substituted) items
did not reach the level of think items; indeed, it was reliably
lower but did not differ from baseline. Perhaps, what is
occurring in the substitution task is an attenuation of B items,
rather than an inhibitory dysfacilitation/weakening of the
representation of the AB associations. In the substitution
task, B items become associated in memory with their
substitute, and during cued recall, the substitute competes for
recall with the B items, causing interference and attenuating
access to A items. Interestingly, however, this interference is
not sufficiently strong to reliably depress B-cued recall of A
items below baseline. On the other hand, the interference
was strong enough to reduce A-cued B substitute items
below baseline (Experiment 3; see Table 1). Why this is so
and why this pattern is so strikingly different from that in

Fig. 1 Baseline corrected recall Instruction: Instruction: Instruction:
performances for think and Suppress Substitute Suppress
no-think items in 5 experiments 0.2
using TNT = 0,15 A
3
1<)
o 0,11
o
T Condition in TNT
@ 0,05 A phase
el
2 )
2 0 W think
o
8 -0,05 A Ono think
Q
£
o 017
(7]
©
@ 0,15 -
-0,2 -
Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5
forward backward forward backward backward

Test type
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Experiments 1 and 2 are unclear. One possibility is that when
B is the cue, accessing B representations in memory is not as
attenuated as when A is the cue. This may be because, when
A is the cue, a more complex discrimination must be made
during retrieval.

Whatever the case, the patterns of cued recall seen in
Experiments 1 and 2/5 are determined by the nature of
activation/inhibition over the contents of an episodic
memory of the study list, as described earlier, whereas the
patterns of cued recall observed in Experiments 3 and 4 are
a product of interference in access caused by representa-
tions of substitute items and their associations in memory
with representations of B items. In other words, the
comparatively poor performance observed in the no-think
conditions can be caused by either inhibition or interference,
with interference somewhat less effective in depressing recall
than is inhibition, at least in the present experiments.
Furthermore, it may be possible to distinguish inhibition and
interference by examining the processing that inhibited versus
blocked items can differentially contribute to—that is, in
acting as cues to associated items (Experiment 4, as compared
with Experiment 2). The positive effects of B items in the
recall of A items are not as strong when other items and
associations are represented with B items.

In conclusion, the present findings suggest that the locus
of inhibition in the TNT task is not the representation of the
items themselves in memory but, rather, the associations
between them and, in particular, the A— B association.
Using a substitute rather than a no-think task can produce
identical effects (Fig. 1), but a substitute task produces
different effects from a no-think task when B items are used
as cues. Taken together, the latter findings suggest that both
inhibition and interference can hurt memory in similar ways
but differ in their wider effects.
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OTKA (Hungarian National Science Foundation) K84019. Martin A.
Conway is supported by a Professorial Fellowship, RES-051-27-0127,
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The testing effect refers to the phenomenon that repeated retrieval
of memories promotes better long-term retention than repeated
study. To investigate the neural correlates of the testing effect, we
used event-related functional magnetic resonance imaging methods
while participants performed a cued recall task. Prior to the neuroi-
maging experiment, participants learned Swahili-German word
pairs, then half of the word pairs were repeatedly studied, whereas
the other half were repeatedly tested. For half of the participants,
the neuroimaging experiment was performed immediately after the
learning phase; a 1-week retention interval was inserted for the
other half of the participants. We found that a large network of areas
identified in a separate 2-back functional localizer scan were active
during the final recall of the word pair associations. Importantly, the
learning strategy (retest or restudy) of the word pairs determined the
manner in which the retention interval affected the activations
within this network. Recall of previously restudied memories was
accompanied by reduced activation within this network at long
retention intervals, but no reduction was observed for previously
retested memories. We suggest that retrieval promotes learning via
stabilizing cue-related activation patterns in a network of areas
usually associated with cognitive and attentional control functions.

Keywords: fMRI, forgetting, long-term leaming, retrieval, testing effect

Introduction

Understanding the neural basis of how we lose access to pre-
viously encoded knowledge is a fundamental question of cog-
nitive science as well as the psychology of learning and
education. Since the seminal work of Ebbinghaus (1885/
1964), the effect of the retention interval on forgetting has
been one of the central topics of memory research. Several
factors have been identified that could potentially explain
aspects of the strong connection between retention interval
and forgetting. Two such factors are the negative effect of ac-
quiring new information after encoding the target event and
the effect of sleep on memory consolidation (Roediger et al.
2010). Although some core processes of forgetting—such as
the failure of memory consolidation and the consequences of
interference resolution from competing irrelevant memories
during retrieval—have already been identified (Uncapher and
Wagner 2009; Wimber et al. 2009; Levy et al. 2010), our knowl-
edge of the neural mechanisms of long-term forgetting is far
from comprehensive. Hence, it is not surprising that some of
the most remarkable experimental results regarding forgetting
are those that demonstrated that even a single factor (an
additional retrieval after memory encoding) can significantly
reduce the negative influence of retention interval on recall

performance (Spitzer 1939; Tulving 1967; Carrier and Pashler
1992; Roediger and Karpicke 2006a).

The finding that additional retrieval practice promotes
better long-term retention and a slower forgetting rate than the
simple restudy of the same information has been termed the
“testing effect,” an effect that is currently attracting consider-
able attention (Roediger and Butler 2011). This phenomenon
contradicts what is typically thought about successful learning
and is also in conflict with general educational practice, in
which testing is only the checkpoint of consecutive study
phases (Roediger and Karpicke 2006b).

Furthermore, recent experiments have demonstrated that
the rate of forgetting is influenced by learning strategy.
Although retesting had no mnemonic advantage over restudy-
ing at short retention intervals, it produced significantly higher
learning performance than an equal amount of restudying
when the retention interval was longer than 1 day (Wheeler
et al. 2003; Karpicke and Roediger 2008; Toppino and Cohen
2009). These results suggest that the efficiency of testing over
restudying has a positive correlation with the length of reten-
tion interval. Although this interaction between learning strat-
egy and retention interval seems to be an important aspect of
human learning, the responsible functional neural networks
have not yet been identified.

As a first step in seeking for the neural correlates of the
testing effect, we investigated areas of the human brain that are
known to be involved in cue-driven episodic retrieval (ER) pro-
cesses. In previous experiments, ER was typically studied with
associative cued recall and recognition tasks (Rugg and
Henson 2002). These experiments demonstrated that success-
ful memory retrievals are associated with activations in a large
cortical network, including the prefrontal (PFC), posterior par-
ietal (PPL), and medial temporal cortices, and hippocampus
(Fletcher and Henson 2001; Rugg 2004; Spaniol et al. 2009;
Kim 2011). Importantly, this retrieval-related network has a
striking overlap with the network activated by working
memory (WM) tasks (Cabeza et al. 2002). This result corre-
sponds to WM theories that assume that WM activation is
crucial for enhancing the efficiency of retrieval cues in guiding
memory search (Bunting 2006; Unsworth and Engle 20006,
2007). Interestingly, 2 recent neuroimaging studies (Kuhl et al.
2007; Eriksson et al. 2011) demonstrated that when compared
with a single retrieval, repeated retrieval practice leads to a
reduced activation of a large portion of these regions, includ-
ing the bilateral ventrolateral PFC, inferior frontal cortices (BA
9/44), the right DLPFC (BA 45/40), the left precuneus (BA 39),
and the bilateral superior parietal lobule (BA 7). These results
were considered to be evidence that repeated testing reduces
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cognitive control demands during future ER by making the
cue-target link easier to process (Kuhl et al. 2007). Further-
more, as Karpicke (2012) pointed out, each time a person re-
trieves a piece of information from memory, the future
accessibility of this information improves because retrieving
enhances the effectiveness of the specific retrieval cue in re-
constructing all associated memories. According the account
of Karpicke and Smith (2012), this effectiveness is driven by a
mechanism that by each retrieval act refines the search set and
renders it smaller. This in turn may reduce the demand on WM
to accomplish successful retrieval (Karpicke and Blunt 2011;
Karpicke 2012). Altogether, these findings indicate the poss-
ible role of a network of areas related to WM in producing the
long-term advantage of testing.

The aim of the current study was to investigate the role of cor-
tical areas related to updating information in WM, attentional
control, and controlled retrieval in the testing effect. We pre-
dicted that retrieval during the test phase promotes long-term
memory advantages via efficient retrieval cue processing. Fur-
thermore, we assumed that following repeated successful retrie-
val attempts, a given retrieval cue can efficiently activate WM and
cognitive control-related networks even after long retention in-
tervals. This would be beneficial for all future associative search
processes, leading to the positive effect of retrieval (i.e., the
testing effect). In contrast, without an initial retrieval attempt
during learning, processing of retrieval cues may load heavily on
control processes during tests following short retention intervals,
and might not be effective following longer retention intervals.
Thus, we compared the neural correlates of the associative recall
of memories learned with 2 different learning strategies (retest-
ing vs. restudying) after either a short or a long retention interval.

Materials and Methods

Participants

Twenty-nine healthy participants (2 left handed, 20 females, mean +
SD age: 22.93 + 2.26 years) were recruited at the University of Regens-
burg. All participants were native German speakers and gave informed
written consent to participate in the study, which was approved by the
ethics committee of the University of Regensburg. None of the partici-
pants had any history of neurological diseases, and all had normal or
corrected-to-normal visual acuity. We excluded 3 participants from the
final analysis: for 1 person, fMRI data acquisition failed, and the other
2 participants did not follow instructions.

Stimuli and Design

The stimuli were 60 Swahili-German word pairs translated from the
Swahili-English normalized data published by Nelson and Dunlosky
(1994). We used word pairs with moderate recall probabilities accord-
ing to the Nelson and Dunlosky (1994) normalized data. Thirty word
pairs were randomly assigned to both the retest and the restudy con-
ditions (see below).

Procedure

The full experiment was run in 2 parts. In the first part, participants
completed an initial learning phase (learning Swahili-German word
pairs). In the second part, participants were scanned in 3 sessions:
First, they completed a final test for the material studied during the
initial learning phase; second, they were asked to lay still and relax
while a structural scan was performed; and third, they performed an
n-back task. After these scanning sessions, the second part of the
experiment ended with an off-scan test for all the material studied
during the initial learning phase.

2 Neural Correlates of the Testing Effect . Keresztes et al.

In the initial learning phase, participants learned the Swabhili-
German word pairs alone in a quiet room, seated in front of a computer
screen (80 Hz, 1280 x 1024 resolution, viewing distance: 65 cm). First,
participants were presented with all 60 Swahili-German word pairs
subsequently. Each pair was presented randomly for 5000 ms in the
center of the screen with the Swahili word on the left and its German
meaning on the right. Participants were instructed to memorize all of
the pairs for the later test phase. They were also told that they would
see the Swahili word during later testing and be asked to recall its
German meaning. Next, participants learned the 60 word pairs
through 6 learning cycles; each cycle included 1 retest, 1 restudy, and 1
feedback block. Unknown to the participants, half of the word pairs
were assigned to the retest strategy condition and half to the restudy
strategy condition. The retest-restudy words varied randomly across par-
ticipants. In the retest blocks, all 30 word pairs assigned to the retest
condition were tested once, in random order. During a trial, the Swahili
member of the word pair appeared on the left side of the screen, and
participants were instructed to recall and type in the German meaning in
a box that appeared on the right side of the screen. Participants had
8000 ms to accomplish the task. In the restudy blocks, all 30 word pairs
assigned to the restudy condition were presented randomly, each for
5000 ms, with the Swahili word on the left and its German meaning on
the right. In each feedback block, all 60 word pairs were presented
again, each for 1500 ms. These feedback blocks served to enhance the
effect of testing (Roediger and Butler 2011). In each learning cycle, the
order of the retest and restudy blocks was random, and each cycle
ended with a feedback block.

Next, half of the participants (z2=15) were assigned to the short re-
tention interval group, while the other half (7 = 14) to the long retention
interval group. As noted above, 3 participants’ data were excluded from
the analyses, leaving #=13 in both groups. In the short retention
interval group, the second part of the experiment (final test of the
Swahili-German words in the fMRI scanner) was performed right after
the learning phase (on average, there was a 20-min interval between the
end of the learning phase and the beginning of the scanning). In the
long retention interval group, this final test and the scanning were
performed exactly 1 week after the learning phase. In order to avoid
self-testing during the retention interval, all participants were told that
the fMRI part of the experiment would examine social cognition and
that it would be unrelated to the “memory experiment” they had just per-
formed. In both cases, participants were informed about the security
issues of the scanning procedure prior to the final test. In the scanner,
stimuli were back-projected via an LCD video projector (JVC, DLA-G20,
Yokohama, Japan, 72 Hz, 800 x 600 resolution) onto a translucent circu-
lar screen (diameter = 30 °), placed inside the scanner bore 63 cm from
the observer. Stimulus presentation was controlled via Presentation
(Version 14.1 Build 09.21.09).

The final test phase consisted of cued recall trials (which were similar
to the trials of the retest block during the learning phase) intermixed
with fixation trials. Each of the 60 word pairs was tested once. In each
trial, the Swahili word appeared in the middle of the screen, and partici-
pants were instructed to silently recall its German meaning. Participants
were told to press a response button if they knew the answer, but to
refrain from saying the word out loud. Each trial lasted 10 s, irrespective
of whether the participant responded. Each cued recall trial was pre-
ceded by fixation trials (1000, 3000, or 5000 ms) that were used to jitter
the cue onset during the test phase. The 3 types of fixation trials ap-
peared equally often and were randomized in order. Participants were
told to press the response button as quickly as possible because we were
interested in observing how fast they could remember the word. To
measure their correct recollection rate, we specifically instructed them
that they should press the response button only if they would be able to
report the German word at a follow-up test immediately after scanning
in the laboratory. Participants had a 30-s rest period after the 30th cued
recall trial. During the follow-up test right after the scanning sessions,
participants were asked to recall the remembered words. In all further
analyses, we considered a word pair to be remembered only if the par-
ticipant signaled during scanning that (s)he remembered it and if (s)he
could report the answer correctly in the follow-up test. Incorrect trials
(i.e., trials in which the participant had responded that they had known
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the response, but could not report the correct target at the follow-up
test) were dismissed from further analyses.

Sc ing Payr ters and Data Acquisition

Imaging was performed using a 3-Tesla MR head scanner (Siemens
Allegra, Erlangen, Germany). For the functional series, we continuously
acquired images (34 slices, 20 ° tilted relative to axial; T5>*-weighted EPI
sequence, TR = 2000 ms, TE =30 ms; flip angle =90 °; 64 x 64 matrices;
in-plane resolution: 3 x 3 mm; slice thickness: 3 mm, 10% gap). High-
resolution sagittal 7)-weighted images were acquired using a
magnetization-prepared rapid gradient-echo sequence (MP-RAGE;
TR =2250 ms; TE=2.6 ms; 1 mm isotropic voxel size) to obtain a 3D
structural scan. Details of preprocessing and statistical analysis are given
elsewhere (Kovacs et al. 2008, 2012; Cziraki et al. 2010). Briefly, the
functional images were corrected for acquisition delay, realigned,
normalized to the Montreal Neurological Institute (MND-152 space,
resampled to 2x2x2 mm resolution and spatially smoothed with a
Gaussian kernel of 8-mm full-width half-maximum (SPM8, Welcome
Department of Imaging Neuroscience, London, UK).

Region of interest (ROI) analysis was based on the results of separ-
ate functional localizer runs which were 5 runs of the following 2 x 30
s blocks: a 30-s epoch of letters (700-ms exposition time + 300-ms
blank for each letter) preceded by an instruction to “respond if the
current letter is the same as the 1 presented 2 letters previously
(2-back)”, followed by a 4-s blank period and another 30-s period of
letters (700-ms exposition time +300-ms blank for each letter) pre-
ceded by the instruction screen “respond if the current letter is a ‘D’
(detect a D)”. This functional localizer was similar to the one used
for localizing the cortical network activated by a 2-back task in
Drobyshevsky et al. (2006). The data were analyzed using the
MARSBAR 0.42 toolbox for SPM (Brett et al. 2002).

The locations of ROI areas were determined individually as areas re-
sponding more strongly during the 2-back task than during the detec-
tion task in the functional localizer scans (Pypcorrected < 10_6; T=4.86,
df=273) (Figure 1). The coordinates of the areas are presented in
Table 1. The ROIs were selected individually on the single subject level

from the thresholded T-maps. Areas lying closest to the corresponding
reference cluster (based on the results of the previous literature and
the results of the random-effects analysis for differential contrasts;
Poncorected < 10735 T=3.12, df = 241) were considered as their appropri-
ate equivalents at the single subject level. A time series of the mean
voxel values within an 8-mm radius sphere around the local maximum
of the areas of interest was calculated and extracted from our
event-related sessions using finite impulse response models (Ollinger
et al. 2001). The convolution of a reference hemodynamic response
function (HRF) with boxcars (which represented the onsets and

Table 1
Average MNI coordinates of regions of interest identified during the localizer run (2-back task)

Mean cluster center

X y z
DLPFC, left (~BA9/45) —47 (1) 28 (2) 32(1)
DLPFC, right (~BA9/45) 42 (2) 37(2) 32(2)
Anterior prefrontal, left (~BA10) -36 (1) 55 (1) 14 (2)
Anterior prefrontal, right (~BA10) 37(1) 56 (1) 14 (2)
Posterior/dorsal prefrontal, left (~BAB) -28(1) 3(1) 58 (1)
Posterior/dorsal prefrontal, right (~BA6) 34 (1) 5(1) 60 (1)
Anterior cingulate, left (~BA32) =11(1) 28 (2) 31 (1)
Anterior cingulate, right (~BA9/32) 8 (1) 34 (1) 31 (1)
Middle orbitofrontal, right (~BA11) 30 (1) 54 (2) =11 (1)
Inferior parietal, left (~BA7) -35(1) —54 (2) 48 (2)
Inferior parietal, right (~BA40) 43 (1) —46 (1) 49 (1)
Superior parietal, left (~BA7) =20 (1) =71 (1) 55 (1)
Superior parietal, right (~BA7) 28 (1) —66 (1) 57 (1)
Insula, left —-36 (1) 23 (1) 3(1)
Insula, right 36 (1) 23 (1) =1(1)
Midbrain 2(1) —24 (1) -11(1)
Thalamus, left -9(1) -13(1) 1(1)
Thalamus, right 12 (1) =11(1) 10 (1)
Fusiform gyrus, left —42 (1) -59 (3) =17 (1)
Fusiform gyrus, right 39(2) —60 (3) —17 (1)

Note: Standard errors are shown in brackets.

Figure 1. Activation maps for the functional localizer task (2-back vs. detection). Regions consistently activated across subjects are color-coded according to Prpg < 0.001. The
z-coordinate in Talairach space is indicated above each section. For anatomical details of the activations, see Table 1.

Cerebral Cortex 3
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durations of the experimental conditions) was used to define the re-
gressors for a general linear model.

Data Analysis

We performed a 2-way mixed design ANOVA on final recall accuracy
and final recall RTs with strategy (2, retest, restudy) as the within-subject
factor and retention interval (2, short, long) as the between-
subject factor. As for the BOLD signal, trials were analyzed and separ-
ately modeled at the onset of the stimuli (duration=10 s). The peak of
the event-related averages at 6-8-s poststimulus onset was used as an
estimate of the response magnitude and averaged across repetitions for
each condition and participant separately. We performed 3-way mixed
design ANOVAs on the peaks with strategy (2, retests, restudy) and
success (2, remembered, forgotten) as the within-subject factors and
retention interval (2, short, long) as the between-subject factor.

Results

Bebavior Results

Participants learned on average 75% of Swahili-German
associations until the end of the initial learning phase. Recall
success (in percentages) for retest items increased from cycle 1
to cycle 6, (M=0.15, SE=0.02 in cycle 1, M=0.29, SE=0.03 in
cycle 2, M=0.42, SE=0.04 in cycle 3, M=0.57, SE=0.04 in
cycle 4, M=0.67, SE=0.04 in cycle 5, and M=0.75, SE=0.04
in cycle 6). Performance in the short versus long retention in-
terval groups did not differ in any of the learning cycles (all
Ps>0.33).

The upper panel of Figure 2 presents the performances of
the participants at the final test, expressed as the proportion of
correctly recalled words for the retest and restudy strategy con-
ditions and for the short and long retention interval groups,
separately. As expected, retention interval had a significant
main effect on the final recall accuracy (F;,4=14.20,
P<0.001): participants’ overall recall accuracies were lower
after a 1-week retention interval (M = 44.74%, SE = 4.56%) than
after a 20-min retention interval (M=69.1%, SE=4.56%).
Although strategy had no main effect on recall accuracy, we ob-
served a significant interaction between strategy and retention
interval (F; 24=5.80, P=0.024). Post hoc tests demonstrated
that this result arose because the recall accuracies of the retest
condition were significantly higher (M =50.26%, SE=06.93%)
than those of the restudy condition (M =39.23%, SE =3.25%)
in the long retention interval condition (¢(;2)=2.33, P=0.038).
However, there were no differences in the short retention inter-
val condition, (#42,=0.92, ns, M=67.44%, SE=4.55% and
M=70.77%, SE=4.66% for retest and restudy, respectively).
This result confirms previous findings in which repeated retrie-
val lead to better long-term retention than additional study,
even though the 2 conditions produce similar performances
on short intervals (Roediger and Karpicke 2006b).

Analysis of RTs (Fig. 2, lower panel) revealed a significant
main effect of strategy (F; »4=8.93, P= 0.006), that was due to
shorter recall RTs overall in the retest condition (M =2411 ms,
SE = 148 ms) compared with the restudy condition (M =2859
ms, SE=149 ms). Retention interval also had a main effect
with shorter RTs in the short retention interval group
(M=2249 ms, SE=182 ms) than the long retention interval
group (M=3021 ms, SE=182 ms). In contrast to the ANOVA
on final recall accuracy, the ANOVA on RTs did not reveal any
significant interaction between strategy and retention interval.

4 Neural Correlates of the Testing Effect - Keresztes et al.
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Figure 2. Accuracy (upper panel) and RTs (lower panel) of recall during the final test
phase performed in the scanner as a function of retention interval and learning
strategy. Error bars represent standard error of the mean.

JMRI Results

Interaction of Learning Strategy and Retention Interval

The main aim of the current study was to determine whether
there are cortical areas which show activation patterns that
reflect the interaction of learning strategy and retention interval
of the task, similarly to previous behavioral results (Roediger
and Karpicke 2006a; Karpicke and Roediger 2008). To this
end, we performed a 3-way mixed design ANOVA on the ex-
tracted BOLD signals. We reasoned that if an area is related to
the superior performance observed after repeated retrieval and
long retention periods, then the activity of that area should
show a significant interaction of learning strategy and retention
interval. Table 2 presents main effects and interactions for each
area separately. A number of ROIs demonstrated this type of
interaction. Figure 3 presents the average (+SE) BOLD signal
as a function of time for 4 representative areas as well as the ex-
tracted peak activations for all areas with significant inter-
actions. As can be observed in the HRFs, the basis of the
interaction between learning strategy and retention interval
was that activations in the restudy condition were higher when
compared with those in the retest condition after short reten-
tion interval, but the opposite effect was observed after long
retention interval: retest activations exceeded those of the
restudy condition. Post hoc #-tests (see Supplementary Table 1)
showed that from short to long retention interval, activation
did not decrease significantly for retested items in any of the
ROIs (all Ps>0.33), and only 1 region, the right thalamus
showed a significant increase (P < 0.026, all other Ps>0.18). In
contrast, for restudied items, all areas showed a nominal de-
crease of activation that was significant in several areas, includ-
ing the left insula, the anterior cingulate bilaterally, the left
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Table 2

Significant main effects and interactions affecting percent signal change in regions of interest

Effect Area F df P

Main effect of success Inferior parietal, right (~BA40) 16.82 1.22 0.0001
Thalamus, right 34.41 1.10 0.0001
DLPFC, right (~BA9/45) 10.53 1.22 0.004
Posterior/dorsal prefrontal, right (~BAB) 9.52 122 0.005
Inferior parietal, left (~BA7) 8.05 1.23 0.009
Anterior cingulate, left (~BA32) 8.57 1.20 0.008
Thalamus, left 10.21 1.10 0.01
Midbrain 7.95 1.9 0.02
Anterior prefrontal, right (~BA10) 5.55 1.21 0.028
Fusiform, left 55 1.16 0.032
Insula, left 469 1.24 0.041
Superior parietal, left (~BA7) 3.97 1.24 0.058
Superior parietal, right (~BA7) 4.23 1.23 0.051

Main effect of retention interval Middle orbitofrontal, right (~BA11) 6.3 1.22 0.02

Interaction: success x strategy DLPFC, right (~BA9/45) 5.24 1.22 0.032
Anterior prefrontal, right (~BA10) 5.28 1.21 0.032

Interaction: strategy X retention interval Insula, left (~BA7) 19.86 124 0.0001
Fusiform, left 13.65 1.16 0.002
DLPFC, right (~BA9/45) 9.39 1.22 0.006
Anterior cingulate, right (~BA9/32) 7.34 1.19 0.014
Thalamus, right 7.63 1.10 0.02
Insula, right 6.05 1.22 0.022
Inferior parietal, left (~BA7) 5.62 1.23 0.026
Superior parietal, right (~BA7) 5.14 1.23 0.033
DLPFC, left (~BA9/45) 485 1.23 0.038
Inferior parietal, right (~BA40) 432 122 0.05
Middle orbitofrontal, right (~BA11) 421 122 0.052
Posterior/dorsal prefrontal, right (~BAB) 412 1.22 0.055

Interaction: success X strategy X retention interval Insula, left 9.14 1.24 0.006
Anterior cingulate, left (~BA32) 9.08 1.20 0.007
Thalamus, right 9.84 1.10 0.011
Fusiform, left 177 1.16 0.013
Fusiform, right 7.29 112 0.019
Inferior parietal, right (~BA40) 5.35 1.22 0.03
Anterior prefrontal, right (~BA10) 473 1.21 0.041
Anterior prefrontal, left (~BA10) 4.27 1.23 0.05

Note: A 2 x 2 x 2 ANOVA was performed on percent signal changes in regions of interest (see Table 1). Retrieval success (remembered vs. forgotten) and leaming strategy (retest vs. restudy) were varied

within participants, retention interval (20 min vs. 1 week) was varied between participants.

anterior PFC, the right middle orbitofrontal, and the right
superior parietal cortex.

This finding suggests that, when compared with repeated
study, repeated retrieval leads to higher activations in a
network of areas activated during a WM task after long reten-
tion intervals, which, in turn, leads to superior memory per-
formance. Thus, the activity of these areas could serve as the
functional basis of the behaviorally observed testing effect.

Interaction of Learning Strategy, Retention Interval,

and Retrieval Success

Interestingly, a subset of the areas (anterior PFC (BA10) bilat-
erally, the left insula, the left ACC, the right inferior parietal
area (BA40), the right thalamus, and fusiform gyrus, bilater-
ally), the activities of which were modulated by strategy and re-
tention interval also showed modulation according to the
success of retrieval. This modulation was manifested in the sig-
nificant 3-way interaction between strategy, retention interval,
and success. Figure 44 shows examples of the HRF for 2 such
areas, the left insula (upper panel) and the left ACC (lower
panel), while Figure 4B shows the extracted peak activations
for all other areas with significant 3-way interactions. At short
retention intervals, previously restudied items elicit larger acti-
vations than previously retested items in these areas, irrespec-
tive of final recall success. At long retention intervals, however,
the result is different: previously restudied items elicit smaller
activations than previously retested items, although this

appears to be driven by the nearly complete absence of BOLD
signal change for the previously restudied and forgotten items.

Areas Related to Retrieval Success

The main effect of retrieval success was significant in right
frontal areas (right DLPFC, right posterior/dorsal PFC and the
right anterior PFC), left ACC, left insula, inferior parietal ROIs
bilaterally, thalamus bilaterally, a midbrain area, and the left fu-
siform gyrus. In addition, we found a tendency for a main
effect of success in superior parietal ROIs bilaterally (P=0.06
and P=0.05 for the left and right hemispheres, respectively).
Because retrieval success interacted with either strategy or
strategy and retention interval in several areas, we ran post hoc
paired samples t-tests (see Supplementary Table 2.) separately
for the retest and restudy items in both the short and long re-
tention interval conditions. This analysis revealed that only a
few areas showed an effect of success at short retention inter-
val: the left fusiform gyrus for retested items only, the right
thalamus for both type of items, and the midbrain for restudied
items only. At long retention intervals, however, the effect of
success was significant in all but 2 of the above ROISs for restu-
died items (no significant effect was found in the left fusiform
gyrus, and the midbrain ROI). In contrast, for retested items,
only the right thalamus showed a significant effect. Briefly,
most ROIs were activated differently during successful versus
unsuccessful retrieval attempts of the restudied items and
mainly at long retention intervals. This effect contributed to
the main effect of retrieval success.

Cerebral Cortex 5
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Figure 3. Activations during final recall in regions of interest where significant 2-way interactions between leaming strategy (retest vs. restudy) X retention interval (short vs. long)
were observed. (4) HRF functions (left column) and peak percent signal changes (right column) are shown for 4 representative areas. (B) Peak percent signal changes in 8 additional
areas showing interaction of strategy and retention interval (see Table 2). Retested and restudied word pairs are shown separately for the short retention interval and long retention

interval groups. Error bars represent standard error of the mean.

To test whether any additional areas showed differential
activation for the retest and restudy strategies, we performed a
whole-brain analysis as well. This analysis revealed no signifi-
cant activations at the Pgywg<0.05 level at an extended
threshold of 50 voxels in the short or long retention interval
groups, neither for the retest > restudy nor for the restudy >
retest contrasts. Similarly, we observed no significant acti-
vations for the interaction of retention interval and strategy. To
further explore our data, we ran the same analyses at the more
liberal P ,corrected < 0.0001 level (with an extended threshold
of 50 voxels) as well. At the short retention interval, again, no
significant activations were found for either the retest > restudy

6 Neural Correlates of the Testing Effect - Keresztes et al.

or the restudy>retest contrasts. In contrast, as shown in
Figure 54, at the long retention interval, the retest versus
restudy contrast revealed significant activations in a medial
frontal/anterior cingulate area (8, 38, 10) and in an area in the
occipital lobe at around the early visual cortex (2, =92, 2). Im-
portantly, the interaction of retention interval and strategy, as
shown in Figure 5B revealed 2 clusters of activations bilaterally
over the inferior frontal gyrus (30, 28, —2; k=061; Z=4.89 and
—32, 26, —2; k=124; Z=4.23), corresponding to the bilateral
insular cortices in our ROI analyses. The restudy versus retest
contrast did not reveal any significant activation at the long re-
tention interval either.
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Figure 4. Activations during final recall in regions of interest where significant 3-way interactions (learning strategy x retention interval X final recall success) were observed. (A)
HRF functions for the left insula (upper panel) and left ACC (lower panel). (B) Peak percent signal changes in 6 additional areas showing the 3-way interaction. Data are shown
separately for the short retention interval and long retention interval groups. Error bars represent standard error of the mean.

As the comparison of data presented in Table 2 and in
Figure 5 indicates, both the voxelwise and the ROI-based ap-
proach provide evidence showing that activations in the
insular and the cingulate cortices are modulated by the inter-
action of strategy and retention interval. In addition, the results
of the whole-brain analysis revealed only one additional area,
the early visual cortex, which has been previously suggested to
play a role in both WM and episodic memory retrieval-related
tasks (Cabeza et al. 2003; Kim 2011).

Finally, to check the specificity of the results to the pre-
viously described areas we applied the same ROI analyses
as above to additional areas, using ROIs defined by the
complementary contrast of the functional localizer scan

(detection > 2-back). This contrast, showing areas that are
more active during the cognitively less loaded task, acti-
vated a network of areas, very similar to the recently de-
scribed default network (Shulman et al. 1997; Gusnard and
Raichle 2001; Mazoyer et al. 2001; Buckner et al. 2008)
and included the medial posterior cingulate (BA 30/31, x:
-3, y: =51, z: 28), the orbito-frontal (BA 10/11; —1, 55,
—9) and the superior frontal gyrus (BA,9/10; —5, 62, 14).
The ROI analyses of these 3 areas, did not show any sig-
nificant main effect of strategy or delay, nor any inter-
actions (all Ps>0.15), supporting further the specificity of
our results to areas related to cognitive and attentional
control functions.

Cerebral Cortex 7
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Figure 5. Results of the whole-brain analyses for the 2 contrasts with significant activations. Both panels show contrast images with activations (in white) significant at a threshold
of P < 0.0001 (uncorrected) and an extended threshold of 50 voxels. (A) The effect of strategy at long retention interval (retest vs. restudy contrast) revealed significant activations
in the medial frontal/anterior cingulate cortex and in an area in the occipital lobe at around the early visual cortex. (B) The interaction of strategy and retention interval ([(retest vs.
restudy) long] vs. [(retest vs. restudy) short] contrast) revealed significant activations in the insula, bilaterally.

Discussion

The major findings of our study are the following. 1) Parietal
and frontal areas, as well as the thalamus, the left fusiform
gyrus, and a midbrain area were activated when participants
had to recall previously learned memory items. The same areas
were also activated during active updating and manipulating of
information in WM during a 2-back task. 2) In most ROIs ident-
ified by the functional localizer 2-back task, the learning strat-
egy of participants determined how the retention interval
affected activations during the final test: repeated study and re-
peated retrieval of the learning material led to different BOLD
signals during final recall after short and long retention inter-
vals. In addition, the effect of learning strategy was different
for participants who had to retain the memories for a few
minutes versus for a week. 3) For several ROIs identified by
the functional localizer 2-back task, the interaction of learning
strategy and retention interval was also influenced by retrieval
success. Our results show, for the first time, that the long-term
behavioral advantage of repeated retrieval over repeated study
is due to the differential activation of a large network involving
parietal, frontal, and insular cortical areas, as well as the thala-
mus and the fusiform gyrus.

Memory Retrieval Activates a Network of Areas Activated
During Updating and Manipulating Information in
Working Memory

The anterior and dorsolateral part of the PFC, the superior and
inferior parietal cortex, the anterior cingulum, the thalami
bilaterally, an area in the midbrain, the left fusiform gyrus, and
the left insula were activated both during the 2-back localizer
task and episodic recall of words. This result supports earlier
findings of Cabeza et al. (2002) and Ranganath et al. (2003)
who showed that these regions, together with the cerebellum,
were activated in both ER and WM tasks. The WM task used in
our study involves online monitoring, updating, and manipu-
lation of remembered information (Owen et al. 2005), and is
therefore assumed to place great demands on a number of key
processes within WM. Our findings suggest that participants
may have leaned on these cortical areas to effectively process
retrieval cues during associative recall. Indeed, theories of ER
suggest that WM is necessary for several steps of the recall

8 Neural Correlates of the Testing Effect . Keresztes et al.

process, such as the initiation of a search process for a specific
target memory or the monitoring of the accessed responses
(Fletcher et al. 1998; Henson et al. 1999; Cabeza et al. 2002;
Ranganath et al. 2003). Determining whether the currently
found activations of areas identified by a 2-back task during
the cued recall task are due to any of these steps was beyond
the scope of the current study (designed to evaluate the poss-
ible effects of repeated retrieval vs. that of repeated study) and
requires further neuroimaging studies.

Neural Correlates of Testing Effect: Learning Strategy
Affects Long-Term Stability of Activations During Recall
in a Network of Areas Activated During Updating and
Manipulating Information in Working Memory

Second and more importantly, our behavioral results confirm
the existence of testing effect in an fMRI scanner; a long reten-
tion interval produced a lower memory performance for pre-
viously restudied items compared with the performance on
previously retested items. In addition, the analysis of RTs
during final recall revealed that repeated retrieval of memories
generally increased the effectiveness of retrieval cues; partici-
pants could recall the items faster in the retest condition than
items in the restudy condition, irrespective of the length of the
retention interval.

Furthermore, the imaging data obtained during final cued
recall suggests that repeated retrieval of memories might con-
tribute to the long-term stability of memory traces via the acti-
vation of retrieval-related areas whereas repeated study does
not modulate these activations. In other words, during ER the
activation of a network activated by a WM task is largely influ-
enced by the learning strategy of the participants, which is a
possible neural correlate of the testing effect. At short retention
intervals, there is a significant activation of this network, irre-
spective of the learning strategy. At long retention intervals,
this activation is more pronounced for memories that have
been encoded through repeated retrieval compared with mem-
ories encoded through repeated study.

The Effect of Learning Strategy Depends on Retrieval
Success

Our results indicate that at short retention intervals, retrieval
cues activate areas in a network also activated by a WM task,

€102 ‘gz aunr uo 1sanb Aq /610°s[euinolp.io)xo102Je0//:dny wodj papeoumoq



dc_1204 16

irrespective of retrieval strategy, and more importantly, irre-
spective of retrieval success. In other words, the BOLD acti-
vations, associated with successfully recalled and forgotten
words, were similar for both retested and restudied items.
Similarly, after a week-long retention interval, these areas were
activated for the previously retested memories, irrespective of
recall success. However, for the previously restudied items,
activation at final recall after a week-long retention interval de-
pended largely on recall success, with virtually no BOLD
signal change during retrieval attempts of restudied but forgot-
ten items. This result suggests that at short retention intervals,
cues related to the restudied memories activate areas of this
network (and to a larger extent than cues related to retested
memories). At long retention intervals, however, lower acti-
vation of the same areas suggests that the cue processing is not
initiated in many trials, which might lead to lower recall accu-
racy for previously restudied items compared with previously
retested items, that is, the emergence of the testing effect.

Our results show that when a target memory of a cue-target
association has been repeatedly retrieved during learning, cue
processing will activate an overlapping network related to ER
and WM tasks, even after a long retention interval. In contrast,
for target memories that have been repeatedly studied, the
cues might only activate these overlapping networks when the
retention interval is short. Our neuroimaging results suggest
that some of the restudied memories cannot be recalled after a
week-long retention interval, most likely because of the fail-
ures of retrieval-related cue processing.

In interpreting our findings, 2 relevant neuroimaging
studies should be mentioned. Eriksson et al. (2011), investi-
gating the effect of repeated successful retrieval on changes in
brain activity, found that the more times an item had been suc-
cessfully retrieved during a prescan learning phase the higher
the activity level in the ACC and the lower the activity level in
the superior parietal and midventrolateral cortex was during
a final retrieval phase. According to Eriksson et al.s’ (2011)
interpretation, decreased activation in the fronto-parietal
network reflected reduced demands on cognitive control
mechanisms necessary for successful retrieval. In a more
recent study, Wiklund-Hornquist et al. (2012) showed that re-
peated and successful retrieval during scanning was paralleled
by decreases in the activity level of brain areas in orbitofrontal,
insular as well as medial frontal regions, and the ACC (BA 47,
45, 6, 32, respectively). These results are in line with our
present finding showing that, in the short retention interval
condition, activity level of fronto-parietal networks was lower
following repeated retrieval than following repeated study
cycles.

Presently, there is no widely accepted theoretical account of
the testing effect. We discuss 2 possible theories that have
been raised in recent discussions. According to the elaborative
encoding hypothesis (Carpenter 2009, 2011), attempts to re-
construct target memories during repeated retrieval produce
extra information related to the cues which might mediate re-
trieval during later tests (Pyc and Rawson 2010). At long reten-
tion intervals, when target memories become harder to be
reconstructed from single cues, it is the use of extra cues that
would produce the long-term advantage of repeated retrieval
over repeated study. In contrast, the search set constraining
theoretical framework (Karpicke and Zaromb 2010; Karpicke
2012; Karpicke and Smith 2012) suggests that retrieval

prompts a process, probably through effective temporal
context reinstatement, which narrows the cue-related search
set, and even a single retrieval can decrease the number of
potentially retrievable items in response to a specific retrieval
cue (Karpicke and Zaromb 2010; Karpicke and Blunt 2011;
Karpicke 2012). In this account, retrieval is a discrimination
process, where the effectiveness of a given cue will be deter-
mined by its ability to specify a given memory fragment in the
context of many similar and interfering memory features.

The aim of the present study was not to contrast experimen-
tally these 2 theoretical frameworks. However, the observed
interaction between learning strategy and retention interval
(with activations in areas activated during a WM task being
higher in the restudy than in the retest condition after short re-
tention interval, and lower after long retention interval) in our
study, and results of earlier studies showing that each retrieval
act leads to a decrease in fronto-parietal activations that is cor-
related with memory efficiency (Kuhl et al. 2007; Eriksson
et al. 2011; Wiklund-Hornquist et al. 2012) provide indirect
support to the search set constraining framework.

In addition, the fact that retested memories were recalled
with shorter RTs than restudied memories during final recall at
both short and long retention intervals, also suggests that
repeatedly retrieving memories increased the effectiveness of
retrieval cues. One possible interpretation of the fMRI results,
together with the pattern of RT findings is the following. At
short retention intervals, repeated retrieval of associative mem-
ories leads to reduced demands on WM compared with restu-
dying the same memories. This may be due to the fact that the
search set and potentially activated features are significantly
constrained during repeated testing cycles. According to this
idea, a network of areas also related to WM, and cognitive and
attentional control in general (Yarkoni et al. 2011), is respon-
sible for calibrating the processing of cues to search long-term
memories and delimit the search set to the target items. This
result suggests that at short retention intervals, cues related to
the restudied memories activate areas of this network (and to a
larger extent than cues related to retested memories), as a
direct consequence of the extended search set and larger
amount of activated semantic elements following repeated
study. At long retention intervals, however, lower activation of
the same areas suggests that the cue processing is not initiated
in many trials, which might lead to lower recall accuracy for
previously restudied items compared with previously retested
items, that is, the emergence of the testing effect. In sum, we
suggest that the average RT advantage of the retest condition is
the consequence of a smaller search set at short retention inter-
vals, while it is due to the effective and more successful target
reconstruction following long retention interval. This interpret-
ation is supported by the fact that the RT advantage was
accompanied by higher recall performance only following
long retention interval.

In sum, these findings suggest that the retention interval of
the first retrieval of a target memory, after learning, will deter-
mine the activation of overlapping areas in networks activated
in ER and WM tasks. The first retrieval attempt of a cue-target
association may trigger cue processing only when the retention
interval between initial learning and retrieval is short. In con-
trast, when the retention interval is long, participants cannot
effectively process the cue and a large percentage of retrieval
attempts fail. Thus, the testing effect may be a consequence of
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processes that, through each additional retrieval act, conserve
the effectiveness of the retrieval cue to access a specific
memory. Based on our findings, we suggest that this strength-
ening arises from an effective and stable response for specific
episodic cues in a network of brain areas related to cognitive
control functions.

Supplementary Material

Supplementary material can be found at: http:/www.cercor.oxford-
journals.org/.
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VIIl. General Discussion

Hereinafter | shortly summarize the main findings and conclusions of the presented

studies. The summary chapter of the dissertation organized around 10 thesis points.
VIII.1. Thesis (T) 1. The concept of episodic inhibition

The central idea of the presented experimental works is the concept of ‘episodic
inhibition’. Originally this theoretical account proposed that representation of episodic
memories preserves a pattern of activation/inhibition encoded from the original experience
or generated in it by subsequent retrieval acts (Racsmany and Conway, 2006). Thus, an item
inhibited in episodic memory may nonetheless be activated in a conceptual knowledge
structure. This proposal was supported by the findings of six experiments (Racsmany and
Conway, 2006). Experiment 1 and 2 applied the list method of directed forgetting paradigm
with some modifications. In both experiments all studied list items were involved in a lexical
decision tasks as stimuli. An interesting aspect of this experimental design is its capability to
separate suppression effects of directed forgetting instruction in episodic retrieval
performance from other form of memory access, such as lexical and semantic access in lexical
decision task. In line with episodic inhibition account, directed forgetting instruction produced
suppression effect in episodic list-cued retrieval performance, whereas this effect was absent
in lexical decision performance. Similarly, in Experiment 3-5 using the retrieval practice
paradigm by Anderson and colleagues (1994) it was found that retrieval practice induced
suppression on target-related items when access of these items were initiated by the studied
(episodic) cues, and not when access of these items was guided by non-episodic, e.g. semantic
cues. In Experiment 6 it was found that episodic retrieval was a central prerequisite for any
suppression effect in the retrieval practice paradigm. If selective practice phase of the
paradigm was replaced with a category generation task related to the same cues, no
suppression effect of related items emerged. According to the episodic inhibition account, the
diminished suppression in this procedure is due to the specificity of the design that
participants could recall of generated items without accessing the episodic representation of
the study phase. Altogether, these experiments underlie the concept of episodic inhibition
which proposes that retrieval related suppression effects are guided by access of episodic

representations. Participants may encode informational content of a given event in different
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representation forms, and as such, the same nominal item of a study event can show
suppression when it is accessed by an episodic retrieval cue and activation when it is accessed

by lexical or semantic cues.
VIII.2. T2. Differences between intentional and retrieval-induced forgetting

Beside the use of episodic cues, another important aspect of episodic retrieval is that
it is accompanied by the experience of recollection (Tulving, 1985; Conway, 2005), whereas
the access of conceptual system is accompanied by other state of memory awareness, such
as the feeling of familiarity. According to the concept of episodic inhibition, retrieval-related
suppression effects are mediated by the access of episodic representations, therefore it is
assumed that episodic suppression effects will solely be present in retrieval performances
accompanied by recollective consciousness. Using a list-method directed forgetting paradigm
we found a powerful suppression effect in list-cued recall, moreover the effect was present in
recognition performance accompanied by recollective performance, however suppression
effect was absent in recognition performance accompanied by the feeling of familiarity
(Racsmany et al., 2008). Experiment 2 and 3 of this study using retrieval practice paradigm
demonstrated that retrieval-induced forgetting is present in voluntary cued recall, however
there is no interaction between the selective practice effect and recollective judgement of the
practiced items in a recognition task. These findings point to a conclusion that suppression
effects in directed forgetting and retrieval practice procedures are due to partly different
processes. It was suggested that following the directed forgetting instruction, episodic
representation of the study phase marked as irrelevant and to-be-forgotten information. The
main point is that this process is shaped by the goal of the participants to acquire only that
information during the study phase that is relevant for the goal of the learning situation (i.e.,
to retrieve a high number of studied items at final recall test). This aspect of the intentional

forgetting procedure was investigated in the third paper of the dissertation.
VIII.3. T3. Retrieval goal and forgetting

Concerning the goal-related relevance explanation of directed forgetting, we can
assume when people observe another person with the same intention to learn, and see that
this person is instructed to forget previously studied information, then they will produce the
same intentional forgetting effect as the person they observed. This seems to be an important

aspect of human learning: if we can understand the goal of an observed person and this is in
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line with our behavioural goals then our learning performance will mirror the learning
performance of the model. In a series of directed forgetting experiments we investigated the
relationship between the goal of the participants and the effect of forget instruction.
However, in a standard list-method directed forgetting procedure it is difficult to
independently manipulate the goal of the participants and the type of the instruction they
receive, as they are strongly associated in this paradigm, so it was detailed in Racsmany et al.
(2012) the goal of the participants and the instruction they receive is hardly dissociable in the
standard DF procedure. A possible way to circumvent of this problem if participants are not
directly instructed, but observe another person, who receive either a ‘forget’ or a ‘remember’
instruction. This was done in 4 experiments using a modified directed forgetting procedure.
In Experiment 1 and 2 participants watched a movie of a directed forgetting experiments. They
either receive a ‘simple observation’ or a ‘goal sharing’ instruction, the latter instruction make
the participants to share the learning goal of the actor in the movie. In Experiment 3 and 4
followed the same logic than the previous two experiments with the exception that this time
the observed model was a real participant in the experiment. The results were
straightforward, participants produced directed forgetting effect only with the goal sharing
instruction, and not with the simple observation instruction. In Experiment 3 and 4 the recall
performance of the observer mirrored the performance of the model. Our results support the
assumption that suppression of episodic memories is not automatically generated by

environmental cues but depends on the goals of the person who encodes and retrieves them.

This assumption is further supported by still unpublished findings from a recent study
of my laboratory. In this study we aimed to investigate the role of post-instruction encoding
and pre-instruction relevant information in successful directed forgetting. Using a 2-list
directed forgetting procedure and designated the second list as to-be-forgotten items (in
Experiment 3) we were able to formulate different hypotheses based on the retrieval
inhibition and context-change accounts. Retrieval inhibition theory assumes that forgetting of
the to-be-forgotten items serves the adaptive goal of the participants to facilitate the learning
of relevant information throughout the experiment (Bjork, 1989). Based on this assumption,
we should not assume that the relevant information must follow the F-instruction. The F-
instruction designates the to-be-forgotten items as irrelevant information, however, the

participants need to learn some relevant information in order to being an adaptive behavior
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disregarding irrelevant information. From this point of view, it is not necessary to assume that
the relevant information should follow the F-instruction, the only requirement for them is to
be encoded before the final recall of all studied items. The reset-of-encoding hypothesis
(Pastotter & Bauml, 2010) would hypothesize that using two study lists and designated List 2
items as irrelevant by the F-instruction, there will be significant directed forgetting cost on List
2 items due to retrieval inhibition, whereas there will be no benefit on List 1 items.
Considering, that according to the reset-of-encoding hypothesis, the benefit in the standard
directed forgetting procedure is due to the improved encoding of the post-instruction items,
improvement in recall of the relevant information when these items were encoded before the
to-be-forgotten-items is not expected. The context-change account (Sahakyan & Delaney,
2003), however, would hypothesize different results, as this account assumed that the F-
instruction changed the internal context of the participants and this internal context-change
caused forgetting all pre-instruction information. Consequently, based on the context-change
account it was hypothesized that both List 1 and List 2 would be forgotten if the F-instruction

followed the study of List 2 items.

It is detected that the size of DF cost was sensitive for the specific form of the F-
instruction, and for the stimuli presented in the two study lists (see MaclLeod, 1998; see also
Sahakyan & Delaney, 2003). Therefore, first, we wanted to find significant directed forgetting
cost and benefit with the specific design and procedure that were applied in our laboratory.
Then, using this procedure, we aimed to replicate the lack of DF cost of the F-instruction
without consecutive second list learning. This could be important because the only published
study in this regard was Pastotter and Bauml (2007), as Gelfand and Bjork (1985) was a poster
presentation. Then, in the third experiment using the same instructions and same stimuli then
in Experiment 1 and 2, we aimed to find a significant cost of F-instruction without post-

instruction encoding.
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VIIL.3.1. Experiment 1.

The aim of Experiment 1 was to detect significant cost and benefit of F-instruction in a

list-method directed forgetting paradigm with two study lists.
Method
Participants

Altogether 60 (34 men and 26 women) Hungarian undergraduate students (native
Hungarian speakers) participated in the first experiment between the ages of 18 and 28 years.
They were recruited at the Budapest University of Technology and Economics, Hungary and
received extra course credits for their participation. All participants gave written informed
consent. In each of the three experiments, participants were randomly assigned into either a
‘forget’ or a ‘remember’ group. Based on the post-experiment debriefing, the data of three
participants were excluded from the analysis, as they were informed of the goal of the

experiment.
Stimuli and Design

Two lists (List A and List B) of Hungarian words with moderate recall probabilities were
used as stimuli (12 items/list). Half of the participants in both groups (forget, remember) were
first presented with the List A items, whereas the remaining participants were first presented

with the List B words.
Procedure

All experiments (Experiment 1-3) were conducted under the same conditions: in the
same lab with the same experimenter. Participants seated at 60 cm from a computer display.
Stimuli appeared in random order on the computer screen (2000 msec/word) with a 1000-

msec delay between them.

Participants were informed that they would see a list of words on the computer screen
and were asked to memorize as many words, as they could. Immediately after they were given
the List 1 items, participants in the forget group were given a between-list forget-instruction
(F-instruction). They were told that the previously studied words were presented by a mistake
and they were asked to forget the List 1 items. Before the presentation of the List 2 items,

they were instructed to concentrate on the upcoming list and were asked to memorize as
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many List 2 words, as they could. Immediately after the presentation of the List 1 items,
participants in the remember group were told that they had completed studying the first list
and that they would receive a second list of words that had to be remembered as well

(between-list remember-instruction [R-instruction]).

Immediately after studying the second list, participants in both experimental groups
were exposed to an 8-minute arithmetic distractor task that was followed by a free recall test.
Participants were first asked to recall the List 1 items, and then, the List 2 words. Participants
were directed to recall first list items right away in order to eliminate output interference (see

Anderson, 2005).
Results and Discussion

A mixed-design ANOVA was conducted on recall rates with Group (Forget/Remember)
as a between-subjects variable and List (List 1/List 2) as a within-subjects factor. During post

hoc analyses, independent-samples t-tests were used for the between-subjects factor.

The ANOVA revealed the predicted Group x List interaction (F[1, 57] = 15.52, p < .001,
n%p = .21). Participants in the forget group recalled fewer List 1 words (t[57] =-2.52, p < .05, r
=-.32) and more List 2 items (t[57] = 3.31, p < .01, r = .40) than participants in the remember
group. In brief, a between-list F-instruction impaired memory for the List 1 items (the cost of
the F-instruction) and improved memory for the List 2 words (the benefit of the F-instruction),
in comparison with a baseline condition when a between-list R-instruction was given for the

participants (see Figure 1A).

Significant cost and benefit of F-instruction were found in Experiment 1. This is an important
starting point for Experiment 2 and 3, as based on the dominant theoretical account of the
field, the lack of directed forgetting effects (cost and/or benefit) was hypothesized in the
following experiments, and this experiment gave evidence that the lack of directed forgetting

effect could not be due to the specific procedure or to any item features of the present study.
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Figure 1. Comparison of Recall Rates between the Forget and the Remember Groups in

Experiment 1 and 3

A Forget group B Farget group
0% m Remember group 0% ® Remember group
0% 0%

& z
B E
7 20% T 20%
5 g
© &
10% 10%
0% 0%
List 1 List 2 List1 List 2

Notes. (A) Experiment 1: in a standard list-method directed forgetting task, a significant cost of a between-list F-
instruction was seen for the first study list (fewer recalled List 1 words in the forget group than in the remember
group) with a benefit of the F-instruction for the second study list (more recalled List 2 words in the forget group
than in the remember group). (B) Experiment 3: when the F-instruction was given for the second study list after
its presentation, a significant cost of the forget-instruction was found for the second list without a benefit of the
F-instruction for the first list when participants in both groups were first asked to recall the List 2 items, and then,

the List 1 words.

Error bars represent standard error of the mean (SEM).

VIIL.3.2. Experiment 2.

The aim of Experiment 2 was to replicate the main results of Gelfand and Bjork (1985)
and Pastotter and Bauml (2007), as in these studies were found that there were no cost of F-

instruction if the to-be-forgotten list was the only study list in the forget condition.
Method
Participants

Altogether 60 (30 men and 30 women) Hungarian undergraduate students (native
Hungarian speakers) participated in the second experiment between the ages of 18 and 28

years. They were recruited at the Budapest University of Technology and Economics, Hungary
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and received extra course credits for their participation. All participants gave written informed
consent. Based on the post-experiment debriefing, the data of three participants were

excluded from the analysis, as they were informed of the goal of the experiment.
Procedure

We used the same procedure as in the first experiment until the point when
participants were given a second study list in Experiment 1. In Experiment 2, after the
presentation of the List 1 items, participants were given either an F- or an R-instruction, but
there was no second list following the F-/R-instruction. Instead, participants in both groups

were given the 8-minute arithmetic distractor task, and then, the free recall test.
Results and Discussion

In Experiment 2, recall rates were compared between the groups (forget vs.
remember) by conducting an independent-samples t-test. When we compared the forget
group’s recall rate (M = 35.2%, SD = 15.7) to the remember group’s performance (M = 38.7%,
SD = 18.6), we did not find any reliable difference between them (t[58] = -0.77, n.s.). These
results support that an F-instruction after the presentation of a list without a consecutive

study list is not enough to the suppression of the to-be-forgotten items.
VIIL.3. Experiment 3.

Experiment 2 replicated the results of Gelfand and Bjork (1985) and also of Pastotter
and Bauml (2007), as it was found that without a post-cue study list no cost of F-instruction
emerged. Experiment 3 examined whether the F-instruction for List 2 items could be
successful without consecutive learning, if there was another list (List 1) acquired right before

the to-be forgotten list.
Method
Participants

Altogether 60 (38 men and 22 women) Hungarian undergraduate students (native
Hungarian speakers) participated in the third experiment between the ages of 18 and 28 years.
They were recruited at the Budapest University of Technology and Economics, Hungary and

received extra course credits for their participation. All participants gave written informed
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consent. Based on the post-experiment debriefing, the data of two participants were excluded

from the analysis, as they were informed of the goal of the experiment.
Procedure

In Experiment 3, we used the same procedure as in Experiment 1 with two
modifications: (1) the forget-instruction was given for the second list after its presentation
and not for the first list; (2) in the free recall phase, participants were first asked to recall the
List 2 items, and then, the List 1 words. In other words, participants in both groups were
presented with the List 1 items. Then, they were informed that a second list would be
presented on the computer screen that had to be remembered as well. In the forget group,
following the presentation of List 2, participants were told that the previously studied words
were presented by a mistake and they were asked to forget the List 2 items. In the remember
group immediately after the presentation of the List 2 items, participants were told that they
had completed studying the second list that had to be remembered as well. Following the 8-
minute arithmetic distractor task, participants in both groups were exposed to the test phase
(the free recall of List 2 words, and then, the free recall of List 1 words). Note that in this
Experiment forget instruction was given on List 2 items, therefore participants were directed
to recall second list items right away in order to eliminate output interference (see Anderson,

2005).
Results and Discussion

In Experiment 3, participants in the forget group recalled fewer List 2 items than in the
remember group (t[58] = -2.28, p < .05, r = -.29), but we did not find any group difference in
the mean number of recalled List 1 items (t[58] = -0.70, n.s.). In sum, a significant cost of an F-
instruction was seen for the recalled words from the second list without a benefit for the

recalled List 1 words (see Figure 1B).

In Experiment 3, a significant cost of F-instruction was found without the encoding of
a post-instruction study list. This result is in contrast with the result of Experiment 2, where
no significant cost emerged without a post-instruction study list. Because the only difference
between Experiment 2 and 3 is the presence of a pre-instruction study list (List 1) in
Experiment 3, these results point to an interpretation that instead of post-instruction

encoding of a new information, the presence of any relevant information during the entire
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experimental session is the critical factor in eliciting directed forgetting cost. A further result
of Experiment 3 is that despite the successful suppression of List 2 items in the forget group,
no benefit in recall of List 1 items emerged. This result is consistent with the reset-of-encoding
hypothesis (Pastotter & Bauml, 2010), because this theory suggests that the benefit of F-
instruction is due to the improved encoding of the post-instruction items, therefore
improvement in recall of to-be-remembered items when these items were encoded before

the to-be-forgotten-items is not expected.

Altogether, here we presented evidence showing that post-instruction encoding of a new
study list is not a necessary factor for eliciting directed forgetting cost. In three experiments it
was found that with a procedure and experimental stimuli that was appropriate to find
significant directed forgetting cost and benefit in a standard design (Experiment 1), there was
no directed forgetting cost when the to-be-forgotten list was the only study list for the
participants (Experiment 2), however, it was revealed a significant directed forgetting cost
when a relevant to-be-remembered study list was presented for the participants before the
F-instruction. To our knowledge this is the first directed forgetting study which found
significant directed forgetting cost in free recall without post-instruction encoding of new
information. The directed forgetting procedure is a model case of intentional learning, where
a participant has to keep in an active form of relevant information while has to suppress
irrelevant information. From the perspective of an adaptive cognitive system we can assume,
that participants are able to produce an intentional suppression of successfully studied
information by being informed which information is relevant and which is irrelevant from all
the information they met during the entire experiment. In the present study, it was shown
that participants used the F-instruction to suppress to-be-forgotten information without any
post-instruction learning, if they were presented with relevant information to learn, the

benefit of which made sensible to suppress irrelevant information.
VIII.4. T4. and T5. Executive system and retrieval-induced forgetting

A crucial issue regarding intentional forgetting and retrieval induced-forgetting
whether executive control system is involved in interference resolution and memory
suppression effects. Earlier we demonstrated (see T1 and T2) that intentional forgetting and

retrieval-induced forgetting are different in a range of attributes of declarative memory, such
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as the involvement of the participants’ goal or the conscious state accompanied retrieval
processes. In further two studies we investigated memory functions of patients with executive
disorders (patients were diagnosed with schizophrenia and obsessive-compulsive disorder) in
order to reveal the involvement of executive processes in DF and RIF. In the first study it was
found that patients diagnosed with schizophrenia and characterized with severe executive
disorders produced no directed forgetting effect, whereas produced intact RIF (Racsmany et
al., 2008). Our results indicate that possible disrupted executive functions may considerably
weaken the ability of patients to intentionally avoid recent memories. This can occur even
when other incidentally initiated inhibitory processes appear to function relatively normally.
However, RIF may depend less on executive control, and even with serious symptoms of
perseverative disorders, a symptom usually regarded as the consequence of inhibitory deficit,
following repeated retrieval practice the suppression of target-related items remained intact.
This resultis in line with earlier findings of Conway and Fthenaki (2003), who found diminished

DF and intact RIF in patients with frontal lobe injures.

In another study, using retrieval practice paradigm, there was demonstrated that
retrieving memories did not induce forgetting of related memories among participants with
OCD (Demeter et al., 2014). Lack of forgetting in OCD occurred in spite of the fact that overall
memory and the mnemonic effect of practicing memories was almost identical to that among
healthy controls. This result suggests that suppression of irrelevant, interfering memories
during competitive recall is impaired in OCD. The lack of retrieval-induced forgetting (RIF)
among OCD patients is not related to overall recall performance and working memory
functions. A possible interpretation of this result that due to the lack of inhibitory deficit
widely documented in OCD, the lack of RIF is another example of deficient inhibitory functions
in this disorder (Chamberlain et al., 2005; Harsanyi et al., 2014). However, we suggest that the
lack of RIF in OCD is the consequence of interference insensitivity also documented in OCD,
and as a consequence RIF is related to differences in resolving interference during competitive
retrieval. Our findings suggest that the detected level of interference of target-related items
is not high enough to kick in interference resolution processes and suppression of target-
related memories in OCD. From another point of view, our results support the assumption
that a certain amount of detected interference during retrieval is needed to make memory

suppression an adaptive process. The relationship between the level of interference and the
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suppression of target-related memories in retrieval practice paradigm was further
investigated in further studies with retrieval practice paradigm which is the subject of the next

thesis point.
VIIL.5. T6.-T8. The boundary conditions of retrieval-induced forgetting

In three studies with altogether seven experiments we investigated the prerequisite of
suppression of target-related memory items in retrieval practice paradigm. Based on the
findings of the first study it was proposed that RIF occurs only when interference during
competitive retrieval reaches moderate levels, but not when it is too low or too high
(Keresztes and Racsmany, 2013). This proposal indicates that low levels of interference do not
trigger interference resolution, whereas interference resolution can fail when the interference
reaches extremely high levels. Based on the findings of the second study, it was proposed that
an initial retrieval of the learning set shields against the adverse effect of retrieval practice;
RIF is absent either when measured by a comparison to baseline performance on the initial
retrieval or to members of unpracticed categories (Racsmany and Keresztes, 2015). It is
suggested that retrieval is the key process that enhances long-term accessibility of retrieved
memories and it is the process that can hinder retrieval of items through search set restriction
or can shield against the adverse effect of later selective retrieval. Based on the findings of the
third study a revised form of the episodic inhibition account is proposed: retrieval practice
establishes a pattern of activation and inhibition over the contents or features of an episodic
memory of the study phase (Racsmany et al., 2010). As the episodic memory is consolidated
in long-term memory, the pattern of activation and inhibition, which determines the
accessibility of the contents of the memory, stabilizes and becomes resistant to further
change. As a memory is repeatedly retrieved and its contents are accessed, its durability in
long-term memory increases, and the accessibility levels of its contents become fixed (see also
Sz6116si et al.,, 2016). Our findings suggest that sleep is important to this process of
consolidation. It is proposed that consolidation processes occurring during sleep, and possibly

featuring some form of offline rehearsal, mediate these long-term effects of retrieval practice.

VIII.6. T9.-T11. How to make skill from memory: an automatization account of retrieval

practice effects

In two published studies and one still unpublished study with altogether 8 experiments

we investigated the effect of repeated retrieval on cue-target item relationship. Episodic
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retrieval is controlled and channeled by cues, the role of cues in its simplest form can be
investigated by using cued recall of paired associates (Baddeley, 1976; Crowder, 1976). In the
first study the so-called Think/No-Think paradigm was applied in five experiments, in which
participants learned a list of paired associates, then they were cued to repeatedly retrieve or
repeatedly try to avoid the target elements. Based on our experimental findings we proposed
that recalling two associated items can be simultaneously attenuated or primed depending on
how the association is accessed (Racsmany et al., 2012). Furthermore, not thinking about a
target item, as compared with thinking about an alternative, can produce the same
decrements in cued recall or, sometimes, differences. Our findings suggest that the locus of
suppression in the Think/No-think Task (TNT) task is not the representation of the items
themselves in memory but, rather, the associations between them and, in particular, the A=
B association (Racsmany et al., 2012). In other words, retrieval practice changes the strength
of cue-item relationship, and the cue involved in this process represents a specific route to an

episodic representation.

Interestingly, as it was introduced earlier, repeated retrieval practice reduces long-
term forgetting and promotes better long-term retention than a restudy practice (i.e.,
repeated study), has been termed the “the testing effect” (Roediger and Buttler, 2011). Two
influential theoretical accounts of this phenomenon exist. The elaborative encoding
hypothesis (Carpenter, 2009, 2011) attempts to reconstruct target memories during repeated
retrieval produce extra information related to the cues which might mediate retrieval during
later tests (Pyc and Rawson, 2010). In contrast, the search set constraining theoretical
framework (Karpicke and Smith, 2012; Karpicke and Zaromb, 2010; Karpicke, 2012) suggests
that retrieval prompts a process, probably through effective temporal context reinstatement,
which narrows the cue-related search set, and even a single retrieval can decrease the number
of potentially retrievable items in response to a specific retrieval cue (Karpicke & Blunt, 2011;
Karpicke & Zaromb, 2010; Karpicke, 2012). Based on the experimental findings of Racsmany
and Keresztes (2015) and also of Racsmany et al. (2012), we assume that retrieval practice
changes the cue-item association to an episodic link between episodic cues and target items,
as it is suggested by the episodic inhibition account. We agree with Karpicke (2012) that the
effectiveness of a given cue will be determined by its ability to specify a given memory

fragment in the context of many similar and interfering memory features, retrieval prompts a

158



dc_1204 16

process which narrows the cue-related semantic network, and even a single retrieval can
decrease the number of potentially retrievable items in response to a specific retrieval cue.
However, to understand the effect of repeated retrieval practice on memory representations
we turned not to the literature of episodic retrieval, but to the concept and experimental
investigation of automaticity (Logan, 1988; Mours and De Hower, 2006). A complete
theoretical and experimental review of the research on automaticity is beyond the scope of
this dissertation, however, following Logan (1988), we assume that practice makes the
development of automaticity as a transition from algorithm, or multistep memory retrieval to
single-step memory retrieval. As it was detailed by Logan (1988) “Automaticity is memory
retrieval: Performance is automatic when it is based on single-step direct-access retrieval of
past solutions from memory. The theory assumes that novices begin with a general algorithm
that is sufficient to perform the task. As they gain experience, they learn specific solutions to
specific problems, which they retrieve when they encounter the same problems again.”
(Logan, 1988., p.493). According to Logan (1988) we can quantitatively measure the level of
automatization by the speed-up of the specific process, “the speed-up follows a regular
function, characterized by substantial gains early in practice that diminish with further
experience. More formally, the speed-up follows a power function...” (Logan, 1988, p.495).
Based on this, we assume that retrieval and study practice fundamentally differ in how they
involve the process of automatization and how they speed-up retrieval process. In a functional
neuroimaging study applying retest vs. restudy paradigm, following repeated practice we
measured the speed of retrieval along with retrieval success. There were two kinds of delay
between practice and final retrieval, 20 minutes vs. one week. Retrieval practice produced
faster retrieval reaction times than restudy practice both following 20 minutes and seven days
delay. The shorter reaction time was accompanied with higher retrieval performance only at
the longer delay, whereas restudy and retest practice produced equally high percentage of
retrieval at 20 minutes delay. Although automatized behaviour has a series of diagnostic
features, theorists of the field share the idea that practice changes task-related attention,
awareness, control, speed and accuracy (see Moors and Houwer, 2006). The literature of
attention and memory usually defined controlled behaviour as a goal-related process where
one engage in, alter, stop or avoid the act when the goal and the effects are present (see
Moors and Houwer, 2006). The involvement of executive control typically investigated with

one of the following task, usually labelled as executive or working memory task: shifting tasks,
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fluency tasks, Stroop-like tasks, Go/NoGo and n-back tasks. Following this line in an fMRI
experiment we aimed to analyse the role of control-related neuronal network in the testing
effect (Keresztes et al., 2014). Based on the findings of this neuroimaging study it was
proposed that the long-term behavioral advantage of repeated retrieval over repeated study
is due to the differential activation of a large network. Specifically, when the retention interval
is long, participants cannot effectively process the cue and a large percentage of retrieval
attempts fail. Thus, the so-called testing effect may be a consequence of processes that,
through each additional retrieval act, conserve the effectiveness of the retrieval cue to access
a specific memory. Based on our findings, we suggest that this strengthening arises from an
effective and stable response for specific episodic cues in a network of brain areas related to
cognitive control. Considering the findings that repeated retrieval resulted in faster, more
accurate retrieval performance with higher resistance to forgetting, which is related a
decreased activation of the control-network short after the practice phase, and the activation
pattern was stabile even after a seven days delay, we formulated an automatization account
of the testing effect. This theory assume that the long-term memory advantage of repeated
retrieval over repeated study is due to the automatization of cue-item retrieval association
following repeated retrieval. Recent and still unpublished experimental findings from our
laboratory underlie this concept showing a relationship between decreased retrieval reaction
time following retrieval practice and long term memory performance. Here it is proposed that
retrieval practice decreases the involvement of control processes in episodic retrieval, makes
the mobilization of episodic cue-target relationship faster, more effective in long-term,

thereby turning memory to skill.
VIII.6.1. Experiment 4.

Method
Participants

Twenty-nine Hungarian undergraduate students (native Hungarian speakers)
participated in Experiment 4 (12 men and 17 women; age range: 19-27 years; Mgge = 23.0
years, SD = 2.2). Subjects were recruited at different universities in Budapest. They received
money for their participation. All participants gave written informed consent. The study was

approved by the Ethical Committee of the Budapest University of Technology and Economics.
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Materials and procedure

Participants were presented with a computer-controlled learning paradigm, while
seated at approximately 70 cm from a computer display. The experiment was created in
Matlab using Psychtoolbox 3.0. Stimuli were 40 neutral Swahili-Hungarian word pairs
translated from Nelson and Dunlosky (1994). The memory task consisted of three main

phases: an initial learning phase, a practice phase, and a final test phase.

In the initial learning phase, participants were presented with all word pairs in random order
(5000 msec/word pair; inter-stimulus interval [ISI]: 500 msec), with the Swahili word on the
left and its Hungarian equivalent on the right. Participants were instructed to memorize as

many word pairs as possible.

Immediately after the initial learning phase, participants practiced the word pairs in six
cycles (practice phase). Word pairs were randomly assigned into a restudy (20 word pairs) or
a retest condition (20 word pairs). Each cycle began with a restudy or a retest block (the order
of the restudy and retest blocks varied randomly across the learning cycles). Each restudy-
retest block was followed by a feedback block. In the restudy blocks, participants saw 20
Swabhili words together with their Hungarian meanings in random order (8000 msec/word
pair; ISI: 500 msec). In the retest blocks, 20 Swabhili words were presented in random order on
the computer screen. Participants were instructed to press the space button on a standard
keyboard of the computer when the right answer came to their mind. Participants were
allowed to type the Hungarian meanings of the Swahili words only when they pressed the
space button. They had a maximum of 8000 msec to complete one word pair — 8000 msec
after the onset of the stimulus (Swabhili word), the next stimulus was presented automatically
even if the subject gave an answer and even if not. In the feedback blocks, all 40 word pairs

were presented randomly for the participants (1500 msec/word pair; ISI: 500 msec).

Following a 7-day retention interval, participants’ memory for all 40 word pairs was
tested in the final test phase. Swahili words were presented in random order. Similarly as in
the practice phase, participants were instructed to press the space button when the right
answer came to their mind. Participants were allowed to type the Hungarian meanings of the
Swahili words only when they pressed the space button (8000 msec after the onset of the

stimulus, the next stimulus was presented automatically).
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Results

For each practice cycle, mean reaction times were calculated for the correct responses
(i.e., time interval between stimulus onset and press of the space button). Recall rates and
reaction times were compared between the practice cycles by conducting repeated measures
ANOVAs with six levels, and then, by conducting simple contrasts with the last (sixth) practice
cycle as a reference point. The ANOVA indicated a significant effect for the recall rate (F[5,28]
=187.64, p < .001, n?, = .87) and also for the reaction time (F[5,25] = 27.75, p < .001, n?, = .53),
see Figure 2. The contrast analysis established that recall rate in the last practice cycle was
higher than in all previous cycles (cycle 1: F[1,28] = 425.08, p < .001, n?, = .94; cycle 2: F[1,28]
=308.94, p < .001, n?, = .92; cycle 3: F[1,28] = 169.70, p < .001, n?, = .86; cycle 4: F[1,28] =
82.23, p < .001, n?, = .75; cycle 5: F[1,28] = 27.23, p < .001, n?, = .49). Furthermore, mean
reaction time obtained in the last cycle was lower than reaction times in the first four practice
cycles (cycle 1: F[1,25] = 47.53, p < .001, n?, = .66; cycle 2: F[1,25] = 46.07, p < .001, n?, = .65;
cycle 3: F[1,25] = 15.93, p < .001, n?, = .39; cycle 4: F[1,25] = 10.36, p < .01, n?, = .29). Reaction
times did not differ significantly between the last and the fifth practice cycles (F[1,25] = 2.05,
p =.16, n% =.08). In brief, whereas recall success increased during the practice cycles, reaction

times decreased from cycle 1 to cycle 5.

Recall rates and reaction times obtained in the final test phase were compared
between the Restudy and the Retest conditions, see Figure 3. As expected, recall rate for the
retested words was higher than for the restudied items (t[28] = -4.85, p < .001), whereas mean
reaction time for the correct responses was lower in the Retest condition than in the Restudy
condition (t[28] = 2.78, p < .01). Importantly, a significant negative correlation was found
between the last practice cycle’s reaction time and recall rate for the retested word pairs in

the final test phase (r[29] = -.40, p < .05).

162



dc_1204 16

Figure 2. Practice phase of Experiment 4: (A) recall rates and (B) reaction times.
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Figure 3. Final test phase of Experiment 4: comparison of (A) recall rates and (B) reaction times

between the Restudy and Retest conditions.
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VIIIL.6.2. Experiment 5.
Method
Participants

Twenty-four Hungarian undergraduate students (native Hungarian speakers)
participated in Experiment 5 (11 men and 13 women; age range: 17-24 years; Mgge = 22.3
years, SD = 6.2). Subjects were recruited at different universities in Budapest. They received
money for their participation. All participants gave written informed consent. The study was

approved by the Ethical Committee of the Budapest University of Technology and Economics.
Materials and Procedure

A similar memory paradigm was used as in Experiment 4 with three modifications.
First, in the initial learning phase of the experiment, participants were presented with the
stimuli in 5 cycles. In one learning cycle, all 40 word pairs were presented randomly for the
participants. There was no delay between the learning cycles. Second, there was a 5-min delay
between the initial learning phase and the practice cycles. During the delay, participants were
presented with simple arithmetic tasks. Finally, we used no feedback during the practice
cycles; therefore, each practice cycle consisted of a restudy block (20 word pairs) and a retest

block (20 word pairs). All other parameters remained the same as in Experiment 1.
Results

Recall rates and reaction times obtained in the practice phase were analyzed in a
similar way as in Experiment 4. The ANOVAs revealed significant effects for recall rates (F[5,23]
=11.02, p <.001, n?, = .32) and reaction times (F[5,23] = 28.40, p < .001, n?, = .55), see Figure
3. Compared to the last practice cycle, recall rates were significantly lower in cycle 1 (F[5,23]
=19.16, p < .001, n?, = .45) and cycle 2 (F[5,23] = 11.60, p < .001, n? = .34). Besides, mean
reaction time obtained in the last practice cycle was significantly lower than in the first three
cycles (cycle 1: F[5,23] = 54.60, p < .001, n?, = .70; cycle 2: F[5,23] = 53.50, p < .001, n?, = .70;
cycle 3: F[5,23] = 16.88, p < .001, n?, = .42).
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Figure 3. Practice phase of Experiment 5 (A) recall rates and (B) reaction times.
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In the final test phase, a similar pattern of results was found as in Experiment 4. Recall
accuracy in the Retest condition was higher than in the Restudy condition (t[23] = -5.19, p <
.001), whereas reaction time was lower for the retested word pairs than for the restudied
items (t[23] = 2.80, p <.05), see Figure 3. As in Experiment 4, there was a significant negative
correlation between reaction time of the last practice cycle and recall rate for the retested

word pairs in the final test phase (r[24] = -.48, p < .05).

Figure 4. Final test phase of Experiment 5: comparison of (A) recall rates and (B) reaction times

between the Restudy and Retest conditions.
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In sum, Experiment 6.1 and 6.2 demonstrated that retrieval practice significantly
speeded up long-term access of target memories in comparison with restudy practice.
Logarithmic change of reaction times during retrieval practice was present either at low and
high initial learning criterion that is suggesting that faster reaction times is not a side effect of
increasing learning performance. The moderate and significant correlation between short
term reaction times of retrieval and long-term retrieval performance, together with the
findings of Keresztes et al. (2014) underlie the assumption that long-term advantage of
retrieval practice over restudy mediated by automatization of episodic cued-recall. Due to the
repeated retrieval practice of paired-associates, at final recall episodic cues accessed faster
and without control the episodic representation of the learned material. Here an
automatization account of the testing effect is proposed suggesting that the long-term
memory advantage of repeated retrieval over repeated study is due to the automatization of
cue-item retrieval association following repeated retrieval. Experimental findings from our
laboratory underlie this concept showing a relationship between decreased retrieval reaction
time following retrieval practice and long term memory performance. We suggest that
retrieval practice decreases the involvement of executive control in retrieval processes,
thereby turning memory to skill. These findings are introduced in the discussion part of the

dissertation.
VIIl.7. Summary

One of the central issues in memory research since the pioneering work of Ebbinghaus
(1885) is the seemingly complex relationship between retrieval and forgetting. More
specifically, why some memories that were successfully accessed in one occasion failed to be
remembered in another retrieval occasion. Note in this theoretical frame improper encoding
processes do not belonging to the issue of forgetting, which concept by definition concerns
with the loss of once retrievable memories. Until the end of the last century three widely
accepted accounts emerged and became widely investigated in the literature of human
memory. As it was detailed in the introduction chapter of this dissertation, three influential
family of theories emerged in the literature of human forgetting: inhibitory control-based

accounts, interference based-accounts, and context-based accounts (Anderson & Bell, 2001;
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Anderson, 2005; Raaijmakers & Shiffrin, 1981; Verde, 2013; Jonker, Seli, and MaclLeod, 2013;
Sahakyan & Delaney, 2003; Sahakyan & Kelley, 2002).

The concept of episodic inhibition is a kind of hybrid account melting together many
attributes of inhibitory and context-based accounts of human forgetting (Racsmany and
Conway, 2006). This theoretical explanation pinpoints episodic retrieval as the source of
memory suppression effects, suggesting that selective retrieval creates and reshapes highly
contextualized episodic memory representations (Conway, 2009; Racsmany & Conway, 2006;
Racsmany, Conway, Keresztes, & Krajcsi, 2012 see also Karpicke, Lehman, & Aue, 2014). This
account assumes that episodic memory sets contain context, cue, and item features (Conway,
2009; Racsmany & Conway, 2006). In this framework, the act of selective episodic retrieval of
a studied memory set in the retrieval practice paradigm transcribes the contextual features
and the current ratios of cue-item associations of the learnt memory set into a constrained
episodic representation, and RIF occurs whenever these association strengths are
reestablished through reinstatement of contextual episodic memory sets of the latest retrieval
phase (Racsmany & Conway, 2006; Racsmdny et al., 2010). This account was supported a
series of experimental results presented earlier in this dissertation. The most important
findings were summarized in 10 thesis points of this dissertation.

Importantly, derived from the results of Racsmany and Keresztes (2015) it was
suggested that an initial retrieval attempt of the entire learning set can eliminate the adverse
effect of later selective retrieval. This is because an initial retrieval can already transcribe the
entire learning set into an episodic memory representation (see Conway, 2009; Racsmany &
Conway, 2006), and establish the episodic context for the rest of the experiment (see Jonker,
et al., 2013; Karpicke et al., 2014). This way, final recall will bias the retrieval process to mimic
the pattern of the initial retrieval and grant access to items not selectively practiced as well.
The presented results, e.g. initial retrieval shields against RIF, can be explained by assuming
that selective retrieval leads to RIF by generating a compound contextual episodic memory
representation with a restricted and biased search set (Karpicke et al., 2014). In such episodic
memory sets, cue-item associations are biased towards increased recall probabilities for
retrieved items from practiced categories and decreased recall probabilities for non-retrieved
items from practiced categories (Racsmany & Conway, 2006; Jonker et al, 2013). In fact, these

are genuine properties of episodic memories (Conway, 2009). Episodic inhibition and context-
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based accounts suggest mechanisms inherent to episodic retrieval processes to explain most
of the findings in the literature concerning selective forgetting. Context-based accounts of RIF
and retrieval-enhanced learning (Jonker et al., 2013; Karpicke et al., 2014) emphasize the role
of context change between initial study of category-member pairs on the one hand, and
selective retrieval and final recall on the other. These accounts predict that an initial retrieval
of the entire learning set after the study phase will already have participants change their
mental context and later selective retrieval practice will cause no further change in this mental
context. As a consequence, the context of the initial retrieval will be the active context at final
recall. Beyond an emphasis on a passive contextual shift, episodic accounts of forgetting
phenomena (Conway, 2009; Racsmany & Conway, 2006; Racsmany et al., 2012) highlight the
active role of retrieval processes in creating and reshaping episodic memory representations.
According to the episodic inhibition accounts, episodic retrieval transcribes current contextual
information and cue-item association strength ratios of a learning set into an episodic
representation. Whenever the same episodic representation is accessed through episodic
cues, the encoded cue-item association strength ratios are reinstated. Initial retrieval of the
entire learning set can eliminate the adverse effect of later selective retrieval because it
transcribes the entire learning set into an episodic representation. When — in the absence of
an initial test — the first retrieval is in the practice phase, then final retrieval using the episodic
context of the practice phase restricts the search set to practiced items and some arbitrarily
activated competitors, whereas other competitors are not involved into the search set at all.
That is why RIF is a long-term phenomenon, if final retrieval can reinstate the context of
practice phase RIF will be detected following longer delay (Racsmany et al., 2010, see also Abel
& Bauml, 2012). Altogether episodic and context-based accounts of RIF assume that in the
retrieval practice paradigm, selective retrieval restricts the search set through encoding a
biased contextual information into an episodic memory representation, but an initial, non-
selective, retrieval of the entire learning set before the selective retrieval can hinder this
search set restriction.

Interestingly, the hypotheses derived from episodic inhibition account recently turned
to be suitable to explain not only suppression effects (such as directed forgetting, retrieval-
induced forgetting and the forgetting of No-think items in the TNT paradigm). As it was
introduced earlier a recent account of the testing effect — the episodic context account of

retrieval-enhanced learning (Karpicke et al., 2014) — can be regarded as an extension of
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episodic and context-based accounts of RIF to a broader range of episodic memory
phenomena. This theory aims to explain a range of long-term changes that occur as a
consequence of retrieval. Although a detailed presentation of this theory is beyond the scope
of this summary chapter, one relevant suggestion of it is that whenever studying and retrieval
take place in different temporal contexts, retrieval will reinstate and update the study context
by encoding a composite of study and retrieval contexts (see Karpicke et al., 2014; Lohnas &
Kahana, in press). On a later test participants will use the updated compound context to
restrict the search set —the group of items considered as candidates for retrieval (Karpicke et
al., 2014). According to this account, the retrieval practice paradigm involves manipulations
that produce different kinds of contexts for practiced and unpracticed categories. That is
selectively practiced categories will have the compound context of the study and the practice
phases, whereas the unpracticed categories will have solely the context of the study phase.
Another specificity of the retrieval practice paradigm is that participants typically retrieve
practiced items more than once (the most frequently applied procedure involves three
retrieval practice cycles). This procedure enables participants to encode strong and detailed
contextual information for the practiced sets, and as it was demonstrated in the last thesis
point of this dissertation, the process of cued recall became automatized, in other words
episodic cues could access episodic representation without a controlled search process. As a
consequence, they probably will rely more on the context of retrieval practice than on the
context of study phase during final recall, and this will bias the recall output in favor of
practiced items over unpracticed ones, as unpracticed items have no associations to context
features of the practice phase. In contrast, participants will reinstate the context of the study
phase whenever they use an unpracticed category label as a retrieval cue.

In other words, according to this account — also in line with the episodic inhibition
explanations of RIF — RIF is due to a core attribute of retrieval; it is present when the updated
context of the selective retrieval allows the participants to restrict their search set mainly for
the practiced items. The initial retrieval in our experiments let participants to update the
context of the study phase with the context of the initial retrieval. As a consequence, receiving
the category cue they could use the compound context of study and initial retrieval while
attempting to retrieve unpracticed items from practiced categories at final recall. In this view,

retrieval is the key process that enhances long-term accessibility of retrieved memories and it
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is the process that can hinder retrieval of items through search set restriction or can shield

against the adverse effect of later selective retrieval.
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