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a b s t r a c t

Repeating a word can have both facilitative and inhibitory effects on subsequent processing. The present
study investigated these dynamics by examining the facilitative and inhibitory consequences of different
kinds of item repetition in two individuals with aphasia and a group of neurologically intact control
participants. The two individuals with aphasia were matched on overall aphasia severity, but had deficits
at different levels of processing: one with a phonological deficit and spared semantic processing, the
other with a semantic deficit and spared phonological processing. Participants completed a spoken
word-to-picture matching task in which they had to pick which of four object images matched the
spoken word. The trials were grouped into pairs such that exactly two objects from the first trial in a pair
were present on screen during the second trial in the pair. When the second trial's target was the same as
the first trial's target, compared to control participants, both participants with aphasia exhibited equally
larger repetition priming effects. When the second trial's target was one of the new items, the participant
with a phonological deficit exhibited a significantly more negative effect (i.e., second trial response
slower than first trial response) than the control participants and the participant with a semantic deficit.
Simulations of a computational model confirmed that this pattern of results could arise from (1) normal
residual activation being functionally more significant when overall lexical processing is slower
and (2) residual phonological activation of the previous trial's target having a particularly strong
inhibitory effect specifically when phonological processing is impaired because the task was
phonologically-driven (the spoken input specified the target). These results provide new insights into
perseveration errors and lexical access deficits in aphasia.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the facilitative and inhibitory dynamics among
partially active representations is a major theme across studies of
memory, language, and cognitive control. In each of these
domains, partially active representations have been shown to
facilitate performance in some contexts and inhibit or compete
in other contexts. For example, in the domain of lexical processing,
lexical neighbors – words that are similar in spelling, sound, or
meaning, and are thus partially activated during processing – have
been shown to exert both inhibitory and facilitative effects on
target word processing (for a comprehensive review see Chen &
Mirman, 2012). Chen and Mirman used computational model
simulations to demonstrate that the complex pattern of facilitative
and inhibitory effects could be captured by a simple computational
ll rights reserved.
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principle: strongly active neighbors exert a net inhibitory effect
and weakly active neighbors exert a net facilitative effect.

Item repetition also has both facilitative and inhibitory conse-
quences. Perhaps the most robust example of facilitation is repetition
priming: processing is faster and more accurate on the second
presentation of an item than on the first (e.g., Cave & Squire, 1992;
Goldinger, 1998; Ratcliff & McKoon, 1988; Scarborough, Cortese, &
Scarborough, 1977; Van Petten, Kutas, Kluender, Mitchiner, &
McIsaac, 1991). The flip side of repetition priming is perseveration
errors: unintentional and erroneous repetition of a previously pro-
duced response (e.g., Martin & Dell, 2007; Fischer-Baum, & Rapp,
2012). Perseveration errors in aphasia have been studied for over 100
years (Stark, 2007) with a central debate between two broad types of
mechanisms: perseverations arise because the new input is not
sufficiently activated (“failure to activate”) or because the previous
target is not sufficiently inhibited (“failure to inhibit”).

Negative serial position effects are another example of inhibi-
tory effect of item repetition: performance progressively deterio-
rates across repetitions of an item. Such effects have become a

www.sciencedirect.com/science/journal/00283932
www.elsevier.com/locate/neuropsychologia
http://dx.doi.org/10.1016/j.neuropsychologia.2013.06.005
http://dx.doi.org/10.1016/j.neuropsychologia.2013.06.005
http://dx.doi.org/10.1016/j.neuropsychologia.2013.06.005
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.neuropsychologia.2013.06.005&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.neuropsychologia.2013.06.005&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.neuropsychologia.2013.06.005&domain=pdf
mailto:dan@danmirman.org
http://dx.doi.org/10.1016/j.neuropsychologia.2013.06.005


Table 1
Background test performance for the two participants with aphasia.

MR1626 MR2374 Control normsn

Abhasia Subtype Broca's Transcortical motor –

WAB Aphasia Quotient 67.8 75.5 –

Auditory lexical decision (PALPA, d′) 2.28 2.55 –

Words (% correct) 93 84 –

Nonwords (% correct) 79 94 –

Picture naming (PNT, % correct) 51 59 97.2 (2.7)
% Semantic errors 2.3 9.7 –

% Mixed errors 1.1 8.6 –

% Nonword errors 22.3 4 –

% Formal errors 12.0 4 –

Primary perseverations 0.6 1.1 –

Word repetition (PRT, % correct) 68 96 –

Nonword repetition (% correct) 8 70 82.6 (10.5)
Phoneme discrimination
No delay (% correct) 80 90 97.45 (3.0)
Delay (% correct) 78 93 95.55 (3.7)

Short-term memory
Immediate serial recall (Words) Span 1.4 4.8 4.8 (0.3)
Semantic STM Span 1.67 0.5 5.39 (1.3)
Phonological STM Span 1.29 6.27 6.45 (1.6)
Spatial STM Span 5.0 5.3 5.31 (1.5)

Semantic processing
Pyramids and Palms (% Correct) 96 85 –

Camels and cactus (% Correct) 81 31 89.8 (5.6)
Synonymy Triplets (% Correct) 90 67 97.4 (5.4)
Peabody picture vocabulary test (Standard score) 90 46 100 (15)
Picture name verification test (PNT, % Correct) 97 95 98.6 (0.9)

Lesion volume (cm3) 77.3 88.8 –

n Note: Mean (SD) control norms were collected from various sources and are presented here for general information only; the neurologically intact control group from
the present study did not complete this test battery.
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hallmark of “refractory/access” deficits in aphasia (Warrington &
McCarthy, 1983, 1987; McNeil, Cipolotti, & Warrington, 1994;
Forde & Humphreys, 1995; Warrington & Cipolotti, 1996;
McCarthy & Kartsounis, 2000; Crutch & Warrington, 2008).

In the present study we aimed to shed new light on these
dynamics by examining the facilitative and inhibitory conse-
quences of different kinds of item repetition in two individuals
with aphasia. Critically, the two individuals had deficits at differ-
ent levels of processing: one with a phonological deficit and
spared semantic processing, the other with a semantic deficit
and spared phonological processing. We chose a simple spoken
word-to-picture matching task because this task has minimal
working memory and cognitive control demands and we manipu-
lated whether the repeated item was the target or a distractor in
order to assess both the facilitative and inhibitory effects of item
repetition. The results indicated that inhibitory effects emerge
specifically when a level-specific deficit weakens processing of
critical input. This account was implemented in a simple compu-
tational model and tested with concrete simulations that provide
an existence proof that the proposed principles are sufficient to
account for the observed data. We conclude with discussion of
how these results inform theories of typical and impaired word
comprehension.
1 This participant appeared to have both phonological input and output
deficits, either because the impairment affected a shared phonological processing
level, or happened to affect both independently. In either case, for this participant,
the distinction between phonological input and output deficits is not relevant.
2. Experiment

2.1. Methods

2.1.1. Participants
Sixteen (10 female, 6 male) neurologically intact adults from the greater

Philadelphia area completed the study. Their ages ranged from 35 to 78, with a
mean age of 59. All participants were native English speakers who reported having
normal or corrected-to-normal vision and hearing. They had no history of
neurological events or conditions, and all scored 27 or above on the Mini Mental
State Examination (Folstein, Folstein, & McHugh, 1975).

Two individuals with aphasia (MR1626 and MR2374) were selected from the
Moss Neurocognitive Rehabilitation Research Registry (Schwartz, Brecher, Whyte, &
Klein, 2005) based on their differing patterns of performance on background
psycholinguistic testing (Table 1). Background test scores were obtained through
the Moss Psycholinguistics Project Database (www.mappd.org; Mirman et al.,
2010). These two participants were approximately matched on overall aphasia
severity (Western Aphasia Battery [Kertesz, 1982] Aphasia Quotient), lexical
processing (Philadelphia Picture Naming Test [Roach, Schwartz, Martin, Grewal, &
Brecher, 1996] and PALPA auditory lexical decision [Kay, Lesser, & Coltheart, 1992]),
and lesion size. In addition, because the left inferior frontal gyrus (LIFG) has been
hypothesized to be involved in resolving the competition produced by item
repetition (e.g., Schnur et al., 2009), the participants were matched with respect
to the lesion status of LIFG: for both participants the left inferior and middle frontal
gyri were substantially lesioned (see Fig. 1; lesion location was defined by an
experienced neurologist). Both participants with aphasia also performed very well
on word-to-picture matching using familiar words/concepts (Picture name verifi-
cation test), indicating that they would be unlikely to exhibit substantive differ-
ences in accuracy in our study.

MR1626 was a 74-year-old right-handed male with 11 years of education. In
2007 he suffered a left middle cerebral artery ischemic stroke involving primarily
the left frontal lobe, including the inferior frontal gyrus and the motor strip, and
extending along the interior of the Sylvian fissure. A phonological deficit was
apparent in the preponderance of formal and nonword errors in picture naming,
impaired word repetition and severely impaired nonword repetition, and modest
impairment of speech perception (syllable discrimination). He performed normally
on a test of non-verbal spatial short-term memory (a computerized version of the
Corsi blocks task), suggesting that his poor performance on tests of verbal short-
term memory also reflected a phonological deficit.1 High performance on tests of
semantic association and low rates of semantic naming errors revealed largely
intact semantic knowledge.

MR2374 was a 54-year-old right-handed male with a college education. He
suffered a left middle cerebral artery ischemic stroke in 2010 resulting in a large
inferior frontal gyrus lesion with smaller extension into the middle frontal gyrus.

www.mappd.org


Fig. 1. Three illustrative coronal slices from CT scans for participant MR1626 (top row; z¼0, 9, 18) and MR2374 (bottom row; z¼−3, 6, 15).
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His overall pattern of performance on background tests suggested a semantic
impairment with marked deficits on verbal and non-verbal tests of semantic
association, primarily semantic errors in picture naming, and at-chance perfor-
mance on a two-item semantic category discrimination task.2 In contrast, spatial
and phonological short-term memory were relatively spared, as were speech
perception and word and nonword repetition.

All participants were tested during the summer or fall of 2011 and were paid
$15/h for their participation.

2.1.2. Stimuli
Picture stimuli consisted of 180 items from Rossion and Pourtois (2004) or

additional pictures of a similar style. The 180 items were divided into 30 sets of six
items. Because semantic blocking and semantic relatedness have played an important
role in studies of inhibitory item repetition effects (e.g., Belke, Meyer, & Damian,
2005; Damian, Vigliocco, & Levelt, 2001; Howard, Nickels, Coltheart, & Cole-Virtue,
2006; Hsiao, Schwartz, Schnur, & Dell, 2009; Oppenheim, Dell, & Schwartz, 2010;
Schnur, Schwartz, Brecher, & Hodgson, 2006; Schnur et al., 2009), semantic related-
ness was also manipulated: half of the item sets were semantically related, and half
were unrelated. The semantic categories included for the related sets were fruit,
vegetables, large animals, small animals, sea animals, sports equipment, tools, bugs,
vehicles, clothing, musical instruments, body parts, birds, furniture, and kitchen
appliances. All items within a set were phonologically unrelated. The full list of
stimuli is in Supplementary Materials Table S1.

Target words were recorded by a female native speaker of Standard American
English in the context of a carrier phrase (“Find the…”). The target word was then taken
out of the carrier phrase to be presented as a single word. The average duration of the
target words was 700 ms. Neither related and unrelated items nor item conditions
differed significantly in duration. The intensity of all final sounds files was normalized.
There was no overall difference in length or word frequency between items in related
sets and unrelated sets.
2 This task is meant to test semantic short term memory by using progressively
longer lists of items followed by a probe itemwith the participant asked to indicate
whether the probe item matches the semantic category of any of the items in the
list (adapted from Freedman & Martin, 2001; for descriptions of all battery tests see
Mirman et al., 2010). MR2374’s failure to progress beyond list length 1, which is just
AX semantic category discrimination, combined with his relatively normal perfor-
mance on phonological and spatial short-term memory task (also probe tasks with
an analogous structure), suggests that this was due to a severe semantic deficit and
not a general short term memory deficit.
2.1.3. Design
On each trial, participants had to pick which of four object images matched a

spoken word. The trials were grouped into pairs such that exactly two objects from
the first trial in a pair were present on screen during the second trial in the pair.
There were three conditions reflecting the role of the Trial 2 target in Trial 1. In the
“Repeat” condition, the second trial's target was the same as the first trial's target
and the distractors were one non-target item repeated from the first trial and two
new items. In the “Distractor” condition, the second trial's target was one of the
distractors from the first trial—an item that was present on screen during the first
trial, but was not the target; the second trial distractors were the first trial's target
and two new items. In the “New” condition, the second trial's target was one of the
new items and the distractors were the target from the first trial, one non-target
item from the first trial, and one other new item. Fig. 2 shows an example of all
trials from one item set. There were a total of 6 trials for each item set (3
conditions�2 trials) and each item in a set appeared an equal number of times
across the six trials. Five of the six items in each set were used as targets; one
appeared as the target twice (in the Repeat condition), and one never appeared as
the target. The trial pairs were arranged into three blocks such that each block
contained an equal number of trials from each condition and an equal number of
related and unrelated trials. Each item set appeared only once in each block and in
all three conditions across blocks. Block order was randomized across participants.
The individual items in each role across item sets were matched in length and word
frequency.
2.1.4. Procedure
Ten practice trials with accuracy feedback were followed by the 180 experi-

mental trials: 30 pairs of trials in each of the three conditions. Participants used an
ergonomic mouse to facilitate clicking on the target picture. MR2374 used his right
hand, MR1626 used his left hand due to limited use of his (previously dominant)
right hand. To start each trial, participants clicked on a central fixation cross, after
which four pictures appeared on the screen in the arrangement shown in Fig. 2.
Which picture appeared in which screen corner screen was randomly assigned on
each trial. After a 1000 ms preview period the target word was played over
speakers at a comfortable listening volume and the trial ended when the
participant clicked on one of the four images. Stimuli were presented and
responses were recorded using E-Prime Professional 2.0. Participants' eye move-
ments were tracked using an SR Research EyeLink 1000 Desktop Mount eyetracker,
but fixation data were not included in the analysis due to poor calibration for both
of the participants with aphasia.
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2.2. Results

Overall word comprehension accuracy was near ceiling for all participants
(Control: 99.5%; MR1626: 95.6%; MR2374: 96.6%) and logistic regression revealed
no statistically significant effects (the difference between the two participants with
aphasia and control group was marginal: both p¼0.08).

Response times (RT) were measured fromword onset and participant condition
means were used for incorrect response trials. To examine the effect of item
repetition, for each trial pair, the critical measure was the response time difference
between the first and second trial. Reaction time means and standard errors by trial
number (first or second in a pair), condition (i.e., second trial target type: New,
Distractor, Repeat), relatedness of objects in the display (Related, Unrelated), and
participant group (Control, MR1626, MR2374) are provided in Supplementary
Materials Table S2.

For the primary analysis these RT differences were computed for each trial pair
for each participant type (i.e., single observations for the two participants with
aphasia and the mean of the control group) and analyzed using a by-item ANOVA (i.
e., target item as random effects) with Group (Control, MR1626, MR2374) as a
within-item factor and Condition and Relation as between-item factors. This
approach had the advantage of relying on a relatively standard analysis method
(ANOVA), although the variance in the Control group was much smaller than for
the participants with aphasia, thus ANOVA's assumption of equality of variances
was violated. However, alternative analyses based on Crawford-Howell t-tests for
comparing individual cases to small control groups (Crawford & Howell, 1998; see
also Crawford & Garthwaite, 2012) and multilevel regression with crossed random
effects of subject and item (Baayen, Davidson, & Bates, 2008; Barr, Levy, Scheepers,
& Tily, 2013) produced the same qualitative patterns of results, so we report the
findings in the more familiar ANOVA format.
Fig. 2. Example of all trials from all conditions for a semantically unrelated
item set.
There was a main effect of Condition (F(2, 84)¼20.65, po0.0001) reflecting that
the RT differences were larger in the Repeat condition than the other conditions (i.e., a
repetition priming effect). There was a significant effect of Relation (F(1, 84)¼4.01,
p¼0.048) reflecting that priming effects were larger (more positive) for semantically
related item sets than for unrelated item sets. There was a marginal main effect of
Group (F(2, 168)¼2.46, p¼0.088) reflecting overall larger priming effects for the two
participants with aphasia than the control group.3 Finally, and most importantly, there
was a significant group-by-condition interaction (F(4, 168)¼4.79, p¼0.001) indicating
that the groups differed in priming effects across conditions. There were no other
significant main effects or interactions (all other p40.3). Fig. 3 shows the pattern of
priming effects for each group in each condition (the data are averaged over Relation
because it did not interact with either Condition or Group; the full RT data are in
Supplementary Materials Table S2).

A series of post-hoc pairwise comparisons were conducted to uncover to nature
of the Group-by-Condition interaction. In the Distractor condition, there were no
priming differences between groups (p40.4). In the Repeat condition, both
participants with aphasia exhibited larger repetition priming effects than the
controls did (both t42.9, po0.01) and did not differ from each other (to1,
p40.6). In the New condition, participant MR1626 (who had the phonological
deficit) showed an inhibitory effect that was significantly more negative compared
to the controls (t¼2.44, po0.05) and the other participant with aphasia, MR2374
(t¼2.12, po0.05), but MR2374 did not differ from controls (to1, p40.6). In sum,
both participants with aphasia exhibited increased repetition priming effects
relative to controls and the participant with the phonological deficit uniquely
exhibited an inhibitory effect when the second trial target was a new item.

2.3. Discussion

There were two key findings in the behavioral study: (1) Both participants with
aphasia exhibited equally increased repetition priming effects relative to a group of
matched neurologically-intact controls. (2) The participant with a phonological
deficit exhibited an inhibitory effect for new items, but neither the control group
nor the participant with a semantic deficit exhibited this effect.

These results indicate that the facilitative effect of item repetition is enhanced
when either of the relevant processing levels is impaired, but only a phonological
deficit brings out the inhibitory effect of item repetition. The first effect could
emerge if either deficit slows word comprehension, thus making the normal
amount of facilitation functionally more consequential. In other words, the same
amount of facilitation has a functionally greater impact on impaired word
comprehension than unimpaired word comprehension. The second effect could
be due to the fact that spoken word-to-picture matching is a phonologically-driven
task because the phonological input (spoken word) uniquely specifies the target
but the semantic input (displayed pictures) is equally strong for each of the four
alternatives. As a result, residual phonological activation of the previous trial's
target would have a stronger inhibitory effect when phonological processing of the
new input is impaired. This account is in the same vein as “failure to activate”
accounts of perseveration (e.g., Cohen & Dehaene, 1998; Dell, Burger, & Svec, 1997;
Martin & Dell, 2007; and for a historical perspective see Stark, 2007), which will be
discussed in greater detail in the General Discussion, but first it is important to
show that this proposal can, in fact, account for the behavioral data. To that end, the
core processing principles were instantiated in a simple computational model of
word-to-picture matching and simulations were conducted under control, phono-
logical deficit, and semantic deficit conditions.
3. Simulations

The purpose of these simulations was to evaluate whether the
proposed account is sufficient to explain the observed data. To that
end, we abstracted away from the complexities of speech percep-
tion, spoken word recognition, and semantic cognition, and
modeled the spoken word-to-picture matching task in its most
basic form. That is, the model was meant to implement the
following principles and constraints in the simplest possible form:
1.
Tria
pro
tha
the
Two simultaneous sources of external input: phonological
input that specifies the target word and semantic input that
specifies the four possible response alternatives.
2.
3 The same pattern of results was obtained using reaction time ratios (Trial 1/
l 2), so this is not simply due to slower responses by participants with aphasia
ducing larger priming effects. RT difference distributions were closer to normal
n RT ratio distributions were, so we report the analyses of RT differences since
se involve less violation of the ANOVA assumptions.



Fig. 3. Reaction time differences between first and second trial for each Group in
each Condition. Error bars indicate 7SE, nindicates po0.05, nnindicates po0.01
for pairwise comparisons.
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A lexical selection layer integrates these two sources of input
through a multiple constraint satisfaction process and a
response is generated when any unit in this layer exceeds the
response threshold.
3.
 Unit activations decay over time when there is no external
input or if the input is too weak.
4.
 The task is self-paced: the next trial is initiated when all unit
activations have decayed below a trial-initiation threshold.
5.
 Phonological and semantic deficits correspond to reductions in
the strength of phonological or semantic input,4 respectively.
For comparison, an alternative account was implemented by
reducing the level-specific decay rates and the strength of input
was unchanged.
3.1. Model implementation

The model architecture is shown in Fig. 4 and is similar in spirit
to the recurrent normalization model of visual search (Spivey,
2007; see also Lupyan & Spivey, 2008; Reali, Spivey, Tyler, &
Terranova, 2006; and for a related model of word production see
Howard et al., 2006). All units were modeled as leaky-integrator
neurons (e.g., Thelen, Schoner, Scheier, & Smith, 2001; Usher &
McClelland, 2001) with activation driven by net input and decay
according to:

dai
dt

¼ −λai þ Ni ð1Þ

where ai is the activation of unit i, Ni is the net input to unit i, and
the decay rate λ (1.0) reflects leakage of the activation. There were
4 For the purposes of these simulations we use “reduced input” to mean
uced input from the semantic or phonological layer to the lexical selection layer,
ich can be implemented either as reduction of the strength of external input to
semantic or phonological layers or as reduction of connection weight strengths
ween those layers and the lexical selection layer. The input to the lexical layer is
product of semantic or phonological unit activations and their weights, so
ucing either one has the same effect on lexical processing.
three processing layers, each consisting of six units corresponding
to the six concepts in a set of items from an experimental trial pair.
The “Semantic” and “Phonological” layers corresponded to the
different input sources. On each trial, external input was provided
to a single Phonological layer unit corresponding to the target
word and to the four Semantic layer units corresponding to the
four objects on the screen. This activation then spread to the
“Lexical” or selection layer, where the input from the Semantic and
Phonological layers was integrated and units competed through
lateral inhibition (for a more detailed implementation of the
spoken word-to-picture matching task see Chen & Mirman, under
review). The lexical units followed the same leaky-integrator
activation function, which can be written as follows, with the
net input portion expanded to show separately the contribution of
semantic, phonological, self-recurrent, and lateral interactions:

dai
dt

¼ −λai þ ∑
N

j ¼ 1
wsji sj þ ∑

N

j ¼ 1
wpji pj þ αai−β∑

N

j≠i
aj ð2Þ

where ws and wp are connection weights from unit j in the
semantic and phonological layer, respectively, to unit i in
the lexical layer and sj and pj are the activations of unit j in
the semantic and phonological layers, respectively (ws and wp

were both set to 0.5); α is the recurrent self-activation connection
weight (0.1) and β is the lateral inhibitory connection weight (0.1)
from other units in the lexical layer.

A simulated trial pair began with all unit activations set to
0 followed by presentation of external input to the target word
unit in the phonological layer and the four displayed object units
in the semantic layer. Activation was then allowed to propagate to
the lexical layer until a lexical unit reached the decision threshold
(0.5). Once the decision threshold was reached, the Trial 1
“response time” was recorded (i.e., the number of processing
cycles required to reach the decision threshold), the external input
was removed, and the unit activations were allowed to decay. In
the behavioral task, participants clicked on the screen to initiate
each trial. To model this self-paced aspect of the task, unit
activations were required to decay until all activations were below
a “trial-initiation” threshold (0.2) indicating that the model was
ready for the next trial. At this point, the next trial would begin by
presenting external input to the appropriate units (without reset-
ting the unit activations). In the semantic layer, the external input
was presented to the first trial's target, a non-target item from the
first trial, and two new items (as in the behavioral experiment).
For a “Repeat” condition trial, the same phonological target unit
received external input; for a “New” condition trial, the phonolo-
gical unit corresponding to one of the new items received external
input. For brevity, because there were no group differences in the
“Distractor” condition, this condition was not simulated. Similarly,
because there were no group differences across semantically
related and unrelated trials, we only report simulations of unre-
lated trials (consistent with the behavioral data, simulation of
related trials produced the same pattern of results).

For Control simulations, all external inputs were set to 2.0. To
model a phonological deficit (e.g., MR1626) the external input to
the phonological layer was reduced to 0.5. To model a semantic
deficit (e.g., MR2372) the external inputs to the semantic layer
were reduced to 0.5. This implementation is a concrete form of the
hypothesis that deficits correspond to difficulty activating the new
input. For comparison, we considered an alternative hypothesis
that deficits correspond to increased persistent activation of
previously active representations. This hypothesis was implemen-
ted by reducing the decay rate for the affected level from 1.0 to
0.5 without changing the input strength. That is, a phonological
deficit was implemented by reducing the phonological layer decay
rate, thus producing more persistent phonological activation and a



Fig. 4. Schematic diagram of model. Filled units in the Phonological and Semantic
input layers indicate the units that are receiving external activation. In the Lexical
layer, the unit filled with black is the target, which receives input from both the
Phonological and Semantic layer, the units filled with gray are the distractors,
which receive input only from the Semantic layer.
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semantic deficit was implemented by reducing the semantic layer
decay rate, thus producing more persistent semantic activation.5

These two implementations correspond to “failure to activate” and
“failure to inhibit” accounts of perseveration errors (for discussion
see, e.g., Fischer-Baum & Rapp, 2012; Stark, 2007).

3.2. Results and discussion

When the level-specific deficits were implemented as reduc-
tions in input strength, the simulation produced the key aspects of
the observed behavioral pattern: both the phonological and
semantic deficits increased repetition priming in the Repeat
condition and only the phonological deficit increased the negative
perseveration effect in the New condition (Fig. 5, left panel). The
phonological and semantic deficits each slowed down processing
because there was less external input. When residual activation
from the first trial corresponded to the second trial's target (i.e.,
the Repeat condition), this boost was relatively more facilitative
for the deficit simulations because the overall processing was
slower.

When the residual activation was mismatching, strong phono-
logical input could quickly overcome this residual activation even
if the semantic input was weak, but weak phonological input
required more time to overcome the residual activation, thus
producing the inhibitory effect. This asymmetry between phono-
logical and semantic deficits arose because the external phonolo-
gical input was the critical input that uniquely specified the target
(i.e., it was a phonologically-driven task). Consider the network
dynamics on the second trial in a New condition trial pair: there is
residual activation in the trial 1 target, there is phonological input
to the new target, and there is semantic input to all four displayed
candidates, including both the new target and the trial 1 target.
Thus, when the phonological input is reduced (phonological
deficit) the network takes longer for this weaker input to over-
come the residual activation; when the semantic input is
decreased (semantic deficit), there is less input to both the current
trial's target and the residually-active distractor that was the
previous trial's target, so this decrease is as much beneficial (less
input to the residually active distractor) as it is detrimental (less
input to the new target).

In contrast, when level-specific deficits were implemented as
reduced decay (increased persistent activation), the simulation
(Fig. 5, right panel) produced the observed increased repetition
5 Also, the start of trial 2 was fixed at cycle number 420, which was the average
start point for trial 2 in the reduced-input simulations. This change was necessary
because allowing activations to decay to a trial-initiation threshold would essen-
tially eliminate the persistent activation: slower decay would simply become
longer inter-trial-intervals.
priming for both the phonological and semantic deficits, but for
the New condition the simulation results were opposite to the
observed behavioral data: the semantic deficit caused slower
response to the new target and there was no effect of phonological
deficit. In the Repeat condition, slower decay meant greater
residual activation of the target (in either the phonological or
semantic layer), so when it was repeated, the recognition was
faster. In the New condition, reducing the phonological decay rate
(phonological deficit) produced greater residual activation in the
phonological layer, but that was quickly overcome by the strong
phonological input to the new target, so there was no additional
delay in target recognition. However, because semantic input was
applied to all candidate objects, the trial 2 semantic input was
applied to both the new target and the residually active trial
1 target, which was a distractor on trial 2 (and the other two
distractors). This reactivation of the trial 1 target exacerbated the
increased residual activation, making it more difficult for the new
target to overcome this distractor and producing the inhibitory
effect. Indeed, any further decrease in the semantic decay rate
caused the model to make overt perseveration errors (i.e., the trial
1 target passed the decision threshold before the trial 2 target did).
4. General discussion

4.1. Summary of findings

A behavioral experiment examined the consequences of deficits
at particular levels of processing on the facilitative and inhibitory
dynamics of item repetition in a simple spoken word-to-picture
matching paradigm. On each trial, participants had to select the
named object from four pictures on a computer screen. In each
critical trial pair, two pictures from the first trial – the target and
one distractor – were re-presented on the screen during the
second trial. The key manipulation was whether the target on
the second trial in a pair was the same as the target on the first
trial or one of the new pictures. In addition to a control group of
older neurologically-intact adults, two participants with aphasia
completed the study. The two participants with aphasia were
approximately matched on overall severity, but differed in the
nature of their deficit: one had a phonological deficit and spared
semantic processing; the other had a semantic deficit and spared
phonological processing. Both participants with aphasia exhibited
equally increased repetition priming effects relative to the control
group and only the participant with a phonological deficit exhib-
ited an inhibitory effect (i.e., second trial RT slower than first trial
RT) when the target was new.

This pattern was taken to indicate that facilitative repetition
priming effects arise due to normal residual activation that are
more functionally significant for individuals with slowed overall
lexical processing (e.g., Plaut & Booth, 2000) and that deficits
correspond to weakened (slowed) processing within the impaired
level of processing. This account was implemented in a simple
computational model and simulations of the model provided
evidence that it is sufficient to account for the observed behavioral
data. An alternative implementation based on the hypothesis that
deficits correspond to abnormally large residual activation in the
impaired level failed to account for the observed behavioral data.
However, since this was a study of two individual cases, we cannot
rule out the possibility that other individuals with aphasia will
exhibit a pattern consistent with a failure to inhibit deficit (for
evidence that participants with aphasia can exhibit both patterns
see, e.g., Fischer-Baum & Rapp, 2012).

These results suggest a dynamic interplay of facilitative and
inhibitory influences such that concordant partial activation can
facilitate processing, but if it is too strong relative to new input, the



Fig. 5. Simulations results for two different implementations of level-specific deficits: reduced input (left) and reduced decay (right). RT was measured as the number of
processing cycles required to reach the decision threshold.
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net result becomes an inhibitory effect. Related phenomena have
been studied extensively in the domain of lexical neighborhood
effects where strong competitors exert net inhibitory effects and
weak competitors exert net facilitative effects (Chen & Mirman,
2012, under review; see also Mirman, 2011; Mirman & Magnuson,
2008).

The present data leave open (at least) two further questions
about the facilitative and inhibitory dynamics involved in item
repetition. First, on the second trial in a pair, is the activation of the
previous trial's target due to residual activation (as we have
described) or incremental learning (e.g., Oppenheim et al.,
2010)? Both can account for the present data, though they may
make different predictions about the dynamics of the competition
process. Second, the IFG has been implicated in resolving competi-
tion among partially active representations (e.g., Schnur et al.,
2009), but both participants with aphasia in this study had IFG
lesions and yet exhibited different behavioral patterns. We have
explained this in terms of differences in the level of processing
that was impaired. If this is a sufficient account, then what is
the role of IFG? In other words, are level-specific deficits sufficient
or is there an additional contribution of domain-general cognitive
control processes and deficits? A combination of behavi
oral experiments and computational model simulations, as in the
present study, is a promising approach for answering these
questions.

4.2. Relation to perseveration errors

One of the key findings in the present study was that a
phonological deficit slowed word recognition in the presence of
an item that was the target on the previous trial. This pattern can
be considered a response time version of perseveration—although
the previous target did not elicit an incorrect perseverative
response, it was a stronger competitor. As mentioned in the
Introduction, perseveration errors could arise because the new
input was not sufficiently activated (“failure to activate”) or
because the previous target was not sufficiently inhibited (“failure
to inhibit”).

A key difference between the accounts is that “failure to inhibit”
has typically been framed as a relatively general deficit of cognitive
control (e.g., Gotts & Plaut, 2002; Schnur et al., 2009; Warrington
& McCarthy, 1983; see also Jefferies & Lambon Ralph, 2006). In
contrast, “failure to activate” has typically been connected to other
deficits in aphasia, often at particular levels of processing (e.g.,
Cohen & Dehaene, 1998; Dell et al., 1997; and Stark, 2007, shows
that this was recognized early on as well). Martin and Dell (2007,
see also, Dell et al., 1997) have argued based on computational
modeling and behavioral data that failure to activate the new
target correctly accounts for both perseverative and non-
perseverative errors in word production, so proposing an addi-
tional deficit of inhibition is unnecessary and unparsimonious
(though see Fischer-Baum & Rapp, 2012, for evidence that both
deficits are necessary to account for the full range of perseveration
deficit patterns). Cohen and Dehaene similarly argued that perse-
verations arise from normal residual activation combined with
deficits in a particular level of processing. On their view, the deficit
undermines the ability of new inputs to overcome normal residual
activation specifically at the affected level of processing. They
provided key evidence for this account by examining the nature of
picture naming perseveration errors produced by three patients
with deficits at different levels of processing: lexical, phonological,
and visual.

The present behavioral and computational results are consis-
tent with the level-specific failure to activate hypothesis and
extend it in several ways. First, we examined both the facilitative
and detrimental effects of item repetition – repetition priming and
perseveration – and showed that this proposal correctly accounts
for contrasting patterns in the two contexts. Second, we tested
word comprehension rather than word production and partici-
pants who did not make overt perseveration errors. This is
important because the alternative accounts of perseveration make
claims about the underlying dynamics of processing (deficits of
activation vs. inhibition), but previous studies have almost exclu-
sively focused on perseveration errors in word production, which
are only the most extreme outcome. Finally, we used simulations
of a computational model to go beyond a verbal description of the
data. The simulations concretely demonstrated that a level-specific
reduction in activation was sufficient to account for both of the
critical patterns in the behavioral data and that a level-specific
reduction in decay (i.e., failure to inhibit) could not account for the
behavioral data.

The computational model also draws attention to an oft-
neglected aspect of perseveration effects: the detailed demands
and dynamics of the task. One such aspect is that spoken word
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comprehension is a phonologically-driven task, so a semantic
failure to activate deficit does not induce perseverations when
there is effective processing of phonological input. For a
semantically-driven task, the complementary pattern of results is
predicted: slower performance on new items in the presence of
repeated items for MR2374, but not for MR1626.6

Another key aspect is that the task was self-paced: participants
initiated trials when they felt ready and trials were terminated
when the participant produced a response. Further, response
accuracy was near ceiling (and only correct response RTs were
included in the analysis). That is, at the end of each trial, each
participant had successfully activated the correct target item. This
means that, although lexical activation was slowed for the parti-
cipants with aphasia relative to the controls, it reached a func-
tionally equivalent level because they produced the correct
response with (nearly) equal probability. As a result, under the
proposed account and as implemented in the computational
failure to activate model, there was equivalent residual activation
at the start of the subsequent trial for each participant group.
4.3. Relation to refractory/access deficits

Like accounts of perseveration, accounts of “refractory/access”
deficits in aphasia have wrestled with whether the deficits are due
to impaired activation processes or impaired inhibition processes
(e.g., Campanella & Shallice, 2011). In this case, the debate has
been between accounts that propose excessive residual activation
(i.e., failure to inhibit) leading to increased competition with new
inputs (Campanella & Shallice, 2011; Howard et al., 2006;
Oppenheim et al., 2010; Schnur et al., 2006, 2009), and those that
propose excessive inhibition leading to difficulty re-activating a
repeated target (e.g., Forde & Humphreys, 1995; Gotts & Plaut,
2002; McCarthy & Kartsounis, 2000; Warrington & McCarthy,
1983). In part, this debate continues because much of the key
data comes from tasks in which a set of items is repeated multiple
times (e.g., blocked cyclic naming); thus, errors could arise either
from over-activation of (repeated) competitors or over-inhibition
of the (repeated) target.

As we have argued, the results of our study are consistent with
a variant of the over-activation view (Cohen & Dehaene, 1998):
impaired input processing makes normal residual activation more
difficult for the new input to overcome. More importantly, the
present experimental paradigm may provide an avenue for resol-
ving this debate. By limiting repetition to pairs of trials and
specifically manipulating the repetition status of the second trial's
target and distractors, we were able to disentangle facilitative and
inhibitory effects of residual activation and to show how they are
differentially affected by level-specific deficits. This general experi-
mental paradigm may help to disentangle the predictions of
excessive activation and excessive inhibition accounts of refrac-
tory/access deficits.

Comparing individuals with deficits at different levels of proces-
sing, as we have done, may also help to distinguish accounts of
refractory/access deficits. Some studies have suggested that such
deficits can be limited to particular modalities or semantic cate-
gories (e.g., Crutch & Warrington, 2001; McCarthy & Kartsounis,
2000; McNeil et al., 1994), but accounts tend to be framed in terms
of general processing dynamics (excessive activation and inhibition)
and with a particular focus on semantic processing despite evidence
that such effects occur in other domains (e.g., Mulatti, Peressotti,
Job, Saunders, & Coltheart, 2012). Studies of perseveration errors
have made important discoveries by examining how individual
6 We were unable to test this prediction because MR2374 was no longer
available for testing.
participants' perseveration errors relate to their broader deficit
pattern (e.g., Cohen & Dehaene, 1998; Fischer-Baum & Rapp, 2012;
Martin & Dell, 2007). Similarly, studies of refractory/access deficits
may be able to make new progress by examining the relationship
between specific deficits and refractory/access phenomena.
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Supplemental Materials 
Table S1. Complete list of stimuli 

Set Related 
1 Pineapple Banana Strawberry Orange Apple Pear 
2 Pepper Carrot Mushroom Asparagus Onion Broccoli 
3 Giraffe Rhino Camel Lion Monkey Zebra 
4 Bird Cat Dog Frog Mouse Rabbit 
5 Octopus Dolphin Lobster Fish Alligator Walrus 
6 (Baseball) Glove (Tennis) Racket (Baseball) Bat (Soccer) Net Football (Football) Helmet 
7 Pliers Wrench Hammer Drill Saw Screwdriver 
8 Grasshopper Caterpillar Spider Ant Fly Bee 
9 Train Car Sailboat Motorcycle Airplane Bike 

10 Pants Shirt Dress Vest Skirt Jacket 
11 Violin Drum Guitar Piano Accordion Harp 
12 Ear Finger Leg Arm Nose Lips 
13 Peacock Rooster Owl Duck Penguin Ostrich 
14 Bed Dresser Sofa Chair Desk Table 
15 Microwave Stove Toaster Blender Dishwasher Refrigerator 
 Unrelated 

1 Peanut Barn Level Ashtray Hanger Raccoon 
2 Balloon Thimble Lemon Fence Vase Moose 
3 Scissors Umbrella Tomato Wagon Deer Broom 
4 Pencil Doll Glasses Moon Telephone Bus 
5 Bowl Kangaroo Cloud Ladder Cigarette Iron 
6 Hat Flower Stool Toothbrush Rollerskate Watermelon 
7 Sun Well Donkey Pitcher Bow Trumpet  
8 Bell Horse Top Windmill Ambulance Pumpkin 
9 Butterfly Ruler Necklace Celery Gun Snowman 

10 Cannon Thread Pipe Ball Watch Frying pan 
11 Glass Suitcase Flute Crown Barrel Key 
12 Wheel Heart Kettle Grapes Cap Snake 
13 Thumb House Leopard Kite Jar Sandwich 
14 Leaf Ring Television Church Helicopter Pig 
15 Envelope Turtle Cake Belt Hair Anchor 



 
Table S2. Reaction time means (SE in parentheses) in msecs by trial number (first or second in a pair), second trial target type (New, Distractor, 
Repeat), relatedness of objects in the display, and participant group (Control, MR1626, MR2374). 

  Trial 1 Trial 2 

  New Distractor Repeat New Distractor Repeat 

Control Related 1839 (46) 1882 (48) 1861 (57) 1839 (65) 1809 (35) 1530 (28) 

Unrelated 1817 (35) 1787 (43) 1721 (32) 1724 (36) 1714 (29) 1505 (21) 

MR1626 Related 3694 (222) 3382 (297) 3995 (344) 4062 (410) 3484 (316) 2757 (191) 

Unrelated 2764 (107) 3354 (197) 3543 (320) 3792 (327) 3729 (228) 2724 (216) 

MR2374 Related 3526 (327) 3649 (404) 4205 (487) 3450 (282) 3762 (409) 2417 (298) 

Unrelated 3546 (341) 3061 (179) 2987 (193) 3314 (353) 3345 (190) 2389 (296) 
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