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There is broad consensus as to the significance of speech errors in aphasia. The analysis of
errors is understood to provide clear clues for clinical diagnosis, the identification of those
cognitive-linguistic processes affected, and the corresponding impaired cerebral struc-
tures. However, Stimulus Type Effect on Phonological and Semantic errors (STEPS), a
phenomenon in which a person with aphasia produces more phonological errors with
words (e.g., “tamle” for “table”) but more semantic errors with number words (e.g., “thir-
teen” for “forty-two”), casts doubt on this consensus view. In this paper two studies are
described, in which we explore whether STEPS is in fact a result of the lack of rigorous
control over the materials compared (words versus numbers) and the evaluation condi-
tions. Two persons, one with a reproduction conduction aphasia and the other with a
repetition conduction aphasia, participated in the studies. Study 1 explored the role of
memory load in the emergence of STEPS by eliciting the repetition of pairs of semantically-
unrelated words. In Studies 2a and 2b, our participants were asked to produce sequences of
high- and low-frequency words from one semantic category (colors), and this was
compared to the performance in multi-digit number production tasks. The results showed
that sequences of high-frequency colors, like multi-digit numbers, were produced mainly
with semantic errors, whereas sequences of low-frequency colors showed a mixed pattern
with many phonemic and semantic errors. It seems that the production of semantic errors
and the absence of phonemic errors in multi-digit numbers that give rise to STEPS is an
experimental artifact caused by the combination of several factors: the use of
semantically-related high-frequency words, produced cyclically under high-memory-
demand conditions. These findings contribute substantially to the current discussion of
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language production models and allow for a deeper understanding of the neurocognitive
processes that underly speech errors in aphasia.
© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

Speech errors in aphasia, also called paraphasias, have been
used widely as a classification tool for clinical diagnosis (e.g.,
Goodglass & Wingfield, 1997). From a neurocognitive
approach, these paraphasias have also been used as markers
of the processes within the linguistic system that are affected
(e.g., Caramazza & Hillis, 1990; Hillis, 2001; Ramoo et al., 2021)
as well as of the impaired brain areas (e.g., Berthier et al., 2018;
Fridriksson et al., 2009; Hickok & Poeppel, 2007; McKinnon
et al., 2018; Mirman et al., 2015; Stark et al., 2019). From this
lesion-process-symptom mapping approach, it is largely
accepted that lexical errors (e.g, semantic paraphasias:
“story” instead of “tale”) have their origin in semantic and/or
lexical processes with damage located to the left anterior
temporal lobe and other ventral areas, whereas non-lexical
errors (e.g., phonemic errors: “lale” instead of “tale”) arise
from difficulties in post-lexical processes such as phonolog-
ical encoding or the storing of phoneme sequences following
damage to left inferior parietal lobe and other dorsal areas
(e.g., Cloutman et al., 2009; Hillis, 2001; McKinnon et al., 2018;
Mirman et al., 2015; Ramoo et al., 2021; Schwartz & Dell, 2016,
pp. 701-715; Stark et al., 2019).

However, a variety of data challenges this consensus (e.g.,
Gold & Kerstez, 2001; Martin et al., 1996). Here we will focus on
a phenomenon that Dotan and Friedmann (2015) have called
the Stimulus Type Effect on Phonological and Semantic errors
(STEPS). This frequent effect, first noted by Geschwind (1965),
and subsequently by many others (e.g., Cohen et al., 1997;
Dotan & Friedmann, 2015; Garcia-Orza et al., 2020; Messina
et al.,, 2009; Ochtrup et al., 2013) refers to the presence, in
persons with aphasia (PWA), of predominantly phonemic er-
rors in tasks that involve the production of words (e.g., “lale”
for “tale”) and pseudowords (e.g., “pesal” for “pepal”), and
predominantly semantic errors in producing number words
(e.g., “thirteen” for “forty-two”). One part of STEPS — the
commission of phonemic errors in word production — is pre-
dicted under the lesion-process-symptom mapping approach,
in that these patients usually have impairments in left inferior
parietal areas and surrounding areas that affect phonological
encoding causing phonemic errors; but the commission of
semantic errors and the absence of phonemic errors when
producing number words cannot thus be explained. Although
some interactive models may explain the coexistence of these
errors, the specificity of the errors, semantic for numbers,
phonemic for all other words, can hardly be explained and so,
the consensus that has emerged over a number of years in
research and clinical practice regarding the significance of
errors in aphasia can in fact be challenged.

Additionally, STEPS has also received attention in recent
years in that it has been considered evidence of different

production processes for numbers and words (e.g., Bencini et
al., 2011; Cohen et al., 1997; Dotan & Friedmann, 2015, 2019;
Mesina et al., 2009). As indicated by Dotan and Friedmann,
“certain types of aphasia cause phoneme substitutions and
omissions in words but not in numbers ... This dissociation
indicates that words and number words are handled by
different sub-processes within the verbal production system”
(Dotan & Friedmann, 2019, p. 181).

The aim of the present research is to demonstrate that
STEPS is an experimental artifact caused by subtle differences
in task demands, and thus, that: (a) a particular PWA may
show both phonemic and semantic errors depending on
testing conditions; (b) there is no need, on the evidence of
STEPS, to claim the existence of different processes for words
and numbers, at least at the phonological encoding level; and
(c) the lesion-process-symptom mapping consensus remains
adequate, although it should be approached in a more flexible
way.

In what follows, we will first briefly describe the experi-
mental evidence supporting STEPS, and the account sug-
gested by Cohen et al. (1997), extended by Dotan and
Friedmann (2015), to explain these errors. We will then pre-
sent an alternative position, inspired by previous work (see
Garcia-Orza et al., 2020; Ochtrup et al., 2013), that claims that
STEPS is caused by insufficient control of the experimental
conditions when comparing word to multi-digit production.
Empirical evidence will then be reported from the study of two
patients who showed STEPS in a previous study (Garcia-Orza
et al.,, 2020); when these PWA were evaluated with non-
numerical words in similar circumstances to those used
when evaluating numbers, they exhibited predominantly se-
mantic errors depending on the lexical frequency of the
words. This supports the claim that STEPS is an experimental
artifact. Finally, we provide an account of the STEPS pattern
within interactive models of language processing and discuss
the implication of our results.

1.1. Semantic and phonemic errors depending on the
type of word

Several patients have been described in the literature who
(with non-numerical words) mainly showed errors in the se-
lection of phonemes while with numerical words they
engaged in errors consisting of the substitution of a given
number word for another (i.e., syntactic errors: 306 as “thirty
six”, and semantic [lexical] errors: 306 as “three hundred and
four”) (e.g., Cohen et al, 1997; Dotan & Friedmann, 2015;
Garcia-Orza et al., 2020; Geschwind, 1965; Messina et al., 2009;
Ochtrup et al., 2013). Cohen et al. (1997) also found a preva-
lence of semantic (substitution) errors in letter naming in
some patients, and this was subsequently confirmed by Dotan
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and Friedmann (2015), who also extended the phenomenon to
function words and derivational morphemes.

As noted above, these errors are difficult to explain using
classical models of language production because phonemic
errors, since they originate in the phonological assembly
stage, should also affect the production of all types of words,
including numbers, function words, and derivational mor-
phemes. On the other hand, when we focus on number
production, semantic errors are unexpected, in that no se-
mantic deficits are typically observed in these patients (i.e.,
they understand numbers and are able to decide which is the
larger number in numerical comparison tasks). Based on
Cohen et al. (1997), Dotan and Friedmann proposed the
Building Blocks Hypothesis (BBH) to account for STEPS. They
assume that STEPS originates in an impairment in the
phonological output buffer (POB), that is, the deficit associ-
ated with conduction aphasia of the reproduction variety
(e.g., Shallice et al., 2000; Shallice & Warrington, 1977). It is
usually said that the POB is the stage at which phonemes are
assembled to create the phonological form of words, and is
the place where these phonological representations are
subsequently stored until articulatory plans are ready to be
executed (e.g., Hillis, 2001). Thus, impairments in selecting or
storing phonemes would cause deletions, additions and
substitutions of phonemes both in word and nonword pro-
duction, leading to phonemic errors. The BBH posits that
numbers, letters, function words and morphemes would
work as phonemes, that is, as basic units for building more
complex phonological sequences (i.e., respectively, multi-
digits, acronyms, and words). These are represented as pre-
assembled, atomic, units in dedicated stores in the POB,
and when this system is damaged, the result is phonemic
errors in words, but complete substitution of these atomic
units in producing numbers, letters, or morphemes; that is,
semantic and/or syntactic errors arise with numbers, sub-
stitutions with letters, and morphemic errors with mor-
phemes (Dotan & Friedmann, 2015).

Despite the fact that the BBH can explain STEPS, Garcia-
Orza et al. (2020) recently cast doubt on this by testing one
of the main assumptions of the model: the idea that STEPS
is caused by impairment in the POB. To this end they
explored two patients, one with an impairment in the POB,
and one with an impairment in the phonological input
buffer (PIB). According to the BBH, STEPS should have been
observed in the POB patient but not in the PIB patient
(although, see Fischer-Baum et al., 2018). However, the PIB
patient in Garcia-Orza et al. (2020) also clearly showed STEPS
in repetition tasks. The authors described the methodolog-
ical problems regarding the procedures followed to collect
the data, these being common to previous studies, and
provided an alternative explanation in which STEPS was
interpreted as an experimental artifact (see also Ochtrup
et al.,, 2013). In the following section we detail and extend
these concerns, but for the sake of clarity, we will restrict
our arguments to those studies with non-number words and
number words, setting aside those studies with letters,
morphological affixes and function words, despite the fact
that these studies may suffer from the same experimental
issues (see General Discussion, where we will also comment
on these latter stimulus types).

1.2.  Methodological concerns in observing STEPS

Research on language processing has noted the significance of
variables like familiarity, lexical frequency, length, etc. in
understanding word production and in properly assessing
patients with impairments in this skill (e.g., Nickels, 1997). To
do this it is also fundamental to consider the concrete nature
of the tasks used and the way stimuli are presented. For
example, asking a participant to repeat a single word is not the
same as asking them to repeat a sequence of words (e.g., Gold
& Kerstez, 2001); similarly, asking them to name sequences of
pictures from the same semantic category is not the same as
using pictures from different categories (Damian et al., 2001;
Harvey et al., 2019; Howard et al., 2006). Without a precise
control of factors like these, it is difficult to explain word
production and its breakdown in aphasia.

As pointed out by Garcia-Orza et al. (2020), a detailed
analysis of the studies reporting STEPS shows subtle differ-
ences in the way words and numbers are tested. These dif-
ferences, taken individually, can probably not explain the
presence of more phonemic errors with words and more se-
mantic errors with numbers, but it is possible that some of
these differences can explain parts of STEPS (e.g., the absence
of phonemic errors with numbers), and a combination of
these differences may account for the whole effect. Although
not all these studies reported their methodological details, it is
clear that, when assessing STEPS, words and numbers were
not in general treated similarly in terms of several factors
which we will group into two dimensions: the nature of the
stimuli and the context of the evaluation.

1.2.1. Differences in the nature of the stimuli

Most of the cases described as evidence for STEPS do not
include errors in the production of single digits; that is, errors in
these stimuli are occasional. In fact, semantic errors with
numbers arise more clearly when patients are asked to produce
multi-digit numbers (e.g., “twenty-one”, “three hundred sixty-
one”) (e.g.,, see Table 1 in Dotan & Friedmann, 2015; see also
Garcia-Orza, et al., 2020; Geschwind, 1965; Ochtrup et al., 2013).
Hence, to arrive at the claim that STEPS is in operation, an
unbalanced comparison is made: single words are compared to
sequences of number words. Interestingly, comparing words to
multi-digit words involves significant differences in three as-
pects that are well-known for affecting word production:
length, morphological structure, and frequency.

Regarding length, in most of the studies showing STEPS it
seems that multi-digit words were compared to words without
controlling for this factor. For instance, Dotan and Friedmann
(2015) (see Garcia-Orza et al., 2020 for a similar problem in a
study in Spanish) asked their Hebrew-speaking patients to read,
name and repeat single words with 2—12 phonemes (14 sylla-
bles) and compared this with the naming of multi-digits with 1-5
digits, and the repetition of multi-digits with 1—3 digits.* Although
the list of stimuli used in the experiment is not available, a single

1 We will use the term “naming of multi-digits” when partici-
pants are asked to transcode from Arabic numbers to an oral
response, and “reading of multi-digits” when participants are
asked to transcode from orthographic number words to an oral
response.
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example is enough to deduce that differences in length between
words and multi-digit words were not controlled for. A three-digit
number like 347 has 4 words, 9 syllables and 20 phonemes in
Hebrew, this being far more than the longest word they employed
(4 syllables, 12 phonemes). The same number-word (“three-
hundreds and forty-seven”) has 5 words, 8 syllables and 22 pho-
nemes in English, and 4 words 8 syllables and 25 phonemes in
Garcia-Orza et al.’s (2020) study using Spanish (trescientos cuarenta
y siete). As a consequence of the recursive structure of the nu-
merical system, it seems that it is difficult in most languages to
match these multi-digit words with any single word in terms of
length, because most multi-digit numbers involve several words,
forming a sequence, whereas most common names involve a
single word. To our knowledge the only study that has explicitly
compared words to numbers matched for phoneme length (and
frequency) is Bachoud-Lévi and Dupoux (2003). They used a small
number of items (22) although they did not include details of the
stimuli; however, from the examples provided it can be inferred
that most of the digits they used were single-word numbers like
“forty”. Interestingly, they did find phonemic errors in words but
no types of errors in the production of numbers. This pattern, that
has been called a case of partial STEPS (see also Bencini et al.,
2011), suggests that the amount of information the PWA must
produce is relevant to the presence of semantic errors. In most of
the studies showing a (complete) STEPS, PWA were asked to
produce multi-digit number words that are longer and hence
more demanding in terms of memory resources than single
words. This is interesting, because interactive models of language
processing have pointed out that the phonological load imposed
by the production of sequences of words in patients that suffer
from a decay of phonological traces may give rise to changes in
the nature of errors (Dell, 1986; Dell & O’Seaghdha, 1992; Dell et al.,
1997; Gold & Kertesz, 2001; Martin et al., 1996; Martin et al., 1994).
In line with this, Martin and Saffran (1992) postulated the Contin-
uum Hypothesis, by which phonemic, formal, and semantic errors
would lie on a continuum of severity determined by the phono-
logicalload of the task. Applying this hypothesis to multi-digits, it
is possible that the memory load that involves producing se-
quences of number words may turn the phonemic errors into
semantic ones.

In terms of frequency, by consulting lexical frequency dic-
tionaries we can see that number words are very high-
frequency stimuli. Evidence on the role of frequency at the
lexical as well as at the POB level has been given in various
studies (Kittredge et al., 2008; Shallice et al., 2000). For instance,
Shallice et al. (2000) found that low-frequency words were more
prone to phonemic errors than high-frequency words in a POB
patient. Despite such evidence, the explicit control of this vari-
able in studies of STEPS is not described in many published re-
ports. Again, some studies did control for this factor but failed to
find a complete STEPS effect, in that no types of errors were
found in single-number words (e.g., Bachoud-Lévi & Dupoux,
2003; but see also Cohen et al., 1997). More importantly, calcu-
lating the frequency of multi-digit numbers involves three
different problems. First, most databases do not include Arabic
numbers in their counts, and given that in some languages
multi-digit numbers above one hundred are written using
Arabic numbers it is difficult to establish their actual frequency.
Second, the frequency of number words presented in multi-digit
words can be calculated in two ways, by considering either the

whole sequence or the frequency of each lexeme, taking into
account the compositionality of multi-digit words. For instance,
consider the case of a multi-digit word like “three-hundred”. If
the logarithm of the frequency of the whole sequence is
considered, it will be rather small (in Spanish, in which it is
written as a single word [trescientos], it is .65 according to the
EsPal database; Duchon et al., 2013); however, if the multi-digit
word is considered as a compound word, and thus involves
the selection of the lexemes “three” and “hundred”, then the
frequency of the number words that make up this multi-digit
would be far higher (in Spanish, the logarithm of the fre-
quency for the word tres [“three”] is 2.82, and for word cientos
[“hundreds”] is 1.49). Research in word recognition has shown
that lexical decision times for compound words are affected by
the frequency of the constituent lexemes and the whole word
frequency (see, e.g., Armando et al., 2023; Dunabeitia et al,,
2007). Third, using lexical frequency instead of lemma fre-
quency for multidigit numbers is probably ill-advised due to
their compositional nature. For instance, in the EsPal database
(Duchon et al.,, 2013) the lexical frequency per million of the
Spanish word tres is 667.27 whereas the frequency of the lemma
per million (thatis, the number of times that a word appearsas a
single word but also as part of another number like “twenty-
three”) is almost seven times higher, 4241.7. In conclusion, it is
not straightforward to control for the frequency of multi-digit
numbers and it seems that, in STEPS research, even when fre-
quency has been taken into account, multi-digit numbers have
been compared to words with lower frequency.

Importantly, an additional consequence of this compo-
nential view of number words is also very pertinent here;
multi-digit number words are formed by the combination of
number words (i.e., numerical lexemes) that are usually short.
Since phonemic errors increase with length in speakers with
conduction aphasia (see, e.g., Caramazza et al., 1986; Garcia-
Orza & Leodn-Carrién, 2005; Shallice et al., 2000), it might be
that the short length of the words that comprise multi-digit
words also protect them from phonemic errors.”

In summary, when we consider the properties of multi-
digit number words it is possible that the absence of phone-
mic errors with these stimuli in patients showing STEPS could
reflect their high frequency, the short length of their elements
(words), or both. Regarding the presence of semantic errors
with numbers, it seems that the processing load of multi-digit
numbers (usually composed of several number words) may
increase semantic errors. Additional factors related with the
emergence of semantic errors in the production of multi-digit
numbers are discussed in the next section, in which we
address differences observed in the way researchers usually

2 An additional factor that is not addressed in the current
research and may favor phonemic errors in common words
compared to number words, is the difference at sublexical level
(in the phonemic structure, probabilistic phonotactics and/or
phonetic complexity) between these stimuli. Number words seem
simpler at phonemic and phonetic complexity and higher in
phonotactic probability than most common words, and these
have been shown to increase the production of phonemic errors
(e.g., Goldrick & Larson, 2008; Shallice et al., 2000). Although, as
will be evident in our results, other factors seem to play a more
relevant role in explaining the STEPS, it is clear that the role of
these sublexical factors needs to be explored in future studies.
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test the oral production of number and non-number words in
cases showing STEPS.

1.2.2. Differences in the evaluation context

Performance in number production is usually assessed using
semantically-homogeneous blocks, that is, all stimuli in the
list belong to the category of numbers. On the contrary, non-
number word production is assessed using semantically-
heterogeneous lists in which words from different categories
such as animals, fruits, clothes, furniture, etc. are mixed (see,
e.g., Bachoud-Lévi & Dupoux, 2003; Bencini et al., 2011; Delazer
& Bartha, 2001; Marangolo et al., 2004, 2005; Ochtrup et al.,
2013; Rodriguez & Laganaro, 2008). As observed in contin-
uous naming paradigms, homogeneous lists favor semantic
interference in naming, a well-known phenomenon (e.g.,
Biegler et al., 2008; Damian et al., 2001; Harvey et al., 2019;
Howard et al., 2006; Kroll & Stewart, 1994). Consequently, the
usual way of presenting the stimuli (numbers in a homoge-
neous context, words in a semantically-heterogeneous
context) may favor the presence of more semantic errors in
number words.

In addition to this, the evaluation conditions in homoge-
nous blocks also resemble a cyclic naming paradigm (e.g.,
Belke et al., 2005; Navarrete, Del Prato, Peressotti, & Mahon,
2014; Oppenheim et al., 2010; Schnur et al., 2006), in which
participants are presented repeatedly with a finite set of
pictures randomly ordered into lists that can be either
semantically related (homogeneous condition) or not related
(heterogeneous condition). The wildly-reported finding here
is that naming times are longer in the homogeneous than in
the heterogeneous condition. Although considerable debate
has arisen as to the nature of this effect, the usual account
for the phenomenon is that it is the result of an increase in
the competition among the representations of the pictures
that belong to the same semantic category (see Belke, 2017,
for a review). In the STEPS literature, when faced with the
production of multi-digit number words, PWA were asked to
repeatedly produce a finite set of number words (e.g., “one”,
“two”, “hundred”, “thousand”) that belong to the same cate-
gory and hence which have overlapping representations.
This may favor competition between their semantic repre-
sentations, leading to semantic errors in number naming.
Interestingly, this interference effect has not been described
in the literature with healthy people in repetition and
reading, whereas it can be easily explained in the case of
many PWA. Since they suffer from damage to the sublexical
route for reading or repetition (usually patients with con-
duction aphasia), they rely mainly on their semantic route,
the one that is used in picture naming and where the inter-
ference effect is originated.

To sum up, when assessing STEPS, there are differences
related to the presentation conditions (homogeneous versus
heterogeneous lists, and repeated versus non-repeated lex-
emes) as well as others related mainly to the characteristics
of the stimuli to be compared (single names are compared to
longer, and more demanding, sequences of multi-digit
words that are essentially compound words composed of
very short and high-frequency lexemes). It seems to us that,
on the one hand, the presence of semantic errors with
numbers that characterizes STEPS may be favored by the

presentation of numbers in homogeneous lists, repeating
the same lexemes in cycles and under higher memory load
conditions. On the other hand, the nature of the numerical
system that creates multi-digits by combining short and
very high-frequency numerical lexemes may protect them
from phonemic errors.

1.3. The present research

The STEPS effect can be considered as comprising two ele-
ments: (1) the existence of phonemic errors in words but
their absence in multi-digit numbers, and (2) the presence of
semantic errors in multi-digit number production but their
absence in word production. In the following studies we will
explore: first, whether differences in memory load can
explain the predominantly semantic nature of errors in the
production of number word sequences and the predomi-
nantly phonemic errors in isolated words (Study 1); second,
whether it is a combination of memory load, semantic
blocking, cyclic naming and use of high frequency stimuli
that causes STEPS; to this end, we will compare the pro-
duction of multi-digit numbers to the production of se-
quences of high-frequency color words (Study 2a); finally, we
will test the relevance of frequency in the emergence of
phonemic errors by using low-frequency color words (Study
2b). Before reporting the studies, we will describe the par-
ticipants and some procedural details.

2. General methods

All the materials used in the studies, their corresponding
datasets, and codes employed to analyze and visualize the
data, are available at our Open Science Framework (OSF) re-
pository (https://osf.io/5v7nr/).

2.1. Participants

Two female patients participated in these studies (a more
detailed description can be found in Garcia-Orza et al., 2020).
The studies reported in the current paper were carried out
between January 2018 and June of 2019. During this time their
neuropsychological condition remained stable. The research
was conducted in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki) for ex-
periments involving humans. The study was approved by the
Local Ethics Committee of the Universidad de Malaga.
Informed consent was obtained from both participants.

Table 1 — Results on the WAB for patients DNR and ML
(from Garcia-Orza et al., 2020).

Area DNR ML
Spontaneous language 14/20 16/20
Auditory-verbal comprehension 7.55/10 6.25/10
Repetition 4.2/10 4.6/10
Naming 6/10 7.3/10
Total score 31.75/50 34.35/50
Aphasia Quotient (AQ) 63.5/100 68.7/100
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2.1.1. Patient DNR

DNR is a right-handed female patient who suffered a middle
cerebral artery infarction in 2014. This caused an extensive
lesion in left temporal-parietal areas that affected the angular
and supramarginal gyri, and also portions of the arcuate
fasciculus (see Fig. 1). DNR, who was born in 1943, learned to
read and write in a school for adults. For most of her life she
worked as a homemaker and seamstress.

When assessed for this research she was 75. She was sta-
bilized and was receiving speech therapy sessions twice a
week and took Memantine as pharmacological treatment.
DNR’s results on the Western Aphasia Battery (WAB; Kertesz,
1982) (AQ = 63.5) fits a classification of conduction
aphasia (see Table 1), specifically, a conduction aphasia of the
reproduction variety (e.g., see Shallice et al., 2000). Phonemic
errors in repetition, naming and reading were her most
common errors, with occasional instances of conduite
d’approche (see Gutiérrez-Cordero et al., 2025, for a definition).
Some word-finding difficulties that may be considered normal
for her age were also noted. Her production was moderately
non-fluent; she was able to name 4 animals in a minute and
her sentences were agrammatical. Her comprehension of
words was almost perfect, but she exhibited more difficulties
in the comprehension of more complex utterances, such as
sentences which increased in syntactic complexity.

This general pattern was confirmed with specific tests
from the Spanish Bateria para la Evaluacién de los Trastornos
Afasicos (BETA) (Cuetos & Gonzalez-Nosti, 2009). Spared word
comprehension was confirmed by phoneme discrimination,
spoken word-picture matching, and synonym judgement
tasks. Difficulties were observed in picture naming, repeti-
tion, and reading tasks, in which most of her errors were
phonemic. Reading tasks suggested a phonological dyslexia,
i.e,, an impairment in the graphene to phoneme converter.
The assessment of her auditory-verbal short-term memory
showed better performance in recognition than in recall
tasks. So, when a spoken output was demanded, a memory
span of 2 was found that increased to 3 in the recognition
task with words and to 5 for the recognition task with digits.
Additionally, in a phoneme discrimination task with a delay
of 5 sec, DNR’s score was slightly smaller than the one
observed in the same task without delay, and within the

range of normality for that task according to the BETA. All
these results point to the preservation of her phonological
input buffer (PIB), but an impairment in the phonological
output buffer (POB).

2.1.2. Patient ML

ML is a right-handed female patient who suffered a stroke in
2017 that affected anterior portions of the left middle cerebral
artery. It caused brain damage in the superior temporal and
middle temporal gyri, the inferior parietal cortex (i.e., angular
and supramarginal gyri), the middle and inferior frontal gyri,
the ventral premotor cortex, the insula, as well as underlying
white matter tracts, including segments of the arcuate
fasciculus (see Fig. 2). ML, who was born in 1949, had two years
of formal schooling in which she learned to read and write
words and numbers. She worked as a cleaner for most of her
life. She had been retired for two months when she suffered
the stroke. Three years after the stroke, when she was 68, she
was assessed for this study and was diagnosed with conduc-
tion aphasia but with some characteristics of Wernicke’s
aphasia according to the WAB (AQ = 68.7) (see Table 1).

ML exhibited fluent spontaneous language almost without
paraphasias. In conversation, as well as in picture naming,
she sometimes showed minor difficulties in word retrieval.
Her sentence production was grammatical, although she
sometimes lost track of the conversation. She had almost no
problems with yes/no questions, but struggled with more
complex questions and showed more problems in executing
sequential orders, completing sentences presented orally, and
in auditory recognition.

In repetition tasks she produced mainly phonemic errors,
with some occasional formal and semantic paraphasias, and
perseveration. On the contrary, she was good in naming and
reading tasks, and thus it can be considered that she suffers
from a conduction aphasia of the repetition variety (e.g.,
Martin et al., 1999; Sidiropoulos et al., 2008), that is, an
impairment in the phonological input buffer (PIB).

ML’s diagnosis was confirmed with additional tests using the
BETA. At the word level, a near-normal performance was
observed in phoneme discrimination, auditory lexical decision
and auditory word-picture matching tasks, and synonym
judgement tasks, which demand spared auditory recognition

Fig. 1 — CT scan of DNR (reproduced with the permission of Elsevier).
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Fig. 2 — MRI of ML showing damage in left temporal areas (reproduced with the permission of Elsevier).

skills, including an unimpaired semantic system. Although she
occasionally experienced difficulties with picture naming, which
we suspect were influenced by her limited sociocultural expo-
sure, her overall performance in this test was within normal
limits; word reading was also normal. On the contrary, many
difficulties were observed in word and pseudoword repetition.
She had also difficulties in reading pseudowords, suggesting a
graphene to phoneme impairment. In line with her problems
with repetition, the assessment of her auditory-verbal short-
term memory showed a forward digit-span of 2 items and a
backward digit-span of 1, these scores being pathological for her
age group, indicating a deficit in her verbal short-term memory.
Additionally, her score in recognition tasks was also impaired. In
a phoneme discrimination task, her score fell from 28/32 in a
non-delayed condition to a 16/32 (i.e., a score no different from
chance) in a 5-s delayed condition. All these results point to the
preservation of her POB, but impairment in the PIB.

2.2. Inclusion criteria

Two main characteristics made these patients particularly
relevant to our study. First, both had a phonological deficit,
but with different characteristics. ML had a PIB impairment,
whereas DNR had a POB impairment, and we note that the
STEPS have been considered to be caused by a deficit that is
restricted to the POB (Dotan & Friedmann, 2015). The two
patients fulfilled the features that distinguish these two im-
pairments according to Gvion and Friedmann (2012): (a) in
word production, PIB patients typically show difficulties
limited to repetition tasks, whereas POB patients show similar
difficulties in repetition, reading and naming; (b) patients with
impairment in the PIB show difficulties in STM tasks that
demand both word recall and word recognition, whereas POB
patients show difficulties mainly in word recall.

Second, both participants had previously shown a STEPS
pattern (see Garcia-Orza et al., 2020). Using the usual proced-
ure in STEPS studies (i.e., without a proper control of the
variables described above), they were presented with 60 two-
digit numbers (larger than 30), 20 three-digit numbers, and
20 four-digit numbers and 60 common nouns from several
different semantic categories and asked to repeat, name and
read them aloud. Both participants committed significantly

more phonemic errors than semantic errors in word repetition
(DNR: 12 vs 0; ML: 7 vs 1) and more semantic errors than
phonemic in multi-digit number repetition (DNR: 24 vs 2; ML:
34 vs 2). Additionally, as expected, due to the locus of their
impairments, DNR also showed STEPS in naming (22 phone-
mic us 4 semantic errors in picture naming, whereas 35 se-
mantic vs 0 phonemic errors in naming Arabic multi-digits)
and reading (14 phonemic errors vs 1 semantic error with
noun words, but 47 semantic vs 2 phonemic errors in reading
number words). By contrast, ML showed partial STEPS in
naming (she made similar number of semantic and phonemic
errors in word naming, 3 us 5, and more semantic than pho-
nemic errors in multi-digit naming, 11 vs 1), with the reverse
pattern in reading (4 phonemic errors vs 0 semantic errors in
word reading, and the same number of semantic and phone-
mic errors, 4, in multi-digit word reading). However, both in
reading and naming tasks, as expected due to her impairment,
ML'’s errors were not as numerous as in repetition, so the re-
sults of these tasks should be taken with caution.

Interestingly, in both PWAs we discarded the possibility of
an impairment in the number semantic system, the one
devoted to understanding quantities, which might have
explained the presence of semantic errors in number pro-
duction tasks. The performance in number comparison tasks
with single digits and multi-digit numbers was perfect (10/10).
Additionally, ML performed perfectly in a comparison task
with the same numbers presented as words, whereas DNR,
who has reading difficulties, showed more challenges in this
task (5/10), but was able to correctly answer 14 questions
related to numerical knowledge when giving a written
response (e.g., “How long is the first half of a football match?”).
Neither had issues naming single digits or in a comparison
task with dots. These findings indicate that their numerical
semantic knowledge was preserved.

2.3. Error classification

Speech errors were classified using a classical taxonomy (e.g.,
Dotan & Friedmann, 2015) with some small differences (see
below): semantic errors were real words semantically related to
the target word; phonemic errors were nonwords that contained
at least 50% of the phonemes of the target word; neologisms
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were nonwords that contained less than 50% of the phonemes
of the target word; formal errors were real words phonologi-
cally related to the target word; unrelated errors were real
words not related semantically or phonologically to the target
word; no attempt to produce a response was considered as a
nonresponse; lexical errors in numbers were real number
words different from the number word corresponding to the
target; syntactic errors in numbers were real number words
with a different place-value structure to thatin the target (e.g.,
47 for 407); both lexical and syntactic errors with numbers
were considered semantic errors following the criteria used by
Dotan and Friedmann (2015); counting errors were identified
when the PWA was involved in the strategic use of counting
sequences with the aim of producing the target number (e.g.,
10, 20, 30 ... 35 for 35); omissions were considered when a full
word, within a sequence, was omitted (e.g., 45 for 345 or “red -
green” for “red - yellow - green”). Finally, we adopted a simple
view in our identification of perseverations, and considered
only those within the multi-digit or the color sequences (e.g.,
red-green-red for red-green-yellow), and not perseverations
between sequences, since using a small, closed set of
semantically-related stimuli makes it difficult to distinguish
between semantic errors and perseverations.

Following Garcia-Orza et al. (2020), errors that shared
characteristics with two different types of errors were classi-
fied as both (e.g., saying “thirtrin” instead of “thirty-three”
implies the production of both a semantic and a phonemic
error) but, in each sequence, each type of error was counted
once (e.g., in 234 for 278 there are two semantic substitutions
but we counted this as one semantic error). However, we
distinguished between semantic errors and omissions in
numbers, since the latter might have their origins in a post-
lexical level; this is in contrast to Dotan and Friedmann
(2015), who considered them as one type of error, they also
distinguished between phonemic errors and formal errors
inasmuch as the latter might have their origin in a lexical level
(e.g., Gold & Kertesz, 2001; Martin & Saffran, 1992). Note that
these criteria were adopted in order to be more conservative in
our analyses.

3. Study 1: increased memory load
hypothesis

A fact that has been consistently ignored in the literature is
that STEPS is found when comparing single-words to multi-
digit numbers, instead of using one-digit numbers. In this
last type of stimuli, the number of errors is typically small or
even absent (e.g., Bachoud-Levy & Dupoux, 2003; Delazer &
Bartha, 2001; Dotan & Friedmann, 2015; Garcia-Orza et al.,,
2020; Girelli & Delazer, 1999; Marangolo et al., 2004). By their
nature, multi-digit numbers, composed of a combination of
several lexemes (and morphemes), involve the production of a
longer sequence of elements (e.g., “forty-two”, “two-hundred
and forty-one”) that must be maintained in memory while
producing the initial part of the sequence, as opposed to single
words that entail a single lexeme (e.g.,, “tale”) and hence
require less memory load. In this study we explore whether
this difference in the amount of information may account for

the STEPS effect or, at least, for part of it, namely, the presence
of semantic errors when producing multi-digit numbers.

Our hypothesis is driven by the fact that interactive models
of language processing have emphasized that memory load
can induce a change in the nature of errors made during
speech production (Dell, 1986; Dell & O’Seaghdha, 1992; Dell
et al., 1997; Martin et al., 1994). In line with this, Martin and
Saffran (1992) postulated the Continuum Hypothesis, in which
phonemic, formal, and semantic errors lie on a continuum of
severity determined by the auditory-verbal short-term mem-
ory (AV-STM) demand of the task. On this account it is
assumed that, especially in repetition tasks, the input spreads
activation across a nodal network from phonological to lexical
and semantic levels (Martin et al., 1994, 1996; Martin & Saffran,
1992). Information in the phonological nodes is the most
vulnerable to decay due to its temporary nature, whereas
lexical and semantic levels take advantage of being long-term
representations. Consequently, the language system would
rely on the lexical/semantic nodes when the phonological
nodes are not available due to the decay of phonological in-
formation caused by a phonological impairment, an increase
in the AV-STM task demand, or both. The prediction of this
account is that memory load, operationalized as demanding
the production of word pairs instead of a single word, in PWA
with phonological deficits would lead to: (a) a worse general
performance, and (b) the emergence of more semantic and
formal errors in contrast to phonemic errors, particularly in
the second word of a sequence, this is, when phonological
resources are overloaded but the semantic nodes are still
activated (Martin et al., 1996). Gold and Kertesz (2001), who
asked a person with conduction aphasia to repeat single-word
and two-word sequences, confirmed the idea of errors
changing across this continuum in relation to the amount of
memory load in AV-STM. Phonemic errors were predominant
in conditions of low memory load (single words and in the first
item of two-word sequences), whereas semantic errors
increased in conditions of high memory load, that is, in the
second item (Gold & Kertesz, 2001). Using a different way of
increasing memory load, a 5-s delay in a repetition task,
Jefferies et al. (2006) also found an increase in semantic errors
in a group of brain-damage persons with phonological
disfunction.

Taking all of this into consideration, we consider here
whether the production of semantic errors in STEPS is caused
by differences in AV-STM load during speech production.
While non-numerical words are repeated in isolation and are
produced with more phonemic errors, multi-digit numbers,
which are in essence composed of multiple lexemes, form
longer sequences, and which are thus more demanding
stimuli, are associated with the emergence of more semantic
errors (Garcia-Orza et al., 2020). We test this hypothesis by
comparing PWA’s performance in a single word repetition
task and a paired-word repetition task. According to our hy-
pothesis, we expect the two participants to produce: (a) more
errors in paired words than in single words, and (b) a change in
the proportion of phonemic/semantic errors, from more
phonemic errors when repeating single words to more formal
and semantic errors when repeating paired words, especially
in the second word of the pair. On the contrary, according to
the BBH, and given that we used non-number words, we
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Table 2 — Characteristics of the words in Study 1 for both
single and paired conditions.

Single words Paired words

M (SD) Range M (SD) Range

Frequency 84.83 (107.29) .50—-591.35
Imageability 4.63 (1.58) 2.06—7.00
Number of phonemes 5.82 (1.21) 3-10
Number of syllables  2.50 (.57) 2—4
Number of letters 6.01 (1.10)  4-10

11.64 (1.75) 7—16
500 (78) 4-7
12.01 (1.55) 9-16

Note. Mean frequency (per million) and imageability is the same for
single and paired words.

expected more phonemic than semantic errors without
notable effects of memory load on the type of errors, apart
from an increase in the overall number of errors.

3.1. Materials

An initial list of 160 words was selected from the EsPal data-
base (Duchon et al., 2013). These words were nouns of various
semantic categories, such as agriculture and fisheries,
everyday objects, science and academy, places, and attitudes.
Similar proportions of high and low frequency and high and
low imageability words were selected, although since these
words differed in number of phonemes, we did not analyze
the role of these variables. From the initial 160 single words,
two lists were derived: (a) a list of single words was semi-
randomly created in an attempt to avoid the contiguous pre-
sentation of words of the same semantic category, and (b) a
list of word pairs, in which the word pairs were created semi-
randomly toward avoiding semantic relationships between
the words in each pair. The linguistic properties of the
selected stimuli are presented in Table 2.

3.2. Procedure

Words from both single words and paired words lists were
read aloud by the experimenter, leaving 1 sec between the
words in the case of the paired words. Participants were
encouraged to repeat the word or the word pair immediately
after. The list of word pairs was presented first, and after a rest
and other tasks, the single word list was presented, all in a
single session.

3.3. Specific data analyses

All statistical analyses in this study were conducted in R
(version 4.1.2 — “Bird Hippie™; R Core Team, 2021). The STEPS
was considered by comparing phonemic versus semantic
errors across presentation conditions (isolated versus paired
words) using Wilcoxon’s signed-rank tests. Differences in
correct responses and error types between conditions and
positions (position 1 vs 2) in the paired-word condition were
assessed using Pearson’s chi-square tests (with Yates'
correction when needed).

3 A complete list of the software used is available at our OSF
repository (https://osf.io/5v7nr/).

Table 3 — Patients' performance and errors in the repetition task with single words and with word pairs in Study 1.

Errors

Correct Responses

Repetition task

Patient

Omission

Perseveration Unrelated

Semantic Phonemic Formal Neologism

Total

24
23

32
47

128
41

Single (n = 160)
Paired (n = 80)

DNR

12
11
30
37

23

57
56

Position 1 (n = 80)

24
40

Position 2 (n = 80)

120
16
56
18

Single (n = 160)
Paired (n = 80)

ML

22

12

86
24
62

20
17

Position 1 (n = 80)

22

10

Position 2 (n = 80)

Note. More than one error may occur in each item. Errors in the paired condition correspond to the sum of errors in each word at each position. Number of semantic and phonemic errors are in bold

when the comparison between them showed significant differences.
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Study 1 Study 2a Study 2b
Patient Words Numbers HF color sequences LF color sequences
Isolated Paired Repetition  Naming Reading Repetition  Naming Reading Repetition  Naming Reading
* * * * * * * * * * *
* * * * * * *
ML

Errortype © Semantic © Phonemic @ Formal O Other

Fig. 3 — Proportion of errors across repetition task conditions (single versus paired words) for patients DNR and ML in Study
1, as well as in reading, naming, and repetition tasks involving numbers (Garcia-Orza et al., 2020) and high-frequency (HF)
and low-frequency (LF) color sequences in Studies 2a and 2b. Note. A full pie chart represents the total number of semantic,
phonemic, formal, and other types of errors. * indicates significant differences (p < .05) between semantic and phonemic
errors. Less intense colors in the pie charts indicate good performance in the tasks (i.e., few errors, <12). ML was only
assessed for 20/60 sequences with LF colors (the ones belonging to the length 2 condition) in the repetition task (Study 2b).

DNR
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Fig. 4 — Errors per type and position during paired-word repetition of patients DNR and ML. Note. * indicates (corrected)
significant differences (p < .05) in the number of errors between positions 1 and 2.

3.4. Results

DNR and ML performance are presented in Table 3. In Fig. 3 we
offer a graphic representation of the proportion of errors of both
participants in the single and paired-word repetition task; in
Fig. 4 wereported the differences in the number of types of errors
in words at positions 1 and 2 during the paired-word repetition.

3.4.1. Patient DNR

DNR correctly repeated 128 out of 160 (80%) single words,
whereas the repetition of paired words resulted in more dif-
ficulties: she correctly produced 113 out of 160 (71%) (41
correctly repeated pairs of words out of 80, 51%). More inter-
estingly, in both conditions she produced predominantly
phonemic errors (24/160 in single words and 23/160 in paired
words), but no semantic errors, and hence the difference be-
tween these types of errors was significant both in the single
word condition (Z = 4.90, p < .001) and in the paired-word
condition (Z = 4.80, p < .001).

The comparisons of the overall number of errors between
conditions showed fewer errors in the single word condition,
but this difference was only marginally significant
[%%(1) = 3.78, p = .051]. When we compared the number of
phonemic errors (24 vs 23), no differences were observed
[x*(1) = .02, p = .87], and the same was found with the se-
mantic errors (0 us 0). A non-significant increase, from 4 to 9,
in formal errors was found [%?(1) = 1.28, p = .26], and regarding
the remaining errors, again non-significant increases were
found from the single to the paired condition in omissions
(from 2 to 9, p = .066), perseverations (from 2 to 5, p = .44), or
unrelated errors (from 0 to 1, p > .99).

Thus, the pattern with pairs of words was roughly similar
to that with single words, and as usual within STEPS, phone-
mic errors were the most frequent type of error.

3.4.1.1. SERIAL POSITION EFFECT. In the repetition of word pairs,
DNR’s responses were equally accurate at position 1 (71.25%)
and position 2 (68.75%) [x*(1) = .03, p = .86]. When we compared
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the number of each type of errors in each position (see Fig. 3),
only a non-significant increase in the number of formal errors
atposition 2 was observed (from 2 to 7) [x*(1) = 1.88,p=.17]. The
rest of errors varied minimally (all ps > .82).

3.4.2. Patient ML

In the repetition of single words ML was much more accurate,
120 words out of 160 (75%), than in the paired word, in which
she only correctly produced 74 words out of 160 (46.25%), (only
16 correct pairs out of 80, 20%). She made 40 errors with single
words, most of these phonemic (30), and no semantic errors,
this difference being significant (Z = 5.47, p < .001). In paired-
word repetition there were again more phonemic (37) than
semantic (2) errors (Z = 5.60, p < .001).

The number of errors in the repetition task with word pairs
was about twice than with single words (86 and 40 errors,
respectively) [x*(1) = 27.70, p < .001]. This increase in the
number of errors was observed in almost all types of errors: it
was slight in semantic, neologisms, and unrelated errors;
clear but non-significant, in the case of phonemic (from 30 to
37) [¥*(1) = .93, p = .33] and formal errors (from 6 to 12)
[%2(1) = 2.12, p = .15]; but significant for perseverations (from 2
to 22) [x*(1) = 18.02, p < .001] and omissions (from 0 to 7)
[%%(1) = 4.25, p = .039].

3.4.2.1. SERIAL POSITION EFFECT. In the repetition of word pairs ML
showed better performance with words at position 1, with 70%
success (56/80), than with words at position 2, with only 22.5%
success (18/80) [x2(1) = 36.30, p < .001]. This indicated that ML
had lost the recency effect, as expected given her considerable
AV-STM impairment (Majerus et al., 2015; Martin & Saffran,
1997; Salis et al., 2015). In terms of the different types of er-
rors, increases were found for all of these apart from phonemic
errors, which showed a non-significant decrease (from 20 to
17). Within the increases from position 1 to 2, the greatest were
for perseverations (from 0 to 22) [¢*(1) = 25.51, p < .001], and
formal errors (from 2 to 10) [x*(1) = 4.41, p < .036]. Finally, for
semantic errors, unrelated errors, omissions and neologisms
there were non-significantincreases, all ps > .21. The changein
the proportion of errors is presented in Fig. 4.

3.5. Discussion

In this study we explored whether the production of semantic
errors in the STEPS arises from the fact that word production
is assessed using single words whereas multi-digit numbers
are generally assessed using strings of various words. In line
with the Continuum Hypothesis (Martin et al., 1994, 1996;
Martin & Saffran, 1992), we hypothesized that the increasing
load involved in PWAs repeating pairs of words, instead of
single words, would lead to an increase of formal and se-
mantic errors.

Our results showed, not surprisingly, that DNR and ML
produced more errors when repeating paired words in contrast
to single words. This increase seems to be caused by the in-
crease in the amount of information to be processed and pro-
duced—the AV-STM demand—during the repetition of paired
words. Such an effect was clearly stronger in the case of ML,
who has a PIB impairment, and was only marginal for DNR.

In terms of the type of speech errors, it was found that: (a)
phonemic errors were consistently the more numerous errors
across conditions in both the single and the paired conditions;
(b) semantic errors were almost absent in the case of ML (with
none for DNR) and were restricted to the second word of the
pair (echoing the performance of patient MMB described by
Gold & Kertesz, 2001); (c) formal errors increased from the
single to the paired words in both patients, whereas phonemic
errors remained the same for DNR and increased slightly for
ML; additionally, formal errors increased clearly in words
repeated in the second position compared to the first position,
and although this difference (from 2 to 7) was not significant in
the case of DNR, it was (from 2 to 10) in the case of ML. So, the
increase in formal errors occurred under the more demanding
conditions, at the second word of the pair, and more clearly in
the PWA who showed the more reduced STM span, ML. This
may suggest that a stronger manipulation of the load may lead
to a stronger change of tendency that should extend to an
increase in semantic errors.

So, the overall pattern of errors in this study, at least
regarding an increase in formal errors, partially supports the
Continuum Hypothesis (Gold & Kerstez, 2001; Martin & Saffran,
1992; Martin et al., 1994, 1996). However, against our pre-
dictions about the origin of STEPS, no evidence of load causing
a change from phonemic to semantic errors was found.

4. Study 2a: resemblance of colors and
numbers regarding STEPS

The results of the first study showed that the increase in
memory load alone is not able to explain the semantic errors
in numbers that characterize STEPS. One possibility is that the
manipulation we introduced in the study was not strong
enough to reveal these effects. For instance, the load in two-
word sequences is still far less than the load in three- or
four-digits numbers (i.e., 3—5 words). Additionally, number
words have higher frequency and imageability than those
words in Study 1, and this, according to Gold and Kertesz
(2001), might increase the change from phonemic to formal
or semantic errors, in that there is more reliance on the lexical
route in stronger representations. Besides, the words high
frequency may reduce the production of phonemic errors
(e.g., Shallice et al., 2000). Finally, in contrast to Study 1, when
producing lists of multi-digit numbers, participants are asked
repeatedly produce the same limited number of words from
the same semantic category, and this, as noted in the Intro-
duction, resembles the cyclic naming paradigm that causes
interference effects in naming due to the over-activation of
those semantic representations (e.g., Belke, 2017; Oppenheim
et al., 2010), thus adding another factor which potentially in-
creases semantic errors over phonological ones when pro-
ducing numbers.

To explore this, in a second study we take words that
resemble numbers in their lexical-semantic characteristics
and use them to build word sequences that are similar to the
multi-digit number words. We expect that by putting
semantically-related words, with high frequency and image-
ability, in sequences of 2—4 words (to increase load), and by
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Table 4 — Linguistic properties of multi-digit numbers and color sequences (all n = 60) assessed in Study 2a and Study 2b.

Study 2a Study 2b
Numbers High-frequency (HF) colors Low-frequency (LF) colors
M (SD) Range M (SD) Range M (SD) Range
Lexical frequency (log count per million) 2.08 (.54) .39-2.92 1.62 (.22) 1.12—-2.12 .22 (.14) .027—.62
Lemma frequency (log count per million)  4.66 (.64) 2.47—-5.69 4.41 (.27) 3.85—5.01 2.35 (.32) 1.44—-3.06
Number of phonemes 21.25(7.42) 10-34 14.65 (4.19) 8—24 14.43 (4.30) 6—25
Number of letters 21.68 (7.47) 11-34 15.07 (4.38) 8-25 14.88 (4.18) 8—25
Number of syllables 8.22 (2.53) 4-13 5.92 (1.77) 3-10 5.90 (1.74) 3-10

Note. The properties for multi-digit numbers were computed based on all their constituent words, in the same way as for the color sequences.

presenting them repeatedly (to increase interference), we will
be able to induce the production of semantic errors in our
subjects. To this end, we selected highly familiar colors, since
(like numbers) these also constitute a semantically-
homogeneous group with high lexical frequency, high
imageability, short names, and common syllabic combina-
tions. Additionally, we assess DNR’s and ML’s performance in
color sequences in the three tasks in which STEPS has already
beenreported (reading, repetition, and naming tasks), then we
compare this to the performance in (parallel sequences of)
multi-digit numbers described in Garcia-Orza et al. (2020).*

According to the BBH, since color words are content words
and thus are built by combining individual phonemes
extracted from the POB, more phonemic than semantic errors
are expected in these sequences. On the contrary, the emer-
gence of semantic errors in the production of high-frequency
(HF) color sequences (the error pattern characteristic of
numbers in STEPS) would support the claim that this phe-
nomenon arises as a consequence of the experimental con-
ditions and characteristics of the stimuli used. Specifically, in
the case of DNR, who suffers from a POB impairment, we
expect more semantic than phonemic errors in the three
tasks. On the contrary, given that ML is only impaired in her
PIB, we expect more semantic errors in repetition and a low
number of errors in the reading and naming tasks, as she is
supported by the visual and permanent presentation of the
information in these tasks. These were in fact the results ob-
tained with multi-digit numbers in Garcia-Orza et al. (2020);
our focus here, then, is to see whether we can replicate this
with non-number words, in this case, sequences of HF-color
words.

4.1. Materials

We designed a list of color sequences that was equivalent to
the list of multi-digit numbers used in a previous study with
these participants (see Garcia-Orza et al., 2020). That list was
composed of 20 two-digit numbers larger than 30, 20 three-
digit numbers, and 20 four-digit numbers. To create the par-
allel color sequences from this number list, each number from
0 to 9 was associated with a HF-color.

* Neuropsychological conditions of the patients did not vary
between the administration, approximately 6 months, of the
tasks used in this and the following study in terms of WAB
measures.

These color words had a similar number of syllables, pho-
nemes and letters as single number words (all ps > .18). How-
ever, although we used the most frequent colors, according to
EsPal (Duchon et al., 2013) color words were still far less
frequent than single numbers in both lexical and lemma fre-
quency [regarding the logarithm of their count per million,
t(15.83) = 3.81, p = .001 and t(12.46) = 2.18, p = .048,
respectively].

To create the color sequences, we replaced each number
in the multi-digit list with its corresponding color (e.g., for
the number trescientos sesenta y cuatro [“three hundred sixty-
four”, 364], rojo - verde - gris [“red - green - grey”’] was the
corresponding color sequence). Although the number of el-
ements was matched in the color and number sequences,
multi-digit numbers were linguistically both more frequent
and larger than color sequences (note that the words “hun-
dreds” and “thousands” had no equivalents in our sequences
of colors), and this was also true for the mean log lemma
frequency per multi-digit/sequence according to Welch t-
tests (all ps < .009). The linguistic properties of the lists are
reported in Table 4.

4.2. Procedure

Previous studies have shown STEPS in repetition, naming and
reading (e.g., Dotan & Friedmann, 2015). To confirm our hy-
pothesis, we evaluated performance using HF-color se-
quences across the three tasks, following the same order as in
Garcia-Orza et al. (2020). The order of presentation for the
color sequences was randomized for each task.

4.2.1. Repetition task

The experimenter read each stimulus once, but it could be
repeated if patients asked. Patients were encouraged to repeat
the stimulus immediately after the experimenter read it.

4.2.2. Reading task

Color sequences (separated by dashes, e.g., “green - blue”)
were presented on a laptop with a 15.6” monitor using Pow-
erPoint. Each full sequence was presented in a single pre-
sentation slide, words were situated in the center of the
screen using Calibri 60-point black font over a white back-
ground. Patients were asked to read the words on the screen
as soon as they were presented. Each sequence remained
visible on the screen until a response was made.
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4.2.3. Naming task
Sequences of color patches were presented in the same way as
in the reading task, i.e., horizontally aligned over a white
background on a single slide. Each color patch was a
5.47 cm x 6.01 cm rectangle. Patients were asked to name the
sequence of color patches from left to right. The sequence of
color patches remained on the screen until the response.
Additionally, before presenting the sequences, to ensure
both PWA were able to correctly name the color from the color
patches, they were asked to name them. DNR committed 4
phonemic errors with HF colors, but no other errors were
observed. ML made 2 phonemic errors and 1 semantic error
when producing single HF colors. This was slightly worse than
their performance with single-digits, which they produced
without errors (see Garcia-Orza et al., 2020, Footnote 4).

4.3. Specific data analyses

We compared semantic versus phonemic errors across tasks
and sequence lengths for HF-color sequences using Wilcox-
on’s tests (the corresponding analysis for multi-digit numbers
is reported in Garcia-Orza et al., 2020, thus is only discussed
here). General performance and errors with HF colors were
compared to numbers in Garcia-Orza et al. (2020) using Pear-
son’s chi-square tests (with Yates' correction when needed).
Differences between tasks or sequence lengths (both three-
level factors) for HF colors and numbers were analyzed
using Friedman’s chi-square test, followed by Bonferroni-
corrected Wilcoxon tests when significant effects were found.

4.4, Results

The results of the performance of both participants are pre-
sented in Table 5 and Fig. 3, with Fig. 5 providing a graphical
representation of performance regarding length. Importantly,
we scored the correctness of each complete sequence, but to
compute errors we considered each color word of each
sequence; thus, more than one type of error may be found in a
single sequence and even in a single word. Since formal errors
were usually absent, no analyses were run on this type of error
unless they were clearly numerous.

For clarity, we have streamlined the results section to
emphasize the key aspects of the STEPS phenomenon, pre-
senting the main findings for each patient. Readers seeking a
more detailed report can refer to the Supplementary Materials
(also available on our OSF: https://osf.io/5v7nr/). For the sake
of simplicity, we have used the symbol 4 in some instances to
denote the difference in the number of errors (or correct re-
sponses) between conditions.

4.4.1. Patient DNR

4.4.1.1. GeneraL ExPLORATION OfF STEPS. DNR displayed the
same pattern of errors with HF-color sequences as she did
with multi-digit numbers (as found by Garcia-Orza et al,
2020), producing consistently more semantic than phonemic
errors across tasks: repetition (23 semantic vs 5 phonemic
errors), naming (36 semantic vs 4 phonemic errors), and
reading (19 semantic vs 1 phonemic error) (all Z > 3.52,
ps < .001) (see Fig. 3 for a comparison).

4.4.1.2. MuLTI-DIGITS NUMBERS VERSUS HF corors. The perfor-
mance of DNR in repetition was similar for multi-digit
numbers and HF colors (4 = 1.2% accuracy) [x*(1) = .14,
p = .71], but was worse for numbers in naming (4 = 18.33%
accuracy) and reading (4 = 53.33% accuracy) [both %*(1) > 8.29,
ps < .001]. The number of semantic errors did not differ be-
tween numbers and colors in either the repetition or naming
tasks (4 was 1 error in both cases) [¢*(1) = .03, p = .85], but
significantly more instances were found with numbers in
reading (4 = 28 errors) [%?(1) = 26.40, p < .001]. The number of
phonemic errors did not differ between colors and numbers
across tasks (all As < 4 errors) [all %*(1) < 2.64, ps > .13] (see also
Table 5 for a reference).

4.4.1.3. LencTH ErFFecTs. A length effect was observed in DNR'’s
global performance, with poorer performance on longer
stimuli across all tasks and stimulus types [for HF colors: all
%2(2) > 7.63, ps < .022; for numbers: %*(2) = 2, p = .049, in
naming, and %?(2) = 22.84, p < .001, in repetition], except for
numbers in reading [x*(2) = 4, p = .14]; this general decrease
varied slightly across tasks and stimulus types. For semantic
errors, she also exhibited a length effect, with errors
increasing as stimulus length grew, in all the tasks involving
HF colors [repetition: x(2) = 6.5, p = .039; naming; x*(2) = 11.57,
p = .003; reading: %*(2) = 6.17, p = .046]. When using multi-digit
numbers, the length effect was observed in repetition
[x*(2) = 10.94, p = .004], but it was absent in reading and
naming [x*(2) = .89, p = .64 and %?(2) = 5.29, p = .071, respec-
tively]. Phonemic errors were scarce (five or fewer in total), but
when they could be analyzed, no length effect was observed
for either numbers or HF colors [all ¥*(2) < 2, ps > .14] (see
Fig. 5).

We also contrasted the number of semantic and phonemic
errors for each stimulus length. In length 2 sequences, there
was a consistent tendency to produce more semantic than
phonemic errors in all cases; however, the differences were
scarce in all tasks with HF-colors and for multi-digit repetition
(all As < 5 errors) (all Z < 2.24, ps > .063), and were significant
only for number naming (4 = 12 errors) (Z = 3.46, p < .001) and
number reading (4 = 14 errors) (Z = 3.77, p < .001). When using
stimuli of lengths 3 and 4, DNR made significantly more se-
mantic than phonemic errors in all tasks with both types of
stimuli (all As > 6 errors) (all Z > 2.45, ps < .031) and these
differences generally increased, except in number naming
and reading, where the trend remained stable at these lengths
(see Fig. 5).

To sum up, DNR committed significantly more semantic
than phonemic errors in the three tasks with HF-color se-
quences, resembling the pattern found with multi-digit
numbers. The manipulation of length reduced the number
of correct responses and increased the semantic errors in the
three tasks with HF-color sequences. This same pattern was
observed in the repetition task with numbers, and a non-
significant trend in the naming and reading tasks. More
interestingly, the presence of significantly more semantic
than phonemic errors in the three tasks was observed from
length three-color sequences onward, whereas it was present
from two-digit numbers in naming and reading and from
three-digit numbers in repetition. This means that three-word
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Table 5 — Patients' performance and errors in the repetition, naming, and reading tasks with multi-digit numbers, HF-color sequences (Study 2a) and LF-color sequences
(Study 2b) (n = 60 items per task and stimuli type).

Patient Task Stimulus type Correct Errors
Sequences  T,ia]  Semantic  Phonemic  Formal Neologism  Perseveration  Unrelated  Omission  Addition
DNR Repetition Numbers 25 35 24 2 0 0 0 0 9 0
HF colors 27 42 23 5 2 0 1 0 9 2
LF colors 23 60 26 19 3 2 0 0 10 0
Naming Numbers 3 57 35 0 0 0 0 0 22 0
HF colors 14 58 36 4 0 0 0 0 18 0
LF colors 16 57 20 22 2 4 0 0 9 0
Reading Numbers 2 59 47 2 0 0 0 1 9 0
HF colors 34 28 19 1 0 0 0 0 8 0
LF colors 14 73 7 41 26 4 0 0 0 0
ML Repetition Numbers 17 44 34 2 0 0 0 2 6 0
HF colors 18 60 40 6 2 0 0 0 9 3
LF colors® 2 29 0 6 2 11 7 0 4 0
Naming Numbers 48 12 11 1 0 0 0 0 0 0
HF colors 53 7 5 1 0 0 0 0 0 1
LF colors 2 91 50 23 5 5 2 5 2 0
Reading Numbers 53 8 4 4 0 0 0 0 0 0
HF colors 58 2 2 0 0 0 0 0 0 0
LF colors 57 3 0 3 0 0 0 0 0 0

Note. More than one error may occur in each sequence and item. Correct sequences indicate the number of whole sequences produced correctly from a total of 60. Errors are computed for each word
within a sequence, so the maximum number of errors is 180. Data on multi-digit numbers are drawn from Garcia-Orza et al. (2020). Number of semantic and phonemic errors are in bold when the
comparison between them showed significant differences (i.e., ps < .05).

& ML was only assessed for 20 sequences out of 60 (the ones belonging to the length 2 condition).
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Fig. 5 — Formal, phonemic, and semantic errors made by DNR and ML in producing multi-digit numbers, high-frequency (HF)
color word sequences, and low-frequency (LF) color word sequences of varying lengths, grouped by task. Note. * indicates
(corrected) significant differences (p < .05) between semantic and phonemic errors.

sequences seem to constitute the load needed to make the
effect appear in DNR.

4.4.2. Patient ML

4.4.2.1. GENERAL EXPLORATION OF STEPS. The error pattern we
found in ML’s production of HF colors was similar to the one
previously reported with multi-digit numbers by Garcia-Orza
et al. (2020). More semantic than phonemic errors were
found in the repetition task (40 semantic vs 6 phonemic)
(Z =5.67, p <.001), and although a similar trend was observed
in naming (5 semantic vs 1 phonemic) and reading (2 semantic
us 0 phonemic) (both Z < 1.63, ps > .22), as expected given the
locus of her impairment, HF colors elicited very few errors in
ML to make these differences significant.

4.4.2.2. MuLTI-DIGITS NUMBERS VERSUS HF coLors. ML’s perfor-
mance was slightly better with HF colors than with multi-digit
numbers, though the differences were not statistically sig-
nificant in any task (all As < 8.83% accuracy) [all x*(1) < 1.92,
ps > .17]. Both colors and multi-digit numbers elicited similar
numbers of semantic errors (all As < 6 errors) [all 1*(1) < 2.6,
ps > .11] and the same was found with phonemic errors (all
As < 4 errors) [all ¥*(1) < 2.33, ps > .13] in each task.

4.4.2.3. LenctH EFFECcTs. An effect of length was observed in
ML’s performance in all number tasks [all %?*(2) > 6.33,
ps < .042] and in the HF color repetition task [x*(2) = 23.74,
p < .001], with accuracy decreasing as stimulus length
increased. In the two remaining tasks with HF colors (i.e.,
naming and reading), no effects of length were observed [both
v2(2) < 5.43, ps > .066]. Significant increases with length were

observed on semantic errors in the repetition tasks for both
numbers and colors [both %2(2) > 16.53, ps < .001] and in the
number naming task [%?(2) = 6.2, p = .045]. The naming task for
colors and both reading tasks showed no significant length
effects [all %%(2) < 2.80, ps > .25] (see Fig. 5). Regarding pho-
nemic errors, these were scarce across tasks (all < 6), and
when analyzable, no length effect was found, either for
numbers or for HF colors [all %*(2) < 3.5, ps > .17].

We also compared the number of semantic and phonemic
errors for each length condition. Although no significant dif-
ferences were found in naming and reading tasks due to the
low number of errors produced (all As < 5 errors) (all Z < 2.24,
ps > .063), these differences emerged in repetition, the task in
which ML faced more difficulties. Specifically, in HF color
repetition, more semantic than phonemic errors were already
observed at length 2 (4 = 7 errors) (Z = 2.65, p = .016), with this
difference increasing with sequence length (for length 3 and 4,
the As for errors were 11 and 16, respectively) (Z = 3.05, p = .003
and Z = 4, p < .001, respectively). A similar pattern was found
in the repetition of multi-digit numbers, where, although
differences in two-digit numbers were not significant (4 = 4
errors) (Z = 2, p = .13), they became significant for three-digit
(4 = 13 errors) (Z = 3.35, p < .001) and four-digit numbers
(4 = 15 errors) (Z = 3.87, p < .001).

Overall, ML’s performance, as expected given her impair-
ment in the PIB, shows considerably more errors in repetition
than in reading and naming tasks, with both multi-digits and
HF-color sequences. In terms of stimulus types, her perfor-
mance was roughly similar. More importantly for the aims of
this study, semantic errors were in general more frequent
than phonemic ones, with both HF-color sequences and
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numbers, and with length having a considerable role in
increasing this pattern. These differences were clearly sig-
nificant in the repetition task but less clear in the reading and
naming tasks, for which there were few errors.

4.5, Discussion

In this second study we assessed whether the combination of
different factors, namely, using high-frequency words, a
higher memory load, and the continuous (cyclical) production
of a limited set of semantically-related items, is decisive in the
emergence of semantic errors that are observed with numbers
in STEPS. The point here is that instead of using numbers we
used sequences of HF-color words, that is, stimuli that ac-
cording to the BBH should behave like non-number words and
hence should be produced mainly with phonemic errors.

DNR' results, both with multi-digit and HF- color se-
quences, showed the same pattern: semantic errors were far
more frequent than phonemic errors. This was found in the
three tasks used, i.e., repetition, naming and reading, with
slight differences in the strength of the effect. The results in
the case of ML were also clear. She showed significantly more
semantic than phonemic errors in the repetition of HF-color
sequences. This pattern was not significant in the naming
and reading tasks due to her relatively good performance in
these tasks, but it did follow the same trend.

Regarding the study of changes in the error rate with mem-
ory load, we found that in general DNR and ML produced more
errors as length increased. With some exceptions in specific
tasks (e.g., omissions in DNR’s naming task and ML’s repetition
tasks), the increase in errors with length was mainly associated
with the increase in semantic errors, with increases in other
types of errors, including phonemic ones, few in number. A task
analysis showed some differences between stimulus types. In
the case of DNR, the number of semantic errors with HF-color
sequences increased significantly across lengths in the three
tasks, and although the trend was similar for numbers, signifi-
cant differences only arose in the naming and the repetition
tasks. ML produced more semantic errors in longer sequences
when repeating HF colors and numbers. Phonemic errors
showed a similar trend, but this was not significant.

The findings here constitute evidence on how a pattern of
errors (see Study 1) can be modified by a combination of
several factors. We have, then, found support for the claim
that the semantic errors in the STEPS are not intrinsically
linked to numbers; rather, they emerge from the presentation
of sequences of high-frequency words that belong to the same
semantic category and are presented repeatedly. Multi-digit
numbers meet the same requirements, as do sequences of
HF-color words, and hence both are characterized by the
production of predominantly semantic errors and only small
numbers of phonemic errors.

5. Study 2b: the role of word frequency in
STEPS

The previous study addressed one part of the STEPS paradox:
why participants without semantic or lexical impairments
commit semantic errors. Our findings suggest that it is the

interaction between the STM memory load, semantic block-
ing, and recursive use of the same words that leads to the
emergence of notable number of semantic errors; we found a
similar pattern when HF-color words sequences had to be
produced. The other part of the STEPS paradox involves the
absence of phonemic errors in producing numbers when
phonemic errors are the default errors in these PWA. In the
study that we will now describe, we consider the hypothesis
that it is high frequency that leads to a reduction in phonemic
errors. Specifically, this study will aim to verify the role that
word frequency plays in the production of phonemic errors in
STEPS.

According to several studies (e.g., Kittredge et al., 2008;
Shallice et al., 2000) lexical frequency plays a relevant role in
the production of phonemic errors: they appear more in low-
frequency than in high-frequency words. Here we have
argued that the absence of phonemic errors in the production
of multi-digit number words and HF-color words in Study 2a is
due to the very high-frequency of these stimuli. In other
words, that the absence of phonemic errors in number words
is not due to the existence of a different mechanism for these
stimuli in the phonological output buffer, as claimed by the
BBH, but rather to these words having far higher frequency
than the non-number words to which they are usually
compared (see Introduction for detailed arguments on this).
To test this hypothesis, we compared the pattern of errors
found in Study 2a with HF-color sequences to the pattern with
low-frequency (LF) color sequences. We expect that phonemic
errors, the default errors in this patient, as observed in Study
1, but which almost disappeared during the production of
multi-digit numbers and HF-color sequences (Study 2a), will
reappear (in Study 2b, here) when the lexical frequency of the
stimuli decreases, that is, during the production of LF-color
sequences.

5.1. Materials

For this study we created a list of 60 LF-color sequences, as in
the previous study: each LF-color was exclusively associated
with a HF-color and a digit number. Consequently, each LF-
color sequence was equivalent to a given HF-color sequence
and a multi-digit number from the previous study (e.g., lila -
malva - beis [“lilac - mallow - beige”] is the sequence equivalent
to 236 and rojo - verde - gris [“red - green - grey”]).

The linguistic properties of LF-color sequences are re-
ported in Table 4; these color words had significatively less
lexical and lemma frequency than the HF colors
[t(13.96) = 8.16, p < .001 and t(14.58) = 8.04, p < .001], while they
were both matched in length (number of phonemes, letters,
and syllables; all ps > .99). Additionally, the sequences
comprising them also differed in terms of lexical and lemma
frequency [t(97.73) = 41.46, p < .001 and t(113.74) = 38.29,
p <.001], while being statistically similar in length (all ps > .82).

5.2. Procedure

The procedure in this study was the same as in Study 2a
regarding the color tasks (repetition, naming, and reading)
with one exception: in the repetition task ML was only pre-
sented with length 2 sequences as she had complained of too
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great a load and that it was impossible for her to recall things
in longer sequences. As in Study 2a, before running the se-
quences we asked both participants to name the color patches
and read and repeat these color words in isolation, with the
aim of testing their knowledge of these colors. Whereas DNR
performed without errors, ML made many errors in the
naming of LF-colors; for instance, she used “lilac” both for
“lilac” and “mallow”, and “brown” for both “beige” and
“ochre”. Although she was corrected in order to avoid errors in
the sequence task, we acknowledge that this data from the
naming task may show an artificially increased number of
semantic errors, and thus should be taken with caution (note
that this problem in identifying the color does not apply to the
reading and repetition tasks).

5.3. Specific data analyses

In this study, we performed the same analyses as those
described in Study 2a. However, since numbers and HF colors
showed roughly similar patterns, and we were interested in
the role of word frequency, we now compared the data ob-
tained in the production tasks with HF-color sequences to the
data for the LF-color sequences.

5.4. Results

In this section, we present the most notable results of the
study; those interested in a more detailed report can refer to
the Supplementary Materials (also available at our OSF:
https://osf.io/5v7nr/). A comprehensive overview of errors
produced in the three tasks by both patients is provided in
Table 5. Fig. 3 illustrates the specific error patterns for each
task and stimulus type, while Fig. 5 visually represents per-
formance in relation to sequence length.

5.4.1. Patient DNR

5.4.1.1. GeneraL ExPLORATION OF STEPS. Non-significant differ-
ences in the number of phonemic and semantic errors in the
production of LF colors in repetition and naming (both As <5
errors) (both Z < 1.53, ps > .19) were found. However, in
reading, DNR produced significatively more phonemic errors
than semantic ones (41 vs 7) (Z = 5.83, ps < .001) (see Fig. 3).

5.4.1.2. LF corors versus HF coLors. DNR showed similar ac-
curacy with HF and LF words in the repetition (4 = 46.67%
accuracy) [¢*(1) = .55, p = .46] and naming tasks (4 = 3.3%
accuracy) [%?(1) = .18, p = .67]. In reading, ML’s performance
was lower for LF colors (4 = 20; 33.33%) [x*(1) = 13.89, p <.001].
Regarding semantic errors, these were significantly more
frequent for HF colors than for LF colors in naming and
reading (both As > 12 semantic errors) [both ¥*(1) > 7.07,
ps < .008], but not in repetition (4 = 3 errors) [x*(1) = .31,
p = .58]. Alternatively, more phonemic errors were found with
LF colors than with HF colors across all tasks (all As > 14
phonemic errors) [all x*(1) > 10.21, ps < .001] (see also Table 5
for a reference).

5.4.1.3. LenGTH EFFECTS. DNR’s performance decreased with the
length of LF-color sequences [all %x*(2) > 9.45, p < .009].
Although there was a tendency toward an increase in

semantic errors with length, the effect was significant in the
repetition task [¢?(2) = 16.78, p < .001] but non-significant in
the naming and reading tasks [¢?*(2) = 3.17, p = .21 and
%2(2) = 3.71, p = .16, respectively]. Similarly, phonemic errors
showed a tendency to increase with sequence length in all
tasks; however, this effect was significant only in the reading
task [x*(2) = 8.17, p = .017] while no significant effects were
observed in the repetition and naming tasks [¢*(2) = 4,p = .14
and %?(2) = 5.28, p = .071, respectively].

Finally, when the number of semantic and phonemic er-
rors were compared at each sequence length by task, no sig-
nificant differences were found for any length in repetition (all
As < 4)(all Z <1.90, ps > .11) or naming (all As < 5) (all Z < 1.15,
ps > .39). However, in the reading of LF-color words, phonemic
errors were more frequent than semantic ones at length 2
(4=9) (Z=3,p=.004),length 3 (4 =13) (Z=3.61, p <.001), and
length 4 (4 = 12) (Z = 3.46, p < .001) (see Fig. 5).

5.4.2. Patient ML

5.4.2.1. GENERAL EXPLORATION OF STEPS. In repetition, more
phonemic than semantic errors were found (5 vs 0) (Z = 2.45,
p = .031). The pattern reversed for naming, with more se-
mantic than phonemic errors being observed (50 vs 23)
(Z = 4.56, p < .001). In reading, errors were scarce and the
advantage of phonemic errors over semantic errors (3 vs 0) did
not reach significance (Z = 1.73, p = .25).

As mentioned above, we firmly believe that most of the
semantic errors in naming were due to ML not knowing the
correct name of some color patches. Therefore, although we
report the results and analysis of the naming task, they should
be interpreted with caution, as this factor may have artificially
inflated the number of semantic errors.

5.4.2.2. LF corors versus HF coLors. In repetition, only LF-color
sequences of length 2 were administered due to ML’s diffi-
culties in performing the task. We compared the unequal and
small sample sizes, such as the 20 items here against the 60
items in the HF colors condition, by using Fisher’s exact tests
(see Mehrotra et al., 2003). ML produced more correct re-
sponses with HF than LF colors, but the difference did notreach
the significance level (18/60 vs 2/20 correct responses, 30% vs
10%,; Fisher’s exact test, p = .083). However, when considering
only length 2, ML produced significantly more correct re-
sponses with HF colors than LF colors (13 vs 2; Fisher’s exact
test, p < .001). ML made more semantic errors with HF-color
words than with LF-color words, both overall [40/60 (67%) vs
0/20 (0%), respectively; Fisher’s exact test, p < .001] and when
analyzingonlylength-2 sequences [7 us 0, respectively; Fisher’s
exact test, p = .008]. Conversely, ML made proportionally more
phonemic errors with LF-color sequences. Although this dif-
ference was not significant when considering all stimuli [HF: 6/
60 (10%) us LF: 6/20 (30%); Fisher’s exact test, p = .064], itbecame
significant when focusing solely on length-2 sequences [HF:
0 vs LF: 6; Fisher’s exact test, p = .02].

In the naming task, where she was tested with all the
material, ML showed a very high number of errors with LF
colors, this likely due to confusions with the names of these.
This led to better performance with HF colors (4 = 85% accu-
racy) [x*(1) = 87.31, p < .001]. Semantic errors and phonemic
errors were significantly more frequent in LF- than HF-color
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sequences [4 = 45 semantic; %(1) = 67.97, p <.001 and 4 = 22
phonemic; %%(1) = 25.21, p < .001]. Finally, her performance in
reading, where she was also tested on all the materials, was
almost error-free, and thus no significant differences were
found between HF and LF color sequences in the number of
correct responses (4 = 1.67%) [x*(1) = 0, p > .99], semantic
errors (4 = 2) [x*(1) = .51, p = .48], or phonemic errors (4 = 3)
[%%(1) = 1.37, p = .24].

5.4.2.3. LenGTH EFFECTS. In repetition, analyses of length effects
and comparisons between semantic and phonemic errors
were not possible due to the sole assessment of length 2 se-
quences. In reading, these analyses were not conducted due to
ceiling effects. In LF color naming, no length effects were
observed in correct responses [x*(2) = 2, p = .37], nor did the
number of semantic and phonemic errors vary substantially
with length [x*(2) = 1.75, p = .42 and ¥?(2) = .17, p = .92,
respectively].

Finally, when comparing semantic to phonemic errors
across different lengths in the naming task, we observed an
increasing difference, with more semantic errors as the LF
color sequence length increased: length 2 (4 = 8) (Z = 2.53,
p = .021), length 3 (4 = 9) (Z = 2.71, p = .012), and length 4
(4 =10) (Z = 2.67, p = .013).

5.5. Discussion

In this study we began with the hypothesis postulated in
Study 2a: that the interaction of the memory demands and
semantic blocking is responsible for the emergence of se-
mantic errors, whereas the high frequency of number (and
color) words has a protective effect against the production of
phonemic errors. We tested whether a reduction in the lexical
frequency of the semantically-related stimuli inserted in se-
quences is linked to a re-emergence of the phonemic errors
that were absent when producing HF-color sequences and
multi-digit numbers.

The results showed that DNR produced a similar number of
phonemic and semantic errors in both naming and repetition
tasks; she eventually came to produce more phonemic than
semantic errors during the reading task. ML, as expected, due
to her impairment, had a good overall performance in reading.
She made many semantic errors in naming that may have
been caused by her ignorance of the names of some LF-colors,
but, interestingly, phonemic errors were also abundant. In
repetition, despite her difficulties, neologism and phonemic
errors were within the most frequent error types, whereas no
semantic errors were made.

The main finding of this study is that phonemic errors,
almost absent in the production tasks with HF-color se-
quences and multi-digit numbers, re-emerge while producing
LF-color sequences, these results being consistent when
comparing both types of color sequences. DNR and ML pro-
duced significantly more phonemic errors with LF-colors than
with HF colors in all tasks except the reading task of ML, in
which she had almost perfect accuracy. However, semantic
errors were observed in the tasks, which suggests that the
mechanisms that cause them are still at play. So, it seems that
the HF of number words is what avoids the presence of pho-
nemic errors in patients with phonological impairments. The

uneven comparison between non-number and number words
in terms of frequency seems to be one of the factors behind
STEPS here.

6. General Discussion

In this research the causes of STEPS were explored. We have
argued that the specificity of this phenomenon, that is, more
phonemic errors in words but more semantic errors when
producing number words, casts doubt on the lesion-process-
symptom mapping approach, for several reasons. From a
cognitive perspective, the categorial specificity of both types
of errors is unexpected; on one hand, given that phonemic
errors have a postlexical origin, they should appear in the
production of any type of word, both non-number and num-
ber words; on the other hand, in that there is no evidence of
semantic impairments in the quantity system of most of these
patients or in their lexical representations, the production of
semantic errors with number words is unexpected. From a
neuroanatomical perspective, it is also difficult to explain why
lesions mainly affecting dorsal areas such as the STG or the
SMG, which it has been suggested are causally involved in the
production of phonemic errors (e.g., McKinnon et al., 2018;
Mirman et al., 2015; Ramoo et al., 2021; Schwartz & Dell, 2016,
pp. 701-715; Stark et al., 2019), do not induce these errors with
numbers words but, rather, lead to semantic errors, which are
usually associated with ventral areas.

Despite STEPS being a relatively common behavior in PWA,
it was Dotan and Friedmann (2015) who brought this phe-
nomenon into focus, supporting and extending the hypothe-
sis of Cohen et al. (1997). They proposed the BBH, which posits
that number words are building blocks of multi-digits in the
same way that phonemes are building blocks of words. The
model assumes that number words and phonemes are rep-
resented in dedicated stores, within the phonological output
buffer, to form more complex stimuli (respectively, multi-
digits and words), and this might explain how a lesion to
this level causes the substitution of number words (appar-
ently lexical or semantic errors) in multi-digits, and the sub-
stitution of phonemes (phonemic errors) in words (Dotan &
Friedmann, 2015; Cohen et al., 1997). Unfortunately, without
further specifications, the BBH encounters difficulties in
explaining the presence of STEPS in patients with impairment
of the phonological input buffer (i.e., people with conduction
aphasia of the repetition variety), as has been described in
Garcia-Orza et al. (2020, but see Fischer-Baum et al.,, 2018).
Additionally, by attributing grammatical properties to a
phonological device, the phonological output buffer, but giv-
ing no role to frequency, the model loses plausibility (see
Garcia-Orza et al., 2020; Ochtrup et al., 2013).

In this study we have explored an alternative account: the
hypothesis that STEPS is a consequence of the defective
experimental control of factors such as memory load, word
frequency, semantic context, and task demands when
comparing the production of (non-number) words versus
number words. To this end, we analyzed the performance of
two participants with conduction aphasia, one of the repeti-
tion and one of the reproduction variety, both of whom had
shown STEPS previously.
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The results of these studies are clear. In Study 1 we
explored whether memory load affected word repetition by
favoring formal and semantic errors. We asked our two par-
ticipants to repeat non-number word pairs, as a means of
creating the higher demand number words make when
compared to isolated non-number words. Neither DNR nor ML
showed any significant increase in the number of semantic
errors or a reduction in phonemic errors (see Fig. 3). Only a
slight increase in formal errors was observed (significant for
words in position 2 in ML) (see Fig. 4), and although this may
provide moderate support for the Continuum Hypothesis,
which considers that load will turn phonemic errors into
formal and semantic ones (Gold & Kertesz, 2001; Martin et al.,
1994, 1996; Martin & Saffran, 1992), our findings also indicate
that simply increasing load is not the cause of STEPS effects. It
seems that additional factors are needed to produce these.

Studies 2a & 2b provide a clearer view on the mechanisms
underlying STEPS. By combining a stronger memory load,
more akin to that of multi-digits (sequences of 2—4 words),
and using repeatedly HF-words from a single semantic cate-
gory (colors), a similar pattern to that with numbers appeared
in our patients (Study 2a). Additionally, the pattern of se-
mantic and phonemic errors was mixed when sequences of
LF-color words were presented instead (Study 2b).

It is also interesting to note that the similarities in the
pattern of errors between numbers and HF-color sequences is
consistent with the locus of the cognitive impairment of each
patient. For patient DNR, impaired in her POB, semantic errors
were dominant in the naming, repetition and reading tasks
with both numbers and HF colors. In the case of ML, the PIB
patient, there were more semantic errors in the repetition task
with both stimuli. As expected in a PIB patient, errors were
quite low in both naming and, especially, in reading; however,
even in the former a trend showing more semantic than
phonemic errors was observed, both with HF colors and
numbers (the difference was only significant in the naming
task with numbers). In general, the pattern with HF-color se-
quences and multi-digits was similar, and subtle difference
between stimuli might have had its origin in the fact that, as
shown in both patients, errors with multi-digit numbers tend
to be more frequent than those with colors, in that the former
sequences were slightly longer than the latter (see materials
section in Studies 2a & 2b).

From these results, we argue that the STEPS found in
different PWA arises as a consequence of a cumulus of small
differences in the conditions employed when evaluating
number production in the clinical and experimental setting.
We list these here, but see the Introduction for a more
detailed analysis of these differences. (a) Number word
production is assessed using homogenous lists composed of
number words that share semantic meaning, whereas non-
number word lists comprise words from different semantic
categories (heterogenous). Evidence of semantically-
homogenous lists increasing naming times has been re-
ported in several studies using the continuous naming
paradigm (e.g., Biegler et al., 2008; Damian et al., 2001;
Howard et al., 2006; Kroll & Stewart, 1994). (b) Multi-digits are
compound words composed of a limited set of lexemes (e.g.,
one, two hundreds, thousands) that are presented
repeatedly during the evaluation task. Studies using the

cyclic naming paradigm have shown that the continuous
repetition of a group of semantically-related items increases
activation at the semantic and/or lexical levels, creating
more competition and causing a slowdown in naming times
and leading to the incorrect selection of semantic competi-
tors (e.g., Belke, 2017; Harvey et al., 2019; Oppenheim et al.,
2010; Schnurr et al., 2006). (c) At the same time, since the
production of multi-digit words, compared to that of single
words, usually involves producing longer phonological se-
quences, a strong difference in phonological demands is
established. Stronger demands in the phonological storage
devices may produce a decay of the whole phonological
trace, which will prevent this trace from guiding the choice
of the correct representation among the lexical competitors,
thus favoring lexical and semantic errors (i.e., other number
words) (Dell et al., 1997; Gold & Kertesz, 2001; Martin et al.,
1994, 1996; Martin & Saffran, 1992). These three differences
seem to account for the production of semantic errors in
number words, despite no difficulties in number semantics
being observed in our patients. A fourth difference may
explain the absence of phonological errors in multi-digits
production, despite the existence of a phonological deficit
in our patients. (d) Multi-digit number production, as seen in
our sequences of HF colors, involves selecting, sequencing
and storing phonemes that belong to very high-frequency
and short lexemes. Research on people with conduction
aphasia has shown that phonemic errors increase as fre-
quency decreases, or in other words, that very high lexical
frequency protects these people from committing phonemic
errors (e.g., Shallice et al., 2000), whereas, as highlighted in
Study 2b, reducing this frequency increases phonemic
erTors.

The present results have clear implications from a number
of perspectives. At the cognitive level, it seems that the
complexities of the BBH are not needed to explain STEPS ef-
fects. From functional anatomic models of language produc-
tion, which assign phonemic errors to dorsal lesions and
semantic errors to ventral damage, the existence of PWA
showing speech errors that vary so consistently depending
(apparently) on word category requires an explanation. In
what follows we expand on these and other issues.

6.1. Implications for cognitive models of word
production

Classical models of speech production encounter difficulties
in explaining STEPS, because phonemic errors should be
pervasive and affect the production of all types of words, not
respecting any specific categories. Moreover, semantic errors
should not arise when there are no difficulties in the number
semantic system or at the lexical level. To account for this
phenomenon the BBH was proposed, in which numbers are
considered to be a special category of stimuli (Cohen et al,,
1997; Dotan & Friedmann, 2015) that would be stored as pre-
assembled units in dedicated stores within the phonological
output buffer. Then, when these stores are damaged, items in
each store are substituted by other elements from the same
store, so when producing numbers, number words are
substituted by another number word, whereas phonemes are
substituted by another phonemes.
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In order to provide support for the BBH, Dotan and
Friedmann (2015) successfully showed that the effect (sub-
stitutions but not phonemic errors) occurred also in other
stimuli that can be considered parts of words, such as letters,
function words and morphological affixes. More interestingly,
as the effect was sometimes elusive, they also proposed that
the effect would occur only when these stimuli worked as
building blocks. So, in the case of numbers words, when they
are part of a multi-digit number they will work as building
blocks, but not when they are presented as parts of sentences
or words in which the number loses (part of) its numerical
meaning, as in the name of the Hebrew city “Be’er Sheva”,
which includes the word “sheva” that means “seven” (Dotan &
Friedmann, 2015); similarly, in the case of function words,
when they are part of a sentence they will work as building
blocks but when they are presented in a list of function words
they will lack syntactic context, and hence will not have a
building-block function. Results in that study indicated that
complete substitutions of number and function words,
respectively, were observed in the first cases, thus confirming
their hypothesis, and they pointed out the relevance of the
role in which a word appears: “when number words and
function words appear in the relevant role (number words
with numeric meaning and function words with syntactic
role), they are produced with semantic rather than phono-
logical errors. Conversely, when the number and function
words were deprived of their role by changing the task and
context, they were produced with many phonological errors,
and without semantic errors, just like content words” (Dotan
& Friedmann, 2015, p. 338).

The BBH accounts for most of Dotan and Friedmann’s (2015)
data. However, as we pointed out in the Introduction, it faces
conceptual issues and cannot cope with the presence of STEPS
in patients without damage to the POB (Garcia-Orza et al., 2020;
Ochtrup et al., 2013). More importantly, the model cannot
easily explain the results reported in our present research. It is
not initially predicted that HF-color would show the same
pattern observed with multi-digit numbers, where there were
more semantic than phonemic errors. Color words cannot be
considered building blocks as they do not form part of any
“productive processes”, so it is implausible to think that they
are pre-assembled units in a dedicated store for colors in the
POB. To overcome this argument, one interesting idea is to
consider that any word can be deemed a building block if it is
integrated into sequences; but then the idea of “dedicated
stores neuroanatomically implemented for different word
categories” loses its meaning, and consequently the BBH loses
its nature. Likewise, it would be problematic to explain why LF
colors, which would also be building blocks when embedded in
sequences, showed a mix of semantic and phonemic errors
instead of behaving like HF colors. To make things yet more
complicated for the model, the explicit denial of a role for
frequency at the POB level (see Cohen et al., 1997; Dotan &
Friedmann, 2015) limits possible accounts of this difference.

6.2. Explaining STEPS as an experimental artifact
If we reject the BBH, how can we explain our participants'

behavior in the framework of models of word production?
Candidate models need to be flexible enough to account for

the coexistence of semantic and phonological errors in word
production, and in this context, we think connectionist
models provide an adequate framework. For reasons of space,
we will limit our explanation to the naming and repetition
tasks using the dual route model of repetition proposed by
Dell and colleagues (Nozari et al., 2010; Nozari & Dell, 2013; see
also Ueno, Saito, Rogers, & Lambon Ralph, 2011, for other
computational models implementing two routes), and thus
we will not focus on other models which, with some adjust-
ments, might also explain our data.

The model is composed of a lexical route, which would be
involved in the naming and repetition of known words, and a
non-lexical route, which simply maps input phonology to
output phonology; this would be compulsory for the repetition
of unknown words and can be also involved in the repetition
of words. The lexical route includes three layers: one that
stores semantic representations, one that stores word (ab-
stract) representations, and one that stores phonemes (see,
e.g., Nozari et al,, 2010, for a detailed explanation). When a
picture to-be-named is presented to a subject, a set of se-
mantic features are activated and these spread their activa-
tion to the corresponding representations at the word level;
this activation spreads back to the semantic level and forward
to the phoneme level, in which the phonemes corresponding
to the most active words should receive more activation. After
a number of cycles, the correct word is selected at the word
level, and then, finally, after a number of cycles of interaction
between the lexical and phoneme level, the corresponding
phonemes are selected. Compared to naming, repetition in-
volves additional processes: through the lexical route, input
processes will activate the to-be-repeated word and (option-
ally) its semantic features, then production will follow from
the (semantic and) word level to the phonemic (output) level,
as in naming; importantly, repetition may also be carried out
through the non-lexical route, because once input phonology
is processed it is stored temporarily in a buffer (termed by
Nozari & Dell, 2013, as “temporary non-lexical node”, but
usually known as phonological input buffer, PIB) and then
mapped into the output phonology (the phoneme level for the
model, but also known as phonological output buffer, POB).
Something that is not wholly resolved by the model is when
one route or another is used. Nozari et al. (2010) suggested that
there is variability in healthy persons regarding whether they
rely more on one or the other route, but the nature of the
stimuli plays a fundamental role, for instance, pseudowords
can only be repeated through the non-lexical route. In the case
of PWA, the location of brain damage seems to play a role too.
For example, it seems that when the non-lexical route is
damaged, if it cannot retain the phonological input informa-
tion for long in the phonological memory due to anormal fast
decay, then PWA rely more on the lexical route for repetition.
However, when this latter route is the one that is impaired, for
instance, when access to meaning is affected, PWA rely more
on the non-lexical route (Nozari & Dell, 2013).

Using this framework, which it is sensitive to the four
factors we consider to be involved in STEPS, namely, semantic
relatedness, cyclic naming, frequency and memory load, we
will try to explain the STEPS effect. First, both of our patients
showed difficulties in manipulating phonological informa-
tion, but for different reasons; while ML had difficulties in
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temporarily storing input phonological information (PIB
impairment), DNR had issues to maintain the output phono-
logical information (POB impairment). For instance, when the
repetition of words is demanded, for ML it is hard to maintain
the sequence of phonemes in the input buffer, whereas for
DNR it is hard to maintain it in the output buffer. These dif-
ficulties lead to omissions, substitutions, additions, trans-
positions etc., as observed when our PWA were asked to
produce words (see PWA’s clinical evaluation and Study 1). For
DNR the impairment in the output phoneme level would also
explain the commission of the same errors in naming and
reading, whereas the failure to maintain phonological infor-
mation in the temporary non-lexical node would cause ML to
produce errors mainly in the repetition task.”

We argue that when presented with sequences of multi-
digit numbers and HF colors repeatedly, the dynamics of the
system change, as accounts of cyclic naming and continuous
naming tasks suggest (e.g., Belke, 2017; Harvey et al., 2019;
Oppenheim et al., 2010). The existence of semantic related-
ness between the words in sequences produces, in the lexical
route, the activation of shared numerical features at the se-
mantic level, which activates semantically-related represen-
tations at the word level; moreover, the repeated naming of a
small set of number words increases this activation at the
semantic and word levels. These two factors then create
higher levels of interference between semantically-related
representations that temporally give rise to semantic errors
in the process of semantics-to-word mapping. The absence of
semantic errors in our Study 1, but its very notable presence
when using numbers and colors in Study 2a, provides strong
support for the role of semantic relatedness. We also consider
that semantic errors benefit from the absence of a strong
phonological trace, so when phonological traces of the word
are effectively maintained (e.g., in repetition or reading), se-
mantic errors would be reduced, because the phoneme in-
formation via backward activation will help in the process of
word selection by discarding semantic competitors. Despite
this, under high memory load conditions, as in multi-digit
number words and in longer color-word sequences, the high
memory demands on an impaired phonological system
reduce the chances of retaining phonological information that
may help in the word selection process, leaving the way open
for the incorrect selection of semantically-related competi-
tors. The general impact of length on increasing semantic
errors, as seen in Study 2a, is in line with this claim.

Whereas this account would explain the presence of se-
mantic errors in multi-digit numbers and HF colors, the
absence of phonemic errors in these words remains to be

> A small but crucial variation has been included to the original
model to explain STEPS, because according to the original inter-
active dual-route model, an impairment in the temporary non-
lexical store should not affect the repetition of words. The model
assumes that known words will directly activate the word level
without requiring phonemic input storage. Whereas this can be
for short words, it seems reasonable to think that this device is
needed in the recognition of longer words, multi-digit numbers
and sequences of words; in other words, that this device is
involved even in comprehension, but depending on the stimuli
length. On this view, ML’s errors in repeating words can be better
explained.

explained. As we saw in the contrast between HF and LF colors
in Study 2b, frequency plays a relevant role here. Word-level
representations from super high-frequency stimuli, as is the
case of numbers, HF-color words and function words, activate
more strongly the phoneme level, to the extent that this al-
lows the proper storing of those representations until the
articulatory process is executed. However, when frequency is
lower, as in LF-color words, phonemes vanish more easily due
to phonological impairment (faster decay), and phonemic er-
rors are then observed (see Kittredge et al, 2008). Our
manipulation of frequency in color-word sequences (Studies
2a & 2b) provides empirical support for this account.

How is it, then, that other studies have disregarded fre-
quency as playing a relevant role in STEPS? Cohen et al. (1997,
Table 10) compared the number of phonemic errors in number
words to those in non-number words of the same length that
had, at least, the same frequency. They found considerably
more phonemic errors in non-number words, with errors
being almost absent in number words (see also Bachoud-Lévi
& Dupouz, 2003); from this they concluded that frequency was
not related to the production of phonemic errors. However, as
we noted in the Introduction, frequency is underrepresented
in these studies because, among other factors, they tend to
consider lexical frequency of the whole word rather than the
lemma frequency of each lexeme in the multidigit. The
importance of using lemma frequency is underlined by Cohen
et al. in their observations of patient behavior: “with numerals
comprising several words, the patient resorted to a word-by-
word reading strategy” and that when “French compound
number words, such as ‘dix-neuf or ‘quatre-vingt’ were
printed with no dash, ... the patient treated the two compo-
nents as independent words” (Cohen et al., 1997, p. 1048). Due
to the compositionality of the number system, it seems that
lemma counts for each lexeme should be taken into account
when exploring the role of frequency in number production.

So, arguments exist to suggest that previous studies
underreported the frequency of number words and made
unbalanced comparisons with words. By contrast, our find-
ings in Study 2b correctly address this, and strongly confirm
the role that frequency plays in the presence/absence of
phonemic errors in these patients.

An additional aspect that merits attention in this discus-
sion is the ability of the BBH to explain contextual effects
(Dotan & Friedmann, 2015), that is, the finding that the same
words may suffer from semantic or phonemic errors
depending on the role of the word. We firmly believe that
these effects may also be accounted for by differences in
evaluation conditions within the framework of connectionist
models. Regarding the contextual effects reported with
numbers by Dotan and Friedmann (2015), discussed above,
they hypothesized that words including numbers, such as
“Be’er Sheva”, in which these words have less salient nu-
merical meaning, would be produced with more phonemic
and less semantic errors than single digits (“seven”) or digits
presented in sentences with numerical meaning (e.g., “the
man ate seven apples”). Their results confirmed this word-role
effect; however, we believe that it is in fact simple to explain if
we consider that tasks make different demands on the
cognitive devices involved in word production. First, names
like “Be’er Sheva” have a meaning which, as Dotan and
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Friedmann (2015) indicate, guide people loosely to a numerical
semantic representation, and hence semantic interference
between number representations is not an issue under these
conditions, and this precludes the appearance of semantic
errors. Second, lexical representations of some compound
words, such as brand names and idioms (other materials that
have been used in these studies) are usually longer, and
probably less frequent, than numbers, which makes them
more prone to phonemic errors.

Let us now turn to the findings with function words. Dotan
and Friedmann (2015) asked participants to read function
words embedded in sentences (i.e., with a syntacticand then a
building-block function) or presented in a list (i.e., without a
building-block context). Their focus was on the comparison of
phonological errors (they included phonemic and formal er-
rors), and as predicted by the word-role hypothesis, they
found that these errors were significantly greater in number in
the list condition. Additionally, they compared the number of
errors in function words presented in lists with the number of
errors in content words of similar phoneme length, finding
similar rates of phonological errors. From our hypothesis
concerning the several factors that affect the production of
errors, it is difficult to explain, given that the words are the
same, why participants committed fewer phonological errors
in reading sentences than in reading lists. We acknowledge
here that the hypothesis is speculative, and that function
words in lists are sometimes interpreted as pseudowords,
thus favoring a sublexical reading and the production of
phonological errors, whereas this would not happen in the
context of sentences, where the reading for meaning activates
structural and semantic predictions that facilitate the recov-
ery of the correct word from the lexicon, ensuring a strong
activation toward the phonological level. Additionally, Dotan
and Friedmann (2015) compared the number of semantic er-
rors (in fact, the substitution of one function word by another)
in both tasks and found that they were scarce and comparable
in all participants but one, who showed more substitutions
when presented in sentences. According to the model, more
semantic errors should have been observed in a syntactic
context, but the BBH has no explanation for the absence of
these errors. Our view, on the contrary, is that the low demand
of reading single sentences in a very predictive context for
syntactic elements is sufficient to account for this. With these
arguments, we are not claiming that function words cannot
suffer semantic (substitution) errors, provided they are pre-
sented in circumstances with high memory load and in a
context that involves the production of the same function
words repeatedly. Semantic errors, as in any other word, are
possible. Further studies are needed to provide evidence on
this.

All in all, our claim that STEPS is an experimental artifact
has involved an account of the experimental findings reported
in previous studies and our own experimental findings here. It
seems that word production is subject to different constraints
that may modify the nature of errors as a consequence of the
complex dynamics established between the cognitive systems
involved in word production: the damage these systems suf-
fer, the psycholinguistic properties of the to-be-produced
words, and the evaluation conditions.

6.3. Implications for anatomic-functional models of
word production

Although not the main focus of the present research, our re-
sults provide relevant information on our general under-
standing of the brain mechanisms that produce speech errors
in PWA. According to a generally accepted lesion-process-
symptom view, semantic errors are the consequence of lexi-
cal and/or semantic impairments caused by damage to ventral
areas, whereas phonemic errors are post-lexical in nature and
the consequence of damage to dorsal areas (e.g., Berthier et al.,
2018; Fridriksson et al., 2009; Hickok & Poeppel, 2007; Hillis,
2001; McKinnon et al., 2018; Mirman et al., 2015; Ramoo
et al.,, 2021). This correspondence between areas and errors,
which forms the basis of extant neurofunctional models of
word production (e.g., Hickok & Poeppel, 2007; Schwartz,
Faseyitan, Kim, & Coslett, 2012; Ueno, Saito, Rogers, &
Lambon Ralph, 2011), is supported by several studies with
PWA. These studies found that semantic errors in naming
correlate with damage to the mid-to-anterior temporal lobe,
whereas phonological errors in word production are associ-
ated with damage to posterior superior temporal and fronto-
parietal regions, probably with a special role for the
supramarginal gyrus (Buchsbaum et al., 2011; Cloutman et al.,
2009; Fridriksson et al., 2016; Mirman et al., 2015; Schwartz,
Faseyitan, Kim, & Coslett, 2012; Stark et al., 2019). In relation
to the dual stream model (Hickok & Poeppel, 2007), when one
looks at the tracts involved in the production of errors, these
also link semantic errors to axonal loss in the ventral pathway
(inferior longitudinal fasciculus, ILF), whereas phonemic er-
rors correlate with axonal loss in the dorsal pathway (superior
longitudinal fasciculus, SLF) (e.g., McKinnon et al., 2018).
These studies show that areas involved in these two types of
errors do not overlap, and thus support the idea that they are
independent. In other words, patients with mainly phono-
logical errors will have impairments in dorsal areas, whereas
those with mainly semantic errors will have impairments in
ventral areas; finally, a patient who makes semantic and
phonemic errors indistinctly in different words is predicted to
have damage in both dorsal and ventral areas.

This view, however, is challenged by STEPS because the
presence of semantic errors limited to some word categories
and phonemic errors limited to others is not predicted. The
phonemic errors that DNR and ML usually commit with
words, and their clinical and neuroimage evaluations, suggest
that both patients have mainly an impairment in the dorsal
route. However, to explain their semantic errors they should
have additional damage to ventral areas, yet if this were the
case, these semantic errors would not be limited to certain
categories (numbers, affixes, function words, HF colors) but
would appear in any type of word, irrespective of its category.
A conceptual deficit limited to number and color processing
may explain semantic errors limited to these categories, but
our participants' performance, as shown in the number
comparison task, and in naming single Arabic digits and
colors, leads us to discount this possibility (see also Garcia-
Orza et al., 2020). So, for these models it remains to be
explained how brain damage causes semantic errors in
numbers and HF colors but not in other words.


https://doi.org/10.1016/j.cortex.2025.02.005
https://doi.org/10.1016/j.cortex.2025.02.005

206 CORTEX 185 (2025) 184—210

We firmly believe that considering (a) the nature of the
tasks and their demands together with the psycholinguistic
properties of the words involved in oral production, and (b) a
view of word production in aphasia as the fruit of the joint
work of both streams, makes it possible for the existing
consensus on lesion-process-symptom mapping to accom-
modate STEPS. In fact, most anatomic-functional models,
although not always explicitly, are sensitive to task demands,
and thus they posit differences between tasks (e.g., naming
involves more weight in the ventral route, whereas repetition
in the dorsal route), and confer a moderated role on word
properties such as lexical status and lexical frequency, in
predicting the involvement of these routes (e.g., Hickok, 2014;
Schwartz, Faseyitan, Kim, & Coslett, 2012).

Moreover, evidence on the interaction between routes has
also been described in the literature. For instance, with im-
pairments of the dorsal stream, it has been found that the
impaired as well as the preserved streams contributed to pro-
duction, and this led to the conclusion that even when impaired
“the dorsal system is essential for accurate phonological
encoding of meaningful speech” (Schwartz, Faseyitan, Kim, &
Coslett, 2012, p. 3809). Similarly, it has been suggested that
conduite d’approche in PWA with damage to the dorsal route
benefits from a preserved ventral pathway (see Ueno & Lambon
Ralph, 2013). So, as other authors have noted (Lopez-Barroso &
de Diego-Balaguer, 2017), probably thanks to the redundancy
that exists in the connectivity between language areas,
compensatory functions between the dorsal and the ventral
stream occur, giving rise to a final production that involves the
contribution of both streams. This would be especially evident
in STEPS as a whole, but also in the naming of LF colors, where
we found many instances of semantic errors combined with
phonemic ones (e.g., “mawllo” [mallow] for “beige”).

As our data show, task demands as well as word properties
may change the balance between routes. When the dorsal
route is impaired in the auditory posterior part of the route
(e.g., as in ML) errors would only arise in the repetition tasks,
and would not affect naming or reading. However, when the
impairment affects areas like the supramarginal gyrus and
postcentral sulcus, this affects the production of words in any
task (repetition, reading and naming, as was the case with
patient DNR), and the errors would be phonemic in nature
(e.g., Schwartz, Faseyitan, Kim, & Coslett, 2012). Specifically, in
STEPS during the production of multi-digit numbers, the
loading conditions, together with the damage to the dorsal
stream that ML and DNR both have, make it impossible to
temporarily maintain the phonological properties of the to-
be-produced words. Under such circumstances, the pre-
served ventral stream may take the lead. However, the
repeated presentation of multi-digit number words (or other
semantically-related categories like colors) generates an
overactivation of semantically-related representations that
hinders the selection of the correct representation in anterior
temporal areas. The selection of the correct lexical represen-
tations from the most activated semantically-related candi-
dates does not benefit from phonological clues due to the
impairment of the dorsal stream. This impairment affects the
input phonological trace that ML has to maintain in the

repetition task, and the output DNR needs to employ in
repetition, naming and reading, giving rise to different pat-
terns, despite the fact that the two patients have (different)
lesions to the dorsal pathway. Finally, once a representation is
selected, both the high frequency and short length of the to-
be-produced words will allow appropriate selection of the
phonological information, and hence a production without
phonemic errors, whereas reducing frequency will lead to a
mixture of semantic and phonemic errors. This dynamic and
plastic trade-off between the dorsal and ventral streams in
phonological and semantic tasks occurs not only in damaged
brains but also in complex linguistic tasks in healthy subjects,
as shown in previous studies (addressing, e.g., backward
speech; Torres-Prioris et al., 2020; or new word learning;
Lopez-Barroso et al., 2011, 2015).

The account we provide here to explain STEPS can, without
substantial modifications, be incorporated into the principal
dual route models available in the literature (e.g., Hickock &
Poeppel, 2007; Schwartz, Faseyitan, Kim, & Coslett, 2012;
Ueno, Saito, Rogers, & Lambon Ralph, 2011). These models
should consider that the type of production error in this case
is not only a consequence of the main areas impaired, but also
depends on task demands and the availability of information.
When the non-lexical route (dorsal) is impaired, the ventral is
recruited more strongly, and when the ventral stream fails,
the non-lexical route is encouraged; but in the end, the
outcome of the production process depends on the availability
of the phonological or the semantic information that the
(altered) streams may provide, and, as this research suggests,
this is easily modified by the materials and the evaluation
conditions, to the extent that STEPS appears.

7. Conclusions

STEPS is a paradoxical behavior in which PWA makes pre-
dominantly phonemic or semantic errors depending, appar-
ently, on word category. Here we have suggested, using
experimental data, that STEPS is a consequence of the dy-
namic interactions between the dorsal and ventral brain
structures that support word production, the psycholinguistic
properties (frequency) of the to-be-produced stimuli, and the
assessment conditions (homogeneous versus heterogeneous;
repeated versus non-repeated set of stimuli; single-words
versus word-sequences) in persons with phonological defi-
cits. Word production is sensitive to multiple factors, and if we
are not aware of this, erroneous conclusions may be drawn.
Specifically, STEPS has been used, in our view erroneously, to
support the idea of the existence of various peripheral pro-
cesses for different type of words (numbers, letter names,
function words) (e.g., Bachoud-Lévi & Dupoux, 2003; Bencini et
al., 2011; Cohen et al., 1997; Dotan & Friedmann, 2015; Fischer-
Baum et al., 2018).

Our research with STEPS here should make us aware of the
relevance of properly controlling the evaluation conditions
and the materials used in clinical experiments. Performance
of PWA in classical evaluation tasks, like digit-memory span
or spelling tasks, might be affected by some of these factors,


https://doi.org/10.1016/j.cortex.2025.02.005
https://doi.org/10.1016/j.cortex.2025.02.005

CORTEX 185 (2025) 184—210 207

causing worse scores than expected according to people’s
storing capacity, or their knowledge of letters. Being aware of
this will benefit our understanding of the behavior of PWA.

Additionally, our findings, which show an increase in se-
mantic errors with phonological load, align with the view that
there is a continuum between moderate phonological im-
pairments in repetition and reading and more severe condi-
tions such as deep dysphasia and deep dyslexia (see Crisp &
Lambon Ralph, 2006; Jefferies et al., 2006; Martin & Saffran,
1992; Martin et al., 1994, 1996). Future studies should investi-
gate this population specifically, to determine whether the
same mechanisms underlying STEPS are responsible for the
semantic errors in more severe (deep) pathologies and the
reduction of these errors in less severe ones.

To conclude, we would like to note the value that STEPS
may have in the future as a tool to gather evidence on the
dynamics of the dorsal and ventral streams, and then in
addressing the uncertainty around the interaction between
these components in current models of word production.
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