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Abstract

There is considerable behavioral evidence that haggically complex words such as ‘tax-able’
and ‘kiss-es’ are processed and represented cotobally. In other words, they are decomposed
into their constituents ‘tax’ and ‘*-able’ duringroprehension (reading or listening), and producing
them might also involve on-the-spot combinatiorthadse constituents (especially for inflections).
However, despite increasing amount of neurocognitesearch, the neural mechanisms underlying
these processes are still not fully understood. phwpose of this critical review is to offer a
comprehensive overview on the state-of-the-art h&f tesearch on the neural mechanisms of
morphological processing. In order to take intocat all types of complex words, we include
findings on inflected, derived, and compound wopdesented both visually and aurally. More
specifically, we cover a wide range of electro- andgnetoencephalography (EEG and MEG,

respectively) as well as structural/functional metgn resonance imaging (s/fMRI) studies that



focus on morphological processing. We presentititkrfgs with respect to the temporal course and
localization of morphologically complex word prosesy. We summarize the observed findings,
their interpretations with respect to current p®jetguistic models, and discuss methodological

approaches as well as their possible limitations.
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1. Introduction

A significant portion of the psycholinguistic lisgure in the past several decades has been
concerned with the processing of morphologicallpnptex words. Despite an increasing number of
studies on the neural underpinnings of morpholdgicacessing, its time-course and the underlying
brain networks are still far from being clearly mdiéied. In this paper, we present a much needed
comprehensive review of the studies which have gsate of the main neuroimaging methods, in
order to grasp the state-of-the-art in the cogaitieuroscience of morphological processing. Thus,
the main aim of this methodological review is toyde cognitive (neuro-)scientists interested in
conducting neuroimaging research on morphologioatgssing with a comprehensive summary of
the most relevant neuroimaging research on thisemathis review mainly focuses and pivots on
the experimental methods, and especially on thegramaging techniques that are of great
relevance for the field, summarizing evidence frstudies using Electroencephalography (EEG),
Magnetoencephalography (MEG) and structural ancctiomal Magnetic Resonance Imaging
(MRI). The review is organized in three main seawsiocorresponding to the three main
morphological operations: inflection, derivatiomdacompounding. In each of the sections, the
evidence provided by neuroimaging studies usingtiinee main techniques mentioned above is
discussed. “We selected only studies that were wded with a) adult, b) healthy, c) native
speakers of the test language d) without readiffggculiies. In most cases, the participants of the
reviewed studies are students at universities (whieading skills are usually not assessed). We
thus have not included studies on language acouit on special populations, even if they report
a comparison to a control group (i.e. healthy, aachative speakers with unimpaired reading skills),
with the exception of a handful of studies thatregort native and nonnative speakers together in
the absence of between group? differences, (l@destultaneous bilinguals (2L1s) in both their
languages and (c) link brain structure to morphiclaigporocessing, which we consider relevant and

timely. To this end, the review of functional MRLUdies includes 22 studies on inflections, 18 on



derivations (note that studies that looked at bioflection and derivation are counted twice) and
three on compounding, plus three structural MRUists; the review of MEG studies includes 7
studies on inflections, 10 on derivations, and tmmocompounding, and the review of EEG studies
provides a selection of 28 papers on inflectiorfspfh derivations, and 13 on compounding. This
means that the review for MRI and MEG studies isagstive at the time of writing of this paper.
Because the number of EEG studies on morphologicalessing is close to hundred, the present
review for EEG studies has to be selective, bu¢ eeais taken that the most relevant and known
studies have been included. In addition, we attampeview and combine those studies that link a
specific morphological function (e.g. decompositparsing of morphologically complex words) to
neural effects (e.g. LAN, P600, N400Om effects etc.)

While the main aim of the current methodologicalieas is not to present the readership with an
all-inclusive and detailed theoretical discussidntte morphological operations or processes at
stake, we believe that a short description andvoeerof the (psycho-)linguistic models that have
been proposed to describe each morphological aperabuld be beneficial to correctly frame the
studies discussed below. For this reason, we staft of the three main sections of this review by

briefly summarizing our current theoretical knowgedn the field.

2. Inflectional mor phology

Borrowing an illustrative term previously used inetliterature (cf. Janda, 2010), inflectional
morphemes could be defined as the “glue” of lingtiisonstructions, systematically materializing
in morphemic units the relationships between tlfierint slots that constitute an expression. There
are multiple definitions of what inflectional mombgy is (see Bybee, 1985), but they all tend to
consistently refer to the broad concept of gramrolsely relating inflectional morphemes with

syntactic structures. And that is precisely the wmn denominator of most descriptive approaches



to the bound morphemes that constitute the comeflettional morphology, depicting the rules and
principles that govern the relations between tleenehts of a linguistic expression that ultimately
yield the selection of the appropriated closedsclamund morphemic “glue” for each slot.

But if that is indeed the case, and if inflectionabrphemes are used to fuse together different
parts of speech respecting the grammatical ruldganciples of a given language, then it may be
worth investigating the cognitive representatioristi@ individual inflectional morphemes that
underlie such dynamic blending mechanisms. Andishisecisely what the field has been doing for
several decades, trying to elucidate when an itgftepolymorphemic word is decomposed and its
stem accessed, and to what extent this morphologieeomposition process depends on the
saliency and regularity of the inflectional morplesm(e.g., Caramazza, Laudanna, & Romani,
1988; Stump, 2001).

Most notably, the “English past tense” debate agtutes the hallmark of this issue, given the
obvious saliency differences between a regular feaste likewalkedand an irregular one liken
(see Marslen-Wilson & Tyler, 1998). Regular inflegttforms of the past tense provide a transparent
cue to the root, given that the physical form o gtem is usually fully contained in the affixed
representation (e.gwalk in walked. In contrast, irregular forms do not always pd®/a cue to the
stem, since it is not readily available by simplkeams of grammatical rule implementation (ergn,
in ran). Do we apply the rules on the fly to create gutar inflected forms or do we store them as
independent representations? Do we store the leefprms as whole-word entries in the mental
lexicon? These questions have constituted the gotor the debate on the English past tense as a
landmark issue of the theoretical explanations rdfectional morphology, as will be briefly
sketched below.

One way to interpret and account for the processingflectional morphology is to assume that
the rules that govern the combinatorial morpholegy abstract grammatical constructs that are

dynamically applied online during word generation gmsting together the base forms and the



corresponding inflectional morphemes (ewgalk + ed). However, this is a process that cannot be
applied to opaque irregular forms, given that thmmposition is not based on rule-grounded
morpheme concatenation (e.gin andran). The solution to this has been to propose thstence

of dual-route mechanisms that allow for both adeklisting route by which stored irregular forms
are retrieved, and for a compositional route fgutar forms (e.g., Baayen, Dijkstra, & Schreuder,
1997; Marcus, Brinkmann, Clahsen, Wiese, Woestjr&két, 1995; Pinker, 1991). However, this is
not the only way to conceive the retrieval and pssing of inflected forms, and some other
scholars have argued in favor of single-mechaniemage theories by which all possible forms, be
they regular or irregular, are fully listed in thexicon (e.g., Butterworth, 1983) or in contrasg a
exclusively the result of the application of conddorial rules (e.g., Plunkett & Marchman, 1993).
A modern version of Chomskyan tradition (e.g., Whmet al., 1997, 2005), assumes categorical
differences between regular and irregular infletiobecause the former are processed in the
default procedural-memory system in left-frontabstures (including Broca’'s area and left basal
ganglia), while the latter are stored in a lexidaklarative-memory system that resides in left
temporal/temporo-parietal structures. Another tgpdual-mechanism account is the bihemispheric
framework developed by Marslen-Wilson and colleag(EBozic, et al., 2010; Marslen-Wilson &
Tyler, 1998, 2007), which argues that a specifichemispheric neural system supports processes
of regular inflectional morphology, while whole-forand stem-based access processes have a
broader bi-hemispheric substrate. Dual-mechanisgouats are contrasted by single system
accounts, which assume no principled but rathedegtalifferences between regular and irregular
inflection that result from differences in form+teeaning overlap (e.g., Justus et al., 2008; Kiglar
Joanisse, 2009) or stem frequency (e.g., Smolkad#&het al., 2013; Smolka & Eulitz, 2018). A
full overview of the competing models is beyond ftepe of this paper; instead, we will examine

the available evidence against the predictionsryles and dual-route approaches.



As we will present below, data from neuroimagingdsts seem to support the evidence from
other neighboring domains (behavioral, eye-trackitigiming for different neural substrates and
for a different time course of the processing @utar and irregular inflected forms (namely, in
support for dual-route models; see Marlsen-Wilsom#er, 1997; but see Fruchter et al., 2013;
Stockall & Marantz, 2006). However, the readershilp also see that the distinction between the
processing of inflected forms on the basis of thegularity is not always categorical, and thas it
sometimes a matter of quantitative differences . (edifferences in temporal processing, or
differences in the lexical and semantic properntiethe verbs). Thus, in the following paragraphs
we will offer a summarized review of the neurostifemevidence gathered using EEG, MEG and
s/fMRI. As the readership will easily appreciatepanof the studies are based on the past tense
debate, and the anglocentric appropriation ofdkeisate has resulted in the mainstream focus being
on English, even though many other languages amher oinflectional processes have also
contributed to our knowledge in recent years. Tdsilts of the most studies seem to converge, but
the readership will be also able to see some giaa@es that maintain the discussion between

single- and dual- route approaches—symbelicletahd-anti-symbeolic-connectionist-approaches
ahive.

2.1. EEG

Inflections are the most well studied morphologiclaiss in EEG studies and outnumber those on
derivations and compounding. The reason for this lwa traced back to the fact that inflections
have been the traditional and earliest means tonieatheories on word processing, and in
particular the theory by Chomsky that differentsateetween rule-based and storage-based word
processing. Early researchers were intrigued byidba that the electrophysiology of the brain

could settle the issue and thus searched for nearedlates of rules versus storage, and considered



inflections as the best means to differentiate betwitems that go by rule (e.walk-walked and
those that do not (e.deach-taught

Even though there are some studies on plural inblec most studies have examined verbal
inflection and past tense forms, which is the raashy this discussion has been labelled the “past
tense debate”. The field has been dominated byestuah English verbal inflection, but includes
also insights from lItalian, Catalan, Spanish, aman@an, as well as a few studies in Finnish. The
typical paradigms used are the violation paradigm the (masked or overt) priming paradigm.

Table 1 summarizes the here discussed studiesignteA presents ERP/ERF components related

to morphological processing.

---- INSERT FIGURE 1 ABOUT HERE ----

Fig 1. A schematic representation of the event-relatecemi@s and fields (ERP and ERF,
respectively) associated with morphological proggsand their timing (in ms), for visual
(above) and auditory (below) presentation. The ek#encies of the components tend to
differ across different studies and here, the tmmedows of the components take into
account the inter-study variation. For ERF compesethe colored boxes depict their

reported neural sources (on a template brain).

The Violation Paradigm

In the violation paradigm, the critical word is tgplly embedded in a sentence. The violation
occurs either with respect to the sentence coiféegt, a present tense verb in a past tense sentenc
or vice versa, as iiYesterday | *grind coffgeor with respect to the inflectional affixes (e.g.
present tense root combined with a past tensexssfiich agbringed instead oforoughtor *sept
instead ofseepell Violation studies have focused on the EEG cates that are supposed to
represent rule-based/decomposition processesnmdbieft anterior negativities (LAN; e.g., Krott,

Baayen, & Hagoort, 2006), or on EEG correlates tkkite to grammatical errors and syntactic



reanalysis represented by late positive deflect{®®®0; e.g., Coulson, King & Kutas 1998).

Many different effects surfaced when verb infleaiowere studied by means of violation
paradigms, ranging from no effects at all, to LA&ft (but not anterior) negativities, right anterio
positivities, N400, as well as P600 effects. Foample, Allen, Badecker, and Osterhout (2003)
examined the incorrect past tense use of Engliglulady and irregularly inflected verbs in
sentence context (e.d-he man will work/*worked othe platformvs. The man will stand/*stood
on the platformp The grammaticality violations elicited P600 etfefor both regular and irregular
verbs; and verb surface frequency of both verbsygeited N400 modulations; and an interaction
indicated that the grammaticality effect startedlieafor irregular than for regular verbs. The
authors concluded that the later grammaticalityeaffwas the result of a computationally
demanding parsing process for regular verbs, wltleee suffix independently encodes tense
information in addition to the lexical meaning infaation provided by the stem. In a similar design
(Newman, Uliman, Pancheva, Waligura, & Neville, 2PQoarticipants saw uninflected regular or
irregular verbs in sentence contexts that requinegllar or irregular past tense forms (e.g.,
Yesterday | frowned/*frown at Billys. Yesterday | ground/*grind up coffeeRegular violations
elicited a LAN, whereas irregular violations inddca left posterior negativity in comparison to
correct past tense forms. Both regular and irreguitalations elicited later positivities (P600) tha
were similar in time course and scalp distributibnspite of nonsignificant interactions between
regularity and violation in any of the regions ofarest, the authors interpreted the LAN for regula
(but not for irregular) violations to indicate “thexistence of at least partially distinct
neurocognitive processes in the processing ofvibeverb types” (Newman et al., 2007, p. 441).

Various studies compared correct with violated passe or participle forms in German (Penke,
Weyerts, Gross, Zander, Minte, & Clahsen, 1997;ndaMdller, & Clahsen, 2006; Regel, Kotz,
Henseler, & Friederici, 2017), Italian (Gross, SKigingers, Clahsen, & Minte, 1998), Catalan

(Rodriguez-Fornells, Clahsen, Lleo, Zaake, & Mur2801), and Spanish (Linares, Rodriguez-



Fornells, & Clahsen, 2006). The results acrossiassuare very inconclusive, because — contrary to
the expectations — the violated forms of both ragahd irregular inflection induced not only LAN
and P600 effects, but also null effects, left (ot anterior) negativities, right anterior negates,
and N400 effects (for a summary of the effects Bakle 1). Also several violation studies on
German plurals found many different patterns fa different ¢s, -(e)n -e, -er, and zero-suffix)
plural violations (e.g., Bartke, Résler, Streb, &ede, 2005; Lick, Hahne, & Clahsen, 2006;
Weyerts, Penke, Dohrn, Clahsen, & Munte, 1997; @inEulitz, & Rinker, 2014). Unfortunately,
these heterogeneous ERP effects were not reflantede interpretation of the studies, which
mostly followed the dual-mechanism tradition andufeed on a categorical processing difference

between regular and irregular verb inflection ahaa formation.

The Priming Paradigm

In the priming paradigm, the time course of comphexd processing is assumed to be reflected in
N250 and N400 effects. Both reflect early stagekexital processing: the former the mapping of
orthographic representations onto whole-word onthplgic representations, and the latter reflect
the subsequent mapping of lexical form onto meanirrgditionally, the N400 effect has been
interpreted to be an index of facilitated lexicat@ss of a word relative to its unprimed preseonati
(e.g., Bentin & Peled, 1990; Rugg, 1990; Lau, Rsll & Poeppel, 2008; Lau, Almeida, Hines,
&Poeppel, 2009), or as the access of conceptuahlenige associated with a word (Kutas &
Federmeier, 2000; Van Petten & Luka, 2006; Fedesm&007), while others interpret it as an
index of post-lexical processes, including semaintiegration (Hagoort, 2008).

In the Chomskyan tradition, early EEG studies piedi evidence for distinct patterns of
processing for regular and irregular verbs in Gerrfragulartanzen-getanzts. irregularbieten-
geboten Weyerts, Minte, Smid, & Heinze, 1996), Englisirétched-stretchvs. fought-fight

Minte, Say, Clahsen, Schiltz, & Kutas, 1999), apdrish (regulastretched-stretclvs. irregular
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entiendo-entendeRodriguez-Fornells, Miinte, & Clahsen, 2802Vhen compared to baseline (i.e.
unprimed or unrelated) conditions, regular verbewsdd a reduction in the N400 range, in one
study the N400 reduction was accompanied by a figiritotemporal positivity (Minte et al.,
1999). In contrast, irregular verbs showed eitheiNd00 deflection that occurred ~ 100 ms later
than that by regular verbs (e.g., Weyerts, MuntajdS & Heinze, 1996), a right centroparietal
positivity as compared to a right frontotemporaskipuity elicited by regular verbs (Mlnte, Say,
Clahsen, Schiltz, & Kutas, 1999), or no effectlatRodriguez-Fornells, Minte, & Clahsen, 2002).
In line with dual-mechanism hypotheses, the N4d@ces were taken as evidence that regular
inflection is morphologically decomposed and thenarked base forms are directly accessed; the
lack of N40O effects was taken as indication timat fexical entries of irregular inflection differ
from their corresponding base forms, which are ss®@ only indirectly (see Rodriguez-Fornells et
al., 2002, p. 448). Other effects were typically tmexplained.

By contrast, authors who do not follow the dual-heeasm approach observed equivalent N400
effects in an auditory prime-target design (Justassen, Yang, de Mornay Davies, Dronkers, &
Swick, 2011) or equivalent LAN and N400 effectsanvisual prime-target design elicited by
regular and irregular past tense priming in Englistrthermore, these N40O/LAN effects elicited
by morphological relatedness differed from the N4@f@ct by purely semantically related words
(Marslen-Wilson & Tyler, 1998) or by orthographigabverlapping word pairs with respect to their
polarity/distribution (Justus et al., 2011).

Further studies on regular and irregular verb atiten in English tested whether approaches
originally developed for derivational processes bangeneralized to inflectional word processes,
that is, whether morpho-orthographic decompositrmms in parallel or precedes meaning
computation form-with-meaningor form-then-meaning accountespectively). Applying masked

priming, Morris and Stockall (2012) observed eqlema N250 and N400 priming effects for both

! Note that this study used an unrelated target sslibe and not, as usual, an unrelated prime.
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regular and irregular inflections. The early N25€@feets argue for a rapid, form based
morphological decomposition of all morphologicatiymplex word forms (derivations; regular and
irregular inflections), supporting early stages fofm-based pre-semantic processing. Since
irregular inflections do not involve linearly adgt affixes, the early word recognition processes
are sensitive to patterns associated with bothlaegund irregular allomorphy.

By contrast, another priming study (Rastle, Lavigchlepp, & Crepaldi, 2015) reported a
miniscule N250 (the magnitude of the effect wasydd5 pV or less at left frontal and right
posterior electrodes) and subsequent N40O effegefular inflections. This was taken to indicate
that regular stems overlap at the early morphoegrdphic level and at the lexical-semantic level
of representation. In addition, a weaker smalles®d00 effect, occurring ~40 ms later for irregular
(than for regular) inflection purportedly indicatdht the stems of irregular inflections overlapyon
at the later lexical-semantic level of represeantatiln lack of significant effects for irregular
inflections, the N400 modulation by regular infiects had a substantially earlier onset and greater
magnitude.

As soon as more recent studies compared more Wawdrb types, graded rather than binary
brain responses emerged. Three studies in Englis$tys, Larsen, De Mornay Davies, & Swick,
2008; Justus et al., 2009; Kielar & Joanisse, 20089 one in German (Smolka et al., 2013)
compared the priming by regular verbs (Englidarned-learn German gelerntlerne),
weak/suffixed irregulars (Englisepentspend Germangelaufenlaufe), and strong/vowel-change
irregulars (Englishspokespeak Germangesprocherspreché. In all four studies, all three verb
types showed a) N400 reductions for primed targelgive to unprimed targets, b) graded ERP
effects between the verb regularities, c) intermedieffects by weak/suffixed irregular verbs.
Under visual priming (Justus et al., 2008), strgaglkel-change irregular verbs induced the
strongest N400 effects, and regular verbs the vetalkdoreover, under cross-modal priming

(Justus et al., 2009), strong/vowel-change irragukxbs and regular verbs induced equivalent
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N400 effects, while pseudopast (efigld-feel bide-buy) and form-related pairs (e.dargebar)
induced a late positive component (LPC).

In cross-modal priming study by Kielar and Joanig#9) and in the visual priming study by
Smolka et al. (2013), regular verbs induced thengfest N40O facilitation, weak/suffixed irregulars
an intermediate effect, and strong/vowel-changegurtars the weakest facilitation. The authors of
these studies concluded that there was no evidenae categorical distinction between ‘regular’
and ‘irregular’ verbs. On the contrary, the data more consistent with single-system accounts:
either connectionist (e.g., Kielar & Joanisse, 2008 the stem-based accounts (Smolka et al.,
2013).

To date, there is a single study that combinesviblation and the priming paradigm. Smolka
and Eulitz (2018) contrasted the N400 priming daffdxy regular/irregular German participles with
those of nonwords, which comprised illegal combova of regular/irregular stems with
regular/irregular suffixes (e.g.g&kauft *gewurf). The N400 priming effects by nonword
participles (gewurftwerfen ‘*threwed-throw) were equivalent to those by existing participles
(geworfen-werfen ‘thrown-throw). Since nonwords are non-existent and hence, stoted in
lexical memory, their stems must have been accessgld priming on the base verbs. These
findings were taken to indicate that both regulad &regular stems are accessed (cf. Clahsen,
Prifert, Eisenbeiss, & Cholin, 2002, for the notibat irregular stems are inaccessible) and that al
stems are processed by the same neurocognitivensyst

Another cross-modal priming study focused not andtference between regular and irregular
inflection but on the effects of lexical-semantindamorpho-syntactic relatedness of affixes.
Leminen and Clahsen (2014) investigated Germareatdtl adjectives and found that lexical-
semantic priming (e.gsanftes-sanftsoft ) showed a reduced N400 for lexically related psraad
targets, as compared to unrelated qfresh-sanft haughy-soft’). In contrast, prime-target overlap

with respect to morphosyntactic features (esgnftes-sanfte; sanftem-sanfte vs. sanfte-ganfte
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yielded a reduced positivity in the 200-300ms tiwirdow, as compared to the identity control
(sanfte-sanfte) The reduced early positivity was taken to refléatilitation of grammatical

processing effort in case of primed morpho-syntaigtrget features, while the reduced N400 was
taken to index facilitation in lexical retrieval rfgrimed words. Since the ERP pattern showed
differences in onset latencies between morpho-stintand lexical-semantic processing, it was

interpreted to be consistent with structure-firstd®ls of language processing.

Unprimed lexical decisions

Two studies on Finnish, using visual and audit@yidal decision tasks (Lehtonen et al. 2007,
Leinonen et al. 2009), reported increased N40Qefte inflections as opposed to monomorphemic
words. Both studies suggested evidence for theaBedc morphological processing cost of
combining the stems and suffixes in order to previdmeaning of the morpheme combination

(Laine et al., 1994).

A different approach was chosen by Pulvermiilleredt¢éa and Hummel (2001) who studied the
processing of action verbs. Participants made &xlecisions to verbs that were face-related (e.g.,
bite, smilg, arm-related (e.gpush draw), or leg-related (e.gkick, walk). A P300-like (400-500
ms) amplitude was highest (most negative-goingY¥doe-related verbs and lowest (most positive-
going) for leg-related verbs. Further grand-averageent source density curves (CSDs) indicated
CSD enhancement at left-lateral cites for faceteelaerbs and at central cites for leg-related verb
and were interpreted to reflect the homuncular migdion of the motor cortex. The results were
taken to support associative theories that theicabrtistribution of cell assemblies reflect the

words’ meanings.

Mismatch negativity (MMN)

Using a task-free passive auditory oddball paradigeminen, Leminen, Kujala, & Shtyrov (2013)

14



investigated automatic processing of inflected awiived real words and matched complex
pseudowords. For inflections, the authors obsesvedller MMN responses than to derived words,
which were taken to reflect early automatic parsiignflected words as opposed to a possible
dual-route processing of derivations. The resutsiriflections were interpreted to be in line with
ERP studies using attentive reading/listening pgrad (lexical decision and acceptability
judgment) with Finnish (e.g. Lehtonen et al.,, 20Q&inonen et al., 2009), all in favor of

decompositional processing of Finnish inflected adgor

2.2.MEG

Like EEG, magnetoencephalography (MEG) directlyisiegs mass electrical activity of neuronal
populations, and is able to provide the temporsbltgion on the millisecond scale. This allows for
the mapping of the neural activation underlying therphological processing online. In addition,
MEG has a spatial resolution of approximately 3 ndione to a high-density coverage with a large
number of different sensors (up to 306 channelshafdful of MEG studies have focused on
inflected words to track down the spatiotemporalaiyics of morphological decomposition. Table
2 summarizes available MEG studies, most of whitiengpted to find neural signatures of
morphological decomposition. In the MEG literatyparticularly with visual stimuli, the frequently
reported components have been the M170, the M35W0edl as the N40Om. Within the field of
morphology, the M170 has been taken to reflectyeariex of form-based morphological
decomposition (Zweig & Pylkkanen, 2009). The M35008m effects have been related to, for
instance, lexical access and morphological decoitipogFiorentino & Poeppel, 2007; Pylkkanen,
Feintuch, Hopkins, & Marantz, 2004). For more d&stan on the nature of the N400(m) effect, see

previous EEG section.
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Using English past tense inflections as stimulthwariming techniques, two studies specifically
aimed at obtaining evidence for the account thiatmarphologically related forms activate their
roots equally in the early stages of lexical adtora (Full Decomposition Account) — hence,
addressing the “past-tense” debate. An earlierystBtbckall & Marantz, 2006) used overt priming
on irregular (e.g.teach-taught taught-teach give-gave gave-givg¢ and regular verbsjump-
jumped, both of which produced M350 priming effects, ahiwas taken to support the full
decomposition account. No effects earlier than Ma80e observed. More recently, Fruchter et al.
(2013) reported a significant masked morphologmahing effect for the irregular verbs, seen in
the modulation of the M170. This was taken to supfie earlier findings by Stockall & Marantz
(2006), as providing further evidence for the ealbcomposition of irregular verbs. The authors
also reported of a presence of the M350 but diddmtuss them in detail. Using an unprimed
lexical decision task combined with MEG, Vartiainenal. (2009) reported stronger and longer-
lasting activation of the left superior temporalrtea for Finnish inflected nouns. Increased
activation for inflected as opposed to monomorpleewonrds took place in the 200—-800 ms time-
window (after the stimulus onset), thus resembtimg N400Om effect. Since no earlier, M170-like
effects, were observed, this was taken as suppoithé view that morphological processing cost
for inflected words stems from the later semangotactic level rather than from early
decomposition (Laine, Niemi, Koivuselka-Sallinerhlgén, & Hyona, 1994).

The reading studies described above interpretedt flmelings as favouring morphological
decomposition, but it is still unclear in which enframe the morphological parsing takes place.
Studies with auditory modality might play an imgont role in resolving the precise timing issue,
since they are able to track the processing astihmulus unfolds. MEG studies using auditory
stimuli have used both passive and active listeragsive listening paradigms are instrumental to
reveal automatic processes involved in morpholégleaomposition, since they remove attentional

and strategic effects, and are specific to linguistformation type (Hanna, Shtyrov, Williams, &
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Pulvermiiller, 2016). Using passive auditory oddpaladigm and addressing the past-tense debate,
Bakker et al. (2013) found that overregularizedrferflied) elicited an automatic neurolinguistic
response pattern, repeatedly observed for asyn@stbpposed to syntactic structures (Hanna et al.,
2014; Hasting & Kotz, 2008; Pulvermiuller & Shtyrd®Q06; Shtyrov, Pulvermuller, Naatanen, &
llImoniemi, 2003). This pattern has been suggesigeftect combinatorial processing of syntactic
structures, now extending also to inflections @wnilar findings with EEG, see Leminen, Leminen,
Kujala, & Shtyrov, 2013). Importantly, such respemattern was not observed for simplex words
contrasted with pseudowords, which showed a redeeféect i.e. ‘lexical’ response pattern
(Garagnani, Shtyrov, & Pulvermiller, 2009). Thesgomatic neural responses were yielded as
early as 100-150 ms after the onset of the crifida@rmation. Hence, this finding supported the
view that regular inflections are generated contoimally, even without focused attention on the
stimuli. This result pattern was further corrobehby findings obtained with a similar paradigm
(Whiting, Marslen-Wilson, & Shtyrov, 2013), which@wved that unattended processing of English
verb and noun inflections yielded early (135 mseratiie onset of the critical information) activatio

of the left fronto-temporal language regions. Egry00 and 200 ms) increased left superior
temporal responses for spoken inflected words les® been observed with an active listening
paradigm (acceptability judgment) (Leminen et @011). The early ~100 ms activation was
interpreted to reflect lexical access to a sufiirgspective of its category. The later (~200 ms),
larger left-lateralized negativity for the infledt@as compared to the derived and simple words was
taken to reflect the analysis of the base and »xsufeind, possibly, evaluation of the
(morpho)syntactic features of the morpheme comianatt should be noted, however, that when
including multi-item (N=80) inflected word sequerd® a passive listening paradigm, no ~200ms
increase in activation was observed for inflectiodespite time-locking to a critical point
(Leminen, Lehtonen, et al.,, 2013). This impliestthdth a non-oddball paradigm and a large

number of different stimuli, despite matching byidal and acoustic factors, inflectional processing
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cost reflected in the later (~200 ms) time-frameiteer temporally smeared or is partly attention-
dependent.

Taken together, all MEG studies on inflection iptet their findings as evidence for
morphological decomposition. The findings with spokwords are more convergent, however,
which may be due to a similar type of analysis €tilocking the responses to the critical point).
While admittedly still scarce, the majority of tkenerging findings on spoken words suggest that
combinatorial processing of inflections take platehe left fronto-temporal cortices prior to 250
ms after the onset of the critical information. kViegards to visual inflected word processing, the
studies using overt priming and lexical decisionéheeported the modulations of the M350/N400

effect, with the earliest (< 200 ms) effects seely with the masked priming paradigm.

2.3. ()MRI

Compared to the other two morphological operatiglesivation and compounding), inflection has
been a very well-known and studied operation wiiRf. fMRI studies on inflectional morphology
have focused on the localization in the brain diegtional processing, aiming to explain whether
the proposed linguistic operations (e.g. rule-ba&ed)composition of regularly inflected forms)
have their correlates in brain activation, and Whhrain regions might undertake them. The
available fMRI studies are presented in Table 3| Rigure 2 illustrates the brain regions most
commonly reported in the fMRI literature (includifgy processing of derivations and compounds).
It is worth noting that, as for the other methatig, field has been dominated by studies on English

inflection, and most commonly verbal inflection tlwonly a few studies looking at nouns.

Insert Figure 2 about here

18



Fig 2. Brain regions most commonly reported in fi\&| literature on morphological processing.

All effects are bilateral.

The earliest available studies were generally nespby, and mostly focused on, the English past
tense debate. A significant number of fMRI studiggh a variety of tasks, provided evidence for
distinct patterns of processing for regular ancegular past tense forms in English: more
specifically, when compared to baseline conditi@ng., letter strings or other non-word stimui, i
general both types of inflection appear to actiateextended network in the left hemisphere, and
especially temporal and parahippocampal regionsveier, when directly compared to irregular
inflection, regular inflection appears to engagditohal areas such as the left IFG and MFG, the
basal ganglia and the cerebellum (Bozic, FontenBay,& Marslen-Wilson, 2015; Bozic, Tyler,
lves, Randall, & Marslen-Wilson, 2010; Davis, Meemi& Marslen-Wilson, 2004; Desai, Conant,
Waldron, & Binder, 2006; Joanisse & Seidenberg,52@0h, Tan, Ng, Berne, & Graham, 2011,
Pliatsikas, Johnstone, & Marinis, 2014a; Sahink&in& Halgren, 2006; Tyler, Bright, Fletcher, &
Stamatakis, 2004; Tyler, Stamatakis, Post, Ran&alN]arslen-Wilson, 2005). Of these areas, the
most consistently activated appear to be the LIAG@ &@s various subcomponents, often
accompanied by the basal ganglia and the cerebeimmlar patterns have been observed for the
processing of complex nouns (plural forms) in v Studies where these were examined (Bozic et
al., 2015; Sahin et al., 2006; Tyler et al., 20@Hnversely, irregular infection is less often népd
to increase activation of certain brain regions parad to regular inflection, and when this is
reported, these regions tend to include tempogaiefal and parahippocampal areas, although the
available evidence is less consistent. It also lwodting that similar patterns have been largely

reported in the few available studies in German,laaguage that is typologically and

19



morphologically close to English (Beretta et abDP2; Prehn, Taud, Reifegerste, Clahsen, & Floel,
2018).

The evidence from English (and German) has higtegthe central role of the LIFG in the
processing of regular inflection, which has beerkdd to its documented role in performing
syntactic operations (Ullman, 2004), suggesting th#lection (at least regular) should also be
considered a grammatical operation with clear ¢ates in brain activity. In this vein, the observed
distinction between regular vs. irregular infleatiat the brain level is supportive of the idea of a
dual route in the processing of past tense infeci{iPinker & Ullman, 2002), although a few
researchers have argued for single-route proceggiegai, Conant, Waldron, & Binder, 2006;
Joanisse & Seidenberg, 2005). Moreover, the sekedictivation by regular inflections of a
network involving the LIFG, basal ganglia and tleeebellum, also characterized as the procedural
memory network (Ullman, 2004), further reinforcduk tidea of automated, rule-based implicit
processing of regular inflections. This is in castr to whole-word learning and retrieval of
irregular inflections, which are expected to engagemporal-hippocampal network (characterized
as the declarative memory network) in a similar @ayregular inflections, in the sense that both
types of inflection require the retrieval of leXiséems.

As clearly defined as this pattern may seem, itaiesincomplete and possibly inadequate
to reflect inflectional processing in the brain.eTmain reason for that is that the dual-route
processing accounts, in both their behavioral asgractognitive versions, are heavily based on
English, a language with only two verb classesull@gand irregular), of which irregular verbs are
not considered a productive class. Therefore, tlaeseunts might not be readily applicable to
morphological operations in languages with multipl@ductive verb classes (e.g. Russian) or
languages that combine suffixation and (optionakfipation for inflection (e.g. Greek) or
languages that inflection is not carried out byiadezoncatenations of morphemes (e.g. Arabic).

Thus, evidence from other languages is invaluablédlping us describe the brain mechanisms
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underlying decomposition and better understandctirestraints that apply, including uncovering
those rules and/or constraints that apply univBrsélowever, the available evidence remains
scarce and mixed. This could either be due to ¢thecgy of the research itself, with single studies
from a variety of languages and with a variety agks producing results that do not fit into a
consistent pattern, or due to real linguistic défeces between English and other languages, which
makes them less comparable. For example, in Itatidras been shown that, while producing
inflected verbs engages the LIFG, producing in#dcadjectives activates regions such as the left
precentral, left angular and bilateral middle otelpgyri, whereas producing inflected nouns
activates the left insula and several structurahénright hemisphere (Marangolo, Piras, Galati, &
Burani, 2006). Moreover, evidence from Spanish Qdego-Balaguer et al., 2006) has revealed
differences in the LIFG activation for regular anmggular verbs, but increased activity of bilatera
frontal regions for irregular verbs and left temgdéitippocampal regions for regular verbs, a pattern
that is incompatible, if not opposite, to the fimgls from Germanic languages. Moreover, studies in
Finnish have shown both left frontal and tempoxdivations for processing of regular inflections
versus simple stems (Lehtonen et al., 2009; LemoNerobyev, Hugdahl, Tuokkola, & Laine,
2006), whereas a similar comparison revealed aaiiva of the left premotor area along with the
LIFG in Japanese (Yokoyama et al., 2006). No simdfiects have been reported in Polish
(Szlachta, Bozic, Jelowicka, & Marslen-Wilson, 2Dl&vhere LIFG and bilateral temporal
activations were only revealed when inflected fonmveye compared to an acoustic baseline, or
Swedish, where it was even suggested that morpitealbgcomplex forms are processed as whole
words (Lehtonen et al., 2009). Of particular ing¢ris Russian, where the available studies have
generally shown similar patterns of activity foguéar and irregular verbs, with some researchers
suggesting that morphologically complex forms insBan are always decomposed irrespective of
their regularity (Kireev, Slioussar, Korotkov, Chijovskaya, & Medvedev, 2015; Klimovich-

Gray, Bozic, & Marslen-Wilson, 2017; Slioussar &t 2014). Finally, a recent study using an
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artificial language reported a widespread bilateetivork of regions involved in the processing of
complex rule-based inflection (Nevat, Ullman, E&iai& Bitan, 2017).

More recently, several researchers have ssedtural MRI methods in an attempt to link the
acquisition of morphology by non-native speakersadanguage to restructuring of those brain
regions that are thought to subserve morphologieadessing. This is based on suggestions that the
acquisition of a non-native language (especiallierlan life than the native language) is
accompanied by significant restructuring of bragions related to language processing (Pliatsikas,
C, in press). This might be of particular relevatmehe acquisition of grammatical rules, such as
the past tense inflection rule in English, sinceas been suggested that learning and applying rule
in a second language (L2) is a demanding and paligntinachievable task (Clahsen & Felser,
2006). In this light, Pliatsikas and colleaguesl@f) showed that the volume of the cerebellar grey
matter in Greek L2 learners of English correlatedifively with how fast they performed lexical
decisions in a masked priming task, but only wheggularly inflected forms, and not irregular ones,
were processed as primes. This suggested thaetbbeatlum, which has already been shown to be
involved in processing of regular morphology (Hikas et al., 2014a), needs to restructure in order
to accommodate the acquisition of a new grammatiodd, and the degree of restructuring
correlated with how efficiently the rule was apglieHowever, Prehn and colleagues (2018)
recently failed to replicate this effect, but thsuld be due to a number of differences between the
two studies (different L2s, different experiencésh@ bilingual groups etc.). It is obvious thaé th
use of structural MRI to explain the acquisitiondam processing of morphology is still at its
infancy; however, it might prove a useful sourcainflerstanding the relevant processes, especially
since the acquisition of anatomical images is phthe standard protocol for every fMRI study, so
researchers only need to apply the relevant mettotieir anatomical images to examine cortical
and subcortical regions (Pliatsikas, DeLuca, Mopoutou, & Saddy, 2017; Pliatsikas et al.,

2014b). For example, it is possible that the acgomsof morphology, in either a native or a non-
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native language, might not only result in localtmesturing of the regions that are known to be
involved in morphological processing (mostly frdndad subcortical regions and the cerebellum,
see above), but also the structural connectivitwben these regions, for example as expressed by
the increased myelination of the connecting whitdter tracts. The relationship between the white
matter structure of the brain and morphologicakpssing has only very recently received attention
(Yablonski, Rastle, Taylor, & Ben-Shachar, 2017)siworth noting here that studying the white
matter usually requires the acquisition of sper&li scans and the use of different analytical

methods than those for grey matter.

3. Derivational mor phology

Derivational morphology concerns the way new lelxiearesentations are created by combining a
base (namely, the root or stem) with one or mofiges (e.g., prefixes, suffixes, infixes) to create
polymorphemic words (for reviews, see Aronoff & leathn, 2010; Lieber, 2016; Milin, Smolka, &
Feldman, 2017). But what dweuroscientificesearch angolymorphemiavords have in common?
Leaving aside the debate on whether neurolingsisten really inform us about the nature of
morphological processing, the most salient answénis question at the surface level would be that
they share the presence of several affixes indjectwves of the noun phrasesurc + sciencet -

ic andpoly- + morphemet -ic. We may not fully understand yet how polymorphemimrds are
represented, decomposed and processed in the buaiwjthout exception we would all agree that
such words have lexical representations that irchideast two morphemes (and hencepiblg-).
And how do we know that on the basis of a uniquecé representation like “polymorphemic”?
That is precisely the focus of the current sectionvhich neuroscientific studies on derivational

morphology will be reviewed and discussed in aemftt to comprehensively summarize how,
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when and where in the brain derived words are dposed and their morphological constituents
processed.

In this line, a critical question in the field hbsen the specific lexico-semantic status held by
different types of morphemic representations arel wWay they parse to create the emerging
property of the combinatorial morphology. The gesaissue that has become the focus of attention
and debate for several decades is whether or mividmal morphemes that constitute a
polymorphemic affixed word (e.g., the stelark and the suffixiessin the suffixed wordlarknesy
are accessed prior to reaching the meaning of tit@enstring (namely, the meaning adirknes},
and if that were the case, the precise stage oitrd recognition stream at which access to the
stems and affixes may take place.

While at first sight it seems relatively straighti@rd to realize that an English suffix likeess
is not a free-standing morpheme that could actlyess a lexical item, it is also commonly
accepted that this bound morpheme typically attdbeparticiples and adjectives, consistently
creating abstract nouns denoting quality, conditavnstate like indarknes (see Medeiros &
Duiabeitia, 2016). In fact, and in line with therseal ideas on affix stripping proposed by Taft
and Forster (1975), nowadays most researchers wagree that the processing of a word like
darknessvould be mediated by, or at least implies, a mamglalecomposition into the constituent
morphemes by stripping the sufiressfrom the stendark. However, the affix stripping is a rule of
thumb that does not apply equally to all circumsémn For example, consider the obvious
differences between the saliency of a free-standiam like “dark” stripped from “darkness”, and
of other bound stem morphemes with no lexical eatmatching exactly the result of the dissection
deriving from the morphological parsing (e.g:iae from waenesswhich is a form of the word
woenesk or even of pseudo-stems that do not pair with@dose representation and which call into
guestion the morphological status of the elements,(vit from witnes3. Thus, while there is little

debate on that the morphological units of derivextds are accessed during word processing, the
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discussion focuses on the specific moment in whath of the units is accessed and processed, and
the way this speaks for individual differences I tconcrete properties of the polymorphemic
words and of the readers of listeners that protte=ss. Different units may be readily available for
processing and segmentation at different stagéiseofecognition process, and different properties
of the bound and free-standing morphemes (e.gst&o& Azuma, 2000; Moscoso del Prado
Martin, Kostic, & Baayen, 2004; Pastizzo & Feldmafp4), as well as individual differences in
the persons processing these units (e.g., Andrews,&2013; Dufabeitia & Medeiros, 2016;
Dufabeitia, Perea, & Carreiras, 2014) have beewrsito modulate morphological decomposition
mechanisms (see Amenta & Crepaldi, 2012, for rejkiew

As mentioned, the last decade has witnessed aeasiog body of evidence showing
somewhat conflicting results with markedly differéneoretical implications on the extent to what
morphological decomposition of derived words takdace at early or late stages of word
recognition, mainly linked to either orthographicsemantic processes (see Beyersmann, Ziegler,
Castles, Coltheart, Kezilas, & Grainger, 2016, docomprehensive review). Given the bulk of
evidence showing that non-existing seemingly polgghemic representations lacking a lexical
status (e.g., pseudowords likpiickify) are, in fact, decomposed into the constituentugse
morphemic units (e.g., Beyersmann, Dufabeitia, éd@s, Coltheart, & Castles, 2013; Longtin &
Meunier, 2005; Meunier & Longtin, 2007; Smolka, Zserlood, & Rosler, 2007), it seems
reasonable to assume that morphological decompositi derived words is not a process that
exclusively occurs post-lexically at a semanticeleas initially proposed (see Giraudo & Grainger,
2001). In contrast, the debate has moved now tditie course of morphological decomposition
and processing. One of the most relevant currenies concerns the real nature of morphological
units like derivational affixes, being them the hyguct of statistically recursive orthographic
chunks (the so-called morpho-orthographic viewg,, &astle et al., 2004), the result of a semantic

analysis of the input influencing already the emtliprocessing stages (the morpho-semantic views;
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e.g., Feldman, O’Connor, & Del Prado Martin, 206%)whether morphological units arise in the
interface between orthography and semantics (Bapyen et al., 2011; Gonnerman et al., 2007),
and thus their processing will dynamically adhesebbth morpho-orthographic and morpho-
semantic routes (see Diependaele, Duiabeitia, MatriKeuleers, 2011; Diependaele, Sandra, &
Grainger, 2005; Dufabeitia, Dimitropoulou, Mor&sDiependaele, 2013).

The aim of the following paragraphs is to offemasshot of how cognitive neuroscientists
have tried to respond to the abovementioned questiging a variety of presentation modalities
(e.q., visual, auditory or multimodal) and resegpahadigms (e.g., masked and unmasked priming,
single word presentation). To this end, the revidwihe literature will be organized paying special
attention to two sources of information that caedslhight on the ongoing debates: 1) the time
course of morphological decomposition processetealred words, and 2) the brain networks and

areas responsible for the processing of polymorphderived words.

3.1. EEG

Most EEG-studies on derivational processes have lseaeducted in Indo-European languages,
such as English, German, French, and Spanish, khsasvén Finnish from the Uralic language
family. The paradigms include violations of derigatl rules, passive-listening oddball, sentence
reading, and the majority are priming studies (nedsér overt with long visual or auditory prime
presentations); the tasks involve (silent) readiegical decisions, or semantic decisions. The EEG

studies on derivational processing discussed hrersuanmarized in Table 4.

Violations
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A significant number of studies applied violatiotts study the morphosyntactic processing of
derivations. For example, Bolte and colleagues 920fpplied violations to German adjective
derivations, presented in sentence context. Theypaoed the processing of correct adjectives (e.g.,
freundlich ‘friendly’) with two types of violations: possielbut nonexisting adjectives (e.g..,
*freundhaft *friendful’), and anomalous adjectives (e.gfreundbar *friendive’). Both types of
violations induced LAN effects relative to corretgrivations, with no difference between them.
These findings were interpreted as evidence forpmaogical decomposition and for a separate
handling of structural and semantic informations@l Leinonen and colleagues (2008) presented
violated derivations in sentence context. Relatvehe correct derivations (noun stem + suffixg th
violated derivations (verb stem + suffix) elicit¢dd400 effects. The authors interpreted these
findings as reflecting the parsing of the morpheomenbination or as the unsuccessful (or
laborious) semantic integration of the morphemiastibuents (see also Janssen et al., 2006 for
similar N400 findings and violation types in singlerd context).

Turning to single word studies, in Leminen et @&0X0) participants made auditory lexical
decisions to existing derivations and legal nowslivdhtions in Finnish. Both types elicited N400-
like negativities that did not differ from each ethand were thus interpreted as evidence for the
successful parsing of novel derivations. By confradegal derivations (illegal stem-suffix
combinations) produced larger N40O effects, sugugst more laborious parsing and licensing of
the morpheme combination. The results suggest lpamalorpheme activation and semantic
integration of the morpheme combination when a spokord temporarily unfolds. In a similar
vein, McKinnon et al. (2003) compared lexical dems to existing English words with a bound
stem (e.g.submi}), pseudowords with a bound stem (e.gromit), and unstructured pseudowords
(e.g., flermuf). Relative to unstructured pseudowords, both wad pseudowords containing

bound stems elicited similar N400 attenuations. séhdindings were taken as support for
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morphological decomposition that extends to nonpctide and semantically impoverished
morphemes.

In contrast to the above studies, two studies dpatied the passive-listening oddball paradigm
provide evidence against obligatory decomposition.the Finnish study (Leminen, Leminen,
Kujala, & Shtyrov, 2013), high-frequency real datiens (e.g.lauluja, ‘singer’) induced enhanced
MMNs as compared with low-frequency real derivasione.g., kostajg ‘avenger’).
Pseudoderivations (e.g.r&uluja’, non-existing stem+derivational suffix) elicitedsmaller MMN
than real derivations. Similarly, in the Germandst(Hanna & Pulvermduller, 2014), existing
derived nouns (e.gSicherheit ‘security’) induced enhanced MMN responses aspaoed with
possible but incorrectly derived nouns (e.gSicherkeit *securation’). In both studies, the
increased MMN responses were interpreted as “leXitsINSs”, which reflect the automatic
activation of the memory traces for existing wo(ds opposed to the non-existing derived forms)

and were thus taken to support whole-word retrianal/or dual-route processing of derivations.

Priming

Most ERP studies on morphological processing hagdied repetition priming under masked or
unmasked stimulus presentation. In the studiesideres here, priming is concluded if the negative
going ERP amplitude in the latency range of 25QN&50) or 400 ms (N400) is attenuated relative
to an unrelated baseline condition, that is, to ri@st pronounced negativity. In other words,
priming occurs if the related condition shows a enpositive-going amplitude in the N250 or N400
latency range relative to the unrelated conditfon & review, see Kutas & Federmeier, 2011).
The priming studies typically compare a subsetheffollowing conditions: real morphological

derivations (e.ghunter-hunf as compared to pseudoderivations (e&grner-corr), and relative to

form-related words (e.gscandal-scaj Earlier studies included stem homographs (&panish
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rata-rato, ‘rat’-‘time’) or identical words (e.g., Frendhble-tablg as morphological conditions. If
not stated otherwise, real morphological derivatiosually refer to fully semantically transparent
word pairs (e.g.,hunter-hunt government-governFrench lavage-laver German mitkommen-
kommen ‘come along’-‘come’), but more recent studiesttier differentiate between semi-
transparent word pairs (e.glresser-dress and semantically opaque word pairs (eagartment-
apart German umkommen-kommeriperish’-‘come’), and compare these with semaitjc
associated word pairs (e.g@ofa-couch Frenchlinge-laver, Germannahen-kommen'approach’-
‘come’). Nonword conditions use pseudoderived nawwo(e.g., tornity-corn) or form-related
nonwords (e.g., teble-tablg¢ as primes. In the following, all effects are rdpd relative to the
unrelated/baseline condition. Table 4 summarizes ERP findings of masked and unmasked

priming effects.

Form priming

Priming between form-related prime-target pairg.(¢eble-table scandal-scanFrenchlavande-
laver, Germankdmmen-komméinas been classically used to study the time eoofvisual word
recognition in the EEG is thus important for thenparison with morphological processing. Form-
related prime-target pairs typically induce an ration of the N250 (175-300 ms) and may
include a reduction in the N400 effect. Form effeemerged as anterior N250 and N400
attenuations relative to the unrelated conditiothhmder masked priming (Holcomb & Grainger,
2006; Lavric, Clapp, & Rastle, 2007; Morris, Graéng& Holcomb, 2008, 2013; Morris, Porter,
Grainger, & Holcomb, 2011) and under overt visuammg (Lavric, Rastle, & Clapp, 2011;
Smolka, Gondan, & Résler, 2015), though a singlsked-priming study also revealed a reversed
form-effect, that is, an N40O increase relativéh® unrelated condition (Beyersmann, lakomova, &

Ziegler, 2014). The N250 attenuation is typical form-related relative to unrelated prime-target
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pairs. Thedual-route modelfor example, assumes two parallel mechanismse-asthography-
based and one semantically based, hémre-with-meaningccount. Form-priming in terms of the
N250 attenuation reflects the mapping of prelexia@presentations onto whole-word
representations (specifically, a feed-forward pdel@ morpho-orthographic segmentation that
operates independently of lexical status and semaahsparency (see Morris, Porter, Grainger, &
Holcomb, 2011), while later (N400) effects are thlouto indicate the mapping of shared
representations at the morpho-semantic level (sge Biependaele, Sandra, & Grainger, 2005;
Holcomb & Grainger, 2006; Morris et al., 2011; MeriGrainger, & Holcomb, 2013). By contrast,
the two-stage modelassumes a single mechanism with two-stages, amogyephy-based
morphological decomposition followed by semantiterpretation, hence aldorm-then-meaning

account (e.g., Lavric et al., 2011).

Morphological Priming — Masked

To establish morphological effects, form priming sweypically compared with the effects of
morphological conditions, which were identical wei@.g. table-tablg or semantically transparent
morphological derivations (e.gaunter-hunt, government-govériJnder masked visual priming,
morphologically related (semantically transparanidentical) word pairs likéaunter-huntor table-
tableinduced either an N250 attenuation alone (Mofisinger, & Holcomb, 2008) or both N250
and N400 attenuations (Beyersmann et al., 2014cd#ab & Grainger, 2006; Morris, Frank,
Grainger, & Holcomb, 2007; Morris et al., 2008; Meret al., 2011; Morris et al., 2013; Lavric,
Clapp, & Rastle, 2007).

By contrast, pseudoderivations of tberner-corntype or nonword pairs of thecérnity-corn
type induced more diverse effects, ranging froneffiect (Morris et al., 2007) to N250 attenuations

(Morris et al., 2008), and to N250 alongside N4@@raiations (see Morris et al., 2008; Morris et
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al., 2011; Morris et al., 2013; Lavric et al., 2007he main interest, however, was in the
comparison between the priming by morphologicalated, pseudo-derived, and form-related
word pairs. For example, Morris et al. (2007) olbedr significantly more priming by
morphologically related words than by either pseddoved or form-related words in both the
N250 and N400 latency range. However, other stuaydgorris and colleagues (2008; 2011; 2013)
found no priming differences between these thrpedyf complexity. Other studies, yet, revealed
processing patterns that differed in the early (2&nd the later (N400) effects. Similar N250
deflections by morphologically related and pseudowed word pairs were taken as evidence that
all words undergo the same segmentation procesarig visual word recognition. Similar N400
attenuations by morphologically related and psedeidved word pairs were interpreted to indicate
a single mechanism with two-stages of form-thenmmen processing: orthography-based
morphological decomposition followed by semantieipretation (see Morris et al., 2011; Lavric et
al., 2011; Meunier & Longtin, 2007). By contrastngar N400 effects of pseudo-derived and form-
related words (Morris et al., 2008; Morris et @D11) were interpreted as evidence for a dual-route
model that comprises two mechanisms of decompaositine orthography-based plus one
semantically based, hence form-with-meaning (sge ®iependaele et al.,, 2005; Morris et al.,
2013; Holcomb & Grainger, 2006).

To summarize, all models so far assume differemcgssing outcomes for semantically
transparent and opaque words at the lexical levieén semantic information is integrated (in the
two-stage model (e.g., Lavric et al., 2011), or wiskared representations operate at the morpho-
semantic level (in the dual-route model, e.g., Moet al., 2013), or when form and meaning codes
overlap (in the connectionist model, e.g. Jaredyraldev, & Joanisse, 2017). The following

paragraphs will review ERP studies that examingtde representation and processing.
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Morphological Priming — Unmasked

Under overt priming conditions with either auditanyvisual prime presentations at long SOAs (up
to 300 ms), the primes are consciously processatl the meaning of complex words is
semantically integrated. Semantic integration amgeetation are typically observed in N400
modulations. Indeed, the findings are very cledahwespect to morphologically related word pairs
like hunter-hunt for which all studies found N400 attenuationgy(eDominguez, de Vega, &
Barber, 2004; Kielar & Joanisse, 2011; Lavric et 2011; Smolka et al., 2015), once preceded by
an N250 and P325 modulation (Smolka et al., 20%Bnilarly, also inflected word pairs likeca-
loco (‘crazy woman’-‘crazy man’) revealed N400O attenoias (Barber, Dominguez, & de Vega,
2002), sometimes combined with an earlier positif250-350 ms) (Dominguez et al., 2004). By
contrast, pseudo-derived words likerner-cornor stem homographs liketa-rato (‘rat’-‘time’)
yield a rather diverse picture, ranging from neeeffat all for pseudoderivations (Kielar & Joanjsse
2011), to an early positivity (250—-350 ms) for steamographs (Dominguez et al., 2004), to N400
attenuations for pseudoderivations or stem homgrép.g., Barber et al., 2002; Dominguez et al.,
2004; Lavric et al., 2011), followed by an addisbrmodulation of a late negativity for stem
homographs (e.g., Barber et al., 2002; Dominguex.e2004. In contrast to the pseudoderivations,
purely form-related words usually revealed no satusdl effects relative to the unrelated condition
(e.g., Dominguez et al., 2004; Kielar & Joanis€¥, D), though an N250 (Smolka et al., 2015) and a
(frontal) N40O attenuation were found as well (Lewat al., 2011; Smolka et al., 2015).

The main interest of the above studies was to tigage the processing of different levels of
word complexity. For example, Lavric et al. (201dyind that the N400 effect was largest when it
was induced by morphologically related word paike hunter-hunt smaller by pseudoderivations
like corner-corn and smallest by purely form-related words likothel-broth Because

morphologically related and pseudo-derived wordspahowed similar effects during an early
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N400 time window and differed in a later N40O timendow, these differences in N400
attenuations were interpreted in favor of a tw@sté.e. form-then-meaning) model of visual word
recognition, with orthography-based morphologica¢@mposition in the first stage, and validation
by semantic information at a later stage.

By contrast, Kielar & Joanisse (2011) found evideincfavor of theconvergence-of-codesew.
Specifically, they manipulated the semantic transpey of real morphological derivations between
fully transparent government-govejn semi-transparentdfesser-dregs and semantically opaque
(2/3 real morphological derivations lilkgartment-apart1/3 pseudoderivations likeorner-corr).
They found similar N40O priming effects for semaaliy transparent and semi-transparent and no
effect at all for semantically opaque pairs. Irelimith the distributed-connectionist or convergence
of-codes view “morphological effects were gradechature and modulated by phonological and
semantic factors” (Kielar & Joanisse, 2011, p. 17/@cause neither pure form similarity like
panel-pannor semantic associations likefa-coachproduced any significant effects, the authors
concluded that the morphological effects could bet explained by pure form or meaning
relatedness alone.

In contrast to the above studies in English, an BRIEly on German complex verbs found
morphological effects that were unaffected by fannsemantic factors (Smolka et al., 2015). They
manipulated the semantic transparency of real nobogical derivations between fully transparent
(e.g., mitkommen-kommericome along’-‘come’) and semantically opaque (ewmkommen-
kommen ‘perish’-‘come’), and found equivalent N250, P32&nd N400 priming effects for
semantically transparent and opaque derivationsh&umore, the morphological N400 attenuations
were stronger than those elicited by semantic #&t®sc(e.g.nahen-kommerapproach’-‘come’);
and the morphological effects clearly differed fréme early right frontal positivity that converged
into an N250 effect and further extends to a froN#00 effect by purely form-related pairs (e.g.,

kdmmen-kommencomb’-‘come’). The German findings clearly detaarom findings in English
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where morphologically related but semantically apaglerivations did not induce any priming
effect in this condition (Kielar & Joanisse, 201These findings were taken to indicate stem access
in German regardless of the semantic transparenttye avhole word.

Finally, when morphological effects were comparedgemantic effects, one study observed no
effect for semantic associations (Kielar & Joanis2811), while two studies found N400
modulations for synonyms (Dominguez et al., 2004s@mantically associated verbs (Smolka et
al., 2015), indicating that semantic associatiores automatically activated within the semantic

network.

3.2.MEG

While MEG studies on inflected words are, in geheraline with the account that the processing
of inflection involves combinatorial processinge thtudies on derivations offer a more discrepant
range of findings, particularly with respect of img of morphological parsing. Table 5
demonstrates the MEG studies on derivation. ThegivgMEG results are mostly interpreted to be
in line with either full decomposition accounts &rddual route accounts. As with inflections, the
majority of MEG studies on derivations have attezdpto find neural support for the behavioral
evidence of early obligatory decomposition of coexplvords — will decomposition be witnessed at
the very early stage of processing (M170) or dassastic still play a role (M350/N400m)? The
large part of the studies has been conducted Esugijsh stimuli, with only a few exceptions (see
Table 5).

To begin withunprimed lexical decision taskZweig & Pylkkanen (2009) reported a larger
right-hemisphere dominant M170 response for thegssing of derivedfgrmer, refill) words as
opposed to simplexsyitch and control \yinter, recon) words, interpreted to reflect an early

prelexical processing stage. Recall from the seatio MEG studies of inflection that the M170
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effect has been attributed to the early morphoklgparsing processes. The M170 results were
clearer for the transparent but not for the opagoeds, and it was concluded that “the M170
decomposition effect extends to opaque words ines@artial way underdetermined by (our)
current analysis methods” (p. 426). Curiously, ¢hetere no behavioral effects of morphological
complexity, and the interpretation was that morpgmal complexity is not associated with a
processing cost that is directly reflected in lekidecision times. Solomyak & Marantz (2010) went
further to study derived words containing free fdfaxablg, bound rootstflerable and unique
roots (ulnerablg. While there were no reaction time (RT) differeadetween the derived words
and monomorphemic controls, Solomyak & Marantz regabreliable M170 effects for the free and
bound root, suggesting early morphological decontipos (for the M170 findings with
pseudoaffixed words, see Lewis, Solomyak, & Mara@@11). In addition, there was a significant
effect of lemma frequency in the M350 time-windanterpreted as reflecting successful parsing.
Solomyak & Marantz also showed an effect of tramsél probability on the M170. However, the
results on the unique roots were inconclusive aedjuestion whether they are decomposed or not
was left open. More recently, Fruchter & Marant®12) showed an effect of derivational family
entropy in left temporal neural regions from 240 ms onwareflecting decomposition into stems
and affixes, and an effect of surface in the lefbporal area within a time-range of 430-500 ms,
reflecting the later recombination stage. Fruchted Marantz (2015) also introduced the concept of
semantic coherence, a statistical measure usedatttify the gradient semantic well-formedness of
complex words, which elicited an effect in left bafrontal cortex in the 350-500 ms time window.
Priming studieshave shown both prelexical and lexical effects émrived words, again
suggesting support for morphological decompositibising masked priming, Lehtonen et al.

(2011) reported the left occipito-temporal respotageng place ~220 ms, resembling the M170 by

? A statistical measure derived from the lexical freqcies of the morphological family members ofears{Fruchter &
Marantz, 2015)
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its magnetic field distribution. This response wsesnsitive to morphological prime—target
relationship and was not modulated by semanticsparency between the prime and target,
suggested to reflect a prelexical level of processinterestingly, however, opaque words with high
transitional probability did not show significant priming effects in eitheehavioral or MEG
responses. This result was tentatively interpretedsuggesting that at least those semantically
opaque words that are relatively high-frequent forim the family of their stems, may not be
decomposed early, which supports dual-route aceolmtan extensive region-of-interest analysis,
Cavalli et al. (2016) contrasted morphological, alated, orthographic, and semantic priming
effects in a visual priming paradigm (the targetswaresented 50 ms after the prime).
Morphological priming effects were observed in thieldle left inferior and anterior temporal ROls
(M350 ms time-window), in the left superior tempddRDl (in the time window of the M250 later,
at 585-650 ms), in the left inferior temporal R@ig(345-420 ms and 440—495 ms time-windows),
as well as left orbitofrontal ROI (the M350 timenaliow). There were no significant morphological
priming effects prior to the M250 time-window. C#vat al. introduced a detailed spatiotemporal
model, in which the morphological structure is gmat with respect to the semantic overlap in the
LSTG at 250 ms after the stimulus onset. Thereatieractivation would be passed on to LIFG if a
morphologically complex prime shared meaning wité target. Form primes might be recognized
as orthographic competitors and would be inhibitelSTG. Lexical access of morphemes might
occur in the 350 ms time-window in the middle amdeaor LITG. The activation then proceeds
onto left inferior and orbitofrontal areas, whererphemes are recombined to recognize the whole
word.

Whiting, Shtyrov, & Marslen-Wilson (2015) contragteimple (valk), complex farmer), and

pseudocomplexcprner) words in an occasional recognition task. Morpalal effects emerged at

% The probability of encountering a particular suffifter a given stem
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approximately 300—-370 ms from stimulus onset, whemaplex stimulus sets diverged from the
noncomplex stimulus sets. More specifically, ddiosas diverged from the noncomplex stimuli in
left middle temporal gyrus (MTG) at around 330 imgt, complex vs. pseudocomplex words did not
differ. Whiting et al. also found differences beemanflected and noncomplex stimuli 300-370 ms
in left posterior MTG and LIFG, but with no differees between real and pseudoinflections. The
results were interpreted as being in line with béral masked priming evidence, suggesting that
morphological structure analysis triggers lexiaadess in left middle temporal regions from 300 ms
onwards and is not initially constrained by lexitmalel variables. Furthermore, Bolte et al. (2010)
approached derivational processing using an ungrisy@monym judgment task. They compared
reading of existing derived German adjectiveseundlich, ‘friendly’), non-existing, but
semantically legal (synonymous) adjectivedrdtindhafy, and non-existing, semantically and
morphologically illegal adjectives ffeundba). The processing of derivations elicited a gradual
increase of activity in the left temporal lobe metN400m time-window, i.e., activity increased
from existing over legal to illegal adjectives. Tgeadual increase of the N40Om was taken to
reflect either the semantic interpretation or th@rphological integration of decomposed
constituents (for similar interpretation of the EE@&lings, see e.g., Leminen et al., 2010 described
above).

Scarce MEG studies oauditory processing with active and passive listening @lseak for
decompositional and/or dual-route processing ofvdgons. For instance, Whiting et al. (2013)
reported increased left-lateralization for semaillyctransparent and opaque fornisaKer and
beake), taken to suggest that morphological processmgelicited by any form containing
morphological structure, regardless of word meaningaddition, the semantically opaque word
(beakej elicited larger activation than the transparemé goakep ~240 ms after the divergence
point in the left middle temporal cortex, interg@tto signal re-analysis processes since a

decompositional meaning is not appropriate. In stadies, Leminen and colleagues (Leminen,
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Lehtonen, et al.,, 2013; Leminen et al., 2011) did observe differences between simple and
derived words at later stages of processing (~28@nwards), which was interpreted to support
dual-route accounts of morphological processingwéier, derivations elicited an increased early
(80-120 ms) MEG response in the temporal area,hwhies not modulated by attention (Leminen,
Lehtonen, et al., 2013), taken to suggest earlgraatic suffix-related activation and/or activation

of a full-form representation for derived words.

3.3.fMRI

A substantial number of fMRI studies have lookedhat processing of derivation by investigating
which parts of the brain are activated for morplalally complex words. Much of this literature
has been concerned with issues such as whetheratlen is a grammatical operation which,
similar to inflection, can be localized in the braand produce effects that are distinct from
orthographical or phonological processing, whettezivations really are morphologically complex
or they are processed as whole words in the baad, if they are complex forms, which are the
grammatical constraints that mediate their proogssihe available studies to date are illustrated i
Table 6. Similar to inflection, most of these stsglihave been conducted in English, and have
mostly looked at the processing of derived nount) some studies including adjectives and verbs.
The early studies in the field were heavily inflaed by behavioral literature suggesting that
word processing is mediated by orthography, phanoland/or semantics, and that especially
derivation can be reduced to a combined operatibrorthography and semantics, without
necessarily having a grammatical reality itself (Man-Wilson, Tyler, Waksler, & Older, 1994;
Rastle, Davis, & New, 2004). Indeed, the first pstidd fMRI study suggested that derivations do
not differ from simple words with respect to patiepf brain activation they elicit (Davis, Meunier,

& Marslen-Wilson, 2004). A few of the earlier fMRtudies used masked priming, a method that

38



has been widely used to unveil morphological anthomraphic relationships between pairs of
words (Grainger, Colé, & Segui, 1991); for exampleylin et al. (2004) revealed that, compared to
unrelated word pairsagvard-munch, derivational pairs Hunter-hun}t activated temporal and
parietal regions that were not uniquely activatgdhose items, but were also activated for word
pairs with orthographic p@ssive-pagsand semantic spfa-couch relationship, suggesting that
morphology is not an independent operation but gegerfrom the convergence of form and
meaning. In another masked priming experiment, Gold Rastle (2007) reported reduction in
brain activity of occipital regions for word paic®ntaining pseudo-derivations with components
that could function as valid morphemesoher-arct) and for pairs with orthographic overlap
(pulpit-pulp compared to controls, further suggesting thatvd&onal processing is heavily, if not
exclusively, mediated by orthography. The issueldesn examined with a variety of tasks beyond
masked priming, including auditory tasks, and ias controversial, at least with respect to
English derivation, with evidence suggesting bdidt terivations are processed via decomposition
(Bozic, Marslen-Wilson, Stamatakis, Davis, & Tylét007), which is generally expressed as
increased activity in the LIFG, and that they arecpssed as whole words (Bozic, Tyler, Su,
Wingfield, & Marslen-Wilson, 2013), expressed aBwiy in a widespread bilateral frontotemporal
network. It has also been argued that processirdgovations might be mediated by their lexical
properties. For example, Vannest and colleague85(2feported increased activation in Broca’'s
area and the basal ganglia for derivations thalud®c highly productive suffixes (e.gnes$
compared to less productive ones (etg), indicating morphological decomposition for tleerher
and whole-word processing for the latter. Howewternas later argued these effects are modulated
by the frequency of the base form of the deriva{dannest, Newport, Newman, & Bavelier, 2011,
see also Blumenthal-Dramé et al., 2017). Nevertiselend moving away from English derivation,
masked priming studies in Hebrew have shown reduostin brain activity in bilateral frontal,

temporal and parietal regions for morphologicalglated pairs, compared to orthographic or
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semantic pairs, providing evidence for morphologpracessing that is independent from form and
meaning, at least in Hebrew (Bick, Frost, & Goelm2010; Bick, Goelman, & Frost, 2011; see
also Bick, Goelman, & Frost, 2008 for more siméaidence in Hebrew with a different task).

The relatively robust effects reported in Hebremd the less clear picture for English,
strongly suggest that the processing strategigeodmposition might be language-specific, but the
field is still quite small to ascertain this. Netlerless, some patterns do seem to emerge: for
example, the two available studies in Italian (Car@ozic, & Marslen-Wilson, 2016; Marangolo,
Piras, Galati, & Burani, 2006) strongly argue foogessing of derivations as decomposable forms;
similar arguments have also been made for deriwvatidutch (De Grauwe, Lemhofer, Willems, &
Schriefers, 2014), but not in Slavic languages Hdaish (Bozic, Szlachta, & Marslen-Wilson,
2013) and Russian (Klimovich-Gray, Bozic, & MarsMfilson, 2017), where the available
evidence indicates whole-word processing of deiowat It is worth pointing out that the available
evidence is based on a variety of different tasksclv have been variably used in different
languages. However, there seems to be a small elthat the reported contradictory patterns are
due to task effects, since tasks like masked pgnoinn-back have produced different results in
different languages (see Table 6). Conversely kalyii explanation for these language-specific
effects might be related to different lexical prdjgs between languages, including semantic
relatedness, suffix productivity and lexical conifpent between related forms, which might
differentially affect the neural representationdsarivations in different languages. For example,
Carota and colleagues (2016) demonstrated thatle wihansparent Italian derivations with
productive affixes show neural activity clearly swmtent with decomposition, and opaque
derivations with nonproductive suffixes are proeelsas whole forms, processing of other types,
(e.g. opague derivations with otherwise productffexes) heavily depends on the degree of the
productivity of the affix, as well as the semanBtatedness between the derived and the base form.

Importantly, these parameters have been shown tulai@ the level of activation of the fronto-
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temporal regions that are typically involved in Wdavord processing. This explanation (which is
also compatible with the evidence from Vannestl.et2@11, and Marangolo et al., 2006) has been
used to account for the variability among differeggults in different languages, with Carota and
colleagues suggesting that semantic relatednessicgal for derivational processing in languages
like English, Polish and Italian, but not for Arablt is also worth mentioning here that some ef th
more nuanced evidence in the field comes from artadf studies that have moved away from
classic univariate fMRI analyses and have employedtivariate approaches (e.g. Bozic et al.,
2015; Carota et al., 2016; Klimovic-Gray et al.12]) suggesting that such approaches might be
more sensitive to the neural computations relatetifterent types of morphology.

It is worth noting that hardly any evidence hasrb@rovided for types of derivation that
require more than a stem + suffix concatenationly @nhandful of studies have looked at more
complex derivations, by investigating the lingustiules and constraints that dictate their
formation, as well as their brain correlates. SiEadly, Meinzer and colleagues (2009) look at
processing of German complex derivations by compati-step derivations, i.e. those requiring a
single conversion, e.g. from adjective to noorude -> Mudigkeitfatigue’) to 2-step derivations,
which entail an intermediate derivational step, &@m verb to adjective to noufeéen -> lesbar -
> Lesbarkeitlegibility’), meaning that their derived forms tfred inderivational depthout not in
terms of their surface properties (i.e. they hae slme suffix and comparable length). They
revealed that derivational depth modulated the |l®feactivation in several brain areas, and
particularly left frontal, temporal and parietabiens. This suggested that derivational processing
entails more than just affix-stripping and it regsi processing of the full derivational route ddwn
the base form. This finding was further corrobadaby a subsequent study by Pliatsikas et al.
(2014c) who reported comparable effects of derweti depth in English; notably in that study 2-
step derivations included an intermediate step tas not marked orthographically or

phonologically zero derivation e.g.boakoun ->boatyers ->boatingyoun), and were compared to
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1-step derivations that had identical structureenfst+ suffix) but were derivationally more
“shallow” (e.g.runvers ->runningnoun). In other words, it was suggested that processirige full
derivational route also applies to complex dertvadi with intermediate steps that are not
orthographically or phonologically realized, costrag earlier suggestions that derivation emerges
simply through the combination of form and meaning.

The available evidence clearly illustrates tha tlebate about the nature of derivational
processing is far from over. However, the Meinzeale(2010) and Pliatsikas et al. (2014c) studies
indicate that, in order to understand derivatiotidsefuture fMRI studies should expand their remit
to different types of derivation, including preftian (e.g.re-play) and multiple affixation (e.gun-

happy-ness which are currently absent from the literature.

4. The morphology of compounding

Most languages use compounding as the main morgicalooperation to create new lexical items
(see Pollatsek, Bertram, & Hyona, 2011). Giventibge number of novel compounds that can be
created by concatenating different word types, aumg words have been considered as the
morphological foundation of lexical productivityf(dibben, 2014). In contrast to other rule-based
operations that follow relatively strict parsingteria (like the grammatical operations yielding
inflectional morphology, or the precise positiorthvim the strings of certain types of derivational
affixes), compounding is governed by more malleaieciples. Take, for instance, the warén

By simply concatenating the derivational affty one can get the derived wondanly. But the
properties and rules of derivational operations ahthe specific morphemes state tHgtcannot

be used as a prefix, given that it is a suffix @aa@xpected position is after, and not before bifige
form. However, a markedly different scenario iseoéid by compound word creation, insofar the

lexememancan be freely used in different positions withinampound, being the first constituent
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lexeme inmanpowey or the second constituent mmlkman This relative freedom in positioning a
given constituent morpheme within a compound mehas there are different possibilities for
compound word construction, and that two or moegneints can be differently combined to create
a compound. Closed compounds are the prototyparah fof lexicalized compounds, and they
present a series of constituent morphemes that@reatenated creating a single non-spaced and
non-hyphenated lexical representation (gagstman. But in some other circumstances, compound
words are created by separating the constituenpimeones by a hyphen (e.ghan-madg or by
separating the morphemes by a space @&rgw mai. Thus, compounding offers a large variety of
possible operations to create morphologically cexplems, and for this reason compound word
processing has been in the focus of psycholingaeigtéoring word creation and decomposition (see
Juhasz, 2018, for review).

A great body of studies has focused on the spegifiperties of the constituent morphemes in
closed, or lexicalized, compounds, which modulatgchl access and morphological decomposition
(see Juhasz, Lai, & Woodcock, 2015; Kuperman, 203prder to study this, most experiments
have either manipulated the frequencies of thettaests (e.g., Andrews, Miller, & Rayner, 2004,
Bertram & Hyona, 2003; Pollatsek, Hyona, & Bertra2®00), the semantic transparency of the
whole compound and of its parts (i.e., opaque ramsparent compounds; e.g., Juhasz, 2007,
Marelli & Luzzatti, 2012; see Libben, 1998, for dission on this matter), or the relative
contribution of the individual lexemes to the gextemeaning of the compound (i.e., the
compound’s headedness; e.g., Inhoff et al., 2008€eM, Crepaldi, & Luzzatti, 2009). So far, there
is general agreement in that morphological decoitipnsof compounds is mediated by factors
such as the semantic transparency, the frequendlgeotonstituents and the headedness of the
compounds, even though the contribution of thes®ifa may depend on the specific task demands

(see Juhasz, 2018).
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Together with the results from studies exploring importance of the aforementioned
variables, another series of experiments investigaiccess to the individual lexemes by means of
constituent masked and unmasked priming have atsoodstrated that compound words are
processed via their morphemes (e.g., Crepaldi,|&d3avis, & Lupker, 2013; Duiabeitia, Laka,
Perea, & Carreiras, 2009). Strong evidence forntfugphological decomposition of compound
words comes from studies showing that the procgssira compound word likenilkmancan be
facilitated by the presentation of one of its cdnents prior to it (e.gman see Dufabeitia, Marin,
Avilés, Perea, & Carreiras, 2008; Libben, Gibsonpl, & Sandra, 2003; Smolka & Libben, 2017).
In the same vein, a compound word lik@anpowerfacilitates the recognition of a compound like
milkmanvia cross-position constituent priming (Dufiabegiaal., 2009), and a pseudocompound
like manmilkfacilitates the access to the real compound waitkimantoo (Crepaldi et al., 2013).
Thus, as Libben (2014, p. 11) nicely summarizesisitbroadly accepted thatthe mental
representation of compound words requires the edent of whole word representation as well as
representations of their constituent lexefnes

As inferred from the title of this manuscript, theuroimaging literature on compound word
processing is not as dense and the results arasngbmplete as in the cases of inflection or
derivation. The readership will easily appreciatenf the length and depth of the subsections
presented below that the EEG, MEG and fMRI researchompounding is somewhat scarce. The
aim of most of these studies is circumscribed v@stigating the critical variables mentioned before
(i.e., constituent frequency, semantic transparemcyheadedness) as a tool to uncover the specific
stages of compound word processing at which thettoant morphemes are accessed during word
recognition and production. While it is clearly @@nt from the length of the list of studies reviewe
below that additional research is needed on thgtdat is worth mentioning that for such a reduced
number of articles, marked incongruence can bed@anoss the results presented in these studies,

speaking for the need of further research.
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4.1. EEG

One of the basic questions behind research on comgsois whether they are processed and
represented as unitary lexical units or as combirat constituents. Most EEG studies on
compound processing have been conducted in Indopean languages, such as English, German,
Dutch, Italian, but a study in Basque (a languagdate) and a study in Chinese are represented
here as well. The paradigms include violations gefhder, infixes, or plural), passive-listening
oddball, long-lag repetition priming, sentence imgke word reading, associative recognition; and
the tasks involve word and picture naming, lexidatisions, and grammaticality or familiarity
judgments. The EEG studies on compound proceshaigare discussed here are summarized in

Table 7.

Violations

Violation paradigms have been used to study thephumyntactic processing of compounds. For
example, Koester and colleagues (Koester, Guntafagner, 2007; Koester, Gunter, Wagner, &
Friederici, 2004) applied gender violations to finst or second constituent of German compounds
and manipulated the gender agreement between ianile¢e and the first constituent or the head of
existing 2-word compounds (e.g., *dBeisfeld “*themasc lCemasc fi€ldneuter) Or novel three-word
compounds (e.g., *daSofakissenbezud*theneuter SOf@euter PillOWneuter COVERasc). Participants
judged the gender agreement of the compound. Adhdhe gender of the first constituent is
irrelevant in German, gender-incongruent first ¢ibments induced a LAN effect. This implies that
the gender feature of the first constituent waseseed. Furthermore, gender-incongruent heads
induced a LAN and a late positivity, independenthef compound’s transparency. This was taken

to suggest that both transparent and opaque cordpoare decomposed, and that both first
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constituents and heads are accessed morphosyaligctic a comparison to low-frequency 2-word

compounds, transparent compounds showed a slowtiveegshift (600-1200 ms), which was

interpreted to reflect the semantic processing imelgration of the constituents. The authors
concluded that all compounds, transparent and @paape morphologically complex, but only

(low-frequent) transparent compounds are semalyticamplex (for similar behavioral results see
Dohmes, Zwitserlood, & Bdlte, 2004).

Krott, Baayen, and Hagoort (2006) compared Dutdktiexy and novel 2-word compounds
in the correct plural formdamessalonswomen’s hairdresser salons’) to violations oé ihterfix
(*damensalons violations of the plural @amessalonngnor of both (dJamensalonngn They
observed a widespread N400 effect for novel comgsumlative to existing ones. Moreover,
existing compounds elicited LAN effects for suffand interfix violations as well as a posterior
positivity (900-1200 ms) for interfix violations, hite novel compounds showed a LAN and a
posterior positivity for suffix violations. The LAMffects were interpreted to result from the partia
mismatch of a morphologically complex form with ®red form (rather than the violation of

(morpho)syntactic rules).

Transposed Letters

Stites, Federmeier, and Christianson (2016) appteatsposed letters (TLs) to compounds to study
whole-word versus morphological processing. Paudicis read sentences with correct compounds
(e.g.,cupcake, with compounds with letters transposed withimarpheme (e.g.¢upacke, and
with compounds with letters transposed across neongls (e.g.cucpake. They found that, relative

to the correct compound condition, both TL condisieelicited a late posterior positivity (600-900
ms) that did not differ between the two conditioecause within-morpheme and between-
morpheme letter transpositions did not differ (amdwed similar effects as misspelled words in

sentence context do), the findings were taken dicate general processing difficulty rather than
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morphological decomposition. The authors conclutlet English compounds are accessed as
whole-word units during sentence reading. The goesemains, however, whether TL-effects may

indicate whole-word versus constituent processing.

Constituent Order in Single Word Presentations

Some languages have the head of a compound ire@ figsition. For example, languages such as
English, German, and Dutch are right-headed, whitguages such as Italian and Basque possess
both left- and right-headed compounds. The follgvwo Italian studies compare the effects of
headedness on the processing of compounds, wialsttlly on Basque compares the frequency
effects of the first and second constituent on aounpl processing. El Yagoubi, Chiarelli, Mondini,
Perrone, Danieli, and Semenza (2008) comparedaritdkft-headed (e.gCAPObanda ‘band
leader’) and right-headed (e.@stroNAVE ‘spaceship’) compounds with non-compounds that
included left-embedded words (e.g9ccq ‘coconut’ in COCCOdrillo, ‘crocodile’) or right-
embedded words (e.guga, ‘wrinkle’ in tartaRUGA ‘tortoise’). Relative to the non-compounds,
compounds elicited an early starting negativity lLA270-370 ms) that continued until 800 ms
post-onset and thus formed a P600 for non-compouhds LAN effect by compounds was
interpreted as decomposition process, while theOR&Onon-compounds was taken to indicate
reanalysis due to the embedded words. Furthermigig;headed compounds elicited a P300 that
continued into a late positivity (300-800 ms) refatto left-headed compounds. The authors
suggested that this effect may indicate that leftd right headed compounds differ in the
attentional resources they require, with left-heéadempounds using less resources, because they
represent the more canonical word order in Itasi@ntences. In a follow-up study, Arcara, Marelli,
Buodo, and Mondini (2014) compared left- and rigeeded noun-noun compounds with
exocentric verb-noun compounds (esplvagente ‘life jacket’) where neither the verb nor the

noun is the head. To enforce the usage of attadtr@sources, compounds were presented as one
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word or split into constituents. Right-headed anm@centric compounds elicited LAN effects
relative to the left-headed compounds. As in thevipus study, the increases in the LAN effects
were taken to reflect the working memory load rathan morphosyntactic operations.
Vergara-Martinez, Dufiabeitia, Laka, and Carreira809) presented Basque sentences
starting with a compound. Compounds were manipdl&be high and low frequency of the first
and the second constituent. First constituentstedican anterior negativity (300—700 ms) when
they were of high frequency (relative to low-fregag first constituents), while second constituents
elicited an N400 effect when they were of low freqoay (relative to high-frequency second
constituents). These findings were interpreted e tactivation-verification framework by
Duiabeitia and colleagues (2007): The first cometit triggers the activation of different
candidates, and the higher the frequency the marwidates will be triggered. The second
constituent triggers the selection of the finaldidate, and the higher the frequency of the second

constituent the easier the selection or verificapoocess will occur.

Novel versus Transparent versus Opaque
In a long-lag repetition priming paradigm, KacZeimmer, Bavassi, and Schiller (2015) compared
the facilitation effects of existing compounds (gagppelmoes‘applesauce’) and novel compounds
(e.g.,appelgezicht ‘apple face’) on overt picture naming (e.gpple ‘apple’). Both existing and
novel compounds induced N400 deflections relatvehie unrelated condition, with marginally
larger effects for novel than for existing composin@ihese findings were interpreted to reflect that
participants focus more on the constituents in hthan in existing compounds.

In addition, a study in English by Fiorentino, MaBillen, Bost, and Fund-Reznicek (2015)
compared the processing of monomorphemic words, (thgpttle), existing compounds (e.g.,
eggplan}, and novel compounds (e.gombnot¢. They found widespread and long-lasting N400

effects (300—-800 ms): relative to monomorphemicdspexisting compounds were slightly more
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negative-going, while novel compounds elicited @rgg negativity. Surprisingly, the N400 by
novel compounds was even more pronounced than4b@ Mduced by nonwords (e.glenyerp.
The authors interpreted the findings to indicateodeposition and combinatorial processes for
existing and novel compounds.

Zheng, Li, Xiao, Broster, Jiang, and Xi (2015) atkleeir participants to study existing and
novel Chinese compounds and tested their assazigoognition memory in a test phase. Relative
to previously studied compounds, existing and naeahpounds that were unstudied or with their
constituents rearranged elicited widespread N4O§athaties. The authors interpreted old/new
effects in terms of familiarity and recollectioropesses to associative memory.

Some studies compared the processing of semamticedinsparent versus opaque
compounds; however, as with derivational processingnsparency effects may be language
specific. For example, in a study on Dutch compauhkiester and Schiller (2008) applied a long-
lag repetition priming paradigm and compared th&eot$ of transparent compounds (e.g.,
eksternest'magpie nest’) and opaque compounds (&ksferoog‘corn’) on picture naming (e.g.,
ekster ‘magpie’). They found N400 deflections for picunaming following transparent and
opaque compounds relative to unrelated or forntedlavords. Importantly, the N40O effects were
equivalent for transparent and opaque compoundsselnesults showed morphological priming
that is not modulated by semantic transparencywaaré interpreted to indicate that morphological
priming facilitates language production at the wiman level.

Additionally, a more recent study on German compisureplicated the lack of semantic
transparency effects, together with a strong effi@chovel compounds. Eulitz and Smolka (2018)
compared compound triplets that held the same lead, eye): transparent compounds (e.qg.,
Hundeauge‘dog’s eye’), opaque compounds, (eldiihnerauge ‘corn’; literal: ‘hen’s eye’), and
novel compounds (e.gHosenaugge ‘trouser’s eye’). Novel compounds showed an N4@@ct

relative to existing compounds (with an earliereirf®r good than for bad performers). However,
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the ERP effects by transparent and opaque compowmeds equivalent and replicated behavioral
findings (Smolka & Libben, 2017) that indicated sbtuent access regardless of the transparency
of the whole-word compound. The authors concludedt tthe brain of German speakers
differentiates between familiar and novel word cosipon, but not between transparent and
opaque meaning composition.

MacGregor and Shtyrov (2013) applied a passivedisy oddball paradigm to explore
compound processing in English by means of thetatydMMN. They compared transparent (e.g.,
homeworlk and opaque compounds (e.frameworl of high and low frequency to novel
compounds (e.ghoundworl. For opaque compounds, they found a frequenacefi.e. larger
MMNs to high-frequent than low-frequent compoundsjich was interpreted as the “lexical
MMN?” that indicates the activation of whole-wordpresentations of known words. By contrast,
the MMNs for transparent compounds showed no frequeffect and were thus interpreted as
“syntactic MMNSs”, which are considered to index dmmatorial processing (see e.g., Bakker et al.,
2013). Note, however, that the MMNs for (high- dod- frequency) transparent compounds were
similar to the MMN of high-frequency opaque compdsinAdditional N400 effects showed the
expected frequency effect in terms of more negaginglitudes for low-frequent than for high-
frequent compounds, an inversed transparency efgbt more negative going amplitudes for
transparent than for opaque compounds, and a lgxieffect with more negative amplitudes for
novel as compared to high-frequent transparent ocomis. The authors concluded that opaque
compounds are accessed as whole-word units, wbile Wwhole-word access and combinatorial
processing apply to transparent compounds.

Overall and across different languages, most ofabeve findings (with few exceptions
from English) point to the role of morphologicalcdenposition in compound recognition and

production, with headedness and the frequencymgtdaents playing an important role.
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42.MEG

To the best of our knowledge, there are only twoGvigapers on compound processing, see Table
8. Fiorentino & Poeppel (2007) employed a visuaidal decision task comparing compounds
(flagship, single words drescent, and pseudomorphemic controlsrgwskep. They found a
significantly earlier M350 peak latency for the qmuund words than the single words, which was
taken to suggest that compounds were processecdngosition. Tentative source modelling
revealed activation in the temporal area. Pseudpinsonic controls did not differ significantly
from compound words, which gave a reason to sugtest they were processed more as
compounds than as simple words. Hence, the resuw#se interpreted to support early
morphological parsing of compounds. More recemlypoks & Cid De Garcia (2015) examined the
processing of transparent compounds (egadsidg, opague compounds (e.dnutterfly), and
morphologically simple words (e.gspinach) in a word naming task, which involved priming.rFo
the partial-repetition priming, the first constituef the compound was used as the prime (e.g., tea
teacup). For the simplex word condition, the nomyhological related form was used as the
‘constituent’ prime (e.g., spin-spinach). There @valso two control conditions, in which the prime
had no semantic relationship to the target (e.garlakll-teacup; door-teacup) as well as a full
repetition priming condition (e.g., teacup-teacu@juster permutation statistics for the neural
sources revealed two significant clusters assatiaiéh transparent compound vs. simplex word
difference. That is, the first cluster was localize the anterior middle temporal gyrus (in the-250
470ms time-window), and the second one to the gostsuperior temporal gyrus (430-600 ms
time-window). Hence, compound processing was sugdés involve a decomposition stage that is
independent of semantics, and a composition stagdving semantic processing. However, there
was no explicit discussion of the lack of differeacbhetween opaque compounds and simplex

words. The authors briefly mention that the diffeéiation between opaque and transparent
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compounds might take place at a later level of molggical composition. Together, these very
scarce findings point to the role of morphologidaicomposition in compound recognition and

production, with temporal area playing a significesie in the compound processing.

4.3fMRI

The literature on the processing of compounds WitRI comprises only a handful of studies with
a variety of methods and research questions, wédriersummarized in Table 9. For example, the
earliest study to look at compounds (Koester & Bahi2011) was conducted in Dutch, and
revealed greater activation of the LIFG in condisavhen the first part of a compound primed a
picture, compared to conditions with unrelated @smThis effect was observed regardless of the
semantic transparency of the compound, suggestatgcompounds in Dutch are automatically and
by default decomposed. Further to that, Forgacscatidagues (2012) showed increased bilateral
frontal and temporal activation for the processimgnown compounds in German when compared
to novel but phonologically valid compounds, while latter increased LIFG activation. The
authors interpreted this pattern as evidence foraséic processing of the already known forms,
compared to active combination of phonological, tagtic and semantic information for both
components of the novel compounds in order to ré@swome meaning. Finally, more recently Zou
and colleagues (2016) tested processing of compoim@hinese with compound pairs that were
either (a) identical, (b) phonologically related) phonologicallyand orthographically related, or
(d) phonologically, orthographicallgnd morphologically related. Their results suggesthdt,t
while all types of compound pairs activated the@]JRhis activation was modulated by the degree
of relatedness between the two compounds, withatiter condition causing the highest activation.
The scarcity of the available evidence makes iti@mis/ that no conclusions can be drawn for the

processing of compounds from fMRI, highlighting tineed of further studies.
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5. Summary and futuredirections

The current review of the neuroimaging literaturetioe different morphological operations leaves
a bittersweet taste. On the one hand, it is evidest there is a good deal of studies exploring
morphological decomposition of inflected and dediand, to a lesser extent, compound) words,
demonstrating an increasing interest from cognitheroscientists in how, when and where
morphological processes take place in the brainweder, on the other hand, this vast number of
studies offers a fuzzy general picture about thentedeoperations underlying morphological
processing, given that there is a notorious lackcafisensus across research reports, and the
different results sometimes offer some mismatcipieges of a jigsaw puzzle.

The most consistent set of data across neuroimdguimiques (and hence, the “good” in the
title of this article) corresponds to the procegafinflectional morphology. With some exceptions
(see the corresponding section for further detang)st studies seem to support accounts based on
dual mechanisms in charge of processing regulariraegularly inflected forms, in line with the
categorical differentiation proposed by Ullman let{(#997, 2005). The majority of EEG, MEG and
s/fMRI studies support a distinction based on tleenory systems underlying regular and irregular
polymorphemic inflected word processing (procedusd declarative memory systems,
respectively). The timing differences reported inshEEG and MEG studies speak for an earlier
access to and decomposition of regular inflectibas of irregular forms (even though it should be
clearly noted that this is not the case in all &s)d In a similar vein, many EEG, MEG and fMRI
studies provide topographical evidence favoringearecut distinction in the distribution of the
morphological processing of regular and irregulamnts, with general morphological operations
taking place for all inflected words in left frostemporal and parahippocampal regions, and

specific brain areas that have been classicallyetinto the procedural memory network (see
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Ullman, 2004) being recruited for the processingredular inflections (e.g., the left IFG, and
arguably, MFG, the basal ganglia and the cerebellum

The picture offered by the review of the studiegestigating derivational morphology is much
hazier (and hence the “bad” in the title) than té@ew of inflectional morphology. Most of the
studies suggest that the activation and respon#ierma support decompositional, two-stage
(orthographic and semantic) or dual-route accountsthe latency of morphological effects as well
as their localization differ greatly depending @ paradigm and linguistic variables. While some
EEG and MEG studies suggest that the decomposifitnly derived word forms occurs at around
200 ms after being presented with the target itBl250 and M170 effects), other studies using
similar paradigms with the same techniques havgesigd that significant morphological priming
effects can be only found after this epoch (ergthe M250 time-window or later). Similarly, some
MEG and fMRI studies advocate for morphologicaket§ taking place at left occipito-temporal
areas, whereas other studies differentiate betwleenopographical effects of truly derived and
pseudoderived word decomposition, pointing to tbk IFG as a critical area involved in the
processing of derived words. Hence, the processingerivationally complex words involves a
network of regions, spanning from stimulus modadipecific areas to the core language-related
fronto-temporal regions that are currently undebbade. It is obvious, however, that much more
evidence is needed to form a comprehensive viewesivational processing, using more uniform
paradigms, stimulus properties, and perhaps euvectdiross-linguistic comparisons. In light of
the present evidence it is challenging to constaudtlly detailed spatiotemporal map of how
derived words are processed and what are the emewtal signatures of morphological
decomposition.

Lastly, the short review of the few studies expigricompound word processing demonstrates
that this is one of the key morphological operatitimat requires further attention and that needs to

be developed given the scarcity and volatility loé tresults (and hence the “ugly” in the title).
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While some studies clearly support views favorimg &ccess to the constituent morphemes prior to
accessing the whole compound word, some other imeaging studies posit that compounds are
processed at a whole-word level. Moreover, whilensostudies suggest that the semantic
transparency of compound words may determine thenerain which these words are accessed,
others claim that transparent and opaque compaoanedsrocessed similarly. Furthermore, there are
studies suggesting that the extent to which carestis can be accessed highly depends on the prior
experience with the whole compound, claiming fdfedences in the morphological decomposition
of novel and existing compounds.

This review was intended to present the readensitip a panoramic view of how the field of
cognitive neuroscience has embraced the study aplmotogical processing, highlighting the
consistencies and discrepancies across studieteamaiques. The readers should be aware of the
difficulty of cataloguing such an impressive amouwnfitneuroimaging studies on the different
morphological operations. If we had to summarizgusst a sentence the most consistent set of
results across the three morphological operatioie¢tion, derivation and compounding) and the
three neuroimaging techniques (EEG, MEG and MR§,would conclude that the processing of
morphologically complex transparent words thatwalfor a clear (rule-based) identification of their
morphemes starts as early as ~200 millisecondsendits areas of the left IFG, as compared to
the slightly later, and more widespread, processingther types of opaque polymorphemic words.
But this is admittedly an oversimplification of auoh more complex picture, so we maintain that
despite the large amount of studies investigatioly morphology is represented and processed in
the brain, more studies are definitely needed.

However, we want to stress that we are not advagdtr uncritical replications or extensions
along the same lines, since it is relatively evidéom this review that the field does not

desperately need such studies. The complexity dérstanding how complex words are processed
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may require a different approach, and it is wodhsidering some of the possible reasons for some
of the critical inconsistencies found across stidi@t have been highlighted in the current review.
First, studies should focus on and account forrdimeguistic differences, and while the Anglo
centrism governing the literature of morphologipedcessing has been useful to set the grounds of
a field, researchers should take into account thhén it comes to exploring the neural
underpinnings of morphologically complex word presieg, other languages with richer
morphological systems may provide interesting afidves. As we have discussed above, some of
the potentially conflicting pieces of evidence m@gult from cross-linguistic differences, as a
natural consequence of the morphological architectiviat defines each language. Morphological
operations do not necessarily imply parallel preessacross languages (see Belletti et al., 2012;
Guasti, Stavrakaki, & Arosio, 2012; Vannest, Bertralarvikivi, & Niemi, 2002). Hence, the
search of universal models of morphological proogssnay be chimera, or at least, a feat that
could only be achieved if cross-linguistic diffecess in the development and processing of
morphological complexity are explored by investiggttypologically different languages. Purely
analytic languages such as Chinese and moderatalytia languages like English that have
relatively simple inflectional systems and thatoptize the use of individual words instead of
affixes to mark grammatical relationships are eacicut contrast with synthetic languages, which
favor the use of affixing for word creation, inciad fusional languages like Hebrew or Arabic, and
agglutinative languages like Finnish or Basque.hwhis in mind, it seems rather logical that any
search for a universal model of morphological pssagg will necessarily require discriminating
between cognitive processes that respond to theyidcratic morphological characteristic of some
languages and those that respond to common mogbaldeatures across linguistic systems (see
Frost, 2012, for a discussion on a similar crosgtlistic debate on visual word recognition). For
example, a recent computational model has showirthibabehavioral differences in morphological

processing in English and German can be explainedhb different language structures of
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(morphologically more analytic) English versus (plwlogically more synthetic) German
(Gunther, Smolka, & Marelli, 2018). That is, theoss-linguistic effect can be attributed to
guantitatively-characterized differences in thead@es’ language experience.

Second, and in a related vein, neuroscientificaieseshould also target more consistently other
types of morphologically rich words, like thoselimting prefixes or infixes, or those concatenating
more than two morphemes. Any general claim aboutphwogical decomposition and parsing
should be also able to account for polymorphemicd&@bove and beyond suffixed words.

Third, the individual differences across polymonpi@items and across participants need to be
dealt with in neuroscientific studies as it is lgeaxplored in other domains too. There are myriads
of morphologically complex words with their own slgxical, lexical and supra-lexical properties.
Similarly, there are multiple cognitive skills, adructs and traits that can modulate the manner in
which a person accesses polymorphemic words. Henceherent and unitary approach should be
able to account for all these particularities o fersons and the words, and current statistical
approaches allow for fine-grained analyses atrégard.

And fourth, we propose that future large-scale istighould try to replicate the findings not
only across languages, but also across modaléigs, {visual vs. auditory), across paradigms (e.g.,
masked vs. unmasked priming; single-word vs. nwidird processing), not forgetting the need for
the development of more ecologically valid and ratyparadigms and stimuli. Future studies
should also attempt to replicate findings acrossrgienaging techniques, and combination of
different methods is now possible and thereforghlyiencouraged (e.g., combined EEG and fMRI,

combined EEG and MEG, eye-fixation related potéstialds).
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Table 1

Summary of ERP Studies on Inflection

Study Language Paradigm Context Modality Sample Age Type of Comparison Examples Effects
Size range/ Violation
mean
Allen et al., English violation  sentence visual 16 -/ - past¢ewasrb  regular correct  will work vs. late positivity
(2003) in future context vs. incorrect *worked (P600), later onset
than irregular
17 - - irregular correct will stand vs. late positivity
vs. incorrect *stood (P600)
Newman et English violation  sentence visual 26 - - uninfegtiverb regular correct  Yesterday | LAN & late
al., (2007) in past-tense vs. incorrect frowned vs. positivity (P600)
context *frown
irregular correct Yesterday | left (posterior)
VvS. incorrect ground vs. *grind  negativity & late
positivity (P600)
Penke et al., German violation  sentencevisual 20 21-30/ 25 incorrect suffix irregular correct aufgeladen LAN
i *
(1997) story 14 22.33/ 26 VvS. incorrect vs.*aufgeladet
list 14 22-37/ 27
regular correct durchgetanzt no effect
vS. incorrect vs.*durchgetanzen
Gross et al., Italian violation  sentence visual 12 22-35/ - ireat theme irregular correct preso vs. N400 (lateralized to
(1998) vowel & VS. incorrect *prend-a-to the right temporal
incorrect suffix region)
incorrect theme irregular correct dorm-i-to vs. no effect
vowel vs. incorrect *dorm-a-to
incorrect theme regular correct parl-a-to vs. right anterior

vowel

Vs. incorrect

*parl-i-to

negativity at




Rodriguez-
Fornells et
al., (2001)

Linares et
al., (2006)

Regel et al.,

(2017)

Morris &
Holcomb,
(2005)

Catalan

Spanish

German

English

violation

violation

violation

violation

sentence visual

sentence visual

sentence visual

sentence visual
single visual
words

18 (15)

33

24 (21)

20-29/ dincorrect theme

-/ 21

-/ 64

vowel &
incorrect suffix

incorrect theme
vowel

incorrect theme
vowel

incorrect theme
vowel

incdrs&em
vowel in
irregular forms

incorrect 2

irregular correct
VvS. incorrect

irregular correct
VvS. incorrect

regular correct
VvS. incorrect

irregular correct
vs. incorrect

irregular correct
vs. incorrect

irregular correct

person instead of vs. incorrect

3“ person suffix

incorstein
vowel in
irregular verbs

17-23/ 2@correct suffix

& incorrect stem
vowel

incorrect suffix
& incorrect stem
vowel

incorrect suffix
& incorrect stem

irregular correct
vs. incorrect

irregular correct
vs. incorrect

regular correct
Vvs. incorrect

irregular correct
Vvs. incorrect

admes vs.
*admet

dorm-it vs.
*dorm-a-t

cant-a-t vs.
*cant-i-t

*tem-a-t vs.
tem-u-t

miden vs. *meden
for stem violation

miden vs. *mides
for suffix violation

sprach vs. *sproch
sprach vs. *sprech

brought vs.
*bringed

walked vs. *sept
(different verbs!)

brought vs.
*bringed

temporal sites

late positivity

left early (not
anterior) negativity
& late positivity

late positivity

left early (not
anterior) negativity
& right anterior
negativity

LAN & P600 (late
positivity)

reduced negativity
for unmarked form;
P600

N400 & P600;
*sproch = *sprech

LAN & late
posterior positivity
(P600)

LAN & late
posterior positivity
(P600)

late (posterior)
positivity




vowel

incorrect suffix  regular correct
& incorrect stem vs. incorrect

walked vs. *sept  late positivity
(different verbs!)

vowel
Smolka & German violation single visual 26 19-36/ - incorrect stem regular correct gekauft vs. LAN & N400
Eulitz, + priming  words vowel VS. incorrect *gekauft
(2015)
incorrect suffix irregular correct geworfen vs. LAN & N400
& incorrect stem vs. incorrect *geworft/*gewurft
vowel
Study Languag Paradigm  Context Modality — Type of Sample Age Comparison Examples Effects
e Paradigm  Size range
/mean
Weyerts et German priming single visual long lag 13 18-30/-  regular unprimed getanzt (unprimed) N400 & post-
al., (1996) words vs. identity vs. getanzt-getanzt N400 range
irregular unprimed geboten (unprimed) N400, later onset
vs. identity vs. geboten-geboten than regular
regular unprimed getanzt (unprimed) N400 & post-
vs. infinitive vs. tanzen-getanzt N400 range
irregular unprimed geboten (unprimed) N400, later onset
vs. infinitive vs. bieten-geboten than regular
Minte et English priming single visual long lag 19 18-28/ regular unrelated  walked-stretch vs.  N400 & right
al., (1999) words 20 VS. past tense stretched-stretch fronto-temporal

irregular unrelated
vs. past tense

positivity
sangfight vs. right
fought-fight centroparietal

positivity



Rodriguez-
Fornells et
al., (2002)

Rastle et
al.,, (2015)

Morris &
Stockall,
(2012)

Leminen &
Clahsen,
(2014)

Marslen-
Wilson &
Tyler,
(1998)

Justus et
al., (2008)

Spanish

English

English

German

English

English

priming

priming

priming

priming

priming

priming

single
words

single
words

single
words

single
words

single
words

single
words

visual

visual

visual

cross-
modal

cross-
modal

auditory

long lag

immediate
masked

immediate
masked

immediate

immediate

immediate

14

32

20 (17)

24

16

20-30/ -

-1 24

18-25/
21

19-35/
24

young
adults

-/ 25

regular unrelated
vs. past tense

irregular unrelated
vs. past tense

regular unrelated
vs. present tense

irregular unrelated
vs. present tense

regular unrelated
vs. past tense vs.
identity

irregular unrelated
vs. past tense vs.
identity

unrelated vs.
inflected adjectives
Vs.

regular unrelated
vs. past tense

irregular unrelated
vs. past tense

regular unrelated
vs. past tense

suffixed irregular:
unrelated vs. past
tense

ando-lavar vs.
ando-andar

entiendo-querer vs.

entiendo-entender

yolks-wrap vs.
wraps-wrap

kissbear vs.
bore-bear

unrelated-walked

vs. walked-walk vs.

walk-walk

unrelated-drunk vs.

drunk-drink
vs.drink-drink

frech-sanft vs.
sanftes-sanft

locked-jump vs.
jumped-jump

shows-findvs.
found-find

worked-seem vs.
looked-look

had-fight vs. slept-
sleep

N400

no effect

late N400

(miniscule) N400

N250 & N400:
past tense =
identity

N250 & N400:
past tense =
identity; regular
= irregular

P300 & N400

N400 & LAN

N400 & LAN

N400 & late
N400

N400 & late
N400




Justus et  English priming
al., (2009)

Kielar & English priming
Joanisse,

(2009)

single
words

single
words

single
words

cross-
modal

visual

cross-
modal

immediate

16

immediate 14

unmasked

immediate

15

-1 24

17-33/
24

19-30/
24

vowel change
irregular: unrelated
vs. past tense

regular unrelated
vs. past tense

irregular: unrelated
vs. past tense

pseudopast:
unrelated vs.
related

regular unrelated
vs. past tense

suffixed irregular:
unrelated vs. past
tense

vowel change
irregular: unrelated
vs. past tense

regular unrelated
vs. past tense

suffixed irregular:
unrelated vs. past
tense

vowel change
irregular: unrelated
vs. past tense

bound-wake vs.
spoke-speak

worked-seem vs.
looked-look

bound-wake vs.
spoke-speak

unrelated vs. field-
feel

rented-walk vs.
walked-walk

wept-feel vs. felt-
feel

sang-write vs.
wrote-write

rented-walk vs.
walked-walk

suffixed irregular:
wept-feel vs. felt-
feel

vowel change
irregular: sang-
write vs. wrote-
write

N400 & late
N400: vowel
change >
suffixed >
regular

N400

N400, regular =
vowel change
irregular

late positive
component
(LPC)

N400

N400

N400: regular >
suffixed > vowel
change

N400: regular >
suffixed > vowel
change

N400

N400




Smolka et German

al., (2013)

Smolka & German
Eulitz,
(2015)

Pulvermille German
et al., (2001)

Lehtonen  Finnish
et al.,

(2007)

Leminen et Finnish
al.,, (2013)

priming single
words
priming single
words
unprimed single
word
unprimed single
word
oddball

visual

visual

visual

visual

auditory

immediate 19 (15)
unmasked

immediate 26

unmasked

20

16

passive 15
listening

19-31/ -

19-36/ -

18-32/
23

21-29/
25

21-43/
29

regular unrelated trockne-lerne vs.

vs. participle

semi irregular:
unrelated vs.
participle

vowel change

gelernt-lerne

winke-backe vs.
gebacken-backe

fahnde-trinke vs.

irregular: unrelated getrunken-trinke

vs. participle

semantic priming  gekocht-backe vs.

vs. participle
priming

regular unrelated gehupft-kaufen vs.

vs. participle

irregular unrelated geholfen-werfen vs.

vs. participle

face-related vs.

gebacken-backe

gekauft-kaufen

geworfen-werfen

bite vs. draw vs.

arm-related vs. leg- kick

related

monomorphemic
vs. inflected

inflected vs.
derived

kissa vs. koirassa

juustoa vs. ty6ton

N400: regular >
semi-irregular >
vowel change

N400

N400

early N400

LAN & N400

LAN & N400:
regular =
irregular

P300: face > arm
> leg

N400

MMN: inflected
> derived




Table 2. Summary of MEG studies on inflections. The studies used single word tasks.

Study Language Task M odality Sample Agerange/mean age = Grammatical Comparison Effects and their neural sources
size category
Whiting et al., English Passive listening Auditory 15 19-34 Verb Inflections, derivations, MMN, left fronto-temporal areas
2013 pseudoaffixed
words
Grammatical > SMMN, Left temporal, inferior-
Bakker et a., 2013  English Passive listening Auditory 23 18-30 Verb Ungrammatical inflections central, and inferior-frontal areas
(LF/HF*),
Pseudowords
Regular past tense> Irregular M350, no source localization
past tense, Irregular > regular
Stockall & English Lexica Visual 17 (Exp 1); 13 19-33(Exp 1), Verb (high and low overlap)
Marantz, 2006 decision (Exp 2) 24-48 (Exp 2) Inflected > Simple
(priming) Inflected > Derived N400m, LANm, left superior
temporal area
10 Regular > Irregular > Pseudo-
Leminenetd., Finnish Acceptability Auditory 18-34 Noun irregular > ldentity M170, M350, Left middle tempora
2011 judgment Left middle-anterior fusiform,
16 Inferior temporal ROIs**
Fruchter et d., English Lexical Visual not reported Verb Inflected words > Simple
2013 decision words (HF and LF) N400m, |eft superior temporal
(masked priming) cortices
10
Vartiainen et al., Finnish Lexicd Visual 25-46 Noun
2009 decision

*HF: high frequency, LF: low frequency; **ROI: region of interest



Table 3.Summary of fMRI studies on inflection. All studies used single word tasks. Only findings related to morphol ogical

decomposition are reported.

Production tasks

Study Language Task Modality  Samplesize Agerange/ Grammatical Comparison Activated brain regions
mean age category
Beretta et al., 2003 German Covert generationefth  visual 8 24-45 verbs & nouns Irregular>Regular B: Broca’'s and Wernicke's area:
inflected form Regular>Irregular L: MFG, SMG and STG
Joanisse & English Overt generation of the auditory 10 22-32 verbs Regular>Irregular BIL: IRGTG, ITG
Seidenberg, 2005 inflected form
de Diego Balaguer et Spanish Covert generation of the visual 12 M=23 verbs Regular Inflection> L: IFGoperc, cerebellum
al., 2006 inflected form or covert Repetition .
i R: parahippocampal gyrus, sens
repetition of the stem Irregular Inflection>
9 . L: MFG, IFG, cerebellum;
Repetition
R: sensorimotor cortex
Desai et al., 2006 English Overt generation of the visual 25 20-47 verbs Regular Inflection> L: PCG, IFG, MFG, SMG, IPS, PL

inflected form or overt
repetition of the stem

Repetition

Irregular Inflection>
Repetition

Irregular Inflection> Regular

Inflection

Regular Inflection> Irregular

Inflection

R: IFG, PCG, aINS, IPS

BIL: SMA, CG, ITG, FG, STG

L: PCG, IFG, MFG, SMG, IPS, PL
R: IFG, PCG, aINS, IPS

BIL: SMA, CG, ITG, FG, STG, TH
L: SMG, FG, ITG

R: aIlNS

BIL: IFG, MFG, PCG, IPS, BG

L: STG, PT

R: SMG




Marangolo et al.,
2006

Sahin et al., 2006

Ohetal., 2011

Slioussar et al., 2014

Kireev et al., 2015

Nevat et al., 2017

Italian

English

English

Russian

Russian

Artificial

Overt generation of the
inflected form or overt
repetition of the stem

auditory

Cued covert production  visual
(overt and zero inflections) or

covert repetition

Overt generation of the visual
inflected form or overt

repetition of the stem

Overt generatigheof visual

inflected form

Overt generation of the  visual

inflected form

Overt generation bét
inflected form or overt
repetition of the stem

auditory

10

18

19

21

21

17

21-29

18-25

23-48

19-32

19-32

20-47"

verbs, adjectives & Verb Inflection> Repetition

nouns

verbs & nouns

verbs

verbs & nouns

verbs & nouns

L

Adjective Inflection> L
Repetition R
Noun Inflection> Repetition L
R

Overt inflection> Begon L

Zero inflection> Repetition

Overt inflection> Zero L:

inflection

L:

Regular Inflection> Irregulat.:

Inflection

R:

Irregular Inflection> Regular
Inflection

Regular Inflectiomegdular L
Inflection

R

Irregular Inflection> Regular L
Inflection

R:

Regular Verbs> Irtagu
Verbs

Regular Inflection> L:

Repetition

L:

R:

: IFGtri, IFGoper, MFG, PCG, IP
: PCG, MOG, AG

: MFG, SOG, MOG

1 INS

:AC, MC, STG

1 IFG, INS and SMA

IFG, PCG, MFG

IFG, INS, SMA, AG, PG
MFG, IFG, CN, MTG, IPL
MFG, IFG

HIP, CER, FG, MTG

: MFG, SFG, MTG, CER, IPL, S

1 IPL, IFG, PCG, MFG

: SPL, AG, IPL, SMG, CER

: PCG, MFG, IFG, IPL, SPL, INS
CER

Increased aonectivity between L IF

CN, IFG, PCG, SOG, MOG, SV
CN

BIL: CER, occipital cortex




Comprehension tasks

Study

Davis et al., 2004

Tyler et al., 2004

Tyler et al., 2005

Lehtonen et al.,
2006

Yokoyama et al,
2006

Lehtonen et al.,
2009

Bozic et al., 2010

Szlachta et al., 2012

Pliatsikas et al.,
2014

Language

English

English

English

Finnish

Japanese

Finnish &
Swedish

English

Polish

English (native
and nonnative
speakers
combined)

Task M odality
1-back synonym- visual
monitoring task
semantic similarity visual

judgement

phonological similarity —auditory
judgement

unmasked lexical decision  visual
unmasked lexical decision  visual
unmasked lexical decision visual
auditory gap detection  uditory
passive listening Wwith  auditory
back memory task
masked priming with visual

lexical decision

Samplesize

11

12

18

12

28

16

12

21

36

Age
range/mean
age

18-40"

20-33

M=24, SD=7

21-29

18-26

M=26.3,
SD=3.42

Not reported

18-33#

19-38*

Grammatical
category

verbs

inflected verbs
and nouns

verbs

ouns

verbs

nouns

verbs

nouns

verbs

Comparison

Inflected> simple verbs

Inflected verbs/nouns >
baseline letter strings

Regular inflection>
Irregular inflection

Inflected > simple

Inflected > simple

Finish: Inflected > simple

Activated brain regions

dffects

L: Parahipp., FG, IFG, MFG, THA, CN
R: PCG, CG, CER, IFG
L: HG, MTG, CG, IFG
R: STG
L: IFG, ITS, STS

L: IFG, premotor area

L: IFG, MTG

Swedish: Inflected > simple No effects

Inflected > simple

Inflected > simple
Inflected > acoustic

baseline

Regular inflection>
Irregular inflection

IEG, STG, temporal pole

No effects

L: IFG

BIL: MTG, STG, temporal pole
L: IFG. CN

R: CER, CN




Bozic et al., 2015 English passive listening with 1 auditory

verbs & nouns Inflected> simple L: IFG, STG, ITG
back memory task 18 Not
reported
Klimovich-Gray et  Russian active listening with auditory verbs Inflected > simple L: STG, MTG
al., 2017 1-back memory task R STG
20 19-39
Inflected> acoustic baseline L: MTG, STG, INS, IFG, PCG, SMA
R: STG
Prehn et al., 2018 German grammaticality visual 20 8 verbs Regular> Irregular L: MFG, DLPFC
judgment 51-87
N Age range for the original sample of these studigs. Ns reported here are after participant exshssiNo age range reported for the samples aftepxtblusions



Table 4

Summary of ERP Studies on Derivations

Study Language Paradigm Type Modality SOA  Sample Age Task Comparison Examples Effect
Size range/
mean
Bolte et al., German violation  adjective visual 15 -/ 23 sentence correct vs. freundlich vs. LAN
(2009) suffix reading  possible vs. *freundhaft vs.
anomalous *freundbar
adjectives
Leinonen et  Finnish violation  stem-suffix- visual 15 19-64/ sentence correct vs. talollinen vs.* N400
al., (2008) combination median reading  violated talolliset mies
25 derivations
Leminenet  Finnish violation  stem-suffix- auditory 14 18-27/ word correct vs. novel melonta vs. N400: illegal
al., (2010) combination 22 reading  vs. illegal ?elvynta > novel =
vs.*lelunta correct
McKinnon et  English violation  stem-prefix- visual 36 18-29/- word correct vs. submit vs.*promit  N400:
al., (2003) combination reading  violated vs. vs. *flermuf pseudoword >
pseudoword violated =
correct
Leminenet  Finnish oddball derivations auditory 15 21-43/passive  existing high- lauluja vs. kostaja MMN: high >
al., (2013) 29 listening frequency vs. low- vs. *rauluja low > pseudo
frequency vs.
pseudoderivations
Hanna & German oddball noun suffix auditory 33(26) /- aspive  correct vs. Sicherheit vs. MMN: correct
Pulvermdiller, listening  violated *Sicherkeit > violated
(2014)
Holcomb & English priming immediate visual #50# 48 -1 21 SC Identity: mouth-TABLEss. N250 & P325
Grainger, unrelated vs. table-TABLE & N400
(2006) related

Form-related:

moath-TABLE

(right anterior)



Morris et al.,
(2007)

Morris et al.,
(2008)

Lavric et al.,

English

English

English

priming

priming

priming

immediate

immediate

immediate

visual #50#  25(21) 18-22 LD
20

visual #50# 54 (48) 18-26 SC
21

#100# sc

visual #42 24(22) 19-30/ LD

unrelated vs.
related

Transparent:
unrelated vs.
related

Pseudocomplex:

unrelated vs.
related

Form-related:
unrelated vs.
related

Transparent:
unrelated vs.
related

Pseudocomplex:

unrelated vs.
related

Form:
unrelated vs.
related

Transparent:
unrelated vs.
related

Pseudocomplex:

unrelated vs.
related

Form-related:
unrelated vs.
related

Transparent:

vs. *teble-TABLE N250 & N400:

shovel-HUNTvs.
hunter-HUNT

actor-CORNvs.
corner-CORN

package-SCANs.

scandal-SCAN

shovel-HUNTvs.
hunter-HUNT

actor-CORNvs.
corner-CORN

package-SCANs.

scandal-SCAN

unrelated-HUNT

identity >
form

ant. N250* &
N400* T >
P> F **

no effect*

no effect*

N250 (200-
300ms)*: T
=P>F

N250*

ant. N250*

N250* &
N400%;

N400: T=P =
F

N250* &
N400*

N250* &
N400*

right post.



(2007)

Morris et al.,
(2011)

Morris et al.,
(2013)

Lavric et al.,
(2011)

English

English

English

priming

priming

priming

immediate

immediate

immediate

22

visual #50 30 (27) 17-26/LD
20

visual #50  27(24) 18-22/SC
19

visual 226 14 18-29/ LD
22

unrelated vs.
related

Pseudocomplex:

unrelated vs.
related

Form-related:
unrelated vs.
related

Transparent:
unrelated vs.
related

Pseudocomplex:

unrelated vs.
related

Form-related:
unrelated vs.
related

Transparent:
unrelated vs.
related

Pseudocomplex:

unrelated vs.
related

Form-related:
unrelated vs.
related

Transparent:
unrelated vs.
related

Pseudocomplex:

vs. hunter-HUNT

unrelated-CORN
vs. corner-CORN

unrelated-BROTH
vs. brothel-
BROTH

painter-VOLT vs.
voltage-VOLT

painter-VOLTvs.
*volter-VOLT

painter-VOLT vs.
*voltire-VOLT

*lendity-HUNTER
vs. *huntity-
HUNTER

*towity-CORNER
VS. *cornity-
CORNER

*wallity-
SCANDALvs.
*scanity-
SCANDAL

unrelated-HUNT
vs. hunter-HUNT

unrelated-CORN

N250 & N400;
N400: T=P >
F

ant. N250 &
N400

left ant. N250
& N400

N250 & N400:
T=P>F

N250 & N400

N250 & N400

P (150-200
ms) & N25 &
N400:

N250 & N400

N250 & N400:
T=P=F

N400: T >P >
F

N400



Barber et al.,
(2002)

Spanish

Dominguez et Spanish
al., (2004)

Smolka et al., German
(2015)

priming

priming

priming

immediate

immediate

immediate

visual 250 10 19-21/ -
visual 300
11 18-26/
21
10 19-33/
21
11 20-28/
21
visual 300 18 (17) 21-34/LD

LD

LD

unrelated vs.
related

Form-related:
unrelated vs.
related

Inflection:
unrelated vs.
related

vs.corner-CORN

unrelated-BROTH N400

SHG: unrelated vs pera-RATOvs.

related

Infleatio
unrelated vs.
related

SHG:
unrelated vs.
related

Form-related:
unrelated vs.
related

Synonyms:
unrelated vs.
related

Transparent:
unrelated vs.
related

Opaque:
unrelated vs.
related

vs. brothel-

BROTH

cera-LOCOvs. N400:

loca-LOCO Inflection >
SHG
N400; late N

rata-RATO

suma-PELOys. P (250-350

bobo-BOBA ms): Inflection
= SHG &
N400:
Inflection >
SHG

suma-PELOys. P (250-350

rata-RATO ms) & N400 &
late N

suma-PELOys. no effect

toro-TONO

suma-PELOys. P (250-350

caldo-SOPA ms) & N400

TARNEN-ziehen N250 & P325

vs. ZUZIEHEN- & N400

ziehen

TARNEN-ziehen N250 & P325

vs. ERZIEHEN- & N400: T=

ziehen (@]



Kielar &
Joanisse,
(2011)

English

priming

immediate

cross-
modal

500

16

17-32/
24

LD

Form-related:
unrelated vs.
related

Semantic:
unrelated vs.
related

Ovs. F

Transparent
unrelated vs.
related

Semi-transparent:
unrelated vs.
related

tPseudo/Opaque:

unrelated vs.
related

Form-related:
unrelated vs.
related

Semantic:
unrelated vs.
related

TARNEN-ziehen
vs. ZIELEN-
ziehen

TARNEN-ziehen
vs. ZERREN-
ziehen

ERZIEHEN-
ziehenvs.
ZIELEN-ziehen

illness-HUNTvs.
hunter-HUNT

dresser-CARHsS.
careful-CARE

message-CORN
vs. corner- CORN

dragon-PLANvs.
planet-PLAN

doctor-BOXvs.
carton-BOX

(early) ant. P
& N250 &
N400

N400: T=0>

S

N400: 0>

N400: T >

Semi-t > P/O

N400

no effect

no effect

no effect




Notes LD = lexical decision, SC = semantic categorizadj # = forward or backward masROA = stimulus onset asynchronyriming Conditions: | = identity, T =
semantically transparent, Ts = semi-transparegtjdRsomplex = pseudo-morphemic, O = semanticalygap, SHG = stem homograph, F = form-related, &wastically
related, U = unrelated, T 31/47 prime-target paise real morphological derivations but semantjcaflaque of the typapartment-apart16/47 were pseudocomplex of the
corner-corntype primes are presented first, targets second, in UPBH®&ver case letters as in the corresponding study

ERP Effects: N = negativity, P = positivity, antasterior, post. = posterior, = grindicates similar or different effects or > theesof the priming effect (i.e. with a more
positive-going attenuation), *when corrected fanoxed items or multiple comparisons, ** = nonsigraht effects with significant linear trend betweonditions; more
positive-going deflections of related conditionitiee to more negative-going unrelated conditiaresinterpreted as N250, if they occur within aai®gty in the 200-300 ms

post-target window, otherwise we refer to themeselyy positivity”.
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Table 5.summary of MEG studies on derivations. The studies used single word tasks.

Study Language Task M odality Sample Agerange/ Grammatical Comparison Time-cour se of mor phological
size mean age category effects and their neural sources
Whiting et al., English Passive Auditory 15 19-34 Noun Transparent and opaque MMN, post-MMN, left fronto-
2013 listening derivations temporal areas
Leminen et al., Finnish Acceptability  Auditory 10 18-34 Noun Derivations > Monomorphemic  Superior temporal area
2011 judgment Derivations > Inflected
Leminen et al., Finnish Passive Auditory 10 18-34 Noun Derivations > Monomorphemic  Early automatic response, STG
2013 listening Derivations > Inflected
Cavalli et al., 2016 French Lexical Visual 20 23.4 Nouns Morphologically related > LH inferior temporal gyrus (M350),
degisjon Semantically related > superior temporal gyrus (M250 and
(priming) Orthographically related 585— 650 msec), inferior frontal
gyrus (345-420 ms and 440-495 ms),
orbitofrontal gyrus (435— 500 ms)
Fruchter & English Lexical Visual 12 19-32 Nouns Modulation of surface frequency |eft middle temporal, left middle-
Marantz, 2015 decision and derivational family entropy,  anterior fusiform, inflerior temporal
Semantic coherence ROls
Lehtonen et al., English Lexical Visual 16 22.6 Nouns Semantically transparent > M170, Left occipito-temporal cortex
2011 decision opaque pairs
(masked < unrelated
priming)
Bolte et al.,, 2010 German Synonym Visual 16 28 Nouns Correctly derived pseudowords > N400, left superior temporal cortex
judgment Incorrectly derived pseudowords
> Existing derivations
Zweig & English Lexical Visual 16 20-32 Nouns Transparent derivations > Opaquevi170, Left temporo-occipital area
Pylkkanen, 2009 decision derivations >

Simple words




Solomyak &
Marantz, 2010

Whiting et al.,
2015

English

English

Lexical
Decision

Occasional
recognition
task

Visual

Visual

16

19-29

18-35

Adjectives

Nouns

Bound roots > Unique roots >
Free stems

Simple >
Complex >
Pseudocomplex >
Noncomplex

M170, M350, Posterior occipital
area, Occipito-temporal fusiform
gyrus, Left superior temporal,
Sylvian fissure regions

300-370ms, left MTG (derivations),
LIFG, left posterior MTG
(inflections)




Table 6.Summary of fMRI studies on derivation. All studies used single word tasks. Only findings related to mor phological

decomposition are reported.

Comprehension tasks
Study Langua Task Modality  Sample Age Grammatical Comparison Activated brain regions
ge size range/mean category of
age complex forms
Devlin et al., 2004 English  masked priming with  visual 12 18-25 nouns & adjectives Morphologicalnrelated pairs BIL: AG L: MTG, OTC
lexical decision
Davis et al., 2004  English  1-back synonym- visual 11 18-407 nouns & adjectives Derived> sinfplens No effects
monitoring task
Vannest et al., English  encoding task with visual 15 18-25 nouns “Decomposablbapiness)> “whole- L: Broca’s (broadly defined ROI)
2005 recognition test word” (serenity) derivations BIL: Basal ganglia (single ROI)
Bozic et al.,, 2007  English  delayed repetition visual 15 Not reported nouns/ adjectives/ First presentation: opaque and transparent.: IFG
o T S o
priming adverbs derivations > simple forms
Second presentation (prlmln.g effect) L: IFG, INS
opaque and transparent derivations <
simple forms
Gold and Rastle, English  masked priming with  visual 16 M=23.6, nouns/adjectives Morphological < unrelated pairs L: MOG
2007 lexical decision Sb=4.1 Morphological +Orthographic < L: MOG, FFG
unrelated pairs
Semantic < unrelated pairs L: MTG
Bick et al., 2008 Hebrew  morphological/ visual 14 20-50 nouns Morphologically related paivssual L: IFG, MFG, CN, PCG,
semantic/ orthographic/ controls STS, MTG, IPS, AG,
phonological similarity OTS, FFG, LG
judgment on word pairs R: Cuneus

Morphologically related pairs>
semantically + orthographically +




Meinzer et al.,
2009

Bick et al., 2010

Bick et al., 2011

Vannest et al.,
2011

Bozic, Tyler et
al., 2013

Bozic, Szlachta et
al., 2013

De Grauwe et al.,
2014

German

Hebrew

Hebrew
&
English

English

English

Polish

Dutch

(native
and

unmasked lexical visual 24
decision
masked priming with  visual 20
lexical decision
masked priming with visual 27
lexical decision
unmasked lexical visual 18

decision

auditory gap detection auditory 18

attentive listening auditory 20
paradigm, with an

occasional 1-back

memory task

delayed priming with a  visual 39

go/no go task (respond
to non-words only)

M=26.1

18-31

22-36

18-30"

Not mbgad

18-36"

18-29

nouns

nouns/ adjectives

nouns/adjectives

nouns

phonologically related pairs

Complex nouns> letter sfing

2step derivations> 1step derivations

Morphologicadiiated pairs <
semantically + orthographically + related
pairs + control pairs

Morphologicallated pairs <
semantically + orthographically + related
pairs (overlapping for both English and
Hebrew)

“Decomposablbapiness)> “whole-
word” (serenity) derivations

“Decomposable” + “whole-word”
derivations> simple words

nouns/adjectives/ver Opaque>transparent derivations
bs

nouns/adjectives/veilOpaque derivations> transparent

bs

verbs

derivations

Opaque derivations > simple words

Unprimed>primed

Primed> unprimed

L: MFG, IPS, AG
R: LG

BIL: IFG, MFG, cuneus;
R: MFG

L: PCG, BG, MTG, SPG,
IPG.

L: IFG, MFG, MTG,
STG, MOG, 10G

R: STG, MTG, I0G, cune

BIL: IFG, MFG, PCG,
IPS, IPL, STG, AG,
Cingulate, Precuneus

L: IFG, MFG, SMA,
visual regions

R: IFG, visual regions
No differences. Activation
in various brain regions

modulated by base
frequency

L: IFG and STG
BIL: MTG; R: IFG

L: STG, MTG

L: STG, MTG

L: IFG, INS, SMA, STS;
BIL: SFG

L: INS, STG; R: STG, HIF




Pliatsikas et al.,
2014

Carota et al., 2016

Klimovich-Gray
etal., 2017

Blumenthal-
Dramé et al., 2017

nonnativ
e
speakers
combine
d)

English

Italian

Russian

English

Unmasked lexical
decision

attentive listening
paradigm, with an
occasional 1-back
memory task

attentive listening
paradigm, with an
occasional 1-back
memory task

Masked priming with
lexical decision

visual

auditory

auditory

visual

21

20

20

19

M=20.4,
SD=2.96

Not reported

19-39

19-61

nouns

nouns

nouns

Derived > monomorphemic words L: IFG, TOC, BIL: OFG
2step zero derivations > 1step overt
derivations
L: IFG
Opaque> transpaleninations BIL: STG, MTG, IFG
Opaque with nonproductive suffixes> with
productive suffixes BIL: STG, MTG: R: IFG

Complex derivation > singgevation L: STG

nouns and adjectives Correlati@iaden word frequency and

BOLD signal for deriv-stem pairs
Positive L: PCG, IFG, LG, FFG,
I0G

Correlations between word frequency andR: SMA; BIL: I0G
BOLD signal for stem-deriv pairs

Positive

Negative L: Precuneus; R: ACC,

AG, SMG

L: IFG, SFG, PCG, MFG,
TP, THA, GP, FFG, ITG,
IPL, SPL, MOG




R: INS, claustrum, IFG,
MFG, SFG, THA, CN,

LG, cuneus,
Production tasks
Marangolo et al., Italian Word generation task auditory 10 21-29 reoand verbs verb-to-noun derivation > L: IFG, PCG, INS, IPL,
2006 AG, SPL

repetition
R: IFG, MFG, AG, SPL,
CN
adjective-to-noun derivation >
repetition L: IFG, INS, MFG, IPL,
SPL, AG, SMA, MTG,

L GP
noun to-verb derivation >
. R: AG, IPL, CN
repetition
L :IFG, PCG

\: Age range for the original sample of these studibs. Ns reported here are after participant exchssiNo age range reported for the samples afegxblusions



Table 7

Summary of ERP Studies on Compound Processing

Study Lang Paradigm Task Modality Sample  Age Type of Comparison Examples Effect
Size Range/ Compound
Mean
Koester et German gender gender auditory 23 19-31/  existing correct vs. der Regentag vs. LAN
al., (2004) violation judgment 25 2- violation: first *der Reisfeld
constituent constituent
correct vs. das Presseamt vs. LAN + late
violation: first *das Nussbaum  positivity
constituent
Koester et German gender gender auditory 30 18-30/  novel 3- first constituent: der LAN
al., (2007) violation judgment 24 constituent correct vs. Stahlhakenpreis
violation vs. *der
Bretterastloch
head constituent das LAN + late
correct vs. Autodachfenster  positivity
violation vs. *das
Bankettmenditeller
40 19-30/  existing transparent vs.  Nussbaum vs. late negativity
23 2- opaque Luftschloss (600-1200 ms)
constituent
Krott et al., Dutch interfix + silent visual 42 (32) 18-26/ existing +  existing vs. damessalons vs. N400
(2006) plural reading 22 novel novel kruidenkelken
violation 2-
constituent
existing: correct damessalons vs. LAN + late
vs. incorrect *damensalons positivity
interfix
existing: correct damessalons vs. LAN



VS. incorrect
plural

*damessalonnen

novel: correct vs. kruidenkelken vs. LAN + late
incorrect plural  *kruidenkelks positivity
Kaczeret Dutch long-lag word + visual 22 (18) 19-25/-  existing + unrelated vs. unrelatedappel N400,
al., (2015) repetition picture novel existing vs. vs.appelmoes marginally
priming naming 2- novel appelvs.appel larger for novel
constituent gezicht-appel
Koester & Dutch long-lag word + visual 23 (15) 19-39/  existing unrelated vs. gnoomekstervs.  N400,
Schiller, repetition picture 25 2- transparent vs.  eksternest-ekster transparent =
(2008) priming naming constituent opaque vs. eksteroog- opaque
ekster
Eulitz & German single word lexical visual 25 19-36/-  existing + transparentvs. Hundeauge vs. transparent =
Smolka, presentation decision novel opaque vs. novel Hihnerauge vs.  opaque, N400
(2017) 2- Hosenauge for novel
constituent
Fiorentino English  single word lexical visual 23 (19) 18-23/ existing+ monomorphemic eggplant vs. N400 for novel
etal., presentation decision 20 novel vs. existing vs.  throttle vs.
(2014) 2- novel tombnote
constituent
Zheng et Chinese associative familiarity visual 20 -1 22 existing + existing: studied Greek mythology widespread
al.,, (2015) recognition judgment novel vs. rearranged  vs. Greek letter ~ N400 (300-700
task 2- VS. new ms)
constituent
novel: studied  pool letter vs. widespread
vs. rearranged  pool mythology N400 (300-700
VS. new ms)
El Yagoubi Italian single word lexical visual 20 (18) 20-31/  existing compound vs. CAPObandavs. LAN (270-370
etal., presentation decision 25 2- non-compound  COCOdrillo ms) + late
(2008) constituent with embedded positivity for
word compounds
left-headed vs. CAPObandavs. P300 + late




right-headed astroNAVE positivity
Arcara et Italian single word lexical visual 24 (22) 19-36/  existing left-headed vs. PESCEspada vs. LAN for right-
al., (2014) presentation decision 21 2- right-headed vs. astroNAVE vs. headed =
constituent exocentrix cavatappi exocentric
(stronger effect
in split
presentation)
Vergara- Basque first word in silent visual 23 -/ 20 existing first low- vs. Izenburu (Hh) vs. anterior
Martinez et sentence reading 2- high-frequent Elizgizon (Lh) negativity
al., (2009) constituent constituents
second high- vs. Izenburu (hH) vs. N400
low-frequent Eskularru (hL)
constituents
Stites et al., English sentence  silent visual 21 18-23/  existing correct vs. TL cupcakevs. P600, TL
(2016) reading reading 19 2- within- cupackevs. within-
constituent morphemes vs. cucpake morphemes =
TL across- TL across-
morphemes morphemes
MacGregor English  oddball passive auditory 20 (18) 19-36/ existing+ opaque: low- vs. bridgework vs. MMN, larger
& Styrov, listening 24 novel high-frequent framework for high-
(2013) 2- frequent
constituent
transparent: low- deskwork vs. MMN, low- =
vs. high-frequent homework high-frequent;
+ N400
transparent vs.  teamwork vs. N400,
opaque patchwork transparent

more negative!

Notes M = modality, a = auditory, v = visual



Table 8. Summary of MEG studies on compounds. The studies used single word tasks

Study Language Task M odality Samplesize Agerange/mean age Grammatical category Comparison Effects and their neural sources
Fiorentino & English Lex dec Visua 12 18-26 Noun Compound > Simple M350; exploratory source anaysis:
Poeppel, 2007 left temporal area

Compound >

Pseudocomplex foils
Brooks & Cid De English Word Visud 18 18-30 Noun Transparent > Simplex LATL (250-470ms), pSTG (430-
Garcia, 2015 reading and 600ms)

naming Opague > Simplex




Table 9.Summary of fMRI studies on compounding. Only findings related to morphological decomposition are reported.

Comprehension tasks

Study

Langua Task M odality
ge

Sample Age Grammatical Comparison Activated brain regions

Size

range/mean category
age

Forgacs et al., 2012

Zou et al., 2016

German  Covert reading with visual
familiarity judgement

Chinese  First syllable auditory
similarity judgment in
word pairs

40

17

19-30 nouns Known (literal and L: ITG, MFG, AG, SFG

metaphorical) >novel o\ 1o SMG, MTG, AG, STS, STG, SFG, precuneo
compounds
Known (literal and L:IFG, INS, SMA, FFG
metaphorical) < novel R: INS, SMA

compounds

M=21.24, nouns Pairs with morphological, L: IFG, MTG, FG
SD=1.75 phonological and

orthographic

relationship>identical

pairs L: IFG,

Pairs with morphological,
phonological and
orthographic
relationship> pairs
without morphological
relationship only

Production tasks

Koester & Schiller,
2011

Dutch Delayed priming with  visual
picture naming

12

19-29 nouns Primed (transparent & L: IFG
opaque)> unrelated




Visual presentation

| LAN |
ERP [P ] [—P325 ] { P600/late positivity
| N400 |
ERF . M0
M130 'M250  Orbitofrontal component.
stimulus Mizo © N40OM
onset l l l l l l l l l l l
I I I I I I I I I I I
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
time (ms)
*Early positivity
**and other related components taking place ~300 ms post stimulus onset
Auditory presentation
[ LAN |
ERP P3a | P600/late positivity |
| N400 | | **|ate negativity |
ERF
evuNm IR [
1 1 1 1 1 1 1 1 1 1 ]
I I I I I I I I I I I
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
onset of the .
critical point/ time (ms)
stimulus

*semantic recombination-related component
**lasting up to 1600 ms






