
Brain & Language 121 (2012) 219–225
Contents lists available at SciVerse ScienceDirect

Brain & Language

journal homepage: www.elsevier .com/locate /b&l
Neurocognitive dimensions of lexical complexity in Polish

Zanna Szlachta a, Mirjana Bozic a,b, Aleksandra Jelowicka a, William D. Marslen-Wilson a,b,⇑
a MRC Cognition and Brain Sciences Unit, Cambridge, United Kingdom
b Department of Experimental Psychology, University of Cambridge, United Kingdom
a r t i c l e i n f o

Article history:
Accepted 20 February 2012
Available online 26 April 2012

Keywords:
Morphology
Inflection
Polish
Slavic
Neuroscience of language
fMRI
LIFG
0093-934X/$ - see front matter � 2012 Elsevier Inc. A
http://dx.doi.org/10.1016/j.bandl.2012.02.007

⇑ Corresponding author at: Neurolex Group, D
Psychology, Downing Site, University of Cambridge,
Kingdom. Fax: +44 (0) 1223 333564.

E-mail address: wdm10@cam.ac.uk (W.D. Marslen
a b s t r a c t

Neuroimaging studies of English suggest that speech comprehension engages two interdependent sys-
tems: a bilateral fronto-temporal network responsible for general perceptual and cognitive processing,
and a specialised left-lateralised network supporting specifically linguistic processing. Using fMRI we test
this hypothesis in Polish, a Slavic language with rich and diverse morphology. We manipulated general
perceptual complexity (presence or absence of an onset-embedded stem, e.g. kotlet ‘cutlet’ vs. kot ‘cat’)
and specifically linguistic complexity (presence of an inflectional affix, e.g. dom ‘house, Nom’ vs. dom-u
‘house, Gen’). Non-linguistic complexity activated a bilateral network, as in English, but we found no dif-
ferences between inflected and uninflected nouns. Instead, all types of words activated left inferior fron-
tal areas, suggesting that all Polish words can be considered linguistically ‘complex’ in processing terms.
The results support a dual network hypothesis, but highlight differences between languages like English
and Polish, and underline the importance of cross-linguistic comparisons.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

A critical issue in the study of language as a neurocognitive sys-
tem has been the role of the left hemisphere, and specifically the
left inferior frontal gyrus (LIFG), in the processing of morphology
and syntax. Damage to these regions usually leads to significant
disruption of language function, while damage to parallel areas
in the right hemisphere does not (Goodglass, Christiansen, & Galla-
gher, 1993). Neuroimaging evidence confirms the importance of
these parts of the brain for language processing, and points to a
core decompositional network centred on the LIFG (Binder et al.,
1997, 2000; Embick, Marantz, Miyashita, O’Neil, & Sakai, 2000;
Friederici, Rüschemeyer, Hahne, & Fiebach, 2003; Hagoort, 2005;
Marslen-Wilson, & Tyler, 2007; Musso et al., 2003; Tyler et al.,
2011; Vigneau et al., 2006). It is argued that this left perisylvian
network handles the processing of regularly inflected words (e.g.
past tense or plural in English) that can be decomposed into stems
and affixes, and are not stored as full forms. However, even very
extensive damage to the left hemisphere can leave patients with
substantial language comprehension abilities still intact, ranging
from the ability to recognise simple spoken words to good compre-
hension of semantically predictable full sentences (Hagoort, 1997;
Longworth, Marslen-Wilson, Randall, & Tyler, 2005; Tyler, Ostrin,
Cooke, & Moss, 1995; Tyler et al., 2002, 2011).
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This evidence has led to the proposal that two distinct but inter-
dependent processing networks are involved in normal language
comprehension – a distributed bilateral system supporting general
perceptual and cognitive processing, and a specialised left-latera-
lised system responsible for processing specifically linguistic fea-
tures. Bozic, Tyler, Ives, Randall, and Marslen-Wilson (2010)
tested this assumption by co-varying the linguistic and non-lin-
guistic complexity of a set of spoken words in an fMRI experiment.
Non-linguistic complexity, realised by stem competition between
the full form word and onset-embedded stem (e.g. claim/clay), acti-
vated a bilateral fronto-temporal network, including left and right
BA 45 and BA 47. Linguistic complexity, defined here as the pres-
ence of a potential regular inflectional morpheme (e.g., real past
tense forms, such as played, and pseudo-regulars, such as trade),
activated only left hemisphere inferior frontal areas, peaking in
BA 45.

These claims and findings, however, are primarily based on a
single language, English, where the contrast between morphologi-
cally complex and simple forms has cross-linguistically unusual
properties that may have led the neurocognitive processing system
to organise itself in ways that are not generally representative.
English inflectional morphology is very reduced in scope (with
only three regular inflectional affixes1), and the majority of surface
word forms in the language are produced as bare stems (dog, eat,
elbow, etc.). This leads to a strong distributional contrast between
words that are overtly morpho-phonologically complex (jumped,
1 These are the past tense {-d}, the noun plural and verb 3rd person {-s}, and the
progressive {-ing}.
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eats, etc.) and those that are not. Furthermore, the complex forms
typically have just one very frequent affix (such as the past tense
{d}) that applies across the board to all eligible stems. This contrasts
with a language such as Polish, a member of the Slavic language fam-
ily, both in the prevalence of morphological complexity and in the
richness and diversity of its inflectional system.

Almost all content words in Polish are overtly morpho-phono-
logically complex, realised within a rich inflectional paradigm.
Nouns, which can be divided into three genders, inflect by case
and number to give up to 14 possible forms (e.g. dom ‘house,
Nom’, domu ‘house, Gen’, domowi ‘house, Dat’, etc.), and similarly
for adjectives, numerals and pronouns. The verbal inflectional par-
adigm includes three tenses, with six person/number categories, as
well as gender distinctions for past-tense forms (e.g. robię ‘[I] do’;
robisz ‘[you, Sg] do’; robiłem ‘[I] did, Masc’; robiłam ‘[I] did, Fem’;
etc.), together with affixes that express mood, voice and aspect.
Additionally, verb stems undergo very common regular and irreg-
ular alternations (e.g. złościć ‘to be/make angry’: złoszcz- / złości-;
or trząść ‘to shake’: trzęse- / trzęsie- / trzęs- / trzęś-; etc.), and fall
into at least 9 (Grzegorczykowa, Laskowski, & Wrobel, 1999) or
11 (Tokarski, 1973) major inflection classes, most divided into sub-
classes. Conjugation tables of Polish verbs provide 106 types of
conjugational paradigms, many with subtypes (Saloni, 2007).
These distributional and morphophonological properties of Polish
provide an appropriate set of contrasts for exploring the cross-lin-
guistic validity of the dual processing networks proposed for Eng-
lish. Using the same fMRI testing paradigms, do we see a similar
bilaterally distributed system activated by general perceptual pro-
cessing complexity, coupled with a left lateralised response to spe-
cifically linguistic manipulations of morphological complexity?

Polish has benefited from a number of earlier studies looking at
morphological processing in adults and children (e.g. Dabrowska,
2004; Reid, Marslen-Wilson, Baayen, & Schreuder, 2003) and in
aphasic populations (e.g. Jarema & Kadzielawa, 1987; Ulatowska,
Sadowska, & Kadzielawa, 2001), but the most relevant research is
that of Jelowicka and colleagues. In a series of studies with fluent
and non-fluent Polish aphasics, using the elicitation task (Jelowi-
cka, Bak, Seniow, Czlonkowska, & Marslen-Wilson, 2006; Jelowi-
cka, Bak, Seniow, & Marslen-Wilson, 2007, 2008), Jelowicka
showed that non-fluent aphasics – with anterior LH perisylvian
damage assumed to involve inferior frontal areas – showed prob-
lems primarily with the grammatical properties of stems and
inflectional affixes. In contrast, fluent aphasics – with more poster-
ior LH temporal damage – had apparently intact grammatical func-
tion, but showed substantial problems in basic operations of stem
access. This is broadly consistent with a dual system analysis
where stem access is a bilateral temporal function, whereas gram-
matical processing is more left-lateralised and frontal. However,
the studies involved did not contain contrasts directly testing the
questions raised here, and they primarily use production tasks.
To evaluate Polish in the context of a dual network account, it is
necessary to employ contrasts that are directly comparable to
those used by Bozic et al. (2010).

The aim of the current study, accordingly, is to investigate the
comprehension of morphologically complex words in Polish, ask-
ing how far the framework of two interdependent subsystems
could be applied to this linguistically much richer and more com-
plex system. To do so, we need to construct, as far as the language
permits, equivalent kinds of contrasts to those that allowed us to
selectively tap into each subsystem in English. In the English study,
specifically linguistic increases in complexity were realised by the
presence or absence of a regular inflectional morpheme – for
example, the past tense form played contrasted uninflected forms
such as learn or clean. This verb-based contrast cannot be trans-
ferred exactly into Polish, since all Polish verb forms have an inflec-
tional suffix (marking person, number, tense, etc.). However,
masculine nouns in the nominative case have no overt suffix (e.g.
dom ‘house, Nom’), even though they are suffixed for other cases
and in the plural (e.g. domu ‘house, Gen’, or domy ‘houses, Nom’).
This contrast between masculine nominative and case-inflected
nouns seems morpho-phonologically parallel to the contrast in
English and is what we used in the experiment.

For English, the effects of increased linguistic complexity, dri-
ven by the occurrence of an inflectional affix, are strongly left
lateralised (Bozic et al., 2010). The contrast between words with
and without an inflectional ending produced significant effects
only in LIFG, and was restricted to pars opercularis (BA 45).
The strong lateralisation of this effect is consistent with a broad
range of other studies using neuro-imaging and neuropsycholog-
ical techniques (Embick et al., 2000; Marcus, Vouloumanos, &
Sag, 2003; Marslen-Wilson & Tyler, 2007; Musso et al., 2003;
Tyler et al., 2011; Vigneau et al., 2006), although there remains
some dispute as to the key LIFG location supporting morphosyn-
tactic functions. Pars triangularis (BA 44) is also implicated in
many studies of these functions (e.g., Friederici et al., 2003). In
the current context, we expect clear left lateralisation for the
linguistic complexity manipulation, but leave open the specific
locations in LIFG.

To explore the effects of general perceptual complexity, Bozic
et al. (2010) used words with onset-embedded stems, such as
claim. The conflict between the embedded stem clay and the whole
word claim generated strong bilateral fronto-temporal activity, rel-
ative to words like cream, which have no embedded stem. In Polish
it is again the masculine nominative nouns that allow us to mirror
this contrast. Because these forms do not have a suffix, we can con-
struct onset-embedded stimuli which do not additionally contain
overt morpho-phonological cues to inflectional complexity – this
would potentially obscure the intended contrast with linguistically
complex pairs like dom/domu. We therefore selected masculine
nouns in the nominative case which had onset-embedded stems,
where these stems were also masculine nouns in a nominative case
(e.g. kotlet ‘cutlet’, where kot ‘cat’, is the embedded stem). To allow
possible comparisons between nouns and verbs, and to check that
the results are not specific to nouns, we created a similar condition
with verbs. Similarly to the nouns, these had uninflected onset-
embedded stems (masculine nouns in the nominative), as in
stimuli like kwitnie ‘[it] blooms’, from kwitnąć ‘to bloom’, with kwit
‘receipt’ as the embedded stem.

In both embedded stimulus sets, following the results reported
by Bozic et al. (2010), we expect to see neural activity varying as a
function of the degree of competition between the embedded stem
and the whole word, where this is expressed as the ratio of the fre-
quencies of the whole word and the embedded stem. For English,
effects of stem competition are seen bilaterally in inferior frontal
cortex and (at lower thresholds) in superior and middle temporal
cortex. The inferior frontal effects were seen primarily in pars orbi-
talis (BA 47), extending upwards into pars opercularis (BA 45),
where they overlapped, on the left, with the effects of linguistic
complexity.

To isolate the lexical processing network from lower-level audi-
tory processing, we compared words against musical rain (MR), an
acoustic baseline that is closely matched to speech in terms of its
temporal envelope and amount of energy, but does not produce
the perception of speech (Bozic et al., 2010; Uppenkamp, Johns-
rude, Norris, Marslen-Wilson, & Patterson, 2006). Finally, we re-
quired a task that engages lexical processing, but at the same
time can be applied to baseline non-speech items. Therefore we
used passive listening with an occasional one-back memory task.
The random distribution of the task trials across the scanning ses-
sion ensures sustained attention of the participants, and because it
is used only on a small number of dummy trials, these can be later
removed from the analysis.



Table 1
Summary of the stimuli used in the experiment and examples.

Condition Properties Number
of items

Examples

Simple
nouns

– Masculine
nouns

60 dom ‘house, Nom’

– Nominative
case

sklep ‘shop, Nom’

Inflected
nouns

– Masculine
nouns

60 dom-u ‘house, Gen’

– Genitive,
locative or
instrumental
case

sklep-em ‘shop, Instr’

Embedded – Masculine 60 kotlet ‘cutlet, Nom’
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2. Methods

2.1. Participants

Twenty-two right-handed (nine male) native speakers of Polish
living in the Cambridge area were recruited for this study. They
had normal or corrected-to-normal vision, and no hearing, lan-
guage or neurological impairments. Their age range was 18–33,
mean age 25.2 years, their length of stay in the UK ranged from 0
to 45 months, with mean length of stay 18.2 months. They all
had at least 11 years of formal education. One participant was later
removed from the imaging analyses due to a high ratio of incorrect
responses (40%) in the scanner, leaving 21 participants for the
analyses.
nouns nouns
– Nominative
case

where kot ‘cat, Nom’ is the
embedded stem

– Onset-
embedded stem

Embedded
verbs

– Inflected 60 kwitnie ‘[it] blooms’, from
kwitnąć ‘to bloom’, where kwit
‘receipt, Nom’ is the embedded
stem

– Onset-
embedded stem
2.2. Stimuli

There were four experimental conditions, each with 60 items, di-
vided into two pairs of conditions investigating linguistic complex-
ity and perceptual complexity, respectively (see Table 1 for
summary and examples).2 The linguistic complexity contrast com-
pared simple nouns with inflected nouns. Simple nouns were mascu-
line nouns in the nominative case, ending with a consonant, since
these possess no overt case inflection, e.g. dom ‘house, Nom’ or sklep
‘shop, Nom’. Inflected nouns were masculine nouns in the genitive
(25 items), locative (17) or instrumental (18) case (equally distributed
across cases: v2(2) = 1.9, p = 0.39), e.g. domu ‘house, Gen’ or sklepem
‘shop, Instr’. These are the three most common cases after nominative
and accusative (the accusative could not be used because its forms for
masculine nouns often overlap with the nominative case).

The perceptual complexity conditions consisted of a noun set
and a verb set. Embedded nouns were masculine nouns in the nom-
inative case, with another masculine noun onset-embedded, e.g.
kotlet ‘cutlet’, where kot ‘cat’ is the embedded stem. For the embed-
ded verb condition (also 60 items) we used inflected verbs, with on-
set-embedded stems, where the embedded stems were masculine
nouns in the nominative case, e.g. kwitnie ‘[it] blooms’, from kwitnąć
‘to bloom’, where kwit ‘receipt, Nom’ is the embedded stem. In all
instances the embedded stems had no semantic relationship with
the full form. Items within each set varied in the degree of expected
perceptual competition, as a function of the relative frequencies of
the embedded stem and the whole word. This allowed the effects of
embeddedness to be evaluated using the appropriate parametric
modulator based on this frequency ratio.

Simple nouns and inflected nouns were matched on length
(number of phonemes and syllables), form and lemma frequency
and CV structure, using Match software (Van Casteren & Davis,
2007). The type of analysis used (parametric modulator, and not
a subtraction) did not require the embedded conditions to be
matched.

All words were recorded in a sound-proof room by a female na-
tive speaker of Polish. They were digitised at a sampling rate of
22 kHz with 16 bit conversion, and processed into separate files
using CoolEdit.

As an acoustic baseline, allowing us to isolate lower-level audi-
tory processing from lexical processing, we used Musical Rain
(Uppenkamp et al., 2006). Musical rain (MR) is produced by dis-
rupting the local spectral (formants) and temporal (pitch) con-
straints of normal speech. It is not perceived as speech, but is
well-matched to speech in terms of its overall energy and long-
term spectral and temporal characteristics of speech. The MR items
we generated were matched in length to the words.
2 The experiment contained a further four verb conditions, addressing issues
specifically raised by Jelowicka’s earlier research. These will be reported elsewhere.
2.3. Procedure

We used a passive listening paradigm with an occasional one-
back memory task (same/different). Words were played every
3.4s, and for 5% of the items (about once a minute) a question ap-
peared on the screen (‘‘Same sound? YES NO’’) after which the par-
ticipants answered by button press with their right hand, whether
the sound they were currently hearing was the same as the previ-
ous one (same = YES, different = NO). There were four blocks of 200
items each (with 10 questions per block), and 5 dummy items at
the beginning of each block. There were short breaks between
the blocks. The stimuli were delivered using CAST software and
NNL Electrostatic headphones. A practice session to familiarise
the participants with the task was done outside the scanner prior
to the experimental session, using DMDX software (http://
www.u.arizona.edu/~kforster/dmdx/dmdx.htm).
2.4. Data acquisition and analysis

Scanning was performed on a 3T Trio Siemens scanner at the
Medical Research Council Cognition and Brain Sciences Unit
(MRC CBU), Cambridge. We utilised a fast-sparse imaging protocol
to avoid scanner noise during the presentation of stimuli (fast-
sparse gradient-echo EPI sequence: repetition time [TR] = 3.4 s,
acquisition time [TA] = 2 s, echo delay time [TE] = 30 ms, flip angle
78�, matrix size 64 � 64, field of view [FOV] = 192 � 192 mm, 32
oblique slices 3 mm thick, 0.75 mm gap). Additionally we obtained
T1-weighted structural scans for anatomical localisation.

Pre-processing and analyses of the imaging data were per-
formed using SPM software (SPM5, http://www.fil.ion.ucl.ac.uk/
spm/). Pre-processing was done using Automated Analysis Recipes
(aa, MRC CBU, http://www.cambridgeneuroimaging.com/aawiki/)
and included image realignment to correct for movement, segmen-
tation, spatial normalisation of functional images to the MNI refer-
ence brain, and smoothing using 10 mm isotropic Gaussian kernel.
The data were analysed using the general linear model (GLM), with
four blocks and seven event types (four word conditions, MRs, null,
and fillers); or for the embeddedness analyses with four event
types (embedded words, MRs, null, and fillers) and a parametric
modulator for the embedded words. The neural response was mod-
elled with the canonical haemodynamic response function (HRF)

http://www.u.arizona.edu/~kforster/dmdx/dmdx.htm
http://www.u.arizona.edu/~kforster/dmdx/dmdx.htm
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Table 2
Areas of activity for (a) speech-driven lexical processing (‘All words – MR’); and (b) the effect of embeddedness (modulation of activity as a function of the degree of lexical
competition). We also report significant peaks from the lower threshold (p < 0.01), these are marked with an asterisk. [STG – Superior temporal gyrus, MTG – middle temporal
gyrus, IFG – inferior frontal gyrus].

Regions Cluster level Peak voxel

p corr Extent z Score x y z

(a) All words – MR
L MTG (BA 21) 0.000 4988 7.22 �60 �8 �8

L MTG (BA 21) 5.96 �62 �34 4
L Middle Temporal Pole (BA 38) 5.93 �42 20 �28
L Superior Temporal Pole (BA 38) 5.75 �50 10 �16
L IFG Pars Orbitalis (BA 47) 4.95 �44 32 �8
L STG (BA 22) 4.24 �46 �40 8
L IFG Pars triangularis (BA 45) 4.20 �46 34 6

R Superior Temporal Pole (BA 38) 0.000 3276 5.85 60 6 �8
R STG (BA 22) 5.78 62 �16 �2
R Superior Temporal Pole (BA 38) 5.57 52 18 �20
R MTG (BA 21) 5.39 56 �26 �2

L Fusiform Gyrus (BA 37) 0.010 260 4.37 �30 �34 �24
L Fusiform Gyrus (BA 37) 4.30 �48 �62 �22
L Fusiform Gyrus (BA 37) 3.43 �38 �46 �20

(b) Embeddedness
L STG/MTG (BA 22/21) 0.017 219 4.00 �56 �4 �10

L MTG (BA 21) 3.93 �62 �4 �8
L IFG Pars orbitalis (BA 47)� 3.43 �38 30 �12
L STG (BA 22) 3.35 �48 �10 �2
L IFG Pars triangularis (BA 45)� 3.29 �44 28 2
L MTG (BA 21) 3.26 �46 �6 �18

R MTG/STG (BA 21/22) 0.074 129 3.86 64 �20 �6
R IFG Pars triangularis (BA 45)� 0.369 328 3.18 58 28 12

R IFG Pars triangularis (BA 45)� 2.99 58 26 24
R IFG Pars opercularis (BA 44)� 2.69 62 16 18

Fig. 1. (a) Significant activation for speech-driven lexical processing (All words – MR). Thresholded at p < 0.001 voxel level and p < 0.05 cluster level corrected for multiple
comparison. Activation shown rendered on the surface of a canonical brain. (b) Signal plot for four word conditions (Simple nouns, Inflected nouns, Embedded nouns and
Embedded verbs) in the peak LIFG activation from (a) [peak coordinates: �44, 32, �8].
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and its temporal derivative. Motion regressors were included to
code for the movement effects. A high-pass filter with a 128-s
cutoff was used to remove low-frequency noise. For group random
effects analysis the contrast images were combined, and the results
were thresholded at voxel level p < 0.001 (uncorrected) and cluster
level p < 0.05 (corrected for multiple comparisons), unless other-
wise specified.
Fig. 2. Significant activations for (a) Simple nouns – MR; and (b) inflected nouns – MR. T
comparison. Activation shown rendered on the surface of a canonical brain.

Table 3
Areas of activity for contrasts (a) ‘Simple nouns – MR’; and (b) ‘Inflected nouns – MR’. [STG

Regions Cluster level

p corr Extent

(a) Simple nouns – MR
L STG (BA 22) 0.000 5060

L MTG (BA 21)
L Superior Temporal Pole (BA 38)
L IFG Pars orbitalis (BA 47)
L IFG Pars triangularis (BA 45)

R Superior Temporal Pole (BA 38) 0.000 4018
R STG (BA 22)

R MTG (BA 21)
L Fusiform Gyrus (BA 37) 0.001 422

L Fusiform Gyrus (BA 37)
L Fusiform Gyrus (BA 37)

R Angular Gyrus (BA 39) 0.000 460
R Angular Gyrus/MTG (BA 39)

L Angular Gyrus/MTG (BA 39) 0.006 271

(b) Inflected nouns – MR
L MTG (BA 21) 0.000 3382

L STG (BA 22)
L MTG (BA 21)
L Superior Temp Pole (BA38)

R STG (BA 22) 0.000 2549
R MTG (BA 21)
R Superior Temporal Pole (BA 38)
R STG (BA 22)
R Middle Temporal Pole (BA 38)

L IFG Pars orbitalis (BA 47) 0.032 233
L IFG Pars orbitalis (BA 47)
L IFG Pars triangularis (BA 45)
3. Results

The average ratio of correct responses in the scanner was 93.8%,
with mean reaction time 1201 ms (SD = 331 ms).

Based on our predictions and on previous research in the field
(Binder et al., 1997, 2000; Bozic et al., 2010; Tyler & Marslen-
Wilson, 2008), we chose bilateral fronto-temporal areas as the
hresholded at p < 0.001 voxel level and p < 0.05 cluster level corrected for multiple

– Superior temporal gyrus, MTG – middle temporal gyrus, IFG – inferior frontal gyrus].

Peak voxel

z Score x y z

7.01 �60 �8 �2
5.96 �62 �32 6
5.83 �42 20 �26
4.49 �36 34 �16
3.48 �44 34 4
6.33 58 6 �8
5.86 58 �14 �4
5.55 48 �32 2
4.71 �28 �34 �20
4.40 �46 �62 �22
3.83 �40 �48 �18
4.04 52 �62 24
3.86 36 �54 20
3.83 �42 �70 24

7.26 �62 �6 �6
6.10 �62 �36 6
5.29 �58 4 �14
5.20 �54 10 �18
5.68 64 �14 �2
5.38 60 2 �8
4.74 54 16 �20
4.73 46 �32 4
4.47 50 18 �24
3.77 �34 30 �18
3.75 �42 30 �12
3.59 �44 34 0



Fig. 3. Significant activations for the effect of embeddedness (modulation of activity as a function of the degree of lexical competition at 0.001 voxel level (in red); and 0.01
voxel level (in green). Activation shown rendered on the surface of a canonical brain.
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regions of interest for the analyses. A mask consisting of bilateral
temporal lobes (superior, middle and inferior temporal gyri, angu-
lar gyrus), inferior frontal gyri (pars orbitalis, pars opercularis, pars
triangularis), insula and the anterior cingulate was constructed
using WFU Pickatlas.

To establish the network that supports speech-driven lexical
processing, we subtracted the MR baseline from all words. This
contrast revealed a network spanning left middle and superior
temporal gyri, middle and superior temporal poles and inferior
frontal gyrus (pars orbitalis and triangularis); on the right middle
and superior temporal gyri, and superior temporal pole; and a third
cluster located in the left fusiform gyrus (see Table 2a and Fig. 1a).
Plots of the activation levels for the four conditions (simple nouns,
inflected nouns, embedded nouns and embedded verbs) in the LIFG
peak of this analysis show that all conditions activate this area to
the same extent (see Fig. 1b).

We then tested activations for simple and inflected nouns. Sim-
ple nouns (against MR baseline) activated a large network spanning
temporal lobes bilaterally and LIFG (see Table 3a and Fig. 2a). The
largest cluster covered left middle and superior temporal gyri, left
superior temporal pole, and left inferior frontal gyrus (pars orbitalis
and triangularis). The second large clusters included right middle
and superior temporal gyri. Three smaller clusters included left
fusiform gyrus, left angular gyrus and middle temporal gyrus,
and right angular gyrus. Inflected nouns (against MR) activated a
very similar network (see Table 3b and Fig. 2b). Two large clusters
covered left middle and superior temporal gyri and superior
temporal pole; and right middle and superior temporal gyri and
middle and superior temporal poles. Additional clusters included
left inferior frontal gyrus (pars orbitalis and triangularis). Direct
subtraction between these two conditions showed no differences
between them.

To test the effects of embeddedness, we determined whether
any regions showed modulation of activity as a function of the de-
gree of lexical competition. This was expressed as the ratio of the
frequencies of the whole word and the embedded stem (as in Bozic
et al., 2010), and entered as a parametric modulator. This analysis,
including both embedded nouns and verbs, revealed two signifi-
cant clusters spanning middle and superior temporal gyri on the
left and right (see Table 2b and Fig. 3 in red) (cluster on the right
with cluster level pcorr = 0.07), consistent with the claim of bilateral
processing for general perceptual complexity in words with
embedded stems. At lower thresholds we also see activation in
bilateral inferior frontal areas, specifically pars orbitalis and triang-
ularis on the left, and pars triangularis and opercularis on the right
(see Fig. 3 in green).

4. Discussion

In this study we investigated the processing of morphologically
complex Polish words, focusing on the framework of two
interdependent subsystems contributing to language comprehen-
sion. We asked whether Polish would follow the distinction
showed for English (Bozic et al., 2010), where inflectional complex-
ity dissociates from general perceptual complexity, with the two
functions supported by dissociable neural systems.

We proposed that words with embedded stems, when com-
pared to simple words, would activate bilateral fronto-temporal
areas. These areas support sound-to-meaning mapping and general
perceptual complexity demands, here marked by onset-embedded
stems competing with the whole words over time as the speech
signal unfolds. We found that the bilateral middle temporal gyri
showed modulation of activity as a function of the degree of lexical
competition between the embedded stem and the whole word.
This activation spread to bilateral inferior frontal areas at lower
thresholds , involving BA 47 (pars orbitalis) and BA 45 (pars triang-
ularis) on the left, and BA 45 and 44 (pars opercularis) on the right.
These findings overlap substantially with those of Bozic et al.
(2010), who found bilateral inferior frontal activation (BA 45 and
47) for embedded vs. simple words, extending to bilateral STG
and MTG at lower thresholds.

We also predicted increased left hemisphere (especially LIFG)
activation for increased linguistically-specific complexity, tested
here by comparing case-inflected and simple nouns (e.g. domu vs.
dom). We found no differences between activation patterns for the
two types of nouns. Nevertheless, when we look more closely at
the activations for both these conditions against the baseline
(MR), we see consistent activation of bilateral temporal areas and
of LIFG (BA 47 and 45), which is associated with inflectional com-
plexity (see Fig. 2). This suggests that all Polish nouns are treated
as inflectionally complex, whether they have an overt affix or
not. This would explain why we do not see differences in LIFG acti-
vation between case-inflected and simple nouns – nor indeed be-
tween the noun conditions and the verb condition (see Fig. 1).

Nouns in English (excluding pronouns) are not morphologically
inflected for case (nominative, accusative, etc), so that the lack of a
case-marking affix, indicating the grammatical role of the noun in
the utterance, is generally not informative about the syntactic and
morphological function of the word in question. Polish nouns, in
contrast, sit in a rich and productive inflectional paradigm, where
the lack of an overt affix is one of many inflectional options and
carries specific information about a word’s grammatical role. For
example, a masculine noun in the nominative (marked by the ab-
sence of an overt inflection) is most likely to be the subject of
the sentence. If it was the object, or fulfilled some other case role,
it would have the appropriate overt inflection. Golka (2009) makes
a similar point in a study investigating cues to grammatical status
in Polish, concluding that ‘‘the null morpheme in Polish is as infor-
mative as inflexional endings with respect to the syntactic catego-
rization of nouns’’ (p. 2).

These considerations suggest that the comparison of simple and
case-inflected nouns in Polish does not mirror the English simple
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vs. complex (play vs. played) contrast we used in earlier studies.
More generally, however, the finding here of LIFG activation for
all conditions, nouns and verbs (see Fig. 1), suggests that Polish
behaves similarly to English, with inflectionally complex forms
(here all words used as stimuli; in English, only words with an
inflectional affix) triggering activity in the core LH perisylvian
circuit, but with no corresponding activity in RIFG.

Bozic and colleagues (2010) report left BA 45 as the peak of
activity for the inflectionally complex words, while here we find
BA 47 and BA 45. While this diverges in part from the Bozic et al.
(2010) results, a recent study combining extensive neuropsycho-
logical and neuroimaging data (Tyler et al., 2011) also picks out left
BA 45 and BA 47 as key areas supporting morphosyntactic function
in English. LIFG activation for linguistic complexity has also fre-
quently been reported for BA 44 (e.g., Caplan, Chen, & Waters,
2008; Embick et al., 2000; Friederici et al., 2003; Musso et al.,
2003). It is unclear, however, how far these contrasting outcomes
are due to cross-linguistic differences and how far to the many
methodological differences between these studies.

In summary, this study supports previous evidence indicating a
special role for the left hemisphere, and especially LIFG, in the
processing of inflectionally complex words. It also agrees with the
functional dissociation between bilateral and left-lateralised fron-
to-temporal subsystems proposed by Bozic et al. (2010). Most
importantly, it provides cross-linguistic evidence from a language
with a much richer morphological system than English, and without
the typological features that make the English system potentially
unrepresentative. It suggests that processing of Polish does not
differ substantially from English, yet provides some new insights
regarding morphological processes that may not operate in English.
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