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Most neuroimaging studies examining verb morphology have
focused on verb tense, with fewer examining agreement
morphology, and no previous fMRI studies have investigated
distinctions between past and present tense inflection. However,
models of language representation and processing suggest differ-
ences in where these inflections are instantiated in the phrase
structure as well as differences in the linguistic functions they
serve, suggesting unique neural networks for these forms. In
addition, results of available neuroimaging studies of grammatical
morphology vary considerably due to methodological differences.
Some studies have used overt production tasks, whereas others
have used covert tasks. In the present study we examined brain
activation associated with past tense and present tense/agreement
morphology under overt and covert production conditions in 13
healthy adults using an event-related functional magnetic reso-
nance imaging (fMRI) design. Production of verbs inflected for past
tense (V + -ed) and present tense/agreement (V + -s) was elicited
using temporal adverbs (i.e. Yesterday, Nowadays). Results showed
that in healthy adults inflecting both past tense and agreement
morphology (compared to a verb stem production condition)
recruited not only left inferior frontal structures, but also motor
and premotor cortices, and posterior parietal regions. Activation
also was observed in the basal ganglia, thalamus, and the cingulate
gyrus. Past tense and present tense/agreement recruited partially
overlapping tissue in these regions, with distinctions observed for
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the two forms in frontal and parietal brain areas. We also found
that activation varied with task demands, with more extensive
frontal activation noted in the overt compared to the covert verb
inflection task. These results are consistent with the hypothesis
that the neural signatures for verb inflection differ from that for
verb stems alone and involve a distributed frontal and parietal
network of brain regions. Further, the neural tissue recruited for
instantiation of past tense versus present tense/agreement
morphology is distinct, supporting linguistic theories that differ-
entiate the two forms.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In the past two decades verb inflection has been used extensively to investigate neural systems that
underlie language processing. For example, the neurocognitive architecture of verb inflection (e.g., past
tense, third person singular) has served as a testing ground for linguistic theories, which view language
as involving both a mental dictionary or lexicon and a set of symbolic rules (Bybee & Slobin, 1982;
Chomsky, 1972; Druks, 2006; Halle & Mohanan, 1985; Pinker, 1998; see Ullman, Corkin et al., 1997;
Ullman et al., 2005), and connectionist theories, which suggest that all inflections are computed by
an associative memory system (developed based on multiple simultaneous constraints developed
through learning) (Bybee, 1985; Hay, 2002; Hay & Baayen, 2005; Joanisse & Seidenberg, 1999;
McClelland & Patterson, 2002; Rumelhart & McClelland, 1986).

On the former theories production of morphologically complex forms engages morphophonological
as well as syntactic processes that concatenate selected grammatical features. For example, it is
assumed that past tense as well as singular present tense forms are computed by the rule-based
morphological transformation that attaches the correct tense suffix to the base word (suffixes — ed
and - s, respectively; e.g., he walk + ed, he walk + s). These theories make distinct predictions about
neural correlates involved in processing of lexically stored vs. generated forms. In this framework, all
inflected forms are generated in the left inferior frontal regions by grammatical combinatorial rules
which concatenate stems and affixes, whereas uninflected stems are stored and retrieved from lexical
memory, housed in the left temporo-parietal cortex. The results of neuroimaging studies support these
distinctions and suggest that inflectional processes engage both frontal and posterior brain regions
(Beretta et al., 2003; Dhond, Marinkovic, Dale, Witzel, & Halgren, 2003; Hagoort, 2003, 2005; Jaeger
et al, 1996; Joanisse & Seidenberg, 2005; Sahin, Pinker, Cash, Schomer, & Halgren, 2009).
Conversely, connectionist accounts abolish morphological rules of any sort, focusing instead on the
organization of the lexicon as the source of grammatical inflection. Word formation arises from
phonological, orthographic and semantic regularities in the organization of an associational lexical
network. This latter idea is able to account for frequency effects and other graded, contextual effects in
morphologically complex forms that would not be expected if such forms were concatenated or
otherwise assembled by rules that operate without regard to contextual considerations.

Observations that some patients with aphasia show asymmetries in their ability to process past and
present tense features, however, complicate these issues (Bastiaanse, 2008; Nilipour, 2000; Stavrakaki
& Kouvava, 2003). For example, Jonkers (2009) showed that past tense forms were more difficult to
produce and comprehend for patients with aphasia in a sentence-to-picture matching task. Specifi-
cally, reference to the past seems to be more difficult than reference to the present. It has been sug-
gested that this difference arises as a result of the greater semantic complexity involved in representing
events in reference to the past (Bastiaanse, 2008). The time frame for present tense includes the “here
and now”; whereas, the temporal representation for the past includes two time points: “here and now,
and a time before here and now” (Bastiaanse, 2008). These findings suggest that distinct neural
processes may come into play even for these finer grained tense differences.

Interestingly, tense and subject-verb agreement also have been shown to dissociate in patients with
aphasia (Arabatzi & Edwards, 2002; Burchert, Swoboda-Moll, & De Bleser, 2005; Clahsen & Ali, 2009;
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Friedmann & Grodzinsky, 1997; Lee, Milman, & Thompson, 2008). On some linguistic theories tense
and agreement inflection are similarly instantiated. Principles and Parameters syntax (Chomsky, 1981),
for example, holds that the Inflection Phrase (IP) houses all verb inflection, particularly in English. All
tense features and agreement are, therefore, generated from the same node of the syntactic tree
(Bobaljik & Thrainsson, 1998). Based on these models, one might expect that similar neurocognitive
processes underlie tense and agreement morphology. However, other linguistic accounts of verb
inflection suggest that tense and agreement may be distinguished by their location in the phrase
structure. On these accounts IP is split, resulting in separate nodes for the two forms (Pollock, 1989). In
addition, in the Minimalist Program of syntax (Chomsky, 1993; Marantz, 1995), tense and agreement
are structurally distinct: tense phrases exist to check interpretable features (those with meaning
outside the grammar), whereas agreement (Agree) is conceptualized as a matching operation between
verbs and subjects. That is, when arriving at an inflected verb, the subject noun is checked for number
(cf. Nicol, Forster, & Veres, 1997). Further, tense is referential, indicating an associated time interval via
inter-sentential (or extrasentential) dependencies (Dickey, 2001; Partee, 1973; Varlokosta et al., 2006),
whereas agreement is a local syntactic operation, which expresses intra-sentential structural relation
between elements in the sentence, meaningless outside the grammatical system. These latter ideas,
coupled with the aforementioned patient data, suggest that these two categories may recruit partially
distinct neural processes. In the present study we set out to investigate the neural correlates of past
tense (V + ed inflection) and present tense/agreement processing (V + s inflection).

Only a handful of studies have examined the neural mechanisms underlying agreement inflection,
and no studies have directly compared the neural correlates of verb tense versus agreement processing.
In addition, no previous neuroimaging studies have examined past vs. present tense distinction.
Wassenaar, Brown, and Hagoort (2004), using event-related brain potentials, found a P600/SPS effect
(associated with a posterior distribution) for agreement violations. Similarly, in an MMN study, Shtyrov
and Pulvermiiller (2002) found a more central maximum with a more posterior perisylvian distribu-
tion for the affixed verb (i.e., +-s) as compared to the noninflected verb stem condition. In that study,
however, morphosyntactic processing was limited because stimuli were presented as single words
(e.g., come, comes) devoid of context.

Another issue, relevant to neuroimaging studies examining verb inflection, is that the results vary
considerably across studies, likely due to differences in task demands and other methodological details.
Whereas, some studies have used scan tasks that require spoken responses (Desai, Conant, Waldron, &
Binder, 2006; Jaeger et al., 1996; Sach, Seitz, & Indefrey, 2004), others have used tasks requiring covert
responding (Beretta et al., 2003; Dhond et al., 2003; Joanisse & Seidenberg, 2005; Ullman, Bergida, &
O’Craven, 1997). It is possible that the cognitive processes operating during covert tasks differ from
those underlying overt verbal responding. In fact, some existing fMRI studies suggest that covert and
overt verbal responses produce different patterns of neural activation (McCarthy, Blamire, Rothman,
Gruetter, & Shulman, 1993; Zelkowicz, Herbster, Nebes, Mintun, & Becker, 1998). In addition to
regions involved in motor planning and articulation, inhibition of inappropriate responses may come
into play when overt responses are required (Barch et al,, 1999). Covert tasks, on the other hand,
precluded the direct collection of on-line RT and accuracy data, making it difficult to know whether the
subjects performed the task correctly. A direct comparison of brain activity underlying overt and covert
verb production can reveal the extent to which these tasks rely on similar neural processes.

We, therefore, undertook the present study to examine the neural mechanisms of verb inflection. In
particular, we investigated past tense (i.e., Yesterday the cat followed the mouse) and present
tense/agreement morphology (i.e., Nowadays the cat follows the mouse) in both overt and covert
production fMRI tasks. In English the suffix - s expresses both singular present tense and agreement.
Even through the participants were instructed to produce a singular agent in response to the prompt
“Nowadays” (e.g., Nowadays he cooks), language-specific characteristics of English make it difficult
to tease apart tense and agreement inflection. Thus, the V + s condition expresses both present tense
and agreement.

We hypothesized that both inflected forms (as well as verb stem production) would recruit
a distributed fronto-parietal neural network in keeping with that proposed for language perception
and production in general (Hickok & Poeppel, 2000, 2004; Mesulam, 1990). The Memory, Unification
and Control model proposed by Hagoort (2005) also suggests that frontal regions are involved in
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synthesis of morphological constituents that are stored in posterior regions (Hagoort, 2005). Thus, we
expected that inflection production would engage this anterior and posterior network.

Based on models suggesting that inflected forms are generated using combinatorial mechanism, we
anticipated distinct neural signatures for verb inflection generation compared to verb stem production.
However, if stems, past tense and present tense/agreement inflections are computed by the same
associative memory system, similar brain regions will be recruited for all forms. This pattern would also
fit with linguistic theories, which suggest that both tense and agreement features are represented on
the same node on the syntactic tree. Conversely, based on models suggesting that tense and agreement
are structurally distinct we anticipated distinct neural signatures for these verb inflections. Further-
more, based on dissociations observed in aphasiac individuals it was expected that processing of past
tense and present tense/agreement would recruit partially distinct brain regions.

2. Method
2.1. Participants

Thirteen native speakers of English (6 males) between the ages of 19 and 52 (M = 28.73, SD = 12.15)
recruited from the greater Chicago region participated in the study. All were right handed with normal
or corrected to normal vision. None of the participants had a history of neurological/psychological
disease or neurologic symptoms. The mean duration of their formal education was 16.44 years,
SD = 3.1. The study was approved by the Internal Ethics Review Board (IRB) at Northwestern University
and all participants gave their written informed consent prior to the study. All were compensated for
their participation in the study.

2.2. Materials and procedure

An event-related fMRI design was used to examine verb inflection production. The stimuli consisted
of 10 transitive verbs, matched for the logyo lemma frequency of occurrence per million (M = 1.52;
SD = 0.88), using the CELEX database (Baayen, Piepenbrock, & Rijn, 1993), and syllable length (1-2
syllables). Mean imageability ratings were also obtained using the MRC psycholinguistic database
(MRC database, Wilson, 1988). The resulting ratings for verbs were M = 469; SD = 80.38 (See Table 1).

We developed a task similar to that used in a recent study by Sahin et al. (2009). For each verb,
participants produced three forms: the verb stem (e.g. ‘call’), a past tense inflected verb (‘called’), and
the present tense/agreement inflected verb (‘calls’). For each item, a transitive verb and cue word
signaling the correct verb form were presented on a single screen (see Fig. 1). Production of verbs
inflected for past tense (V + -ed) and present tense/agreement (V + -s) was elicited using temporal

Table 1
List of verb characteristics used in the overt and covert production tasks.
Syllable length Imageability® Total_log_frequency®

Call 1 424 2.38
Cover 2 443 2.02
Crown 1 602 141
Follow 2 n/a 1.95
Paint 1 567 1.62
Pull 1 446 1.83
Save 1 365 1.83
Shave 1 n/a 0.84
Tickle 2 492 0.34
Weigh 1 411 0.99
Mean 13 468.75 1.521
SD 0.48 80.38 0.63

n/a = no entry in CELEX.
¢ Imageability ratings (Based on the MRC database).
® logyo frequency per million from CELEX.
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Yesterday

SAVE _

Fig. 1. Sample stimulus used in the fMRI production task for elicitation of (verb + -ed).

adverbs (i.e. Yesterday, Nowadays, respectively), and the cue word “Say” was used to elicit production of
verb stems. For example, the cue word ‘Yesterday’ and the verb ‘crown_’ were visually presented and the
participants were expected to respond “crowned”. All verbs in the past tense condition had regular past
tense endings. In the V + s condition participants were presented with the cue word “Nowadays” and
the verb “cook” and were expected to respond “cooks”. This task was selected because it requires
inflectional processes to be engaged with minimal demands placed on working memory and semantic
integration processes.

Two versions of the task were administered in sequence, counterbalanced across participants. The
two versions were identical except that in the first participants were asked to respond overtly, whereas
in the second version verbs were produced covertly. Stimulus materials were presented using SuperLab
Pro experimental software (Abboud & Sugar, 1997). Shortened versions of the overt (15 items) and
covert (15 items) tasks were administered in the testing room and again in a simulated scanner to
familiarize participants with the procedures. No feedback regarding the accuracy of the verb form was
provided during training sessions.

The overt and covert tasks were administered over four runs (2 runs per task), with each run lasting
7 min and 50 s. A total of 90 items were presented in each task (30 nowadays, 30 yesterday, and 30 say/
stem verb forms). Each item was displayed for 6 s with an ISI of 4 s, which allowed detection of BOLD
signal changes without significant motion artifact. tems were pseudo-randomly presented, with no
more than two tokens of a particular verb form occurring consecutively.

Monitoring of auditory responses over the scanner noise was accomplished by placing a plastic tube
close to participants’ mouths, which was connected to the microphone in the scanner. Two researches
simultaneously scored participants’ overt responses on line. Responses were scored as accurate if they
included the target verb with the correct inflectional form (+ed, +s, no inflection).

2.3. fMRI data acquisition and analysis

A 3T Trio Siemens scanner was used to obtain anatomical (T1-weighted) and functional (T2+*-
weighted) scans. The images were obtained in transaxial planes parallel to AC-PC line. T1 weighted
volumes were acquired using an MP-RAGE sequence with a TR/TE of 2100 ms/2.4 ms, flip angle 8°, Tl of
1100 ms, matrix size of 256 mm x 256 mm; FOV of 220 mm, and slice thickness of 1 mm. Functional
scans were obtained in the same orientation as the anatomical, with a TR of 2000 ms used to acquire 32
slices 3 mm in thickness. To allow for image saturation, the first 6 volumes of each run were discarded.

Pre-processing and analysis of fMRI data were performed using SPM8 (Welcome Department of
Imaging Neuroscience, Institute for Neurology, University College London) running in Matlab 7.8
environment (R2009a, The Math Works, Inc., Navick, MA). Functional scans were corrected for slice-
acquisition timing and realigned to the first session image. The functional images were coregistered
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to the individual high resolution anatomical scan. Next, the anatomical image was used to determine
the spatial normalization parameters, and the images were normalized to the Montreal Neurological
Institute (MNI) 152-subject template brain (ICBM, NIH P-20 project). The functional volumes were
normalized using the same transformations and were spatially smoothed using a 9 mm (FWHM)
isotopic Gaussian kernel.

In the first level analysis, a high-pass filter of 256 s was used to eliminate scanner drift. For each run,
six movement parameters obtained during pre-processing were entered as user-defined regressors in
the design matrix, to co-vary out effects correlated with head movement in the scanner. Data were
analyzed in the context of the general linear model and the conditions were modeled separately for
stems, past tense and present tense/agreement inflections. Individual participants summary activation
maps for the six main effects (stem-covert, past tense-covert, present tense/agreement-covert; stem-
overt, past tense-overt, present tense/agreement-overt) were entered into a second level within-
subjects analysis of variance (ANOVA) with production mode (overt, covert) and inflection condition
(stem, past tense, present tense/agreement) as the two factors.

Second level (random-effects) statistics were used to evaluate voxel-wise significance using
a threshold of p < .05, corrected for multiple comparisons per family wise error (FWE), with
a minimum cluster size of 3 contiguous voxels. Comparisons of the inflection effects within the two
production modes were examined using t-tests.

3. Results
3.1. Behavioral results

Errors on the production task consisted 4% of total responses, distributed evenly across inflection
types. Because of this low number of errors it was decided not to remove these trials from the dataset.

3.2. fMRI results

3.2.1. Past tense and present tense/agreement effects: covert vs. overt production

Regions of significant activation are shown in Tables 2 and 3 for the covert and overt production
tasks, respectively. Local maxima, MNI coordinates, with cluster sizes in anatomical regions, and cor-
responding Brodmann'’s areas are presented.

3.2.1.1. Main effects. In the first level of analysis the main effects for stem, past tense, and present tense/
agreement were investigated separately in the covert and overt production tasks (see Fig. 2). For the
stem condition activation was found in the right angular gyrus (AG, BA 39) in the covert production
condition, and in the precentral gyrus (BA 6) and the motor cortex (BA 4), bilaterally, in the overt
condition. Significant activation also was found in the left insula (BA13) and, subcortically, in the basal
ganglia and thalamus in both hemispheres.

Main effects for past tense were found in the left precentral gyrus (BA 6), left precuneus (BA 7), and
right anterior and posterior cingulate gyri (BAs 32, 31) in the covert production condition. In the overt
production task, activation for past tense was observed in the posterior left inferior frontal gyrus (BA
44), and extended to the bilateral precentral gyri (BA 6) and motor cortex (BA 4). Activation also was
found in the right precuneus (BA 7) and posterior cingulate (BA 30).

Finally, main effects for present tense/agreement were found in the left middle frontal and pre-
central gyri (BA 9, 6), and left and right precuenus (BA 7) in the covert production condition. Whereas,
in the overt task activation was observed in the bilateral precentral gyri (BA 6) and motor cortex (BA 4).
Significant activation also was found in the right posterior cingulate gyrus (BA 31) and right angular
gyrus (BA 39).

3.2.1.2. Inflected forms versus stem activation. In subsequent analyses, activation found under both
inflection conditions was contrasted with that of the stem condition (past tense + present tense/
agreement-stem). In the covert task (see Fig. 3A) activation was found primarily in the left
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Table 2
Regions of significant activation, local maxima, Brodmann'’s areas, MNI coordinates, and cluster sizes in the covert production
task (FWE corrected, p < .05, k > 3).

Location Hem BA X y z Cluster Size

Stem (main effects)
Angular gyrus R 39 33 -70 22 28

Past tense (main effects)

Precentral gyrus L 6 —42 -4 46 80
L 6 —51 2 37
Anerior cingulate R 32 -3 8 52 104
Posterior cingulate R 31 30 -70 25 76
Precuneus L 7 -27 -70 31 102
L 7 =21 -55 46
Precuneus, posterior cingulate L 7/31 27 -73 22
Present tense/agreement (main effects)
MFG, precentral gyrus L 6 -6 5 52 82
L 6 6 -1 58
MFG L 6 —48 -1 46 60
L 9 —51 2 34
Precuneus IL 7 -27 -70 31 16
L 7 -21 —52 43 64
Precuneus/cuneus R 7/19 30 -70 28 50
Past tense + present tense/agreement-stem
MFG, precentral gyrus L 6 —42 —4 52 19
Anterior cingulate L 32 -9 8 52 9
Precuneus L 7 -21 -55 43 78
L 7 -27 -70 34
Past tense-stem
MFG, precentral gyrus L 6 —42 -4 52 7
Precuneus L 7 —-21 —55 43 25
L 7 -27 -70 34 19
Present tense/agreement-stem
MFG, precentral gyrus L 6 -39 —4 55 6
Precuneus L 7 -21 -55 43 28
Precuneus, cuneus L 7/19 27 -73 34 4
Past tense-Present tense/agreement-stem
Precentral 1L 6 —-24 2 34 8
Precuneus, posterior cingulate L 7/31 -9 -70 22 16

Note. MFG = middle frontal gyrus.

hemisphere and included the precentral gyrus (BA 6), anterior cingulate gyrus (BA 32), and the pre-
cuneus (BA 7). In the overt production task, activation was found in the bilateral precentral gyri (BA 6)
and the left inferior frontal gyrus (BA 9, 44) for this contrast (see Fig. 3B). In addition, overt production
was associated with activation in the bilateral anterior cingulate gyri (BA 32) and left insula (BA 13). In
the parietal lobe activation was found in the left precuneus (BA 7). Recruitment of subcortical struc-
tures, the medial globus pallidus and claustrum, also was observed for overt production.

The next analysis compared past tense inflection to stem (past tense-stem) production. Activation
clusters in the left middle frontal gyrus (LMFG) and precuneus (BA 7) were observed in both overt and
covert production conditions (see Fig. 3). In addition in the overt task, generation of tense inflection
was associated with increased activation, in the bilateral precentral gyri (BA 6) and the posterior
inferior frontal gyri (BA 44). Activation was also observed in the left insula (BA 13), and the right
anterior cingulate gyrus (BA 32).

Inflecting verbs for present tense/agreement compared to stem (present tense/agreement-stem)
production in the covert task was correlated with left precentral (BA 6) and precuneus (BA 7) activa-
tion. Similarly, in the overt production condition, activation was found in the precentral gyri (BA 6),
bilaterally, and in the left superior, middle and posterior inferior frontal gyri (BA 6, 9/44). Activation
was also present in the left anterior cingulate gyrus (BA 32) and the left precuneus (BA 7).
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Table 3
Regions of significant activation, local maxima, Brodmann'’s areas, MNI coordinates, and the cluster sizes in the overt production
task (FWE corrected, p < .05, k > 3).

Location Hem BA X y z Cluster Size
Stem (main effects)
Precentral gyrus L 6 -51 -10 31 699
IL 6 -54 -7 22
Insula L 13 -33 -25 10
Precentral gyrus R 6 0 5 55 300
R 6 54 -7 40 707
Motor cortex R 4 57 -7 19 17
L 4 -18 -28 58
R 4 18 -25 58 8
Putamen L 21 2 1 107
Claustrum R 33 8 4
Thalamus L -12 -19 4 21
R 15 -16 4 17
Past tense (main effects)
Precentral gyrus L 6 —51 -10 31 2411
R 6 54 -7 40
IFG L 44 —54 7 22
SFG/precentral gyrus R 6 0 5 55 591
Anterior cingulate L 24 -6 20 25
Motor cortex R 4 18 —28 58 11
L 4 -21 —28 55 10
Precuneus R 7 -3 -76 34 9
Posterior cingulate R 30 12 —67 10 161
Present tense/agreement (main effects)
Precenral gyrus L 6 —51 -10 31 1180
L 6 —-54 -7 22
Motor cortex L 4 —45 -16 37
SFG/precentral R 6 0 5 55 576
Precenral gyrus R 6 54 -7 40 1125
R 6 51 -4 49
Motor cortex R 4 57 -7 19
Motor cortex L 4 -18 —28 58 17
R 4 18 -28 58 21
Posterior cingulate R 31 12 -67 10 203
Angular gyrus R 39 33 -70 25 6
Past tense + present tense/agreement-stem
SFG/IFG L 9/44 -51 2 25 68
SFG/precentral gyrus R 6 0 8 55 318
Anterior cingulate L 32 -6 11 40
R 32 6 17 37
Precentral gyrus L 6 -39 -4 55 52
R 6 51 -4 49 5
Insula L 13 -33 23 1 16
Claustrum L 23 -33 14 7
Medial globus pallidus L -12 -4 1 10
SPL/precuneus L 7 —24 —58 43 54
Posterior cingulate L 7 -18 -58 49
Past tense-stem
IFG L 44 —51 5 19 37
R 44 —45 5 13
MFG R 6 -51 2 31
SFG, precentral gyrus R 6 0 8 55 291
Anterior cingulate R 32 6 17 34
MFG, precentral gyrus L 6 -39 -4 55 36
R 6 45 2 52 8
Precentral gyrus R 6 51 -4 49
Claustrum L -33 14 7 27
Insula L 13 -33 23 1
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Location Hem BA X y z Cluster Size
Thalamus L -12 -4 7 31
Precuneus L 7 -21 —61 46 34

Present tense/agreement-stem
Anterior cingulate L 32 -6 11 40 206
SFG R 6 3 8 55
Precentral gyrus L 6 —42 -7 49 24
IFG L 9/44 —51 2 25 34
Precuneus/SPL L 7 —24 —58 43 28

L 7 -18 -58 49

Past tense-present tense/agreement
SFG L 6 -9 26 55 13
MFG R 8 21 32 46 154

R 8 30 26 43
R 8 24 23 37
SFG L 9 -15 47 31 6
MFG L 9 =21 26 34 4
L 9 -30 26 37 3
L 10 -15 50 13 13
R 10 15 44 16 6
Posterior cingulate R 29/31 15 —43 13 4
Thalamus R 0 -19 13 9

Present tense/agreement-past tense
Posterior cingulate L 31 -15 —28 49 38
Paracentral lobule R 5 21 —43 49 11
Angular gyrus R 39 30 -58 31 5

Note. STG = superior temporal gyrus; IFG = inferior frontal gyrus; SFG = superior frontal gyrus; SPL = superior parietal lobule;
MFG = middle frontal gyrus.

Finally, comparison of past tense to present tense/agreement (past tense-present tense/agreement)
in the covert task, revealed significant activation in the left precentral gyrus (BA 6). In the left hemi-
sphere, there was additional activation in the precuneus (BA 7) that extended into the posterior cingulate
gyrus (BA 31). In the overt task, inflecting for past tense compared to present tense/agreement included
bilateral activation in the middle and superior frontal gyri (BAs 8, 9, 10). In the right hemisphere, acti-
vation was found in the posterior cingulate gyrus (BA 29/31), and subcortically in thalamus.

In the reverse contrast, comparison of present tense/agreement to past tense (present tense/
agreement-past tense) production in the covert condition did not reveal areas of significant activation,
even using an uncorrected threshold (p < .001). However, in the overt task, significant activation was
observed in the left posterior cingulate gyrus (BA 31), right AG (BA 39) and right paracentral lobule (BA 5).

3.2.2. Covert vs. overt production

Table 4 lists regions of significant activation together with local maxima, MNI coordinates, cluster
sizes, and Brodmann'’s areas for the covert and overt production conditions, computed across all verb
production conditions. See Fig. 4 for corresponding activation maps.

Across all conditions, covert production was associated primarily with significant left hemisphere
activation in the superior and middle frontal gyri and precentral gyri (BA 6), including the precuneus (BA 7).
In the right hemisphere, activation was present in the precuneus and the posterior cingulate gyrus (BA 31).

Similar analysis for the overt production condition revealed bilateral activation in the precentral
gyrus (BA 6) and the motor cortex (BA 4). As illustrated in the Fig. 4B, in the parietal cortex, activation
was present in the bilateral precuneus (BA 7) and extended into the right posterior cingulate (BA 31).

In direct comparison of covert production to overt production (covert > overt), no voxels survived
the corrected voxel-wise threshold. However, analysis using an uncorrected threshold (p < .001),
yielded clusters of significant activation in the right middle frontal (BA 9) and superior frontal (BA 8)
gyri. Covert production was also associated with activation in the right postcentral gyrus (BA 2) and
precuneus (BA 7).
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overt production

Fig. 2. Activation patterns for stem, past tense (pt), and present tense/agreement (pta) conditions (main effects) in covert (A) and
overt (B) production tasks (corrected FWE, p < .05).

Finally, contrasting overt to covert production conditions (overt > covert) revealed significant
bilateral activation in the superior/middle frontal gyri, precentral gyrus (BA 6). In the left hemisphere,
activation included the motor cortex (BA 4), the insula (BA 13) and the precuneus (BA 7). In the right
hemisphere, there was additional significant activation in the anterior cingulate gyrus (BA 32, 24).
Subcortically, activation also was present in the right putamen and the left thalamus.

4. Discussion
4.1. Production of verb inflection

This study investigated the neural correlates of verb inflection, i.e., past tense and present tense/
agreement affixation, using both covert and overt verb production tasks. As anticipated, production of
both inflected forms (as well as verb stems) elicited a distributed fronto-parietal neural network
(Hickok & Poeppel, 2000, 2004; Mesulam, 1990), including the left inferior, middle and precentral
frontal gyri, cingulate gyrus, insula, inferior parietal lobule and precuneus. Notably, these regions of
significant activation have been found in previous studies of verb generation (Binder et al., 1997; Perani
et al., 1999; Petersen, Fox, Posner, Mintun, & Raichle, 1988; Tyler, Marslen-Wilson, & Stamatakis, 2005;
Warburton et al., 1996). However, within this network several distinct regions of significant activation
were found under the verb inflection conditions (i.e., past tense + present tense/agreement) compared
to the verb stem condition. In both, overt and covert conditions production of inflected forms activated
not only left inferior and middle frontal structures, but also we found robust activation in bilateral
superior frontal and premotor regions as well as in the superior parietal region. These results are
similar to those reported in a recent study by Sahin et al. (2009) focused on production of verb
inflection (past tense and agreement). The present findings are consistent with the role of the frontal
cortex for selection and unification of lexical information, stored in posterior brain regions that are
involved in lexical processing, into syntactically complex structures (Hagoort, 2003, 2005). These
results also support linguistic theories suggesting that inflected forms involve concatenation of verb
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covert production overt production

pt+pta)-s |

pta - pt

Fig. 3. Activation patterns for contrasts of past tense (pt), present tense/agreement (pta), and stem (s) in covert (A) and overt (B)
production tasks (corrected FWE, p < .05; past tense-present tense/agr, present tense/agr-past tense: uncorrected, p < .001).

stems, accessed via a look-up system in the mental dictionary (Clahsen, 1999; Pinker, 1998; Pinker &
Ullman, 2002; Ullman et al., 2005). The opposite view, that verb inflection is instantiated in
a manner similar to that of verb stems (Joanisse & Seidenberg, 1999; McClelland & Patterson, 2002;
Rumelhart & McClelland, 1986) would putatively not engender quantifiable differences in neural
activity for stem versus inflected forms as found in the present study.

Results from the present study also support observations that patients with agrammatic aphasia
evince selective deficits involving verb inflection. That is, production of verbs stems or the
infinitive form of verbs often is spared, but production of verbs inflected for tense and/or
agreement often is markedly impaired (Arabatzi & Edwards, 2002; Benedet, Christiansen, &
Goodglass, 1998; Faroqi-Shah & Thompson, 2004, 2007; Goodglass, Christainsen, & Gallagher,
1993 and many others). Many such patients present with lesions involving the network for verb
inflection identified in this study, including the prefrontal cortex (PFC) and often tissue in the
posterior perisylvian region also is infarcted (Hagoort, 2003; Vanier & Caplan, 1990; Wassenaar
et al., 2004).

The bilateral (PFC) activation found in the present study for verb inflection corroborates
findings derived from previous studies, indicating that this region plays an important role in
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Table 4
Regions of significant activation, Brodmann’s areas, MNI coordinates, and cluster sizes for covert and overt production tasks
(FWE corrected, p < .05, k > 3).

Location Hem BA X y Z Cluster Size
Covert (main effects)
Precuneus/posterior cingulate R 31 30 -70 25 66
SFG/precentral L 6 -3 5 52 60
Precuneus L 7 -21 -52 43 24
MFG/precentral L 6 —45 -1 46 40
Precentral gyrus L 6 -51 2 40
Precuneus 1L 7 -27 -70 31 7
Overt (main effects)
Precentral gyrus L 6 -51 -10 31 2336
R 6 54 -7 40
L 6 -54 -7 22
SFG R 6 0 5 55 546
Posterior cingulate R 31/30 12 —-67 10 152
Motor cortex IL 4 -18 —28 58 18
R 4 18 —28 58 16
Precuneus L 7 -3 -76 34 5
R 7 12 -79 34 4
Covert > overt
MFG R 6 21 -10 43 104
SFG R 8 18 23 49 72
Postcentral gyrus R 2 33 —28 40
R 2 48 -25 49
Caudate R 6 8 19 6
Precuneus R 7 21 -55 40 13
Overt > covert
Precentral gyrus R 6 54 -7 37 506
R 6 54 -10 28
Precentral gyrus R 4 57 -7 19
L 6 -54 -7 22 540
Insula L 13 -33 -25 10
Claustrum L -36 -10 10
SFG/precentral gyrus IL, 6 3 8 55 99
MFG/precentral gyrus R 6 0 -4 55
Anterior cingulate gyrus R 2324 0 2 43
Putamen R 21 2 1 36
R 27 14 4
Claustrum R 33 8 4
Thalamus L -15 -16 4 4

Note. MFG = middle frontal gyrus; SFG = superior frontal gyrus.

production of grammatical morphology. In particular, both the left and right PFC have been found
to be engaged for processing verb inflections, including regular past tense (V + -ed) and present
progressive tense (i.e., V + -ing (aspectual ing)) in several studies using a variety of tasks (Beretta
et al., 2003; Dhond et al., 2003; Joanisse & Seidenberg, 2005; Lavric, Pizzagalli, Forstmeier, &
Rippon, 2001; Tyler, Bright, Fletcher, & Stamatakis, 2004; Sahin et al., 2009). This activation
may reflect morphosyntactic and/or morphophonological processes involved in verb inflection, as
well as processing demands associated with response selection.

Circuits in the left inferior frontal region (and other frontal regions) have been associated with
morphosyntactic processes: that is, concatenating selected grammatical features (Tyler, Randall, &
Marslen-Wilson, 2002; Ullman, 2001, 2004). Therefore, activation of this region for verb inflection is
not surprising and supports the notion that it is crucial for instantiation of rule-based grammatical
morphology. Interestingly, verb inflection does not involve syntactic movement or long-distance
dependencies, processes thought to be controlled by the left IFG (on strong views, see Grodzinsky,
2000). The present findings support a more general linguistic function for these frontal regions, i.e.,
computing grammatical relationships, including verb inflection (Hagoort, 2005).
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covert

overt

c

covert > overt

D

overt > covert

Fig. 4. Activation patterns for covert and overt production across all verb conditions (corrected FWE, p < .05; covert > overt:
uncorrected, p < .001).

BOLD responses found in the frontal regions may also reflect morphophonological processes
including selection and manipulation of phonological material associated with inflected forms. Verb
inflection, as compared to verb stem, production involves increased phonological demands associated
with retrieval of the correct inflectional allomorph, which can be instantiated differently for past
tense (e.g./t/, /d/, /Id/) and present tense/agreement (/s/, /z/, [Iz/), depending on the phonological
form of the stem. The opercular part of the IFG (BA 44) activated in the present study has been
implicated in the analysis and synthesis of phonological information, and concatenation of sub-lexical
speech segments into words (Bookheimer, 2002; Shalom & Poeppel, 2008). Together, the precentral
(BA 6) and posterior inferior frontal gyri (BA 44) combine phonological units into larger segments and
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subsequently plan the articulatory phase of verbal responses (Gold & Buckner, 2002; Hagoort, 2005;
Indefrey & Levelt, 2004).

It also has been suggested that the frontal lobes are involved in synthesizing information that is
analyzed in more posterior parietal regions. For example, the left PFC has been associated with
response selection: that is, selecting appropriate lexical representations from among competing
alternatives across a variety of linguistic and non-linguistic domains (Gabrieli, Poldrack, & Desmond,
1998; Gold & Buckner, 2002; Thompson-Schill, D’Esposito, & Kan, 1999). With regard to grammatical
morphology, frontal regions may serve to access, maintain, and manipulate lexical word representa-
tions stored in posterior brain regions (Buckner, Koutstaal, Schacter, & Rosen, 2000). In turn, this
frontal, premotor, and parietal network activated for overt production of inflections may be involved in
mapping of articulatory speech codes (Shalom & Poeppel, 2008). This interaction between frontal and
posterior brain regions is consistent with the neural instantiation of the unification model (Hagoort,
2003). Specifically, the Memory, Unification and Control model (MUC) of language proposes that the
left inferior frontal cortex recruits and selects task-relevant lexical and syntactic information that is
stored in the temporal areas, and unifies them into larger structures (Hagoort, 2005). On this model,
unification is defined as combining linguistic elements into larger units and these unification opera-
tions are proposed to occur in parallel to compute syntactic, semantic, and phonological information.

Activation of frontal areas together with posterior parietal regions found in the present study may
also reflect increased working memory demands required in the grammatical inflection task. These
regions are often activated by tasks that require verbal working memory and are thought to be part of
a working memory loop that participates in sub-vocal rehearsal and short-term maintenance of
phonological information (Hickok & Poeppel, 2000).

In fact, this fronto-parietal network seems to be engaged during a range of verb processing tasks
(Binder et al., 1997; Thompson et al., 2007; Warburton et al., 1996). Functional models of speech
perception indicate that parietal regions play an important role in language production by interacting
with motor representations stored in the left frontal regions of the brain (Hickok & Poeppel, 2000,
2004). On this account, the left inferior parietal lobe forms an interface between auditory and artic-
ulatory aspects of speech. This region participates in speech production by interfacing sound based
representations of speech with the motor speech system in the frontal cortex. This system also
provides an articulatory mechanism that keeps phonemic representations active in working memory
(Hickok & Poeppel, 2000). The activation observed in the posterior inferior frontal and parietal regions
in the present study provides further evidence for the interaction between these regions for production
of verb inflection.

Activation in the anterior cingulate gyrus observed in the present study is consistent with this
interpretation. Integration of information between anterior and posterior brain regions may be
mediated by the cingulate gyrus, which seems to be involved in monitoring of interactions between
different brain pathways (Braver, Barch, Gray, Molfese, & Snyder, 2001; Bush, Luu, & Posner, 2000;
Fletcher, McKenna, Friston, Frith, & Dolan, 1999). This structure appears to be a part of the atten-
tional system involved in selection of actions and error detection and correction (Petersen et al., 1988).
In grammatical production, the cingulate gyrus may be engaged in linking motor and cognitive aspects
of behavior (Bush et al., 2000; Heun et al., 1999). During verb inflection generation, the role of the
cingulate gyrus would be to modulate fronto-parietal interaction that is required for monitoring and
selecting task-relevant responses. It has also been suggested that the anterior cingulate and dorso-
lateral PFC (BA 46/9) form a network of brain areas involved in verbal action planning and attentional
control. These areas are thought to constitute the control component of language processing that links
language to action (Hagoort, 2005). In fact, this fronto-parietal-cingulate network of brain regions has
been found to activate in various verb generations tasks (Desai et al., 2006; Indefrey & Levelt, 2004).

4.2. Past tense vs. present tense/agreement production

When contrasted with stem production, generation of past tense and present tense/agreement
inflection activated very similar frontal and parietal brain areas in both tasks. However, direct
comparison of past tense and present tense/agreement production revealed several clusters of acti-
vation unique to each inflection type. In direct comparison to present tense/agreement, past tense
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inflection was associated with unique activation in the left inferior frontal cortex, as well as bilateral
precentral, middle and superior frontal areas.

Recruitment of left inferior frontal regions most likely reflects morphosyntactic and morphopho-
nological demands of past tense inflection processes as discussed above. In fact, it has been suggested
that the posterior IFG (BA 44) specializes in phonological processing (Bookheimer, 2002; Gough, Nobre,
& Devlin, 2005; Paulesu et al., 1997; Poldrack et al., 1999). Parts of the left IFG also have been implicated
with selection of semantic knowledge (Thompson-Schill, D’Esposito, Aguirre, & Farah, 1997;
Thompson-Schill et al., 1999). These findings are consistent with the idea that inflecting verbs for
tense involves semantic processes (Bastiaanse, 2008). Past tense inflection was also associated with
right middle frontal activation, which was larger in the overt production task. Right frontal recruitment
has been associated with more complex executive demands and working memory manipulations in
previous verb generation studies (Lavric et al., 2001).

The results of the present study indicate that there are differences in how the brain encodes
reference to different temporal frames, i.e. past vs. present events, and support results from previous
studies indicating that individuals with aphasia have more difficulty with past tense compared to
present tense inflection (Bastiaanse, 2008; Jonkers, 2009; Nilipour, 2000; Stavrakaki & Kouvava, 2003).
It has been suggested that this tense distinction may relate to semantic differences between the two
forms, and that reference to the past might be more semantically complex because the connection
must be made between two time periods (Bastiaanse, 2008; Jonkers, 2009). For past tense, the activity
and the moment of speech refer to different points in time; whereas, for the present tense, the action
and the moment of speech refer to the same point in time. Thus, it appears that temporal reference to
the past is processed slightly differently from the temporal reference to the present. The greater
activation for V + ed compared to V + s found in the present study support this distinction.

However, the present findings also could be related to differences between tense and agreement
because both are expressed using one morpheme - s. Thus, the pattern of associations and dissocia-
tions observed in the present study also suggests that the neural representation of tense and agree-
ment differ somewhat, reflecting partially unique computations and processing routines. In line with
the present findings, dissociations between past tense and present tense/agreement observed among
some patients with aphasia suggest that these verbal inflections may encode unique syntactic features
and implement different morphosyntactic operations (Burchert et al., 2005; Faroqi-Shah & Thompson,
2004; Friedmann & Grodzinsky, 1997).

Tense and agreement differ in terms of the structural context in which these grammatical
morphemes appear, and they play different functional roles in sentence structure. Tense is a grammatical
category that denotes the temporal location of an event and contributes to the semantic interpretation of
the sentence, whereas, agreement establishes structural relations between elements in the sentence.
Whereas agreement expresses an intra-sentential relationship between subject and the verb, tense
expresses the extrasentential relationship to a time frame (Bastiaanse, 2008). The present results
support these linguistic distinctions at least to some extent and suggest that subtle differences in the
syntactic representations and morphological processes may be involved in instantiation of these forms.
This conclusion is partially consistent with interpretations of the hierarchical theories, such as the TPH
and Split-Inflection hypothesis (Friedmann & Grodzinsky, 1997; Pollock, 1989), which propose func-
tional independence between tense and agreement. However, the hierarchical ordering of tense and
agreement nodes in the phrase structure representation cannot be determined from the present data.

That said, the pattern of activation observed for past tense and agreement in the present study may
be better accounted for by the recent developments of syntactic theories. According to the Minimalist
Program (MP; Chomsky, 2000), agreement is fundamentally different from tense from a syntactic point
of view. MP theory treats tense and agreement as different features within a single tense node, with
both categories projecting from this Inflection node. On this account, agreement is not treated as
a separate functional element heading its own node, rather it is considered an operation by which
certain uninterpretable features of tense, such as person and number, are checked or valued against the
interpretable person and number features of the subject. Therefore, this node hosts both semantically
interpretable tense feature and uninterpretable agreement features.

The present results are also consistent with the notion that dissociations observed between tense
and agreement inflections are underlined by differences in the features that they encode. Although these
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morphemes appear to be similarly marked, tense (in English) is underspecified for person and number
features, whereas agreement - s instantiates all three features: tense, person and number (Burchert
et al., 2005; Wenzlaff & Clahsen, 2004). Accordingly, -s inflection in English would be more specified
than past tense - ed. Perhaps these differences in feature specification underlie the distinct activation
patterns found for these two functional categories. A related finding in the present study is that a slightly
greater number of brain regions were activated for past tense inflection, as compared to present tense/
agreement. These results suggest that computation of inflectional categories with underspecified
features may be more demanding and require more neural resources. Bilateral frontal activation for past
tense is consistent with this interpretation, as these regions are often recruited by more demanding
tasks (Just, Carpenter, Keller, Eddy, & Thulborn, 1996; Petersen et al., 1988; Seidenberg & Hoeffner, 1998).

4.3. Overt vs. covert production

Another goal of the present study was to examine the activation patterns associated with covert and
overt production. Analysis of covert and overt task across inflection types revealed activation in
bilateral middle frontal gyri and precuneus that extended into the left posterior cingulate gyrus. The
fronto-parietal-cingulate network has been implicated in the production of verb inflection in the
previous studies (Desai et al., 2006; Sahin et al., 2009). In nonhuman primates these areas have been
shown to have rich anatomical connections with each other (Petrides & Pandya, 1984). The fronto-
parietal-cingulate system has been found to engage in tasks that require selective attention and
working memory. Additionally, these regions have been implicated in resolution of stimulus response
incompatibility in various modalities. The present inflection tasks required inhibition of competing
responses to allow for relevant response selection.

Activation also was observed in the left supplementary motor areas (SMA, BA 6) in both production
conditions. The potentially greater articulatory demands between stem production and generation of
inflected forms may have resulted in stronger activation in these precentral areas. Activation in the
SMA /precentral gyri in response to production of inflections can be attributed to the role of this region in
the formulation and initiation of a strategy to identify appropriate verb forms from memory and prepare
for articulation of responses. Together with activation in the inferior frontal cortex these areas may reflect
attention to the task and engagement of short-term verbal working memory, even when the task is per-
formed silently. Other studies have also found the SMA to activate in response to verb generation during
both covert and overt production (Indefrey & Levelt, 2004; Palmer et al., 2001; Warburton et al., 1996).

In the overt task, additional activation was observed in the bilateral motor cortex. Involvement of
motor areas together with extensive activation of the premotor cortex seem to be directly related to the
processes of overt word generation (Barch et al., 1999; Kemeny et al., 2006; Palmer et al., 2001). These
areas are most likely involved in the conversion of phoneme sequences into articulatory motor
commands and formulation of the phonetic output (Zelkowicz et al., 1998).

Additionally, direct comparisons between covert and overt tasks, revealed activation unique for the
overt production in the bilateral precentral and motor cortex that extended into the left insular cortex.
The overt task also engaged bilateral basal ganglia and thalamic nuclei. The basal ganglia have strong
connections to the frontal parts of the brain through several parallel circuits, and have been found to
activate in conjunction with frontal areas in production (Desai et al., 2006; Kemeny et al., 2006). It is
likely that the basal ganglia structures together with motor areas are involved in planning of articu-
latory movements, which is more demanding during overt as compared to covert responses. Left
insular activation also has been reported in other word production tasks. It has been suggested that this
region may be involved in the phonological code generation and motor planning of speech (Indefrey &
Levelt, 2004; Kemeny et al., 2006; McCarthy et al., 1993; Warburton et al., 1996; Zelkowicz et al., 1998).

5. Conclusions

The results of this study indicate that in healthy adults inflecting verbs for grammatical morphology,
as compared to producing verb stems, involves a number of areas in both the right and left hemi-
spheres. These results are consistent with the hypothesis that frontal and parietal areas constitute
a distributed network of brain regions involved in speech production and concatenation of speech
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segments into larger lexical units (Devlin, Jamison, Matthews, & Gonnerman, 2004; Hagoort, 2005;
Hickok & Poeppel, 2000). The exact pattern of activation varies with the demands of the task at
hand. Our results identified distinct neural mechanisms for inflecting verbs for past tense versus
present tense/agreement morphology, supporting linguistic theories that distinguish between the two
forms. However, whether our findings reflect difference between past and present tense processing,
specifically, or between tense and agreement, more generally, requires additional research.
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