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It is well established that off-line sentence judgment tasks (oSJTs) typically rely on
phonological working memory (WM), beyond specific linguistic processing. Nevertheless,
empirical findings suggest that a juvenile level of performance in an oSJT could be
associated with the recruitment of age-specific additional supportive neural network in
healthy aging. In particular, in one of our previous study, healthy elderlies showed the
additional activation of associative visual cortices when compared with young controls.
We suggested that age-related hyperactivations, during an auditory sentence judgment
task, might represent the neurofunctional correlate of the recruitment of compensatory
strategies that are necessary to maintain a juvenile level of performance. To explicitly
test this hypothesis we adopted repetitive transcranial magnetic stimulation (rTMS).
Twelve healthy elderlies and 12 young participants were engaged in an off-line semantic
plausibility judgment task while rTMS was delivered over: (1) the left inferior frontal gyrus
(LIFG; i.e., a core region of the WM network); (2) the precuneus; and (3) a Control Site
(vertex). Results showed a significant main effect of Stimulation Site and a significant
Group-by-Stimulation Site interaction effect. In particular, the rTMS stimulation of the
LIFG slowed down reaction times (RTs) both in young and healthy elderly participants,
while only healthy elderlies showed an increment of RTs during the stimulation of the
precuneus. Taken together our results further support the idea that the maintenance of
a juvenile level of performance in graceful aging may be associated with task-specific
compensatory processes that would manifest them-selves, from the neurofunctional
point of view, by the recruitment of additional neural supportive regions.

Keywords: aging, sentence processing, compensatory processes, rTMS, precuneus, left inferior frontal gyrus,
working memory

INTRODUCTION

Age-Related Changes in Working Memory Can Affect Sentence
Comprehension
When one has to face with spoken messages the verbal information becomes available a bit
at time and, therefore, temporally discontinuous inputs must be bound together to let the
meaning of the entire message emerge. It is now well established that, beyond the analysis of
phonological, lexical and syntactic information, sentence comprehension may depend, under
some circumstances, also by the temporary storage of these representations in working memory
(WM). In particular, while the role of WM may seem limited in on-line sentence processing
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(Caplan and Waters, 1999; Waters and Caplan, 2005; Caplan
et al., 2011), the contribution of this temporary storage and
processing system is critical for post-interpretative processes
(i.e., processes that occur after the meaning of sentences has
been extracted) that are typically called into cause during off-line
sentence judgment tasks (oSJTs). According to the authors,
post-interpretative processes would be based on a sort of
phonological backup of the sentence that has to be interpreted
(Caplan andWaters, 1999). Let focus on the sentence plausibility
task, for example. In this case participants have to decide whether
a sentence, for example ‘‘the planes fly in the sky,’’ is either
plausible, or not, from the semantic point of view (i.e., whether it
is true or false). Usually the plausibility of the sentence is revealed
by the last word of the sentence it-self. As a consequence, to
perform the task, subjects have to temporary store the entire
sentence in their WM in order to express their judgment.
Some behavioral studies suggest that, while the processing of
plausible sentences (PSs; true sentences) may just be based on
the activation of the semantic information conveyed by the
sentence it-self, the processing of false sentences may involve
additional cognitive steps as, in this last case, subjects have to
solve a conflict between the sentence information stored in the
WM and the semantic knowledge stored in long-term memory
(Collins and Quillian, 1969; Glass andHolyoak, 1974). In the first
case, the task resembles the typical recall of a trace from WM,
while in the second case (i.e., with false sentences) participants
may rely on additional reasoning, problem-solving or mental
imagery skills.

This assumption, and the ensuing behavioral evidence
(Caplan and Waters, 1999; Waters and Caplan, 2005), led
the authors to explore the relationship between WM and
post-interpretative processes as time goes by. Indeed, it is
well established that WM capacity declines with age (Hedden
and Gabrieli, 2004) and that this decline constrains cognition
(and some aspect of language processing) in aging adulthood.
According to the authors, the reduction ofWM skills as time goes
by would be related with the decrement of post-interpretative
processes in off-line paradigms (Caplan and Waters, 1999). This
reduction of efficiency would mainly manifest it-self with an
increment of the reaction times to judge the sentences, on
the one hand, and with a decrement of the level of judgment
accuracy, at least in the case of the more complex stimuli, on
the other hand (Obler et al., 1991; Waters and Caplan, 2005).
Moreover, a structural equation modeling study showed that,
while in on-line sentence judgments there are no effects of age
and of WM, in oSJT there is both a direct effect of age, and an
interaction between age and residual WM skills (DeDe et al.,
2004).

Taken together the results reported in the literature suggest
that the WM decline in aging may cause changes in the ability
to interpret and judge spoken sentences (at least in off line
situations). However, to date it is still unclear which one,
among the different WM components, is mainly involved in
post-interpretative processes and in their age-related changes.
Part of the problem stems from the manipulation of syntactic
complexity, and as a consequence of task-demand, in behavioral
experiments; this, in turn, does not permit to distinguish between

the contribution of the central executive and the contribution of
the phonological loop (the two main cognitive candidates to the
age-related decrement of off-line sentence comprehension skills).

To overcome this issue, we included in our study only
syntactically simple sentences made by ‘‘subject + verb +
complement’’. By adopting such a simple (at least from the
syntactic point of view) material, we were able to explore the
neurocognitive dynamics associated with age-related changes in
off-line sentence comprehension tasks.

Neurofunctional Age-Related Changes in
Sentence Comprehension
Sentence comprehension in healthy elderly is associated with
a large-scale neural network involving two main dissociable
components (Wingfield and Grossman, 2006): (i) the left
peri-Sylvian language regions; and (ii) the left and right
structures associated with the recruitment of WM and executive
resources. In particular, the former component is associated
with the activation of the ventral inferior frontal gyrus (vIFG),
including Broca’s area, of the posterolateral temporal cortex,
including Wernicke’s area, and of their interconnection (Caplan
et al., 2000; Friederici, 2002; Luke et al., 2002); while the
activation of the left dorsolateral prefrontal cortex (dlPFC),
of the dorsal portion of left inferior frontal cortex (Smith
et al., 1998; Chein and Fiez, 2001), bilaterally, and of the right
posterolateral temporal cortex (Cooke et al., 2002) is associated
with the latter component. Moreover, other areas could be
activated during sentence comprehension when task-demand
increases. For example, anterior cingulate activation was
associated with increased attentional-demand during accelerated
speech rate (Peelle et al., 2004), while subcortical regions,
like the striatum, were activated during error monitoring
when performing a difficult task (Wingfield and Grossman,
2006).

These widespread activations may support an accurate
performance in sentence comprehension task in elderly subjects.
In particular, executive resources could compensate the WM
decline in healthy elderly during language tasks (Wingfield and
Grossman, 2006), while language areas showed little age-related
changes (Madden et al., 1996, 2002; Lustig and Buckner, 2004).

For example, a widespread pattern of activation in elderly
compared to more focal activations in young adults emerged in
the same language task (Cabeza, 2002; Logan et al., 2002).

To investigate the age-related changes both at the behavioral
and the neurofunctional level, Grossman et al. (2002a) used a
comprehension task in which sentences with a different burden
for WM and at a different level of syntactic complexity were
presented. Results showed that healthy elderlies hyperactivated
some portions of the WM network to achieve a level of
comprehension accuracy similar to the one of young controls.
In a second study, Grossman et al. (2002b) divided the sample
of healthy elderlies into two subgroups on the basis of behavioral
performance: (a) good comprehenders, i.e., participants whose
performance was similar to the young controls’ one; and (b) poor
comprehenders, i.e., elderly participants with an impairment
in sentences comprehension for particularly complex sentences.
Interestingly, good comprehenders hyperactivated the dorsal
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portion of left inferior frontal cortex, a region that has been
frequently associated with the WM (Paulesu et al., 1993; Smith
et al., 1998; Chein and Fiez, 2001), and right posterior-lateral
temporal-parietal regions, i.e., a pool of brain regions that
was activated by young adults when challenged with complex
sentences with a high WM-demand (Cooke et al., 2002).

On the contrary, Berlingeri et al. (2010a) showed that
healthy elderlies that maintain, on average, a juvenile level of
performance in an oSJT hyperactivated associative visual cortices
and the medial temporal cortex when compared to young
controls. This result had been interpreted as the neurofunctional
manifestation of task-specific compensatory processes. In
particular, the authors concluded that hyperactivations in
healthy elderly might represent the adoption of ad hoc
developed supportive strategies necessary to maintain a
good behavioral performance; for example, the activation of
associative visual cortices during an auditory oSJT may represent
the recruitment of visual imagery strategies to support the
age-related physiological decline of WM.

Hypothesis and Aim
Based on the results obtained in one of our previous studies
(Berlingeri et al., 2010a) and on the literature about the neural
correlates of sentence judgment in aging, we assume that healthy
elderlies will be able to reach an adequate level of performance
in an oSJT by adopting compensatory strategies to elude
the age-related physiological WM decline. In this perspective,
we assume that frontal areas related with WM process, and
particularly the left IFG (LIFG), will be involved in oSJT together
with other posterior brain areas related to imagery processes, as
the precuneus, at least in elderly participants. Indeed, sentence
comprehension is supported by a pool of brain regions that
largely overlap to the neural network typically activated by
verbal WM tasks, as shown also by the results of the automatic
meta-analysis that we run by means of the Neurosynth Toolbox1

(see Figure 1).
According to this evidence, we expect to observe specific

effects of LIFG stimulation both in young, both in elderly
participants (as the LIFG is trivial for verbal WM tasks, and
verbal WM is necessary to perform oSJT); on the contrary
we assume that the inhibitory stimulation of the precuneus
should affect only the group of elderlies to further support
the compensatory hypothesis described also in the study by
Berlingeri et al. (2010a)2.

To test these hypotheses, we implemented a repetitive
transcranial magnetic stimulation (rTMS) paradigm: a group
of healthy elderlies and a group of healthy young participants
received an online inhibitory stimulation on: (i) LIFG; (ii)
precuneus (P); and (iii) a Control Site (CZ), while they were
performing an oSJT.

The reaction times (RTs) collected during the different
stimulation conditions will allow us to understand the causal role

1http://neurosynth.org
2To make our hypothesis clearer, at least from the methodological point of
view, we are interested in exploring the group-by-stimulation site interaction
effect.

of each single brain region in oSJT and to describe the ensuing
age-related changes.

MATERIALS AND METHODS

Participants
We recruited 12 healthy elderly participants and 12 young
controls. However, we had to exclude two participants, one
in each group3. As a result, we included in our analyses
11 neurologically healthy elderly (age 66.2 ± 5.27, range
21–31, years of educations 12.6 ± 2.61) and 11 young (age
23.4 ± 3.38, range 60–77, years of education 15.5 ± 0.93).
All subjects were native Italian speakers, right-handed as
indexed by the Edinburgh Handedness Inventory (Oldfield,
1971) and none had contraindications to receive TMS (Rossi
et al., 2009). All the participants, with the exception of three
young controls, were naïve to TMS stimulation. None of
the participants had a history of neurological, psychiatric or
neuropsychological disorders. None of the elderly volunteers
had diabetes, hypertension or any other main medical
condition.

Moreover, all the participants included in the group of
healthy elderlies were assessed by means of a neuropsychological
battery to exclude any cognitive deficit (see Table 1). The
neuropsychological battery included tests of general cognitive
level (MMSE; Magni et al., 1996; Folstein et al., 1975),
abstract reasoning (Raven’s Progressive Matrices, Raven,
2000), long-term memory (Short Story Test, Carlesimo et al.,
2002), verbal fluency (Novelli et al., 1986), visual-constructive
skills (Rey’s Complex Figure, Carlesimo et al., 2002) and
attentional abilities (Attentional Matrices, Spinnler and
Tognoni, 1987; Trail Making Test A-B, Giovagnoli et al.,
1996).

All subjects gave written informed consent in accordance
with the Declaration of Helsinki. The protocol was approved
by the ‘‘Ethical committee of the University of Milano-Bicocca’’
(General Assembly of the World Medical Association, 2014).

Experimental Task
The task was conducted on a 17′′ high-resolution PC computer
screen using E-prime software 2.0 (Psychology Software Tools,
Pittsburgh, PA, USA). Participants sat in front of the computer
monitor in a semi-darkened room and were instructed to
perform an off-line sentence judgment task: subjects were
required to judge the semantic plausibility of the sentence
presented in auditory modality as described in one of our
previous study (Berlingeri et al., 2010a).

Each participant underwent three blocks of 48-sentence
plausibility judgment that corresponded to the three
stimulation sites described in the hypothesis section.
The software randomly selected the presentation order
of the sentences for each single participant, within each

3One of the healthy elderly was excluded due to a technical problem during
the TMS stimulation. A young control was excluded because of a technical
problem during the recording of RTs.
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FIGURE 1 | Representation of the neurofunctional overlap between sentence comprehension (in yellow) and verbal working memory (WM; in light blue), extracted by
means of the Neurosynth toolbox. Brain regions highlighted in the figure are consistent with the activations identified by the first neuroimaging study about verbal WM
(Paulesu et al., 1993) and by two recent meta-analyses (Wager and Smith, 2003; Rottschy et al., 2012).

block. The order of the blocks was counterbalanced across
participants.

A central fixation cross was presented for 500 ms at
the beginning of each trial, then a sentence was auditorily
administered over headphones to the participants. Immediately
after the sentence presentation a question mark was showed
in the center of the PC screen and participants were
required to judge the sentence plausibility (see Figure 2).
Plausibility judgment was made by pressing on the keyboard
a green button for PSs and a red one for non-plausible
sentences (NPSs) with the right and left forefinger. The
position of the green and red buttons was counterbalanced
across subjects. Judgment response time and accuracy were
recorded. During the listening of the last word of the sentence,
rTMS was delivered (see ‘‘TMS Procedure’’ section for more
details).

Before each block, subjects underwent a training phase in
which 12 sentences (not included in the set of the experimental
stimuli) were delivered.

Experimental Stimuli
A pool of 560 simple clauses (subject-verb-complement) was
created (280 PSs, 280 NPSs). The NPSs were created by
substituting the last content word with a new semantically
unrelated word, without altering the syntactic structure of the
entire clause. The old and the new last words were matched for
number of syllables. The 560 sentences were administered to
60 college students that were asked to evaluate, on a five-steps
Likert scale, the imageability and the level of ‘‘plausibility’’
of the sentences. As a result 72 highly imaginable PSs and
72 clearly implausible NPSs were selected. These sentences were
divided into three lists that included 24 PSs and 24 NPSs each.

TABLE 1 | Demographical variables of the sample and Mean (SD) performance (adjusted for age and education) obtained by elderlies participants in the
neuropsychological assessment.

Young group Healthy elderly group

Mean age (SD) 23.45 (3.38) 66.28 (5.27)
Gender (M/F) 7/4 7/4
Mean years of education (SD) 15.54 (0.93) 12.63 (2.61)

Cognitive function Neuropsychological test Mean (SD) scores Cut-off

Global measure Mini Mental State Examination (MMSE, Magni et al., 1996; Folstein et al., 1975) 29.18 (1.16) <23.8
Verbal long-term memory Short Story test: immediate recall (Carlesimo et al., 2002) 5.52 (1.19) <3.10

Short Story test: delayed recall (Carlesimo et al., 2002) 4.74 (1.98) <2.39
Visuo-spatial long-term memory Rey’s Complex Figure: immediate recall (Carlesimo et al., 2002) 19.97 (5.13) <6.44

Rey’s Complex Figure: delayed recall (Carlesimo et al., 2002) 19.98 (4.89) <6.33
Praxia Rey’s Complex Figure: copy (Carlesimo et al., 2002) 34.68 <23.76
Problem solving Raven’s Progressive Matrices (Raven, 2000) 32.27 (1.95) <17.5
Attention Trail making test (Giovagnoli et al., 1996)

Part A: numbers 52.2 (16.04) ≥94
Part B: letters and numbers 105.5 (37) ≥283
Part B–A 54.3 (28.43) ≥187
Attentional matrices (Spinnler and Tognoni, 1987) 53.5 (6.45) <30

Verbal fluency Phonemic fluency (Novelli et al., 1986) 33.09 (9.08) <16
Semantic fluency (Spinnler and Tognoni, 1987) 23.31 (3.79) <7
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FIGURE 2 | Graphic representation of one trial. A central fixation cross was
presented for 500 ms at the beginning of each trial, then a sentence was
auditorily administered over headphones to the participants. Immediately after
the sentence presentation a question mark was showed in the center of the
PC screen and participants were required to judge the sentence plausibility.
During the listening of the last word of the sentence, repetitive transcranial
magnetic stimulation (rTMS) was delivered.

The three lists were matched for: imageability, frequency and
age of acquisition of the subject-word of the sentence (Barca
et al., 2011), total number of syllables, imageability of the entire
sentence and plausibility of the NPSs.

Target Regions Identification
The target regions were identified on the basis of the
neuroimaging data described in one of our previous articles
(Berlingeri et al., 2010a). In particular, we run ad hoc
second level analyses to test the differences between healthy
elderlies and young participants in the sentence judgment
task only.

We first isolated the LIFG and we tested the between-groups
differences in this region only by means of a voxel-wise t-test. In
particular, a significant reduction of activation was found in the
LIFG (in a cluster located between x = −40, y = 24, z = −10 and
x = −52, y = 28, z = 184) in the group of healthy elderlies.
The opposite comparison between healthy elderlies and young
controls (namely the linear contrast ‘‘healthy elderlies > young
controls’’) returned a significant hyperactivation of higher order
visual cortices, of the precuneus and of retrosplenial cortices
bilaterally (in a cluster located between x = 10, y =−80, z = 50 and
x =−8, y =−52, z = 8).

As a consequence, the stereotactic coordinate selected for the
stimulation sites were: (i) x = −49, y = 21, z = 25 for the LIFG;
(ii) x = 0, y =−50, z = 65 for the precuneus; while (iii) the vertex
(Cz—MNI coordinate: x = 0; y = 0; z = 75) was used as a control
region (see Figure 3). The Cz site is the most widely used control
site for TMS studies because the auditory and somatosensory
activations caused by vertex TMS can be equivalent to those of
real TMS (Sandrini et al., 2011) and it is considered as a better
control than other solutions (e.g., sham stimulation; Robertson
et al., 2003).

TMS Procedure
rTMS was administered with an EximiaTM TMS stimulator
(NexstimTM, Helsinki, Finland) using a focal figure of eight
70-mm coil delivering biphasic pulse waveform. rTMS was
delivered at 5-Hz frequency in trains of 1,400-ms duration (eight
pulses) on the defined scalp site.

4The stereotactic coordinates are reported according to the Montreal
Neurological Institute (MNI) standardized space.

rTMS was applied at 110% of the rest motor threshold (rMT),
the average rMT was 39.8% (range: 28%–50%) of the maximum
stimulator output.

Before the experiment, each individual rMT was determined,
following the up-dated guideline established by the International
Federation of Clinical Neurophysiology, as the lowest intensity
that produced motor evoked potentials of >50 µV peak-to-
peak amplitude in at least five out of 10 trials with the muscles
relaxed (Rossini et al., 2015). Electromyographic (EMG) traces
were recorded from the left first dorsal interosseous (FDI) muscle
using 9-mmdiameter Ag–AgCl surface cup electrodes. The active
electrode was placed over the left FDI and the reference electrode
over the metacarpophalangeal joint of the index finger. The EMG
signal was recorded using eXimia EMG (NexstimTM, Helsinki,
Finland) amplifier, filtered with a band pass of 10–500 HZ and
digitized at a sampling rate of 3 KHz.

Three cortical targets were identified in each subject on a
high-resolution 3D volume (3D Magnetization Prepared Rapid
Gradient-Echo) acquired on a 1.5T magnetic resonance scanner
(Flip-angle = 20◦, TE = 2.92ms, TR = 9.16ms, acquisitionmatrix:
256× 256; interslice gap = 0mm, and voxel size = 1× 1× 1mm)
using a navigated brain stimulation (NBS) system (NexstimTM,
Helsinki, Finland), which employs a 3D infrared tracking
position sensor unit, in order to map the position of the coil and
participant’s head within the reference space of the individual’s
MRI space. This allowed us to stimulate also a relatively ‘‘deep’’
brain region such as the precuneus although in its more external
portion.

The coil was placed tangentially to the scalp, and adjusted
for each participant in order to direct the electric field
perpendicularly to the shape of the cortical gyrus, following the
same procedure of a previous study (Mattavelli et al., 2013).
Since TMS over LIFG site produced discomfort in one subject,
the site of the stimulation was individually adjusted. Two of the
elderlies did not complete the LIFG condition because of rTMS
discomfort. For these participants we analyzed only the available
trials.

The experiment was run in three blocks, one for each
condition of stimulation (LIFG, P and Cz). The order of
stimulation was counterbalanced across participants.

Data Analysis
Statistical analyses were performed in the statistical
programming environment R (R Development Core Team,
2008). For each single participant, only the RTs associated with
correct responses were analyzed. Data were trimmed on the
basis of the visual inspection of box-plots. In particular, we
excluded all the RTs higher than 800 ms in the CZ stimulation
condition, and all the RTs higher than 3,000 ms in the LIFG and
P stimulation conditions.

As a first step, we run a series of step-wise General Linear
Mixed effect Models (GLMM) using the LMER procedure
available in the ‘‘lme4’’ R package (version 1.1-5, Bates et al.,
2014). The model with the best fit to the data was selected on the
basis of likelihood ratio test and goodness of fit indexes (Gelman
and Hill, 2007). The results of this procedure are summarized in
Table 2 (top panel).
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FIGURE 3 | Representation of the target regions and of the distribution of the TMS magnetic field. (A) Red regions represent the hypo-activations in the off-line
sentence judgment task (oSJT) in healthy elderlies (Berlingeri et al., 2010a). (B) Green regions represent elderlies’ specific activations during oSJT in the associative
visual cortices (Berlingeri et al., 2010a). (C) Representation of the TMS magnetic field when the coil was centered over the left inferior frontal gyrus (LIFG) target
region (MNI coordinate: x = −49; y = 21; z = 25). (D) Representation of the TMS magnetic field when the coil was centered over the precuneus target region (MNI:
x = 0; y = −50; z = 65).

Once the model was selected, we estimated effect sizes
and we checked for residual distribution and GLM model

assumptions by means of diagnostic plots. As the residuals
were heteroscedastics and not normally distributed with a

TABLE 2 | Likelihood ratio tests and goodness of fit indexes emerged by the Generalized Linear Mixed Models (GLMM).

DF AIC BIC logLik Deviance Chisq DFChi Pr(>Chisq)

RTs

M0 3 18890 18906 −9441.9 18884
M1 4 18883 18904 −9437.5 18875 8.8866 1 0.002∗∗

M2 6 18837 18868 −9412.5 18825 49.9989 2 0.000∗∗∗

M3 8 18830 18872 −9407.0 18814 10.9230 2 0.000∗∗∗

Accuracy levels

M0 2 102.01 106.36 −49.003 98.007
M1 4 102.04 110.74 −47.020 94.040 3.9665 2 0.13
M2 5 102.67 113.55 −46.337 92.674 1.3662 1 0.24
M3 7 104.02 119.24 −45.011 90.021 2.6529 2 0.26

∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05.
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significant positive skewness, we opted for the application of
generalized linear mixed model using the glmmPQL routine
available in the nlme library (Pinheiro et al., 2018). The
fixed effects were designed to test the main effect of Group,
the main effect of Stimulation site and their interaction, to
conform to the best Generalized Linear Mixed Model reported
in Table 2 (top panel). The model was built using the
following syntax:

Model < −glmmPQL(RT ∼ Group∗Stimulation site,
∼ 1|Subject_ID, family = gaussian(link
= ‘‘log′′), data = mydata, verbose = FALSE)

As clearly reported in the syntax, a by-subjects random
intercept was included to account for participant-specific
variability.

Lastly we explored performances of participants in term of
accuracy, running a further Generalized Linear Mixed Model
by means of the GLMER procedure. As in the case of RTs we
designed a step-wise series of models with Group, Stimulation
Site and their interaction as fixed effects. Also in this case
we selected the model with the best fitting according to the
likelihood ratio test and the goodness of fit indexes (Gelman and
Hill, 2007), Table 2, bottom panel.

As clearly reported in Table 2 (bottom panel) none of the
models was significant, but for sake of completeness we decided
to report in the results section the effect of Group and of
Stimulation Site according to the following syntax:

Model < −glmer(cbind(Correct_responses,Errors)
∼ Stimulation Site+ Group+ (1|Subject_ID),
data = mydata, family = binomial
(link = ‘‘logit′′))

RESULTS

In what follows, we report the results of the GLMM run with the
glmmPQL routine for RTs. Data analysis showed a significant
main effect of Group (X2

(1,1349) = 10.36, p = 0.001), of the

Stimulation Site (X2
(2,1349) = 86.69, p < 0.001) and a second-level

Group-by-Stimulation Site interaction effect (X2
(2,1349) = 7.55,

p = 0.02).
In particular, on average the RTs were higher when rTMS was

delivered to the LIFG, rather than to the control site CZ, in both
groups (CZ-LIFGelderlies: X2

(1,1349) = 51.07, pFDR-corrected < 0.001;
CZ-LIFGyoung: X2

(1,1349) = 10.44, pFDR-corrected = 0.001).
Furthermore, healthy elderly participants showed higher

RTs than young controls during the stimulation of the LIFG
(t(1323) = 2.72; p = 0.006) and of the precuneus (t(1323) = 1.97;
p = 0.04), see Figure 4.

The accuracy level reached by healthy elderlies was similar to
the one of young controls (X2

(2,66) = 1.37; p = 0.24), moreover,
we did not find any effect of the Stimulation Site (X2

(1,66) = 4.08;
p = 0.12).

DISCUSSION

In this study, we investigated the neurofunctional signatures
of age-related changes underlying an oSJT. As described in
the introduction, according to Caplan and Waters (1999)
post-interpretative processes typically associated with oSJT entail
the support of verbal WM to permit the phonological backup of
the linguistic material that has to be judged.

Nevertheless, it is now well established that WM skills
tend to decline as time goes by (Hedden and Gabrieli, 2004)
even though language comprehension abilities, at least in not
particularly demanding conditions, remain stable (Federmeier
and Kutas, 2005; Thornton and Light, 2006). As suggested
in one of our previous studies (Berlingeri et al., 2010a),
this may be due to the fact that healthy elderlies are able
to recruit additional and supportive neural networks that
would represent the neurofunctional correlates of the activation
of compensatory processes that are necessary to maintain
a juvenile level of behavioral performance. In particular,
according to our hypothesis, healthy elderlies would be able
to adequately perform oSJT because of the activation of
secondary visual cortices such as the middle occipital gyrus
and the precuneus, i.e., of brain regions that are associated

FIGURE 4 | Average reaction times (RTs) and accuracy levels of young and healthy elderlies participants during the stimulation of the Control site (CZ), of the LIFG
and of the precuneus (P). ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05.
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with visuo-spatial WM (Jonides et al., 1998; Zago et al., 2001;
Mahayana et al., 2014) and with mental imagery (Fletcher
et al., 1995; Cavanna and Trimble, 2006; Freton et al.,
2014; Mashal et al., 2014). The causal relationship between
the precuneus activation and the maintenance of a level of
performance similar to the one of young controls in healthy
elderlies challenged with an oSJT has been tested by means
of rTMS. In what follows, we will discuss the role of our
stimulation sites in oSJT to support the idea of a specific
neurocognitive model of off-line sentence comprehension in
aging.

The Role of LIFG in Off-Line Sentence
Processing Across Adult Life-Span
Sentence comprehension is supported by a pool of brain regions
that largely overlap to the neural network typically activated by
verbal WM tasks (see Figure 1).

This empirical evidence has largely contributed to the
debate between those researchers that attribute a central role
to verbal WM in sentence processing (Just and Carpenter,
1992; Papagno et al., 2007), and those supporting the idea
that verbal WM would have a role in sentence processes
only under specific experimental (task-related) conditions
(Caplan et al., 2000; Waters and Caplan, 2001; Caplan
et al., 2008). Notwithstanding this theoretical debate, the
two positions convey in attributing a role of verbal WM
in post-interpretative processes (Caplan and Waters, 1999)
as compared to online sentence processing. In this kind of
task indeed WM contributes to maintain the material that
has to be either judged, or manipulated. Indeed, from the
neurofunctional point of view, the higher cognitive demand
associated with oSJT (as compared to online SJT)manifests it-self
with the recruitment of a more complex neural network that
includes also the anterior insula, SMA, and the inferior parietal
cortex (Newman et al., 2009) beyond the classic perysilvian
regions. In particular, the association between the PFC activity
and post-interpretative process has been described in several
neuroimaging studies (Caplan et al., 2000; Friederici, 2002; Luke
et al., 2002; Wingfield and Grossman, 2006) that discuss this
result within the WM framework. Moreover, the involvement
of the LIFG in off-line sentence comprehension has been
recently supported by the study of Giustolisi et al. (2018).
Authors found that anodal tDCS delivered over the LIFG
enhanced participants’ performances in an off-line sentence
comprehension task regardeless the level of syntactic complexity
of the linguistic material. This last result particularly fits
with our findings that show a significant inhibitory effect of
the rTMS over the LIFG, both in the elderlies, and in the
young participants when required to judge a simple clause
(with no additional syntactic manipulation). As previously
described, the role of the LIFG in supporting syntactic
processing has been largely debated (Friederici et al., 2003;
Novick et al., 2005; Newman et al., 2009; Tyler et al., 2010),
however, its involvement may be more easily associated with
task specific conditions, rather than with a specific linguistic
process. Accordingly, this brain region may be related with the
processing of particularly challenging task-specific conditions

(Vergallito et al., 2018), irrespectively by the fact that the task is
requiring either a morpho-syntctic (Michael et al., 2001; Cooke
et al., 2002) or a lexical processing (Keller et al., 2001; Xiao et al.,
2005).

From a life-span point of view, WM deterioration in
aging (Hedden and Gabrieli, 2004) seems to affect behavioral
performances just in high demanding conditions, allowing
elderlies to be effective in oSJT at least with less complex
sentences. However, as observed by Grossman et al.
(2002a) elderlies can perform at a juvenile level a sentence
comprehension task even in particularly challenging conditions
(i.e., with more complex sentences) by over-recruiting, on
average, the LIFG and the right posterolateraltemporal-parietal
junction.

Moreover, our results, fit well with the two-components
model proposed by Wingfield and Grossman (2006). According
to this model, healthy elderlies challenged with a sentence
comprehension task would activate the core sentence-processing
network, however, the maintenance of an adequate level
of performance, also in more demanding conditions, would
be supported by the additional rectuitment of the WM
network and in particular of the more dorsal portion of the
LIFG. Consequently, the maintenance of an adequate level of
performance in healthy aging would be based on the activation
of compensatory processes that would manifest them-selves
with the additional recruitment of WM-related neural networks.
Finally, the increment of RTs in the oSJT task recorded when
the LIFG was stimulated in healthy elderlies (as compared to
young controls) further supports the idea that this brain area
has a fundamental role in sentence comprehension task and
strengthens the neuroimaging results described by Wingfield
and Grossman (2006): the direct comparison between good-
and poor-comprehenders lets emerge a higher level of activation
in a brain region that actually corresponded to our LIFG
stimulation site.

The “Compensatory” Role of the
Precuneus in oSJT
According to the compensation hypothesis in healthy aging,
the over-recruitment of additional brain regions during a
specific cognitive task would represent the neurofunctional
manifestation of the activation of the compensatory processes
that are necessary to maintain a good level of behavioral
performance (Cabeza, 2002).

Nevertheless some authors interpreted these findings from
the opposite point of view: the ‘‘dedifferentiation hypothesis’’
(Li and Lindenberger, 1999). Accordingly, age-related
hyperactivations would represent an unspecific neural response
associated with the impossibility to efficiently engage the
pool of task-specific brain regions. This neurofunctional
phenomenon would manifest it-self with a progressive loss
of cognitive specialization (Baltes and Lindenberger, 1997;
Salthouse, 2001). However, according to Berlingeri et al.
(2010a), there would be the chance of disentangling between
these two hypotheses by simply looking at the behavioral
performance. Indeed, compensatory process, by definition,
should reflect the activation of an alternative supportive
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strategy to perform at an adequate level a specific task, on
the contrary, a completely unspecific generalized activation
should not be coupled, unless sporadically, with a behavioral
success. In the study by Berlingeri et al. (2010a) both in the
sentence judgment, both in the sentence recognition task, the
elderlies’ performance was similar to the one of the young
controls, but they showed hyperactivations of higher-order
visual cortices (among these the precuneus) and of medial
temporal regions that were interpreted in terms of compensatory
processes.

To explicitly test the causal relationship between the
activation of the precuneus and the maintenance of an
adequate level of performance, in healthy elderlies, we used
an rTMS suppression paradigm. The precuneus has been often
associated with mental imagery, visuospatial attention and visual
representation in the literature5 (Fletcher et al., 1995; Cavanna
and Trimble, 2006; Freton et al., 2014; Mashal and Itkes,
2014; Utevsky et al., 2014; Bonnì et al., 2015). Interestingly,
the inhibition caused by rTMS significantly affected only
the RTs recorded in the groups of healthy elderlies, but
not their level of accuracy. Taken together, results about
time and accuracy allowed us to conclude, in line with our
previous findings (Berlingeri et al., 2010a), that imagery and
construction processes may represent an alternative strategy to
support sentence rehearsal during post-interpretative processes
in healthy elderlies. A more explicit experimental paradigm,
based on the suppression of mental imagery (Dean et al., 2008)
functions, for example, should be adopted to further support
our hypothesis.

Towards a Neurocognitive Model of
Sentence Processing in Aging
To summarize, in our study the frontal TMS stimulation slowed
down RTs both in young and elderly participants, confirming the
key-role of LIFG (a core region of the WM network) in oSJT
(Wingfield and Grossman, 2006) across the entire adulthood.
On the contrary, only healthy elderlies were significantly affected
by the stimulation of the precuneus. This result supports the
hypothesis that high-level visual cortices, typically associated
with imagery processes and with the construction of mental
representations (Jackson et al., 2006; Jabbi et al., 2008; Hassabis
and Maguire, 2007), can be called into cause during oSJT as time
goes by.

With this regard, also the results concerning accuracy are
noteworthy: both groups performed the task at the same level
of accuracy, on average, but the slower RTs in elderlies support
the idea that a more complex cognitive process was needed to
reach this level of behavioral performance. Moreover, longer

5The posterior brain coordinates that we selected is associated with cognitive
processes as imagination (posterior probability = 0.88; Jackson et al.,
2006; Jabbi et al., 2008; Decety et al., 2013), construction of mental
representations (posterior probability = 0.89; Hassabis and Maguire, 2007),
autobiographical memory (posterior probability = 0.86; Maguire et al., 2010;
Wilbers et al., 2012); and episodic memory (posterior probability = 0.79;
Suzuki et al., 2009; Irish et al., 2014; Oertel-Knöchel et al., 2015), as emerged
by automated meta-analysis run through the Neurosynth toolbox (http://
neurosynth.org/).

RTs in the group of elderly participants when the activity of
the LIFG was inhibited is in line with the assumptions of the
Compensation-Related Utilization of Neural Circuits Hypothesis
(CRUNCH) model (Reuter-Lorenz and Cappell, 2008): healthy
elderly would reach the saturation of the neurofunctional
resources in the LIFG with a relatively easy task such as our oSJT,
as a consequence, the slower RTs during the LIFG stimulation
may represent the behavioral counterpart of the neurofunctional
burden associated with this specific experimental condition.
This in turn, would represent the sine qua non condition to
activate compensatory processes that, in this specific case, would
manifest them-selves with the activation of visuo-imaginative
strategies supported by the activity of higher visual cortices.
As a final remark, we would like to suggest that the results of
this study could set the rationale to develop new interventional
programs based on non-invasive brain stimulation techniques,
such as TMS and tDCS (see Cespón et al., 2018 for a
recent review and Cespón et al., 2017 for a recent empirical
protocol of intervention). Indeed, in one of our previous
study (Berlingeri et al., 2010b) we showed that MCI patients
were unable to recruit the secondary visual cortices during
oSJT, while kept on relying over the recruitment of the LIFG.
This sort of ‘‘neurofunctional inflexibility’’ was coupled with a
significant behavioral impairment at the task of interest to further
suggest that pathological aging might be characterized by the
impossibility to spontaneously recruit compensatory strategies.
In the light of this evidence, it would be interesting to test,
in future studies, whether an ad hoc created interventional
program may reduce the ‘‘neurofunctional inflexibility’’ of
MCI patients by triggering the recruitment of compensatory
networks.
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