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ABSTRACT

Objective: To evaluate the effects of left intraparietal sulcus (IPS) inhibition by repetitive transcranial magnetic stimulation (rTMS) on
grip force modulation (GFM) for both hands during a unimanual task. Methods: GFM induced by manual action-verb listening was
evaluated for each hand in a unimanual task, and the motor-evoked potentials (MEP) were recorded for both left and right hemispheres
prior to and following the left IPS inhibition. Left IPS inhibition was obtained by rTMS (5 min of 1.0 Hz, 60% of maximal stimulator
output) of the international 10-20 system P3 point. Seven healthy right-handed subjects were evaluated. Results: One-way repeated
measures ANOVA found that MEP amplitude and duration increased following IPS inhibition in the left hemisphere and did not change
in the right hemisphere. Language-induced modulation did not change in the left hemisphere, while it was significantly attenuated in
the right hemisphere. Since IPS inhibition increased the left primary motor cortex (M1) excitability, the maintenance of language-
induced modulation intensity suggests it was also attenuated. Conclusion: Left IPS inhibition increased left M1 excitability without

changing right M1 excitability, while attenuating the language-induced GFM for both the left and right hands.

Keywords: embodied language, grip force modulation, intraparietal sulcus, motor-evoked potential, right hemisphere

INTRODUCTION

Linguistic processing presents strong left lateralization in the brains of right-handed subjects. Frak et al. (2010) found that
listening to manual action verbs involuntarily modulates the grip force of the right hand. This modulation is a relevant tool to study the
link between linguistic and motor processing. Grip force modulation (GFM) following action-verb listening also occurs when the right
hand is accompanied by the left hand in a symmetrical bimanual task (da Silva et al. 2018). In such condition, the modulation of grip
strength in both hands is quite similar, since the motor control of the left hand is most exerted by left-hemisphere motor centers (da Silva
et al. 2018). However, when the left hand performs alone, GFM is small and takes longer to become statistically significant. Broca’s
area receives afferent connections from the ventral premotor cortex (PMv) — the dorsal pathway — and the temporal cortex — the
ventral pathway — for auditory processing (Parker et al. 2005; Hickok and Poeppel 2007). While right-hand GFM could be easily linked
to Broca’s area, the rule of Broca homolog in left-hand GFM is still unclear (da Silva et al. 2018).

The left inferior parietal cortex has been shown to be critical for the intentional hand movements of reaching and gripping, as
well as for hand—object interaction, spatial orientation, and online adjustments for hand displacement (Rumiati et al. 2004; Rice et al.
2006; Gutteling et al. 2013). Left intraparietal sulcus (IPS) inhibition by repetitive transcranial magnetic stimulation (rTMS) was found
to impair the grip by increasing the maximum grip strength and the speed for achieving the highest grip force value (Rice et al. 2006;
Cohen et al. 2009; Gutteling et al. 2013), as well as by mispositioning the fingers or the wrist to grip an object (Tunik et al. 2005). The
left anterior portion of the IPS exerts an inhibitory effect on the primary motor cortex (M1) at rest (Allart et al. 2017; Karabanov et al.
2017), and their functional connectivity is enhanced during the sensorimotor planning of grip (Vesia et al. 2013). The superior parieto-
occipital cortex was found to facilitate the portions of the M1 related to the shoulders (Vesia et al. 2013). These findings suggest that
IPS inhibition could directly promote activation of the M1 in tasks of reaching and gripping or indirectly increase activation of the M1
by stimulating other centers like the premotor cortex (Sakata and Taira 1994).

The IPS is strongly connected to the inferior frontal lobe, as evidenced by diffusion tensor imaging (Ramayya et al. 2010) and
functional magnetic resonance imaging (Husain et al. 2006; Fedorenko et al. 2013). Its activation precedes the Broca’s area activation
(Makuuchi and Friederici 2013) and responds to the syntactic (Makuuchi et al. 2013) and semantic (Baggio et al. 2016) complexity

degree, playing an important role in semantic selection (Whitney et al. 2012). A study comparing the activated areas following an
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articulatory imagery task and a hearing imagery task (in which the subject imagines saying or hearing a syllable, respectively) has found
activity in the inferior parietal cortex and the IPS (Tian et al. 2016). Particularly, the IPS becomes more active when the subject listens
to manual action verbs compared to when he or she listens to abstract verbs, as the anterior portion of the IPS does (van Dam and Desai
2016). Thus, the left IPS can be linked to grip control and linguistic processing. However, its influence on the involuntary GFM elicited
by action-verb listening is still unknown. Moreover, the current literature does not allow us to infer whether the left IPS is also related
to the modulation of the grip force observed with the left hand. Therefore, the objective of this study is to evaluate the effects of left IPS
inhibition by rTMS on the GFM of each hand in a unimanual task. For this purpose, the left IPS was inhibited by rTMS of the P3 point
of the international 10-20 system, and GFM of both the left and right hands was evaluated before and after left IPS inhibition and

compared to each other.

MATERIALS AND METHODS

Ethics Statement

Ethical approval was obtained in 2016 may 12 from the Research Ethics Board of the Center de recherche interdisciplinaire en
réadaptation du Montréal métropolitain — dossier CRIR-1003-0914. All procedures involving human participants were in accordance
with the ethical standards of the institutional research committee and with the 1964 Helsinki declaration and its later amendments or

comparable ethical standards.

Participants

Participants were recruited through public advertisements in centers related to the Brazilian community in Montreal or in
Montreal universities, or they were directly invited by other volunteers. The Edinburgh Handedness Inventory was used to evaluate
handedness consistency (EHI>40% cut-off was defined as an eligibility criterion) (Oldfield 1971). The participants declared not having
neurological or musculoskeletal disorders or deficits in cognitive or motor skills. They also completed a form to determine their
suitability for rTMS (Lefaucheur et al. 2011). Four women (26.4 years + 1.41, 82.5% EHI * 20.62) and four men (28.94 years + 1.15,
60% EHI + 16.33) with 12 years or more of Portuguese-language schooling signed the consent form and participated in this study.

Auditory Stimuli

The action verbs described manual actions such as write or pull, and the non-action nouns described concrete objects or beings
but never actions. They were previously recorded for a prior study (da Silva et al. 2018) in a studio in Brazilian Portuguese in MP3
format at 44.1 kHz and 32 bits with a male voice; then each word was isolated and converted to WAV format at 16 kHz and 8 bits to be
transferred to the management system. This system allowed the selection of an action verb in a 35-word sample as a keyword, and it
automatically generated two complementary playlists. Each playlist contained 35 non-action nouns and a variable number of repetitions
of the keyword (a number between 6 and 12). The sum of repetitions in the two complementary playlists was always 18. The interval
between two consecutive words was 1000 ms. The sequence of words was automatically randomized by the management system for

each playlist, with the constraint that two keyword repetitions were always separated by at least one non-action noun.

Grip Force Recording
To evaluate the grip force, participants were comfortably seated at a table with a gap along its width, allowing for the grip force
sensors to hang freely during the test. They wore a headphone and kept both forearms supported from the distal elbow to the proximal

metacarpal region in a neutral position. Participants were told to grip the sensor using a tri-digital pinch, keeping the wrist in a neutral
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position of flexion/extension and ulnar/radial deviation and exerting the minimum of force, just enough to prevent dropping, while

holding it over the gap, as shown in Figure 1.

Fig. 1 Grip force sensor and correct hand position

Participants were introduced to the system and the procedure of the test. Holding the grip sensor hanging in the gap, they were
invited to increase and reduce the intensity of their compression force while they watched the force variation in Newtons on a secondary
screen, just to find a comfortable grip force level high enough to prevent slippage (Nazir et al. 2017), generally between 1.5 and 2.5 N.
During the test, the secondary screen was turned off, and the participants did not have access to the primary screen. Furthermore, the
participants kept their eyes closed while they listened to each playlist and held the grip force sensors. All tests were administered by the
first author.

The experimentation was comprised of two unimanual tasks (right hand: UD; left hand: UN). After hearing the keyword, the
participants took the grip force sensor and held it over the table gap with eyes closed, and they listened to the playlist while mentally
counting the number of keyword repetitions. Mentally counting the repetitions was adopted as a strategy to ensure the participants’
attention to the listening instead of the hand holding the sensor. At the end of the playlist, they opened their eyes and returned the grip
force sensor on the table, and then they reported the number of keyword repetitions and waited approximately one minute before
repeating the task for the complementary playlist, counting the same keyword. Once they completed the first task, the participants

received a second keyword for the second task, following the same procedure.

Motor-Evoked Potentials Recording

Participants were comfortably seated with the forearm in a neutral position on the grip force sensor table. The skin was prepared
by cleaning and abrading each site of electrode placement for reducing skin resistance and improving surface contact. MEP were
recorded from the right and the left first dorsal interosseous muscles (FDI) at rest, using Ag/Ag Cl Electrodes (Ambu® Blue Sensor M-
00-S). The FDI muscles were localized by palpatory anatomy during active opposition of the first and second extended fingers. The
ground electrode was placed on the ipsilateral ulnar styloid process. Then, the electrodes were secured with tape.

A Magstim 2002 (Magstim, UK) stimulator with a flat 70-mm figure-of-eight magnetic coil was used to deliver the single pulse
stimulation, and the Brainsight® transcranial magnetic stimulation (TMS) neuronavigational system was used to allow the definition of
the better hotspot, which was searched to determine the first dorsal interosseous (FDI) resting motor threshold (RMT). A hotspot was
defined when at least five MEP with 50 pV as minimal amplitude were obtained in a series of 10 stimuli. Then, the surrounding regions

were stimulated with a lower output. If a new point could elicit five MEP, it became the new hotspot. So, the spot that elicited five MEP
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in a series of 10 stimuli at the lowest stimulator output was recorded as the FDI hotspot and this stimulator output as the RMT. The
hotspot location was recorded by the Brainsight®. The same process was then repeated on the other hemisphere. Ten stimuli were

applied at the hotspot for each hemisphere at 120% RMT, and the FDI MEP values were recorded.

IPS Repetitive Transcranial Magnetic Stimulation

The P3 point of the international 10-20 system was selected to stimulate the left IPS (Herwig et al. 2003). A Magstim Rapid?
stimulator with a flat 70-mm figure-of-eight magnetic coil was used to deliver rTMS trains of five pulses at 1 Hz, 60% of maximal
stimulator output. A total of 300 pulses was delivered for five minutes. The coil was positioned tangentially to the skull with its handle
oriented 45° to the midline. Earplugs were provided to protect from the noise associated with the rTMS coil discharge. Participants were
comfortably seated during the stimulation, and they were oriented to signal any discomfort by raising the fingers from the grip force

sensor table.

Procedure

Details of the procedures are depicted in Figure 2. Following the first recordings of the grip force and MEP and rTMS
procedure, the subject tracker and the swimming cap used to trace the 10-20 system were removed, as well the surface electrodes to
ensure the comfort for the second grip force recording. The procedure ended with grip force recordings taken immediately following
the second MEP recording. The first participant performed UD GFM before UN GFM, and MEP was measured at the left hemisphere
before the right hemisphere prior to and following left IPS rTMS; the second participant performed the reverse order, and so

successively, as shown in Figure 2.

Participants 1, 3, 5,and 7
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Participants 2, 4, 6, and 8
Fig. 2 Timeline of a single test R: right side; L: left side; GFM: grip force modulation; MEP: motor-evoked potentials; IPS rTMS:
intraparietal sulcus repetitive transcranial magnetic stimulation; P3: 1020 international system point referring to the left intraparietal
sulcus; UD: unimanual task, right hand; UN: unimanual task, left hand; A: evaluation conducted prior to IPS rTMS; Z: evaluation
conducted following IPS rTMS

Data Acquisition

The output of the compression force was generated by a standalone F/T sensor system controller (ATl Industrial Automation,
NC, USA). For this study, the compression force was recorded at 1 kHz. The signals were recorded with a PCI1-6024E A/D card (National
Instruments, TX, USA), and the digitized words were delivered through a D/A channel of a PCI-MIO-16E-4 card connected to the
headphones. By means of the card’s synchronization, the output of the digitized list of words automatically triggered the acquisition of

grip force data. Each signal component was filtered at 15 Hz with a fourth-order, zero-phase, low-pass Butterworth filter, providing
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almost 95% of signal energy conservation. Only the compression force Fz was evaluated, since a previous study had found no differences
between Fz alone and the sum of the three-axis forces (Frak et al. 2010).

Electromyography (EMG) signals were amplified (x1000) and band-pass filtered (1 Hz—1 kHz) by means of a second-order
Butterworth filter, sampled (10 kHz) with a laboratory A/D conversion system (PCI- MIO-16E-4, National Instruments, Texas, USA),

displayed, and recorded for posterior analysis.

Data Analysis

Electrophysiological analysis of MEP recordings was performed off-line. The peak-to-peak amplitude of the FDI MEP before
and after IPS rTMS was normalized to baseline and compared to each other using one-way repeated measures (1-WRM) ANOVA with
Greenhouse—Geisser correction for both left and right motor cortex stimulation. The same procedure was applied to analyze the FDI
MEP duration.

Grip force values for each verb repetition were recorded from the 200 ms before to 1000 ms following the verb onset. The data
prior to the keyword onset were averaged and used to normalize the subsequent data. This procedure was executed for each keyword
repetition. Data referring to each repetition were rejected if the force variation in the 1000 ms following the keyword onset was equal to
or greater than 200 mN or had developed at a rate greater than 100 mN/100 ms (Nazir et al. 2017). If 30% or more of the verbs of a
single task were rejected, the participant was rejected. According to this method, one man was excluded from the analysis, since he
executed voluntary left-hand movements during the pre-rTMS GFM test. All valid repetitions were averaged for each participant in 100
ms time intervals from 0 to 1000 ms for each moment, thus generating a GFM pre-rTMS and a GFM post-rTMS dataset for each
participant.

Data were organized according to the condition and the moment: right-hand unimanual task before (UD-A) and after (UD-2)
the rTMS stimulation and left-hand unimanual task before (UN-A) and after (UN-2Z) the rTMS stimulation. Only the action verbs were
analyzed in this study, since the comparison between non-action nouns and action verbs is already extensively documented (Frak et al.
2010; Aravena et al. 2012). Each condition was analyzed by means of a 1-WRM ANOVA to identify the occurrence of GFM when there
was a significant difference between baseline and consecutive time intervals. A post-hoc Least Significant Difference (LSD) was
conducted when the GFM was identified to determine the first time interval significantly different from baseline. A two-way repeated
measures (2-WRM) ANOVA was conducted with TREATMENT (pre/post) and TIME INTERVAL (0-1000 ms) as factors for each
hand to evaluate the influence of the IPS rTMS on the GFM of each hand. Paired t-tests two by two were made between pre- and post-
rTMS when the TREATMENT factor had a significant main effect (i.e., UD-A vs. UD-Z and UN-A vs. UN-Z, if necessary).

RESULTS

MEP

Prior to the rTMS stimulation, 1-WRM ANOVA found that MEP amplitude was different between both hemispheres (right >
left, F (169 = 5.748, p = 0.019, d = 0.29), as well as MEP duration (right > left, F (1,69) = 7.896, p = 0.006, d = 0.36), but the effect size
was small for both measures.

Comparing the MEP measurements obtained prior to and following the IPS rTMS, 1-WRM ANOVA found that MEP amplitude
increased for the left hemisphere (F (169 = 27.519, p < 0.0001, d = 0.63), while it did not change for the right hemisphere (F (1,609) = 0.876,
p = 0.3523, d =0.11). Similarly, MEP duration increased for the left hemisphere (F (1,69) = 6.105, p <0.016, d =0.28); however, Cohen’s
d indicated a small effect size for this comparison. MEP duration did not change for the right hemisphere (F (169 = 2.038, p = 0.1580,
d =0.17), as shown in Figure 3.
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MEP - AMPLITUDE AND DURATION
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Fig. 3 MEP peak-to-peak amplitude and duration expressed as a percentage of the baseline D: left hemisphere; N: right
hemisphere; A: MEP before IPS rTMS; Z: MEP after IPS rTMS; * = significant difference

Following the IPS rTMS, 1-WRM ANOVA did not find a difference between both left and right hemispheres for either MEP
amplitude (F (1,69 = 13.773, p < 0.001, d = 0.45) or MEP duration (F (1,69) = 0.061, p = 0.805, d = 0.03).

GFM

1-WRM ANOVA found GFM for UD-A (F (1.883,11.298) = 10.053, p = 0.003) and UN-A (F (1.673.10.037) = 9.421, p = 0.0063). Post-
hoc LCD found that GFM started at a 400-500 ms time interval for UD-A (t ) = 2.593, p = 0.0410, d = 0.98) and at a 600—700 ms time
interval for UN-A (t ) = 2.573, p < 0.0422, d = 0.97).

The 2-WRM ANOVA only found a main effect for TREATMENT for the left hand (F 16 = 2.211, p = 0.1876, d = 0.36 for
UD-A x UD-Z, vs. F 16 = 24.344, p = 0.0026, d = 0.55 for UN-A x UN-Z), as well as for the TIME INTERVAL*TREATMENT
interaction (F (1685,10.108) = 1.054, p = 0.411 for UD vs. F (1.3738.236) = 5.669, p = 0.036 for UN). These findings indicated that there was
no difference between GFM before and after the rTMS for the right hand, while the difference between GFM before and after rTMS for
the left hand was significant. 1-WRM ANOVA found GFM for UD-Z (F (1.4868.915) = 7.657, p = 0.0155), and post-hoc LSD found that
modulation started at a 400-500 ms time interval (t ) = 2.492, p = 0.0471, d = 0.94), but it did not find GFM for UN-Z (F (2.040,12.241) =
0.776, p = 0.4838). This finding was reinforced by paired t-tests comparing UN-A and UN-Z, which found that UN-Z GFM was lesser
than UN-A for the 400-500 ms time interval (Figure 4).
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GRIP FORCE MODULATION
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Fig. 4 Grip force modulation Curves illustrating GFM from baseline (BL) to 1000 ms following the word onset. U: unimanual task;
D: right hand; N: left hand; A: GFM before repetitive transcranial magnetic stimulation (rTMS), in continuous curves; Z: GFM after
rTMS, in dashed curves. Arrows connect significantly different time intervals. Markers indicate the first time interval significantly

different from baseline
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DISCUSSION

Our study found an increase in the FDI MEP amplitude and duration for the right hand following IPS inhibition by rTMS,
which did not occur for the left hand. Such a finding indicates that the IPS inhibition generated an ipsilateral M1 release, with which the
IPS has strong functional connections (Binkofski et al. 1999; Luppino et al. 1999; Schubotz and von Cramon 2001; Verhagen et al.
2008). Our findings reflect a reduction of the modulatory influence exerted by the left IPS on the left M1 (Allart et al. 2017; Karabanov
et al. 2017). Since the IPS is related to several aspects of reaching and gripping, this modulatory rule could be understood as a close
control of the hands’ movements (Tunik et al. 2005; Schubotz and von Cramon 2001). Therefore, changes in the acceleration of motion,
the maximum grip force exerted, and the positioning of the fingers for the grip (Davare et al. 2007) reflect the loss of the control exerted
by the inferior parietal lobe and are in line with our findings regarding the increase of the amplitude of the MEP.

The left anterior intraparietal area (AIP), the anterior portion of the IPS, has been associated with unimanual grip control and
to the grip/load forces ratio increase following its TMS disruption for both the right and left hands (Davare et al. 2007, Jacobs et al.
2010). This increase could reflect a release of both the left and right M1, but these studies did not evaluate the MEP. In our study, left
IPS inhibition increased the left M1 MEP amplitude and duration but did not alter the right M1 MEP, suggesting that the mechanism
related to the grip/load force ratio increasing in the right hemisphere was not based on the release of the M1. While the left IPS has been
associated with unimanual grip control, the right IPS has been associated with bimanual grip control (Le et al. 2017). However, only the
bilateral lesion of AIP has impaired the hand shaping for unimanual griping (Davare et al. 2007). Consequently, the interrelation between
the left and right IPS seems to be sensitive to different aspects of grip, either in unimanual or bimanual tasks, and could even be partially
responsible for the differences between left and right MEP. Even though the left IPS is dominant for some aspects of left-hand unimanual
griping, our results suggest that the left IPS does not present a continuous modulatory action on the right M1 such as that it exerts on
the left M1.

Since IPS inhibition did not modify right M1 excitability, UN-Z could occur on the same neuronal basis of UN-A. However,
the language-induced UN GFM following the IPS inhibition was near nonexistent. Therefore, statistical analysis easily allowed
identifying the language-induced modulation attenuation. On the other hand, IPS inhibition increased the excitability of the left M1, as
seen by the changes in MEP at rest. This higher excitability should implicate in an equivalent increase to the right-hand UD, but it did
not change following IPS rTMS. The similarity of values in a more excited neuronal basis suggests that the modulation following IPS
inhibition also was less intense in the left hemisphere, therefore suggesting that the inhibition of the left IPS reverberated on the
language-induced GFM of both hands.

It is known that the IPS has a strong relationship with fine finger control (Verhagen et al. 2008) and strong connections to the
PMv for online grip control (Ghosh and Gattera 1995; Rizzolatti and Luppino 2001; Tanné-Gariépy et al. 2002; Haller et al. 2009). In
our study, the sensor gripping remained constant throughout the playlist listening without object shape, size, or mass perturbations.
Thus, language-induced GFM prior to IPS inhibition occurred in a context in which the IPS, PMv, and M1 were already activated and
engaged in the gripping action. Modulation, therefore, had a favorable environment for development, since the pathways for auditory
processing include the inferior parietal lobe and the premotor cortex (Stout and Chaminade 2012).

Language-induced modulation has been described as a phenomenon based on the circuitry related to tool use, which comprises
the IPS, PMyv, and Broca’s area, among others. Longitudinal fasciculus connects these structures in the dorsal pathway, but most of its
terminations just achieve the left PMv rather than Broca’s area (Hampson et al. 2002; Tate et al. 2014; Wu et al. 2015), where the last
auditory processing takes place (Jung-Beeman 2005). However, Broca’s area has strong reciprocal connections with the left PMv
(Hampson et al. 2002; Lemaire et al. 2013). Since IPS inhibition reduces PMv—M1 interactions (Davare et al. 2010), the PMv seems to
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have its activation reduced following IPS inhibition. Thus, even though IPS inhibition did not affect the ventral pathway of the auditory
processing (which directly connects the temporal lobe and Broca’s area), it reduced activation of the PMv, therefore reducing the
activation of the dorsal pathway. Since the PMv connects the IPS to Broca’s area and Broca’s area to the M1 (Hampson et al. 2002;
Jung-Beeman 2005; Lemaire et al. 2013), its reduction would explain the reduction of language-induced GFM in this hemisphere.

Although da Silva et al. (2018) have found it impossible to say whether left-hand language-induced GFM is driven entirely by
Broca’s area, Broca homolog, or both, our findings indicate that left-hand GFM could not be produced by the right hemisphere. Our
results seem to indicate that the left-hand GFM is solely or mainly driven by Broca’s area, which influences the right hemisphere through
the left PMv, which, in turn, has strong connections with the right PMv (Lemaire et al. 2013).

Therefore, although the left IPS are related to the grip control and the language-induced GFM, its inhibition by rTMS led to a

dissociation of these roles, triggering a release of the left M1 and, at the same time, bilaterally reducing GFM.

CONCLUSION

Our study was the first to investigate the effects of left IPS inhibition on both hemispheres regarding M1 excitability and
language-induced modulation. MEP amplitude and duration increased ipsilaterally, but language-induced GFM was reduced in both

hemispheres. These results may help to better comprehend the IPS function on the skilled motor and linguistic networks.
SUPPLEMENTARY MATERIAL

Complete MEP and GFM dataset are provided in Online Resource 1.
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