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A B S T R A C T

Parkinson's disease (PD), which involves the degeneration of dopaminergic neurons in the basal
ganglia, has long been associated with motor deficits. Increasing evidence suggests that language
can also be impaired, including aspects of syntactic and lexical processing. However, the exact
pattern of these impairments remains somewhat unclear, for several reasons. Few studies have
examined and compared syntactic and lexical processing within subjects, so their relative deficits
remain to be elucidated. Studies have focused on earlier stages of PD, so syntactic and lexical
processing in later stages are less well understood. Research has largely probed English and a
handful of other European languages, and it is unclear whether findings generalize more broadly.
Finally, few studies have examined links between syntactic/lexical impairments and their neu-
rocognitive substrates, such as measures of basal ganglia degeneration or dopaminergic pro-
cesses. We addressed these gaps by investigating multiple aspects of Farsi syntactic and lexical
processing in 40 Farsi native-speaking moderate-to-severe non-demented PD patients, and 40
healthy controls. Analyses revealed equivalent impairments of syntactic comprehension and
syntactic judgment, across different syntactic structures. Lexical processing was impaired only for
motor function-related objects (e.g., naming ‘hammer’, but not ‘mountain’), in line with findings
of PD deficits at naming action verbs as compared to objects, without the verb/noun confound. In
direct comparisons between lexical and syntactic tasks, patients were better at naming words like
‘mountain’ (but not words like ‘hammer’) than at syntactic comprehension and syntactic judg-
ment. Performance at syntactic comprehension correlated with the last levodopa equivalent dose.
No other correlations were found between syntactic/lexical processing measures and either le-
vodopa equivalent dose or hypokinesia, which reflects degeneration of basal ganglia motor-re-
lated circuits. All critical significant main effects, interactions, and correlations yielded large
effect sizes. The findings elucidate the nature of syntactic and lexical processing impairments in
PD.
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1. Introduction

Parkinson's disease (PD), a progressive disease involving the degeneration of dopaminergic neurons in the basal ganglia, has
traditionally been associated with motor deficits. However, research has increasingly shown that aspects of language can also be
impaired (Angwin, Chenery, Copland, Murdoch, & Silburn, 2005; Birba et al., 2017; Bocanegra et al., 2015; Cohen, 1998; Gallese &
Cuccio, 2018; Grossman, Carvell, Stern, Gollomp, & Hurtig, 1992; Johari et al., 2013; Lewis, Lapointe, Murdoch, & Chenery, 1998;
Lieberman et al., 1992; Ullman et al., 1997). Of interest here, deficits have been found in tasks designed to probe aspects of both
syntactic processing (Birba et al., 2017; Gallese & Cuccio, 2018; Grossman, 1999; Hochstadt, Nakano, Lieberman, & Friedman, 2006)
and lexical processing (Birba et al., 2017; Gallese & Cuccio, 2018; Ito & Kitagawa, 2006; Rodríguez-Ferreiro, Menéndez, Ribacoba, &
Cuetos, 2009), two critical building blocks of language use.

As we will see, although patterns are clearly emerging regarding syntactic and lexical deficits in PD, the nature and extent of these
deficits, and their neurocognitive correlates, remain to be fully elucidated. First of all, the relative impairment of (various aspects of)
syntactic and lexical processing remains somewhat unclear, in part because most research has probed only syntactic processing or
only lexical processing in the same subjects (but see Angwin et al., 2005; Bocanegra et al., 2015; García et al., 2017) – even though a
within-subjects approach crucially eliminates contamination from between-subject variability in the comparisons of interest. Further
confusing the picture, different studies have tested patients at different PD stages (Grossman et al., 2000; Hochstadt, 2009; Prieto,
Radanovic, Schmitt, Barbosa, & Mansur, 2007; Silveri et al., 2012) or have not reported the stage of the disease (Péran et al., 2003;
Terzi, Papapetropoulos, & Kouvelas, 2005), despite evidence that different aspects of language show differential impairments over
the course of the disease, including regarding the appearance of cognitive impairments or dementia (Bocanegra et al., 2017; Johari,
Walenski, Reifegerste, Ashrafi, & Ullman, 2019; Ullman et al., 1997). Where studies have focused on particular stages, they have
often examined early-stage patients (Birba et al., 2017; Bocanegra et al., 2015; García et al., 2017; Grossman et al., 2000; Ibáñez
et al., 2013; Rodríguez-Ferreiro et al., 2009), so less is known about lexical and syntactic deficits in more advanced stages of the
disease, including which (if any) aspects of lexical or syntactic processing may remain spared. Additionally, previous research on
syntactic and lexical processing in PD has focused on English and (to a lesser extent) some other European languages (Abrevaya et al.,
2017; Bocanegra et al., 2015; Bocanegra et al., 2017; Cardona et al., 2014; García et al., 2016; García et al., 2017; García et al., 2018;
Herrera & Cuetos, 2012; Ibáñez et al., 2013; Melloni et al., 2015; Péran et al., 2003; Péran et al., 2009; Prieto et al., 2007; Rodríguez-
Ferreiro et al., 2009). This leaves open the possibility that findings might not generalize more broadly. Finally, not many studies have
examined the neurocognitive substrates of lexical (Abrevaya et al., 2017; Herrera, Rodríguez-Ferreiro, & Cuetos, 2012; Melloni et al.,
2015; Péran et al., 2009) and syntactic (Friederici, Kotz, Werheid, Hein, & von Cramon, 2003; Grossman et al., 2003) deficits in PD,
such as the influence of basal ganglia degeneration or dopaminergic processes.

Here we address these gaps. The study examines which aspects of both syntactic (Research Question 1) and lexical (Research
Question 2) processing may be affected in moderate-to-severe non-demented PD, as compared to healthy control participants.
Different aspects of both syntactic and lexical processing were tested within subjects: syntactic comprehension and syntactic judg-
ment, across different syntactic structures, and different aspects of lexical/semantic processing, in particular naming both manipu-
lated and non-manipulated objects. To widen the literature beyond English and other European languages, the study probed Farsi, in
Farsi-native speaking PD patients and healthy control participants in Iran. (Here, we focus on native language, and thus do not discuss
PD studies of second language, whose neurocognition seems to differ from that of first language, including in PD; Johari et al., 2013;
Ullman, 2014; Zanini et al., 2004.) In Research Question 3, we examine the relative deficits of syntactic versus lexical processing in
PD, by directly comparing performance between the syntactic and lexical tasks. In Research Question 4, we test whether the various
aspects of syntactic and lexical processing are associated with measures that reflect basal ganglia degeneration (left and right hy-
pokinesia) and dopaminergic processes (levodopa equivalent dose of the last anti-PD medication taken). In the remainder of the
Introduction we provide overviews of findings on syntactic and lexical processing in PD to date, including associations between
syntactic/lexical processing and measures of neurocognitive substrates (i.e., of basal ganglia degeneration and dopaminergic pro-
cesses) before introducing the present study. For discussion of neurocognitive accounts of syntactic and lexical deficits in PD, in-
cluding with respect to the findings from the present study, see Discussion.

1.1. Syntactic processing

Here we briefly review the status of syntactic processing in PD, and point out gaps relevant to the present study. Most studies on
syntactic processing in PD have examined syntactic (sentence) comprehension. These have found PD deficits in a variety of relatively
complex syntactic structures, including center-embedded constructions (Grossman et al., 2000; Hochstadt, 2009), subject relatives
(García et al., 2017; Prieto et al., 2007), and object-gap subordinate clauses (Grossman, Lee, Morris, Stern, & Hurtig, 2002), as well as
passive constructions (Hochstadt, 2009). However, the findings have been somewhat inconsistent. For example, Terzi et al. (2005)
and Prieto et al. (2007) did not find impairments for passive sentences, and it was not clear whether McNamara, Krueger, O'quin,
Clark, and Durso (1996) found impairments in the comprehension of arguments and adjuncts.

Surprisingly, given the fact that syntactic judgment has been investigated extensively in language research, we are aware of only
one study examining syntactic judgment in PD, which found impairments (McNamara et al., 1996). (Two other PD studies probing
syntactic judgment focused on first vs. second language, and did not compare syntactic judgment between PD and control subjects, in
either the first or second language; Johari et al., 2013; Zanini et al., 2004). Here we do not focus on PD studies of syntax in expressive
language tasks (García et al., 2016; Illes, Metter, Hanson, & Iritani, 1988; Murray & Lenz, 2001; Zanini et al., 2003, 2009).

Few studies have thus far examined links between syntactic processing in PD and likely underlying neurocognitive substrates, in
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particular measures of basal ganglia degeneration and dopaminergic processes (Birba et al., 2017; Ullman, 2004, 2016; Ullman et al.,
1997). We are aware of two neuroimaging studies examining the involvement of the basal ganglia in syntactic processing in PD,
which implicated the left and right caudate nucleus in sentence comprehension (Grossman et al., 1993, 2003). We are not aware of
any studies of PD testing associations between syntactic processing and behavioral measures that reflect basal ganglia degeneration,
such as hypokinesia (Berardelli, Rothwell, Thompson, & Hallett, 2001; Mazzoni, Shabbott, & Cortés, 2012). For studies examining
such associations in morphological processing, see Ullman et al. (1997), Johari et al. (2019), and Reifegerste, Estabrooke, Maloof,
Johari, and Ullman (under revision); see Discussion.

We know of three studies that have probed the role of levodopa in tasks designed to examine syntax (Grossman et al., 2001;
McNamara et al., 1996; Skeel et al., 2001), all of which compared performance on vs. off levodopa. These found positive effects of
levodopa on syntactic comprehension but not judgment (McNamara et al., 1996); on syntactic comprehension in more complex
(center-embedded) but not simpler sentences (Grossman et al., 2001); or no effect of levodopa at all, in syntactic comprehension of
sentences with various levels of complexity (Skeel et al., 2001). We know of no neuroimaging studies testing links between syntactic
processing and dopaminergic processes in PD.

In sum, the status of syntactic processing in PD is becoming clear, though various gaps remain. A fair number of studies have
reported syntactic comprehension impairments in PD, though the findings are somewhat inconsistent (the reasons for which remain
unclear), and only a few types of syntactic structures have been probed. Syntactic judgment has also elicited impairments in PD,
though we are aware of only one study using such tasks, despite their importance in language research. Perhaps more importantly, we
know of only two studies of syntactic comprehension (and none of syntactic judgment) that have also tested lexical processing within
subjects, though neither directly compared syntactic and lexical performance (Bocanegra et al., 2015; García et al., 2017). Thus,
relative impairments of syntactic and lexical processing in PD remain unclear. We also know of no studies that have compared
syntactic comprehension and judgment within subjects, also leaving their relative deficits uncertain. Most studies have tested patients
at mild or mild-to-moderate stages (Grossman et al., 2000; Hochstadt, 2009; Hochstadt et al., 2006). We are not aware of any
research examining syntax in PD patients at more advance stages, and thus the pattern of impaired (and spared) syntactic/lexical
processing in such patients remains to be elucidated. Most investigations of syntactic comprehension and judgment in PD have
focused on English and a few other European languages, leaving open the question of whether patterns generalize more broadly.
Finally, little research has thus far examined whether the syntactic impairments in PD are linked to the basal ganglia or dopaminergic
processes. Thus, important gaps remain in our understanding of syntactic processing in PD.

1.2. Lexical processing

Studies have examined various aspects of lexical processing in PD (Buccino et al., 2018; Castner et al., 2007; Cotelli et al., 2007;
Friederici et al., 2003; Ito & Kitagawa, 2006; Matison, Mayeux, Rosen, & Fahn, 1982; Rodríguez-Ferreiro et al., 2009). Overall, these
have yielded mixed results, with impairments in some studies (Castner et al., 2007; Copland, 2003; Ito & Kitagawa, 2006) but not in
others (Angwin et al., 2017; Friederici et al., 2003; York et al., 2014). This mixed pattern may be due to various factors, including the
types of tasks (Copland, 2003; York et al., 2014) and the types of items (Buccino et al., 2018; Cotelli et al., 2007; Rodríguez-Ferreiro
et al., 2009). For example, production tasks (e.g., picture naming, or word finding in spontaneous speech) may be more difficult than
comprehension tasks (Boulenger et al., 2008; Matison et al., 1982; Péran et al., 2003; Péran et al., 2009; Rodríguez-Ferreiro et al.,
2009; York et al., 2014).

A primary focus of research on lexical processing in PD has been the contrast between naming objects (e.g., house) and naming
action verbs (e.g., to throw) (Bocanegra et al., 2015, 2017; Boulenger et al., 2008; Cotelli et al., 2007; Herrera & Cuetos, 2012; Péran
et al., 2003; Péran et al., 2009; Piatt, Fields, Paolo, & Tröster, 1999; Rodríguez-Ferreiro et al., 2009; Silveri et al., 2012). Since action
verbs depend more than many nouns on motor-related circuits (Perani et al., 1999; Raposo, Moss, Stamatakis, & Tyler, 2009),
including the basal ganglia (Silveri et al., 2012), PD patients may be expected to have greater difficulty processing the former than the
latter (Birba et al., 2017; Gallese, 2008; Gallese & Cuccio, 2018; Ullman, 2004, 2016); also see Discussion. This is in fact the pattern
found in PD studies (Bocanegra et al., 2015, 2017; Boulenger et al., 2008; Cardona et al., 2013; Cotelli et al., 2007; Herrera & Cuetos,
2012; Péran et al., 2009; Rodríguez-Ferreiro et al., 2009). Consistent with this pattern, action verb processing in PD has been linked
to the basal ganglia and motor-related cortical regions in neuroimaging (Abrevaya et al., 2017), as well as to dopaminergic processes
(Herrera & Cuetos, 2012; Péran et al., 2013), though we are not aware of any studies examining associations between action verb
processing and hypokinesia in the disorder.

However, in comparisons between naming actions and objects, the motor/non-motor contrast is confounded with the verb/noun
contrast, complicating interpretation of results. This confound can be addressed in different ways. For example, actions and objects
can be tested with non-verbal tasks, which indeed also yield action/object differences in PD (Bocanegra et al., 2015). Additionally,
some studies suggest that action-verb deficits in PD are found even when other verb categories are spared (Fernandino et al., 2013;
García et al., 2018), and that particular types of action verbs are impaired, such as action verbs with higher vs. lower motion content
(Bocanegra et al., 2017; Herrera et al., 2012; Roberts et al., 2017; Speed, van Dam, Hirath, Vigliocco, & Desai, 2017).

Another way of addressing this problem is to examine lexical processing of commonly or easily manipulated objects vs. less
commonly or easily manipulated objects (‘manipulated’ vs. ‘non-manipulated’) (Ullman, 2007; Walenski, Mostofsky, & Ullman,
2007). Indeed, evidence suggests that naming manipulated objects, but not non-manipulated objects, critically depends on motor-
related circuits (Chouinard & Goodale, 2010; Damasio, Grabowski, Tranel, Hichwa, & Damasio, 1996; Grafton, Fadiga, Arbib, &
Rizzolatti, 1997; Martin, Wiggs, Ungerleider, & Haxby, 1996), including the basal ganglia (Damasio et al., 1996; Walenski et al.,
2007). This suggests that PD patients should be more impaired at lexical processing (e.g., in object naming) of manipulated than non-
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manipulated objects.
We are aware of a small number of studies examining this distinction in PD. In one study, deep brain stimulation of the sub-

thalamic nucleus in early-stage PD patients improved naming manipulated objects but not non-manipulated object (Phillips et al.,
2012). This suggests that naming manipulated (but not non-manipulated) objects depends on the basal ganglia, and may be impaired
in PD; however, this paper did not report direct comparisons between PD patients and normal control subjects. A second study found
that early-stage PD patients without mild cognitive impairment were not impaired at naming either low or high manipulability
objects (Bocanegra et al., 2017). A more recent paper reported that whereas healthy control participants were faster at processing
pictures or words of non-graspable objects than of graspable objects, mild-to-moderate non-demented PD patients performed simi-
larly on both; though this reveals a particular processing slowdown for non-graspable objects in PD, the authors conclude that the
results suggest that “the capacity to process graspable objects and their nouns is impaired” (Buccino et al., 2018). Overall, these
studies of (mild to moderate) PD yielded mixed findings regarding deficits of naming (or otherwise processing) manipulated vs. non-
manipulated objects, or related distinctions. It remains to be seen whether relative deficits in the lexical processing of manipulated
(vs. non-manipulated) objects are observed reliably in more advanced non-demented PD patients (consistent with further degen-
eration of the basal ganglia), and if so, whether such patients still remain unimpaired on lexical processing of non-manipulated
objects, which would suggest that lexical processing itself (independent of motor-related knowledge) remains relatively intact in such
patients.

1.3. The present study

The present study examined syntactic and lexical processing in Farsi, in native Farsi-speaking patients with non-demented
moderate-to-severe PD, and matched normal control participants. All participants were tested on syntactic comprehension (negative
sentences, subject topicalized sentences, object topicalized sentences) and syntactic judgment (various structures), as well as the
naming of objects that either are or are not commonly manipulated. The effect of both right-side and left-side hypokinesia on each of
these language measures was also examined, as was the effect of the levodopa equivalent dose (LED) (Tomlinson et al., 2010) of the
patients’ last anti-PD medication.

Due to the dearth of previous PD studies examining at least some these issues – and none in native speakers of Farsi, or in any
language at all probing all of these functions within subjects – we did not have strong predictions. Nevertheless, previous research
(see above) suggested a likelihood of: PD impairments in both syntactic comprehension and judgment (Research Question 1); greater
deficits at naming manipulated than non-manipulated objects, which might even remain unimpaired (Research Question 2); in direct
comparisons between tasks, the possibility of similar impairments at syntactic comprehension, syntactic judgment, and naming
manipulated objects, but worse performance at all of these than at naming non-manipulated objects (Research Question 3); and
perhaps associations (Research Question 4) between syntactic processing and naming manipulated objects on the one hand, and LED
and/or hypokinesia on the other. Note that for hypokinesia, right-side hypokinesia might play a stronger role than left-side hypo-
kinesia given the left lateralization of language, since right-side hypokinesia primarily reflects left basal ganglia degeneration
(Berardelli et al., 2001; Mazzoni et al., 2012).

2. Methods

2.1. Participants

We tested 40 PD patients (20 females) and 40 normal control participants (20 females). All participants were right handed
(Edinburgh Inventory Total Score > 33; Edinburgh Handedness Inventory) (Oldfield, 1971) monolingual native Farsi speakers. None
were demented (all subjects had Farsi MMSE (Mini–Mental State Examination) scores≥ 25) (Ansari, Naghdi, Hasson, Valizadeh, &
Jalaie, 2010) or had any known neurological or psychiatric disorder (other than PD for the PD patients), and none had any known
brain injury or surgery. All female participants had completed menopause. All patients were diagnosed with idiopathic PD, and were
at stage 3 (moderate stage; bilateral disease) or 4 (advanced stage; severely disabling disease) on the Hoehn and Yahr scale; mean
disease stage=3.32, SD=0.47 (Hoehn & Yahr, 1998). None had secondary Parkinsonism. Patients were taking levodopa and other
anti-PD medication with different individually tailored dosages to maximally reduce motor symptoms. The Levodopa Equivalent Dose

Table 1
Participant demographic and other information.

PD NC Comparison

Age (in years) 61.50 ± 8.96 59.50 ± 5.62 t(78)= 1.25, P=0.22
Education (in years) 10.67 ± 3.27 11.57 ± 3.35 t(78)= 1.21, P=0.22
Handedness 71.43 ± 4.40 70.01 ± 3.85 t(78)= 0.40, P=0.71
MMSE 27.50 ± 1.1 27.62 ± 1.03 t(78)= 0.52, P=0.60

Note. Means are presented, together with standard deviations. Education reflects years of schooling starting from first grade. Handedness reflects
laterality quotients from the Edinburgh Handedness Inventory (Oldfield, 1971), where 100 represents strongly right-handed and −100 represents
strongly left-handed. Comparisons reflect results from independent-samples t-tests. PD: patients with Parkinson's disease; NC: normal controls;
MMSE: Mini–Mental State Examination.
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(LED) (Tomlinson et al., 2010) of the last anti-PD medication taken by each patient prior to testing was computed from this in-
formation; mean LED=251.25, SD=41.58. The PD and control participants were matched (Table 1) on age, years of education,
handedness (Oldfield, 1971), and (lack of) dementia (Ansari et al., 2010). All study procedures, including recruitment, testing and
informed consent, were approved by ethical committee of Shahid Beheshti University of Medical Sciences in Tehran.

A diagnosis of idiopathic Parkinson's disease was based on clinical examinations performed by a neurologist with a specialty in
movement disorders (Ashrafi). Disease stage and severity were assessed by the neurologist on the basis of the Hoehn and Yahr scale
(Hoehn & Yahr, 1998) and the UPDRS (Goetz et al., 2008). Left and right upper limb hypokinesia were assessed by the neurologist on
the basis of the finger taps, hand movements, and rapid alternating movement of hands items in Part III of the UPDRS; mean left-side
hypokinesia= 6.82, SD=1.73, mean right-side hypokinesia= 8.42, SD=1.97 (Goetz et al., 2008; Johari et al., 2013; Ullman et al.,
1997). The neurologist also recorded the dose of the last anti-Parkinson's disease medications prior to testing.

2.2. Procedure

All participants completed tasks of syntactic comprehension, syntactic judgment, and object naming. Both task order and item
order within each task were counter-balanced across participants. We created two task orders (order A: syntactic comprehension,
object naming, syntactic judgment, and order B, which was the reverse order), and two item orders for each task (order 1 and order 2,
in which all items were presented in the reverse order to order 1). Half the PD patients and half the controls (and half the females and
half the males in each of these groups) were given each combination of task and item orders. The items were pseudo-randomized in
each task, so that no more than three consecutive items were of the same type: for syntactic comprehension, no more than 3 sentences
of each type (negative, subject topicalized, object topicalized); for syntactic judgment, no more than 3 correct or incorrect sentences;
for object naming, no more than 3 of each item type (manipulated, non-manipulated).

2.3. Syntactic processing tasks

2.3.1. Syntactic (sentence) comprehension
Syntactic comprehension was assessed with items from the syntactic comprehension section of the Farsi version of the Bilingual

Aphasia Test (BAT) (Paradis, Paribakht, & Nilipour, 1987). The BAT was used because previous studies suggest that it is sensitive to
deficits of syntactic comprehension and judgment in PD in other native languages (Johari et al., 2013; Zanini et al., 2004); moreover,
we were (and are) not aware of any other validated test of syntactic processing in Farsi. Items were presented in the pseudo-
randomized and counter-balanced orders described above, rather than in the order described in the BAT. The experimenter read each
sentence out loud, while the participant looked a set of four pictures (Fig. 1); the participant was asked to point to the picture that
best corresponded to the sentence.

Participants were presented with three types of sentences: negative, subject topicalized, and object topicalized. The task com-
prised 30 sentences, with 10 items for each sentence type. In Farsi, which has a subject-object-verb (SOV) word order, the key
structures in these sentence types are constructed as follows. Negatives are created by an inflectional process in which the ne-negative
prefix is added to the present tense stem (e.g., mikharad ‘buys’ has as its negative nemikharad ‘does not buy’). Subject topicalized
structures are created by a sentence-initial use of the pronoun in preceding the subject, together with a separate clause for the object
(e.g., In dokhtar ast ke pesar ra hol midahad. ‘It is the girl that pushes the boy.‘). Object topicalized sentences are constructed by
switching the subject and object positions, and changing the clause to passive form (e.g., In pesar ast ke dokhtar holash midahad. ‘It is
the boy that the girl pushes.‘).

2.3.2. Syntactic judgment
Syntactic judgment was assessed with items from the grammatical judgment section of the Farsi version of the BAT (Paradis et al.,

1987). Participants were presented with 20 sentences (14 correct and 6 incorrect). The sentences were presented in the pseudo-
randomized and counter-balanced orders described above. The experimenter read each sentence out loud. The participant was asked
to judge whether the sentence sounded correct or incorrect. Incorrect sentences consisted of three kinds of (morpho-)syntactic errors:
an omission or substitution of person/number suffixes; an omission of the accusative morpheme; or the addition of the passive marker
suffix in sentences presented in a canonical Farsi word order (subject-object-verb). There were two incorrect sentences of each type,
an insufficient number to warrant separate analyses.

2.4. Lexical processing: naming of manipulated and non-manipulated objects

Object naming of manipulated and non-manipulated objects was assessed with 60 pictures of objects. Thirty objects are com-
monly manipulated (e.g., chakkosh, ‘hammer’) and 30 are not (e.g., kooh, ‘mountain’); see Table 2. The items are a subset of those in
the object naming task developed by the Brain and Language lab at Georgetown University (Hedenius, Ullman, Alm, Jennische, &
Persson, 2013; Lukács, Kemény, Lum, & Ullman, 2017; Walenski et al., 2007). The items in this subset were selected on the basis of
assessments by the first author (Johari), together with other Farsi-speaking Iranians, such that the objects are culturally familiar in
Iran (including their pictorial depiction), that they are (or are not) commonly manipulated in Iran, and that their Farsi names are
reasonable common. The manipulated and non-manipulated items were matched group-wise on the number of syllables [t
(58)= 0.41, P=0.68], the number of Farsi letters [t(58)=−0.95, P=0.34], and the natural logarithm-transformed frequencies [t
(58)= 0.36,P=0.71] of the stems (singular forms) of their Farsi object names. Frequency counts were obtained from the Persian
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Linguistic Database (Assi) (http://pldb.ihcs.ac.ir/).

2.5. Data analysis

Accuracy for each participant on each condition of syntactic comprehension and object naming was computed as the log-odds
(logit) transformation (natural log (number correct + 0.5/number incorrect + 0.5), where 0.5 is added to avoid a denominator of
zero) (Jaeger, 2008). For syntactic judgment, accuracy was computed as d’ (d-prime), to minimize possible bias (d’=z(hit rate) - z
(false alarm rate), with z-scores computed in Excel with NORMSINV). These transformed accuracy values were entered into analyses
performed in SPSS (version 23) on a Windows PC. For all tasks, the transformed accuracy values were submitted to mixed design
ANOVAs or independent measures t-tests, with group as the between-subjects factor. Correlations and partial correlations were
performed to examine associations between relevant variables (e.g., between right-side hypokinesia and syntactic judgment), with
significance assessed using a false discovery rate (FDR) correction (Benjamini & Hochberg, 1995) for multiple comparisons for the
number of comparisons at each level of the analysis (e.g., three comparisons for correlations between right-side hypokinesia and each
of the three sentence types in the comprehension task). Note that such FDR correction is appropriate for correcting for small numbers
of comparisons (Benjamini & Hochberg, 1995). The FDR threshold was set at 0.05, and significance is expressed as the FDR-corrected
Q-value.

3. Results

3.1. Syntactic processing

3.1.1. Syntactic (sentence) comprehension
The 2 (group: PD/control) × 3 (sentence type: negative/subject topicalized/object topicalized) ANOVA yielded a statistically

significant main effect of group [F(1,78)= 61.45, P < 0.0001; partial η2= 0.44, a large effect size], with the controls performing
better than the PD patients (see Fig. 2A and B). There were no other main effects or interactions (Ps > 0.18). It might be argued that
an MMSE cutoff of ≥ 25 (see section 2.1) is not stringent enough for ruling out individuals with early stages of dementia. We
therefore performed this ANOVA again on participants selected with an MMSE cutoff of 27 (i.e., including only participants with
MMSE scores≥ 27), as suggested by an anonymous reviewer. This more stringent cutoff resulted in a sample of 34 PD and 34 NC

Fig. 1. Example item from the syntactic comprehension task (Paradis et al., 1987). The item was shown during auditory presentation of the sentence
In dokhtar ast ke be anha ab mipashad (‘It is the girl that sprays them’).
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participants, who again did not differ on age, education, handedness, or MMSE; Ps > 0.44. Analyses on these participants yielded the
exact same pattern of significance for all effects in the ANOVA for syntactic comprehension, as well as in all ANOVAs and follow-up
analyses below (in sections 3.1.2, 3.2, and 3.3), as the analogous analyses on the full set of 40 PD and 40 NC participants. This
suggests that early stages of dementia did not explain the observed results.

Neither right- nor left-side hypokinesia correlated with any of the three sentence types, even with MMSE scores and opposite-side
hypokinesia partialed out (Qs > 0.53). The LED of the patients’ last anti-PD medication correlated with all three sentence types
(large effect sizes), even when partialing out dementia and right-side hypokinesia (all Qs≤ 0.05). Note that even when variables do
not show substantial variability (e.g., dementia), including them as covariates, e.g., in partial correlations, can reduce the error term,
and thus should lead to more accurate results.

3.1.2. Syntactic judgment
The PD patients showed lower accuracy than the control subjects on the syntactic judgment task [t(78)= 7.55, P < 0.0001]; see

Fig. 3A and B. Neither right- nor left-side hypokinesia correlated with accuracy at syntactic judgment, even with dementia and
opposite-side hypokinesia partialed out (Ps > 0.25). Similarly, the LED of the patients’ last medication did not correlate with
syntactic judgment, even when partialing out MMSE scores and right-side hypokinesia (Ps > 0.53).

3.2. Lexical processing: naming manipulated and non-manipulated objects

The 2 (group: PD/control) × 2 (object type: manipulated/non-manipulated) ANOVA yielded main effects of group [F
(1,78)= 22.63, P < 0.0001; partial η2= 0.23] and object type [F(1,78)= 11.88, P=0.001; partial η2= 0.13], with overall worse
performance by the PD patients than controls, and for the non-manipulated than manipulated objects. See Fig. 4A and B. However,
the main effects of group and object type were qualified by a group by object type interaction [F(1,78)= 20.68, P < 0.0001; partial
η2= 0.21, a large effect size]. Follow-up t-tests revealed that the PD patients were less accurate than the controls at naming ma-
nipulated objects [t(78)=−7.43, P < 0.0001], whereas there was no group difference for naming non-manipulated objects [t
(78)= -1.64, P=0.11]. Moreover, whereas the controls were worse at naming non-manipulated than manipulated objects [t
(39)= 5.59, P < 0.0001], no such difference was found for the PD patients [t(39)= 0.78, P=0.43]. Neither right- nor left-side
hypokinesia correlated with accuracy at naming either object type, even with dementia and opposite-side hypokinesia partialed out
(Qs > 0.47). Similarly, the LED of the patients’ last medication did not correlate with either object type, even when partialing out

Table 2
Manipulated and non-manipulated objects in naming task.

Manipulated Non-Manipulated

Item Translation Item Translation

Qashoq Spoon Zanboor Bee
Arre Saw Halazoon Snail
Medad Pen Khers Bear
Dokme Button Joqd Owl
Otto Iron Khorshid Sun
Soozan Needle Sag Dog
Telephon Telephone Zarrafe Giraffe
Jaroo Broom Shir Lion
Mesvak Brush Morche Ant
Tabar Ax Goosfand Sheep
Dastgire Doorknob Meymoon Monkey
Khodkar Pencil Fil Elephant
Toop Ball Roobah Wolf
Parch Pitcher Sanjab Squirrel
Soot Whistle Palang Panther
Eynak Eyeglass Tavoos Peacock
Livan Glass Kooh Mountain
Zangoole Bell Olaq Donkey
Tabl Drum Gorbe Cat
Chakkosh Hammer Asb Horse
Kelid Key Ordak Duck
Gofl Lock Mahi Fish
Shane Comb Kharghosh Rabbit
Tofang Gun Gav Cow
Chatr Umbrella Khoroos Rooster
Pakat Envelope Moosh Mouse
Chaqoo Knife Mar Snake
Qeychi Scissors Shotor Camel
Badkonak Kite Kangoro Kangaroo
Changal Fork Babr Tiger
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Fig. 2. NC (normal control) and PD (Parkinson's disease) performance at the Farsi syntactic comprehension task. A) Comparisons between NC and
PD participants for the three sentence types, showing log-odds transformed accuracy means and standard errors (error bars), with p values from
independent measures t-tests. B) Mean untransformed accuracy scores (and standard errors) for each group, for each sentence type.

Fig. 3. NC (normal control) and PD (Parkinson's disease) performance at the Farsi syntactic judgment task. A) Comparisons between NC and PD
participants, showing d-prime means and standard errors (error bars), with p value from an independent measures t-test. B) Accuracy results as a
percentage (over both correct and incorrect sentences), with mean accuracy scores (and standard errors) shown for each group.
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MMSE scores and right-side hypokinesia (Qs > 0.10).

3.3. Comparisons between tasks

We also directly compared performance between tasks, within subjects. First, we contrasted syntactic comprehension with
naming non-manipulated objects (30 items in both tasks; log-odds transformed accuracy as the dependent measure for both). The 2
(group: PD/control) × 2 (task: syntactic comprehension/object naming) ANOVA on non-manipulated objects yielded not only a main
effect of group [F(1,78)= 29.96, P < 0.0001, partial η2= 0.28], with worse performance by the PD than control group (over both
tasks), as well as of task [F(1,78)= 20.19, P < 0.0001, partial η2= 0.21], with worse performance (over both groups) at syntactic
comprehension, but crucially also an interaction between group and task [F(1,78)= 20.32, P < 0.0001, partial η2= 0.21, a large
effect size]. Follow up analyses indicated not only that syntactic comprehension but not naming non-manipulated objects was im-
paired in PD patients as compared to controls (reported in sections 3.1.1 and 3.2 above, respectively), but also that the PD patients
were worse at syntactic comprehension than naming non-manipulated objects [t(39)= 4.79, P < 0.0001], with no such difference
for the controls [t(39)= 0.011, P=0.98]. In contrast, the equivalent ANOVA on manipulated objects (30 items) yielded the expected
main effect of group [F(1,78)= 75.42, P < 0.0001, partial η2= 0.49, a large effect size], as well as a main effect of task [F
(1,78)= 49.86, P < 0.0001, partial η2= 0.39], indicating worse performance at syntactic comprehension than naming manipulated
objects, but, crucially, no interaction. Thus the PD patients were 1) more impaired at syntactic comprehension than lexical processing
(object naming) of non-manipulated objects (which indeed were unimpaired; section 3.2); and 2) equally impaired at syntactic
comprehension and lexical processing of manipulated objects.

Next we performed analogous comparisons between syntactic judgment and naming non-manipulated or manipulated objects.
Because the dependent measures (and number of items; 20 items in syntactic judgment) on these tasks differed, we first computed z-
scores 1) for the syntactic judgment d’ values (that is, over both the PD and control subjects; thus a z-score of 0 represents the mean d’
value over both groups); 2) similarly, for the log-odds transformed accuracy values for naming manipulated objects; and 3) again, for
non-manipulated objects. The 2 (group: PD/control) × 2 (task: syntactic judgment/object naming) ANOVA on non-manipulated
objects yielded a main effect of group [F(1,78)= 28.39, P < 0.0001, partial η2=0.28], with worse performance by the PD than
control group, no effect of task [F(1,78)= 0, P=1, partial η2= 0; as expected, given that the analysis was performed on z-scores
computed separately for each task], but crucially an interaction between group and syntactic judgment/object naming [F
(1,78)= 14.39, P < 0.0001, partial η2=0.16, a large effect size]. Follow-up analyses revealed not only PD impairments at syntactic
judgment but not at naming non-manipulated objects, as compared to controls (reported in sections 3.1.2 and 3.2 above), but also
that the PD patients were worse at syntactic judgment than naming non-manipulated objects [t(39)=−2.39, P=0.02], whereas
controls showed the opposite pattern on the z-scores [t(39)= 3.10, P= 0.004]. In contrast, the equivalent ANOVA on manipulated
objects yielded the predicted main effect of group [F(1,78)= 81.67, P < 0.0001, partial η2=0.51, a large effect size], no effect of

Fig. 4. NC (normal control) and PD (Parkinson's disease) performance at the Farsi object naming task. A) Comparisons between NC and PD
participants for the two object types, showing log-odds transformed accuracy means and standard errors (error bars), with p values from in-
dependent measures t-tests. B) Mean untransformed accuracy scores (and standard errors) for each group, for each object type.
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task [F(1,78)= 0, P=1, partial η2= 0; again, as expected], and, crucially, no interaction [F(1,78)= 0.001, P= 0.97, partial
η2 < 0.0001]. Thus, the same pattern was found in comparisons between syntactic judgment and naming non-manipulated/ma-
nipulated objects as for the comparisons between syntactic comprehension and naming non-manipulated/manipulated objects.

Finally, we examined whether syntactic comprehension or syntactic judgment might be differentially or similarly impaired, based
on z-scores computed separately from both tasks. The 2 (group: PD/control) × 2 (task: syntactic comprehension/syntactic judgment)
ANOVA yielded only a main effect of group [F(1,78)= 60.35, P < 0.0001, partial η2=0.52, a large effect size], with no effect of
Task [F(1,78)= 0, P=1, partial η2=0; as expected] and no interaction [F(1,78)= 0.31, P= 0.58, partial η2=0.004]. Thus,
syntactic comprehension and syntactic judgment showed similar levels of impairment in the PD patients.

4. Discussion

This study examined syntactic and lexical processing within subjects, in moderate-to-severe non-demented PD patients and
healthy controls. All participants were native speakers of Farsi and were tested on Farsi. PD patients were impaired at both syntactic
comprehension (equivalently across negative, subject topicalized, and object topicalized sentences) and syntactic judgment (various
structures), and at naming manipulated objects but not at naming non-manipulated objects. In direct comparisons between tasks, the
PD patients were equivalently impaired at syntactic comprehension, syntactic judgment, and naming manipulated objects, while both
syntactic comprehension and syntactic judgment were more impaired than naming non-manipulated objects. Levodopa equivalent
dose correlated with syntactic comprehension (for all three sentence types) but not with syntactic judgment or naming either object
type. Neither right- nor left-side hypokinesia correlated with any syntactic or object naming measure. All critical significant main
effects, interactions, and correlations yielded large effect sizes.

The results do not appear to be explained by a number of potentially confounding subject- or item-level factors. The PD and
control participants were matched on age, education, handedness, and (lack of) dementia, and the manipulated and non-manipulated
items in the object naming task were matched on phonological length, orthographic length, and frequency. Moreover, the same
pattern of results was found with more stringent MMSE cutoffs, or when partialling out MMSE scores.

In the next two sections (4.1 and 4.2) we discuss our results in relation to previous findings in order to draw conclusions about
broader patterns regarding the status in PD of syntactic processing (Research Question 1), lexical processing (Research Question 2),
relative deficits of syntactic vs. lexical processing (Research Question 3), and associations between syntactic/lexical processing and
measures of likely neurocognitive substrates (Research Question 4). In the following section (4.3) we discuss these patterns in relation
to previously posited neurocognitive accounts of syntactic and lexical deficits in PD. Finally, after a brief discussion of limitations, we
summarize the study and conclude.

4.1. Syntactic vs. lexical processing (Research Questions 1, 2, and 3)

The findings suggest that non-demented moderate-to-severe PD patients show reliable syntactic processing deficits. Impairments
were found across syntactic comprehension and syntactic judgment, and across different syntactic structures. The syntactic com-
prehension deficits observed here are consistent with previous observations of deficits in most studies of syntactic comprehension in
PD (all in earlier stage PD), but extend them to Farsi as well as to syntactic structures that have previously been unstudied in PD. It is
unclear why two previous PD studies found spared syntactic comprehension (Prieto et al., 2007; Terzi et al., 2005), though their
findings might be attributable to the fact that most of the patients in these studies were at earlier stages, and/or that the constructions
examined (passives) are not as complex as those in studies that have reported deficits. Our findings complement the one previous PD
study of syntactic judgment we are aware of (McNamara et al., 1996), which also found impairments. Moreover, our between-task
analysis indicates that syntactic comprehension and syntactic judgment are equivalently impaired. Overall, the data from the present
study and previous research suggests that 1) across languages and language families, syntactic comprehension is largely impaired in
PD, perhaps especially (but not only; e.g., García et al., 2017) at more advanced stages of the disease and for more complex syntactic
structures; 2) syntactic judgment may be more consistently impaired in PD, though further studies are clearly needed; 3) at least in
non-demented moderate-to-severe PD, patients show equivalent impairments at syntactic comprehension and judgment, across
syntactic structures.

The findings from the object naming task suggest that moderate-to-severe non-demented PD is associated with impairments at
naming manipulated objects but not at naming non-manipulated objects. Thus, these patients show deficits at lexical processing (at
least with object naming) for manipulated objects, even though such impairments are not clearly observed in earlier stages of PD
(Bocanegra et al., 2017; Buccino et al., 2018). Moreover, the findings support the view that PD deficits that have been observed for
action naming as compared to object naming are at least partly due to differences in their relations to motor functions, and not simply
a result of verb/noun differences (Birba et al., 2017; Bocanegra et al., 2015, 2017; Buccino et al., 2018; Fernandino et al., 2013;
Gallese, 2008; Gallese & Cuccio, 2018; García et al., 2018; Herrera et al., 2012; Roberts et al., 2017; Speed et al., 2017).

The direct comparisons between the syntactic processing tasks and object naming revealed that both syntactic comprehension and
syntactic judgment yielded significantly worse performance in the PD patients than naming non-manipulated objects, but not than
naming manipulated objects. Indeed, PD performance did not differ among syntactic comprehension, syntactic judgment, and naming
manipulated objects. We are not aware of any prior studies reporting such direct comparisons within subjects. The task comparisons
suggest that non-demented PD patients can show 1) equivalent impairments at quite different tasks of syntactic processing and lexical
processing, as long as the latter involve motor-related words, and 2) spared lexical processing of non-motor related words, even when
syntactic processing and lexical processing of motor-related words are impaired.
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The fact that naming reasonably common non-manipulated objects was not significantly impaired suggests that lexical retrieval
itself may be relatively spared in non-demented PD, even at moderate-to-severe stages. Previous studies reporting greater PD deficits
at naming action than object words have often found impairments in naming objects as well as actions (Cotelli et al., 2007;
Crescentini, Mondolo, Biasutti, & Shallice, 2008; Péran et al., 2003; Rodríguez-Ferreiro et al., 2009). However, the nature of the
objects in at least some of these studies has been unspecified (Cotelli et al., 2007; Rodríguez-Ferreiro et al., 2009), leaving open the
possibility that many manipulated objects were included. Indeed, one study, which specified that half the objects were “natural”
(which seem unlikely to be commonly manipulated), did not find a PD impairment in their object naming task (Silveri et al., 2012). In
addition, another study found that lexical processing of non-motor-related words was impaired in PD patients with mild cognitive
impairment, but not in patients without mild cognitive impairment (Bocanegra et al., 2017). Together, the data suggest that lexical
retrieval can remain relatively spared in PD, even at more advanced stages (Silveri et al., 2012), at least for words not related to
motor functions, and in patients without dementia or cognitive impairment.

We emphasize that it does not appear to be the case that there are no impairments at all in lexical retrieval in PD. Indeed, such
impairments have long been reported (Matison et al., 1982), and are consistent with evidence suggesting that certain frontal/basal
ganglia circuits may subserve lexical recall (Ullman, 2006). Rather, the presence of lexical deficits in PD may depend on a number of
factors, including not only the semantics of the word (in particular, impairments may be found on items with motor skill associa-
tions), but also the type of task (cued recall such as object naming may be easier than free recall, and comprehension may be easiest of
all; York et al., 2014), disease stage (more advanced stages may be more likely to affect circuits underlying lexical recall), and
dementia (which can affect declarative memory (Piatt et al., 1999), which in turn seems to underlie lexical memory (Ullman, 2016)).
Nevertheless, we suggest that even in the presence of such aggravating factors, let alone in their absence, lexical retrieval tends to
remain relatively spared in PD patients as compared to grammar, as was observed in the present study.

4.2. Associations between syntactic/lexical processing and hypokinesia/LED (Research Question 4)

The absence of correlations between performance at the syntactic tasks and hypokinesia suggests that the syntactic impairments
in PD are not linked closely to the neural correlates of either right- or left-side hypokinesia, which primarily reflect degeneration of
contralateral basal ganglia circuits related to motor function (Chesselet & Delfs, 1996; Desmurget, Grafton, Vindras, Grea, & Turner,
2004; Penney & Young, 1983). As mentioned in the Introduction, we are not aware of any prior studies examining such associations
between syntactic processing and hypokinesia. However, studies have reported correlations between right-side (but not left-side)
hypokinesia and the processing of regular inflectional morphological forms, which, like syntactic structures, are thought to undergo
rule-governed (de)composition (Johari et al., 2019; Reifegerste et al., under revision; Ullman et al., 1997). Indeed, this correlational
pattern was found for Farsi regular inflectional morphology in the same patients that were examined here (Johari et al., 2019). In
contrast, these studies did not observe correlations between hypokinesia and the processing of irregular inflectional morphological
forms, which are thought to be retrieved from lexical memory. These contrasting findings from the present study and other research
suggest that the neurocognitive basis of syntactic comprehension and judgment impairments in PD differs from that of impairments of
regular morphology in the disorder, despite the fact that both involve rule-governed grammatical processes (see below for ex-
planatory accounts).

The finding that syntactic comprehension but not syntactic judgment correlated with LED links the former but not the latter to
dopaminergic processes in PD. The fact that there were equivalent impairments in syntactic comprehension and judgment suggests
this discrepancy was not due to differences in subject variability between the tasks. The results are consistent with findings from on/
off levodopa studies reporting positive effects of levodopa on syntactic comprehension but not judgment (McNamara et al., 1996),
and on syntactic comprehension in more complex sentences but not simpler sentences (Grossman et al., 2001). Despite one prior
study that did not find any such effects, in syntactic comprehension of sentences with various levels of complexity (Skeel et al., 2001),
the bulk of the evidence thus suggests that syntactic comprehension is linked to dopaminergic processes, whereas this does not appear
to be the case for syntactic judgment. Note that the same PD participants that were tested here also showed correlations between LED
and Farsi regular (but not irregular) inflectional morphology. Together, the findings suggest that even though syntactic compre-
hension and regular morphology differ in their links to motor-related basal ganglia circuits, they are both modulated by dopaminergic
processes.

The absence of correlations between naming manipulated (and non-manipulated) objects with either hypokinesia or LED suggests
that the deficit at naming manipulated objects depends on somewhat different circuits than (left- or right-side) hypokinesia, despite
the strong motor component of both, and is not modulated by dopamine. As mentioned in the Introduction, action naming in PD has
been linked to motor related circuits, including the basal ganglia, as well as to dopaminergic processes (Herrera & Cuetos, 2012;
Péran et al., 2013), though we are not aware of any other studies examining associations between hypokinesia and naming action
verbs or manipulated objects. The findings in the present study thus seem somewhat inconsistent with prior research, though the
reasons for this discrepancy remain unclear. We suggest that one possibility is that the non-motor knowledge associated with ma-
nipulated objects (e.g., what a hammer looks like, who uses it) is relied on heavily by PD patients in naming such objects, whose
motor skill knowledge may be degraded or difficult to access.

4.3. Explanatory neurocognitive accounts

Although this study was not designed to test any particular theoretical framework, it may at least partially elucidate neuro-
cognitive accounts of both syntactic and lexical processing in PD. Syntactic and other grammatical impairments have been explained
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by (at least) three neurocognitive accounts. First, in the context of the declarative/procedural model of language, such impairments
have been explained by the dysfunction of procedural memory, which is rooted in frontal/basal ganglia circuits and is affected in the
disorder (Johari et al., 2019; Ullman, 2004; Ullman et al., 1997). Second, and related, it has been posited that the syntactic deficits in
PD may be explained by the ‘disrupted motor grounding hypothesis’, which conceptualizes the deficits as disruptions of embodied
mechanisms rooted in fronto-striatal circuits (Birba et al., 2017). Third, syntactic comprehension deficits in PD have been linked to
executive deficits, in particular working memory, which indeed is impaired in the disorder (Birba et al., 2017; Bocanegra et al., 2015;
Grossman et al., 2000).

The lack of correlations between hypokinesia and either syntactic comprehension or syntactic judgment suggests that neither type
of syntactic processing deficit in PD is linked closely to the degeneration of basal ganglia motor-related circuits. This argues against
such processing deficits – at least in the current study – being explained by a strong version of the disrupted motor grounding
hypothesis. Similarly, it argues against the notion that procedural memory deficits underlie such syntactic impairments – at least such
deficits that are closely tied to motor circuits (Ullman, 2004, 2016; Ullman & Pierpont, 2005). This contrasts with findings from
regular morphology, including from the same patients that were examined here, which show strong correlations with right-side
hypokinesia (Johari et al., 2019; Reifegerste et al., under revision; Ullman et al., 1997). Thus, even if such accounts may not explain
significant syntactic processing variability in PD, they appear to successfully explain grammatical problems in rule-governed mor-
phological processing. Finally, it is possible that either or both of these views (procedural memory deficits and the disrupted motor
grounding hypothesis) may explain at least some of the observed syntactic processing impairments, but other factors not directly
examined in the present study (e.g., working memory) account for most of the variability. For example, increasing evidence suggests
that declarative memory can compensate for at least some grammatical (and other) deficits in PD (Ullman & Pullman, 2015).

Indeed, the syntactic comprehension and judgment impairments observed here and in other studies of PD may be at least partly
explained by deficits of working memory or other executive functions. Such deficits have been observed in PD (Birba et al., 2017;
Gabrieli, Singh, Stebbins, & Goetz, 1996), consistent with links between executive function, including working memory, and both the
basal ganglia and frontal structures (Ullman, 2006; Voytek & Knight, 2010). In fact, it has been suggested that resource limitations,
including problems with working memory, contribute to syntactic comprehension difficulties in the disorder (Grossman et al., 2000).
The view that working memory or other executive deficits may help explain syntactic processing impairments in PD is bolstered by
evidence suggesting that within the striatum of the basal ganglia, motor function, as reflected in hypokinesia, is strongly linked to the
putamen (Doyon et al., 2009; Sapir, Kaplan, He, & Corbetta, 2007), whereas working memory and other executive functions depend
more heavily on (anterior portions of) the caudate nucleus (Draganski et al., 2008; Lewis, Dove, Robbins, Barker, & Owen, 2004;
Postuma & Dagher, 2005; Seger, Peterson, Cincotta, Lopez-Paniagua, & Anderson, 2010). Thus, the absence of correlations between
syntactic processing abilities in PD and hypokinesia suggest that putamenal degeneration might not play an important explanatory
role in syntactic deficits in PD. This in turn increases the likelihood that degeneration of the caudate nucleus (the other structure in
the striatum) underlies these deficits, thereby underscoring a possible role for executive functions, including working memory. This
view is further strengthened by previous imaging work linking syntactic comprehension deficits in PD to the caudate nucleus
(Grossman et al., 1993). Moreover, the evidence from this and previous studies that syntactic comprehension is modulated by
dopaminergic processes is consistent with working memory deficits, since evidence suggests that levodopa modulates working
memory deficits in PD (Lewis, Slabosz, Robbins, Barker, & Owen, 2005). Indeed, syntactic comprehension may depend particularly
on working memory (King & Just, 1991; Miyake, Carpenter, & Just, 1994; Zurif, Swinney, Prather, Wingfield, & Brownell, 1995),
consistent with the correlation between LED and syntactic comprehension but not syntactic judgment. Thus, overall, the evidence
seems to be in line with the view that syntactic comprehension deficits in PD may be modulated primarily by deficits of working
memory (and perhaps other executive functions), whereas this is less clear for the syntactic judgment deficits. In contrast neither type
of deficit seems to be closely tied to the degeneration of basal ganglia motor-related circuits – even if those play a more important role
in the processing of simpler rule-governed grammatical forms such as in regular morphology.

The observed impairments in naming manipulated (but not non-manipulated) objects seem to be more easily explained. In
particular, these results, together with a large literature of prior findings of deficits in action verbs, and related results (see
Introduction), may be largely explained by accounts linking difficulties in processing words with motor-related functions to deficits of
motor-related circuitry in PD. These accounts include posited deficits in procedural memory (Ullman, 2004, 2016), the disrupted
motor grounding hypothesis (Birba et al., 2017), and the ‘neural exploitation hypothesis’ (Gallese, 2008; Gallese & Cuccio, 2018).
Such views are consistent with the embodied cognition framework (Birba et al., 2017; Bocanegra et al., 2015; Gallese, 2008; Gallese
& Cuccio, 2018). The absence of correlations between naming manipulated objects and hypokinesia is somewhat puzzling in this
context, though, as we suggested above, it is possible that the non-motor semantic knowledge of manipulated objects is relied on
especially in such patients during lexical processing. That is, such declarative memory-based knowledge may play a compensatory
role, as it also appears to for other aspects of language and non-language functions in PD (see above, and Ullman & Pullman, 2015).
Future studies may elucidate this issue.

4.4. Limitations and future studies

This study has limitations and suggests future lines of research. First, measures of working memory and other executive functions
were not tested, and thus we could not examine whether deficits in these functions were associated with the observed syntactic (and
lexical) processing deficits. Other functions such as procedural and declarative memory that may have elucidated the nature of the
impairments were also not examined. Second, the study could have also probed the processing of action verbs, to test whether they
too showed impairments, and whether such impairments were linked to naming manipulated (but not non-manipulated objects), and
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perhaps to hypokinesia and LED. Third, the study focused on later stages of PD, and moreover non-demented patients. Future studies
with a similar design could also examine patients at earlier stages of the disease, and both with and without dementia or cognitive
impairment.

4.5. Conclusion

In sum, the present study, which examined multiple aspects of syntactic and lexical processing in Farsi within subjects in non-
demented PD patients at moderate-to-severe stages, yielded the following key findings. First, syntactic processing was reliably and
similarly impaired across syntactic comprehension and syntactic judgment and across different syntactic structures. Second, lexical
processing, as tested in object naming, was impaired for nouns linked to motor functions (manipulated objects such as ‘hammer’), but
not for nouns that are not associated with motor functions (non-manipulated objects such as ‘mountain’). Third, in direct compar-
isons, syntactic comprehension, syntactic judgment, and naming motor-related words showed equivalent impairments, and all of
these were more impaired than naming non-motor related words. Fourth, syntactic comprehension correlated with LED but not
hypokinesia; neither syntactic judgment nor naming either manipulated or non-manipulated objects correlated with either LED or
hypokinesia.

Together with findings from previous studies, the results suggest the following. Syntactic comprehension is impaired in PD, across
languages and language families, perhaps especially for more complex syntactic structures and at more advanced stages of the
disease. Syntactic judgment is also impaired in PD, with equivalent impairments as syntactic comprehension, though more studies are
needed. Lexical processing of words linked to motor functions is impaired, particularly at more advanced stages of PD. In contrast, the
processing of words not linked to motor functions can remain unimpaired, even in (non-demented) moderate-to-severe PD. Syntactic
comprehension and syntactic judgment show similar impairments as lexical processing of motor-related words, but are more im-
paired than lexical processing of non-motor-related words, even in more advanced (non-demented) patients. Dopaminergic processes
appear to modulate deficits of syntactic comprehension but perhaps not (or less so) deficits of syntactic judgment or lexical pro-
cessing. PD deficits at both types of syntactic tasks, though perhaps especially syntactic comprehension, may be best explained by
executive function impairments, in particular of working memory. Overall, the findings elucidate the nature of syntactic and lexical
deficits in PD.
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