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Parkinson’s disease (PD) affects the language processes, with a significant impact

on the patients’ daily communication. We aimed to describe specific alterations

in the comprehension of syntactically complex sentences in patients with

PD (PwPD) as compared to healthy controls (HC) and to identify the neural

underpinnings of these deficits using a functional connectivity analysis of the

striatum. A total of 20 patients PwPD and 15 HC participated in the fMRI study. We

analyzed their performance of a Test of sentence comprehension (ToSC) adjusted

for fMRI. A task-dependent functional connectivity analysis of the striatum was

conducted using the psychophysiological interaction method (PPI). On the

behavioral level, the PwPD scored significantly lower (mean ± sd: 77.3 ± 12.6)

in the total ToSC score than the HC did (mean ± sd: 86.6 ± 8.0), p = 0.02,

and the difference was also significant specifically for sentences with a non-

canonical word order (PD-mean ± sd: 69.9 ± 14.1, HC-mean ± sd: 80.2 ± 11.5,

p = 0.04). Using PPI, we found a statistically significant difference between the

PwPD and the HC in connectivity from the right striatum to the supplementary

motor area [SMA, (4 8 53)] for non-canonical sentences. This PPI connectivity

was negatively correlated with the ToSC accuracy of non-canonical sentences

in the PwPD. Our results showed disturbed sentence reading comprehension

in the PwPD with altered task-dependent functional connectivity from the right

striatum to the SMA, which supports the synchronization of the temporal and

sequential aspects of language processing. The study revealed that subcortical-

cortical networks (striatal-frontal loop) in PwPD are compromised, leading to

impaired comprehension of syntactically complex sentences.

KEYWORDS

Parkinson’s disease, language impairment, sentence reading comprehension, task fMRI,
functional connectivity, striatum

Introduction

The hallmark of Parkinson’s disease (PD) is the degeneration of dopaminergic neurons
in the basal ganglia; it affects the motor system and may also affect language processes.
Most of the attention in the field of communication disorders in Parkinson’s disease (PD)
is paid to motor speech changes. Hypokinetic dysarthria (decreased variations in pitch and
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loudness and imprecise articulation) can be found using advanced
analytic techniques on speech recordings, and non-invasive brain
stimulation can be used as a modifying therapy for it (Brabenec
et al., 2019, 2021; Klobusiakova et al., 2021).

Apart from the difficulties in speech, language problems also
occur in patients with PD (PwPD). Language is one of the main
cognitive domains and language performance might be influenced
by overall cognitive functioning. Executive and visuospatial domain
is typically impaired in early stages of cognitive decline in PD
(Aarsland et al., 2021), but other domains including language might
be impaired as well.

In the language production component there are
deficits in grammatical formation, syntactical complexity,
content/informativeness of narrative speech, specific problems with
words representing actions (action naming/fluency)/manipulable
objects, and non-verbal communication (Smith and Caplan, 2018).
Recent study (Lowit et al., 2022) showed higher rate of grammatical
and lexical errors in sentence production tasks in PwPD and even
though the authors found the link between executive function
and language performance in grammar tasks but performance in
Sentence Generation and Narrative was independent of it. Two
fMRI studies focused on brain activation in PD during action
naming and processing found that PwPD seemed to process
action verbs via the non-motor cortical networks (Péran et al.,
2009; Abrevaya et al., 2016). In the language comprehension
component, processing complex grammatical and syntactical
structures, and narrative comprehension seem to be deficient
in PwPD (Ash et al., 2012; Gross et al., 2012, 2013; Grossman
et al., 2012, 2017). PwPD, as compared to healthy controls (HC),
were impaired in syntactic comprehension and judgment, and at
naming manipulated objects but not at naming non-manipulated
objects (Johari et al., 2019).

Most authors attribute the sentence comprehension deficits
in PD to limited cognitive resources (Grossman et al., 2000) and
problems mostly in the executive domain, such as difficulties in
set-shifting, attention, inhibition, and working memory (Grossman
et al., 2002; Lee et al., 2003; Hochstadt et al., 2006; Hochstadt,
2009; Colman et al., 2011; Marková et al., 2018). Angwin
et al. (2005) reported deficits in lexical-semantic processing
during sentence comprehension. Their results suggest that some
sentence comprehension deficits in PD may be related to a
reduction in information processing speed. By contrast, Skeel
et al. (2001) found deficits in processing both semantically
and syntactically loaded sentences in PD, but no deficits in
working memory and no significant impact of dopaminergic
medication. Some authors also found that linguistic impairments
might be independent of cognitive deficits, such as in executive
functioning (Troche and Altmann, 2012) or link between
executive function and language performance might be task
dependent (Lowit et al., 2022).

Comprehension of non-canonical, passive, or object-relative
structures seems to cause the most problems in PD (Lee et al.,
2003; Angwin et al., 2005). Non-canonical order refers to sentences
in which the patient (affected by the action or object) precedes
the agent of the action (subject). In English, a rigid word order
encodes the grammatical relations between words (if the word
order of a sentence–e.g., The mother is kissing the daughter–
is changed, the meaning of the sentence also changes: The
daughter is kissing the mother). Non-canonical order in English

is accomplished mostly by using passive structures (The mother
is kissed by the daughter). By contrast, languages such as Slovak
or Czech have a more flexible word order and these grammatical
relations are indicated by case markings on the nouns (nominative–
NOM vs. accusative–ACC). An example of a sentence with a
canonical order in Slovak: Dcéra (NOM) bozkáva mamu (ACC),
meaning “The daughter is kissing the mother”; and with non-
canonical order: Mamu (ACC) bozkáva dcéra (NOM). This type
of non-canonical word order sentence does not have the same
function in English; the meaning is: “The mother is kissed by
the daughter” but it is not passive in Slovak. Both sentences
are active and typical for Slovak language but canonical word
order has a processing advantage over non-canonical word order
(for more details see Supplementary Material or Marková et al.,
2017).

The neural network for sentence comprehension in healthy
subjects (Walenski et al., 2019), calculated using activation
likelihood estimation based meta-analyses, showed a significant
involvement of regions such as the inferior frontal gyrus, insula,
temporal pole, precentral gyrus, supplementary motor area (SMA),
superior and middle temporal gyrus, angular gyrus, and temporal
occipital fusiform cortex. The results from an analysis of non-
canonical sentences showed the engagement of the frontal and
posterior temporal regions as well as the left angular gyrus and the
right insula.

Few neuroimaging studies using fMRI have been concentrated
on language comprehension in PD. Grossman et al. (2003) found
that impaired sentence comprehension in PD was associated with
changes in a large-scale network important for cognitive resources
during sentence processing (decreased activation mainly of the
striatum and increased compensatory activation of structures
associated with working memory). In accordance with these results,
another group found that dysfunction of the caudate nucleus
networks underlies PwPD’ difficulty in dealing with complex
sentence structures (before vs. after sentences) as measured in fMRI
(Ye et al., 2012).

Although sentence comprehension was shown to be
compromised in PD, the pathogenic role of abnormalities
affecting functional integration between large-scale brain networks
has not been demonstrated conclusively and a limited number
of studies have focused on disturbed sentence comprehension
using fMRI. We specifically focused on the striatum, because
the loss of dopaminergic neurons and their projections to
the striatum produces the core motor symptoms of PD and
contributes to some of the cognitive and behavioral features,
such as dysfunction of the basal ganglia thalamocortical network
(McGregor and Nelson, 2019). We studied the striatal connectivity
because previous research hinted that its alterations were
connected with language impairment in PD (Grossman et al.,
2003; Péran et al., 2009; Ye et al., 2012; Abrevaya et al.,
2016). Our aim was to describe specific alterations in the
comprehension of syntactically complex sentences in PD as
compared to HC and to identify the neural underpinnings
of these deficits using a functional connectivity analysis of
the striatum. Our hypothesis was that PwPD show deficits
in their comprehension of syntactically complex sentences
(especially of non-canonical structures) with altered task-
dependent functional connectivity from the striatum as compared
to HC.
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Methods

Participants and examination protocol

We included clinically diagnosed non-demented PwPD
(Postuma et al., 2015) and HC with the exclusion criteria of
serious brain injury, major psychiatric disorder or central nervous
system disease (other than PD in PwPD group), DBS or pump-
delivered therapy, alcohol/drug abuse, and any contraindications
for MRI. To evaluate cognitive functions, we used the following
neuropsychological tests (as described in Marková et al. (2018)],
in which we also indicate the cognitive domain that they primarily
measure: Montreal Cognitive Assessment (MOCA)–general
cognitive functioning [a cut-off score for a normal performance
and inclusion in our protocol was ≥24 points as suggested by Lucza
et al. (2015)], Rey’s figure–visuo-spatial functions, visual memory;
repetition of numbers and letters–verbal working memory and
working memory capacity; Stroop test–processing speed, sensitivity
to interference, cognitive flexibility; Trail Making Test–processing
speed (Part A), cognitive flexibility and task switching (Part B);
semantic and phonemic verbal fluency – initiation, language
skills, verbal executive; auditory verbal learning test (AVLT)—
memory learning test – immediate and delayed verbal memory.
The neurocognitive battery was administered only in the group
of PwPD. Beck Depression Inventory-II (BDI-II) was used as
a subjective measure of depressive symptoms (no cut-off score
was used, which is mentioned as a limitation of our study in the
Section“Discussion”).

Our cohort consisted of 20 PwPD (age 60.4 ± 7.6 years; 60%
men; disease duration: 5.5 ± 3.1 years; The Unified Parkinson’s
Disease Rating Scale–UPDRS III 27.8 ± 10.2; Hoehn and Yahr–
H and Y score 2 for all subjects except one, who had 2.5;
Levodopa Equivalent Daily Dose–LEDD 1,156 ± 603.1 mg/day; 10
patients had right-sided PD symptom predominance, 8 had left-
sided symptom predominance and 2 were without predominance;
MOCA 27.4 ± 2.1; BDI-II 13.6 ± 8.6) and 15 HC (age
64.5 ± 4.3 years; 40% men; MOCA 27.9 ± 1.5; BDI-II 4.0 ± 2.3).
The groups did not significantly differ in age, gender, or education,
but they differed in BDI-II (p = 0.0002).

Experimental design–the test of
sentence comprehension

All participants were right-handed Slovak native speakers and
we analyzed the performance of a language-specific Slovak version
of the test of sentence comprehension (ToSC) adjusted for fMRI
(Figure 1) (for more details Marková et al., 2018, 2017). The ToSC
consists of black-and-white pictures depicting an action (the roles
of the main participants may reverse and they differ visually from
each other, e.g., in the shade of their clothes) and semantically
reversible sentences in which the main participants (subjects and
objects) can exchange their thematic roles and the sentence still
remains meaningful. These syntactically complex sentences contain
transitive verbs and two nouns (person/animal), one functioning as
a subject and the other as an object, both of which can perform the
action expressed by the verb. In sentences with a “canonical order”
of thematic roles, the first noun in the sentence is assigned the role

FIGURE 1

Test of sentence comprehension, sample picture, English
translation: The mother in a white dress is kissing the daughter.

of an agent (i.e., the doer of an action); in sentences with a non-
canonical order of thematic roles, the first noun in the sentence
plays the role of the patient (i.e., the entity that undergoes or is
affected by some action). Participants quietly read the sentence
below the picture on the screen during fMRI and their task was
to decide whether the sentence matched the scene in the picture
by pressing a YES or NO button. Figure 1 shows an example of a
picture that was presented together with the sentence “The mother
(ACC) is kissing the daughter (NOM) in the white dress.” All
tested sentences were active and all of them were unambiguous
because of the morphological cue at nouns and pronouns (for more
details see Supplementary Material or Marková et al., 2017). The
control task used the same picture material; there was a syntactically
simple sentence below “The scene is taking place indoors.” Or the
scene is taking place outdoors.’ and the participants had to decide
whether decide whether the sentence matched the scene by pressing
a YES or NO button. All participants were properly instructed and
practiced the task before they were scanned. Only participants who
understood the instructions were eligible for the study. All patients
were tested in their best ON state in the morning i.e., patients took
their regular morning dopaminergic medication 1 h before the data
acquisition. They had to be without any changes in dopaminergic
treatment in the last 3 months. All subjects signed an informed
consent form that was approved by the local ethics committee.

MRI examination

3T Siemens Prisma MR scanner (Siemens Corp., Erlangen,
Germany) was used for data acquisition at the Central European
Institute of Technology (CEITEC), Masaryk University in Brno,
using the T1 MPRAGE sequence (TR 2,300 ms; TE 2.33 ms;
voxel size 1 × 1 × 1 mm; FoV 224 × 224 mm; flip angle 8◦;
240 sagittal slices) and multiecho BOLD fMRI sequence for two
sessions of the task fMRI [TR 987 ms; TE (14.2, 35.4) ms; voxel
size 2.561 × 2.561 × 2.5 mm; FoV 210 mm; flip angle 45◦; 64
axial slices; 500 scans per session; multiband factor 4]. The fMRI
task consisted of 96 trials, divided into 2 sessions (48 trials each).

Frontiers in Aging Neuroscience 03 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1117473
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1117473 March 4, 2023 Time: 14:42 # 4

Novakova et al. 10.3389/fnagi.2023.1117473

During the trial (10 s), a picture was presented with a sentence
describing the picture (until the participant responded by pressing
a YES or NO button, up to 5 s), followed by a screen with a fixation
cross (minimally 5 s). The duration time of the whole fMRI task (2
sessions together) was 16 min. The sentences were characterized by
the condition of canonicity (canonical, non-canonical, and control;
32 trials each). The rate of correct and false statements was 1:1 (48
to 48). Conditions were randomly intermixed and the number of
correct responses (accuracy of ToSC) was an outcome measure.

Data analyses

The fMRI data were preprocessed using the SPM 12 toolbox
running under Matlab 2019a (MathWorks, Inc.). Preprocessing
included realignment, multiecho merging based on CNR (Poser
et al., 2006), spatial normalization, and smoothing (5 mm FWHM
Gaussian filter). We excluded subjects for whom the framewise
displacement metric exceeded 0.5 mm in more than 20% of the
scans in each of the sessions. For fMRI analyses, four PwPD
were excluded from analysis due to excessive movements. We
controlled data for spatial abnormalities (e.g., dropouts) with the
Mask Explorer tool (Gajdoš et al., 2016). We prepared masks of the
striatum based on the structural anatomical striatal atlas (Tziortzi
et al., 2011) available within the FSL software package. This atlas
is subdivided into three striatal subregions–caudate, putamen, and
ventral striatum. We prepared masks of the left and right striatum
consisting of all three subregions present in the left and right
hemispheres.

The Mann–Whitney U-test was used to calculate the differences
in accuracy between groups. Spearman correlation coefficients
were calculated between behavioral outcomes (accuracy of the
ToSC fMRI task) and neuropsychological scores in patients. We
used general linear model (GLM) to filter out the effect of those
neuropsychological measures that at least moderately correlated
with our behavioral outcomes (accuracy of the ToSC fMRI task) to
find out how much language domain (in our case comprehension of
syntactically complex sentences) might be independently impaired
of other cognitive domains in PD.

A task-dependent functional connectivity analysis from the
striatum was studied using the psychophysiological interaction
method (PPI) (O’Reilly et al., 2012). We used whole-brain seed
PPI computed with GLM. We modeled regressors for the activity
of the seed (physiological regressor), for the task conditions
(psychological regressors: canonical, non-canonical and control
condition convolved with hemodynamic response function) and
interaction of physiological and psychological regressors (PPI
regressors). The model also involved 24 confound regressors
for movement parameters (translations and rotations, their
squares, their differences, and squares of their differences), 2
confound regressors with signals originating in white matter and
cerebrospinal fluid and confound regressors for scans exceeding
1.5 mm of framewise displacement. All reported results had
a statistical significance threshold set to p < 0.05 with FWE
correction at the cluster level with initial cut p = 0.005 uncorrected.
All reported coordinates are in MNI space. Spearman partial
correlations, controlling for the effects of age and the BDI-
II were calculated between the PPI parameters of interest (i.e.,

with significant differences between both groups) and behavioral
outcomes (accuracy of the ToSC fMRI task in non-canonical
sentences). Only medium to strong correlations with | r| > 0.4 were
reported.

Results

On the behavioral level, the PwPD scored significantly lower
(mean ± sd: 77.3 ± 12.6) on total score of ToSC fMRI task than
HC (mean ± sd: 86.6 ± 8.0), p = 0.02, and the difference was
significant for both canonical (PD-mean ± sd: 84.6 ± 12.7, HC-
mean ± sd: 92.9 ± 5.8, p = 0.03) and non-canonical sentences
(PD-mean ± sd: 69.9 ± 14.1, HC-mean ± sd: 80.2 ± 11.5,
p = 0.04). Compared to a control task, the difference between PwPD
and HC in comprehending syntactically complex sentences nearly
reached the level of significance (p = 0.05). In PwPD, the overall
accuracy positively correlated with phonemic fluency [r(14) = 0.49,
p = 0.03] and the accuracy of non-canonical sentences positively
correlated with both phonemic fluency [r(14) = 0.40, p = 0.08] and
interference of Stroop task [r(14) = 0.43, p = 0.06], but p-values
were non-significant, for more details see Supplementary Table 1
in the SupplementaryMaterial. After filtering the PwPD data from
the effect of these two neuropsychological measures that correlated
with the accuracy (phonemic fluency and interference of Stroop
task) the differences between groups in accuracy was even more
prominent in both total score of ToSC fMRI task (p = 0.01) and
specifically for non-canonical sentences (p = 0.03).

Using PPI, we found that there was a statistically significant
difference between PD and HC in connectivity from the right
striatum to the SMA [4 8 53] for non-canonical sentences (the
connectivity was higher in PD than in HC), Figure 2, for
more details on PPI connectivity see Supplementary Table 2
and Supplementary Figures 1–4 in the Supplementary Material.
This PPI connectivity was negatively correlated with the accuracy
of the comprehension of non-canonical sentences in PwPD
[r(14) = −0.64, p = 0.01], see Figure 3.

Discussion

Primary findings of this study showed worse performance
of sentence comprehension in PwPD as compared to HC.
A significant increase of functional connectivity between the
right striatum and the SMA was also found in PwPD, which
was negatively correlated with their impaired accuracy of
non-canonical sentence comprehension. These findings suggest
a compromised striatal-frontal loop in PwPD that may be
related to their diminished comprehension of syntactically
complex sentences.

Behavioral results that revealed problems in the PwPD with
comprehension of syntactically complex sentences are in line with
previous research (Lee et al., 2003; Angwin et al., 2005). Marková
et al. (2018), using the same test material (ToSC) as was adapted
in our fMRI task, showed that PwPD were significantly worse
than HC in decoding sentences with non-canonical order. In
other words, we replicated this behavioral outcome in a different
sample under different data collection conditions (reading/visual
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FIGURE 2

Boxplots of values of seed PPI connectivity in contrast for non-canonical stimuli from right striatum to SMA (3.73, 8.37, and 52.5) are depicted on the
left (A). Localization of the position in parametric map of the two sample t-test between PD and HC (three orthogonal views) with initial cutoff
p = 0.005 for cluster level inference is on the right (B).

FIGURE 3

Correlation of PPI connectivity seed striatum right to SMA and accuracy of non-canonical sentences. Here rS for Spearman correlation coefficient.

sentence comprehension inside of MRI as compared to auditory
sentence comprehension in ambulance settings). In our study all
patients were tested in their best ON medication state which
might influence their performance in sentence comprehension
task. Previously it was suggested that dopamine supports sentence
comprehension in PD and that PwPD OFF levodopa have
even poorer comprehension of syntactically complex sentences
(Grossman et al., 2001) and slower lexical activation (Angwin

et al., 2007) as compared to ON state. Studying a different
neurodegenerative disease group and using ToSC, Marková et al.
(2017) showed that patients with even mild Alzheimer’s disease
(AD) have more serious problems processing sentences with a
non-canonical order.

Our results indicated that overall accuracy in an fMRI task
and accuracy for non-canonical sentences correlated mostly with
executive functions (in this study related to phonemic fluency,

Frontiers in Aging Neuroscience 05 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1117473
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1117473 March 4, 2023 Time: 14:42 # 6

Novakova et al. 10.3389/fnagi.2023.1117473

interference of Stroop task), such as difficulties in set-shifting,
mental search and monitoring, and inhibition. Similarly, executive
functioning was previously described as being associated with
impaired language comprehension difficulties in PD (Grossman
et al., 2002; Lee et al., 2003; Hochstadt et al., 2006; Hochstadt, 2009;
Colman et al., 2011; Marková et al., 2018). After filtering out the
effect of executive functions, the differences between groups did
not disappear; instead, they were even slightly more prominent.
Thus, impaired executive functioning does not represent the
main cause of the problems with comprehension of syntactically
complex sentences in PD. The fact that we did not find the link
between executive functioning and language deficits might be task-
dependent as was shown previously (Lowit et al., 2022), in our
study related to choice of phonemic fluency, interference of Stroop
task and sentence reading comprehension task. Alternatively
we might as other authors (Troche and Altmann, 2012) also
speculate that language domain (in our case comprehension of
syntactically complex sentences) might be independently impaired
of other cognitive domains (e.g., executive functions). For the
sentence comprehension in Slovak it is important to perceive
and recognize the morphological cue and to suppress the strategy
“the first noun in a sentence is the agent.” The reason of worse
performance of PwPD in non-canonical sentences might be the
“insensitivity” to a morphological cue, or the insufficient sources
for its processing.

In our research we aimed to describe subcortical-cortical
effective functional connectivity differences in PwPD compared
to HC while performing a sentence comprehension task. We
found an increase of connectivity between the right striatum
and the SMA in the PwPD group, but this increase was not
associated with a better performance; instead, we found a negative
correlation with task accuracy. The SMA is connected with the
basal ganglia (striatum) circuit that supports the synchronization
of temporal and sequential aspects (i.e., syntax) in language
processing (syntactic processes under attentional control) (Kotz
et al., 2009). The SMA has many other roles in PD with regard to
motor aspects; it has also been shown to be a part of the neural
network for sentence comprehension in healthy subjects (Walenski
et al., 2019).

Maladaptation in an effort to compensate in neurodegenerative
disorders has been described previously (Cramer et al., 2011).
Neuroplasticity is a life-long process that intermediates the
structural and functional response of dendrites, axons, and
synapses to new experience or some pathological changes
(Mesulam, 1999). It was described previously in mild cognitive
impairment preceding AD that there is a phase of increased
hippocampal activation early in the course of the disease followed
by a subsequent decrease as the disease progresses (Dickerson et al.,
2005). Similarly, in PD it was shown that the decline in heightened
plasticity that was present at onset of the disease may reflect
failure of compensatory mechanisms that maintained function
in the preclinical state (Kojovic et al., 2015). In degenerative
diseases with increasing pathology over time causes compensatory
mechanisms to fail or become pathogenic in their effects on
vulnerable neuronal populations, thereby destabilizing networks
(Mesulam, 1999).

The limitations of this study are relatively small sample
size, examining in the ON medication state, the lack of
neuropsychological evaluation of HC and no cut-off score

in BDI-II applied. In sum, we believe that subcortical-
cortical networks (especially striatal-frontal loop) in PwPD
are compromised, leading to deficits in comprehension of
syntactically complex sentences. In the future, more studies are
needed to explore the functional and structural (Hope et al.,
2019; Sejnoha Minsterova et al., 2020) connectivity alterations
that may be responsible for the language impairment in PD
and the therapeutical approaches to address these language
dysfunctions. Non-invasive brain stimulation techniques that
showed potential to be modifying therapy for disturbed speech
in PwPD (Brabenec et al., 2019, 2021) might also explain the
causality of the altered connectivity of distinct cortical regions
with the basal ganglia on specific language task performance and
might modify task-related connectivity for improved language
task performance (Novakova et al., 2020). But this approach
for language impairment in PD needs further research and
validation.
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