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In Parkinson's disease (PD) both speech production and self-monitoring of voiced speech are altered.
Methods: In our previous study we used functional magnetic resonance imaging (fMRI) to examine which
brain areas are involved in overt reading in nine female PD patients (mean age 66.0±11.6 years) compared
with eight age-matched healthy female controls (mean age 62.2 years±12.3). Here we performed the post-
hoc seed-based functional connectivity analysis of our data to assess the functional connectivity between the
periaqueductal gray matter (PAG; i.e. the core subcortical structure involved in human vocalization) and
other brain regions in the same groups of PD patients and controls.
Results: In PD patients as compared with controls we observed increased connectivity between PAG and basal
ganglia, posterior superior temporal gyrus, supramarginal and fusiform gyri and inferior parietal lobule on
the right side. In the PD group, the connectivity strength in the right putamen and the right sypramarginal
gyrus was correlated with variability of pitch while the connectivity strength in the right posterior superior
temporal gyrus and in the right inferior parietal lobule was correlated with speech loudness.
Conclusion: We observed functional reorganization in PD patients as compared with controls in both the motor
basal ganglia-thalamo-cortical circuitry and cortical areas known to be engaged in-auditory and somatosensory
feedback control of voiced speech. These changes were hemisphere-specific and might either reflect effects of
dopaminergic treatment or at least partially successful compensatory mechanisms involved in early-stage PD.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Human vocalization engages many cortical and subcortical struc-
tures including themidline structures centered upon themesencephal-
ic periaqueductal gray matter [PAG], neocortical motor and premotor
areas, the basal ganglia thalamo-cortical circuitry, and cerebellum [1].
During speech production the supplementary motor area (SMA) and
anterior cingulate cortex (ACC) have been shown to be involved in
the initiation of speech [2], the left anterior insular cortex (AIC) is
thought to play a role in the planning of articulatory output [3,4] and
speech movements are generated in the primary sensorimotor area
(SM1) corresponding mainly to the orofacial somatotopic areas [4–6].
In the context of speech, “vocalization” specifically involves brainmech-
anisms that support the precise coordination of respiration (adjusting
inspiration, expiration and subglottal air pressure) and laryngeal activ-
ity and adjustments of vocal fold length and tension (adjusting pitch).
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Animal studies e.g. [7,8] reported a midline network of brain regions,
with PAG at the core of this circuit, dedicated to the generation of
species-specific calls. PAG regulates synchronous activity in visceromo-
tor neurons of the lower brainstem that are known to control both the
vocal fold tension and respiration [7,9]. Schulz et al. [1] contrasted
voiced and whispered speech in healthy humans using H2

15O PET and
then evaluated functional connectivity of regions that significantly dif-
ferentiated these conditions. The authors demonstrated for the first
time that PAG was engaged also in human vocalization. During voiced
but not whispered speech, activity in PAG was correlated not only
with phylogenetically older paramedian cortices and neocortical
motor brain regions but also with areas in the temporal lobes, namely
bilateral posterior superior temporal gyri and supramarginal gyri.
These temporal regions may support self monitoring and feedback reg-
ulation of human phonation [1].

In Parkinson's disease (PD), the degeneration of dopaminergic
nigrostriatal pathways results in disturbances of motor cortical areas
and leads to the appearance of parkinsonian motor symptoms, includ-
ing changes in speech. The speech dysfunction resulting from PD is typ-
ically classified as hypokinetic dysarthria. It affects up to 90% of patients
with PD during the course of their illness [10] and it is characterized by
reduced loudness, monotonous pitch, hoarseness, a breathy voice qual-
ity, imprecise articulation and impaired speech rate and rhythm [e.g.
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10–16]. It is thought that motor speech disorders may be present in the
early phase of illness and include a reduced variability of pitch and loud-
ness and reduced speech stress in particular [6]. In addition, abnormal-
ities in the auditory system and abnormal auditory-motor integration in
PD [17,18] may contribute both to disturbances of self-perception of
voice and speech production in this patient population [14].

Although pharmacological and surgical treatments are effective in
treating motor symptoms of PD, the gains are not as significant for
speech as they are for limb symptoms and the results of studies are
variable depending mostly on study parameters and subpopulations
of PD patients involved [e.g. 6,11,19–28]. On the other hand, LSVT
(Lee Silverman Voice Treatment), have been effective for the treat-
ment of hypokinetic dysarthria [e.g. 10,14]. It targets increased ampli-
tude of motor output during speech production by training increased
vocal effort and loudness while training individuals to monitor their
own vocal output [14]. Therefore, brain areas involved in the auditory
and somatosensory feedback of voiced speech are of particular inter-
est in PD.

So far only a few studies have assessed hypokinetic dysarthria in
PD using functional imaging [29–34]. In our previous study we used
functional magnetic resonance imaging (fMRI) to examine which
brain areas are involved in speech production in PD patients com-
pared with healthy controls and which regions underlie variations
in speech initiation, sentence reading duration and paralinguistic as-
pects of speech production in both groups [31]. We demonstrated
that despite a comparable quality of speech in the two groups, the
left primary orofacial sensorimotor cortex (SM1) was more engaged
in PD patients than in controls. In addition, we found increased
blood-oxygen level-dependent (BOLD) signal in the right SM1 in pa-
tients, as compared with controls, which was correlated with reading
initiation. Other studies specifically explored effects of LSVT [29,33] or
deep brain stimulation of the subthalamic nucleus in PD [30,34].
Taken together, results of all mentioned studies show that brain
changes in hypokinetic dysarthria do not parallel those of limb move-
ments and it has been postulated that pathophysiology of PD dysar-
thria is, at least in part, different from that of limb dysfunction.

Since both speech production and self-monitoring of voiced
speech are altered in PD, the aim of the present study was to perform
the post-hoc analysis of our MRI data in order to assess the functional
connectivity between PAG, the core subcortical visceromotor struc-
ture involved in human vocalization, and other cortical and subcorti-
cal regions in the same groups of PD patients and controls [31]. We
hypothesized that patients would show increased functional connec-
tivity between PAG and areas engaged both in motor speech output
and monitoring of their own voice intensity and pitch in order to
compensate for striato-cortical circuitry dysfunction. In case that
was true, we also aimed at assessing whether or not the areas with al-
tered connectivity underlie variations in paralinguistic aspects of
speech production – and voice loudness and intonation in particular
– since these parameters are known to be impaired already in early
stages of PD.
Table 1
Paralinguistic aspects of speech production in PD patients and healthy controls.

Speech parameter Patients Controls t-
value

p-
Value

Mean SD Mean SD

Range of amplitude
[absolute values]

1197.3 562.0 1634.0 496.0 −2.06 0.06

RMS of amplitude
[absolute values]

93.0 39.5 131.0 51.4 −2.47 0.03

Mean pitch (F0) [Hz] 196.6 37.7 201.1 36.1 −0.04 0.98
SD of F0 [Hz] 65.3 8.3 67.5 11.9 −0.54 0.60
Range of F0 [Hz] 227.7 30.8 237.5 43.1 −0.53 0.61

RMS of amplitude: root-mean-square of amplitude, F0: mean fundamental frequency
or pitch, SD: standard deviation. The last two columns show between group compari-
sons using two sample t-tests.
2. Patients and methods

Data was analyzed in nine treated female patients with PD (age;
mean 66.0±11.6 years) and eight age-matched healthy female controls
(age; mean 62.2 years±12.3), see [31]. In the PD group, the disease du-
rationwas 3.4±1.7 years. Themean daily levodopa equivalent dosewas
583.3±397.9 mg, patients were scanned on medication, for details see
[31]. Only women were recruited since men and women differ with re-
spect to the mean fundamental voice frequency. For paralinguistic as-
pects of speech, see Table 1. None of the participants had a history and/
or presence of any psychiatric symptoms, cognitive impairment, and of
any disease affecting the central nervous system (other than PD in the
PD cohort). All participants reported Czech as their first language. All
experimental protocols were approved by the Ethics Committee of the
St Anne's Hospital in Brno, and all participants provided informed
consent.

For the speech task and speech stimuli analysis, see [31]. Briefly,
participants performed a speech task in the scanner. The BOLD signal
was measured in response to: (1) reading out loud emotionally neu-
tral sentences; and (2) passively viewing a string of “x's” (baseline).
Using an event-related design, 61 volume measurements were ac-
quired during 12-minute functional scans (see below for details).
Speech was recorded using a unidirectional analog computer micro-
phone fixed to the head coil and stored on a personal computer. For
off-line analysis of the speech samples, a Matlab (Matlab 5.0; Math-
works, Natick, MA) platform was adapted to extract the following pa-
rameters from the sentences: initiation of sentence reading, duration
of sentence reading, range of amplitude, root-mean-square (RMS) of
amplitude, mean fundamental frequency (F0), standard deviation
(SD) of F0 and range of F0. The analysis of these paralinguistic aspects
of speech was performed in the Montreal Neurological Institute, and
details have been reported elsewhere [35]. Fundamental frequency
(F0) is a major contributor to perceived vocal pitch. F0 variation
across a speech sample reflects the amount of intonation in speech,
or prosody. An acoustical correlate of loudness is root-mean square
amplitude (RMS-amplitude). Range of amplitude provides informa-
tion about the variability of loudness throughout an utterance.
2.1. Functional MRI

Participants were scanned with a 1.5-T Siemens Symphony scan-
ner (Siemens, Erlangen, Germany). Functional data were acquired
with gradient-echo echoplanar T2*-weighted images (TE, 50 ms; TR,
191 ms; FA, 90°). The fMRI scan volume included 20 transversal slices
parallel to an estimated line passing through the anterior and poste-
rior commissures (matrix size, 128 by 80; in-plane resolution,
1.7×1.7 mm2; slice thickness, 4 mm; 1 mm-gap between slices; ac-
quisition of one measurement 3.8 s; inter-measurement interval,
12 s). The imaged volume covered most of the brain excluding the
cerebellum. After functional scans, a high resolution T1-weighted
3D volume was acquired for anatomical localization (TR=1700 ms,
TE=3.96 ms, FA, 15°, FOV, 246 mm; slice thickness 1.17 mm; 160
saggital slices; in-plane resolution, 0.961×0.961 mm2). Functional
images were motion-corrected, normalized to standard stereotactic
space (MNI 305), and smoothed using a 6-mm full-width at half-
maximum isotropic Gaussian kernel. While in our original report
[31] the data was analyzed using SPM99, here we used SPM5 to ana-
lyze the functional connectivity.

Correlation analysis was performed between the seed reference
centered in PAG and the whole brain in a voxel-wise manner. We
chose PAG coordinates (−2, −28, −8) from the simple reading con-
trast results (i.e. reading minus baseline) in the PD group [31]. The
seed time-series from PAG was extracted using the participant's



Table 2
PAG-based functional connectivity: group analysis results (data pooled from all
participants).

Region X Y Z K voxels p corrected

L sensorimotor cortex (orofacial) −54 −10 22 314 0.000
R anterior cingulate
cortex/supplementary motor area

4 18 44 168 0.000

R premotor/sensorimotor cortex 52 −8 40 226 0.001
R midbrain 10 −24 −6 53 0.004
L occipital cortex −28 −96 16 67 0.004
L inferior frontal gyrus −44 26 −2 29 0.008
L cuneus −24 −90 30 68 0.009
R putamen 22 10 −6 86 0.011
L anterior cingulate cortex 0 18 32 72 0.013
R putamen 28 −14 0 48 0.021
L superior temporal gyrus −44 −34 8 25 0.022
R parietal cortex 26 −84 32 68 0.022
L insula −30 16 −4 46 0.029
L superior temporal gyrus −56 6 −14 13 0.037
L inferior frontal gyrus −40 −2 32 18 0.039
R superior temporal gyrus/superior
temporal sulcus

48 −36 4 36 0.046

L supplementary motor area −4 −8 62 31 0.049

MNI coordinates used.
Reported areas are limited to those regions that were also present in the simple
reading effect contrast (i.e. reading minus baseline) in the PD group and/or in the
healthy controls group, and significant using cluster level inference p>0.05; FWE
corrected threshold.
L, left; R, right; K voxels, number of voxels in a cluster.
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individual nearest local maxima coordinates within PAG as a first
eigenvariate from sphere with 6 mm radius. Second level analysis
was performed in order to compare functional connectivity of the
PAG between the PD patients and healthy controls. Subsequently,
the mean connectivity strengths (regression slopes or beta values cal-
culated within the seed-based functional connectivity analysis in each
subject) were extracted from results using a sphere with a radius of
6 mm centered in 6 regions of interest, i.e. in the brain areas with ob-
served between-groups differences in the magnitude of functional
connectivity strength (Table 3). In order to assess whether the ob-
served PAG functional connectivity with specific brain regions of PD
patients are associated with their behavioral outcomes, we correlated
the connectivity strength values with speech parameters of interest
(i.e. SD of F0, range of amplitude, and RSM of A) using STATISTICA
software (StatSoft, Inc., Tulsa, OK).

All group reading-effect statistics (basic analyses and seed correla-
tion analyses) were thresholded to a p-value of 0.001 uncorrected for
multiple comparisons with an extent threshold of 5 voxels.

3. Results

In both groups, increased BOLD signal in PAG was correlated with
a number of regions, including SM1 and premotor cortices, SMA, an-
terior and posterior cingulate cortices, medial and superior temporal
gyri, insula, middle occipital gyrus, precuneus, superior and inferior
parietal sulci, temporal association areas and subcortical motor struc-
tures, see Fig. 1 and Table 2.

In PD patients as compared with controls, the increased strength
of functional connectivity with the seed located in PAG was observed
in basal ganglia (caudate head and putamen), posterior superior tem-
poral gyrus, supramarginal and fusiform gyri and inferior parietal lob-
ule on the right side, see Table 3. We found no significant increases of
the functional connectivity in controls as compared with PD patients.

In the PD group, the magnitude of functional connectivity in the
right putamen (coordinates 24, −10, 0) and the right sypramarginal
gyrus (coordinates 44, −46, 30) was correlated with SD of pitch
(r=0.83; p=0.02 and r=0.78; p=0.04, respectively). The strength
of functional connectivity in the right posterior superior temporal
gyrus (coordinates 40, −38, 14) and in the right inferior parietal lob-
ule (coordinates 42, −36, 28) was correlated with the RMS/range of
A (r=0.8; p=0.03 and r=0.90; p=0.01, respectively), see Fig. 2a–c.

4. Discussion

Schulz et al. [1] have demonstrated that PAG, which is the subcor-
tical visceromotor structure known to coordinate basic respiratory
and laryngeal motor patterns that are necessary for speech, is func-
tionally connected not only with cortical and subcortical areas
Fig. 1. Seed-based functional connectivity with the seed located in PAG (white arrow):
group analysis results (data pooled from all participants).
involved in speech production but also with areas involved in self-
monitoring of voiced speech. Our results of seed-based functional
connectivity in both healthy controls and PD participants are consis-
tent with these notions. The second level analysis of our data revealed
increased strength of functional connectivity in PD as compared with
healthy controls specifically in the right striatum. The connectivity
strength in the putamen positively correlated with speech intonation.
The putamen is a central constituent of the dopaminergic nigrostria-
tal pathway which is known to be degenerated in PD, and part of
the motor circuit which is connected through the ventral thalamus
to the SMA [36,37]. The motor circuit might enable more precise vol-
untary control over the laryngeal, respiratory and articulatory activity
during voiced speech [1,38]. In PD, the enhanced connectivity
strength between PAG and putamen might reflect either successful
compensatory changes in PD involved due to the dysfunction of the
nigrostriatal circuitry or direct effects of dopaminergic therapy or
combination of both.

In addition, there are areas in the temporal lobe and cerebellum
that are functionally coupled to both visceromotor and neocortical
systems during vocalization [e.g. 1,4,39]. We were not able to acquire
data from cerebellum (see Patients andmethods section) but we have
demonstrated increased functional connectivity in various temporal
regions in PD as compared with healthy controls. More specifically,
the magnitude of connectivity in the posterior superior temporal
Table 3
Brain areas of increased PAG-based functional connectivity in PD patients as compared
to healthy controls.

Region X Y Z t-stat z-stat

R Caudate head 16 18 6 5.37 3.95
R Superior temporal gyrus 40 −38 14 4.80 3.68
R Supramarginal gyrus 44 −46 30 4.76 3.66
R Putamen 24 −10 0 4.74 3.65
R Fusiform gyrus 42 −66 0 4.61 3.58
R Inferior parietal lobule 42 −36 28 4.06 3.28

MNI coordinates used; significance threshold pb0.001 uncorrected, minimal spatial
extent of 5 voxels. R, right.



Fig. 2. a: Correlation between the magnitude of PAG-based functional connectivity in the right putamen and SD of pitch.2b: Correlation between the magnitude of PAG-based func-
tional connectivity in the right posterior superior temporal gyrus and RMS of amplitude2c: Correlation between the magnitude of PAG-based functional connectivity in the right
sypramarginal gyrus and SD of pitch.
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gyrus correlated with voice loudness and the strength of connectivity
in the supramarginal gyrus correlated with intonation in speech. Thus
we provided further evidence for the crucial role of these two regions
in vocal and somatosensory self-monitoring respectively, and com-
plex on-line adjustments of voice loudness and pitch [40,41]. In
healthy humans, representation of the auditory control seems to be
bilateral, usually with a right-sided preponderance [4,39,40] while
the feedback control of pitch is mainly supported by the right
hemispheric network [e.g. 41,42]. Since abnormalities in the somato-
sensory [43] as well as in the auditory [18,44] systems have been
documented in PD, we may again speculate that our results reflect
compensatory mechanisms in early stage PD and/or treatment effects.
These mechanisms were efficient for the control of speech intonation
while they were not efficient enough for controlling the speech loud-
ness. Our behavioral data showed that the voice loudness was signif-
icantly lower in the PD group as compared with healthy controls

image of Fig.�2
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while other studied acoustic parameters of speech were comparable
in both groups.

Another interesting observation is the right-sided hemispheric
lateralization with respect to all results of our between-groups ana-
lyses. Such a hemispheric lateralization in PD associated with success-
ful vocalization and speech production has already been documented
by others. For example Wang et al. [45] have shown that only right
sided as opposed to left-sided STN DBS had positive effects on speak-
ing rate and articulatory accuracy in PD. But in this paper acoustic pa-
rameters of speech were not specifically studied and therefore results
of both studies cannot be directly compared. Santens et al. [46] have
demonstrated that when left-sided STN stimulation is on and right-
sided stimulation is off, this negatively influences speech including
the prosody.

In our previous publication we demonstrated increased BOLD sig-
nal in the right SM1 in treated PD participants as compared with
healthy controls [31]. Changes of regional cerebral blood flow
(rCBF) between healthy controls and PD patients in the off stimula-
tion condition were observed in the right motor and premotor areas
and reversed by STN DBS. Furthermore, these changes as revealed
by PET were accompanied by improvements in voiced speech produc-
tion [30]. Positive effects of LSVT on paragraph reading and sustained
phonation tasks were associated with significant rCBF increases in the
right basal ganglia, and rCBF decreases in the right-sided SM1, SMA,
and premotor areas [29]. Treatment-dependent shift to the right
hemisphere with modification in the speech motor regions (orofacial
SM1) as well as in prefrontal and temporal areas was also reported by
Narayana et al. [33] in a recent H2

15O PET study. Taken together, the
right-sided hemispheric lateralization seems to reflect specifically
the successful treatment effects of both LSVT and STN DBS on voiced
speech in PD. The hemispheric activation shift has also been de-
scribed e.g. for affected upper limb movements in stroke patients.
The previous work has shown that the worse the hand motor deficit,
the greater the shift of primary motor cortex (M1) activation toward
the contralesional hemisphere [e.g. 47,48]. In line with the functional
imaging results, low-frequency (i.e. inhibitory) repetitive transcranial
magnetic stimulation to the contralesional M1 improved the affected
limb movements through modulating overactivity and brain connec-
tivity of the contralesional primary and nonprimary motor areas
[49,50]. Thus in contrast to PD dysarthria, the hemispheric activation
shift in stroke patients seems to be associated with impaired rather
than improved quality of hand movements. But it has already been
shown by others that results of imaging studies of speech production
in PD do not parallel those of limb movements [e.g. 30,31] and it has
been suggested that the pathophysiology of PD dysarthria is, at least
in part, different from that of limb dysfunction [6]. Studies examining
functional connectivity in PD patients off and on dopaminergic med-
ication should further explore whether our results were associated
rather with effects of dopaminergic therapy or at least partially suc-
cessful compensatory mechanisms in mild to moderate PD.

5. Conclusions

Using PAG centered seed-based functional connectivity analysis of
MRI data acquired during overt reading, we observed functional reorga-
nization in PD as comparedwith healthy controls that involved both the
motor basal ganglia-thalamo-cortical circuitry and cortical areas known
to be engaged particularly in auditory and somatosensory feedback
control of voiced speech. These changes were hemisphere-specific and
might either reflect effects of dopaminergic treatment or at least partial-
ly successful compensatory mechanisms involved in PD patients with
early-stage PD.

Conflicts of interest

None.
Acknowledgment

Study was supported by a Research Project of the Czech Ministry
of Education: MSM 0021622404.
References

[1] Schulz GM, Varga M, Jeffires K, Ludlow CL, Braun AR. Functional neuroanatomy of
human vocalization: an H215O PET study. Cereb Cortex 2005;15:1835–47.

[2] McNeilage PF, Davis BL. Motor mechanisms in speech ontogeny: phylogenetic,
neurobiological and linguistic implications. Curr Opin Neurobiol 2001;11:
697–700.

[3] Dronkers NF. A new brain region for coordinating speech articulation. Nature
1996;384:159–61.

[4] Wise RJ, Greene J, Buchel C, Scott SK. Brain regions involved in articulation. Lancet
1999;353:1057–61.

[5] Sakurai Y, Momose T, Iwata M, Sudo Y, Ohtomo K, Kanazawa I. Cortical activity
associated with vocalization and reading proper. Cogn Brain Res 2001;12:161–5.

[6] Pinto S, Ozsancak C, Tripoliti E, Thobois S, Limousin-Dowsey P, Auzou P. Treat-
ments for dysarthria in Parkinson's disease. Lancet Neurol 2004;3:547–56.

[7] Davis PJ, Zhang SP, Winkworth A, Bandler R. Neural control of vocalization: respi-
ratory and emotional influences. J Voice 1996;10:23–38.

[8] Fardin V, Oliveras JL, Besson JM. A reinvestigation of the analgesic effects induced
by stimulation of the periaqueductal gray matter in the rat. The production of
behavioral side effects together with analgesia. Brain Res 1984;306:105–23.

[9] Zhang SP, Bandler R, Davis PJ. Brain stem integration of vocalization: role of the
nucleus retroambigualis. J Neurophysiol 1995;74:2500–12.

[10] Ramig L, Fox C, Sapir S. Speech treatment for Parkinson disease. Expert Rev
Neurother 2008;8:299–311.

[11] Goberman AM, Coelho C. Acoustic analysis of parkinsonian speech I: speech char-
acteristics and L-dopa therapy. NeuroRehabilitation 2002;17:237–46.

[12] Holmes RJ, Oates J, Phyland D, Hughes A. Voice characteristics in the progression
of Parkinson's disease. Int J Lang Commun Disord 2000;35:417–8.

[13] Jimenez-Jimenez F, Gamboa J, Nieto A, Guerrero M, Orti-Pareja M, Molina J, et al.
Acoustic voice analysis in untreated patients with Parkinson's disease. Parkinsonism
Rel Disord 1997;3:111–6.

[14] Sapir S, Ramig L, Fox C. Speech and swallowing disorders in Parkinson disease.
Curr Opin Otolaryngol Head Neck Surg 2008;16:205–10.

[15] Skodda S, Rinsche A, Schlegel U. Progression of dysprosody in Parkinson's disease:
a longitudinal study. Mov Disord 2009;24:716–22.

[16] Skodda S, Schlegel U. Speech rate and rhythm in Parkinson's disease. Mov Disord
2008;23:985–92.

[17] Guehl D, Burbaud P, Lorenzi C, Ramos C, Bioulac B, Semal C, et al. Auditory tempo-
ral processing in Parkinson's disease. Neuropsychologia 2008;46:2326–35.

[18] Sabate M, Llanos C, Rodriguez M. Integration of auditory and kinesthetic informa-
tion in motion: alterations in Parkinson's disease. Neuropsychology 2008;22:
462–8.

[19] Gentil M, Chauvin P, Pinto S, Pollak P, Benabid AL. Effect of bilateral stimulation of
the subthalamic nucleus on parkinsonian voice. Brain Lang 2001;78:233–40.

[20] Wolfe VI, Garvin JS, Bacon M, Waldrop W. Speech changes in Parkinson's disease
during treatment with L-dopa. J Commun Disord 1975;8:271–9.

[21] Critchley EM. Speech disorders of Parkinsonism: a review. J Neurol Neurosurg
Psychiatry 1981;44:751–8.

[22] Deuschl G, Herzog J, Kleiner-Fisman G, et al. Deep brain stimulation: postopera-
tive issues. Mov Disord 2006;21(Suppl. 14):S219–37.

[23] Dromney Ch, Kumar R, Lang AE, Lozano AM. An investigation of the effects of sub-
thalamic nucleus stimulation on acoustic measures of voice. Mov Disord 2000;15:
1132–8.

[24] D'Alatri L, Paludetti G, Contarino MF, et al. Effects of bilateral subthalamic nucleus
stimulation and medication on Parkinsonian speech impairment. J Voice 2008;22:
365–72.

[25] De Letter M, Santens P, De Bodt M, et al. The effect of levodopa on respiration and
word intelligibility in people with advanced Parkinson's disease. Clin Neurol Neu-
rosurg 2007;109:495–500.

[26] Ho AK, Bradshaw JL, Iansek R. For better or worse: the effect of levodopa on
speech in Parkinson's disease. Mov Disord 2008;23:574–80.

[27] Schulz GM, Grant MK. Effects of speech therapy and pharmacologic and surgical
treatments on voice and speech in Parkinson's disease: a review of the literature.
J Commun Disord 2000;33:59–88.

[28] Skodda S, Visser W, Schlegel U. Short- and long-term dopaminergic effects on
dysarthria in early Parkinson's disease. J Neural Transm 2010;117:197–205.

[29] Liotti M, Ramig LO, Vogel D, et al. Hypophonia in Parkinson's disease: neural cor-
relates of voice treatment revealed by PET. Neurology 2003;60:432–40.

[30] Pinto S, Thobois S, Costes N, et al. Subthalamic nucleus stimulation and dysarthria
in Parkinson's disease: a PET study. Brain 2004;127:602–15.

[31] Rektorova I, Barrett J, Mikl M, Rektor I, Paus T. Functional abnormalities in the
primary orofacial sensorimotor cortex during speech in Parkinson's disease.
Mov Disord 2007;22:2043–51.

[32] Sachin S, Senthil Kumaran S, Singh S, Goyal V, Shukla G, Mahajan H, et al. Func-
tional mapping in PD and PSP for sustained phonation and phoneme tasks. J Neu-
rol Sci 2008;273:51–6.

[33] Narayana S, Fox PT, ZhangW, Franclin C, RobinDA, Vogel D, et al. Neural correlates of
efficacy of voice therapy in Parkinson's disease identified by performance-
correlation analysis. Hum Brain Mapp 2010;31:222–36.



12 I. Rektorova et al. / Journal of the Neurological Sciences 313 (2012) 7–12
[34] Narayana S, Jacks A, Robin DA, Poizner H, Zhang W, Franclin C, et al. A non-
invasive imaging approach to understanding speech changes following deep
brain stimulation in Parkinson's disease. Am J Speech Lang Pathol 2009;18:
146–61.

[35] Barrett J, Paus T. Affect-induced changes in speech production. Exp Brain Res
2002;146:531–7.

[36] Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally segre-
gated circuits linking basal ganglia and cortex. Annu Rev Neurosci 1986;9:
357–81.

[37] Parent A, Hazrati LN. Functional anatomy of the basal ganglia: the cortico-basal
ganglia-thalamo-cortical loop. Brain Res Rev 1995;20:91–127.

[38] Booth JR, Wood L, Lu D, Houk JC, Bitan T. The role of the basal ganglia and cerebel-
lum in language processing. Brain Res 2007;1133:136–44.

[39] Belin P, Zatorre RJ, Lafaille P, Ahad P, Pike B. Voice-selective areas in human audi-
tory cortex. Nature 2000;403:309–12.

[40] Guenther FH. Cortical interactions underlying the production of sérech sounds.
J Commun Disord 2006;39:350–65.

[41] Toyomura A, Koyama S, Miyamaoto T, Terao A, Omori T, Murohashi H, et al. Neural
correlates of auditory feedback control in human. Neuroscience 2007;146:
499–503.

[42] Hesling I, Clément S, Bordessoules M, Allard M. Cerebral mechanisms of prosodic
integration: evidence from connected speech. Neuroimage 2005;24:937–94.

[43] Solomon NP, Robin DA. Perceptions of effort during handgrip and tongue eleva-
tion in Parkinson's disease. Parkinsonism Relat Disord 2005;11:353–61.
[44] Kühn AA, Sharott A, Trottenberg T, Kupsch A, Brown P. Motor cortex inhibition in-
duced by acoustic stimulation. Exp Brain Res 2004;158:120–4.

[45] Wang EQ,Metman LV, Bakay RAE. Hemisphere-specific effects of subthalamic nucleus
deep brain stimulation on speaking rate and articulatory accuracy of syllable repeti-
tions in Parkinson's disease. J Med Speech Lang Pathol 2006;14:323–34.

[46] Santens P, De Letter M, Van Borsel J, De Reuck J, Caemaert J. Lateralized effects of
subthalamic nucleus stimulation on different aspects of speech in Parkinson's dis-
ease. Brain Lang 2003;87:253–8.

[47] Calautti C, Jones PS, Naccarato M, et al. The relationship between motor deficit
and primary motor cortex hemispheric activation balance after stroke: longitudi-
nal fMRI study. J Neurol Neurosurg Psychiatry 2010;81(7):788–92.

[48] Grefkes C, Nowak DA, Eickhoff SB, Dafotakis M, Küst J, Karbe H, et al. Cortical con-
nectivity after subcortical stroke assessed with functional magnetic resonance
imaging. Ann Neurol 2008;63(2):236–46.

[49] Nowak DA, Grefkes C, Dafotakis M, Eickhoff S, Küst J, Karbe H, et al. Effects of low-
frequency repetitive transcranial magnetic stimulation of the contralesional pri-
mary motor cortex on movement kinematics and neural activity in subcortical
stroke. Arch Neurol 2008;65(6):741–7.

[50] Grefkes C, Nowak DA,Wang LE, Dafotakis M, Eickhoff SB, Fink GR. Modulating cor-
tical connectivity in stroke patients by rTMS assessed with fMRI and dynamic
causal modeling. Neuroimage 2010;50(1):233–42.


	Functional neuroanatomy of vocalization in patients with Parkinson's disease
	1. Introduction
	2. Patients and methods
	2.1. Functional MRI

	3. Results
	4. Discussion
	5. Conclusions
	Conflicts of interest
	Acknowledgment
	References


