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Abstract: Parkinson’s disease (PD) affects speech, including
respiration, phonation, and articulation. We measured the blood
oxygen level-dependent (BOLD) response to overt sentence
reading in: (1) 9 treated female patients with mild to moderate
PD (age; mean 66.0 � 11.6 years, mean levodopa equivalent
583.3 � 397.9 mg) and (2) 8 age-matched healthy female
controls (age; mean 62.2 years � 12.3). Speech was recorded
in the scanner to assess which brain regions underlie variations
in the initiation and paralinguistic aspects (e.g., pitch, loudness,
and rate) of speech production in the two groups. There were no
differences in paralinguistic aspects of speech except for
speech loudness; it was lower in PD patients compared with
that in controls, when age was used as a covariate. In both
groups, we observed increases in the BOLD response (reading-

baseline) in brain regions involved in speech production and
perception. In PD patients, as compared with controls, we
found significantly higher BOLD signal in the right primary
orofacial sensorimotor cortex and more robust correlations
between the measured speech parameters and the BOLD re-
sponse to reading, particularly, in the left primary orofacial
sensorimotor cortex. These results might reflect compensatory
mechanisms and/or treatment effects that take place in mild to
moderately ill PD patients with quality of speech yet compa-
rable with that of age-matched controls. © 2007 Movement
Disorder Society
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Reading aloud requires many perceptual, cognitive
and motor processes, including visual recognition of
words, grapheme-to-phoneme conversion, planning of
phonological output and articulation, and the actual vo-
calization. When comparing overt and covert reading
directly, it appears that only the primary sensorimotor
cortex (SM1), supplementary motor area (SMA), and the
anterior insula show an additional increase in regional
cerebral blood flow.1 In terms of speech-related brain
mechanisms, the SMA and anterior cingular cortex
(ACC) have been shown to be involved in the initia-
tion 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
SM1 corresponding mainly to the orofacial somato-
topic areas.4,5 With regard to motor speech function,
the cortex-basal ganglia-cortex loop is tightly con-
nected with the cortex-basal ganglia-cerebellum-cor-
tex circuit.5

In Parkinson’s disease (PD), the degeneration of do-
paminergic nigrostriatal pathways results in functional
disturbances of motor cortical areas and leads to the
appearance of parkinsonian motor symptoms, including
changes in speech. Speech in PD patients is characterized
by decreased loudness and prosodic insufficiency.6 Voice
disorders appear to occur more frequently than articula-
tion ones and can be present in the early phases of PD.6

But any or all components of speech production, includ-
ing respiration, phonation, and articulation may be
affected.7Although pharmacological and surgical treat-
ments are effective in treating motor symptoms of PD,
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the gains are not as significant for speech as they are for
limb symptoms (e.g., Refs. 5, 8–12).

So far, only two functional imaging studies have as-
sessed the neural correlates of parkinsonian speech. Pinto
and colleagues13 used H2

15O PET to measure the effects
of subthalamic nucleus (STN) stimulation on speech
production and silent articulation of one sentence. In
advanced PD patients OFF stimulation and OFF medi-
cation, when compared with healthy control subjects,
they found a lack of involvement of the right orofacial
primary motor area (M1) and the cerebellum, and in-
crease in cerebral blood flow (CBF) in the SMA, dorso-
lateral prefrontal cortex (DLPFC), right superior premo-
tor cortex and the left insula. In the ON stimulation
condition, the pattern of CBF was similar to that of
control subjects, notably for the orofacial M1, cerebel-
lum, and SMA. Furthermore, these CBF changes were
accompanied by behavioral changes: hypophonia in the
OFF stimulation condition was significantly improved by
STN stimulation. Liotti et al.14 used the same PET tech-
nique and both paragraph reading and sustained phona-
tion tasks to assess treatment with the Lee Silverman
voice treatment (VT) on parkinsonian dysarthria. All PD
patients had marked speech and voice disorder that im-
proved after VT. Results revealed an increase in CBF
post-VT compared with pre-VT in the right caudate,
right putamen, right anterior insula, and right DLPFC in
the phonation and reading tasks. In contrast, there were
CBF decreases post-VT compared with pre-VT in all
motor and premotor areas, including right orofacial M1,
SMA, and left Broca area.

In our study, we used functional magnetic resonance
imaging (fMRI) to assess the BOLD response to the
overt reading of emotionally neutral sentences in phar-
macologically treated female patients with mild to mod-
erate PD; the patient data were compared with those
acquired in age-matched healthy female controls. We
hypothesized that the patients would show increased
cortical activity necessary to compensate for striatocor-
tical circuitry dysfunction. We also assessed which brain
regions underlie variations in initiation and paralinguistic
aspects of speech production known to be impaired in
PD.

PATIENTS AND METHODS

Subjects

We recruited 9 right-handed female patients with PD
classified according to the Parkinson’s Disease Society
Brain Bank criteria15,16; their mean age was 66.0 � 11.6

years. The patients were outpatients at the Movement
Disorder Centre at St. Anne’s University Hospital in
Brno. All PD patients had either normal speech or mild
to moderate speech impairment, i.e., they scored 0–2
points according to the perceptual estimation of speech
that corresponds to item 18 of the UPDRS, Part III
(Unified Parkinson’s Disease Rating Scale: Motor Ex-
amination [17]). The disease duration was 3.4 � 1.7
years, Hoehn-Yahr stage17 was 1 to 2.5 (2 � 0.43), the
mean UPDRS, Part III score was 17.8 � 5.4 in the “off”
state. All patients were treated with dopaminergic drugs
(levodopa [L-dopa] and/or dopamine agonists); the mean
L-dopa equivalent was equal to 583.3 � 397.9 mg of
L-dopa. Other drugs administered for PD: deprenyl 5 mg
per day (2 patients) and entacapone 600 to 1000 mg per
day (2 patients). All patients were scanned on medication
in the “on” state, i.e., 1 to 2 hours after their morning
dose to minimize motor artifacts during scanning.

We also enrolled 8 right-handed age-matched female
control subjects (62.2 � 12.3 years). They were exam-
ined and treated in our hospital for cervical and/or back
pain syndrome and had no speech problems. At the time
of the study, their symptoms were successfully managed
and they had no analgesic treatment.

We recruited only women since men have a different
mean fundamental voice frequency. None of the subjects
had a history and/or presence of any psychiatric symp-
toms, cognitive impairment, and of any disease affecting
the central nervous system (other than PD in the PD
cohort). All subjects reported Czech as their first lan-
guage. Prior to the fMRI session, subjects practiced the
experimental tasks. All experimental protocols were ap-
proved by the Ethics Committee of the St Anne’s Hos-
pital in Brno, and all subjects provided informed consent
prior to participating.

Speech Task

In the MRI scanner, subjects completed a speech
task.18 The presentation of all stimuli was controlled by
a personal computer and was projected onto a screen at
the back of the MRI scanner. Subjects were able to view
the screen through a mirror attached to the head coil. The
BOLD signal was measured in response to: (1) reading
out loud emotionally neutral sentences; and (2) passively
viewing a string of “x’s” (baseline). Using an event-
related design, 61 volume measurements were acquired
during 12-min functional scans. A 12-second intermea-
surement interval was used to minimize the effect of both
scanner noise and head movement while reading aloud.
Volume acquisition occurred 6 seconds after the onset of

2044 I. REKTOROVA ET AL.

Movement Disorders, Vol. 22, No. 14, 2007



stimulus presentation; the reading time for each sentence
ranged from 2 to 4 seconds. All stimuli were displayed
for 5 seconds. We acquired 40 measurements after sen-
tence reading, 20 after viewing baseline stimuli, and 1 at
the beginning of sequence for synchronization between
MR scanner and presentation computer. The screen was
black in between successive stimuli.

Speech Stimuli and Analyses

Sentence stimuli comprised 40 short sentences,
matched for the number of syllables per sentence. Speech
was recorded using a unidirectional analog computer
microphone fixed to the head coil and stored on a per-
sonal computer. The microphone was MRI-compatible
and did not contain any ferromagnetic material. For
off-line analysis of the speech samples, a Matlab (Matlab
5.0; Mathworks, Natick, MA) platform was adapted to
extract the following parameters from the sentences:
initiation of sentence reading, duration of sentence read-
ing, 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.19

Fundamental frequency (F0) is a major contributor to
perceived vocal pitch. F0 variation across a speech sam-
ple reflects the amount of intonation in speech, or pros-
ody. An acoustical correlate of loudness is root-mean-
square amplitude (RMS–amplitude). Range of amplitude
provides information about the variability of loudness
throughout an utterance.19 Reading initiation (i.e., the
reading onset latency) was measured by determining the
time in seconds between the sentence presentation on the
screen and the start of reading. Reading duration (in
seconds) was measured by determining the period from
the start of sentence reading to the end of sentence
reading. For each speech parameter, means were calcu-
lated for each group (patients, controls). For comparing
paralinguistic aspects of speech, the program Statistica
(StatSoft, Inc., Tulsa, OK) was used.

Functional MRI

Subjects were scanned with a 1.5-T Siemens Sym-
phony scanner (Siemens, Erlangen, Germany). Func-
tional 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 posterior commissures (matrix size, 128 by 80; in-
plane resolution, 1.7 � 1.7 mm2; slice thickness, 4 mm;
1 mm-gap between slices; acquisition of one measure-

ment, 3.8 seconds; intermeasurement interval, 12 sec-
onds). The imaged volume covered most of the brain
excluding the cerebellum. After functional scans, a high-
resolution T1-weighted 3D volume was acquired for an-
atomical localization (TR � 1,700 ms, TE � 3.96 ms,
FA, 15°, FOV, 246 mm; slice thickness 1.17 mm; 160
saggital slices; inplane resolution, 0.961 � 0.961 mm2).
Functional images were motion-corrected, normalized to
standard stereotactic space (MNI305), and smoothed us-
ing a 6-mm full-width at half-maximum isotropic Gauss-
ian kernel. The statistical analysis of the fMRI data was
based on a general linear model implemented in SPM99
(Welcome Department of Cognitive Neurology, London,
UK). For each subject, we first calculated the “reading
effect” as a contrast between reading and baseline con-
ditions. Next, using a random-effects model (one-sample
t-test), the group analyses were performed (mean of
patients, mean of controls). All group reading-effect sta-
tistics were thresholded to a P-value of 0.001 uncor-
rected for multiple comparisons with an extent threshold
of 5 voxels.

Comparing Brain Activation in 14 Regions of
Interest: Patients Versus Controls

We made use of a two-step approach in comparing
data from volumes of interest between groups. First, we
identified commonalities and differences in the patterns
of activity observed for the two groups in regions of
interest (ROI), namely in seven brain regions including
the motor and premotor cortices, the SMA, anterior in-
sula, anterior cingulate (ACC), thalamus, and putamen in
each hemisphere (a total of 14 ROIs). These regions are
likely involved in speech articulation and vocalization
(e.g., Refs. 1, 4, 18, 20, 21). Peak voxel-values were extracted
from the group reading-effect t-images and, if a peak in
one group was within 10 mm of a peak in the other
group, the two peaks were considered to be equivalent
(areas of common activation). This criterion has been
used by others for identifying common areas of activa-
tion between groups.22 Peaks that occur in one group, but
have no equivalent in the other, were considered to be a
site of unique activation. In the second step, the direct
between-group analysis was performed at each pair of
common or unique peaks using two-sample t-test (pro-
gram Statistica [StatSoft ]; P � 0.05 was corrected for
multiple comparisons, which implies to P � 0.00357;
[14 tests]). Rather than just comparing values at the peak
voxels, we used mean “reading effect” in spheres (5-mm
radius) centered about each peak in an effort to reduce
the possible impact of interindividual variations in the
exact position of the “peak.”
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Correlation Analysis

To evaluate the relationship between the various
speech parameters and brain activity associated with
overt reading, we calculated—-in each subject—the
mean “reading effect” in volumes-of-interest (VOIs;
5-mm radius) centered at all significant “peaks” identi-
fied in the group analyses (patients and controls). These
VOI values were then entered into a correlation analyses
with speech parameters. For RMS amplitude, we used
the partial correlation analysis to remove the effect of
age, which correlated with RMS amplitude in the PD
group (r � 0.89, P � 0.007). We did not use severity of
symptoms as a covariate since our patients suffered from
a very mild PD. For all correlation analyses, we used the
program Statistica (StatSoft).

RESULTS

Paralinguistic Aspects of Speech Production in PD
Patients and Controls

Even though PD patients tended to read less loudly,
there were no statistical differences between the patients
and controls in any of the paralinguistic aspects of
speech production during scanning. When age was used
as a covariate (see Methods), the RMS of amplitude was
the only parameter of speech that was significantly
lower in PD patients compared with that of controls
(see Table 1).

Brain Regions Underlying Speech Production
(Reading Effect) in PD Patients and Controls

In both groups, we observed increases in the BOLD
signal in brain regions involved in speech production and
perception, including particularly the anterior insula,
SM1, SMA, basal ganglia, thalamus, and superior tem-
poral gyrus, bilaterally (see Table 2).

Direct Comparison of BOLD Signal in 14 Regions
of Interest: PD Patients Versus Controls

The direct between-group analysis from 14 regions of
interest revealed increased BOLD signal in the right

SM1 (P � 0.004, uncorrected) and decreased BOLD
signal in the left SMA (P � 0.05, uncorrected) in PD
patients compared with that of controls (P � 0.05). Only
the difference in the right SM1 survived the Bonferroni
correction (14 tests), see Table 3 and Figure 1.

The Results of the “Main Effect” Correlation
Analysis Between the Reading Effect and Speech

Parameters in Patients and Controls

In PD patients, as compared with controls, we found
many more significant correlations between studied pa-
rameters of speech and the reading effect in various
motor and nonmotor regions, particularly in the left SM1
(see Table 4 and Fig. 2).

DISCUSSION

Speech production engages a highly distributed system
that includes the left insula and bilateral primary motor
cortex involved, respectively, in articulatory planning and
the control of vocal-tract musculature.1,4,20,23 To produce
speech, these regions must interact with other motor regions
such as the SMA, basal ganglia, thalamus, and cerebel-
lum.1,4,18,20,24–26 To our knowledge, this is the first fMRI
study that compares overt reading in mild-to-moderately ill,
treated PD patients and age-matched controls.

When comparing the behavioral data in both groups,
we did not find any significant differences between the
PD patients and controls in any measured parameter of
speech except for voice loudness as measured by the
RMS-amplitude. This was lower in the patients com-
pared with that in controls only when age was used as a
covariate. As PD patients are known to have trouble
initiating movements in general, it was reasonable to
predict that they would also display difficulties in initi-
ating speech.27 This was not the case. But we demon-
strated that all speech parameters, and the reading initi-
ation in particular, were significantly correlated with
involvement of many more cortical regions in the PD
subgroup compared with controls (see Table 4). The left
orofacial SM1, in particular, was significantly correlated

TABLE 1. Mean paralinguistic aspects of speech production in PD patients and controls

Speech parameter

Patients Controls

t-value P-valueMean SD Mean SD

Reading initiation (s) 1.30 0.23 1.37 0.28 �0.795 0.442
Reading duration (s) 2.27 0.46 2.49 0.44 �1.843 0.090
Range of amplitude (absolute values) 1197.33 561.98 1634.00 495.92 �2.060 0.062
RMS of amplitude (absolute values) 93.00 39.58 131.00 51.39 �2.474 0.029
Mean pitch (F0) (Hz) 196.56 37.67 201.13 36.14 �0.037 0.971
SD of F0 (Hz) 65.33 8.28 67.50 11.94 �0.538 0.600
Range of F0 (Hz) 227.67 30.76 237.50 43.14 �0.526 0.608

The last two columns show between group comparisons using two sample t-tests.
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TABLE 2. Brain regions underlying speech production (BOLD response to reading minus BOLD response to baseline stimuli)
in healthy controls and in PD patients

Region

Patients Controls

X Y Z t-stat z-stat X Y Z t-stat z-stat

BOLD increases
L SMA �4 12 60 16.08 5.18 �6 0 64 12.88 4.61

�4 6 62 11.46 4.45
R SMA 4 8 62 15.64 5.14 2 10 56 9.01 4.09
L PAG �2 �28 �8 14.38 5.01
L AIC �30 6 4 14.25 5.00 �26 20 2 13.77 4.71

�40 26 2 9.21 4.32
�28 18 �2 9.15 4.31

L STG �46 �24 8 11.90 4.73 �62 �10 0 12.03 4.52
�50 6 �8 9.81 4.42 �62 �30 2 8.58 4.02
�64 �26 2 7.91 4.07 �52 10 �4 6.30 3.54

L SM1 �52 �14 44 11.43 4.66 �48 �10 48 11.58 4.46
�58 �4 22 7.72 4.03 �60 �14 22 9.10 4.11
�56 �16 16 5.74 3.52 �54 �6 16 6.01 3.46

L occipital cortex �18 �96 �2 10.89 4.59 �24 �94 8 6.59 3.61
R STG 50 �14 4 10.50 4.53 62 �20 2 10.12 4.27

66 �12 4 5.36 3.40 52 �10 4 7.70 3.85
R SM1 42 �14 48 10.19 4.48 58 �4 16 12.08 4.52

46 �14 36 9.41 4.35 50 �14 40 11.60 4.47
R ACC 8 6 46 10.00 4.45 4 18 38 9.68 4.20

6 20 40 6.44 3.72 4 �6 34 6.59 3.61
4 �8 36 5.93 3.58

L midbrain �2 �32 �4 9.63 4.39
R AIC 46 8 �4 8.93 4.27 42 20 10 9.36 4.15

42 14 0 5.74 3.52
R parietal cortex 26 �62 40 8.37 4.16 28 �74 46 8.27 3.96
L MTG �50 �40 2 8.05 4.10

�50 �66 28 6.91 3.84
L ACC �6 22 44 7.95 4.08 �8 16 38 6.03 3.47

�12 �18 42 6.98 3.86 �10 �12 42 5.68 3.37
L PMC �46 �10 32 7.85 4.06 �54 �6 34 14.28 4.76

�42 �6 56 7.76 4.04 �38 �6 52 6.59 3.61
R PMC 46 0 46 7.37 3.95 56 �4 36 11.81 4.49

54 �6 34 6.47 3.73 44 �2 44 5.13 3.20
R MOG 26 �76 6 6.00 3.60 48 �72 �10 6.01 3.46
R SFG 34 �4 46 5.84 3.55 30 �6 48 7.67 3.85
R putamen 26 6 0 5.78 3.53
L parietal cortex �16 �56 56 5.70 3.51 �14 �64 52 12.43 4.56
R thalamus 16 �12 10 5.50 3.44 16 �18 8 7.50 3.81

10 �18 6 6.52 3.59
L thalamus �8 �18 6 14.71 4.80
L putamen �20 10 �10 8.72 4.04
R LG 6 �76 �6 8.66 4.03
L Cuneus �2 �78 6 6.38 3.56
L IFG �44 30 8 6.15 3.50

BOLD decreases
R MTG 46 �70 20 14.11 4.99

48 �56 10 11.32 4.65
50 �64 28 10.22 4.49

L MTG �50 �72 28 12.66 4.59
Parietal cortex 0 �62 36 10.84 4.58
L parietal cortex �10 �54 32 6.73 3.64

�48 �64 46 6.17 3.50

MNI coordinates used; significance threshold P � 0.001 uncorrected, minimal spatial extent of 5 voxels.
L, left; R, right; SM1, primary sensorimotor cortex; PMC, premotor cortex; SMA, supplementary motor area; AIC, anterior insular cortex; ACC,

anterior cingular cortex; STG, superior temporal gyrus; MTG, middle temporal gyrus; SFG, superior frontal gyrus; IFG, inferior frontal gyrus; LG,
lingual gyrus; MOG, middle occipital gyrus; PAG, periaquaeductal grey matter.
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with all measured aspects of speech, including the read-
ing initiation, duration, speech loudness and prosody
(see Fig. 2). Taken together, these results may indicate
a more efficient recruitment of the left SM1 and other
relevant cortical regions during speech production in
treated subjects with mild PD compared with controls.
It is difficult to speculate about the pathophysiology of
these phenomena, since we evaluated patients only on
medication and thus both the role of dopaminergic
therapy and/or compensatory mechanisms in PD could
have been implicated. Interestingly, the importance of
the left orofacial SM1 involvement has also been
demonstrated in a recent study by Dias et al.28 who
reported that one session of high frequency (5Hz)
repetitive transcranial magnetic stimulation (rTMS)
applied over the left orofacial SM1 may lead to im-

provement of the fundamental frequency and voice
intensity in PD patients.

The direct between-group analysis from regions en-
gaged in articulation and vocalization revealed signifi-
cantly higher BOLD signal in the right orofacial SM1 in
PD patients, as compared with controls. One may spec-
ulate that this phenomenon could have occurred as a
consequence of an impaired subcortical motor system
and less efficient thalamic projections to the motor cor-
tex.29–31 SM1 overactivity in rather advanced PD pa-
tients was found by means of PET and fMRI while
studying simple or complex motor hand tasks.32,33 It is
noteworthy that, unlike in our study, the patients were
OFF medication and in the “OFF” state. Neurophysio-
logical studies support the presence of “over-reactivity”
in reporting excessive motor cortical output in the “OFF”

TABLE 3. Direct comparison of the BOLD signal in 14 regions of interest: PD patients versus controls

ROI P z-stat

Coordinates for patients Coordinates for controls

X Y Z X Y Z

L SM1 0.808193 0.87 �52 �14 44 �48 �10 48
L PMC 0.619723 0.30 �46 �10 32 �54 �6 34
R SM1 0.002331 2.83 46 �14 36 50 �14 40
R PMC 0.775165 0.76 54 �6 34 56 �4 36
L SMA 0.032195 1.85 �4 12 60 �4 6 62
R SMA 0.107709 1.24 4 8 62 2 10 56
L AIC 0.125253 1.15 �28 18 �2 �26 20 2
R AIC 0.234803 0.72 42 14 0 42 20 10
L ACC 0.283172 0.57 �6 22 44 �8 16 38
R ACC 0.919782 1.40 6 20 40 4 18 38
L thalamus 0.289341 0.56 �8 �18 6 �8 �18 6
R thalamus 0.662353 0.42 16 �12 10 10 �18 6
L putamen 0.110940 1.22 �20 10 �10 �20 10 �10
R putamen 0.548821 0.12 26 6 0 26 6 0

MNI coordinates, statistical significance thresholded at P � 0.00357.
L, left; R, right; SM1, primary sensorimotor cortex; PMC, premotor cortex; SMA, supplementary motor area; AIC, anterior insular cortex; ACC,

anterior cingulate cortex.

FIG. 1. BOLD signal increases in the
right primary sensorimotor cortex (white
arrow) during overt reading in PD pa-
tients (A) and controls (B); MNI coordi-
nates for peak voxel values: 46, �14, 36
and 50, �14, 40 for patients and con-
trols, respectively; significance threshold
P � 0.001 uncorrected.
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state PD patients at rest; this is coupled with a relative
failure of volitional facilitation (e.g., Refs. 31, 34, 35). Size
of the motor evoked potential (MEP), duration of cortical
silent period (CSP), and the magnitude of short-interval
intracortical inhibition (SICI) are all reduced in PD.
Taken together, these observations are consistent with an
overactive corticospinal system.31 In line with these re-
sults, neuroimaging studies have shown that STN stim-
ulation acts through reduction of abnormal overactivity
in the motor system at rest.36,37

But interestingly, results of imaging studies of speech
production in PD do not parallel those of limb move-
ments13; it has been suggested that the pathophysiology
of PD dysarthria is, at least in part, different from that of
limb dysfunction.5 For example, a lack of activation in
the right orofacial SM1 during speech was reported in
PD patients scanned OFF medication and in the OFF
stimulation condition.13 But our patients were studied
ON medication. Finding higher activity in the right SM1
is therefore consistent with the increases in the right SM1
activity after the STN stimulation,13 and with robust
activations in SM1 during paragraph reading vs. rest in
patients on medication before voice treatment.14 Taken

together, this result might, at least in part, reflect changes
that occur in response to treatment. What might be the
behavioral consequences of such an “overactivity” of the
right SM1 for the patient’s speech? In our study, the
correlation analysis revealed a significant negative cor-
relation between the magnitude of the BOLD response in
the right SM1 during reading and the reading onset
latency in PD patients; such a correlation was not
found in controls (see the identical VOI in Tables 3
and 4). It is tempting to speculate that the observed
difference in the relationship between SM1 activity
and speech initiation may play some role in the control
of speech in PD patients. Specifically designed rTMS/
functional imaging studies might bring further evi-
dence for this notion.

Overall, our results indicate functional abnormalities
in treated mild-to-moderately ill PD patients, as com-
pared with controls during overt reading. Despite the
quality of speech was comparable in both groups, the left
orofacial SM1 and other cortical regions were more
engaged in patients than in controls. In patients, as com-
pared with controls, we found increased BOLD signal in

TABLE 4. The results of the “main effect” correlation analysis: PD patients and controls

Structure

Patients Controls

X Y Z R X Y Z R

a. Reading initiation
correlation: main
effect

Negative covariation with
increased BOLD signal

L SM1 �58 �4 22 �0.95
R SM1 46 �14 36 �0.87
L AIC �30 6 4 �0.95
R AIC 46 8 �4 �0.78
L ACC �6 22 44 �0.84
R ACC 6 20 40 �0.81
L PMC �42 �6 56 �0.81
R thalamus 16 �12 10 �0.88
R putamen 26 6 0 �0.86
R STG 50 �14 4 �0.77

b. Reading duration
correlation: main
effect

Negative covariation with
increased BOLD signal

L SM1 �58 �4 22 �0.83
L primary occipital

cortex
�18 �96 �2 �0.79

L STG �64 �26 2 �0.77
R STG 66 �12 4 �0.76

Positive covariation with
increased BOLD signal

L PMC �38 �6 52 0.73
L IFG �44 30 8 0.79

c. RMS—amplitude
correlation:
Residuals after
covarying out the
effect of age

Negative covariation with
increased BOLD signal
Positive covariation with
increased BOLD signal

L SM1 �54 �6 16 �0.73

L SM1 �52 �14 44 0.86
R thalamus 16 �12 10 0.71

d. SD of F0
correlation: main
effect

Negative covariation with
increased BOLD signal
Positive covariation with
increased BOLD signal

L SMA �4 12 60 �0.76
R parietal cortex 26 �62 40 �0.83
L SM1 �52 �14 44 0.83

The correlation analysis was performed to assess the significance of the relationship between the “reading effect” in VOIs centred at all significant
“peaks” identified in the group analyses (MNI coordinates) and our speech parameters of interest (P � 0.05).

L, left; R, right; SM1, primary sensorimotor cortex; PMC, premotor cortex; SMA, supplementary motor area; AIC, anterior insular cortex; ACC,
anterior cingulate cortex; STG, superior temporal gyrus; IFG, inferior frontal gyrus; PAG, periaquaeductal grey matter; R, correlation coefficient.
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the right SM1 which was correlated with reading
initiation.
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