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ABSTRACT

Background: Dysphagia is one of the cardinal symptoms of Parkinson's disease (PD) and is
closely related to the quality of life and longevity of PD patients.

Objective: To study the pathophysiological mechanisms responsible for dysphagia in PD.
Design: A cross-sectional and longitudinal comparative study.

Setting: Tohoku university hospital.

Participants: Eight patients with dysphagia, 15 patients without dysphagia and 10 normal
control subjects.

Main Outcome Measures: The time needed for swallowing initiation and changes in brain
glucose metabolism at baseline and after a 3-year follow-up period.

Results: The time needed for swallowing initiation was significantly longer in the patients
with dysphagia compared with the patients without dysphagia at baseline and after the 3-year
follow-up period (p<0.05). The patients with dysphagia exhibited hypometabolism in the
supplementary motor area (SMA) and anterior cingulate cortex (ACC) compared with the 10
normal control subjects at baseline (uncorrected p<0.001). After the 3-year follow-up period,
the number of brain areas showing hypometabolism increased, involving not only the SMA
and the ACC but also the bilateral medial frontal lobes, middle cingulate cortex, thalamus and
right superior, middle, inferior and orbital frontal gyri (uncorrected p<<0.001). In contrast, the
patients without dysphagia showed virtually no regional hypometabolism at baseline
(uncorrected p<0.001) and only a small degree of hypometabolism in the SMA and ACC after
the 3-year follow-up period (uncorrected p<0.001).

Conclusions: These results suggest that dysphagia in PD patients is mainly related to a
difficulty in swallowing initiation that is based on a combination of poor movement planning

due to SMA dysfunction and impaired cognitive processing due to ACC dysfunction.
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ARTICLE SUMMARY

Article focus

o Cortical hypometabolism associated with dysphagia in PD were statistically examined

at baseline and after a 3-year follow-up period.

Key messages

o The multiple cortical impairments, mainly in the SMA and ACC, might be responsible
for the dysphagia in PD.

o The time needed for swallowing initiation was significantly longer in the patients with
dysphagia.

o Dysphagia in PD patients is mainly related to a difficulty in swallowing initiation that
is based on a combination of poor movement planning due to SMA dysfunction and

impaired cognitive processing due to ACC dysfunction.

Strengths and limitations of this study

o Strength: this study is the first to statistically examine the associations between
cortical hypometabolism and dysphagia in PD patients as a cross-sectional and
longitudinal comparative study.

e Limitation: the findings may not be related to dysphagia alone because
8F_fluorodeoxyglucose-PET cannot be used for a dynamic scanning during

swallowing. Weakness: the absence of videofluoroscopy as swallowing evaluation.
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INTRODUCTION
Parkinson’s disease (PD) is primarily characterized by motor dysfunctions, some of
which, such as tremor, rigidity, and bradykinesia, respond well to dopamine
replacement therapy, whereas others, such as postural instability, dysarthria, and
dysphagia, remain intractable and often impair quality of life in advanced cases. The
involvement of non-dopaminergic systems is implied in such dopamine-refractory
symptoms; however, the detailed pathophysiological mechanisms of these systems are
still elusive. In particular, dysphagia is directly associated with malnutrition and
difficulty in drug taking; moreover, this symptom sometimes results in aspiration
pneumonia, the main cause of death in PD patients.'” The voluntary transport of food
through the oral cavity, pharynx, and esophagus to the stomach requires sequential
motor events. Deglutition occurs through five consecutive phases: anticipatory
(cognitive), preparatory (masticatory), oral, pharyngeal, and esophageal. Dysphagia is
associated with all of these stages.”®

In general, dysphagia in PD is thought to reflect impaired function of the
medullary swallowing center. The involvement of higher central nervous system areas
is also implied, but remains to be elucidated. In the present study, we investigated the
swallowing functions of PD patients and compared them with changes in cortical
metabolism using '*F-fluorodeoxyglucose (FDG)-PET. Moreover, we investigated
clinical and imaging data not only at baseline, but also after a 3-year follow-up period,

making this research a longitudinal study.

METHODS
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Participants

All of the 43 PD patients were diagnosed based on the United Kingdom PD Brain
Bank criteria for idiopathic PD.” The extent of dementia was evaluated in all of the
subjects, using the clinical dementia rating (CDR). PD patients with a CDR score
greater than 0.5 were excluded to minimize artifacts related to cognitive impairment.
We defined a score of 0 as no dysphagia and a score of >1 as dysphagia, according to
Part II of the unified Parkinson’s disease rating scale (UPDRS). The UPDRS total
scores, mini-mental state examination (MMSE), and PET studies were evaluated
during the “on” state, i.e., with the administration of anti-parkinsonian drugs. Ten
age-matched control subjects (4 women and 6 men; mean age 64.4+4.12 years; mean
MMSE score 28.7+1.49) were collected to compare with PD patients with and without
dysphagia for PET analysis. All of the procedures were approved by the Ethical
Committee of Tohoku University Graduate School of Medicine. Written informed
consent was obtained from each subject after a full explanation of the entire 3-year

longitudinal study.

PET procedure

All of the subjects fasted for at least 5 hours prior to PET scanning. PET scans were
acquired 60 minutes after intravenous injection of 185-218 MBq FDG. Dynamic PET
scans were taken in three-dimensional mode using a Biograph™ Duo PET scanner
(Siemens Medical Systems, Inc., Iselin, NJ, USA). To minimize the effects of external
stimuli during the FDG uptake period, the subjects stayed in a quiet room wearing an

eye mask. The in-plane and axial resolutions of the scanner were 3.38 mm and 3.38
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mm, respectively. Attenuation correction was performed with a computed tomography
scan. Image reconstructions were performed using ordered subset expectation
maximization algorithms (16 subsets x 6 iterations) using a Gaussian filter with
full-width at half-maximum = 2.0 mm in a 256 x 256 matrix, with a pixel size of 1.33
x 1.33 mm and a slice thickness of 2.0 mm. The FDG-PET scans acquired at the

follow-up were performed in an identical manner.

Data analysis

Statistical parametric mapping (SPM) was used for group comparisons of PET images.
First, all of the PET images were spatially normalized with linear and nonlinear
parameters using SPM2 software (Welcome Department of Imaging Neuroscience,
London, UK) implemented in MATLAB® (The MathWorks, Inc., Sherborn, MA,
USA). A three-dimensional Gaussian filter of 10 mm was used to smooth each image.
Next, the regional metabolic abnormalities in the PD patients with and without
dysphagia at baseline and after the 3-year follow-up period were estimated by
comparison with 10 age-matched control subjects using proportional scaling. The

statistical threshold was p<0.001 (uncorrected) with an extent threshold of 40 voxels.

Evaluation of swallowing

We evaluated the time needed for swallowing initiation and the 30-second swallowing
frequency. The index and ring finger pads of the investigator were placed on the
thyroid cartilage and laryngeal prominence. The time needed for swallowing initiation

was defined as the time until movement of the thyroid cartilage and laryngeal
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prominence following the guidance cue to begin swallowing. The time of swallowing
initiation across three trials was averaged. We also measured the swallowing
frequency by asking the patients to swallow as many times as possible in 30 seconds
and counting the movements of the thyroid cartilage and laryngeal prominence.'® "
The patient profiles were statistically analyzed using two-sample t-tests. For the

swallowing function, the within-group differences of the patients with and without

dysphagia were assessed using paired t-tests.

RESULTS
Of the 43 potentially eligible cases, 16 were excluded from the analysis because of
dementia. The 27 patients who fulfilled the above entry criteria included 9 patients
with dysphagia and 18 patients without dysphagia. The mean (+standard deviation)
age was 68.2+3.23 years in the patients with dysphagia and 65.8+3.94 years in the
patients without dysphagia. All of the patients were right-handed. Eight of 9 PD
patients with dysphagia and 15 of 18 without dysphagia at baseline participated in the
3-year follow-up study. The details of the excluded patients were as follows: 2 patients
without dysphagia went to other hospitals, and 1 patient without dysphagia and 1
patient with dysphagia were unable to be evaluated during the follow-up period
because of the introduction of a feeding tube (figure 1).

Clinical features and medications were summarized in table 1. No significant
differences were found in the age, Hoehn-Yahr stage, dosage of anti-parkinsonian
agents, including L-dopa (table 1), or 30-second swallowing frequency (figure 2B),

but significant differences were found between the two groups in disease duration,
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UPDRS motor score, and time needed for swallowing initiation at baseline (p<0.05,
table 1, figure 2A). After the 3-year follow-up period, the differences in the time
needed for swallowing initiation were still clear, but no significant differences became
evident in the UPDRS motor scores (table 1, figure 2A). Significant differences were
revealed in the swallowing frequency within 30 seconds between the two groups
(p<0.05, table 1, figure 2B).

A comparison of the regional cerebral glucose of PD patients with that of normal
controls demonstrated hypometabolism in the supplementary motor area (SMA) and
the anterior cingulate cortex (ACC) in the patients with dysphagia at baseline
(uncorrected p<0.001, figure 3A). These metabolic changes showed no significant
correlations with the severity of the Hoehn-Yahr stages (uncorrected p<0.001, data not
shown) or the UPDRS motor scores (uncorrected p<0.001, data not shown).
Furthermore, no regional hypermetabolism was found in the PD patients with
dysphagia compared with the normal control subjects (uncorrected p<0.001, data not
shown). Additionally, no relationships were observed between the changes in the
regional cerebral glucose metabolism and the doses of anti-parkinsonian agents,
including L-dopa (p>0.05, data not shown). After the 3-year follow-up period, the
areas of hypometabolism included not only the SMA and the ACC but also the
bilateral medial frontal lobes, middle cingulate cortex, thalamus and right superior,
middle, inferior and orbital frontal gyri (uncorrected p<0.001, figure 3B). In contrast,
PD patients without dysphagia showed virtually no regional hypometabolism at
baseline (uncorrected p<0.001, figure 4A) and only a small degree of hypometabolism

in the SMA and the ACC after the 3-year follow-up period (uncorrected p<0.001,
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figure 4B) compared with normal controls.

DISCUSSION

The present results suggested that, although several motor cortical areas control
deglutition, multiple cortical impairments, mainly in the SMA and ACC, might be
responsible for the dysphagia in PD. These results were in agreement with the findings

12-19 . .
Impairments in these areas

of previous activation studies of normal deglutition.
did not appear to be closely associated with the degree of general motor dysfunction
and cognitive impairments, as no significant correlations were found between the
UPDRS motor scores or the MMSE scores and the degree of hypometabolism in these
areas (uncorrected p<0.001, data not shown). Moreover, although there were no
significant changes in the UPDRS motor scores and the MMSE scores between
baseline and 3-year follow-up (table 1), cortical hypometabolism in the medial frontal
lobes was markedly extended, especially in the cases with dysphagia (figure 3).
Interestingly, in the patients with dysphagia, both of the swallowing indices showed
tendencies toward exacerbation during the 3-year follow-up period, although the
differences were not significant (figure 2).

Major subcortical inputs to the SMA via the thalamus arise from the globus
pallidus and the substantia nigra.zo The SMA also receives limbic inputs from the
cingulate cortex.”' The SMA is known to be important in mediating and preparing
complex sequences of movement™ and in movement planning and execution.”>’ PET

and functional magnetic resonance imaging studies demonstrated SMA activation

during the swallowing task.'> *® Activation of the SMA preceding the onset of
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volitional swallowing can also be demonstrated by the assessment of the
Bereitschaftspotential, one of the premotor potentials that is considered to reflect the
activities of the SMA.* The amplitude of the Bereitschaftspotential’® was shown to be
significantly lower in PD patients compared with age-matched controls.” PET and
single-photon emission computed tomography studies also demonstrated dysfunction
of the SMA in PD.**° Therefore, the SMA dysfunction in PD patients with dysphagia
is likely to be related to the impaired volitional initiation of swallowing.

The ACC is connected to both the insula®” and the amygdale,’® which are
implicated in autonomic function and somato- and viscerosensory input. Intense
stimulation of the esophagus®’ and changes in gastrointestinal motility>® were shown
to activate the ACC. The ACC is thought to play an important role in receiving
sensory stimuli from the alimentary tract. The functions of the rostral ACC are
autonomic regulation and visceromotor control.'* In fact, the rostral ACC is activated
during automatic swallowing.'* In contrast, the more dorsal and caudal regions of the
ACC function in skeletomotor control, including movement regulation and premotor
function, response selection, attention to willed action, and nociception.25 The
intermediate and caudal regions of the ACC are activated during voluntary

141940 A5 PD patients with dysphagia showed hypometabolism in the

swallowing.
intermediate and caudal regions of the ACC, corresponding to Brodmann's area 24 as
shown in figure 3A, the dysphagia in PD patients appears to be associated with
difficulties in the processing of voluntary swallowing. In fact, the mean time needed

to initiate swallowing was longer in cases with dysphagia (figure 2).

In this study, the time needed for swallowing initiation, which shows high
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repeatability and reflects the time from the anticipatory to the pharyngeal stages of
deglutition, was measured, but other stages were not evaluated. Additional evaluation,
such as videofluoroscopy, is needed to understand the relationship between brain
hypometabolism and dysphagia in PD patients. Interestingly, in 4 of 8 patients with
dysphagia, the time needed for swallowing initiation was above average (2.35 sec),
and, in fact, percutaneous endoscopic gastrostomies were performed in 2 of these 4
patients within 4 years of the baseline study. Thus, by measuring the time needed for

swallowing initiation, we may be able to predict the long-term prognosis of dysphagia.

CONCLUSION

In conclusion, the data presented in this study suggested that dysphagia in PD patients
was related to dysfunctions in the SMA and the ACC, resulting in poor movement
planning of voluntary swallowing. The results also implied that training exercises,
possibly involving tongue movements, may activate broader cortical areas, including

the SMA and ACC,"” and may be useful in dysphagia rehabilitation.
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Table 1 Profiles of PD patients

Baseline Follow-up

With Without With Without

Parameters dysphagia  dysphagia dysphagia  dysphagia

©CoO~NOUTA,WNPE

10 Number of patients 8 15

11 Sex (M / W) 6/2 4/11

13 Age (yrs)

15 Mean 67.8+3.11  65.2+4.02

16 Range 63-71 60-74

18 Disease duration (yrs) 6.75£3.73*  3.53+3.58

MMSE 28.5+1.93  28.5+1.51 27.9+2.80  28.4+1.60
21 Hoehn-Yahr stage 2.75+0.27  2.37+0.67 3.06£0.42  2.93+0.53
23 UPDRS motor score 23.4+£7.05%  14.8+7.49 21.045.93  17.4+11.1
24 L-dopa equivalent dose (mg/day) ~ 400+£311  267+321 5904155 5144311

26 Values are mean+standard deviation or number of patients.

27 *Significant difference p<0.05 between with dysphagia and without dysphagia.

28 PD=Parkinson's disease; M=men; W=women; MMSE=Mini Mental State Examination;
29 UPDRS=unified Parkinson's disease rating scale
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n=43

Parkinson’s disease

Excluded (Total = 16)
* Dementia (n = 16)

n=27

Parkinson’s disease without dementia

/\

With dysphagia
n=9

Without dysphagia
n=18

* Feeding tube (n=1)

Lost to follow-up (Total = 1)

Lost to follow-up (Total = 3)
*Feeding tube (n=1)

* Changing hospital (n = 2)

Data available for analysis
With dysphagia
n=38

Data available for analysis
Without dysphagia
n=15

PD patients and follow-up flow diagram.
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swallowing frequency for 30 seconds
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Baseline Follow-up B) Baseline Follow-up
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A

24 The time needed for swallowing initiation and the 30-second swallowing frequency in PD patients
25 with and without dysphagia at baseline and after a 3-year follow-up period.
26 There were significant differences between PD patients with and without dysphagia in the time needed for
27 swallowing initiation at baseline and after a 3-year follow-up period (p<0.05) (A). In the 30-second
28 swallowing frequency, there was no significant difference between the PD patients with and without
29 dysphagia at baseline (p>0.05), but a significant difference between the two groups was evident after the 3-
30 year follow-up period (p<0.05) (B).
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With dysphagia

Baseline Follow-up

uncorrected p<0.001, k=40 uncorrected p<0.001, k=40

Cross-sectional analyses of brain maps showing the differences between PD patients with
dysphagia and normal control subjects at baseline (A) and after a 3-year follow-up period (B).
Various areas showed differences in the standardized PET data, and areas with a height threshold of
p<0.001 (uncorrected) and an extent threshold of 40 voxels are illustrated. A comparison of regional
cerebral glucose metabolism values demonstrated hypometabolism in the SMA and ACC in the PD patients
with dysphagia compared with normal control subjects at baseline (uncorrected p<0.001, threshold=40
voxels) (A). After the 3-year follow-up period, the areas of hypometabolism included not only the SMA and
the ACC but also the bilateral medial frontal lobes, middle cingulate cortex, thalamus and right superior,
middle, inferior, and orbital frontal gyri (uncorrected p<0.001, threshold=40 voxels) (B).
212x201mm (72 x 72 DPI)
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Withoutdysphagia

Baseline Follow-up

uncorrected p<0.001, k=40 uncorrected p<0.001, k=40

Cross-sectional analyses of brain maps showing differences between PD patients without
dysphagia and normal control subjects at baseline (A) and after a 3-year follow-up period (B).
Various areas showed differences in the standardized PET data, and areas with a height threshold of
p<0.001 (uncorrected) and an extent threshold of 40 voxels are illustrated. The PD patients without
dysphagia showed virtually no hypometabolism at baseline (uncorrected p<0.001, threshold=40 voxels) (A)
and only a small degree of hypometabolism in the SMA and ACC after the 3-year follow-up period
(uncorrected p<0.001, threshold=40 voxels) (B) compared with normal control subjects.
212x201mm (72 x 72 DPI)
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STROBE 2007 (v4) checklist of items to be included in reports of observational studies in epidemiology*

Checklist for cohort, case-control, and cross-sectional studies (combined)

Page 22 of 22

Section/Topic Item # | Recommendation Reported on page #
Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract 1-2
(b) Provide in the abstract an informative and balanced summary of what was done and what was found 2
Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being reported 4
Objectives 3 State specific objectives, including any pre-specified hypotheses 4
Methods
Study design 4 Present key elements of study design early in the paper
Setting Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data
collection
Participants 6 (a) Cohort study—Give the eligibility criteria, and the sources and methods of selection of participants. Describe 5
methods of follow-up
Case-control study—Give the eligibility criteria, and the sources and methods of case ascertainment and control
selection. Give the rationale for the choice of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and methods of selection of participants
(b) Cohort study—For matched studies, give matching criteria and number of exposed and unexposed 5
Case-control study—For matched studies, give matching criteria and the number of controls per case
Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect modifiers. Give diagnostic g
criteria, if applicable
Data sources/ measurement 8* For each variable of interest, give sources of data and details of methods of assessment (measurement). Describe 5.7
comparability of assessment methods if there is more than one group
Bias 9 Describe any efforts to address potential sources of bias 5
Study size 10 Explain how the study size was arrived at
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, describe which groupings were chosen | g
and why
Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding 6-7
(b) Describe any methods used to examine subgroups and interactions 5.7
(c) Explain how missing data were addressed
(d) Cohort study—If applicable, explain how loss to follow-up was addressed
Case-control study—If applicable, explain how matching of cases and controls was addressed
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Cross-sectional study—If applicable, describe analytical methods taking account of sampling strategy

(e) Describe any sensitivity analyses

Results
Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, examined for eligibility, 7
confirmed eligible, included in the study, completing follow-up, and analysed
(b) Give reasons for non-participation at each stage
(c) Consider use of a flow diagram
Descriptive data 14* (a) Give characteristics of study participants (eg demographic, clinical, social) and information on exposures and 7-8
potential confounders
(b) Indicate number of participants with missing data for each variable of interest
(c) Cohort study—Summarise follow-up time (eg, average and total amount)
Outcome data 15* Cohort study—Report numbers of outcome events or summary measures over time
Case-control study—Report numbers in each exposure category, or summary measures of exposure
Cross-sectional study—Report numbers of outcome events or summary measures 7
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their precision (eg, 95%
confidence interval). Make clear which confounders were adjusted for and why they were included
(b) Report category boundaries when continuous variables were categorized
(c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity analyses
Discussion
Key results 18 Summarise key results with reference to study objectives 9
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or imprecision. Discuss both direction 11
and magnitude of any potential bias
Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity of analyses, results 9-10
from similar studies, and other relevant evidence
Generalisability 21 Discuss the generalisability (external validity) of the study results 11
Other information
Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, for the original studyon | 11

which the present article is based

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and unexposed groups in cohort and cross-sectional studies.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and published examples of transparent reporting. The STROBE
checklist is best used in conjunction with this article (freely available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is available at www.strobe-statement.org.

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml




BMJ Open

BM

]
open

Hypometabolism in the supplementary and anterior
cingulate cortices is related to dysphagia in Parkinson’s
disease: a cross-sectional and 3-year longitudinal cohort

study

Journal: | BMJ Open

Manuscript ID: | bmjopen-2012-002249.R1

Article Type: | Research

Date Submitted by the Author: | 19-Dec-2012

Complete List of Authors: | Kikuchi, Akio; Tohoku University Graduate School of Medicine, Department
of Neurology

Baba, Toru; Tohoku University Graduate School of Medicine, Department of
Neurology

Hasegawa, Takafumi; Tohoku University Graduate School of Medicine,
Department of Neurology

Kobayashi, Michiko; Tohoku University Graduate School of Medicine,
Department of Neurology

Sugeno, Naoto; Tohoku University Graduate School of Medicine,
Department of Neurology

Konno, Masatoshi; Tohoku University Graduate School of Medicine,
Department of Neurology

Miura, Emiko; Tohoku University Graduate School of Medicine, Department
of Neurology

Hosokai, Yoshiyuki; Tohoku University Graduate School of Medicine,
Department of Behavioral Neurology and Cognitive Neuroscience

Ishioka, Toshiyuki; Saitama Prefectural University, Department of
Occupational Therapy

Nishio, Yoshiyuki; Tohoku University Graduate School of Medicine,
Department of Behavioral Neurology and Cognitive Neuroscience
Hirayama, Kazumi; Yamagata Prefectural University of Health Sciences,
Department of Occupational Therapy

Suzuki, Kyoko; Yamagata University Graduate School of Medicine,
Department of Clinical Neuroscience

Aoki, Masashi; Tohoku University Graduate School of Medicine, Department
of Neurology

Takahashi, Shoki; Tohoku University Graduate School of Medicine,
Department of Diagnostic Radiology

Fukuda, Hiroshi; Tohoku University, Department of Nuclear Medicine and
Radiology

Itoyama, Yasuto; National Center of Neurology and Psychiatry, National
Center Hospital

Mori, Etsuro; Tohoku University Graduate School of Medicine, Department
of Behavioral Neurology and Cognitive Neuroscience

Takeda, Atsushi; Tohoku University Graduate School of Medicine,
Department of Neurology

<b>Primary Subject

Heading</b>: Neurology

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml




Page 1 of 40 BMJ Open

Secondary Subject Heading: | Neurology

Keywords: | PARKINSON'S DISEASE, DYSPHAGIA, PET

©CoO~NOUTA,WNPE

10 SCHOLARONE®

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



©CoO~NOUTA,WNPE

10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30
31
32
33
34
35
36
37
38

BMJ Open Page 2 of 40

Hypometabolism in the supplementary and anterior cingulate
cortices is related to dysphagia in Parkinson’s disease: a
cross-sectional and 3-year longitudinal cohort study

Akio Kikuchi,' Toru Baba,' Takafumi Hasegawa,1 Michiko Kobayashi,l’2 Naoto Sugeno,1
Masatoshi Konno,' Emiko Miura,' Yoshiyuki Hosokai,® Toshiyuki Ishioka,** Yoshiyuki
Nishio,3 Kazumi Hirayama,3’5 Kyoko Suzuki,3’6 Masashi Aoki,1 Shoki Takahashi,” Hiroshi

Fukuda,8 Yasuto Itoyama,l’9 Etsuro Mori,3 Atsushi Takeda'

! Department of Neurology, Tohoku University Graduate School of Medicine, Sendai, Japan

? Department of Neurology, Tohoku Employees' Pension Welfare Hospital, Sendai, Japan.

3 Department of Behavioral Neurology and Cognitive Neuroscience, Tohoku University Graduate School of
Medicine, Sendai, Japan

4 Department of Occupational Therapy, School of Health and Social Services, Saitama Prefectural University,
Saitama, Japan

> Department of Occupational Therapy, Yamagata Prefectural University of Health Sciences, Yamagata, Japan
% Department of Clinical Neuroscience, Yamagata University Graduate School of Medicine, Yamagata, Japan
" Department of Diagnostic Radiology, Tohoku University Graduate School of Medicine, Sendai, Japan

¥ Department of Nuclear Medicine and Radiology, Institute of Development, Aging and Cancer, Tohoku
University, Sendai, Japan

? National Center Hospital, National Center of Neurology and Psychiatry (NCNP), Tokyo, Japan

Corresponding Author: Atsushi Takeda, M.D.
Department of Neurology, Tohoku University Graduate School of Medicine
1-1 Seiryo-machi, Aoba-ku, Sendai, Miyagi, 980-8574, Japan
Phone: +81-22-717-7189 Fax: +81-22-717-7192
E-mail: atakeda@med.tohoku.ac.jp

Text word count: 2201
Abstract word count: 261
Number of references: 40
Number of tables: 1
Number of figures: 4

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



Page 3 of 40

©CoO~NOUTA,WNPE

10

11

12

13

14

16

17

18

19

20

21

22

23

24

25

BMJ Open

ABSTRACT

Background: Dysphagia is one of the cardinal symptoms of Parkinson's disease (PD) and is
closely related to the quality of life and longevity of PD patients.

Objective: To study the pathophysiological mechanisms responsible for dysphagia in PD.
Design: A cross-sectional and longitudinal comparative study.

Setting: Tohoku university hospital.

Participants: Eight patients with dysphagia, 15 patients without dysphagia and 10 normal
control subjects.

Main Outcome Measures: The time needed for swallowing initiation and changes in brain
glucose metabolism at baseline and after a 3-year follow-up period.

Results: The time needed for swallowing initiation was significantly longer in the patients
with dysphagia compared with the patients without dysphagia at baseline and after the 3-year
follow-up period (p<0.05). The patients with dysphagia exhibited hypometabolism in the
supplementary motor area (SMA) and anterior cingulate cortex (ACC) compared with the 10
normal control subjects at baseline (uncorrected p<0.001). After the 3-year follow-up period,
the number of brain areas showing hypometabolism increased, involving not only the SMA
and the ACC but also the bilateral medial frontal lobes, middle cingulate cortex, thalamus and
right superior, middle, inferior and orbital frontal gyri (uncorrected p<<0.001). In contrast, the
patients without dysphagia showed virtually no regional hypometabolism at baseline
(uncorrected p<0.001) and only a small degree of hypometabolism in the SMA and ACC after
the 3-year follow-up period (uncorrected p<0.001).

Conclusions: These results suggest that dysphagia in PD patients is mainly related to a
difficulty in swallowing initiation that is based on a combination of poor movement planning

due to SMA dysfunction and impaired cognitive processing due to ACC dysfunction.
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ARTICLE SUMMARY

Article focus

o Cortical hypometabolism associated with dysphagia in PD were statistically examined

at baseline and after a 3-year follow-up period.

Key messages

o The multiple cortical impairments, mainly in the SMA and ACC, might be responsible
for the dysphagia in PD.

o The time needed for swallowing initiation was significantly longer in the patients with
dysphagia.

o Dysphagia in PD patients is mainly related to a difficulty in swallowing initiation that
is based on a combination of poor movement planning due to SMA dysfunction and

impaired cognitive processing due to ACC dysfunction.

Strengths and limitations of this study

o Strength: this study is the first to statistically examine the associations between
cortical hypometabolism and dysphagia in PD patients as a cross-sectional and
longitudinal comparative study.

e Limitation: the findings may not be related to dysphagia alone because
8F_fluorodeoxyglucose-PET cannot be used for a dynamic scanning during

swallowing. Weakness: the absence of videofluoroscopy as swallowing evaluation.
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INTRODUCTION
Parkinson’s disease (PD) is primarily characterized by motor dysfunctions, some of which,
such as tremor, rigidity, and bradykinesia, respond well to dopamine replacement therapy,
whereas others, such as postural instability, dysarthria, and dysphagia, remain intractable and
often impair quality of life in advanced cases. The involvement of non-dopaminergic systems
is implied in such dopamine-refractory symptoms; however, the detailed pathophysiological
mechanisms of these systems are still elusive. In particular, swallowing difficulty is directly
associated with malnutrition and difficulty in drug taking; moreover, this symptom sometimes
results in aspiration pneumonia, the main cause of death in PD patients.'” The voluntary
transport of food through the oral cavity, pharynx, and esophagus to the stomach requires
sequential motor events. Deglutition occurs through five consecutive phases: anticipatory
(cognitive), preparatory (masticatory), oral, pharyngeal, and esophageal. Dysphagia is
associated with all of these stages.*®

In general, dysphagia in PD is thought to reflect impaired function of the medullary
swallowing center’. The involvement of higher central nervous system areas is also implied,
but remains to be elucidated. In the present study, we investigated the swallowing functions
of PD patients and compared them with changes in cortical metabolism using
®F_fluorodeoxyglucose (FDG)-PET. Moreover, we investigated clinical and imaging data not
only at baseline, but also after a 3-year follow-up period, making this research a longitudinal

study.

METHODS

Participants

All of the 43 PD patients were diagnosed based on the United Kingdom PD Brain Bank
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criteria for idiopathic PD."° The extent of dementia was evaluated in all of the subjects, using
the clinical dementia rating (CDR). PD patients with a CDR score greater than 0.5 were
excluded to minimize artifacts related to cognitive impairment. We defined a score of 0 as no
dysphagia and a score of >1 as dysphagia, according to Part II of the unified Parkinson’s
disease rating scale (UPDRS). The UPDRS total scores, mini-mental state examination
(MMSE), evaluation of swallowing, and PET studies were evaluated during the “on” state,
i.e., with the administration of anti-parkinsonian drugs without L-dopa induced dyskinesia.
Ten age-matched control subjects (4 women and 6 men; mean age 64.4+4.12 years; mean
MMSE score 28.7+1.49) were collected to compare with PD patients with and without
dysphagia for PET analysis. All of the procedures were approved by the Ethical Committee
of Tohoku University Graduate School of Medicine. Written informed consent was obtained

from each subject after a full explanation of the entire 3-year longitudinal study.

PET procedure

The FDG-PET scans were performed in all 23 PD patients and 10 age-matched control
subjects. All of the subjects fasted for at least 5 hours prior to PET scanning. To minimize the
effects of external stimuli during a 1-hour FDG uptake period after intravenous injection of
185-218 MBq FDG, the subjects stayed in a quiet room wearing an eye mask under resting
conditions. PET scans were acquired for 10 minutes under resting conditions. Dynamic PET
scans were taken in 3D mode using a Biograph™ Duo PET scanner (Siemens Medical
Systems, Inc., Iselin, NJ, USA). The in-plane and axial resolutions of the scanner were 3.38
mm and 3.38 mm, respectively. Attenuation correction was performed with a computed
tomography scan. Image reconstructions were performed using ordered subset expectation

maximization algorithms (16 subsets x 6 iterations) using a Gaussian filter with full-width at
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half-maximum = 2.0 mm in a 256 x 256 matrix, with a pixel size of 1.33 x 1.33 mm and a
slice thickness of 2.0 mm, and a field of view of 340 mm. The FDG-PET scans acquired at

the follow-up were performed in an identical manner.

Data analysis

Statistical parametric mapping (SPM) was used for group comparisons of PET images. First,
all of the PET images were spatially normalized with linear and nonlinear parameters using
SPM2 software (Welcome Department of Imaging Neuroscience, London, UK) implemented
in MATLAB® (The MathWorks, Inc., Sherborn, MA, USA). A three-dimensional Gaussian
filter of 10 mm was used to smooth each image. Global normalization was performed using
SPM’s “proportional scaling,” and proportional threshold masking was set at 0.8. Next, the
regional metabolic abnormalities in the PD patients with and without dysphagia at baseline
and after the 3-year follow-up period were estimated by comparison with 10 age-matched
control subjects using proportional scaling. The statistical threshold was p<0.001

(uncorrected) with an extent threshold of 40 voxels.

Evaluation of swallowing

We evaluated the time needed for swallowing initiation and the 30-second swallowing
frequency in all 23 PD patients and 10 healthy volunteers. The index and ring finger pads of
the investigator were placed on the thyroid cartilage and laryngeal prominence. The time
needed for swallowing initiation was defined as the time until movement of the thyroid
cartilage and laryngeal prominence following the verbal guidance cue to begin swallowing
using a timer. The time of swallowing initiation across three trials was averaged. We also

measured the swallowing frequency by asking the patients to swallow as many times as
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possible in 30 seconds and counting the movements of the thyroid cartilage and laryngeal
prominence.' 2
The patient profiles were statistically analyzed using two-sample t-tests. For the

swallowing function, the within-group differences of the patients with and without dysphagia

were assessed using paired t-tests.

RESULTS

Of the 43 potentially eligible cases, 16 were excluded from the analysis because of dementia.
The 27 patients who fulfilled the above entry criteria included 9 patients with dysphagia and
18 patients without dysphagia. The mean (+standard deviation) age was 68.2+3.23 years in
the patients with dysphagia and 65.8+3.94 years in the patients without dysphagia. All of the
patients were right-handed. Eight of 9 PD patients with dysphagia and 15 of 18 without
dysphagia at baseline participated in the 3-year follow-up study. The details of the excluded
patients were as follows: 2 patients without dysphagia went to other hospitals, and 1 patient
without dysphagia and 1 patient with dysphagia were unable to be evaluated during the
follow-up period because of the introduction of a feeding tube (figure 1).

Clinical features and medications were summarized in table 1. No significant differences
were found in the age, Hoehn-Yahr stage, dosage of anti-parkinsonian agents, including
L-dopa (table 1), or 30-second swallowing frequency (figure 2B), but significant differences
were found between the two groups in disease duration, UPDRS motor score, and time
needed for swallowing initiation at baseline (p<0.05, table 1, figure 2A). After the 3-year
follow-up period, the differences in the time needed for swallowing initiation were still clear,
but no significant differences became evident in the UPDRS motor scores (table 1, figure 2A).

Significant differences were revealed in the swallowing frequency within 30 seconds between
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the two groups (p<0.05, table 1, figure 2B). The time needed for swallowing initiation
(1.02+0.36 sec) and the 30-second swallowing frequency (5.10+2.42) in 10 healthy
volunteers were the almost same as those of PD without dysphagia. There was no significant
difference in the L-dopa equivalent dose between baseline and 3-year follow-up in PD with
dysphagia using paired t-test (p>0.05), while a significant difference was found in PD
without dysphagia (p<0.05). No significant differences were found in the UPDRS motor
score between baseline and 3-year follow-up within groups using paired t-tests (p>0.05).

A comparison of the regional cerebral glucose of PD patients with that of normal controls
demonstrated hypometabolism in the supplementary motor area (SMA) and the anterior
cingulate cortex (ACC) in the patients with dysphagia at baseline (uncorrected p<0.001,
figure 3A). These metabolic changes showed no significant correlations with the severity of
the Hoehn-Yahr stages (uncorrected p<0.001, data not shown) or the UPDRS motor scores
(uncorrected p<0.001, data not shown). Furthermore, no regional hypermetabolism was
found in the PD patients with dysphagia compared with the normal control subjects
(uncorrected p<0.001, data not shown). Additionally, no relationships were observed between
the changes in the regional cerebral glucose metabolism and the doses of anti-parkinsonian
agents, including L-dopa (p>0.05, data not shown). After the 3-year follow-up period, the
areas of hypometabolism included not only the SMA and the ACC but also the bilateral
medial frontal lobes, middle cingulate cortex, thalamus and right superior, middle, inferior
and orbital frontal gyri (uncorrected p<0.001, figure 3B). Only a small degree of
hypermetabolism in the left middle and right superior occipital lobes, left middle temporal
lobe, left supramarginal gyrus, and left calcarine cortex was found in PD patients with
dysphagia compared to the normal control subjects (uncorrected p<0.001, data not shown). In

contrast, PD patients without dysphagia showed virtually no regional hypometabolism at
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baseline (uncorrected p<0.001, figure 4A) and only a small degree of hypometabolism in the
SMA and the ACC after the 3-year follow-up period (uncorrected p<0.001, figure 4B)
compared with normal controls. On the other hand, in PD patients without dysphagia, no
regional hypermetabolism was found at baseline (uncorrected p<0.001, data not shown) and
only a small degree of hypermetabolism in the left supramarginal gyrus, left postcentral gyrus,
and left middle and superior lobes was found after the 3-year follow-up period (uncorrected
p<0.001, data not shown). Medullary hypometabolism was not found at baseline nor after a

3-year follow-up period (uncorrected p<0.001, figures 3, 4).

DISCUSSION

The present results suggested that, although several motor cortical areas control deglutition,
multiple cortical impairments, mainly in the SMA and ACC, might be responsible for the
dysphagia in PD. These results were in agreement with the findings of previous activation
studies of normal deglutition such as functional MRI'*""®*and PET""?°. Impairments in these
areas did not appear to be closely associated with the degree of general motor dysfunction
and cognitive impairments, as no significant correlations were found between the UPDRS
motor scores or the MMSE scores and the degree of hypometabolism in these areas
(uncorrected p<0.001, data not shown). Moreover, although there were no significant changes
in the UPDRS motor scores and the MMSE scores, except for the L-dopa equivalent dose in
PD without dysphagia, between baseline and 3-year follow-up in each group (table 1),
cortical hypometabolism in the medial frontal lobes was markedly extended, especially in the
cases with dysphagia (figure 3). Interestingly, in the patients with dysphagia, both of the
swallowing indices showed tendencies toward exacerbation during the 3-year follow-up

period, although the differences were not significant (figure 2). Although no significant
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difference was found in the UPDRS motor score between PD with and without dysphagia
after a 3-year follow-up, the time needed for swallowing initiation was worsening in PD with
dysphagia. Bradykinesia did not appear to be directly related to the outcome measurement
results for evaluation of swallowing. We could not find any compensatory mechanisms for
dysphagia because regional hypermetabolism was not found in PD with and without
dysphagia at baseline.

Major subcortical inputs to the SMA via the thalamus arise from the globus pallidus and
the substantia nigra.”' The SMA also receives limbic inputs from the cingulate cortex.”* The
SMA is known to be important in mediating and preparing complex sequences of
movement™ and in movement planning and execution.”*** PET and functional magnetic
resonance imaging studies demonstrated SMA activation during the swallowing task.'”*’
Activation of the SMA preceding the onset of volitional swallowing can also be demonstrated
by the assessment of the Bereitschaftspotential, one of the premotor potentials that is
considered to reflect the activities of the SMA.*® The amplitude of the
Bereitschaftspotential®’ was shown to be significantly lower in PD patients compared with
age-matched controls.”> PET and single-photon emission computed tomography studies also
demonstrated dysfunction of the SMA in PD.**>” Therefore, the SMA dysfunction in PD
patients with dysphagia is likely to be related to the impaired volitional initiation of
swallowing.

The ACC is connected to both the insula®® and the amygdale,* which are implicated in
autonomic function and somato- and viscerosensory input. Intense stimulation of the
esophagusg’ 4 and changes in gastrointestinal motility3 ? were shown to activate the ACC. The
ACC is thought to play an important role in receiving sensory stimuli from the alimentary

tract. The functions of the rostral ACC are autonomic regulation and visceromotor control.'*

10
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In fact, the rostral ACC is activated during automatic swallowing."* In contrast, the more
dorsal and caudal regions of the ACC function in skeletomotor control, including movement
regulation and premotor function, response selection, attention to willed action, and
nociception.”® The intermediate and caudal regions of the ACC are activated during voluntary
swallowing.'* ' *! As PD patients with dysphagia showed hypometabolism in the
intermediate and caudal regions of the ACC, corresponding to Brodmann's area 24 as shown
in figure 3A, the dysphagia in PD patients appears to be associated with difficulties in the
processing of voluntary swallowing. In fact, the mean time needed to initiate swallowing was
longer in cases with dysphagia (figure 2).

In this study, the time needed for swallowing initiation and swallowing frequency for 30
seconds showed high reproducibility. The time needed for swallowing initiation was thought
to reflect the time from the anticipatory to the pharyngeal stages of deglutition, was measured,
but other stages were not evaluated. Additional evaluation, such as videofluoroscopy, is
needed to understand the relationship between brain hypometabolism and dysphagia in PD
patients. Interestingly, in 4 of 8 patients with dysphagia, the time needed for swallowing
initiation was above average (2.35 sec), and, in fact, percutaneous endoscopic gastrostomies
were performed in 2 of these 4 patients within 4 years of the baseline study. Thus, by
measuring the time needed for swallowing initiation, we may be able to predict the long-term

prognosis of swallowing difficulty.

CONCLUSION
In conclusion, the data presented in this study suggested that dysphagia in PD patients was
related to dysfunctions in the SMA and the ACC, resulting in poor movement planning of

voluntary swallowing. The results also suggest that training exercises, which can activate

11
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broader cortical areas including the SMA and ACC,"” may be useful to alleviate swallowing

difficulty.
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1 Table1 Profiles of PD patients

Baseline Follow-up

With Without With Without

Parameters dysphagia  dysphagia dysphagia  dysphagia

©CoO~NOUTA,WNPE

10 Number of patients 8 15

11 Sex (M / W) 6/2 4/11

13 Age (yrs)

15 Mean 67.8+3.11  65.2+4.02

16 Range 63-71 60-74

18 Disease duration (yrs) 6.75£3.73*  3.53+3.58

MMSE 28.5+1.93  28.5+1.51 27.9+2.80  28.4+1.60
21 Hoehn-Yahr stage 2.75+0.27  2.37+0.67 3.06£0.42  2.93+0.53
23 UPDRS motor score 23.4+£7.05%  14.8+7.49 21.045.93  17.4+11.1
24 L-dopa equivalent dose (mg/day) ~ 400+£311  267+321 5904155 5144311

26 Values are mean+standard deviation or number of patients.

27 *Significant difference p<0.05 between with dysphagia and without dysphagia.

28 PD=Parkinson's disease; M=men; W=women; MMSE=Mini Mental State Examination;
29 UPDRS=unified Parkinson's disease rating scale
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ABSTRACT

Background: Dysphagia is one of the cardinal symptoms of Parkinson's disease (PD) and is
closely related to the quality of life and longevity of PD patients.

Objective: To study the pathophysiological mechanisms responsible for dysphagia in PD.
Design: A cross-sectional and longitudinal comparative study.

Setting: Tohoku university hospital.

Participants: Eight patients with dysphagia, 15 patients without dysphagia and 10 normal
control subjects.

Main Outcome Measures: The time needed for swallowing initiation and changes in brain
glucose metabolism at baseline and after a 3-year follow-up period.

Results: The time needed for swallowing initiation was significantly longer in the patients
with dysphagia compared with the patients without dysphagia at baseline and after the 3-year
follow-up period (p<0.05). The patients with dysphagia exhibited hypometabolism in the
supplementary motor area (SMA) and anterior cingulate cortex (ACC) compared with the 10
normal control subjects at baseline (uncorrected p<0.001). After the 3-year follow-up period,
the number of brain areas showing hypometabolism increased, involving not only the SMA
and the ACC but also the bilateral medial frontal lobes, middle cingulate cortex, thalamus and
right superior, middle, inferior and orbital frontal gyri (uncorrected p<0.001). In contrast, the
patients without dysphagia showed virtually no regional hypometabolism at baseline
(uncorrected p<0.001) and only a small degree of hypometabolism in the SMA and ACC after
the 3-year follow-up period (uncorrected p<0.001).

Conclusions: These results suggest that dysphagia in PD patients is mainly related to a
difficulty in swallowing initiation that is based on a combination of poor movement planning

due to SMA dysfunction and impaired cognitive processing due to ACC dysfunction.
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ARTICLE SUMMARY

Article focus

o Cortical hypometabolism associated with dysphagia in PD were statistically examined

at baseline and after a 3-year follow-up period.

Key messages

o The multiple cortical impairments, mainly in the SMA and ACC, might be responsible
for the dysphagia in PD.

e The time needed for swallowing initiation was significantly longer in the patients with
dysphagia.

o Dysphagia in PD patients is mainly related to a difficulty in swallowing initiation that
is based on a combination of poor movement planning due to SMA dysfunction and

impaired cognitive processing due to ACC dysfunction.

Strengths and limitations of this study

o Strength: this study is the first to statistically examine the associations between
cortical hypometabolism and dysphagia in PD patients as a cross-sectional and
longitudinal comparative study.

o Limitation: the findings may not be related to dysphagia alone because
®F-fluorodeoxyglucose-PET cannot be used for a dynamic scanning during

swallowing. Weakness: the absence of videofluoroscopy as swallowing evaluation.
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INTRODUCTION

Parkinson’s disease (PD) is primarily characterized by motor dysfunctions, some of which,
such as tremor, rigidity, and bradykinesia, respond well to dopamine replacement therapy,
whereas others, such as postural instability, dysarthria, and dysphagia, remain intractable and
often impair quality of life in advanced cases. The involvement of non-dopaminergic systems
is implied in such dopamine-refractory symptoms; however, the detailed pathophysiological

mechanisms of these systems are still elusive. In particular, swallowing difficultydysphagia is

directly associated with malnutrition and difficulty in drug taking; moreover, this symptom

sometimes results in aspiration pneumonia, the main cause of death in PD pa‘tients.}'3 The | Field Code Changed

voluntary transport of food through the oral cavity, pharynx, and esophagus to the stomach
requires sequential motor events. Deglutition occurs through five consecutive phases:

anticipatory (cognitive), preparatory (masticatory), oral, pharyngeal, and esophageal.

4.8

Dysphagia is associated with all of these stages., [ Field Code Changed

In general, dysphagia in PD is thought to reflect impaired function of the medullary

swallowing cente179. The involvement of higher central nervous system areas is also implied, - { Formatted: Font color: Red

but remains to be elucidated. In the present study, we investigated the swallowing functions
of PD patients and compared them with changes in cortical metabolism using
8E_fluorodeoxyglucose (FDG)-PET. Moreover, we investigated clinical and imaging data not
only at baseline, but also after a 3-year follow-up period, making this research a longitudinal

study.

METHODS

Participants

All of the 43 PD patients were diagnosed based on the United Kingdom PD Brain Bank
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criteria for idiopathic PD.'% The extent of dementia was evaluated in all of the subjects, [Field Code Changed

w_ oo ey Mo Py e YR L L e Ay Y

using the clinical dementia rating (CDR). PD patients with a CDR score greater than 0.5 were
excluded to minimize artifacts related to cognitive impairment. We defined a score of 0 as no
dysphagia and a score of >1 as dysphagia, according to Part I of the unified Parkinson’s
disease rating scale (UPDRS). The UPDRS total scores, mini-mental state examination

(MMSE), evaluation of swallowing, and PET studies were evaluated during the “on” state,

i.e., with the administration of anti-parkinsonian drugs without [.-dopa induced dyskinesia.

Ten age-matched control subjects (4 women and 6 men; mean age 64.4+4.12 years; mean
MMSE score 28.7+1.49) were collected to compare with PD patients with and without
dysphagia for PET analysis. All of the procedures were approved by the Ethical Committee
of Tohoku University Graduate School of Medicine. Written informed consent was obtained

from each subject after a full explanation of the entire 3-year longitudinal study.

PET procedure

The FDG-PET scans were performed in all 23 PD patients and 10 age-matched control

subjects. All of the subjects fasted for at least 5 hours prior to PET scanning. PEF-seans-were-

Medieal Systems; e Iselin, NI-USA)-To minimize the effects of external stimuli during a

1-hourthe FDG uptake period after intravenous injection of 185-218 MBq FDG, the subjects

stayed in a quiet room wearing an eye mask under resting conditions. PET scans were

acquired for 10 minutes under resting conditions. Dynamic PET scans were taken in 3D - { Formatted: Font color: Red

mode using a Biograph™ Duo PET scanner (Siemens Medical Systems, Inc., Iselin, NJ,

USA). The in-plane and axial resolutions of the scanner were 3.38 mm and 3.38 mm,
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respectively. Attenuation correction was performed with a computed tomography scan. Image
reconstructions were performed using ordered subset expectation maximization algorithms
(16 subsets x 6 iterations) using a Gaussian filter with full-width at half-maximum = 2.0 mm
in a 256 x 256 matrix, with a pixel size of 1.33 x 1.33 mm and a slice thickness of 2.0 mm,_

and a field of view of 340 mm. The FDG-PET scans acquired at the follow-up were

performed in an identical manner.

Data analysis

Statistical parametric mapping (SPM) was used for group comparisons of PET images. First,
all of the PET images were spatially normalized with linear and nonlinear parameters using
SPM2 software (Welcome Department of Imaging Neuroscience, London, UK) implemented
in MATLAB® (The MathWorks, Inc., Sherborn, MA, USA). A three-dimensional Gaussian

filter of 10 mm was used to smooth each image. Global normalization was performed using

SPM’s “proportional scaling,” and proportional threshold masking was set at 0.8. Next, the

regional metabolic abnormalities in the PD patients with and without dysphagia at baseline
and after the 3-year follow-up period were estimated by comparison with 10 age-matched
control subjects using proportional scaling. The statistical threshold was p<0.001

(uncorrected) with an extent threshold of 40 voxels.

Evaluation of swallowing
We evaluated the time needed for swallowing initiation and the 30-second swallowing

frequency in all 23 PD patients and 10 healthy volunteers. The index and ring finger pads of

the investigator were placed on the thyroid cartilage and laryngeal prominence. The time

needed for swallowing initiation was defined as the time until movement of the thyroid
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cartilage and laryngeal prominence following the verbal guidance cue to begin swallowing_
using a timer. The time of swallowing initiation across three trials was averaged. We also
measured the swallowing frequency by asking the patients to swallow as many times as

possible in 30 seconds and counting the movements of the thyroid cartilage and laryngeal

Page 24 of 40

prominence, """ L Field Code Changed

The patient profiles were statistically analyzed using two-sample t-tests. For the
swallowing function, the within-group differences of the patients with and without dysphagia

were assessed using paired t-tests.

RESULTS

Of the 43 potentially eligible cases, 16 were excluded from the analysis because of dementia.
The 27 patients who fulfilled the above entry criteria included 9 patients with dysphagia and
18 patients without dysphagia. The mean (£standard deviation) age was 68.2+3.23 years in
the patients with dysphagia and 65.8+3.94 years in the patients without dysphagia. All of the
patients were right-handed. Eight of 9 PD patients with dysphagia and 15 of 18 without
dysphagia at baseline participated in the 3-year follow-up study. The details of the excluded
patients were as follows: 2 patients without dysphagia went to other hospitals, and 1 patient
without dysphagia and 1 patient with dysphagia were unable to be evaluated during the
follow-up period because of the introduction of a feeding tube (figure 1).

Clinical features and medications were summarized in table 1. No significant differences
were found in the age, Hoehn-Yahr stage, dosage of anti-parkinsonian agents, including
L-dopa (table 1), or 30-second swallowing frequency (figure 2B), but significant differences
were found between the two groups in disease duration, UPDRS motor score, and time

needed for swallowing initiation at baseline (p<0.05, table 1, figure 2A). After the 3-year
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follow-up period, the differences in the time needed for swallowing initiation were still clear,
but no significant differences became evident in the UPDRS motor scores (table 1, figure 2A).
Significant differences were revealed in the swallowing frequency within 30 seconds between

the two groups (p<0.05, table 1, figure 2B). The time needed for swallowing initiation

(1.02+0.36 sec) and the 30-second swallowing frequency (5.10+£2.42) in 10 healthy

volunteers were the almost same as those of PD without dysphagia. There was no significant

difference in the L-dopa equivalent dose between baseline and 3-year follow-up in PD with

dysphagia using paired t-test (p>0.05), while a significant difference was found in PD

without dysphagia (p<0.05). No significant differences were found in the UPDRS motor

score between baseline and 3-year follow-up within groups using paired t-tests (p>0.05).

A comparison of the regional cerebral glucose of PD patients with that of normal controls
demonstrated hypometabolism in the supplementary motor area (SMA) and the anterior
cingulate cortex (ACC) in the patients with dysphagia at baseline (uncorrected p<0.001,
figure 3A). These metabolic changes showed no significant correlations with the severity of
the Hoehn-Yahr stages (uncorrected p<0.001, data not shown) or the UPDRS motor scores
(uncorrected p<0.001, data not shown). Furthermore, no regional hypermetabolism was
found in the PD patients with dysphagia compared with the normal control subjects
(uncorrected p<0.001, data not shown). Additionally, no relationships were observed between
the changes in the regional cerebral glucose metabolism and the doses of anti-parkinsonian
agents, including L-dopa (p>0.05, data not shown). After the 3-year follow-up period, the
areas of hypometabolism included not only the SMA and the ACC but also the bilateral
medial frontal lobes, middle cingulate cortex, thalamus and right superior, middle, inferior

and orbital frontal gyri (uncorrected p<0.001, figure 3B). Only a small degree of

hypermetabolism in the left middle and right superior occipital lobes, left middle temporal
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lobe, left supramarginal gyrus, and left calcarine cortex was found in PD patients with

dysphagia compared to the normal control subjects (uncorrected p<0.001, data not shown). In

contrast, PD patients without dysphagia showed virtually no regional hypometabolism at
baseline (uncorrected p<0.001, figure 4A) and only a small degree of hypometabolism in the
SMA and the ACC after the 3-year follow-up period (uncorrected p<0.001, figure 4B)

compared with normal controls. On the other hand, in PD patients without dysphagia, no

regional hypermetabolism was found at baseline (uncorrected p<0.001, data not shown) and

only a small degree of hypermetabolism in the left supramarginal gyrus, left postcentral gyrus,

and left middle and superior lobes was found after the 3-year follow-up period (uncorrected

p<0.001, data not shown). Medullary hypometabolism was not found at baseline nor after a

3-year follow-up period (uncorrected p<0.001, figures 3, 4).

DISCUSSION
The present results suggested that, although several motor cortical areas control deglutition,
multiple cortical impairments, mainly in the SMA and ACC, might be responsible for the

dysphagia in PD. These results were in agreement with the findings of previous activation

studies of normal deglutition such as functional MRT"*"*and PET”*0 1220 Impairments in - { Formatted: Superscript
|- = ‘[ Formatted: Font color: Red
these areas did not appear to be closely associated with the degree of general motor { Field Code Changed

dysfunction and cognitive impairments, as no significant correlations were found between the
UPDRS motor scores or the MMSE scores and the degree of hypometabolism in these areas
(uncorrected p<0.001, data not shown). Moreover, although there were no significant changes

in the UPDRS motor scores and the MMSE scores, except for the L.-dopa equivalent dose in

PD without dysphagia, between baseline and 3-year follow-up in each group (table 1),

cortical hypometabolism in the medial frontal lobes was markedly extended, especially in the
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cases with dysphagia (figure 3). Interestingly, in the patients with dysphagia, both of the
swallowing indices showed tendencies toward exacerbation during the 3-year follow-up

period, although the differences were not significant (figure 2). Although no significant

difference was found in the UPDRS motor score between PD with and without dysphagia

after a 3-year follow-up, the time needed for swallowing initiation was worsening in PD with

dysphagia. Bradykinesia did not appear to be directly related to the outcome measurement

results for evaluation of swallowing. We could not find any compensatory mechanisms for

dysphagia because regional hypermetabolism was not found in PD with and without

dysphagia at baseline.

Major subcortical inputs to the SMA via the thalamus arise from the globus pallidus and

the substantia nigra.%zo The SMA also receives limbic inputs from the cingulate cortex, '

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A_ _ __ _

The SMA is known to be important in mediating and preparing complex sequences of

2322
movement.

magnetic resonance imaging studies demonstrated SMA activation during the swallowing

task,'**"** Activation of the SMA preceding the onset of volitional swallowing can also be

e e = e 2

demonstrated by the assessment of the Bereitschaftspotential, one of the premotor potentials

age-matched controls.f*zg'Jr PET and single-photon emission computed tomography studies also

demonstrated dysfunction of the SMA in PD,*"**7° Therefore, the SMA dysfunction in PD
patients with dysphagia is likely to be related to the impaired volitional initiation of
swallowing.

The ACC is connected to both the insula;ﬁ’g and the amygdaleﬁfg‘g which are implicated

in autonomic function and somato- and viscerosensory input. Intense stimulation of the

10
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esophagus and changes in gastrointestinal motility™~ were shown to activate the ACC.
The ACC is thought to play an important role in receiving sensory stimuli from the

alimentary tract. The functions of the rostral ACC are autonomic regulation and visceromotor

more dorsal and caudal regions of the ACC function in skeletomotor control, including

movement regulation and premotor function, response selection, attention to willed action,

2625

and nociception The intermediate and caudal regions of the ACC are activated during

voluntary swallowing, &4 Ag p

in the intermediate and caudal regions of the ACC, corresponding to Brodmann's area 24 as
shown in figure 3A, the dysphagia in PD patients appears to be associated with difficulties in
the processing of voluntary swallowing. In fact, the mean time needed to initiate swallowing

was longer in cases with dysphagia (figure 2).

In this study, the time needed for swallowing initiation and swallowing frequency for 30

seconds showed high reproducibility. the-The time needed for swallowing initiation was

thought to;-which-shews-highrepeatabilityand reflects the time from the anticipatory to the

pharyngeal stages of deglutition, was measured, but other stages were not evaluated.
Additional evaluation, such as videofluoroscopy, is needed to understand the relationship
between brain hypometabolism and dysphagia in PD patients. Interestingly, in 4 of 8 patients
with dysphagia, the time needed for swallowing initiation was above average (2.35 sec), and,
in fact, percutaneous endoscopic gastrostomies were performed in 2 of these 4 patients within
4 years of the baseline study. Thus, by measuring the time needed for swallowing initiation,

we may be able to predict the long-term prognosis of swallowing difficultydysphagta.

CONCLUSION

11
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In conclusion, the data presented in this study suggested that dysphagia in PD patients was
related to dysfunctions in the SMA and the ACC, resulting in poor movement planning of

voluntary swallowing. The results also suggest that training exercises, which can activate

broader cortical areas including the SMA and ACC 17 may be useful to alleviate swallowing

difficulty. Fh
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Table 1 Profiles of PD patients
Baseline Follow-up
Parameters With ‘ Withou.t With . WithouF
dysphagia  dysphagia dysphagia  dysphagia
Number of patients 8 15
Sex (M /W) 6/2 4 /11
Age (yrs)
Mean 67.8£3.11  65.2+4.02
Range 63-71 60-74
Disease duration (yrs) 6.75£3.73*%  3.53+3.58
MMSE 28.5£1.93  28.5+1.51 27.9£2.80  28.4%1.60
Hoehn-Yahr stage 2.75+0.27  2.37+0.67 3.06+0.42  2.93+0.53
UPDRS motor score 23.4+7.05* 14.8+7.49 21.0£593  17.4+11.1
L-dopa equivalent dose (mg/day)  400+311 2674321 590+155 5144311

Values are mean+tstandard deviation or number of patients.

*Significant difference p<0.05 between with dysphagia and without dysphagia.

PD=Parkinson's disease; M=men; W=women; MMSE=Mini Mental State Examination;

UPDRS=unified Parkinson's disease rating scale

18
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n=43

Parkinson’s disease

Excluded (Total = 16)
* Dementia (n = 16)

n=27

Parkinson’s disease without dementia

/\

With dysphagia
n=9

Without dysphagia
n=18

* Feeding tube (n=1)

Lost to follow-up (Total = 1)

A4

Lost to follow-up (Total = 3)
* Feeding tube (n=1)
* Changing hospital (n = 2)

Data available for analysis
With dysphagia
n=238

Data available for analysis
Without dysphagia
n=15

PD patients and follow-up flow diagram.
105x90mm (300 x 300 DPI)
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Baseline Follow-up B) Baseline Follow-up

N
N
z

24 The time needed for swallowing initiation and the 30-second swallowing frequency in PD patients
25 with and without dysphagia at baseline and after a 3-year follow-up period.
26 There were significant differences between PD patients with and without dysphagia in the time needed for
27 swallowing initiation at baseline and after a 3-year follow-up period (p<0.05) (A). In the 30-second
28 swallowing frequency, there was no significant difference between the PD patients with and without
29 dysphagia at baseline (p>0.05), but a significant difference between the two groups was evident after the 3-
30 year follow-up period (p<0.05) (B).
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With dysphagia

Baseline Follow-up

uncorrected p<<0.001, k=40 uncorrected p<<0.001, k=40

Cross-sectional analyses of brain maps showing the differences between PD patients with
dysphagia and normal control subjects at baseline (A) and after a 3-year follow-up period (B).
Various areas showed differences in the standardized PET data, and areas with a height threshold of
p<0.001 (uncorrected) and an extent threshold of 40 voxels are illustrated. A comparison of regional
cerebral glucose metabolism values demonstrated hypometabolism in the SMA and ACC in the PD patients
with dysphagia compared with normal control subjects at baseline (uncorrected p<0.001, threshold=40
voxels) (A). After the 3-year follow-up period, the areas of hypometabolism included not only the SMA and
the ACC but also the bilateral medial frontal lobes, middle cingulate cortex, thalamus and right superior,
middle, inferior, and orbital frontal gyri (uncorrected p<0.001, threshold=40 voxels) (B).
95x90mm (300 x 300 DPI)
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Withoutdysphagia

Baseline Follow-up

uncorrected p<<0.001, k=40 uncorrected p<<0.001, k=40

Cross-sectional analyses of brain maps showing differences between PD patients without
dysphagia and normal control subjects at baseline (A) and after a 3-year follow-up period (B).
Various areas showed differences in the standardized PET data, and areas with a height threshold of
p<0.001 (uncorrected) and an extent threshold of 40 voxels are illustrated. The PD patients without
dysphagia showed virtually no hypometabolism at baseline (uncorrected p<0.001, threshold=40 voxels) (A)
and only a small degree of hypometabolism in the SMA and ACC after the 3-year follow-up period
(uncorrected p<0.001, threshold=40 voxels) (B) compared with normal control subjects.
95x90mm (300 x 300 DPI)
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STROBE 2007 (v4) checklist of items to be included in reports of observational studies in epidemiology*

Checklist for cohort, case-control, and cross-sectional studies (combined)

Page 40 of 40

Section/Topic Item # | Recommendation Reported on page #
Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract 1-2
(b) Provide in the abstract an informative and balanced summary of what was done and what was found 2
Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being reported 4
Objectives 3 State specific objectives, including any pre-specified hypotheses 4
Methods
Study design 4 Present key elements of study design early in the paper
Setting Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data
collection
Participants 6 (a) Cohort study—Give the eligibility criteria, and the sources and methods of selection of participants. Describe 5
methods of follow-up
Case-control study—Give the eligibility criteria, and the sources and methods of case ascertainment and control
selection. Give the rationale for the choice of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and methods of selection of participants
(b) Cohort study—For matched studies, give matching criteria and number of exposed and unexposed 5
Case-control study—For matched studies, give matching criteria and the number of controls per case
Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect modifiers. Give diagnostic g
criteria, if applicable
Data sources/ measurement 8* For each variable of interest, give sources of data and details of methods of assessment (measurement). Describe 5.7
comparability of assessment methods if there is more than one group
Bias 9 Describe any efforts to address potential sources of bias 5
Study size 10 Explain how the study size was arrived at
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, describe which groupings were chosen | g
and why
Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding 6-7
(b) Describe any methods used to examine subgroups and interactions 5.7
(c) Explain how missing data were addressed
(d) Cohort study—If applicable, explain how loss to follow-up was addressed
Case-control study—If applicable, explain how matching of cases and controls was addressed
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Cross-sectional study—If applicable, describe analytical methods taking account of sampling strategy

(e) Describe any sensitivity analyses

Results
Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, examined for eligibility, 7
confirmed eligible, included in the study, completing follow-up, and analysed
(b) Give reasons for non-participation at each stage
(c) Consider use of a flow diagram
Descriptive data 14* (a) Give characteristics of study participants (eg demographic, clinical, social) and information on exposures and 7-8
potential confounders
(b) Indicate number of participants with missing data for each variable of interest
(c) Cohort study—Summarise follow-up time (eg, average and total amount)
Outcome data 15* Cohort study—Report numbers of outcome events or summary measures over time
Case-control study—Report numbers in each exposure category, or summary measures of exposure
Cross-sectional study—Report numbers of outcome events or summary measures 7
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their precision (eg, 95%
confidence interval). Make clear which confounders were adjusted for and why they were included
(b) Report category boundaries when continuous variables were categorized
(c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity analyses
Discussion
Key results 18 Summarise key results with reference to study objectives 9
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or imprecision. Discuss both direction 11
and magnitude of any potential bias
Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity of analyses, results 9-10
from similar studies, and other relevant evidence
Generalisability 21 Discuss the generalisability (external validity) of the study results 11
Other information
Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, for the original studyon | 11

which the present article is based

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and unexposed groups in cohort and cross-sectional studies.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and published examples of transparent reporting. The STROBE
checklist is best used in conjunction with this article (freely available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is available at www.strobe-statement.org.
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