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Abstract.

Background: Gastrointestinal dysfunction and related clinical symptoms are common in Parkinson’s disease (PD), but the
underlying mechanisms are still poorly understood.

Objective: In this study, we investigated how PD affects the postprandial vascular response in the splanchnic circulation.
Methods: 23 patients with PD in the “ON-medication” state and 23 age- and sex-matched healthy control participants
underwent serial phase-contrast magnetic resonance imaging (PC-MRI) to measure the postprandial blood flow response in
the superior mesenteric artery (SMA). Participants ingested a standardized liquid test meal (~400 kcal) and underwent four
PC-MRI runs within the following hour. Each PC-MRI run consisted of six consecutive measurements of SMA blood flow.
Results: In both groups, standardized food intake triggered an increase of blood flow in the SMA, but absolute and relative
increases in blood flow were attenuated in patients compared to the control group (p <0.001). While baseline blood flow in
the SMA was comparable in both groups, the postprandial maximum blood flow was attenuated in patients (p =0.03). The
temporal dynamics of the postprandial blood flow did not differ between groups. Postprandial SMA blood flow increase
in patients correlated neither with subjective reports of non-motor symptoms or upper gastrointestinal complaints, nor with
levodopa equivalent daily dose or disease duration. Blood glucose measurements in between the PC-MRI runs showed a
smaller postprandial increase in blood glucose in the patient group (p =0.006).

Conclusion: This study provides first-time evidence that patients with PD have an attenuated postprandial blood flow response
in the SMA, indicating an impaired functional regulation of gastrointestinal perfusion in response to food intake in PD.

Keywords: Parkinson’s disease, non-motor symptoms, postprandial blood flow, magnetic resonance imaging, gastrointestinal
dysfunction
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative
disease characterized by the accumulation of a-syn-
uclein and formation of Lewy inclusion bodies [1,
2]. The classical motor symptoms are caused by
progressive loss of dopaminergic neurons in the sub-
stantia nigra [1-5], but the neurodegenerative process
affects many other structures of the central, periph-
eral and enteric nervous system [1-8]. Widespread
neurodegeneration causes a multitude of non-motor
symptoms [3-5]. Non-motor symptoms may precede
the onset of motor symptoms by several years, re-
flecting the progressive caudal-to-rostral spread of
pathology in the brainstem [2-8]. Gastrointestinal
symptoms are very common in PD. Slow gastric emp-
tying and constipation give rise to disabling symp-
toms in up to 90% of patients at all stages of PD
[9-13]. In recent years, imaging methods have been
introduced to capture alterations of gastrointestinal
motility and transit time, revealing esophageal and
gastric dysmotility, constipation and defecation dys-
functions in PD [10-14].

Food ingestion triggers a substantial increase in
gastrointestinal regional blood flow [15-17]. This
increase in regional blood flow secures the supply
of oxygen and essential nutrients for ingestion and
facilitates the transportation of digested substances
to the liver [16, 18]. Several neural, humoral
and paracrine mechanisms contribute to postpran-
dial hyperemia, including extrinsic and intrinsic
enteric innervation, circulating hormones and tissue
metabolic activity [15-17]. Blood flow in each artery
supplying the gastrointestinal tract increases sequen-
tially as the digested chyme is transported along the
gastrointestinal tract and is exposed to the mucosal
surface supplied by that particular artery [15-17, 19].
The local postprandial hyperemic response depends
on the composition of the meal, because the con-
stituents of the chyme stimulating a local hyperemic
response differ in different regions of the gastroin-
testinal tract [15-17, 20, 21].

Postprandial hyperemia has mainly been studied in
the superior mesenteric artery (SMA) using Doppler
ultrasonography in healthy individuals, revealing
large inter-individual variation [18]. The postprandial
increase in regional blood flow scales positively with
the ingested energy content [22, 23]. To our knowl-
edge postprandial intestinal hyperemia in PD has
only been investigated in a single study, in which
the ingestion of 75 g glucose led to an immediate in-
crease in regional blood flow in SMA and peaked

approximately an hour after glucose intake [24].
Since that study lacked a healthy control group and
only tested the effect of glucose ingestion, it re-
mained unclear whether the postprandial gastroin-
testinal blood flow response after a mixed meal was
normal or affected by the disease.

Here, we employed serial MRI-based measure-
ments of blood flow in the SMA to quantify the post-
prandial increase in splanchnic arterial blood flow
in patients with PD and a control group of age- and
sex-matched healthy individuals. The enteric nervous
system and the dorsal motor nucleus of the vagus
nerve are affected by a-synucleinopathy at an early
stage of PD [6-8, 25-28]. We therefore hypothesized
that PD affects the postprandial blood flow response.

METHODS
FParticipants

Twenty-three patients with PD and 23 healthy age-
and sex-matched individuals volunteered to partic-
ipate in the present study. Patients were recruited
from the Outpatient Clinic for Movement Disorders at
Bispebjerg and Frederiksberg Hospital. Healthy indi-
viduals were recruited via advertising flyers posted at
Hvidovre Hospital and online advertisements posted
on http://www.forsoegsperson.dk/, a Danish home-
page for recruitment of test subjects. PD patients and
control subjects were included independently of the
presence or the degree of gastrointestinal symptoms.
Exclusion criteria were pregnancy or breastfeed-
ing, diabetes mellitus, respiratory, cardiac or hepatic
disease, history of other neurologic or psychiatric dis-
ease, treatment with a pacemaker or other implanted
electronic devices, and claustrophobia. Patients had
to be older than 50 years and be diagnosed with PD
by a movement disorder specialist according to the
Movement Disorder Society Clinical Diagnostic Cri-
teria for Parkinson’s Disease [29]. Routine dopamine
transporter SPECT (Single-photon emission com-
puterized tomography) was available in all 23 PD
patients, confirming a reduction in striatal dopamine
transporter density in all patients.

MRI examinations and questionnaires were per-
formed with PD patients in “ON-medication” state
to avoid motor discomfort, because test subjects
had to ingest the standardized meal in lying posi-
tion and had to lie quiet in the MRI-scanner. Levo-
dopa equivalent daily dose (LEDD) was calculated
based on the patients’ anti-parkinsonian medication


http://www.forsoegsperson.dk/

T.H. Siebner et al. / Postprandial Mesenteric Blood Flow in PD

using the conversion factors suggested by Tomlinson
et al. [30].

Ethics statement

The study was approved by the Regional Commit-
tee on Health Research Ethics of the Capital Region of
Denmark (H-18054923). All participants gave their
written informed consent.

Experimental procedures

Experimental procedures are outlined in Fig. 1.
Participants were instructed to fast for at least seven
hours prior to MRI scanning. Phase-contrast mag-
netic resonance imaging (PC-MRI) was performed on
a 1.5T MRI scanner to assess postprandial increases
in mesenteric blood flow. Blood glucose concentra-
tion was measured from a drop of blood obtained by
puncturing a fingertip, while subjects were lying in
the MRI scanner, using a glucose meter (HemoCue®
Glucose 201 RT System, Denmark).

Before PC-MRI, participants completed two ques-
tionnaires to access subjective non-motor symptoms
and gastrointestinal symptoms. Participants were
positioned in the MRI scanner and the SMA was
located with a scout scan. Two pre-meal baseline
measurements of mesenteric blood flow were per-
formed followed by measurement of baseline blood
glucose level. Participants were given two minutes
to ingest a standardized liquid test meal. They used
a straw for meal intake while lying on the bed out-
side the scanner bore. Immediately after meal intake,
we performed blocks of six consecutive blood flow
measurements in the SMA using PC-MRI. Each
block of blood flow measurements was followed by a
new blood glucose measurement. Alternating blood
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flow and blood glucose measurement were repeated
at least four times (Fig. 1).

Questionnaires

Participants completed the Non-Motor Symptoms
Questionnaire (NMS-Quest) and the Gastrointesti-
nal Symptom Rating Scale (GSRS) on arrival at
the day of the study. The NMS-Quest consists of
30 items grouped into nine domains [31, 32]. The
score ranges from minimum O, indicating absence
of non-motor symptoms, to maximum 30, indi-
cating presence of all non-motor symptoms in
question. Recall period was the month before partic-
ipation. Participants responded to the first nine items
of the GSRS which assessed reflux, abdominal pain
and indigestion [33, 34]. Each item is rated on a
7-point Likert-type scale, where 1 denotes absence
of symptoms and 7 represents the most pronounced
symptoms. The total score is divided by the number
of items, yielding the mean score. Recall period was
the week before participation.

Phase-contrast magnetic resonance imaging
(PC-MRI)

MR imaging was obtained at Hvidovre Hospital’s
Radiology Unit using a Siemens Avanto 1.5T MRI
Scanner (Siemens AG, Healthcare Sector, Erlangen,
Germany). The participants were placed with MR
compatible clothes in a supine position in the scan-
ner. To achieve physiological blood flow conditions,
participants were scanned at rest and were allowed
to breathe freely. A 6-element Body MATRIX Coil
(Siemens AG, Healthcare Sector, Erlangen, Ger-
many) was placed on the participant’s abdomen. In
addition, participants were equipped with hearing

mesenterial artery

PC-MRI of BF in superior mesenteric artery
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Fig. 1. Experimental timeline. The questionnaires included the Non-Motor Symptoms Questionnaire and the first 9 items of the Gastroin-
testinal Symptom Rating Scale. Scout scans were performed to locate the superior mesenteric artery. The standardized liquid test meal

consisted of 95 g Queal™

blended with 200 ml water. PC-MRI, phase-contrast magnetic resonance imaging; BF, blood flow.
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protection and an emergency call button. Electrocar-
diogram (ECG) for cardiac gating was obtained by
placing MRI compatible electrodes on the partici-
pant’s chest and allowed for optimal retrospective
reconstruction of PC-MRI scans. Afterwards the par-
ticipants were positioned with the abdomen in the
isocenter of the scanner.

Firstly, a set of localizer sequences, including
TRUFI (true fast imaging with steady-state free pre-
cession), HASTE (half-Fourier acquisition single-
shot turbo spin-echo) and TOF (time of flight), were
used to locate the SMA and to position the imag-
ing slice perpendicular to the vessel. The SMA was
positioned centrally within the imaging slice to opti-
mize vessel identification under blood flow analysis.
An appropriate velocity range for the participant in
question was obtained by doing a VENC (velocity
encoding) scout before performing PC-MRI.

Quantitative blood flow images were obtained by
phase-contrast sequences using retrospective ECG-
gated Cartesian two-dimensional cine fast low angle
shots. Thirty cardiac phases were reconstructed per
cardiac cycle. PC acquisition parameters were: rep-
etition time/echo time =49.45/3.37 ms, temporal res-
olution = approximately 15-33 ms depending on the
heart rate, flip angle=30 degrees, field of view=
120 x 120 mm, in-plane resolution=0.896 x 0.625
mm, slice thickness =5.0 mm, number of averages =
4, bandwidth = 521 Hz/Px. The proximal point where
the SMA artery becomes perpendicular after arising
from the aorta was used as a predetermined anatomi-
cal fixpoint for the flow measurements, so that the
scans could be standardized.

We measured the blood flow dynamics in the SMA,
which supplies the gastrointestinal tract from lower
part of the duodenum to left colic flexure [17]. During
piloting of PC-MRI, we could not establish reliable
blood flow measurements in the celiac artery (CA)
and left gastric artery (LGA), which supply stomach,
liver and spleen [17]. The LGA was anatomically
variable and in most cases too small to be located
by the initial localizer scan. The CA has only a very
short segment after arising from the aorta and before
dividing into different branches, making it often
impossible to position the imaging slice perpen-
dicular. Our exclusive focus on the SMA enabled
repeated blood flow measurements at short inter-
vals. In the present study, blood flow measurements
were repeated every 2—4 minutes (depending on heart
rate) and were only interrupted by interspersed blood
glucose measurements. Thus, our measurements
reliably captured the temporal dynamics of the

postprandial blood flow increase and systemic glu-
cose uptake.

All flow data were subsequently analyzed by using
CVI42 Version 5.6.5 (Software by Circle Cardiovas-
cular Imaging BV, Amsterdam, The Netherlands).
The region of interest was drawn manually by a single
investigator (T.H.S.) in one of the 30 cardiac phase
images by outlining the vessel wall. Subsequently,
an automated contour detection method was applied.
Every phase image was controlled manually and if
needed corrected. Based on the vessel lumen across
the 30 images the mean arterial blood flow (L/min)
during the cardiac cycle was calculated. This proce-
dure was repeated for every PC-MRI measurement
and for all participants.

Standardized liquid test meal

A standardized liquid test meal consisting of 95 g
ready-made powdered shake mix Queal™ Steady
Standard 5.0 (Queal BV, Rotterdam, The Nether-
lands) blended with 200 ml water was administered
to participants following baseline measurements.
Queal " Steady Standard 5.0 is a ready-made pow-
dered meal product, designed to provide full nutrition
based on dietary standards with a ratio of macronutri-
ents as recommended by the European Food Safety
Authority and containing all 27 essential vitamins
and minerals. 176 g of Queal"" Steady Standard 5.0
blended with 350 milliliters of water gives a complete
meal of 700 kcal and contains 47% carbohydrates,
32% fats and 21% proteins.

During initial piloting of the present study the mini-
mal amount of QuealTM Steady Standard 5.0, which
still gave a significant increase in postprandial blood
flow in the SMA, was found to be 95 g blended with
200 ml water.

95 g Queal"" Steady Standard 5.0 contains 398 kcal
energy; 13.8 g fat of which 1.7 g saturated; 45.7 g car-
bohydrates of which 14.4 g sugars; 20 g protein; 6.7 g
fibers and numerous vitamins and minerals.

Statistical analysis

Statistical analysis was performed using R soft-
ware (RStudio Inc., Version 1.2.1335). Based on
Shapiro-Wilk test of normality the demographic and
clinical group data in Table 1 are reported as mean
= standard deviation or median and 10%- & 90%-
quantiles as appropriate. Wilcoxon rank-sum test
was used to test for differences between groups
when normal distribution could not be assumed.
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Table 1
Demographic and clinical data of patients with PD and control subjects

Healthy controls PD patients p-value
Gender (male/female) 13/10 16/7
Age (y) 60.7+£7.7 63.6£6.5 0.18
Body mass index (kg/m?) 259+32 262+29 0.74
Levodopa equivalent daily dose (mg) - 625 +299
Disease duration (y) - 4 (2-10)
NMS-Quest
Total score 1(0-4) 8 (3-14) <0.0001
GSRS (Items 1-9)
Total score 1.22 (1.00-1.87) 1.33 (1.00-2.40) 0.48
Superior mesenteric artery blood flow (BF) (I/min)
Baseline BF 0.38 (0.24-0.53) 0.43 (0.27-0.59) 0.26
Postprandial maximal BF 1.08 (0.68-1.33) 0.89 (0.61-1.12) 0.03
Postprandial increase in BF 0.67 (0.45-0.95) 0.43 (0.26-0.67) <0.001
Time to maximum (min) 28.2 (18.9-38.6) 30.8 (19.5-51.3) 0.55
Smoothed postprandial BF changes*
Relative increase in BF (%) 177 (117-318) 103 (52-157) <0.0001
Time to maximum (min) 27.7 (18.9-39.5) 31.7 (19.5-50.5) 0.58
Maximal slope (I/min) 0.06 (0.04-0.08) 0.04 (0.03-0.7) 0.007
Blood glucose (BG) (mmol/l)
Baseline BG 4.9 (4.4-5.3) 5.0 (4.2-5.9) 0.36
Postprandial maximal BG 7.4 (6.4-8.6) 6.7 (6.2-7.7) 0.09
Postprandial increase in BG 2.2 (1.6-3.7) 1.8 (1.1-3.2) 0.006
Time to maximum (min) 58.8 (41.1-63.6) 52.7 (33.5-64.7) 0.42
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Data given as mean & SD or median (10% quantile-90% quantile). * A local polynomial regression fitting curve was fitted
to the individual time series of blood flow measurements applying a 25% smoothing span, and then blood flow estimates

were predicted at a sample rate of one sample per minute.

Between-group differences were analyzed using
unpaired two-samples -test in case of normal dis-
tribution. Statistical significance was accepted at p <
0.05. Correlations were determined using Spear-
man’s rank correlation. To correct for multiple com-
parisons, we used the Bonferroni method with an
adjusted significance level of p <0.0025.

The time at which the individual participant fin-
ished intake of the standardized liquid test meal was
set as =0 minutes. Serial blood flow (BF) data were
expressed as percentage of individual baseline and
calculated by (BF — Baseline BF) * Baseline BF
* 100%. To obtain robust, equidistant blood flow
estimates, the individual time series of blood flow
measurements were then smoothed using local poly-
nomial regression fitting with a 25% smoothing span,
and blood flow estimates were predicted at a sample
rate of one sample per minute to extract the rela-
tive increase in blood flow, time to maximum and
maximal slope.

RESULTS

Demographic and clinical group data along with
the statistical results of between-group compari-
sons are listed in Table 1. All PD patients had
bilateral or midline involvement with or without

impairment of balance, but were physically inde-
pendent, corresponding to Hoehn and Yahr stage
2 and 3 [35]. Participants completed the study
without reporting any adverse events. MRI exam-
inations and questionnaires were performed with
PD patients in the “ON-medication” state and
all 23 PD patients received anti-parkinsonian
medication. Six patients were only treated with
levodopa/decarboxylase inhibitor. In 10 patients,
levodopa/decarboxylase inhibitor was combined with
adopamine agonist (n =9) or COMT inhibitor (n=1).
The remaining seven patients were treated with a
dopamine agonist and MAO-B inhibitor (n=3),
dopamine agonist, levodopa/decarboxylase inhibitor
and MAO-B-inhibitor (n =2), dopamine agonist, lev-
odopa/decarboxylase inhibitor and COMT inhibitor
(n=1), or levodopa/decarboxylase inhibitor, dopa-
mine agonist, MAO-B inhibitor and COMT inhibitor
(n=1). Eight PD patients and one healthy control par-
ticipant received prescriptive laxative treatment daily
(Macrogol, Sodium Picosulfate), which they contin-
ued with at the day of the study.

PD patients had significantly more non-motor
symptoms (as indexed by higher NMS-Quest scores),
but they reported a similar amount of upper gas-
trointestinal symptoms as healthy control partici-
pants. Fasting levels of blood glucose were normal
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(<6.3mmol/1). We found a positive correlation
between age and baseline blood glucose levels across
the entire group (Spearman’s rank correlation coeffi-
cient p=0.5, p=0.001), indicating that pre-ingestion
blood glucose levels increased with participant’s age.
No difference in body mass index was found between
the two groups (p=0.74, Table 1).

Postprandial blood flow and blood glucose
changes

Mean group data as well as individual data are
presented separately for patients and healthy con-
trol participants in Figs. 2 and 3. All participants
showed a rise in SMA blood flow and blood glucose
levels after ingestion of the standardized test meal,
but responses varied substantially among participants
(Figs. 2a, b and 3). At the group level, the absolute
postprandial increase in SMA blood flow was smaller
in PD than healthy controls (p <0.001, Table 1 and
Fig. 3). Maximum blood flow levels after food intake
were also found to be reduced in patients compared
to healthy controls (p=0.03). Differences between
groups also emerged when comparing the postpran-
dial increase in blood flow relative to baseline (Table 1
and Fig. 2a). Patients showed an attenuated relative

HC

w
(=3
o

Relative blood flow changes from baseline (%)

blood flow increase after meal intake compared to
the healthy control group (p <0.0001). Likewise, the
maximal slope of the fitted curves, representing maxi-
mal rate of blood flow change, was flattened in the PD
group relative to the slope in the healthy control group
(»=0.007). In contrast, the baseline levels as well as
the time to reach maximal blood flow did not differ
between groups.

The postprandial increase in blood glucose level
was also less prominent in the patient group compared
to the healthy control group (p=0.006, Table 1 and
Fig. 2b). There was no significant between-group dif-
ference in baseline glucose levels or maximal blood
glucose levels. The time to reach maximum blood
glucose level did not differ between groups.

We found a significant positive correlation between
blood flow at baseline and blood flow maximum when
considering all participants (p=0.55, p<0.0001,
Table 2), showing that a higher pre-ingestion blood
flow at baseline is associated with a higher post-
ingestion blood flow maximum.

No significant correlation was found between
blood flow values and blood glucose values (Table 2).
This indicates that the absolute increase in blood flow
did not scale with the absolute increase in blood glu-
cose. Likewise, the attenuation of the postprandial

P

o

0
Time from meal intake (min)

Fig. 2a. Relative smoothed postprandial superior mesenteric artery blood flow changes in healthy controls (HC) and participants with
Parkinson’s disease (PD). Relative blood flow changes from baseline are calculated as (BF — Baseline BF) * Baseline BF * 100 %. Curves
are fitted to the individual time series of blood flow measurements using local polynomial regression fitting with a 25% smoothing span. The
black curve with shaded areas marks the mean and standard error for the PD group and the healthy control group, while the vertical dotted
line marks the median for the maximal blood flow measurements of each group. The vertical dashes mark the maximal blood flow for each

subject.
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Fig. 2b. Postprandial blood glucose measurements in healthy controls (HC) and participants with Parkinson’s disease (PD). The absolute
blood glucose measurements are connected using linear interpolation. The black curve with shaded areas marks the mean and standard error

for the PD group and the healthy control group.
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Fig. 3. Postprandial superior mesenteric artery blood flow measurements in healthy controls (HC) and participants with Parkinson’s disease
(PD). The absolute blood flow measurements are connected using linear interpolation.

increase in mesenteric blood flow observed in PD
patients did not scale with the attenuation of the post-
prandial increase in blood glucose levels.

However, there was a significant positive corre-
lation between the time to reach the maximum of
postprandial blood flow and the time to reach
the maximum of postprandial blood glucose when

considering all subjects (p=0.58, p <0.0001). The
longer the time to reach maximum blood flow, the
longer was the time to reach maximum postpran-
dial blood glucose level (Supplementary Figure 1).
This positive correlation was also found in the PD
group alone (p =0.74, p <0.0001), but not in healthy
controls.
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Table 2
Correlations of clinical data in patients with PD and control subjects
All subjects Healthy controls PD patients
Variables rho p-value rho p-value rho p-value
BF time to maximum vs. 0.583 <0.0001** 0.339 0.11 0.738 <0.0001**
BG time to maximum
BF baseline vs. BF maximum 0.546 <0.0001** 0.575 0.004* 0.669 <0.001**
BF baseline vs. BF increase 0.075 0.62 0.212 0.33 0.168 0.44
BF baseline vs. BG baseline 0.11 0.47 0.093 0.67 0.084 0.71
BF maximum vs. BG maximum 0.237 0.11 0.221 0.31 0.034 0.88
BF increase vs. BG increase 0.234 0.12 0.054 0.81 -0.006 0.98
Age vs. BF baseline 0.252 0.09 0.203 0.35 0.291 0.18
Age vs. BF maximum 0.088 0.56 0.004 0.99 0.349 0.1
Age vs. BF increase -0.102 0.5 -0.187 0.39 0.176 0.42
Age vs. BG baseline 0.459 0.001** 0.298 0.17 0.526 0.01*
Age vs. BG maximum 0.216 0.15 0.34 0.11 0.211 0.33
Age vs. BG increase -0.025 0.87 0.314 0.15 -0.174 0.43
NMS-Quest score vs. BF baseline 0.134 0.38 -0.134 0.54 0.052 0.81
NMS-Quest score vs. BF maximum -0.214 0.15 -0.31 0.15 0.219 0.32
NMS-Quest score vs. BF increase -0.355 0.015* -0.348 0.1 0.263 0.23
NMS-Quest score vs. BF time to maximum 0.002 0.99 -0.314 0.14 0.068 0.76
GSRS score vs. BF baseline 0.111 0.47 -0.006 0.98 0.23 0.29
GSRS score vs. BF maximum -0.047 0.76 -0.154 0.48 0.154 0.48
GSRS score vs. BF increase -0.09 0.55 -0.161 0.46 0.053 0.81
GSRS score vs. BF time to maximum -0.148 0.33 -0.421 0.046* 0.051 0.82
LEDD vs. BF baseline 0.135 0.54
LEDD vs. BF maximum 0.075 0.74
LEDD vs. BF increase -0.01 0.96
LEDD vs. BF time to maximum 0.28 0.2
LEDD vs. BG increase -0.079 0.72
Disease length vs. BF baseline —0.143 0.51
Disease length vs. BF maximum -0.197 0.37
Disease length vs. BF increase -0.173 0.43
Disease length vs. BF time to maximum 0.205 0.35

Correlation are calculated by Spearman’s rank correlation coefficient (o =rho) based on absolute blood flow (BF) and blood glucose (BG)
values. NMS-Quest, Non-Motor Symptoms Questionnaire; GSRS, Gastrointestinal Symptom Rating Scale; LEDD, Levodopa equivalent

daily dose. Based on Bonferroni correction significant p-values are marked by

Finally, the SMA blood flow values in PD patients,
including baseline, postprandial increase and maxi-
mum as well as time to reach maximal blood flow, cor-
related neither with subjective reports of non-motor
symptoms or upper gastrointestinal complaints, nor
with levodopa equivalent daily dose or disease dura-
tion. Neither did postprandial blood glucose increase
correlate with levodopa equivalent daily dose in PD
patients.

DISCUSSION

This study provides first-time evidence for an
impaired functional regulation of gastrointestinal per-
fusion in PD in response to food intake. Using
dynamic phase-contrast MRI, we found that patients
with PD show a postprandial increase in SMA,
confirming the findings of previous work [24]. While
baseline blood flow in the SMA was comparable in

RS ok

, while trend towards significance are expressed by

both groups, the postprandial maximum blood flow as
well as the absolute and relative increase in splanch-
nic arterial blood flow was attenuated in patients with
PD relative to age- and sex-matched healthy controls
with comparable body mass index. The PD group also
showed a noticeable inter-individual variation in post-
prandial intestinal blood flow increase. In some PD
patients the blood flow increase was comparable to
healthy controls. This might be related to the recently
proposed hypothesis about brain-first and body-first
subtypes of PD [36].

The mechanisms behind the impaired functional
regulation of gastrointestinal perfusion in PD in
response to food intake remain to be clarified. Sev-
eral candidate mechanisms need to be considered,
including impaired glucose absorption, changes in
motility as well as impaired neural control of gas-
trointestinal perfusion. Previous studies have shown
that only the ingestion of glucose but not water, saline
or lactulose solutions triggers a blood flow increase
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in SMA in healthy individuals [37-40]. Interest-
ingly, intraarterial injection of glucose does not alter
microvascular intestinal blood flow [41], suggesting
that the endoluminal exposure to glucose is neces-
sary for gastrointestinal blood flow increase. In our
study, patients with PD also showed a less promi-
nent postprandial increase in blood glucose level
compared to the healthy control group. It is there-
fore possible that a reduced absorption of glucose in
PD attenuates the postprandial blood flow increase.
This hypothesis is supported by a study in elderly
subjects with and without critical illness measuring
glucose absorption from the duodenum after glu-
cose infusion by a postpyloric catheter. That study
reported a strong association between SMA flow and
total glucose absorption across all subjects [42]. Cur-
rent results on the intestinal barrier in PD suggest
an increase in barrier permeability of the colon, but
not of the small intestine, where most of the nutri-
ents and minerals from food are absorbed [43, 44].
In our study, the temporal dynamics of the postpran-
dial blood flow and blood glucose increase did not
differ between the PD patients and the healthy con-
trol group, but we found a relation regarding the
temporal dynamics of both measures in the patient
group. The time to reach the maximum of postpran-
dial blood flow correlated positively with the time
to reach the maximum of postprandial blood glu-
cose, supporting the notion that an impaired glucose
absorption might have played a role in the attenu-
ated postprandial increase in both blood flow and
glucose observed in PD. But the fact that no associa-
tion between increase in blood flow and blood glucose
was found in our study, implicates that other mech-
anisms beside glucose absorption, like changes in
motility and neural mechanisms in the gastrointesti-
nal tract may also contribute to the postprandial blood
flow increase. These mechanisms may be affected in
PD and thereby explain the attenuated postprandial
increase in both blood flow and glucose observed in
our study. However, the exact mechanisms underly-
ing these new observations of impaired postprandial
increase in mesenteric blood flow and in serum blood
glucose remain unclear and require further studies.
Impaired gastrointestinal motility may affect the
postprandial blood flow increase in PD, influencing
the rise time in blood flow and glucose. Previous stud-
ies showed no difference in gastric emptying time and
in gastric transit time, but significantly delayed small
intestinal and colonic transit times in PD patients
compared to healthy control subjects [45, 46]. As
SMA supplies the gastrointestinal tract from lower

part of the duodenum to left colic flexure, increased
small intestinal and colonic transit times in PD could
be a contributory mechanism to the attenuated post-
prandial blood flow and glucose response seen in
PD patients in our study. However, the time from
food intake to postprandial maximum of both SMA
blood flow and blood glucose was not increased in PD
patients relative to controls in our study. To exclude
a relationship to gastrointestinal motility, one would
need to measure the temporal dynamics of gastric
emptying time and small intestinal transit time after
food intake and correlate them to the attenuated post-
prandial blood flow and glucose response.
Alternatively, the observed changes in this study
may be caused by deficient neural innervation of
the gastrointestinal system. Impaired neuroendocrine
control of the gastrointestinal system may underpin
the reduced vascular response of the SMA to food
intake in PD patients. This may involve disease-
related changes in postprandial secretion of enteric
signaling molecules, including serotonin or other
hormones and neurotransmitters [47]. Future studies
need also to address whether gastrointestinal hor-
mones are affected by PD and whether they correlate
to the attenuated postprandial blood flow and glu-
cose response. The intrinsic innervation of the gut
by the enteric nervous system (ENS) explains the
considerable degree of autonomy regarding the neu-
ral control of gastrointestinal functions. Yet extrinsic
neural inputs, originating from the central nervous
system, also have relevant influence in the gastroin-
testinal tract [9, 48-52]. The extrinsic innervation
depends both on preganglionic parasympathetic out-
puts, originating in the dorsal motor nucleus of the
vagus nerve (DMV) and in the sacral parasympathetic
nucleus, but also on sympathetic outputs originating
in the intermediolateral cell column and the sympa-
thetic ganglia [48-52]. Both the ENS and the DMV
in the brainstem are affected by a-synucleinopathy
early in most cases of PD [6-8, 25-28], which is
why degeneration of these has been suggested as
the most likely cause for gastrointestinal dysfunc-
tion in PD [10, 12, 50]. Along with the ENS and
DMY, also the sacral parasympathetic nucleus, inter-
mediolateral cell column, and sympathetic ganglia
are affected by a-synucleinopathy in PD [48, 50,
52-54]. Tt is difficult to determine whether the dys-
regulation of postprandial blood flow found in this
study is due to disease related changes of the ENS,
DMV, sacral parasympathetic nuclei, intermedio-
lateral cell column or sympathetic ganglia, or a
combination of them. In fact, the role of the ENS and
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the extrinsic innervation originating from the central
nervous system in postprandial intestinal hyperemia
isnotclear. Several studies suggest that extrinsic sym-
pathetic and parasympathetic innervation may not
play a significant role in regulation of postprandial
hyperemia [16, 17, 55-57]. However, it was shown
in conscious dogs that postprandial celiac hyperemia,
but not postprandial mesenteric hyperemia, is me-
diated by a vagal reflex [58, 59]. A variety of studies
have implicated the ENS in regulation of postprandial
intestinal hyperemia [15, 60—62], while others cast
doubt on the potential role of local intestinal nerves
in postprandial regulation of intestinal blood flow
[15, 16, 56]. Based on this, the neurovascular regu-
lation of postprandial intestinal hyperemia remains
unclear, but most likely involves an interaction of
several mediators and mechanisms [15-17].

The clinical significance of our findings remains
to be clarified. The functional abnormality in regula-
tion in mesenteric blood flow response in PD may
be suited as diagnostic biomarker of gastroenteric
dysfunction at the vascular level. Whether the demon-
stration of an attenuated postprandial SMA blood
flow response may be helpful in prodromal PD or
as progression marker in PD needs to be addressed
in longitudinal studies. The attenuated postprandial
blood flow response in PD patients did not corre-
late with the self-reported non-motor dysfunction
or subjective complaints related to upper gastroin-
testinal tract dysfunction. This negative finding does
however not exclude more subtle links between the
reduced postprandial blood flow response and gas-
trointestinal dysfunction, which remain to be studied
in more detail in future studies. In line with our
finding, a previous study showed that correlations
between subjective constipation symptoms assessed
by questionnaires and colonic transit time were only
moderate, and that objective colonic dysfunction was
considerably more prevalent than subjective reports
of constipation [46].

Limitations

The current study has several limitations. We only
studied PD patients in the “ON-medication” state, as
we expected PD patients to be stressed and having
more difficulties to ingest the standardized meal in
lying position and to lie quiet in the MRI-scanner,
if they would have been in “OFF-medication” state.
Therefore, it remains unclear how much dopaminer-
gic medication modifies the postprandial modulation
of blood flow in the SMA. Studies in animals have

revealed contradictory effects of dopamine on
intestinal blood flow, some evidence points to a vaso-
constrictive effect of dopamine at least at higher
dosages [63]. Because our findings were obtained
in the “ON-medication” state, it is unclear whether
dopamine replacement therapy increases or dimin-
ishes the attenuated postprandial blood flow rise
observed in PD. The lack of correlation between
the medication of PD patients and postprandial
blood flow increase suggests that that the mecha-
nisms responsible for postprandial hyperemia is not
necessarily related to the motor-dopaminergic dys-
function.

Dopamine-replacement therapy might in addition
have an effect on glucose metabolism. PD patients
in “OFF-medication” state show higher blood glu-
cose levels during a 75 g Oral Glucose Tolerance
Test (75 g OGTT) compared to healthy controls [64].
In contrast, PD patients in our study were in “ON-
medication” state and showed a lower postprandial
increase in blood glucose level. Interestingly, a study
reported that pharmacological systemic dopamine
depletion reduces peripheral insulin—mediated blood
glucose uptake in healthy subjects [65]. Hence the
postprandial blood glucose responses may depend
on the medication state. However, older studies
have reported contradictory results on change in
blood glucose and plasma insulin levels after L-dopa
administration in healthy subjects and PD patients
[66-68]. Another study showed that levodopa-treated
PD patients have a significantly lower frequency of
diabetes than untreated patients [69]. In our study
we found no correlation between LEDD and blood
glucose increase. However, a high level of LEDD
was associated with lower blood glucose response
in “OFF-medication” state PD patients during 75 g
OGTT [64]. In summary, future studies need to
systematically assess whether and how dopamine
replacement therapy contributes to the attenuated
postprandial blood flow increase in the SMA and
affects the glucose metabolism.

In some participants, postprandial blood flow and
serum glucose first peaked towards the end of the time
window covered by our measurements. A longer time
window would have given the possibility to follow the
parameters returning to baseline and to calculate the
area under the curve (AUC). Future studies should
therefore consider using a longer observation time
than in the present study.

We did not perform a detailed assessment of
clinical state at the day of examination apart from
NMS-Quest and GSRS, as PD patients in this study
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were not assessed by the Unified Parkinson’s Disease
Rating Scale (UPDRS) estimating overall disease
severity. In the current study, severity of PD was
reflected by disease duration and LEDD, but cor-
relation analysis between UPDRS and blood flow
measurements might have helped weigh the effect
of disease severity. The relationship to PD patients’
motor impairment as reflected by the UPDRS III,
should be examined in future studies.

In the current study, participants responded only
to the first nine items of the GSRS about reflux,
abdominal pain and indigestion, but not to the last 6
items, which assess diarrhea and constipation. Since
SMA supplies the gastrointestinal tract from lower
part of the duodenum to left colic flexure, a total score
of all 15 GSRS items would have been more rep-
resentative, and correlation analysis with subjective
complaints related to lower gastrointestinal tract dys-
function would have been of interest. Future studies
should investigate whether the frequently occurring
constipation in PD is related to the attenuated post-
prandial blood flow response in the SMA.

It would also have been relevant to contrast the
current findings in PD with the postprandial blood
flow response of SMA in other neurodegenerative dis-
eases, for instance atypical parkinsonian syndromes
known to affect the autonomic system, such as Multi-
ple system atrophy. This would have clarified whether
our findings are specific to PD and facilitated the
pathophysiological interpretation of the results.

CONCLUSIONS

Using PC-MRI, we provide first-time evidence
that patients with PD have an attenuated postpran-
dial blood flow response in the SMA and reach lower
maximal blood flow levels in the SMA relative to
healthy control participants. Our findings indicate an
impaired functional regulation of gastrointestinal per-
fusion in response to food intake in PD and calls
for further research into the entero-vascular dysfunc-
tion in PD. Future lines of research should identify
the underlying pathophysiological mechanisms and
explore its clinical significance.
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