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Introduction
The conceptual distance between internal medicine terminology and classification
(“functional somatic syndromes", FSS) and the category of “somatoform disorders” in the
psychiatric classification system prevented the integration of both frameworks, as most
somatoform disorder diagnoses, unlike FSS, required the presence of multiple “medically
unexplained somatic symptoms” (MUS) and/or an established role of psychological factors
[1-3]. Recently, both conceptual frameworks have come closer together, as exemplified by
the new DSM-V category/diagnosis of “somatic symptom disorder” (SSD). SSD criteria
abandoned the requirement for multiple MUS, shifting emphasis to a positive diagnosis
based on a) “one or more somatic symptoms that are distressing or result in significant
disruption of daily life”, b) “excessive thoughts, feelings, behaviors related to the somatic
symptoms or associated health concerns” and c) persistence [1, 4]. It is likely that the SSD
concept will capture an (important) subgroup of the FSS/FGID cases [1], especially in tertiary
care, although data are currently lacking. In parallel, there is a tendency within the “Rome IV”
committees who are currently revising FGID diagnostic criteria, to incorporate psychosocial
factors into their classification system (unpublished).

Methods
Radiotracer characteristics and preparation
Brain CB1 receptor imaging was performed using the radiotracer [18F]MK-9470, which is an
inverse agonist with high affinity and specificity for the human CB1 receptor [5]. The precursor
of [18F]MK-9470, obtained from Merck Research Laboratories (MRL, West Point, PA, USA),
was labeled on-site with 2-[18F]fluoroethylbromide.[5] The final product was obtained after
high pressure liquid chromatography (HPLC) separation and had a radiochemical purity >
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95%. Specific activity was higher than 100 GBq/µmol. The tracer was administered in a
sterile solution of 5 mM sodium acetate buffer with pH 5.5 containing 6% ethanol.
Imaging procedure
All subjects fasted for at least four hours prior to their PET session. To minimize head
movement during the PET acquisition, each subject was positioned with the head placed in a
vacuum cushion and the body was fixed before the dynamic PET emission scan. Each
subject received the radiotracer in a slow bolus injection, under standardized injection
circumstances. The mean injected [18F]MK-9470 dose was 275.3±45.4 MBq (range: 224.1 331.1 MBq) for FD1, 326.5±44.3 MBq (range: 231.2 - 374.2 MBq) for FD2, and 324.1±50.8
MBq (range: 167.3 - 357.2 MBq) for HC (none of the pairwise differences significant).
PET acquisitions were performed using an ECAT EXACT HR+ scanner (Siemens, Erlangen,
Germany) in three-dimensional mode. A 30 minute dynamic PET scanning session, divided
into six 5-minute frames, was started 90 min after radioligand injection [6-8]. PET images
were reconstructed with a standard three-dimensional filtered backprojection algorithm
including scatter and attenuation correction (68Ge source). The resulting transverse and axial
spatial resolution was approximately 4 mm.
Additionally, to exclude any structural brain abnormalities and to anatomically co-register with
the PET images, all subjects underwent a standard structural magnetic resonance imaging
(MRI) scan on a 1.5 Tesla scanner (Siemens Sonata or; Philips Medical Systems Achieva or
Intera or Gyroscan NT), using a 3-dimensional T1-weighted Magnetization Prepared Rapid
Acquisition Gradient Echo (3D-MPRAGE) sequence. The following acquisition parameters
were used: repetition time, 10 milliseconds; echo time, 4 milliseconds; flip angle, 8°; voxel
size: 1x1x1 mm.
Image processing
CB1 receptor availability was quantified using the modified standard uptake value (mSUV), a
validated non-invasive simplified quantification method [5-12] mSUV images were generated
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by summation of the activity concentration between 90 to 120 minutes post-injection,
corrected for tracer injected dose and subject’s body weight: mSUV = ([activity concentration
(kBq/mL) x (subject’s weight [kg] + 70)/2] / injected dose (MBq)) [13].
Parametric maps of CB1 receptor availability were generated by means of PMOD v 3.0
(PMOD Technologies, Zürich, Switzerland). For each subject, PET frames were realigned
and co-registered to the individual magnetic resonance imaging (MRI) scan using SPM8
(Statistical Parametric Mapping, Wellcome Department of Imaging Neuroscience, London,
UK). The co-registered [18F]MK-9470 mSUV images were then spatially normalized to a
specific CB1 receptor template constructed in Montreal Neurological Institute (MNI) space
(voxel size 2 x 2 x 2 mm) [11], masked within the brain 80% isocontour of the CB1 receptor
template and finally smoothed with a Gaussian kernel (full-width-at-half maximum 10 mm) in
SPM8.
Based on previous literature on FD and the role of the ECS in both (visceral) nociception and
the homeostatic and hedonic regulation of food intake [14, 15], twenty-three a priori defined
regions of interest (ROI) were taken from an in-house previously created set of ROI defined
on the CB1 receptor template [11] representing cortical Brodmann areas (BA) and subcortical
grey matter structures. As the CB1 receptor template did not include ROI for PAG and
medulla, an additional ROI analysis for these brain regions was performed in SPM8 (pFWEcorr<.05

at voxel level). The PAG region of interest was defined as the union of two spheres

(6mm radius) with the center at the Montreal Neurological Institute (MNI) coordinates [x = 6,
y = -32, z = -12] and [x = -6, y = -32, z = -12].[16]. The medulla region of interest was defined
using the TD Lobes atlas, available in the WFU-Pickatlas toolbox in SPM8.[17, 18] The
subdivision proposed by Vogt et al was used for the cingulate cortex.[19] The full list of the
predefined ROI is shown in Supplementary Table 1. Additionally, subcortical brain areas
were individually adjusted by delineating these regions manually on transverse slices of T1
images, as described previously [10].
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For visualization purposes the PET results were superimposed on a normalized canonical
image namely the ch2better template available in MRIcron software.

Results
Participant characteristics at inclusion
Four out of 12 patients (33%) met the diagnostic criteria for co-morbid IBS [20]; the average
PHQ-15 score was 13.3±5.6 (range 6-24), indicating high levels of “somatization”, further
confirmed by the fact that 8/12 (75%) and 5/12 (42%) of the patients scored higher than the
cutoff for “medium” (>10) and “high” (>15) somatic symptom severity [21]. Based on these
results, it is likely that the majority of the patients fulfill the DSM-IV criteria for
“undifferentiated somatoform disorder” (full-blown DSM-IV “somatization disorder” was
excluded based on the MINI). Z-scores on the 4 PCCL subscales were within the same
range as the norm population of chronic (back) pain patients [22]: catastrophizing (1.09±.38), pain coping (-0.66±..87), internal pain control (0.56±1.04) and external pain control
(-0.50±.28). The total IAS score was 34.0±10.76, which is considerably higher than scores
reported in general population samples, ranging from 20-23 [23, 24]. Further, the score is
comparable to a large MUS patient sample with and without DSM-IV somatoform disorder
diagnosis (excluding hypochondriasis) (35.9±13.5 and 32.9±14.4, respectively) [25], as well
as to a major depression sample without personality disorder (32.4±16.6) [26], but lower than
a sample with a DSM-IV hypochondriasis diagnosis (51.7±15.0) [25]. When looking at the a
priori defined IAS subscales [27], mainly scores on the “health habits” (7.7±2.0), “treatment
experience” (6.4±2.7) and “effect of symptoms” (5.3±2.8) subscales are high. The latter two
subscales have been shown to load on an “illness behaviour” construct (healthcare seeking,
interference with daily activities) in factor analytical studies [27]. The scores for the “illness
behaviour” subscales found in our study are in line with findings in general psychiatric and
somatoform patients samples (including hypochondriasis patients who typically don’t score
higher than other somatoform patients on “illness behaviour”) [23, 25, 28, 29] and higher than
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general population samples [23, 30, 31]. The other seven subscales, including “health
habits”, load on a second “health anxiety” factor, which has been shown to discriminate
between hypochondriasis patients and others [27]. The scores for these “health anxiety”
subscales found in our study are similar to general psychiatric samples [24, 26], similar to or
somewhat lower than somatoform patient samples without hypochondriasis [25, 28] and
clearly lower compared to hypochondriasis samples [23-25, 28].
Taken together, these results indicate that our FD patients are generally characterized by a)
“one or more somatic symptoms (as evident from FD diagnosis, FD symptom questionnaire
& PHQ-15 scores) that are distressing or result in significant disruption of daily life” (as
evident from IAS “illness behaviour” scores), b) “excessive thoughts, feelings, behaviours
related to the somatic symptoms or associated health concerns” (as evident from PCCL
scores at the level of chronic pain patients & IAS scores at the level of somatoform disorder
patients), without being primarily being characterized by hypochondriasis or health anxiety
(as evident from IAS “health anxiety” scores that are clearly lower compared to
hypochondriasis samples) and c) persistent symptoms (median duration of FD symptoms
18.5 [12.75-45] months). Thus, even though diagnostic criteria for SSD were not available at
the time of recruitment, it is likely that the majority of our patient sample would fulfill DSM-V
diagnostic criteria for SSD (and not Illness Anxiety Disorder).
Evolution of 9 individual dyspepsia symptoms
The severity ratings of 9 individual dyspeptic symptoms at both scan sessions are listed in
Supplementary Table 2 and visualized in Supplementary Figure 1, showing a decrease in
ratings for all individual symptoms. Significant differences were found for discomfort and
postprandial fullness (P=.009 and .035, respectively) and the differences for epigastric pain
and belching were borderline significant (both P= .051). The lack of full significance for some
of the symptoms may be due to the small sample size, as large effect sizes (Cohen’s d > 0.8)
were found for the decrease in discomfort, postprandial fullness and early satiety ratings.
Medium effect sizes (0.5 < Cohen’s d < 0.8) were observed for the decrease in ratings of
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epigastric pain, nausea and belching. The effect size for the differences in ratings of bloating,
epigastric burning and vomiting was small (Cohen’s d < 0.5).
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Supplementary Tables
Region of interest

Brodmann area

lateralization

Amygdala

left & right

Insula

left & right

Caudate nucleus

left & right

Putamen

left & right

Nucleus accumbens

left & right

Hypothalamus

midline
A

Periaqueductal gray

midline

MedullaB

midline

Posterior midcingulate cortex / Posterior cingulate cortex

BA 23

midline

Subgenual anterior cingulate cortex

BA 25

midline

Perigenual anterior cingulate cortex / Anterior midcingulate cortex

BA 24 & 32

midline

Ventrolateral prefrontal cortex

BA 47

left & right

Dorsolateral prefrontal cortex

BA 9 & 46

left & right

Ventromedial prefrontal cortex

BA 10 & 11

left & right

Secondary somatosensory cortex

BA 43

left & right

Supplementary table 1: A priori regions of interest used in the study
Except for the periaqueductal gray and medulla regions, all regions of interest were taken
from a previously created set of regions of interest defined on the CB1 receptor template
representing cortical Brodmann areas and subcortical grey matter structures [11]. The
corresponding Brodmann areas are indicated when applicable.
A

The periaqueductal gray region of interest was defined as the union of two spheres (6mm

radius) with the center at MNI coordinates 6, -32, -12 and -6, -32, -12. The MNI coordinates
were taken from Vincent et al [16].
B

The medulla region of interest was defined using the Labels atlas, available in the WFU

Pickatlas toolbox in SPM8 [17, 18].
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Dyspeptic symptoms

FD1 > FD2 (%)

Puncorrected

Cohen’s d

Discomfort

-0.30 ± 0.26

0.009

1.38

Epigastric pain

-0.19 ± 0.24

0.051

0.71

Postprandial fullness

-0.15 ± 0.18

0.035

0.97

Bloating

-0.04 ± 0.31

0.73

0.16

Early satiety

-0.22 ± 0.33

0.081

0.96

Nausea

-0.15 ± 0.34

0.23

0.50

Vomiting

-0.07 ± 0.28

0.45

0.33

Epigastric burning

-0.04 ± 0.42

0.80

0.10

Belching

-0.19 ± 0.24

0.051

0.74

Supplementary Table 2: Severity of nine dyspeptic symptoms at the first and second
PET scan
Functional dyspepsia patients scored the intensity of nine dyspeptic symptoms over the
preceding 3 months at the first and second PET scan (FD1 and FD2, respectively), on a
Likert scale from 0 to 3. The effect sizes are reflected by Cohen’s d (0.2 = small effect; 0.5 =
medium effect; > 0.8: large effect). Data represented as mean ± SD. italic = significant at
Puncorrected<.05
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Regions of interest

FD1 > HC (%)

Pbootstrap-corrected

Cohen’s d

Amygdala

19.80 ± 22.60

.020

1.23

Insula

25.00 ± 22.64

.007

1.46

Caudate nucleus

27.72 ± 23.23

.003

1.49

Putamen

22.78 ± 22.30

.014

1.28

Nucleus accumbens

21.10 ± 22.77

.026

1.15

Hypothalamus

21.43 ± 21.84

.016

1.27

Posterior midcingulate cortex / Posterior cingulate cortex

19.90 ± 21.05

.022

1.17

Subgenual anterior cingulate cortex

23.44 ± 21.89

.009

1.35

Perigenual anterior cingulate cortex / Anterior midcingulate cortex

25.66 ±21.89

.005

1.46

Ventrolateral prefrontal cortex

20.59 ± 21.11

.020

1.18

Dorsolateral prefrontal cortex

19.64 ± 22.24

.033

1.10

Ventromedial prefrontal cortex

20.55 ± 21.28

.019

1.22

Secondary somatosensory cortex

19.19 ± 22.21

.038

1.07

Supplementary Table 3: Regional cerebral cannabinoid-1 receptor availability in
functional dyspepsia patients versus healthy controls: results of region of interest
analysis
In a priori regions of interest, mean modified standard uptake values (mSUVs) were
calculated and compared using unpaired Student’s t-tests. Bootstrapping was used to correct
for multiple testing. Data are represented as mean ± SD. The effect sizes are reflected by
Cohen’s d (0.2 = small effect; 0.5 = medium effect; > 0.8: large effect). FD1: first PET scan
session in functional dyspepsia patients; HC: healthy controls, italic = significant at Pbootstrapcorrected<.05
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Regions of interest

FD2 > FD1 (%)

Puncorrected

Amygdala

-1.39 ± 12.11

.58

Insula

-3.25 ± 11.95

.47

Caudate nucleus

-2.06 ± 13.35

.48

Putamen

-3.10 ± 11.88

.42

Nucleus accumbens

-2.20 ± 13.10

.46

Hypothalamus

0.46 ± 13.45

.73

Posterior midcingulate cortex / Posterior cingulate cortex

-3.12 ± 11.25

.42

Subgenual anterior cingulate cortex

-1.34 ± 14.22

.58

Perigenual anterior cingulate cortex / Anterior midcingulate cortex

-1.37 ± 13.36

.58

Ventrolateral prefrontal cortex

-2.83 ± 11.96

.48

Dorsolateral prefrontal cortex

-2.06 ± 11.82

.57

Ventromedial prefrontal cortex

-2.06 ± 12.51

.53

Secondary somatosensory cortex

-1.83 ± 12.04

.55

Supplementary Table 4: Regional cerebral cannabinoid-1 receptor availability in
functional dyspepsia patients at the first PET scan and after an average follow-up
period of 36 months: results of region of interest analysis
In a priori regions of interest, mean modified standard uptake values (mSUVs) were
calculated and compared using paired Student’s t-tests. Data represented as mean ± SD.
FD1: first PET scan session; FD2: second PET scan session.
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Supplementary Figures

Supplementary Figure 1: Severity ratings of nine dyspeptic symptoms by functional
dyspepsia patients, at the first PET scan (FD1) and after an average follow-up of 36
months (FD2)
Despite the clearly declining trend in all symptoms, only discomfort and postprandial fullness
reached significance level of Puncorrected<.05. However, epigastric pain and belching are also
(borderline) significant. Large effect sizes of the differences in ratings between the two PET
scans were observed in discomfort, postprandial fullness and early satiety. In nausea,
epigastric pain and belching medium effect of differences in severity ratings were found.
Although, the effect sizes are substantial, the (relatively) small sample probably precludes
some ratings differences to reach significance. Data represented as mean±SD. * = significant
Puncorrected<.05
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Supplementary Figure 2: Evolution in dyspepsia symptoms and body mass index in
functional dyspepsia patients after an average follow-up of 36 months
A. Dyspepsia Symptom Severity (DSS): Compared to the first PET scan session (FD1),
most patients reported improved dyspepsia symptoms at the second PET scan (FD2).
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Only two of the nine patients rated their symptoms more severe at the moment of the
second scan. The effect of difference in severity ratings between the two PET scans is
large (Cohen’s d = 0.89). To compare the DSS scores a paired Student’s t-test was
performed.
B. Body Mass Index (BMI): Seven out of nine patients gained weight between the two PET
scan sessions. To compare the BMI paired. The effect of difference in weight between
the two PET scans is medium (Cohen’s d = 0.60). Student’s t-test with P<.05 was
performed.
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