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Introduction:Metabolic and hormonal signals have been shown to be associatedwith brain activity in the context
of ingestive behaviour. However, this hasmostly been seen in studies using external administration of hormones
or glucose. We therefore studied endocrine-brain interaction in a physiological setting with hormone levels de-
termined by metabolic conditions such as normal food intake vs. prolonged fasting.
Methods: 24healthy, normalweightmen participated in two sessions, one involving a 38-hour fasting period and
one a non-fasting control condition with standardized meals. Functional magnetic resonance imaging was per-
formed at the end of the experiment with participants being required to rate pictures of food. Brain activation
was compared between conditions in predefined regions of interest (ROIs). Multiple blood samples were
taken to determine levels of insulin, C-peptide, cortisol, ACTH, glucose and adiponectin. Thesewere used as a pre-
dictor variable in a regression analysis on brain activations in the different ROIs.
Results: Food pictureswere rated asmore desirable in the fasting condition. Univariate analysis of ROI activations
revealedmainly effects of food rating and no significant effects of themetabolic state.Multiple regression analysis
revealed associations between orbitofrontal cortex activation and blood glucose in the non-fasting condition. In
the fasting condition adiponectin was associated with the signal from the caudate nucleus and insulin and C-
peptide were associated with functional activity of orbitofrontal regions.
Discussion: Associations of endocrine signals and functional neural regions could be demonstrated in a realistic
setting without external administration of hormones. As the current approach was correlational, further studies
need to address the causal role of hormonal signals.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity and associated conditions of themetabolic syndrome can be
considered as one of the pandemic health problems of our time with
one third of the world population already being overweight [1–3]. A
number of theories have been proposed that might explain the cause
and origin of growing levels of body weight. On the neural level, energy
intake and its regulation is commonly assumed to rely on twomain neu-
ral systems: A hypothalamic homeostatic system [4,5] and a more ex-
tended system including other cortical and subcortical structures that
e nucleus; CNS, central nervous
umbens; Ncl., nucleus; OFC,

e),
integrates hedonic and reward related processes associated with food
intake and obesity [6,7].

The brain is equipped with receptors and sensors for insulin [8],
adiponectin [9,10], as well as numerous other hormonal signals
[11–13]. Glucose levels seem to be primarily sensed in the portal vein
from where neural signals are transmitted to the brain stem and hypo-
thalamus [14–16]. Thus, there are receptors in place that could in prin-
ciple modulate brain activity as a function of metabolic state. Indeed,
previous studies that have externally administered insulin
(transnasally) [17–19], leptin [20–23] or glucose ([24–27] have found
marked alterations of the neural processing of food items (see also re-
view by Zanchi et al. [28] who discusses further hormones).

The homeostatic hypothalamic system is influenced by peripheral
endocrine signals relaying information about the energy status of the
body and food intake [29]. Endocrine signals derived, e.g. from the gut
or adipose tissue, may modulate a number of cortical and subcortical
sites besides the hypothalamus [30–32]. For example, insulin alters
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Fig. 1. A: Illustration of the general experimental setting. In each session the participants
stayed in the sleep lab of the Dept. of Psychiatry and either received 3 meals per day
(non-fasting condition) or fasted for 38 h. Blood samples were taken repeatedly prior to
the MRI session. B: As an example for the time course of serum levels, the results for
insulin and glucose are shown. The time points are given with reference to the
beginning of the fMRI session.
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the activation of brain regions like the fusiform gyrus, right hippocam-
pus, right superior temporal cortex andmid frontal cortex after intrana-
sal administration [33]. This shows that the networks regulating hunger
and satiety interact with other cortical and subcortical brain systems,
e.g. those supporting attention processes [7,34]. Glucose, as the primary
source of energy of the brain, has also been found to alter the fMRI signal
of cortical regions after being infused in human subjects [27]. Further-
more, the adipokine leptin interfereswith the activation of brain regions
such as the striatum [20]. Less knowledge is available for other
adipokines, such as adiponectin whose role as a beneficial factor for in-
sulin sensitivity and anti-inflammatory acting agent makes it a promis-
ing target for research ([35,36]; Wang & [37]). Higher peripheral levels
of adiponectin correspond to higher levels in the central nervous system
with adiponectin receptors being expressed in the CNS. Intraventricular
injection of adiponectin leads toweight loss and higher energy expendi-
ture [38–40]. Of note, most studies have been carried out in rodents and
human imaging studies have used external application of substances in-
travenously, intranasally or in the intraventricular system. Conse-
quently, very little is known about the interaction of endocrine and
metabolic parameters with the central nervous system in a physiologi-
cal context, i.e. during different metabolic conditions such as hunger
and satiety. One of the few exceptions is a PET study that did not find
an association of between the glucose and physiological insulin levels
[41]. Also, electrophysiological experiments in rodents showed an influ-
ence of insulin-mediated signals arising from the ventral tegmental area
to various sites of the brain that are considered to be part of the central
functional reward system [42].

We chose a number of endocrine parameters associated with glucose
metabolism (insulin, C-peptide, cortisol, ACTH, serum glucose) for this
first experiment. Adiponectin was also included as it supports the
crosstalk between fat tissue and nervous system in the regulation of
food intake.We limited the range of endocrine parameters for this exper-
iment because of the novelty of the approach and the available means.

Peripheral hormones derived from gut and adipose tissue as well as
metabolites are one avenue bywhich the energy status of the body is af-
fecting central brain activation, which differs for example in fasting and
normally nourished individuals [43]. The brain regions affected by these
metabolic and energy level differences depend on the paradigm of the
study. While some areas such as the hippocampus, ventromedial pre-
frontal cortex, amygdala, parahippocampal gyrus and fusiform gyrus
appear to be more affected by presentation of visual food cues [43,44],
regions like the insula appear to be especially responsive when individ-
uals are asked to rate visual cues, again modulated by metabolic condi-
tion [45,46].

Here, we attempted to find associations of the mentioned endocrine
parameters and central activation in a physiological context of varying
metabolic conditions over a longer period of time.

We hypothesised that hormones and serum parameters measured
either after 38 h of fasting or 38 h of a controlled eating condition
would be associatedwith the activity of brain regions involved in inges-
tive behaviour. Brain regions of interest (ROI) were selected a priori
from the pertinent literature as being relevant for food intake regula-
tion. Furthermore, it was hypothesised that these ROIs are modulated
by the rating of food cues during the fMRI scan, themetabolic condition
(fasting vs. non-fasting) or a combination of both.

2. Methods

2.1. Participants

Male, healthy and normal weight participants without metabolic
diseases were enrolled for the study (mean age [SD] 24.3 [1.3] years;
mean BMI [SD] 23.4 [1.4] kg/m2). The sample size of 24 participants
was based on pilot studies of our group as well as previous papers
which compared the brain activity in different metabolic states
[1,47–50]. All participants completed the whole experiment, but the
data of one subject had to be discarded due to motion artefacts. All sub-
jects underwent amedical examination and history prior to inclusion in
the study and were excluded if they suffered from any chronic or acute
medical condition, took any medication or drugs including cigarettes or
drank N5 standard drinks per week (N50 g alcohol per week). Subjects
were required to have a normal sleep-wake cycle (no shift workers),
to not engage in high performance sports defined as training for N12 h
a week and to not follow any particular diet (including vegan and veg-
etarian lifestyles). All subjects gave written informed consent. The
studywas approved by the Ethics Committee of theUniversity of Lübeck
and abided by the declaration of Helsinki.
2.2. Experimental setting

All participants underwent two conditions spaced 7 days apart
(order randomized across participants): a fasting condition without
any energy intake for 38 h and a non-fasting condition in which stan-
dardized meals were given at specific times. The basic experimental
procedures are described in Fig. 1A. Subjects appeared in the sleep lab-
oratory of the Department of Psychiatry of the University of Lübeck on
the first study day of each condition at 8:00 a.m. They stayed in single
rooms and 13 blood samples were taken in both conditions over the
time course of each condition out of an inserted antecubital peripheral
vein catheter (at 08:45 a.m., 10:00 a.m., 12:45 p.m., 02:00 p.m.,
04:00 p.m., 06:00 p.m., 06:45 p.m., 08:00 p.m. and 10:00 p.m. on the
first day and 08:45 a.m., 10:00 a.m., 11:45 a.m., 01:00 p.m. on the sec-
ond day in both conditions). For the fasting condition, participants
were instructed to refrain from eating from 11 p.m. on the evening be-
fore the start of the experiment. In the non-fasting condition partici-
pants received standardized meals on the first day at 9:00 a.m.
(breakfast: 2240 kcal, 14% protein, 46% fat and 40% carbohydrates), at
1:00 p.m. (lunch: 1204 kcal, 17% protein, 31% fat and 52% carbohy-
drates) and 7:00 p.m. (dinner: 1199 kcal, 16% protein, 31% fat and 53%
carbohydrates) and on the second day the same breakfast at 9:00 a.m.
and lunch at 12:00 a.m. (1174 kcal 18% protein,31% fat and 50% carbo-
hydrates). The fMRI scan was performed in a 25-minute session at
1:00 p.m. on the second day of the experiment and concluded the study.



Fig. 2. Illustration of the different regions of interest used in the present study.
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2.3. Serum parameters

Blood samples were used to measure blood glucose levels with the
HemoCue® Glucose 201 DM Analyser (Radiometer, Brønshøj,
Denmark) directly after the blood samples were taken. Blood samples
were centrifuged (15 min with 2000 ×g) and the supernatant was
stored at −80 °C until analysis. All hormones were measured at the
same time with immunoassays to avoid interassay variability (Insulin,
C-peptide, Cortisol, ACTH: Roche Diagnostics, ECLIA, Indianapolis, IN,
USA; Adiponectin: Immundiagnostik AG, Adiponectin total ELISA Kit,
Bensheim, Germany).
Fig. 3. Rating of food images during the fMRI measurement. Histograms of the distribution o
2.4. fMRI task

A slow event-related design was used with 72 pictures presented via
monitor goggles one after another in a randomized order for each partic-
ipant to reduce bias for beginning vs. end of scan session. The images are
part of a high-resolution picture database of theDepartment of Neurology
of the University of Lübeck. The pictureswere rated in terms of their calo-
ric content and sweet and savoury qualities by four expert raters and se-
lected to show high and low calorie, sweet and savoury food. A new
picturewas presented every 20 s for 2 s. After the picture had disappeared
the subjects had time to rate the depicted food on a scale of 1 to 8
f the rating are shown in A for the non-fasting condition and B for the fasting condition.



Fig. 4. Region of interest analysis. Depicted is the percent signal change in the different
conditions per ROI. The significant effects are indicated for each bar graph (p b 0.05,
Bonferroni corrected).

14 J.M. Nolde et al. / Metabolism Clinical and Experimental 99 (2019) 11–18
regarding their craving for the particular food item by pressing a button
on a keyboard. No time-limit was imposed for the rating, however after
20 s the next picturewas shown and the next rating iterationwas started.

2.5. MRI acquisition

A 3 Tesla Philips Achieva MR-scanner equipped with an 8 channel
head-coil was used. A structural T1 weighted 3D turbo gradient Echo se-
quencewith SENSEwas performedwith 180 sagittal slices of 1mm, a 240
× 240 matrix and a flip angle of 9°. The echo time was 3.04 milliseconds
(ms) with a repetition time of 6.72 ms. The functional session followed
subsequently and consisted of 366 volumes. T2* weighted images were
acquiredwith an Echo-planar pulse frequencywith SENSE factor 2. Sagit-
tal slices of 3mm in a 64 × 64matrix and a field of view of 192mm and a
flip angle of 80°weremeasured. The repetition timewas 2 s and the echo
time 25 ms.

2.6. Statistics and fMRI analysis

Matlab R2015b, SPSS 22 and R 0.99.902 were used for data analysis.
Differences in hormone levels in between the conditions were assessed
with repeated measures ANOVAs. For the non-parametric food rating
data, theWilcoxon testwasusedwhile t-testswere calculated for reaction
times. A 2 × 2 factorial ANOVA was carried out with the factors rating
(median split) and study condition for the percent signal change values
of the ROI analysis. The percent signal change values of the 10 bilateral
ROIs were defined as dependent variables for a multivariate multiple re-
gression, in which the same AUC values of the serum parameters were
used as a predictor variable as in the multiple regression. AUC values
were chosen to represent ameasure of the overall activity of an endocrine
parameter during the experiment, being applicable due to the high level
of standardisation in food intake and timing of the experiment.

Analysis of fMRI datawas carriedoutwith SPM8(WellcomeTrust Cen-
tre for Neuroimaging, UCL, UK). Preprocessing of the functional data com-
prised slice time correctionwith Fourier phase shift interpolation, followed
by realignment and coregistration of functional and structural T1- to the
mean functional image. The DARTEL algorithm was used to adjust T1 im-
ages to the Montreal Neurological Institute (MNI) template [51]. Func-
tional images were spatially normalized to MNI space by applying the
normalization parameters of the structural DARTEL normalization proce-
dure to the functional data. In a final step functional data were smoothed
with an 8 mm full width at half maximum (FWHM) Gaussian kernel and
then analysed in a comparative fastingN control paradigm.Ageneral linear
modelwas designed according to thewithin study designwith two condi-
tionswith the SPM8canonical hemodynamic response function, restricted
maximum likelihood and an additional regressors formovement artefacts.
Anuncorrected factorial designof paired t-tests for the contrast inbetween
the activation parameters was used with a threshold of p b 0.001 and a
minimal Cluster size of 10 voxels (270mm3). Percent signal change values
were calculated for the most significant cluster with the function Rfxplot
for SPM8 with Matlab 2015b [52].

From a literature review of fMRI studies addressing food intake and
fasting, the following regions of interest (ROI) were defined (Fig. 2 for
illustration): amygdala, caudate nucleus, insula (3 different regions),
nucleus accumbens (NAcc), orbitofrontal cortex (OFC, 2 different re-
gions), pallidum and putamen [48–50,53–55]. The OFC and insular re-
gions were defined according to the Jülich histological atlas [56]. The
Harvard-Oxford subcortical atlas was used for all other brain regions
Table 1
Statistical values for the fasting N eating analysis. Two clusters were found to be significantly d
cluster size of 10 voxels.

Area Brodmann area Cluster size [mm3] Uncorrected p-val

Left insula/operculum 48 10,233 0.001
Right insula/operculum 48 4077 0.023
[57]. The means of the percent signal change values were calculated in-
dividually for the subjects for each condition and the grouping accord-
ing to high and low rating of the pictures.

3. Results

3.1. Rating of food pictures

This analysiswas performed to assess the behavioural changes in the
participants in response to the fasting manipulation. Ratings differed
significantly between the conditions (median fasting: 6; non-fasting: 4
Z = −16.1, p b 0.001, see Fig. 3 for histogram). Subjects were faster in
the fasting condition (fasting 3313 ± 1094 ms; non-fasting 3574 ±
1208ms, t(22)=2.6, p=0.016). 41 ratings (1.2%)weremissing as sub-
jects failed to respond and these ratings were therefore excluded from
analysis.

3.2. fMRI Region of Interest

Significant clusters are defined with p b 0.001 (uncorrected) with a
minimum cluster size of 10 voxels. The BOLD signal of two clusters dif-
fered significantly in between the fasting and the control condition
(fasting N eating). These clusters are anatomically located bilaterally in
the insula/operculum (Brodmann area 48). Details can be found in
Table 1.

ROI analysis was performed to assess how brain activation changes
in response to food stimuli and to fasting. A 2 (fasting vs. non-fasting)
× 2 (low vs. high rating) factorial ANOVA was performed with the per-
cent signal change values for every single ROI (Fig. 4). Bonferroni-
corrected significant results were found for five ROIs for themain effect
ifferent in between the conditions when applying a threshold of p b 0.001 and a minimal

ue cluster Peak z-value Uncorrected p-value peak voxel Coordinates x,y,z

3.98 b0.001 −45, −18, 21
3.74 b0.001 42, 9, 15



Table 3
Significant results of the multivariate multiple regression of the fasting condition with the endocrine AUC-values as predictors for the percent signal change activation of the ROIs.

Region of interest Endocrine parameter β-Coefficient Standard error T-value p-Value

Left caudate nucleus Adiponectin 7.83E−04 2.85E−04 2.74 0.014
Right caudate nucleus Adiponectin 6.47E−04 3.03E−04 2.14 0.049
Left caudal OFC Insulin 4.09E−04 1.88E−04 2.17 0.045
Right caudal OFC Insulin 5.41E−04 1.91E−04 2.84 0.012
Right caudal OFC C-peptide −4.67E−02 2.11E−02 −2.22 0.042

Table 2
Significant results of multivariate multiple regression of the non-fasting condition with the endocrine AUC-values as predictors for the percent signal change activation of the ROIs.

Region of Interest Endocrine parameter β-coefficient Standard error T-value p-Value

Left rostral OFC Blood glucose 2.34E−04 1.10E−04 2.12 0.05
Right rostral OFC Blood glucose 3.18E−04 1.50E−04 2.12 0.05
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rating including the right caudate nucleus (signal change low rating: 5%,
high rating: 10.7%; F(1,22) = 22; p b 0.001; η2p = 0.5), left NAcc (low
rating: 2.6%, high rating: 7.1%; F(1,22) = 12.35; p = 0.002; η2p =
0.36), left caudal OFC (low rating: 1.1%, high rating: 8%; F(1,22) =
17.9; p b 0.001; η2p =0.45), left rostral OFC (low rating: 4%, high rating:
11.4%; F(1,22)=23.2; p b 0.001; η2p=0.513) and left putamen (low rat-
ing: 18.5%, high rating: 24.2%; F(1,22) = 16.1; p = 0.001; η2p = 0.422).
No other main effects or interactions were significant after correction
for multiple testing.

3.3. Relationship between ROI activations and serum parameters

The following analyses were performed to get insight into the rela-
tionship between the fasting-related dynamics of hormonal/metabolic
parameters and brain activations. A multivariate multiple linear regres-
sion was calculated for each condition with the percent signal change of
the ROI as dependent variables and the AUC serum parameter values as
independent variables. As an example, the time course of insulin and glu-
cose serum levels is illustrated in Fig. 1B. Differences in hormone levels
were found with repeated measure ANOVAs for insulin (F(1,22) =
352.6, p b 0.001), C-peptide (F(1,22) = 306.8, p b 0.001), serum glucose
(F(1,22) = 27.1, p b 0.001 whereas no differences were found for
adiponectin (F(1,22) = 2.5, p = 0.13), ACTH (F(1,22) = 2.0, p b 0.17)
Fig. 5. Scatterplots showing the association of adiponectin and the caudate nucleus bilaterally
adiponectin and a line of best fit is added (least squares method) for visualising individual resu
and cortisol (F(1,22) = 0.05, p b 0.81). In the non-fasting condition
(Table 2) associations were mainly found between bilateral orbitofrontal
regions with the AUC-values of blood glucose measurement before the
fMRI. In the fasting condition adiponectin AUC-valueswere associated bi-
laterallywith the caudate nucleus (Table 3 and Fig. 5). AUC-parameters of
insulin were also associated bilaterally with orbitofrontal regions and the
right orbitofrontal regionwas associatedwith the AUC of C-peptide levels
during the experiment.

4. Discussion

The main purpose of the current study was to get first insights into
the relationship of hormonal/metabolic parameters and brain activa-
tions during the processing of food stimuli. The novel aspect of the
study is that natural variations of hormonal and metabolic parameters
were induced by a fasting period and compared to conditions of regular
food intake. The functionality of the experiment can for example be rep-
resented in the profound differences of insulin and glucose levels as il-
lustrated in Fig. 1B. Multivariate regression analysis revealed
associations between brain activity and hormonal/metabolic parame-
ters for orbitofrontal regions and blood glucose levels in the non-
fasting condition. Expectedly, more associations were found in the
fasting condition: insulin levels were associated with fMRI signal
in the fasting condition. The percent signal change is depicted in relation to the AUC of
lts of the regression analysis.
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change in bilateral orbitofrontal cortex, whereas adiponectin levels
were associated with activations in the left and right caudate nucleus.
Finally, C-peptide levels were associated with food-related activity in
right orbitofrontal regions.

Differences in the BOLD signal of the insula were found in the anal-
ysis fasting N control bilaterally in this study. Early studies exploring
the activation of brain regions after a fasting intervention pointed out
the significance of the insula in this context [58]. Later studies following
the paradigm of fasting interventions found that the insula especially
plays a role in ratingprocesses of food cues [45]. Thismight be explained
by the insula's role in generating salience [59]. These functions of the
insula appear to demandmore activity in a hungry state, supporting ev-
idence for is potential role in food evaluation and ingestion. To increase
statistical power for the fMRI-analysis we used a ROI based approach in-
stead of a whole brain approach for the exploration of the connection
between of hormonal/metabolic parameters and brain activations. Re-
gions of interest were defined on the basis of previous studies that
have investigated the processing of food items [48–50,53–55]. The sta-
tistical analysis revealed statistically significant effects for the factor rat-
ing (highly desirable vs. less desirable food items) for the right caudate
nucleus, right nucleus accumbens, left putamen and left orbitofrontal
cortex, i.e. regions that have been previously associated with the evalu-
ation of items. Of note, the desirability ratings were significantly differ-
ent between the fasting and non-fasting conditions which is in linewith
previous results [60]. Subjects rated food pictures also significantly
faster in the fasting condition suggesting a heightened attention to-
wards food in this condition [61,62]. For the fMRI analysiswe performed
a median split to ensure an equal number of stimuli in the two catego-
ries. Despite the overall higher desirability ratings of food stimuli, we
did not obtain a stimulus category × metabolic state (fasting vs. non-
fasting) interaction effect in the ROI analysis. One reason for this failure
to find an interaction might be the composition of the stimulus mate-
rials. In an earlier study comparing patients with anorexia and healthy
controls during the processing of visual stimuli in fasted and satiated
states, we had employed pictures of objects and food items [63]. In
this study, clear group × stimulus category × metabolic state interac-
tions were observed. Thus, we argue that non-food control stimuli
might have increased our ability to detect stimulus category × meta-
bolic state interactions.

As stated above, the main purpose of the study was to reveal a rela-
tionship between brain activations and hormonal/metabolic parame-
ters. This analysis revealed effects of insulin on the OFC. The OFC is
concerned with the valuation of stimuli in general [64–67] and food in
particular [68]. Suzuki et al. [68] found that food value is represented
in patterns of neural activity in both medial and lateral parts of the
OFC. It is interesting that insulin during the fasting conditionmodulated
orbitofrontal brain responses to food items. Obviously, the valuation of
food stimuli should be dependent on the metabolic state of an individ-
ual [69]. Insulin is a key signal for metabolic status and energy needs.
While insulin receptors are abundantly expressed in prefrontal cortex
[70–72], it remains unclear whether the modulating effect of insulin
on orbitofrontal activity is due to a direct action or to an effect on up-
streamneural centres, e.g. in the hypothalamus; [71,73], which likewise
express insulin receptors.

With regard to themodulating effect of adiponectin on brain activa-
tions in the left and right caudate nucleus it is important to note that
adiponectin has been shown to bind and influence hypothalamic struc-
tureswhich in turn are functionally connected to other cortical and sub-
cortical structures [45].

While this study thus suggests amodulation of brain activation related
to ingestive behaviour by a number of hormonal/metabolic factors in a
quasi-natural setting, i.e. without external application of hormones, it is
important to note its limitations. First, the current approach is correlative.
Therefore, further studies are needed to demonstrate a causal influence.
Many other factors such as psychological or autonomous parameters
may influence relevant brain areas under fasting conditions and take
part in controlling their activity. Second, we only included male, healthy,
normalweight subjects. Results in obese individualsmight be different, as
differences in brain activations to food items [46,74–77] and in hormonal
levels [78–81] have been demonstrated repeatedly. Third, we have se-
lected only a few hormones for the current study. As reviewed in Zanchi
et al. [28] multiple further hormones related to ingestive behaviour
have been shown to interact with brain function.
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