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Lean and obese subjects can exhibit differences in neuronal activity during resting state and
tasks. Changes in hormonal status and their action related to increased body weight may be the
determining factor for these differences. One prime candidate is insulin, which until recently was
mainly related to its metabolic function for the transport and regulation of glucose in the periphery.
However insulin also acts as an anorexic signal in the central nervous system contributing to the
termination of food intake in the postprandial state. In our study, we examined with whole-head
magnetoencephalography the effect of intranasal insulin on the dynamics of the resting state
network in a placebo controlled study. VWWeighted clustering coefficient C, which describes local
interconnectedness, and weighted path length L, a measure of global interconnectedness, were
computed. These parameters showed high intraindividual reliability. However, no difference
for the network dynamics was found between lean and obese subjects in the basal state. The
application of insulin led to subject specific changes and we found a statistically significant positive
correlation between the insulin induced change in path length in the theta band (4-8 Hz) and
body mass index. The change in pathway length after insulin administration indicates a strong
insulin modulation on global communication efficiency, which is probably related to the signaling

between different regions involved in satiation and homeostatic control.
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INTRODUCTION

According to the World Health Organization, there are currently
1.6 billion overweight (body mass index, BMI >25 kg/m?) and at
least 400 million obese adults (BMI >30 kg/m?*) worldwide. Human
eating behavior is controlled by homeostatic and hedonic mecha-
nisms (Berthoud, 2006; Finlayson et al., 2007). Brain processes
related to these two mechanisms constitute a reciprocally connected
network (Erlanson-Albertsson, 2005), which exerts influence on
the neuro-regulatory control of feeding. Upto now, several studies
have investigated the specific role of different brain regions related
to eating behavior (Gautier etal., 2000, 2001; Del Parigi et al., 2002,
2005; Stoeckel et al., 2008; Guthoff et al.,2010). However, to further
increase the understanding of this complex behavior, the interac-
tions of the components involved in the network have to be inves-
tigated. Recently, several approaches were developed to quantify
the global behavior of the whole brain network. From a theoretical
point of view, whole brain dynamic is determined by several fac-
tors: (1) the local dynamics of certain brain areas, (2) the static
interactions of these brain areas, (3) dynamic modulation of the
interaction between brain areas, and (4) input to the system. With
respect to point 2 and 3, it is useful to clearly separate the concept of
anatomical and functional connectivity (Aertsen and Preissl, 1991).
We are mainly interested in functional connectivity, describing the
dynamical interactions of the system. Taken together, points 1-3

determine the dynamics at rest, which lead under normal circum-
stances to a stable dynamics of the system. In the brain, spontane-
ous activity at rest is characterized by activity in certain frequency
ranges generated in specific brain areas and networks, e.g., alpha
activity in thalamic-cortical loops. Any input to the system has to
be regarded as a disturbance of a stable dynamical state. The input
could be generated by simple and complex stimuli or by modulation
of intrinsic constituents, e.g., neuropeptide level, inactivation, or
activation of certain brain areas. It has to be noted that the inves-
tigation of global dynamical properties can only be a first step for
further investigations of specific changes in the network.

Functionally, two of the most important features of any neu-
ral network are oscillations (repetitive variation of some part of
network) and synchronization (temporally precise interaction of
neuronal activities over short and long distances). Spontaneous
brain activity is characterized by the presence of more or less regu-
lar oscillations in various frequency bands (delta 1-4 Hz, theta
4-8 Hz, alpha 8-12 Hz, beta 12-30 HZ, gamma >30 Hz). Power
and/or phase synchronization is the main process for information
exchange between spatially separated areas (Schnitzler and Gross,
2005), which seems to be altered in different neurological disorders,
like Alzheimer disease or schizophrenia (Uhlhaas et al., 2008; Stam
et al., 2009) and even in type 1 diabetes (van Duinkerken et al.,
2009) and obesity (Olde Dubbelink et al., 2008).
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Synchronization between different brain areas can be measured
by correlation, coherence, or similar measures like synchroniza-
tion likelihood (SL), which is a measure of functional connectivity
estimating both linear and non-linear interdependencies (Stam
et al., 2002). By means of SL, a loss of functional interaction
between brain regions was shown in Alzheimer patients (Stam
etal., 2009). However, these measures are not well suited to char-
acterize large scale systems because they are determined for two
data points, independent of whether the activity is at a sensor or
voxel level. For instance, the recording of 100 sensors leads to a
synchronization matrix of 100 x 100. To overcome this problem
of high dimensionality, concepts from graph theory can be applied
to reduce the dimensionality of the measurement space (Stam,
2004; Bassett and Bullmore, 2006; Stam and Reijneveld, 2007;
Stam et al., 2009).

Brain-imaging techniques (MEG, EEG, fMRI, NIRS, and so on)
allow the measurement of synchronization processes at different
spatial and temporal scales. Magnetoencephalography (MEG)
detects the magnetic fields generated by electrical activity in the
brain at a high temporal resolution allowing recordings with mil-
lisecond resolution. For synchronization analysis, the main advan-
tage of MEG is the reference independent measurement. In contrast,
EEG always requires a reference level, which can introduce spurious
synchronization (Guevara et al., 2005).

So far several studies demonstrated a correlation between the
resting state network dynamics and obesity. Ochner et al. (2009)
reported an increased left-sided alpha activation in the prefron-
tal cortex in obese subjects. Olde Dubbelink et al. (2008) found
an increased resting state functional connectivity in severe obese
adolescents. These results indicate that obesity may have a major
impact on human brain function. The observed differences can be
explained by changes in motivational pathways (Gautier et al., 2000,
2001), increase in white matter volume in obese subjects (Haltia
et al., 2007) or altered metabolic processes like hyperinsulinemia
(Tschritter et al., 2006, 2009a,b).

As mentioned above, modulation of the input is an impor-
tant step for understanding network dynamics. Insulin is one
such prime candidate, as it acutely responds to food intake with
a profound and transient increase, down regulating appetite, and
terminating food intake (Unger et al., 1991). Additionally, insu-
lin receptors are widely expressed in the brain, especially in the
hypothalamus, olfactory bulb, cerebellum, and cortex (Unger et al.,
1991). Intranasally administrated insulin raises insulin concentra-
tion in the cerebrospinal fluid without relevant absorption to the
systemic blood circulation by entering the brain via the olfactory
nerve (Illum, 2000; Born et al., 2002). At the behavioral level, it was
shown that intranasally administered insulin results in a reduction
of body fat selectively in lean men (Hallschmid et al., 2004). In
recent studies, we were able to show that obese subjects exhibit
central insulin resistance, which leads to specific neuronal changes
(Tschritter et al., 2006, 2009a,b; Guthoff et al., 2010). Therefore,
we decided to mimic a hormonal food-related signal to the central
nervous system, without further sensory input, by administering
intranasal insulin.

In this study, we applied whole-head MEG to determine
the reliability of resting state dynamical parameters, compare
these parameters in lean and obese subjects and assess the effect
of intranasally applied insulin on the resting state network

in lean and obese subjects. We hypothesized that functional
connectivity would be modulated by insulin in a BMI depend-
ent manner.

RESEARCH DESIGN AND METHODS

STUDY POPULATION

Tenlean (BMI 21+ 0.4 kg/m? range 18-24) and 10 overweight and
obese (BMI 29 * 0.6 kg/m?, range 26—32) subjects were recruited
for the study. The overweight and obese subjects collectively will be
referred to as “obese.” Subjects did not suffer from any metabolic
or neurological diseases. Volunteers with diabetes mellitus or with
a family history of diabetes were excluded at screening, as well as
those who were treated for a chronic disease or taking any kind of
medication. A routine blood analysis was determined to detect any
so far unknown metabolic or organic diseases. All subjects were
normal sighted or had corrected-to-normal vision. The protocol
was approved by the local Ethics Committee and informed writ-
ten consent was obtained from all subjects. The anthropometric
characteristics of the subjects are shown in Table 1.

STUDY PROTOCOL

All subjects participated in two conditions, insulin and placebo, on
two different days in randomized order with a time-lag of 5-9 days.
The subjects were blinded to the order of the conditions. After an
overnight fast of 12 h, the experiment started at 8:00 am with basal
blood sampling and basal MEG measurements. Then, insulin or
placebo was administered intranasally as described below. After
30 min (when the concentrations in the cerebrospinal fluid reaches
it peaklevel (Born etal., 2002), the second MEG measurement was
performed. Blood samples were taken every 30 min to control for
plasma glucose, insulin, and C-peptide levels.

NASAL SPRAY ADMINISTRATION

The insulin and placebo were delivered in nasal sprays, as previously
described (Benedict et al., 2004). Each puff consisted of 0.1 ml solu-
tion containing 40 IU insulin (400 IU/ml; Insulin Actrapid; Novo
Nordisk. Mainz, Germany) or 0.1 ml vehicle (HOE 31 dilution buffer
for H-Insulin; Aventis Pharma, Bad Soden, Germany). Each subject
received four doses of 0.1 ml insulin or placebo spray within 5 min.
Two doses were applied in the left and two in the right nostril result-
ing in a total insulin dose of 160 IU on the insulin condition day.

BLOOD SAMPLING AND ANALYSIS

Plasma glucose levels were determined using the glucose-oxidase
method (YSI, Yellow Springs Instruments, Yellow Springs, OH,
USA). Plasma insulin levels were measured by a microparticle
enzyme immunoassay (Abbott Laboratories, Tokyo, Japan).

Table 1| Subject characteristics.

Lean subjects Obese subjects

N (f/m) 10 (7/3) 10(7/3)
Age (years) 25.7+15 267+1.38
BMI (kg/m?) 20.9+0.4 28.8+0.6
HbATc (%) 5.4+0.1 5.5+0.1

All data are given as mean + SEM.
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MEG DATA ACQUISITION AND PROCESSING

Magnetoencephalography recordings were obtained using a whole-
head MEG system (VSM, Medtech, Vancouver, Canada, 275 primary
channels) for 3 min during a resting state condition. Subjects were
instructed not to focus their thoughts on anything in particular and
to keep their eyes closed. We conducted a detailed functional con-
nectivity analysis by using SL combined with graph theory. First, the
data was down sampled from 585 to the 292 Hz and then four artifact
free epochs (eye movement, muscular activity) of 13 s each (4,096
samples) were carefully selected by visual inspection. Epochs were
band-pass filtered for the commonly used frequency bands: delta
(0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), and
gamma (30-45 Hz). All further analyses were performed for these
bands separately. SL was used as a measure of statistical interdepend-
ence between the MEG time series and was calculated for each com-
bination of the 254 MEG channels. The original set of 275 channels
was reduced to 254, which is the maximum number of channels which
could be processed by the program, by excluding 21 channels located
at the edge of the temporal and frontal cortex. First, we decided to
exclude border channels to keep the homogeneous sensor spacing.
Second, channels that were excluded are usually most affected by
increased noise due to muscular artifacts. Third, due to the shape of
the helmet of the MEG system the frontal and temporal areas are still
completely covered by the remaining channels. SL is based on the con-
cept of general synchronization and was computed with DIGEEGXP
software developed at the Department of Neurophysiology of the
VU University Medical Center, Amsterdam. The matrices, including
all interdependencies between channels, were converted to weighted
graphs. In weighted graph analysis the connection between two
vertices is characterized by a weight describing the importance or
strength of this connection. The corresponding weights are the SL
values between the signals recorded at different sites. This matrix is
further analyzed and key characteristics describing the overall network
organization are computed using all connection. The used parameters
are clustering coefficient C and characteristic path length L (Watts
and Strogatz, 1998). The clustering coefficient C is given by the ratio
between the number of connections between the direct neighbors
of a node and the total number of possible connections between
these neighbors. This parameter describes local interconnectedness
within a network. The path length L of a network gives the aver-
age number of connections to connect from one network node to
another. Generally this parameter describes global interconnectedness
and provides information about the level of global communication
efficiency of a network. By definition, both values of C and L depend
on the weights and the network structure but also on the size of the
network. In order to obtain measures independent of network size,
both of these values are normalized. The normalization is performed
by calculation of mean C and L for 50 surrogate networks, generated
by random shuffling of the weights in the network. The path length
and cluster coefficient are then defined as ratio between path length
and cluster coefficient from original and surrogate network. Recent
work of Deuker et al. (2009) indicated a low reliability of the results
from graph analysis on resting state networks. As our subjects were
recorded four times, including two baseline measurements, we were
able to evaluate reliability of the calculated parameters in our study
by comparing the baseline measurements of the two measuring days.
For our study we only report results of graph analytic measures with
statistically significant reliability.

STATISTICAL ANALYSIS

All values are given as unadjusted mean = SEM. Non-normally dis-
tributed metabolic parameters were log transformed to approximate
normal distribution prior to statistical analysis. MANOVA analysis
was used to test for significant differences in metabolic parameters
between insulin and placebo experiments with the software package
JMP 7.0 (SAS Institute, Cary, NC, USA). The reliability of the graph
analysis results was quantified by intra class correlation between the
two different baseline measurements (insulin 1 and placebo 1) with
SPSS 18 (SPSS Inc., IL; USA). Group differences were tested for the
baseline measurements by a two-tailed ¢-test. For exploratory analysis
we regarded p < 0.05 as significant and did not take into account cor-
rection for multiple comparisons for the different frequency bands.
Regression analysis was used to assess the correlation between the
insulin effect and BML The insulin effect was determined by the differ-
ence between either clustering or path length coefficient after insulin
application and basal measurement corrected for the placebo meas-
urement [(insulin 2 — insulin 1) — (placebo 2 — placebo 1)]. Extreme
outlier (more than 3" interquartile range from the rest of the scores)
were removed from further analysis (Barnett and Lewis, 1994).

RESULTS

None of the systemic metabolic parameters showed statistical sig-
nificant change after insulin administration in comparison to the
placebo administration (Table 2).

RELIABILITY ANALYSIS

The intra class correlation for cluster coefficient and path length
reached significance for all frequency bands with the exception of
the delta band (Figure 1). Based on this result, we excluded the
delta band from the following analysis.

GRAPH ANALYSIS FOR BASELINE MEASUREMENT
There was no significant difference between lean and obese subjects
in any dynamical parameter for all frequency bands (Figure 2).

INSULIN INDUCED MODULATION

The insulin induced change of path length in the theta band (48 Hz)
was statistically different between the lean and obese group (p = 0.05;
Figure 3) and showed a significant positive linear correlation with
BMI (p = 0.005, r* = 0.35; Figure 4). One of the obese subjects was
identified as an extreme outlier and was therefore removed from this
analysis. We did not find statistically significant differences between
groups or correlation between insulin induced modulation of path
length and BMI for other frequency bands. The insulin induced mod-
ulation of cluster coefficient also did not show a significant difference
between groups or correlation with BMI for any frequency band.

DISCUSSION

In the current study we could show that dynamical network param-
eters for brain activity are reliable and appropriate for further
investigation of changes in global network dynamics. We did not
find differences in the global brain network during resting state
between obese and lean subject for the baseline measurements. Olde
Dubbelink et al. (2008) reported differences in resting state net-
work, however the investigated population included only severely
obese with a mean BMI of 38.6 kg/m?, which is substantially dif-
ferent to the mean BMI of 28.66 kg/m? in our study population.
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Table 2 | Metabolic parameters during MEG experiment (insulin or placebo spray was given at time = 0 min).

Time (min)
-30 0 30 60 p-Value (time x insulin/placebo)
Placebo Lean subjects Glucose (mmol/l) 47+0.1 4.7+0.1 4.4+0.1 4.4+£0.1 0.31
Insulin 46+0.1 48+0.1 46+0.1 46+0.1
Placebo Obese subjects 5.1£0.1 53+0.2 5.0+0.1 5.1+0.2 0.76
Insulin 5.1+0.1 53+0.2 5.0£0.1 51+£0.1
Placebo Lean subjects Insulin (pmol/l) 39+5.6 33+55 33+4.8 32+6.8 0.42
Insulin 34+£39 33£5.1 41+£5.8 34+48
Placebo Obese subjects 59+10.3 61+11.8 70+15.9 65+12.1 0.23
Insulin 68+11.9 62+11.4 88+ 15.56 66+9.1
Placebo Lean subjects C-peptide (pmol/l) 360 + 36 379+53 345+ 36 372 +51 0.19
Insulin 336+34 336£39 314+38 289+29
Placebo Obese subjects 520+ 53 554 + 69 535 + 66 555+ 67 0.07
Insulin 609 £ 52 584 +62 595+ 82 544 + 68

All data are given as mean + SEM. Statistical test between insulin and placebo condition was performed using MANOVA analysis. The p-value time x insulin/placebo
shows differences in the curves over time of insulin and placebo.
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This condition may have already affected the vascular system or
gray—white matter ratio and led to the observed results which are
similar to the findings in neurological disorders, like Alzheimer
disease or schizophrenia (Uhlhaas et al., 2008; Stam et al., 2009).
However we found that insulin modifies the global brain network dur-
ing resting state by changing the characteristic path length. Furthermore,
our results show that this change is positively correlated with BMI The
characteristic path length is a measure for the global communication effi-
ciency, characterizing the connection scheme of the network. Therefore,
the decrease of path length in lean subjects could be interpreted as an
increase in global communication efficiency. What is a possible explana-
tion for this effect? Peripheral insulin level raises after food intake and
crosses the blood-brain barrier acting as an anorexic signal reducing
food intake (Porte et al., 1998; Schwartz et al., 2000). Hence the change
in global efficiency observed in lean subjects is probably connected to
the increased signaling between different regions involved in satiation
and homeostatic control. Since intranasal insulin did not alter peripheral

glucose levels, the effect is unlikely to be generated by peripheral meta-
bolic changes. In contrast the increase in obese subjects could be inter-
preted as a decrease in global communication efficiency. In a previous
study we showed that obesity is associated with cerebral insulin resistance
(Tschritter et al., 2006). During a hyperinsulinemic euglycemic clamp,
the spontaneous activity in the theta band and stimulated (mismatch
negativity) cortical activity was increased in lean subjects compared to
obese subjects. In addition, an increase in insulin concentration in the
brain by an insulin analog triggers a relative decrease in food consump-
tion (Hallschmid et al., 2010) which is another argument that insulin
action in the brain is important for body weight regulation. Our current
and previous findings therefore support our hypothesis that a central
insulin resistance is present in obese humans. Since we used intranasal
insulin, the present results provide further evidence for a direct effect of
insulin on neuronal activity, and that cerebral insulin resistance in obese
subjects is not due to disturbances in the blood—brain barrier. Based on
this we can hypothesize that changes in cerebral activity can be a driving
mechanism in sustaining positive energy balance in eating behavior and
further increase in body weight.

However insulin itself is not only involved in food regulation
but also affects cognitive processes like memory. In this respect
we can not claim that the reported insulin effect only affects food
regulation. In addition we can not disentangle contributions of
cortical and subcortical areas, e.g., hypothalamus to the observed
effect. Further studies are needed to evaluate the specific behavioral
effect of this insulin resistance.

In contrast to Deuker et al. (2009) we showed reliability of the
network measures at least for frequencies above 4 Hz. This differ-
ence may be related to the fact that Deuker et al. (2009) used an open
eye condition, which is not optimal for resting state networks. In
conclusion, we demonstrated in this MEG study that obese subjects
have an altered cerebral insulin response compared to lean subjects.
The decrease in path length, generated by insulin, is a possible sign
for global efficiency increase of the resting state network and may
be related to increased signaling between different regions involved
in satiation and homeostatic control.
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