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GEnERAl disCussion 
The brain has a primary role in energy homeostasis. From animal studies it is 
known that insulin has a satiating effect on the brain and, therefore, is implicated 
in energy balance and body weight regulation (1-16). Studies relating insulin’s 
effects in the brain to body weight in humans are scarce (17-22). The studies 
presented in this thesis were performed to gain more insight into the effects 
of insulin, and more specifically different insulin formulations, on CNS regions 
involved in eating behavior in men. Type 1 diabetic patients were used as an 
insulin-deficient model to reliably study the actions of exogenously administered 
insulin. In addition, the use of well-controlled type 1 diabetes allowed for 
characterising diabetes related changes in brain perfusion and glucose 
metabolism and for a comparison with healthy controls. 

Analysis of [15o]H2o and [18F]FdG PET data in healthy volunteers     
(Chapter 2)
PET allows for the measurement of CBF (using [15O]H2O as tracer) and CMRglu 
(using [18F]FDG). Using full kinetic modeling, quantitative CBF and CMRglu values 
can be obtained in humans. After the initial development of the compartment 
model to measure individual rate constants (23), however, CMRglu measurements 
have increasingly been based on the assumption of fixed rate constants in 
combination with static scans (24). Therefore, no recent estimates of rate 
constants obtained using state-of-the-art high-resolution PET scanners are 
available for human studies. In addition, very few studies have measured regional 
CBF using [15O]H2O and a state-of-the-art high-resolution PET scanner. Therefore, 
in Chapter 2 fully quantitative methods for measuring CBF and CMRglu were 
implemented, based on dynamic data acquired in healthy volunteers on a high 
resolution PET scanner. Values of CBF and CMRglu were obtained for several brain 
regions by non-linear regression (NLR) analysis of regional time activity curves. 
In addition, CBF and CMRglu data were obtained using parametric methods (BFM 
for CBF data and Patlak analysis for CMRglu data). Parametric results correlated 
well with those obtained by NLR analyses for both CBF and CMRglu. Furthermore, 
use of an IDIF, as a non-invasive alternative for a BSIF, resulted in similar 
results for CMRglu when using the Patlak approach. This is a major advantage, 
as omission of radial artery cannulation increases clinical applicability of this 
methodology. Unfortunately, an IDIF did not produce accurate CBF values and 
therefore an arterial input function remains necessary in cerebral [15O]H2O 
PET studies. A clear reason for this discrepancy between [15O]H2O and [18F]
FDG could not be identified. A possible explanation may be, apart from slight 
inaccuracies in scatter and decay correction, that for both [15O]H2O and [18F]FDG 
studies an accurate input curve is needed for the whole duration of the scan, 
whereas for [15O]H2O studies, the peak area is of greater importance. Therefore, 
optimalisation of duration of tracer injection and optimalisation of frame length, 
may lead to a better match between IDIF and BSIF in [15O]H2O studies. This needs 
to be investigated in future studies. It should be noted that validity of an IDIF for 
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[18F[FDG studies does not apply automatically to data acquired on another PET 
scanner. This still needs validation for every single tracer, every single scanner 
type, and each acquisition and data analysis protocol separately. The exact effects 
of the different options (e.g. iterative reconstruction algorithm, frame duration 
and duration of tracer injection) cannot be predicted and need to be investigated 
(25-29) in a way similar to that described in Chapter 2.

CEREBRAl CHAnGEs in TYPE 1 diABETEs (CHAPTERs 3 & 5)

Decreased cerebral blood flow and glucose metabolism in type 1 
diabetes (Chapter 3)
Decreased total grey matter CBF and CMRglu was observed in patients with well-
controlled type 1 diabetes under fasting, non-clamped conditions relative to 
healthy volunteers. Previously, only a sinlge study reported the use of [18F]FDG 
PET for comparing CMRglu in type 1 diabetic patients (with neuropathy) with that 
in healthy subjects. In line with the present findings, decreased CMRglu in patients 
without diabetes-related complications was found, but this decrease was not 
statistically significant. Groups, however, were small and a semi-quantitative 
approach for calculating CMRglu was used (30). Using another tracer, i.e. D-[U-
11C]glucose and PET, others also found decreased CMRglu in well-controlled 
type 1 diabetic patients compared with healthy controls (31). In contrast to 
the present data, Fanelli and co-workers found no differences in blood-to-brain 
glucose transport between poorly controlled type 1 diabetic patients and healthy 
volunteers, measured with [1-11C]glucose and PET (32). The latter studies were 
performed under hyperinsulinemic clamp conditions during which insulin levels 
were artificially and acutely raised by an intravenous infusion of insulin, whilst 
glucose levels were clamped at mild to moderate hypoglycemic levels. 
With respect to CBF, only one human PET study, by Fanelli et al., using [15O]
H2O PET has compared type 1 diabetic patients with healthy volunteers (32). 
In contrast to the findings in this thesis, no differences were observed between 
both groups, but again this study was performed under hyperinsulinemic clamp 
conditions. Preclinical (33) and clinical (34-36) studies without clamping found, 
in line with the present data, decreased perfusion (using SPECT) in type 1 
diabetic patients compared with healthy controls. 
Most trials comparing CBF and CMRglu between diabetic patients and healthy 
controls have used intravenous insulin to normalize glycemia in order to 
evaluate the effects of diabetes per se, i.e. independent of the prevailing plasma 
glucose levels. In the “real world’, however, patients with type 1 diabetes are 
generally not euglycemic but are subject to hyperglycemia and (peripheral) 
hyperinsulinemia most of the day. Therefore, a decreased CMRglu found in 
the present PET study at increased glucose levels better reflects the real-life 
situation of type 1 diabetic patients. Probably, in other studies, clamp-induced 
normoglycemia and hyperinsulinemia (average insulin levels of diabetic patients 
in the present studies were 88 pmol/L, whereas in the study by Fanelli et al. (32) 
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clamped insulin levels were 690 pmol/L) ‘masked’ the decreased CMRglu that is 
present under hyperglycemic conditions most of the day in these subjects. The 
finding in this thesis of a decreased CMRglu in type 1 diabetes does not exclude 
the possibility that alternative substrates may be used by the brain instead of 
glucose (31;37-41). Use of these substrates may cause total brain metabolism to 
be unaltered. In addition, clamp-induced normoglycemia and hyperinsulinemia 
could have ‘masked’ the decreased CBF that is present under hyperglycemic 
conditions present most of the day in type 1 diabetic patients. In peripheral 
tissues, insulin is known to have vasodilatory effects (42-44). The direct effects 
of insulin on CBF cannot easily be investigated in humans, but in rats topically 
applied insulin increased cortical blood flow (45), which suggests a direct effect 
of insulin on the brain vasculature. In addition, it was shown that insulin induced 
glucose lowering in type 1 diabetic patients resulted in an increase in CBF (46;47). 
It could be hypothesized that the decreased CBF observed in the present study 
during hyperglycemia, in the short term, has a protective role by decreasing the 
glucose load to the brain. Assuming that in daily life, these cerebral alterations 
persist throughout the day, they ultimately may lead to clinical consequences (e.g. 
cognitive changes). Clearly, this hypothesis needs to be tested in future studies. 

Increased brain activation in appetite related brain regions in 
type 1 diabetes (Chapter 5)
Compared with healthy volunteers, type 1 diabetic patients showed increased 
activation in appetite related brain regions in response to visual food stimuli, as 
measured with fMRI. This result was even more pronounced when adjusted for 
blood glucose levels during MRI, which were, as expected, significantly higher 
in diabetic patients than in controls. To the best of our knowledge, this is a new 
finding. It should be noted that the diabetic patients in the present study were 
not obese (mean body mass index, BMI, of 25.2 versus 25.5 kg/m2 in the group 
of healthy volunteers). It could be hypothesized that the relatively low portal 
insulin levels (resulting in increased glucose levels) in diabetic patients in the 
present study activated a mechanism that increased food craving, via a direct 
effect on the brain. Type 1 diabetic patients, unlike healthy subjects, need to 
inject an appropriate amount of insulin before each meal and, therefore, they 
need to estimate the carbohydrate content of all meals, every day. Most type 1 
diabetic patients regularly visit a dietician and are more aware of carbohydrate 
and fat contents of everything they eat. It is not surprising that eating disorders 
are more common among men and women with type 1 (and type 2) diabetes 
(48-53), and manipulation with insulin is an effective way to lose weight at the 
expense of deteriorating diabetes control (higher A1C). However, in the present 
study no differences in eating behavior were found between diabetic patients 
and healthy volunteers, as assessed by the DEBQ, although it is possible that this 
questionnaire is not sensitive enough.  
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Combined PET and fMRI results in type 1 diabetes (Chapter 3 & 
5)
Results of [15O]H2O PET, [18F]FDG PET and fMRI combined, i.e. global reduced 
CBF and CMRglu, together with increased activation in appetite related brain 
regions, in type 1 diabetic patients compared with healthy volunteers may seem 
contra-intuitive, since an increase in neuronal activation usually is accompanied 
by an increase in blood flow (which increases blood oxygenation and therefore 
decreases deoxyhemoglobin concentration and increases the BOLD signal). The 
BOLD signal, however, is known to be fast and intense at low baseline CBF (54-56). 
It should be noted that differences between groups in BOLD response remained 
significant after adjustment for global CBF, as measured with PET. In addition, 
PET measurements were performed during a resting baseline condition (eyes 
closed, warm, quiet environment), whereas fMRI was performed while actively 
viewing attractive food related pictures (eyes open, noisy scanner). Moreover, 
the generally decreased resting-state CBF and CMRglu increased only locally in 
appetite related brain regions in response to visual food stimuli. Future studies 
using [15O]H2O PET should confirm the increased CBF in appetite regulating 
brain regions in response to food cues during a similar food related task. 

EFFECTs oF insulin dETEMiR on THE HuMAn BRAin 
(CHAPTER 4 & 5) 

Current mechanisms for decreased body weight gain after 
insulin detemir treatment
Treatment with insulin detemir has been shown to result in less weight gain 
or even weight loss compared to treatment with other basal insulin therapies 
(57-65). In the present thesis, studies were described in which the focus was 
on differences in action on the brain between insulin detemir and NPH insulin. 
However, other mechanisms leading to differences in body weight have been 
proposed. It has been hypothesized that insulin detemir causes less hypoglycemia 
and, therefore, less defensive snacking and less weight gain (59;61;66-70). 
Indeed, compared with NPH insulin, insulin detemir treatment resulted in less 
(nocturnal) hypoglycemia (66;68;70-73), but this is unlikely to fully explain 
the weight loss, as comparable hypoglycemia frequencies after treatment with 
NPH insulin (67;74;75), and insulin glargine (76) did not result in a comparable 
weight loss. In addition, no significant relationship between hypoglycemia and 
weight gain was seen with insulin detemir, whereas this was the case for NPH 
insulin (77). In addition, weight gain could simply indicate success in avoiding 
hypoglycemia (60;77). 
Another mechanism explaining the stability of body weight during insulin detemir 
treatment, is via a preferential effect of insulin detemir on hepatic metabolism. 
In comparison with other insulin preparations, insulin detemir has been shown 
to have a relatively larger effect on the liver than on peripheral muscle and 
adipose tissue. Because no significant barrier exists between blood plasma in the 
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sinusoid and the hepatocyte plasma membrane, insulin detemir, both free and 
albumin-bound, is taken up continuously by hepatocytes. In contrast, binding to 
albumin retards the transfer of insulin detemir from the circulation into adipose 
tissue and skeletal muscle. Therefore, albumin binding of detemir increases the 
hepatic-peripheral insulin gradient, decreasing peripheral hyperinsulinemia 
and mimicking the physiological, non-diabetic state. Thus, in order for detemir 
to exert similar blood glucose control, its effect on the extraction by the liver may 
in relative terms be higher, resulting in reduced endogenous glucose production, 
whereas its peripheral action, including anti-lipolytic activity, is lower (60;78;79). 
A third mechanism could be that insulin detemir therapy results in increased 
energy expenditure. However, in a randomized cross-over study in which type 
1 diabetic patients were treated for 16 weeks with insulin detemir and NPH 
insulin, respectively, no differences in total energy expenditure, resting energy 
expenditure, diet-induced thermogenesis or activity energy expenditure were 
observed between treatments (80). Therefore, differences in weight gain between 
insulin detemir and NPH insulin cannot be explained by differences in effects on 
energy expenditure. From the above-mentioned studies, no definite conclusion 
could be drawn and all suggested the brain for an alternative or additional target 
for insulin detemir to have its weight reducing effects. 

CBF and CMRglu in type 1 diabetic patients after treatment with 
insulin detemir (Chapter 4)
Diabetic patients treated with NPH insulin showed decreased CBF and CMRglu 
compared with healthy volunteers (Chapter 3). In Chapter 4 it was investigated 
whether treatment with insulin detemir would result in an increase in CBF and/
or CMRglu. 
CBF responses to a meal specifically in appetite regulating regions in formerly 
obese subjects were similar to those in obese subjects, but differed from those 
in lean subjects (81) and an increased CBF in appetite regulating brain regions 
was observed in response to meal consumption in successful dieters compared 
to non-dieters (82). These studies suggest a role of the brain on body weight, 
but did not investigate the role of insulin on CBF. Partly based on these studies 
we hypothesized that insulin detemir would have a stronger effect on CBF in 
appetite regulating brain regions than NPH insulin. Indeed, compared with NPH 
insulin, treatment with insulin detemir increased CBF in appetite related brain 
regions, and global CBF was similar to that in healthy controls.
Previously, glucose entry into the brain was assumed to be completely insulin 
independent and no effect of increased insulin levels on cerebral glucose uptake 
was observed in rat and human studies (83-85). However, insulin-sensitive 
glucose transporters were demonstrated at the blood-brain barrier and on glial 
cells (86-90). In addition, in human studies using [18F]FDG PET, it has been shown 
that the brain can respond to insulin with respect to its action on glucose uptake 
and metabolism (91;92). Moreover, effects of insulin on CMRglu (measured with 
[18F]FDG PET) in men with peripheral insulin resistance were blunted compared 
with insulin sensitive men, specifically in regions implicated in appetite and 
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reward (93), thereby suggesting a role of central insulin on energy homeostasis 
and body weight. Based on these studies we hypothesized that insulin detemir 
treatment would increase CMRglu. In contrast to the initial hypothesis, CMRglu was 
not significantly increased and it remained significantly lower than in healthy 
volunteers. Although these findings may be due to a lack of power, more paired 
[18F]FDG than [15O]H2O scans (24 versus 18) were available for analysis, and test-
retest variability is better for CMRglu than for CBF (10% versus 20%, respectively; 
(83;94-96)). Apparently, insulin detemir had only an effect on CBF. The exact 
(clinical) consequences of these changes in the longer term are not known.

Blunted activation in appetite related brain regions in response 
to visual food stimuli in type 1 diabetic patients after treatment 
with insulin detemir (Chapter 5)
Results of fMRI analyses showed that the increased brain activation in response 
to the presentation of food related pictures, as seen in patients treated with 
NPH insulin, was less pronounced after treatment with insulin detemir and 
more resembled the pattern in healthy volunteers (Chapter 5). This effect could 
contribute to the observed weight loss after treatment with insulin detemir, 
but whether this blunted activation is cause or consequence of the observed 
weight loss could not be determined from this study. Two previous prospective 
studies (97;98) however, have demonstrated that increased brain responses to 
visual food cues can predict future weight gain. Furthermore, a direct effect of 
insulin detemir on the brain was observed in studies using systemic infusions in 
both mice (99) and humans (100;101), which resulted in acute changes in EEG 
and MEG as well as ensuing reductions in food intake. All these data combined 
suggest that an enhanced satiating effect of insulin detemir on the brain could 
play a causal role in body weight loss. 

Combined PET and fMRI findings after treatment with insulin 
detemir (Chapter 4 & 5)
PET and fMRI findings together suggest that insulin detemir and NPH insulin 
have differential effects on the brain, particularly in response to stimulation with 
food related pictures compared with non-food items. These differences in brain 
activation measured using fMRI could be due, at least in part, to differences in 
resting-state CBF (54-56). However, after adjustment for the modest difference 
in total grey matter CBF (measured with PET) between treatments, differences 
in food related activation (measured with fMRI) were similar. It should be  noted 
that an fMRI measured increase in brain activation was found in response to 
the presentation of food stimuli, whereas PET measurements were obtained in 
a non-stimulated baseline condition. Future studies using [15O]H2O PET should 
confirm CBF changes in response to visual food stimuli in these appetite-related 
brain regions following both treatments.

CH7.indd   150 17-4-2013   14:20:10



7

151

General discussion &  future perspectives. CHAPTER 7

METHodoloGiCAl ConsidERATions And 
PoTEnTiAl liMiTATions 

study design and participants
The strength of the present study was, in addition to using state-of-the-art 
neuroimaging methods, the randomized cross-over design by which patients 
were their own control. Therefore less participants were needed than in a parallel 
design study. Another strong point is the inclusion of a run-in period of at least 
4 weeks to reduce the effect of the initiation of study participation. In addition, 
only type 1 diabetic patients were included who had been diagnosed at least one 
year before randomization. Consequently, these patients were accustomed to 
diabetes self-management. 
Unfortunately, no baseline PET session was not performed (and therefore no 
baseline fMRI session). A baseline scan would have made it possible to calculate 
differences (in brain activation and CBF and CMRglu) between start and end of 
insulin treatment. However, additional PET scans were not possible, as this 
would lead to too high radiation dose. 
PET and fMRI measurements were all performed in the same order (i.e. fMRI 
first), but for logistical reasons, not on the same day. MRI scans were performed 
between 8:00 and 9:00 h and PET scans between 9:30 and 11:00 h. Ideally, 
studies should have been performed on the same time or, even better, during 
a single session. However, at both days, patients used the same insulin regimen 
and were carefully instructed the evening preceding the scan. Furthermore, for 
both insulin types, average glucose and insulin levels did not differ between MRI 
and PET measurements. A final issue is that CBF and CMRglu were not obtained 
simultaneously, as this is not possible with PET. Both scans were acquired, on 
average, 25 min apart (to allow for decay of 15O), but were performed under 
stable resting conditions after an acclimatisation period of at least 20 minutes. 
Therefore changes in CBF and/or CMRglu during the 25 minutes between both 
measurements were highly unlikely.
NPH insulin was chosen as active comparator, since this insulin is the standard 
basal human insulin worldwide and, therefore, the best active comparator. In 
addition, NPH insulin has been used as comparator in most previous studies that 
reported decreased body weight after treatment with insulin detemir. Blinding 
was not possible, since NPH insulin is a cloudy suspension that needs to be 
thoroughly stirred before injection, whereas insulin detemir is a clear, colorless 
solution that does not require stirring. It is very unlikely that knowledge of the 
insulin type had an effect on brain activation during fMRI, CBF or CMRglu during 
PET. 
It should be noted that glucose levels during data acquisition were relatively 
high in the majority of patients, in spite of careful instructions and telephone 
calls the night before. Rising glucose levels during the night and/or morning of 
the test, possibly due to psychological stress, could not be treated with (short-
acting) insulin since this would have confounded results. In addition, the fasting 
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condition is not exactly a ‘normal-life’ situation, but this was by far the best 
option available (e.g. even a light breakfast would have necessitated an injection 
of prandial insulin, which would have affected results).
Weight gain associated with insulin treatment may be relevant for type 1 
diabetic patients, but weight gain and obesity are especially important for 
patients with type 2 diabetes. This study was performed in type 1 diabetic 
patients since these patients are insulin-deficient, allowing for assessment of 
effects of exogenously administered insulin per se. In addition, human type 1 
diabetes may be regarded as a ‘clean model’ of hyperglycemia, since these 
patients are not typically characterized by confounding factors such as obesity, 
hypercholesterolemia, hypertension, and the use of drugs potentially interfering 
with the measurements. Whether the present results can be extrapolated to type 
2 diabetic subjects cannot be determined from our study. Further research in 
these patients is needed, especially since central insulin resistance may play a 
role in type 2 diabetes.  
The present findings in male subjects may not be readily extrapolated to women. 
The choice of including only men was deliberate. Firstly, this resulted in a 
relatively homogenous group. Secondly, cerebral flow and glucose metabolism 
in women are different (102-104) and menstrual-cycle dependent (105), which 
would make cycle matching necessary. Finally, pooling of data probably would 
not have been valid. Consequently, gender specific analyses would have been 
required, resulting in the inclusion of twice as many subjects. 

Other factors influencing body weight
Although no between-treatment differences in eating behavior, appetite or food 
preferences were observed, as measured with questionnaires, the possibility of 
differences in caloric intake cannot be excluded, as patients did not keep food 
diaries. Furthermore, frequency and intensity of physical activity were not 
measured and changes during the study could have affected the data. However, 
as self-reported diaries are a potential source of inaccuracy (106) and are time 
consuming for both patient and researcher, these were not included in the study 
protocol. In theory, seasonal influences could have an effect on eating behavior 
and body weight (107), but data were collected for three consecutive years and 
all patients were included in the study for 24 weeks, which makes a seasonal 
effect not likely. In addition, no differences in mood, which could affect food 
preferences and body weight (108) were observed between treatments. 

fMRI for measuring brain activation
fMRI was used to measure differences in brain activation between groups during 
a food-related encoding task (Chapter 5). To prevent the effect of habituation, 
two different sets of food pictures were designed and session order was perfectly 
randomized between treatments. It is therefore very unlikely that habituation 
has affected results.
fMRI is based on  the BOLD effect, which depends on changes in local 
deoxyhemoglobin concentrations in the brain as a result of neuronal activity, 
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leading to alterations in MRI signal intensity (55;109). Since diabetes is 
characterized by microvascular changes and decreased total grey matter 
CBF (Chapter 3) this could have affected fMRI results (54-56). Nevertheless, 
adjustment for CBF did not change fMRI data. 
Since a block design was used, consisting of blocks with a minimum duration 
of 16.5 to 19.5 seconds, it is very unlikely that a possible difference between 
diabetic and healthy subjects in hemodynamic response function used to model 
responses to visual stimuli in the fMRI study, has affected the data. 

PET for measuring cerebral blood flow and glucose metabolism 
Initially, Sokoloff et al (23) introduced the method to measure the rate of 
glucose consumption in rat brain in vivo using 2-deoxy-D-[14C]glucose and 
autoradiography. This method was implemented for human [18F]FDG PET studies 
by Reivich and colleagues (110), and adapted for the use of dynamic [18F]FDG 
PET data by Huang et al. (111). Using this model, CMRglu could be derived from 
Ki · glucose/ LC, where Ki is the net influx rate and LC is the lumped constant. 
This method was broadly implemented by assuming fixed rate constants in 
combination with static acquisition protocols. These fixed rate constants may 
however not be valid in certain clinically relevant patient populations, such as 
those having diabetes; therefore the full kinetic model was used in the studies 
in diabetic patients presented in this thesis (Chapter 3 & 4). Brooks et al. (112) 
and Hasselbalch et al. (113), also used rate constants derived from dynamic 
[18F]FDG scans (in type 1 diabetic patients and in healthy subjects, respectively) 
during normoglycemia and clamp-imposed hyperglycemia (13 mmol/L and 15.7 
mmol/L, in the respective studies). In line with the present data (Chapter 3), 
they found a decreased K1 in hyperglycemia according to the Michaelis-Menten 
equation, which describes competition between glucose and FDG and is valid 
in both normoglycemia and hyperglycemia, i.e. for plasma glucose values that 
are well within the range encountered in the present patients (plasma glucose 
5.0-16.4 mmol/L). It should be noted that hypoglycemic conditions, i.e. plasma 
glucose levels < 3.8 mmol/L, were not encountered. Such conditions would 
have imposed a different problem, as the transport step would become the rate 
limiting step due to limited glucose supply and the LC would increase (114). k3 
values in the present diabetic patients were probably reduced compared with 
healthy subjects due to a primary effect (reduced hexokinase activity) in diabetes. 
In contrast, k2 was not affected by plasma glucose levels (Chapter 3).
There is limited yet consistent literature suggesting a mild decrease in LC at 
higher glucose levels (23;115;116). To account for the increased glucose levels in 
type 1 diabetic patients compared with healthy controls, two LC scenarios were 
applied (Chapter 3): a fixed LC and an LC decreasing with increasing plasma 
glucose levels (116). Using either LC scenario, CMRglu was significantly lower in 
patients with type 1 diabetes at their fasting glucose and insulin levels. It should 
be noted that the equation adopted in the second LC scenario was derived from 
data obtained in hyperglycemic rats and not in humans. Furthermore, this LC 
was based on measurements using [14C]DG and not [18F]FDG. Nevertheless, as the 
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LC takes into account differences between FDG and glucose, and since absolute 
values between LC of [18F]FDG and [14C]DG do not significantly differ and behave 
similarly in humans and animals (117), it does not change interpretation of the 
data. In the calculation of CMRglu after both insulin treatments (Chapter 4), a 
fixed LC was used, as no significant difference in glucose level was found during 
PET data acquisition.
A further issue in analysing the PET data is the use of predefined regions in which 
possible partial volume effects (PVE) were not accounted for. As PVE correction 
is based on grey matter (GM) and white matter (WM) segmentation, however, 
even a small mismatch in co-registration could have large impact on the absolute 
values derived from the small regions of interest and PVE corrections would 
therefore only add uncertainties. In addition, only relative values were needed 
(i.e. diabetic compared with healthy subjects and insulin detemir treated versus 
NPH insulin treated subjects) and GM/WM ratios were not expected to differ 
between groups. To assess effects of PVE, in Chapter 2 additional, manually 
drawn, GM and WM regions were used to minimise PVE. Using these regions, 
GM/WM ratios increased from 1.5 to 3.0 for [18F]FDG and from 1.4 to 3.3 for 
[15O]H2O data, which is in line with the generally accepted 3 to 1 ratio (118). 
In Chapter 6, GM/WM ratios were low (average 1.4 for all subjects and both 
methods investigated) and no partial volume correction was applied to these 
data either. Nevertheless, potential errors should be similar for both methods, 
as identical regions were used (PVElab) and spatial filtering was applied to 
guarantee equal spatial resolution for both methods. 

ASL to measure cerebral blood flow 
Although [15O]H2O PET is the gold standard for measuring CBF in humans, this 
method also has some disadvantages. In addition to a (low) level of radiation 
exposure, scanning protocols require dedicated facilities, including a cyclotron 
to produce 15O, that are located in close proximity to the scanner given the half-
life of only two minutes. Furthermore, the procedure necessitates insertion of 
an arterial line to obtain the arterial input function. In Chapter 2 it was shown 
that use of an IDIF, although possible for [18F]FDG, was not successful for [15O]
H2O. Consequently, an alternative non-invasive method to measure CBF would 
be welcome. 
As described in Chapter 6, quantification of CBF using ASL MRI resulted 
in comparable average CBF values to those obtained with [15O]H2O PET. 
Unfortunately, also significant differences between methods were observed, 
most prominently in anterior and posterior cingulate cortex/corpus callosum. 
The reasons for these regional differences are still unclear. It should be noted 
that CBF measurements using ASL are based on several assumptions, such as 
fixed arterial transit time, fixed T1 value of blood and tissue and a fixed partition 
coefficient of water, which do not have to be valid under all conditions. For 
example, it is known that the partition coefficient of water differs between grey 
and white matter and that its value is lower than that based on water content 
measurements (119;120). However, fixing this value to 0.90 in PET analyses as 
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well, did not improve agreement between methods. 
A test-retest design was not performed and no intervention (e.g. hypercapnia 
(121)) was included, which limited the range of CBF values. 
A possible explanation for global differences between methods could be that PET 
and MRI were not performed on the same day, but on average 21 days apart. Global 
differences between methods could also be caused by the time of scanning, since 
all MRI scans were acquired between 8 and 9 AM and all PET scans somewhat 
later, between 9.30 and 10 AM. Although diurnal variations in CBF have been 
shown previously (122-124), it is unlikely that this small difference in time of 
scanning is responsible for the observed CBF differences measured during stable 
supine conditions (125). In addition, the PET scan could have caused more stress 
due to arterial sampling, whereas the ASL MRI was acquired in between a memory 
task and accompanied by noise. Unfortunately, stress signals, e.g. cortisol levels 
or pulse rate during, were not measured.
In addition to the differences between methods observed, using the same (fixed) 
parameter values in ASL MRI for diabetic and healthy subjects may have resulted 
in some bias, although differences between methods appeared to be the same for 
both subject groups. 

CsF insulin 
From animal studies it is known that insulin is transported into the brain via 
an insulin receptor mediated, saturable pathway in brain capillary endothelial 
cells (126). Increases in plasma insulin levels result in increases in CSF insulin 
levels (127). Insulin measured in CSF has likely passed through the brain and 
will be removed by insulin receptors within the choroid plexus (128). In the 
brain, relatively high levels of insulin receptors are found in the olfactory bulbs 
and the arcuate nucleus of the hypothalamus (129-132), regions important in 
energy homeostasis and body weight regulation. Animal studies have shown 
that disrupted intracerebral insulin signaling causes weight gain and that 
intracerebroventricular insulin administration reduces food intake and results 
in weight loss (1;2;9;133). 
Previous studies in mice, investigating whether or not insulin detemir crosses 
the blood-brain barrier have used acute infusions and showed conflicting 
results (99;134). In Chapter 5 results of CSF insulin samples were presented, 
obtained in a subgroup of patients that consented to undergo a lumbar puncture 
(LP). Increased CSF insulin levels were found in patients treated with insulin 
detemir, but serum insulin levels were higher in that group as well. Nevertheless, 
the CSF to serum insulin ratio was higher after treatment with insulin detemir 
(0.12 for insulin detemir versus 0.075 for NPH insulin), indicating that insulin 
detemir enters the brain more readily than NPH, or that its clearance from the 
CSF is slower. Observed ratios were in line with previous data from non-diabetic 
humans (135), demonstrating that on average 10% of circulating serum insulin 
was present in CSF. CSF is produced at a rate of 0.35 mL/min in healthy individuals 
(136) which means that the total amount (~150 mL) is formed and re-absorbed 
several times a day and, therefore, any conclusion concerning the present CSF 
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data could only be made about the non-steady-state at the time of LP. In addition, 
two different insulin assays were used to measure insulin in serum and CSF, but 
unfortunately no assay is available that can measure the total range of insulin 
levels as reported in the present study.
It has been suggested that insulin is produced locally in the brain (127;137-140); 
if that were true, our results would be interpreted differently. However, cerebral 
insulin nowadays is generally accepted to be of pancreatic origin (3;141;142) 
and to be transported across the blood brain barrier by a saturable transport 
system (126;141;143-147). Therefore CSF insulin levels are likely to be higher 
after treatment with insulin detemir.
It should be noted that even a small volume of blood in CSF (e.g. due to a traumatic 
puncture), could have biased results, but this is not likely to have occurred since 
all samples used were completely clear at visual inspection. Furthermore, such 
increased CSF insulin levels should have resulted in outliers and these were not 
encountered. All first of three tubes were sent to the chemistry lab and some did 
have increased red blood cells, however, only the last tubes were used to measure 
insulin. Therefore it is very unlikely that blood mixing would have occurred. 

FuTuRE PERsPECTivEs
The studies presented in this thesis provide new insights into the effects of insulin 
and the differential effects of two basal insulin formulations on CBF and CMRglu 
in the human brain, within the context of systemic glucose and body weight 
regulation. Firstly, these results may contribute to the understanding of insulin’s 
central regulation of energy homeostasis and body weight. Secondly, they may 
lead to the development of new insulin analogs with an even stronger CNS effect. 
Thirdly, neuroimaging methodology used here may serve as reference for testing 
these central effects in future studies.
Based on the first aspects, it could be envisioned that future studies should 
involve measurements of brain activation (including fMRI and/or PET studies) 
in the resting state and upon presentation of food related stimuli during acute 
insulin infusion in various populations, e.g. obese, lean, insulin resistant and 
type 2 diabetic humans of both genders (body weight regulation has been 
shown to act via insulin in males, whereas leptin plays a more important role 
in females (17;148)). These experiments should be performed in both fasting 
and postprandial states to discriminate between effects of pharmacological 
(fasting) and physiological (postprandial) hyperinsulinemia and between eating 
behavior regulation in fasted versus satiated conditions (149-151). In addition, 
differentiation between acute effects of insulin on the brain and secondary effects 
due to changes in body weight could be made. 
Further research may: 
1) Explore potential mechanisms relating signaling of peripherally administered 

insulin to the brain in humans by investigating the role of the autonomic 
nervous system. 

2) Investigate the role of vascular function changes in insulin stimulated CBF 
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responses. 
3) Include other populations (e.g. type 2 diabetes, obese individuals, women 

etc.) in order to allow generalization of the present findings.
4) Use similar brain imaging methods to assess CNS effects of novel insulin 

formulations or other regulators of feeding behavior and energy homeostasis, 
such as gut hormones.

5) Further improve and implement current PET and MRI imaging methods such 
as IDIF for [18F]FDG PET and [15O]H2O at more widely available PET scanners, 
as well as simultaneous PET and MRI measurements at combined PET/MRI 
scanners and ASL MRI. 

6)  Expand current state-of-the-art imaging tools by using other tracers that 
allow visualization of neurotransmitter pathways implicated in eating 
behavior and reward, such as serotonin and dopamine systems (152-156).

ConCludinG REMARks
In conclusion, the reduction in body weight observed after 12 weeks of treatment 
with insulin detemir versus NPH insulin in T1DM was paralleled by a change in 
PET measured CBF and fMRI measured activation patterns in appetite related 
brain regions in response to visual food stimuli. These findings support the 
hypothesis that insulin detemir may induce its weight sparing effect via an 
enhanced effect on the brain. In addition, they provide insight into the effects of 
insulin on the central regulation of energy homeostasis and body weight. In order 
to allow generalization of these findings, future studies, using the same state-of-
the-art technology, should include other populations (e.g. women, patients with 
obesity and/or type 2 diabetes) and relate CNS alterations to clinically relevant 
outcome measures. 
The PET and MRI studies presented in this thesis provide evidence for cerebral 
differences in type 1 diabetic men compared with healthy age and BMI matched 
controls. CBF and CMRglu were decreased in patients with well-controlled type 1 
diabetes when scanned at real life (fasting) glucose and insulin levels. At present, 
it is not known whether these differences in cerebral blood flow and metabolism, 
which may persist throughout the day, are linked to cognitive functional 
alterations that have consistently been found in type 1 diabetic patients (157-
162). Consequently, in order to appreciate the clinical relevance of these findings, 
future large-scale prospective studies in well-characterized type 1 diabetic 
patient cohorts are warranted.

CH7.indd   157 17-4-2013   14:20:10



158

CHAPTER 7. General discussion &  future perspectives

REFEREnCE lisT

 1.  Bruning,JC, Gautam,D, Burks,DJ, Gillette,J, Schubert,M, Orban,PC, Klein,R, 
Krone,W, Muller-Wieland,D, Kahn,CR: Role of brain insulin receptor in 
control of body weight and reproduction. Science 289:2122-2125, 2000

 2.  Obici,S, Feng,Z, Karkanias,G, Baskin,DG, Rossetti,L: Decreasing 
hypothalamic insulin receptors causes hyperphagia and insulin 
resistance in rats. Nat Neurosci 5:566-572, 2002

 3.  Schwartz,MW, Figlewicz,DP, Baskin,DG, Woods,SC, Porte,D, Jr.: Insulin in 
the brain: a hormonal regulator of energy balance. Endocr Rev 13:387-
414, 1992

 4.  Schwartz,MW, Figlewicz,DP, Woods,SC, Porte,D, Jr., Baskin,DG: Insulin, 
neuropeptide Y, and food intake. Ann N Y Acad Sci 692:60-71, 1993

 5.  Schwartz,MW, Baskin,DG, Kaiyala,KJ, Woods,SC: Model for the regulation 
of energy balance and adiposity by the central nervous system. Am J Clin 
Nutr 69:584-596, 1999

 6.  Schwartz,MW, Woods,SC, Porte,D, Jr., Seeley,RJ, Baskin,DG: Central 
nervous system control of food intake. Nature 404:661-671, 2000

 7.  Schwartz,MW: Brain pathways controlling food intake and body weight. 
Exp Biol Med (Maywood ) 226:978-981, 2001

 8.  Woods,SC, Porte,D, Jr.: The central nervous system, pancreatic hormones, 
feeding, and obesity. Adv Metab Disord 9:283-312, 1978

 9.  Woods,SC, Lotter,EC, McKay,LD, Porte,D, Jr.: Chronic 
intracerebroventricular infusion of insulin reduces food intake and body 
weight of baboons. Nature 282:503-505, 1979

 10.  Woods,SC, Stein,LJ, McKay,LD, Porte,D, Jr.: Suppression of food intake 
by intravenous nutrients and insulin in the baboon. Am J Physiol 
247:R393-R401, 1984

 11.  Woods,SC, Porte,D, Jr., Bobbioni,E, Ionescu,E, Sauter,JF, Rohner-
Jeanrenaud,F, Jeanrenaud,B: Insulin: its relationship to the central 
nervous system and to the control of food intake and body weight. Am J 
Clin Nutr 42:1063-1071, 1985

 12.  Woods,SC, Figlewicz Lattemann,DP, Schwartz,MW, Porte,D, Jr.: A re-
assessment of the regulation of adiposity and appetite by the brain 
insulin system. Int J Obes 14 Suppl 3:69-73, 1990

 13.  Woods,SC, Chavez,M, Park,CR, Riedy,C, Kaiyala,K, Richardson,RD, 
Figlewicz,DP, Schwartz,MW, Porte,D, Jr., Seeley,RJ: The evaluation of 
insulin as a metabolic signal influencing behavior via the brain. Neurosci 
Biobehav Rev 20:139-144, 1996

 14.  Woods,SC, Seeley,RJ, Porte,D, Jr., Schwartz,MW: Signals that regulate food 
intake and energy homeostasis. Science 280:1378-1383, 1998

 15.  Woods,SC, Schwartz,MW, Baskin,DG, Seeley,RJ: Food intake and the 
regulation of body weight. Annu Rev Psychol 51:255-277, 2000

 16.  Woods,SC, Seeley,RJ: Insulin as an adiposity signal. Int J Obes Relat Metab 

CH7.indd   158 17-4-2013   14:20:11



7

159

General discussion &  future perspectives. CHAPTER 7

Disord 25 Suppl 5:S35-S38, 2001
 17.  Benedict,C, Kern,W, Schultes,B, Born,J, Hallschmid,M: Differential 

sensitivity of men and women to anorexigenic and memory-improving 
effects of intranasal insulin. J Clin Endocrinol Metab 93:1339-1344, 2008

 18.  Hallschmid,M, Benedict,C, Born,J, Fehm,HL, Kern,W: Manipulating 
central nervous mechanisms of food intake and body weight regulation 
by intranasal administration of neuropeptides in man. Physiol Behav 
83:55-64, 2004

 19.  Hallschmid,M, Benedict,C, Schultes,B, Fehm,HL, Born,J, Kern,W: 
Intranasal insulin reduces body fat in men but not in women. Diabetes 
53:3024-3029, 2004

 20.  Hallschmid,M, Higgs,S, Thienel,M, Ott,V, Lehnert,H: Postprandial 
administration of intranasal insulin intensifies satiety and reduces 
intake of palatable snacks in women. Diabetes 61:782-789, 2012

 21.  Jauch-Chara,K, Friedrich,A, Rezmer,M, Melchert,UH, Scholand-Engler,G, 
Hallschmid,M, Oltmanns,KM: Intranasal Insulin Suppresses Food Intake 
via Enhancement of Brain Energy Levels in Humans. Diabetes 2012

 22.  Kullmann,S, Frank,S, Heni,M, Ketterer,C, Veit,R, Haring,HU, Fritsche,A, 
Preissl,H: Intranasal Insulin Modulates Intrinsic Reward and Prefrontal 
Circuitry of the Human Brain in Lean Women. Neuroendocrinology 2012

 23.  Sokoloff,L, Reivich,M, Kennedy,C, Des Rosiers,MH, Patlak,CS, 
Pettigrew,KD, Sakurada,O, Shinohara,M: The [14C]deoxyglucose method 
for the measurement of local cerebral glucose utilization: theory, 
procedure, and normal values in the conscious and anesthetized albino 
rat. J Neurochem 28:897-916, 1977

 24.  Wienhard,K, Pawlik,G, Herholz,K, Wagner,R, Heiss,WD: Estimation of 
local cerebral glucose utilization by positron emission tomography of 
[18F]2-fluoro-2-deoxy-D-glucose: a critical appraisal of optimization 
procedures. J Cereb Blood Flow Metab 5:115-125, 1985

 25.  Harms,HJ, Knaapen,P, de,HS, Halbmeijer,R, Lammertsma,AA, 
Lubberink,M: Automatic generation of absolute myocardial blood flow 
images using [15O]H2O and a clinical PET/CT scanner. Eur J Nucl Med 
Mol Imaging 38:930-939, 2011

 26.  Mourik,JE, van Velden,FH, Lubberink,M, Kloet,RW, van Berckel,BN, 
Lammertsma,AA, Boellaard,R: Image derived input functions for 
dynamic High Resolution Research Tomograph PET brain studies. 
Neuroimage 43:676-686, 2008

 27.  Mourik,JE, Lubberink,M, Klumpers,UM, Comans,EF, Lammertsma,AA, 
Boellaard,R: Partial volume corrected image derived input functions 
for dynamic PET brain studies: methodology and validation for [11C]
flumazenil. Neuroimage 39:1041-1050, 2008

 28.  Mourik,JE, Lubberink,M, Schuitemaker,A, Tolboom,N, van Berckel,BN, 
Lammertsma,AA, Boellaard,R: Image-derived input functions for PET 
brain studies. Eur J Nucl Med Mol Imaging 36:463-471, 2009

 29.  Mourik,JE, Lubberink,M, Lammertsma,AA, Boellaard,R: Image derived 

CH7.indd   159 17-4-2013   14:20:11



160

CHAPTER 7. General discussion &  future perspectives

input functions: effects of motion on tracer kinetic analyses. Mol Imaging 
Biol 13:25-31, 2011

 30.  Ziegler,D: Cerebral glucose metabolism in type 1 diabetic patients. 
Diabet Med 11: 205-209, 1994

 31.  Gutniak,M, Blomqvist,G, Widen,L, Stone-Elander,S, Hamberger,B, Grill,V: 
D-[U-11C]glucose uptake and metabolism in the brain of insulin-
dependent diabetic subjects. Am J Physiol 258:E805-E812, 1990

 32.  Fanelli,CG, Dence,CS, Markham,J, Videen,TO, Paramore,DS, Cryer,PE, 
Powers,WJ: Blood-to-brain glucose transport and cerebral glucose 
metabolism are not reduced in poorly controlled type 1 diabetes. 
Diabetes 47:1444-1450, 1998

 33.  Duckrow,RB, Beard,DC, Brennan,RW: Regional cerebral blood flow 
decreases during chronic and acute hyperglycemia. Stroke 18:52-58, 
1987

 34.  Jimenez-Bonilla,JF, Quirce,R, Hernandez,A, Vallina,NK, Guede,C, 
Banzo,I, Amado,JA, Carril,JM: Assessment of cerebral perfusion and 
cerebrovascular reserve in insulin-dependent diabetic patients without 
central neurological symptoms by means of 99mTc-HMPAO SPET with 
acetazolamide. Eur J Nucl Med 28:1647-1655, 2001

 35.  Quirce,R, Carril,JM, Jimenez-Bonilla,JF, Amado,JA, Gutierrez-
Mendiguchia,C, Banzo,I, Blanco,I, Uriarte,I, Montero,A: Semi-quantitative 
assessment of cerebral blood flow with 99mTc-HMPAO SPET in type I 
diabetic patients with no clinical history of cerebrovascular disease. Eur 
J Nucl Med 24:1507-1513, 1997

 36.  Salem,MA, Matta,LF, Tantawy,AA, Hussein,M, Gad,GI: Single photon 
emission tomography (SPECT) study of regional cerebral blood flow 
in normoalbuminuric children and adolescents with type 1 diabetes. 
Pediatr Diabetes 3:155-162, 2002

 37.  Avogaro,A, Nosadini,R, Doria,A, Tremolada,C, Baccaglini,U, Ambrosio,F, 
Merkel,C, Nosadini,A, Trevisan,R, Fioretto,P: Substrate availability 
other than glucose in the brain during euglycemia and insulin-induced 
hypoglycemia in dogs. Metabolism 39:46-50, 1990

 38.  Boumezbeur,F, Petersen,KF, Cline,GW, Mason,GF, Behar,KL, Shulman,GI, 
Rothman,DL: The contribution of blood lactate to brain energy 
metabolism in humans measured by dynamic 13C nuclear magnetic 
resonance spectroscopy. J Neurosci 30:13983-13991, 2010

 39.  Grill,V, Gutniak,M, Bjorkman,O, Lindqvist,M, Stone-Elander,S, 
Seitz,RJ, Blomqvist,G, Reichard,P, Widen,L: Cerebral blood flow and 
substrate utilization in insulin-treated diabetic subjects. Am J Physiol 
258:E813-E820, 1990

 40.  Mans,AM, DeJoseph,MR, Davis,DW, Hawkins,RA: Brain energy 
metabolism in streptozotocin-diabetes. Biochem J 249:57-62, 1988

 41.  Smith,D, Pernet,A, Hallett,WA, Bingham,E, Marsden,PK, Amiel,SA: 
Lactate: a preferred fuel for human brain metabolism in vivo. J Cereb 
Blood Flow Metab 23:658-664, 2003

CH7.indd   160 17-4-2013   14:20:11



7

161

General discussion &  future perspectives. CHAPTER 7

 42.  Clark,MG: Impaired microvascular perfusion: a consequence of vascular 
dysfunction and a potential cause of insulin resistance in muscle. Am J 
Physiol Endocrinol Metab 295:E732-E750, 2008

 43.  Rattigan,S, Clark,MG, Barrett,EJ: Acute vasoconstriction-induced insulin 
resistance in rat muscle in vivo. Diabetes 48:564-569, 1999

 44.  Serne,EH, IJzerman,RG, Gans,RO, Nijveldt,R, De,VG, Evertz,R, Donker,AJ, 
Stehouwer,CD: Direct evidence for insulin-induced capillary recruitment 
in skin of healthy subjects during physiological hyperinsulinemia. 
Diabetes 51:1515-1522, 2002

 45.  Katakam,PV, Domoki,F, Lenti,L, Gaspar,T, Institoris,A, Snipes,JA, 
Busija,DW: Cerebrovascular responses to insulin in rats. J Cereb Blood 
Flow Metab 29:1955-1967, 2009

 46.  Eckert,B, Ryding,E, Agardh,CD: The cerebral vascular response to a rapid 
decrease in blood glucose to values above normal in poorly controlled 
type 1 (insulin-dependent) diabetes mellitus. Diabetes Res Clin Pract 
27:221-227, 1995

 47.  Tallroth,G, Ryding,E, Agardh,CD: The influence of hypoglycaemia on 
regional cerebral blood flow and cerebral volume in type 1 (insulin-
dependent) diabetes mellitus. Diabetologia 36:530-535, 1993

 48.  Goebel-Fabbri,AE: Diabetes and eating disorders. J Diabetes Sci Technol 
2:530-532, 2008

 49.  Goodwin,RD, Hoven,CW, Spitzer,RL: Diabetes and eating disorders in 
primary care. Int J Eat Disord 33:85-91, 2003

 50.  Herpertz,S, Albus,C, Wagener,R, Kocnar,M, Wagner,R, Henning,A, Best,F, 
Foerster,H, Schulze,SB, Thomas,W, Kohle,K, Mann,K, Senf,W: Comorbidity 
of diabetes and eating disorders. Does diabetes control reflect disturbed 
eating behavior? Diabetes Care 21:1110-1116, 1998

 51.  Herpertz,S, Wagener,R, Albus,C, Kocnar,M, Wagner,R, Best,F, 
Schleppinghoff,BS, Filz,HP, Forster,K, Thomas,W, Mann,K, Kohle,K, 
Senf,W: Diabetes mellitus and eating disorders: a multicenter study on 
the comorbidity of the two diseases. J Psychosom Res 44:503-515, 1998

 52.  Mannucci,E, Rotella,F, Ricca,V, Moretti,S, Placidi,GF, Rotella,CM: Eating 
disorders in patients with type 1 diabetes: a meta-analysis. J Endocrinol 
Invest 28:417-419, 2005

 53.  Ryan,M, Gallanagh,J, Livingstone,MB, Gaillard,C, Ritz,P: The prevalence 
of abnormal eating behaviour in a representative sample of the French 
diabetic population. Diabetes Metab 34:581-586, 2008

 54.  Cohen,ER, Ugurbil,K, Kim,SG: Effect of basal conditions on the magnitude 
and dynamics of the blood oxygenation level-dependent fMRI response. 
J Cereb Blood Flow Metab 22:1042-1053, 2002

 55.  Kim,SG, Ogawa,S: Biophysical and physiological origins of blood 
oxygenation level-dependent fMRI signals. J Cereb Blood Flow Metab 
32:1188-1206, 2012

 56.  Lu,H, Zhao,C, Ge,Y, Lewis-Amezcua,K: Baseline blood oxygenation 
modulates response amplitude: Physiologic basis for intersubject 

CH7.indd   161 17-4-2013   14:20:11



162

CHAPTER 7. General discussion &  future perspectives

variations in functional MRI signals. Magn Reson Med 60:364-372, 2008
 57.  Chapman,TM, Perry,CM: Insulin detemir: a review of its use in the 

management of type 1 and 2 diabetes mellitus. Drugs 64:2577-2595, 
2004

 58.  Fritsche,A, Haring,H: At last, a weight neutral insulin? Int J Obes Relat 
Metab Disord 28 Suppl 2:S41-S46, 2004

 59.  Hermansen,K, Davies,M: Does insulin detemir have a role in reducing 
risk of insulin-associated weight gain? Diabetes Obes Metab 9:209-217, 
2007

 60.  Home,P, Kurtzhals,P: Insulin detemir: from concept to clinical experience. 
Expert Opin Pharmacother 7:325-343, 2006

 61.  Hordern,SV, Russell-Jones,DL: Insulin detemir, does a new century bring 
a better basal insulin? Int J Clin Pract 59:730-739, 2005

 62.  Monami,M, Marchionni,N, Mannucci,E: Long-acting insulin analogues vs. 
NPH human insulin in type 1 diabetes. A meta-analysis. Diabetes Obes 
Metab 11:372-378, 2009

 63.  Morales,J: Defining the role of insulin detemir in Basal insulin therapy. 
Drugs 67:2557-2584, 2007

 64.  Russell-Jones,D, Khan,R: Insulin-associated weight gain in diabetes--
causes, effects and coping strategies. Diabetes Obes Metab 9:799-812, 
2007

 65.  Russell-Jones,DL: Insulin detemir and basal insulin therapy. Endocrinol 
Metab Clin North Am 36 Suppl 1:7-13, 2007

 66.  De,L, I, Vague,P, Selam,JL, Skeie,S, Lang,H, Draeger,E, Elte,JW: Insulin 
detemir used in basal-bolus therapy in people with type 1 diabetes is 
associated with a lower risk of nocturnal hypoglycaemia and less weight 
gain over 12 months in comparison to NPH insulin. Diabetes Obes Metab 
7:73-82, 2005

 67.  Haak,T, Tiengo,A, Draeger,E, Suntum,M, Waldhausl,W: Lower within-
subject variability of fasting blood glucose and reduced weight gain 
with insulin detemir compared to NPH insulin in patients with type 2 
diabetes. Diabetes Obes Metab 7:56-64, 2005

 68.  Hermansen,K, Fontaine,P, Kukolja,KK, Peterkova,V, Leth,G, Gall,MA: 
Insulin analogues (insulin detemir and insulin aspart) versus traditional 
human insulins (NPH insulin and regular human insulin) in basal-bolus 
therapy for patients with type 1 diabetes. Diabetologia 47:622-629, 
2004

 69.  Home,P, Bartley,P, Russell-Jones,D, Hanaire-Broutin,H, Heeg,JE, Abrams,P, 
Landin-Olsson,M, Hylleberg,B, Lang,H, Draeger,E: Insulin detemir offers 
improved glycemic control compared with NPH insulin in people with 
type 1 diabetes: a randomized clinical trial. Diabetes Care 27:1081-1087, 
2004

 70.  Vague,P, Selam,JL, Skeie,S, De,L, I, Elte,JW, Haahr,H, Kristensen,A, 
Draeger,E: Insulin detemir is associated with more predictable glycemic 
control and reduced risk of hypoglycemia than NPH insulin in patients 

CH7.indd   162 17-4-2013   14:20:11



7

163

General discussion &  future perspectives. CHAPTER 7

with type 1 diabetes on a basal-bolus regimen with premeal insulin 
aspart. Diabetes Care 26:590-596, 2003

 71.  Kolendorf,K, Ross,GP, Pavlic-Renar,I, Perriello,G, Philotheou,A, Jendle,J, 
Gall,MA, Heller,SR: Insulin detemir lowers the risk of hypoglycaemia and 
provides more consistent plasma glucose levels compared with NPH 
insulin in Type 1 diabetes. Diabet Med 23:729-735, 2006

 72.  Raslova,K, Bogoev,M, Raz,I, Leth,G, Gall,MA, Hancu,N: Insulin detemir 
and insulin aspart: a promising basal-bolus regimen for type 2 diabetes. 
Diabetes Res Clin Pract 66:193-201, 2004

 73.  Russell-Jones,D, Simpson,R, Hylleberg,B, Draeger,E, Bolinder,J: Effects 
of QD insulin detemir or neutral protamine Hagedorn on blood glucose 
control in patients with type I diabetes mellitus using a basal-bolus 
regimen. Clin Ther 26:724-736, 2004

 74.  Pieber,TR, Draeger,E, Kristensen,A, Grill,V: Comparison of three multiple 
injection regimens for Type 1 diabetes: morning plus dinner or bedtime 
administration of insulin detemir vs. morning plus bedtime NPH insulin. 
Diabet Med 22:850-857, 2005

 75.  Standl,E, Lang,H, Roberts,A: The 12-month efficacy and safety of insulin 
detemir and NPH insulin in basal-bolus therapy for the treatment of 
type 1 diabetes. Diabetes Technol Ther 6:579-588, 2004

 76.  Riddle,MC, Rosenstock,J, Gerich,J: The treat-to-target trial: randomized 
addition of glargine or human NPH insulin to oral therapy of type 2 
diabetic patients. Diabetes Care 26:3080-3086, 2003

 77.  Davies,MJ, Derezinski,T, Pedersen,CB, Clauson,P: Reduced weight gain 
with insulin detemir compared to NPH insulin is not explained by a 
reduction in hypoglycemia. Diabetes Technol Ther 10:273-277, 2008

 78.  Hordern,SV, Wright,JE, Umpleby,AM, Shojaee-Moradie,F, Amiss,J, Russell-
Jones,DL: Comparison of the effects on glucose and lipid metabolism 
of equipotent doses of insulin detemir and NPH insulin with a 16-h 
euglycaemic clamp. Diabetologia 48:420-426, 2005

 79.  Plank,J, Bodenlenz,M, Sinner,F, Magnes,C, Gorzer,E, Regittnig,W, 
Endahl,LA, Draeger,E, Zdravkovic,M, Pieber,TR: A double-blind, 
randomized, dose-response study investigating the pharmacodynamic 
and pharmacokinetic properties of the long-acting insulin analog 
detemir. Diabetes Care 28:1107-1112, 2005

 80.  Zachariah,S, Sheldon,B, Shojaee-Moradie,F, Jackson,NC, Backhouse,K, 
Johnsen,S, Jones,RH, Umpleby,AM, Russell-Jones,DL: Insulin detemir 
reduces weight gain as a result of reduced food intake in patients with 
type 1 diabetes. Diabetes Care 34:1487-1491, 2011

 81.  DelParigi,A, Chen,K, Salbe,AD, Hill,JO, Wing,RR, Reiman,EM, Tataranni,PA: 
Persistence of abnormal neural responses to a meal in postobese 
individuals. Int J Obes Relat Metab Disord 28:370-377, 2004

 82.  DelParigi,A, Chen,K, Salbe,AD, Hill,JO, Wing,RR, Reiman,EM, Tataranni,PA: 
Successful dieters have increased neural activity in cortical areas 
involved in the control of behavior. Int J Obes (Lond) 31:440-448, 2007

CH7.indd   163 17-4-2013   14:20:11



164

CHAPTER 7. General discussion &  future perspectives

 83.  Cranston,I, Marsden,P, Matyka,K, Evans,M, Lomas,J, Sonksen,P, Maisey,M, 
Amiel,SA: Regional differences in cerebral blood flow and glucose 
utilization in diabetic man: the effect of insulin. J Cereb Blood Flow Metab 
18:130-140, 1998

 84.  Hasselbalch,SG, Knudsen,GM, Videbaek,C, Pinborg,LH, Schmidt,JF, 
Holm,S, Paulson,OB: No effect of insulin on glucose blood-brain barrier 
transport and cerebral metabolism in humans. Diabetes 48:1915-1921, 
1999

 85.  Hom,FG, Goodner,CJ, Berrie,MA: A [3H]2-deoxyglucose method for 
comparing rates of glucose metabolism and insulin responses among 
rat tissues in vivo. Validation of the model and the absence of an insulin 
effect on brain. Diabetes 33:141-152, 1984

 86.  Brant,AM, Jess,TJ, Milligan,G, Brown,CM, Gould,GW: Immunological 
analysis of glucose transporters expressed in different regions of the 
rat brain and central nervous system. Biochem Biophys Res Commun 
192:1297-1302, 1993

 87.  McCall,AL, van Bueren,AM, Huang,L, Stenbit,A, Celnik,E, Charron,MJ: 
Forebrain endothelium expresses GLUT4, the insulin-responsive glucose 
transporter. Brain Res 744:318-326, 1997

 88.  Mueckler,M: Facilitative glucose transporters. Eur J Biochem 219:713-
725, 1994

 89.  Ngarmukos,C, Baur,EL, Kumagai,AK: Co-localization of GLUT1 and 
GLUT4 in the blood-brain barrier of the rat ventromedial hypothalamus. 
Brain Res 900:1-8, 2001

 90.  Rayner,DV, Thomas,ME, Trayhurn,P: Glucose transporters (GLUTs 1-4) 
and their mRNAs in regions of the rat brain: insulin-sensitive transporter 
expression in the cerebellum. Can J Physiol Pharmacol 72:476-479, 1994

 91.  Bingham,EM, Hopkins,D, Smith,D, Pernet,A, Hallett,W, Reed,L, 
Marsden,PK, Amiel,SA: The role of insulin in human brain glucose 
metabolism: an 18fluoro-deoxyglucose positron emission tomography 
study. Diabetes 51:3384-3390, 2002

 92.  Hirvonen,J, Virtanen,KA, Nummenmaa,L, Hannukainen,JC, Honka,MJ, 
Bucci,M, Nesterov,SV, Parkkola,R, Rinne,J, Iozzo,P, Nuutila,P: Effects 
of insulin on brain glucose metabolism in impaired glucose tolerance. 
Diabetes 60:443-447, 2011

 93.  Anthony,K, Reed,LJ, Dunn,JT, Bingham,E, Hopkins,D, Marsden,PK, 
Amiel,SA: Attenuation of insulin-evoked responses in brain networks 
controlling appetite and reward in insulin resistance: the cerebral basis 
for impaired control of food intake in metabolic syndrome? Diabetes 
55:2986-2992, 2006

 94.  Bartlett,EJ, Brodie,JD, Wolf,AP, Christman,DR, Laska,E, Meissner,M: 
Reproducibility of cerebral glucose metabolic measurements in resting 
human subjects. J Cereb Blood Flow Metab 8:502-512, 1988

 95.  Frackowiak,RS, Lenzi,GL, Jones,T, Heather,JD: Quantitative measurement 
of regional cerebral blood flow and oxygen metabolism in man using 

CH7.indd   164 17-4-2013   14:20:11



7

165

General discussion &  future perspectives. CHAPTER 7

15O and positron emission tomography: theory, procedure, and normal 
values. J Comput Assist Tomogr 4:727-736, 1980

 96.  Lammertsma,AA, Cunningham,VJ, Deiber,MP, Heather,JD, Bloomfield,PM, 
Nutt,J, Frackowiak,RS, Jones,T: Combination of dynamic and integral 
methods for generating reproducible functional CBF images. J Cereb 
Blood Flow Metab 10:675-686, 1990

 97.  Murdaugh,DL, Cox,JE, Cook,EW, III, Weller,RE: fMRI reactivity to high-
calorie food pictures predicts short- and long-term outcome in a weight-
loss program. Neuroimage 59:2709-2721, 2012

 98.  Yokum,S, Ng,J, Stice,E: Attentional bias to food images associated with 
elevated weight and future weight gain: an FMRI study. Obesity (Silver 
Spring) 19:1775-1783, 2011

 99.  Hennige,AM, Sartorius,T, Tschritter,O, Preissl,H, Fritsche,A, Ruth,P, 
Haring,HU: Tissue selectivity of insulin detemir action in vivo. 
Diabetologia 49:1274-1282, 2006

 100.  Tschritter,O, Hennige,AM, Preissl,H, Porubska,K, Schafer,SA, 
Lutzenberger,W, Machicao,F, Birbaumer,N, Fritsche,A, Haring,HU: 
Cerebrocortical beta activity in overweight humans responds to insulin 
detemir. PLoS One 2:e1196, 2007

 101.  Hallschmid,M, Jauch-Chara,K, Korn,O, Molle,M, Rasch,B, Born,J, 
Schultes,B, Kern,W: Euglycemic infusion of insulin detemir compared 
with human insulin appears to increase direct current brain potential 
response and reduces food intake while inducing similar systemic 
effects. Diabetes 59:1101-1107, 2010

 102.  Andreason,PJ, Zametkin,AJ, Guo,AC, Baldwin,P, Cohen,RM: Gender-
related differences in regional cerebral glucose metabolism in normal 
volunteers. Psychiatry Res 51:175-183, 1994

 103.  Azari,NP, Rapoport,SI, Grady,CL, DeCarli,C, Haxby,JV, Schapiro,MB, 
Horwitz,B: Gender differences in correlations of cerebral glucose 
metabolic rates in young normal adults. Brain Res 574:198-208, 1992

 104.  Gur,RE, Gur,RC: Gender differences in regional cerebral blood flow. 
Schizophr Bull 16:247-254, 1990

 105.  Pletzer,B, Kronbichler,M, Ladurner,G, Nuerk,HC, Kerschbaum,H: 
Menstrual cycle variations in the BOLD-response to a number bisection 
task: implications for research on sex differences. Brain Res 1420:37-47, 
2011

 106.  Vitolins,MZ, Rand,CS, Rapp,SR, Ribisl,PM, Sevick,MA: Measuring 
adherence to behavioral and medical interventions. Control Clin Trials 
21:188S-194S, 2000

 107.  Westerterp-Plantenga,MS: Effects of extreme environments on food 
intake in human subjects. Proc Nutr Soc 58:791-798, 1999

 108.  Van,OL, McKie,S, Lassman,D, Uddin,B, Paine,P, Coen,S, Gregory,L, Tack,J, 
Aziz,Q: Fatty acid-induced gut-brain signaling attenuates neural and 
behavioral effects of sad emotion in humans. J Clin Invest 121:3094-
3099, 2011

CH7.indd   165 17-4-2013   14:20:11



166

CHAPTER 7. General discussion &  future perspectives

 109.  Ogawa,S, Lee,TM, Kay,AR, Tank,DW: Brain magnetic resonance imaging 
with contrast dependent on blood oxygenation. Proc Natl Acad Sci U S A 
87:9868-9872, 1990

 110.  Reivich,M, Kuhl,D, Wolf,A, Greenberg,J, Phelps,M, Ido,T, Casella,V, Fowler,J, 
Hoffman,E, Alavi,A, Som,P, Sokoloff,L: The [18F]fluorodeoxyglucose 
method for the measurement of local cerebral glucose utilization in man. 
Circ Res 44:127-137, 1979

 111.  Huang,SC, Phelps,ME, Hoffman,EJ, Sideris,K, Selin,CJ, Kuhl,DE: 
Noninvasive determination of local cerebral metabolic rate of glucose in 
man. Am J Physiol 238:E69-E82, 1980

 112.  Brooks,DJ, Gibbs,JS, Sharp,P, Herold,S, Turton,DR, Luthra,SK, Kohner,EM, 
Bloom,SR, Jones,T: Regional cerebral glucose transport in insulin-
dependent diabetic patients studied using [11C]3-O-methyl-D-glucose 
and positron emission tomography. J Cereb Blood Flow Metab 6:240-244, 
1986

 113.  Hasselbalch,SG, Knudsen,GM, Capaldo,B, Postiglione,A, Paulson,OB: 
Blood-brain barrier transport and brain metabolism of glucose during 
acute hyperglycemia in humans. J Clin Endocrinol Metab 86:1986-1990, 
2001

 114.  Suda,S, Shinohara,M, Miyaoka,M, Lucignani,G, Kennedy,C, Sokoloff,L: The 
lumped constant of the deoxyglucose method in hypoglycemia: effects of 
moderate hypoglycemia on local cerebral glucose utilization in the rat. J 
Cereb Blood Flow Metab 10:499-509, 1990

 115.  Dienel,GA, Cruz,NF, Mori,K, Holden,JE, Sokoloff,L: Direct measurement 
of the lambda of the lumped constant of the deoxyglucose method in 
rat brain: determination of lambda and lumped constant from tissue 
glucose concentration or equilibrium brain/plasma distribution ratio 
for methylglucose. J Cereb Blood Flow Metab 11:25-34, 1991

 116.  Schuier,F, Orzi,F, Suda,S, Lucignani,G, Kennedy,C, Sokoloff,L: Influence of 
plasma glucose concentration on lumped constant of the deoxyglucose 
method: effects of hyperglycemia in the rat. J Cereb Blood Flow Metab 
10:765-773, 1990

 117.  Reivich,M, Alavi,A, Wolf,A, Fowler,J, Russell,J, Arnett,C, MacGregor,RR, 
Shiue,CY, Atkins,H, Anand,A, .: Glucose metabolic rate kinetic model 
parameter determination in humans: the lumped constants and rate 
constants for [18F]fluorodeoxyglucose and [11C]deoxyglucose. J Cereb 
Blood Flow Metab 5:179-192, 1985

 118.  Walker,MD, Feldmann,M, Matthews,JC, nton-Rodriguez,JM, Wang,S, 
Koepp,MJ, Asselin,MC: Optimization of methods for quantification of 
rCBF using high-resolution [(15)O]H(2)O PET images. Phys Med Biol 
57:2251-2271, 2012

 119.  Herscovitch,P, Raichle,ME: What is the correct value for the brain--blood 
partition coefficient for water? J Cereb Blood Flow Metab 5:65-69, 1985

 120.  Lammertsma,AA, Martin,AJ, Friston,KJ, Jones,T: In vivo measurement of 
the volume of distribution of water in cerebral grey matter: effects on 

CH7.indd   166 17-4-2013   14:20:11



7

167

General discussion &  future perspectives. CHAPTER 7

the calculation of regional cerebral blood flow. J Cereb Blood Flow Metab 
12:291-295, 1992

 121.  Chen,JJ, Wieckowska,M, Meyer,E, Pike,GB: Cerebral blood flow 
measurement using fMRI and PET: a cross-validation study. Int J Biomed 
Imaging 2008:516359, 2008

 122.  Conroy,DA, Spielman,AJ, Scott,RQ: Daily rhythm of cerebral blood flow 
velocity. J Circadian Rhythms 3:3, 2005

 123.  Wauschkuhn,CA, Witte,K, Gorbey,S, Lemmer,B, Schilling,L: Circadian 
periodicity of cerebral blood flow revealed by laser-Doppler flowmetry 
in awake rats: relation to blood pressure and activity. Am J Physiol Heart 
Circ Physiol 289:H1662-H1668, 2005

 124.  Yan,H, Shan,Y, Huang,W, Bai,Y, Zhang,Q: [Effect of body position changes 
and circadian rhythm on cerebral blood flow velocity]. Space Med Med 
Eng (Beijing) 10:421-424, 1997

 125.  Diamant,M, Harms,MP, Immink,RV, van Lieshout,JJ, Van Montfrans,GA: 
Twenty-four-hour non-invasive monitoring of systemic haemodynamics 
and cerebral blood flow velocity in healthy humans. Acta Physiol Scand 
175:1-9, 2002

 126.  Baura,GD, Foster,DM, Porte,D, Jr., Kahn,SE, Bergman,RN, Cobelli,C, 
Schwartz,MW: Saturable transport of insulin from plasma into the 
central nervous system of dogs in vivo. A mechanism for regulated 
insulin delivery to the brain. J Clin Invest 92:1824-1830, 1993

 127.  Wallum,BJ, Taborsky,GJ, Jr., Porte,D, Jr., Figlewicz,DP, Jacobson,L, Beard,JC, 
Ward,WK, Dorsa,D: Cerebrospinal fluid insulin levels increase during 
intravenous insulin infusions in man. J Clin Endocrinol Metab 64:190-
194, 1987

 128.  Begg,DP, Woods,SC: The central insulin system and energy balance. 
Handb Exp Pharmacol111-129, 2012

 129.  Baskin,DG, Woods,SC, West,DB, van,HM, Posner,BI, Dorsa,DM, Porte,D, 
Jr.: Immunocytochemical detection of insulin in rat hypothalamus and 
its possible uptake from cerebrospinal fluid. Endocrinology 113:1818-
1825, 1983

 130.  Marks,JL, Porte,D, Jr., Stahl,WL, Baskin,DG: Localization of insulin 
receptor mRNA in rat brain by in situ hybridization. Endocrinology 
127:3234-3236, 1990

 131.  van,HM, Posner,BI, Kopriwa,BM, Brawer,JR: Insulin-binding sites in 
the rat brain: in vivo localization to the circumventricular organs by 
quantitative radioautography. Endocrinology 105:666-673, 1979

 132.  van,HM, Posner,BI, Kopriwa,BM, Brawer,JR: Insulin binding sites localized 
to nerve terminals in rat median eminence and arcuate nucleus. Science 
207:1081-1083, 1980

 133.  Schwartz,MW, Marks,JL, Sipols,AJ, Baskin,DG, Woods,SC, Kahn,SE, 
Porte,D, Jr.: Central insulin administration reduces neuropeptide Y 
mRNA expression in the arcuate nucleus of food-deprived lean (Fa/Fa) 
but not obese (fa/fa) Zucker rats. Endocrinology 128:2645-2647, 1991

CH7.indd   167 17-4-2013   14:20:11



168

CHAPTER 7. General discussion &  future perspectives

 134.  Banks,WA, Morley,JE, Lynch,JL, Lynch,KM, Mooradian,AD: Insulin 
detemir is not transported across the blood-brain barrier. Peptides 
31:2284-2288, 2010

 135.  Bromander,S, Anckarsater,R, Ahren,B, Kristiansson,M, Blennow,K, 
Holmang,A, Zetterberg,H, Anckarsater,H, Wass,CE: Cerebrospinal fluid 
insulin during non-neurological surgery. J Neural Transm 117:1167-
1170, 2010

 136.  Lavinio,A, Czosnyka,Z, Czosnyka,M: Cerebrospinal fluid dynamics: 
disturbances and diagnostics. Eur J Anaesthesiol Suppl 42:137-141, 2008

 137.  Havrankova,J, Roth,J, Brownstein,MJ: Concentrations of insulin and 
insulin receptors in the brain are independent of peripheral insulin 
levels. Studies of obese and streptozotocin-treated rodents. J Clin Invest 
64:636-642, 1979

 138.  Havrankova,J, Brownstein,M, Roth,J: Insulin and insulin receptors in 
rodent brain. Diabetologia 20 Suppl:268-273, 1981

 139.  Le,RD, Hendricks,SA, Lesniak,MA, Rishi,S, Becker,KL, Havrankova,J, 
Rosenzweig,JL, Brownstein,MJ, Roth,J: Insulin in brain and other 
extrapancreatic tissues of vertebrates and nonvertebrates. Adv Metab 
Disord 10:303-340, 1983

 140.  Yalow,RS, Eng,J: Insulin in the central nervous system. Adv Metab Disord 
10:341-354, 1983

 141.  Banks,WA: The source of cerebral insulin. Eur J Pharmacol 490:5-12, 
2004

 142.  Coker,GT, III, Studelska,D, Harmon,S, Burke,W, O’Malley,KL: Analysis of 
tyrosine hydroxylase and insulin transcripts in human neuroendocrine 
tissues. Brain Res Mol Brain Res 8:93-98, 1990

 143.  Schwartz,MW, Bergman,RN, Kahn,SE, Taborsky,GJ, Jr., Fisher,LD, 
Sipols,AJ, Woods,SC, Steil,GM, Porte,D, Jr.: Evidence for entry of plasma 
insulin into cerebrospinal fluid through an intermediate compartment 
in dogs. Quantitative aspects and implications for transport. J Clin Invest 
88:1272-1281, 1991

 144.  Banks,WA, Jaspan,JB, Huang,W, Kastin,AJ: Transport of insulin across the 
blood-brain barrier: saturability at euglycemic doses of insulin. Peptides 
18:1423-1429, 1997

 145.  Banks,WA, Jaspan,JB, Kastin,AJ: Selective, physiological transport of 
insulin across the blood-brain barrier: novel demonstration by species-
specific radioimmunoassays. Peptides 18:1257-1262, 1997

 146.  Banks,WA, Kastin,AJ: Differential permeability of the blood-brain barrier 
to two pancreatic peptides: insulin and amylin. Peptides 19:883-889, 
1998

 147.  Banks,WA, Kastin,AJ, Pan,W: Uptake and degradation of blood-borne 
insulin by the olfactory bulb. Peptides 20:373-378, 1999

 148.  Clegg,DJ, Riedy,CA, Smith,KA, Benoit,SC, Woods,SC: Differential 
sensitivity to central leptin and insulin in male and female rats. Diabetes 
52:682-687, 2003

CH7.indd   168 17-4-2013   14:20:11



7

169

General discussion &  future perspectives. CHAPTER 7

 149.  Batterham,RL, ffytche,DH, Rosenthal,JM, Zelaya,FO, Barker,GJ, Withers,DJ, 
Williams,SC: PYY modulation of cortical and hypothalamic brain areas 
predicts feeding behaviour in humans. Nature 450:106-109, 2007

 150.  Born,JM, Lemmens,SG, Martens,MJ, Formisano,E, Goebel,R, Westerterp-
Plantenga,MS: Differences between liking and wanting signals in the 
human brain and relations with cognitive dietary restraint and body 
mass index. Am J Clin Nutr 94:392-403, 2011

 151.  Cornier,MA, Salzberg,AK, Endly,DC, Bessesen,DH, Rojas,DC, Tregellas,JR: 
The effects of overfeeding on the neuronal response to visual food cues 
in thin and reduced-obese individuals. PLoS One 4:e6310, 2009

 152.  Wang,GJ, Volkow,ND, Logan,J, Pappas,NR, Wong,CT, Zhu,W, Netusil,N, 
Fowler,JS: Brain dopamine and obesity. Lancet 357:354-357, 2001

 153.  Huang,WS, Huang,SY, Ho,PS, Ma,KH, Huang,YY, Yeh,CB, Liu,RS, Cheng,CY, 
Shiue,CY: PET imaging of the brain serotonin transporters (SERT) 
with N,N-dimethyl-2-(2-amino-4-[18F]fluorophenylthio)benzylamine 
(4-[18F]-ADAM) in humans: a preliminary study. Eur J Nucl Med Mol 
Imaging 40:115-124, 2013

 154.  Bailer,UF, Frank,GK, Price,JC, Meltzer,CC, Becker,C, Mathis,CA, Wagner,A, 
Barbarich-Marsteller,NC, Bloss,CS, Putnam,K, Schork,NJ, Gamst,A, 
Kaye,WH: Interaction between serotonin transporter and dopamine 
D2/D3 receptor radioligand measures is associated with harm avoidant 
symptoms in anorexia and bulimia nervosa. Psychiatry Res 2012

 155.  Schain,M, Toth,M, Cselenyi,Z, Arakawa,R, Halldin,C, Farde,L, Varrone,A: 
Improved mapping and quantification of serotonin transporter 
availability in the human brainstem with the HRRT. Eur J Nucl Med Mol 
Imaging 40:228-237, 2013

 156.  van de Giessen,E, la Fleur,SE, Eggels,L, de,BK, van den Brink,W, Booij,J: 
High fat/carbohydrate ratio but not total energy intake induces lower 
striatal dopamine D(2/3) receptor availability in diet-induced obesity. 
Int J Obes (Lond) 2012

 157.  Musen,G, Jacobson,AM, Ryan,CM, Cleary,PA, Waberski,BH, Weinger,K, 
Dahms,W, Bayless,M, Silvers,N, Harth,J, White,N: Impact of diabetes and 
its treatment on cognitive function among adolescents who participated 
in the Diabetes Control and Complications Trial. Diabetes Care 31:1933-
1938, 2008

 158.  Ryan,CM, Geckle,MO, Orchard,TJ: Cognitive efficiency declines over time 
in adults with Type 1 diabetes: effects of micro- and macrovascular 
complications. Diabetologia 46:940-948, 2003

 159.  Ryan,CM: Diabetes and brain damage: more (or less) than meets the 
eye? Diabetologia 49:2229-2233, 2006

 160.  van,DE, Klein,M, Schoonenboom,NS, Hoogma,RP, Moll,AC, Snoek,FJ, 
Stam,CJ, Diamant,M: Functional brain connectivity and neurocognitive 
functioning in patients with long-standing type 1 diabetes with and 
without microvascular complications: a magnetoencephalography 
study. Diabetes 58:2335-2343, 2009

CH7.indd   169 17-4-2013   14:20:11



170

CHAPTER 7. General discussion &  future perspectives

 161.  van,DE, Schoonheim,MM, Sanz-Arigita,EJ, IJzerman,RG, Moll,AC, 
Snoek,FJ, Ryan,CM, Klein,M, Diamant,M, Barkhof,F: Resting-state brain 
networks in type 1 diabetic patients with and without microangiopathy 
and their relation to cognitive functions and disease variables. Diabetes 
61:1814-1821, 2012

 162.  van,DE, Schoonheim,MM, IJzerman,RG, Klein,M, Ryan,CM, Moll,AC, 
Snoek,FJ, Barkhof,F, Diamant,M, Pouwels,PJ: Diffusion tensor imaging 
in type 1 diabetes: decreased white matter integrity relates to cognitive 
functions. Diabetologia 55:1218-1220, 2012

CH7.indd   170 17-4-2013   14:20:11



CH7.indd   171 17-4-2013   14:20:11



CH7.indd   172 17-4-2013   14:20:11


