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Stimuli, task and procedure

Physical and psychological measures Prior to fMRI scan-
ning, blood glucose levels were measured by the finger prick
method using an Accu-Check Aviva (Roche Diagnostics,
Mannheim, Germany). The weight (kg) and height (cm) of
each participant were measured wearing clothes but without
shoes to calculate BMI. Each participant’s current disposi-
tion to eat food was assessed by rating hunger on a 10 cm
visual analogue scale from not at all (scored 0) to very much
(scored 10) and participants indicated time since last meal.
HbA1c and treatment modality were obtained from the
patients’ hospital records (Table 1).

Patterns of emotional eating (desire to eat when in an
emotional state), external eating (how tempted one is by
food) and dietary restraint (how restrained one feels about

eating) were assessed using the Dutch Eating Behaviour
Questionnaire (DEBQ) [21]. Participants with diabetes
were assessed for dietary self-efficacy (DSE) [20] and for
dietary self-care activities (DSCA; dietary subscale of the
Summary of Diabetes Self-Care Activities questionnaire)
over the 7 days preceding the study [19].

Following scanning, participants rated the pictures of
foods and non-foods (described below) for valence and
arousal on a 1 (low) to 5 (high) Self-Assessment Manikin
scale [24]. The food pictures were also rated for desire to
eat (appetite) on a 5-point Likert scale ranging from 1 (not
appetising) to 5 (very appetising).

Differences between the two groups of participants con-
cerning age, BMI, blood glucose, hunger ratings, DEBQ
scores and post-scanning ratings (appetite, valence and
arousal) were calculated using a two-tailed, independent
samples Student’s t test, assuming unequal variance. We
used Matlab 7.2 (The MathWorks, Natick, MA, USA) and
SPSS15 (SPSS, Chicago, IL, USA) for statistical analysis.

fMRI experiment

Stimuli A total of 36 various food pictures and 36 non-food
visually matched (in terms of shape, complexity, brightness
and colour) control pictures were used (Fig. 1). The non-
food control pictures were images of objects not related to
food, such as plants, a car, pillow, ball and furniture. The
food pictures included images of fries, fried chicken, cakes,
salads and fresh fruit. The healthy diet recommended for
individuals with type 2 diabetes is based on decreased
sugar, fat and overall food intake. Therefore, to test whether
these factors modulate brain responses, the foods depicted
in the pictures varied in their content of fat and sugar and in
volume (portion size); these variations were quantified
using German food composition tables and validated by a
dietitian from the Diabetes Clinic at the University Hospital
Tübingen.

Experimental procedure During scanning, the food and
non-food stimuli were presented in a pseudo-random order
using an event-related design. Each stimulus was presented
for 2 s followed by an inter-stimulus interval of between 6 s
and 12 s. Each stimulus was presented once. The experiment
was split into three scanning sessions. Participants were
instructed to look carefully at each presented picture during
the scanning.

fMRI data acquisition A Siemens 1.5 T scanner (Siemens
Vision, Erlangen, Germany) equipped with a standard head-
coil was used to acquire blood oxygen level-dependent
(BOLD) contrast-weighted echo-planar images during the
functional scans. Thirty nine axial slices (4 mm thick with a

Table 1 Participant characteristics and behavioural scores

Characteristic Type 2
diabetesa

Controlsb

Age (years) 55.36±14.94 46.58±15.58
BMI (kg/m2) 32.86±4.94 30.38±4.20
Blood glucose (mmol/l) 7.70±2.2c 5.45±0.86
HbA1c (%) 7.59±1.65 NA
Duration of diabetes (years) 6.3±4.3 NA
Diabetes treatment (n) NA
Tablets alone 5
Insulin 2
Insulin + tablets 4

Time since last meal (h)
Mean 2.7±0.9 4.3±3.3
Median 2.5 3.0

Current disposition to eat
(VAS, 0–100 mm)e

5.55±4.93 7.24±8.68

DEBQ
Emotional eating 0.88±0.50 1.14±1.05
External eating 1.77±0.41 2.00±0.78
Restrained eating 2.01±0.58 1.91±0.59

DSE 55.2±25.2 NA
DSCA (z scores) −0.13±0.60 NA
Food picture ratings
Desire to eat/appetite 2.60±0.74d 3.22±0.52
Valence 2.99±0.63 3.27±0.52
Arousal 2.48±0.58 2.91±0.57

Non-food picture ratings
Valence 2.34±0.66 2.23±0.60
Arousal 1.94±0.68 1.93±0.54

Values are means±SD
NA, not applicable; VAS, visual analogue scale
a



http://www.fil.ion.ucl.ac.uk/spm


hyperglycaemia has been found not to affect the BOLD
contrast [31]. Blood glucose level was not correlated with
any of the above psychological measurements (all p values
>0.1) or with the neural response to food>non-food. BMI did
not significantly differ between groups and was not correlated
with any of the above behaviour measurements (p>0.1); it
also did not modulate brain responses to food (>no-food)
within our regions of interest.

Activation of brain regions

Across all participants, larger responses for food stimuli
than for non-food stimuli were observed in the right insula/
operculum, left OFC (and at a lower threshold of
significance [LTS] in the right OFC (MNI xyz coordinates:
[33 54 −15], z=2.62) and right basal ganglia (BG; Table 2,
Fig. 2
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Finally, in participants with type 2 diabetes, food-
specific responses in the right OFC (r=0.6) and left insula
(r=0.8) were positively correlated with DSE, i.e. confi-
dence in ability to follow the dietary recommendations for
type 2 diabetes (Table 3, ESM Fig. 2a, b). In addition,
responses in the right lateral OFC were positively correlated
with scores for DSCA (r=0.69) (Table 3, Fig. 2c), whereas
the right amygdala (r=−0.79), left putamen (r=−0.83) and
left nucleus accumbens (r=−0.78) each showed a negative
correlation with dietary self-care (Table 3, ESM Fig. 2d, e).

Discussion

Our data indicate that people with type 2 diabetes show
stronger activation to food pictures in the insula, OFC and
basal ganglia than do non-diabetic controls. In addition,
within these regions we found that the fat content of food
stimuli had a larger effect on responses in participants with
type 2 diabetes. An important finding of this study is that
this increased activation to food within the insula and OFC
correlated positively with dietary adherence, dietary self-
efficacy and with external eating. In contrast, activation in
subcortical structures, including the amygdala, caudate,
putamen and nucleus accumbens, was positively correlated
with emotional eating scores and rated appetite for the
pictured foods, and negatively correlated with dietary
adherence. Such results indicate that type 2 diabetes is
associated with changes in brain responses to food stimuli.
These changes are associated with dietary self-care activities.

Involvement of the insula and OFC and basal ganglia in
responses to food pictures reported in this study and the
correlation of this activity with rated current disposition to eat
is consistent with previous reports. The insula is a primary
gustatory area [32, 33] and is activated by the thought of
tasting food, as evoked by deprivation of food [9, 18, 34, 35].
Similarly, the OFC is well known as a secondary taste area
and is involved in the learnt integration of visual, gustatory
and olfactory inputs [32, 33, 36, 37] and shows a decline of
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One line of interpretation is that successful dietary
adherence, boosting dietary self-efficacy, depends in part
on inhibiting emotionally based eating responses to
thoughts of the sensory attractions of foods, particularly
items that reduce the healthiness of the diet because they
are high in fat or sugar. Thus, successful diet adherence
may depend on the OFC inhibiting responses to food in
subcortical structures, a role that is consistent with reports
of OFC functions (see [49, 50]). Support for such potential
inhibitory processes in diabetes comes from the finding that
the ratings for appetite for food were lower in participants
with type 2 diabetes than in the healthy group, whereas
BOLD responses to food were found to be greater in those
with type 2 diabetes in many regions of the brain. This is
readily explained by appetite for food being not limited to
the sensory and somatic motivation reflected in those
activations. Some of the social motivation for eating those
foods, especially for refusing them, is not likely to be
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