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Abstract 
Context: Behaviorally, the most pronounced effects of leptin substitution in leptin deficiency are the hunger-decreasing and postprandial satiety- 
prolonging effects of the adipokine. Previously, with functional magnetic resonance imaging (MRI), we and others showed that eating behavior– 
controlling effects are at least in part conveyed by the reward system. However, to date, it is unclear if leptin only modulates eating behavior 
specific brain reward action or if it also alters the reward function of the brain unrelated to eating behavior.
Objective: We investigated with functional MRI the effects of metreleptin on the reward system in a reward task unrelated to eating behavior, 
the monetary incentive delay task.
Design: Measurements in 4 patients with the very rare disease of lipodystrophy (LD), resulting in leptin deficiency, and 3 untreated healthy 
control persons were performed at 4 different time points: before start and over 12 weeks of metreleptin treatment. Inside the MRI scanner, 
participants performed the monetary incentive delay task and brain activity during the reward receipt phase of the trial was analyzed.
Results: We found a reward-related brain activity decrease in our 4 patients with LD over the 12 weeks of metreleptin treatment in the subgenual 
region, a brain area associated with the reward network, which was not observed in our 3 untreated healthy control persons.
Conclusions: These results suggest that leptin replacement in LD induces changes of brain activity during reward reception processing 
completely unrelated to eating behavior or food stimuli. This could suggest eating behavior-unrelated functions of leptin in the human reward 
system.
Trial registration: The trial is registered as trial No. 147/10-ek at the ethics committee of the University of Leipzig and at the State Directorate of 
Saxony (Landesdirektion Sachsen).
Key Words: leptin, lipodystrophy, reward system, monetary incentive delay task, functional MRI
Abbreviations: BMI, body mass index; HbA1c, hemoglobin A1c; LD, lipodystrophy; MIDT, monetary incentive delay task; MRI, magnetic resonance imaging; 
MNI, Montreal Neurological Institute; SPM, statistical parametric mapping. 
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The adipocyte-derived hormone leptin is an important and 
strong regulator of eating behavior [1]. As for other bodily 
hormones regulating food intake, such as glucagon-like 
peptide-1 [2] or ghrelin [3], a main site for its action on eating 
behavior is the hypothalamus. Here, hormones from the per-
iphery can enter the brain through the leaky blood–brain bar-
rier and exert their effects on the central nervous system [4]. 
The hypothalamus is considered the center of control for the 
homeostatic component of eating regulation in humans, 
which is the sum of the stimuli for food intake to satisfy the 
body’s demands for energy [5]. This homeostatic component 

is often contrasted with the hedonic component of eating be-
havior, which is the pleasure of eating in the absence of fuel 
need.

In animal models, distinct neuron populations could be 
identified that mediate homeostatic signaling and are directly 
modified by leptin: in the arcuate nucleus of the hypothal-
amus, leptin inhibits orexigenic neuropeptide Y and agouti- 
related peptide neurons [6] and activates anorexigenic 
cocaine- and amphetamine-regulated transcript and proopio-
melanocortin neurons [7]. Previously, we [8] and others [9] 
demonstrated leptin action in the human hypothalamus in 
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regulating eating behavior using functional magnetic reson-
ance imaging (MRI). In obesity, because of the increased fat 
mass resulting in high leptin blood concentrations [10], leptin 
resistance occurs. Leptin resistance leads to decreased leptin 
signaling in the hypothalamus and thus to reduced anorexi-
genic effects of leptin on eating behavior [11].

With leptin deficiency, which occurs in the rare congenital 
or acquired lipodystrophies (LD) [12] or the extremely rare 
disease congenital leptin deficiency [13], patients have in-
creased feelings of hunger and decreased duration of satiety 
after eating. Leptin substitution in these patients leads to a 
normalization of eating behavior: perceived hunger, import-
ance of eating, eating frequencies, and liking ratings of food 
pictures significantly decrease [8, 14].

However, leptin does not only seem to influence eating be-
havior by regulating the homeostatic control of eating behav-
ior through the hypothalamus. It also influences the control of 
food intake through the reward system [15, 16]. With func-
tional neuroimaging, the neural correlates in the reward net-
work and associated brain regions in leptin-deficient 
patients undergoing leptin replacement have been identified 
using tasks that activate the networks regulating eating behav-
ior [16–19]. However, it is unclear if the effects of leptin on the 
central nervous system are specific for the regulation of food 
intake or if leptin also affects reward processes when they 
are unrelated to eating behavior. In our study, we tested if me-
treleptin substitution in female patients with congenital par-
tial LD led to changes in brain activation when participants 
were performing the monetary incentive delay task (MIDT), 
a classic task leading to robust activation of the reward system 
[20]. To control for nonspecific order effects, we also per-
formed the same measurements in an untreated healthy con-
trol group.

We found a reward-related brain activity decrease in our 4 
LD patients over the 12 weeks of metreleptin treatment, which 
did not occur in our 3 untreated healthy control persons, in the 
subgenual region, a brain area associated with the reward net-
work. This could suggest leptin induced changes of brain ac-
tivity during reward reception processing, which are 
completely unrelated to eating behavior or food stimuli.

Research Design and Methods
LD Patients
Four patients with LD (all cis-female by self-report) eligible 
for metreleptin treatment at the University Hospital Leipzig 
participated in the functional MRI study. Baseline character-
istics and laboratory data of included patients are summar-
ized in Table 1, together with data of healthy control 
persons. Inclusion criteria for leptin substitution were estab-
lished LD, age ≥5 years at baseline, insufficiently controlled 
diabetes mellitus, and/or hypertriglyceridemia despite 
adequate antihyperglycemic and lipid-lowering medication, 
respectively. Exclusion criteria included pregnancy or lacta-
tion, severe renal insufficiency, active malignant disease, pri-
mary hematologic abnormalities, infectious liver disease, 
HIV infection, and hypersensitivity to Escherichia coli–de-
rived proteins. All 4 patients had familial partial LD with 
mutations in the lamin A/C gene and were metreleptin treat-
ment naïve. They all consented to participating in the MRI 
study. Healthy control persons were selected by matching 
sex (all female), age, and body mass index (BMI) range of pa-
tients with LD.

Medication
The leptin analogue metreleptin was used for treatment. 
Metreleptin was provided by Amylin (San Diego, CA)/ 
Bristol-Myers-Squibb (Munich, Germany)/AstraZeneca 
(London, UK)/Aegerion Pharmaceuticals (Cambridge, MA), re-
spectively, and applied subcutaneously. Metreleptin was admin-
istered once daily at 5 mg independent of body weight, 
according to manufacturer’s instructions.

Experimental Design
Experiments were performed between July 2017 and March 
2020. Behavioral tests and MRI scans in patients with LD 
were performed at 4 timepoints (ie, 1 day before start of me-
treleptin supplementation [T0], and after 1 [T1], 4 [T2], and 
12 weeks [T3]) of metreleptin treatment. In healthy control 
persons, 4 measurements were conducted at the same intervals 
(Supplementary Fig. S1A [24]). Procedures at each measure-
ment day for patients with LD and healthy control persons 
were identical: participants arrived at the institution at about 
1330 hours. Questionnaires and behavioral tests were per-
formed, as detailed later. Then, a standard meal consisting 
of 20% of the daily energy requirements calculated for each 
participant was consumed. Because leptin physiologically me-
diates satiety, differences between leptin deficiency and imi-
tated physiological leptin concentrations from metreleptin 
treatment were expected to be most pronounced in the sated 
state and, therefore, the mentioned calorie amount was chos-
en to create a state of moderate satiety. We did not choose a 
higher percentage of daily energy requirements to avoid 
both a ceiling effect in extreme fullness and postprandial tired-
ness during the following functional MRI scan. At around 
1530 hours, the MRI scan was performed (Supplementary 
Fig. S1B [24]). In patients with LD, a fasting blood sample 
was taken the next morning at 8 AM.

Monetary Incentive Delay Task
The MIDT was performed inside the MRI scanner. The ex-
periment consisted of 90 trials. At the beginning of each trial, 
a cue was presented indicating the possible reward for this tri-
al. The 3 different trial categories of high reward (high; 50 
Euro cents), low reward (low; 20 Euro cents), and no reward 
(neutral; 0 Euro cents) were used, with 30 trials each. The or-
der of the 90 trials was randomized. After presentation of the 
cue (250 ms), participants would press a button as fast as they 
could when the target (a black square) appeared on the screen. 
The anticipation time between the cue and the target was 
randomized between 2250 and 2750 ms. Then, 500 ms after 
pressing the response button, the information, if they had 
pressed the button fast enough to receive the reward or not, 
and the amount gained in this trial and the total sum was dis-
played (receipt phase, 1667 ms). After an intertrial interval of 
4000 to 6000 ms (randomized), the next trial was started. The 
reaction time needed to gain the reward was automatically 
adapted during the task so that about 2/3 of the trials were 
won and 1/3 lost, of which participants were not aware. The 
initial threshold was 2750 ms and the maximum adaptation 
between 2 trials was ±500 ms. In the middle of the experi-
ment, there was a pause for rest for 60 seconds to give the par-
ticipants time to relax. The whole reward experiment lasted 
17 minutes and 20 seconds. Immediately after participants 
left the MRI scanner, the reward was paid, which was about 
14 Euros.
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After reaction time assessment, a plausibility check was per-
formed, and all trials removed that had reaction times 
<100 ms and >500 ms. Then, outliers deviating more than 
2.5 SD from the mean were excluded. A graphical check 
showed normal distribution of the data.

MRI Brain Data Acquisition
Functional brain data were obtained using functional MRI 
with a whole-body 3-T MAGNETOM Skyra scanner 
(Siemens Healthineers, Erlangen, Germany) with a 
32-channel head coil and a gradient-echo echo-planar imaging 
sequence (multiband factor 3). The following parameters were 
used: 530 functional brain volumes, acquisition matrix =  
82 × 82, and slice thickness = 2.5 mm (0.25-mm gap), result-
ing in a nominal voxel size of 2.488 × 2.488 × 2.75 mm3. 
Further imaging parameters were: 60 axial slices, repetition 
time = 2000 ms, echo time = 22 ms, flip angle = 80°, and 
bandwidth = 1795 Hz/pixel. During scanning, participants 
had to perform the MIDT described previously. Using a total 
of 530 functional volumes, the length of the functional experi-
ment was 17 minutes and 20 seconds.

MRI Data Preprocessing
All functional MRI data sets were analyzed using the CONN 
toolbox rev. 20b [25, 26] and statistical parametric mapping 
(SPM) 12 rev. 7771 [27] (Wellcome Centre for Human 
Neuroimaging, University College London, UK) with 
Matlab 9.12 rev. R2022a (The MathWorks Inc., Natick, 
MA). Preprocessing was performed using the default SPM 
pipeline within the CONN toolbox [25], including realign-
ment for motion correction, unwarping of echo-planar im-
aging to correct for distortions, slice-time correction, and 
normalization to the Montreal Neurological Institute (MNI) 
space based on the unified segmentation approach [28]. 
Normalization was performed with the default settings for re-
sampling and interpolation using a destination resolution of 
2 × 2 × 2 mm3. Thereafter, spatial filtering was applied using 
a Gaussian kernel with 10-mm full width at half maximum. 
Image preprocessing also included denoising within the 
CONN toolbox. To correct for nuisance signal fluctuations, 
a regression analysis was computed using the signal from re-
gions of cerebrospinal fluid (16 regressors) and the 

translational and rotational parameters from head move-
ments obtained by SPM 12 (24 regressors). Preprocessing 
was finalized using linear detrending and high-pass filtering 
using a cutoff frequency of 0.012 Hz to achieve a baseline 
correction.

MRI Data Statistical Analysis
For each participant and each measurement, each data set was 
further processed by least-squares parameter estimation using 
the general linear model with serially correlated observations 
(first-level analysis) [29, 30]. Two different analyses were per-
formed: “anticipation” and “reward.”

The “anticipation” analysis was aimed at checking the val-
idity of the experimental setup, the data, and the analysis pro-
cedure because of a clear hypothesis expecting brain activity 
increase with an anticipation of “high” reward in the nucleus 
accumbens. Here, we investigated brain activity differences 
right after showing the initial cue that indicated the possible 
reward for the trial. Thus, the design matrix was generated us-
ing the onsets of the initial cue of all 3 experimental condi-
tions: high, low, and neutral. Using the standard model in 
SPM12, the stimulus function (generated from the onsets) 
was convolved with a canonical hemodynamic response func-
tion [31], including its first derivative resulting in 2 columns 
for each condition. For each patient, the 4 different sessions 
T0 to T3 were merged into a single design using a fixed-effects 
model (ie, the sessions were used as 4 diagonal blocks in an ex-
tended design matrix). Parameter maps (beta images) were es-
timated and contrast images were generated by subtracting the 
conditions high-neutral. Subsequently, for each patient, a 
first-level statistical analysis was performed to assess signifi-
cant brain activity differences using an extremely conservative 
approach using a voxel threshold of P < .01 with family-wise 
error correction at the voxel level. Finally, thresholded indi-
vidual statistical maps were merged into a group result includ-
ing the overlap of all patients, which was further overlaid with 
a map showing the functional location of the nucleus accum-
bens obtained by an automated meta-analysis using 194 stud-
ies in neurosynth.org [32]. Using the key word “nucleus 
accumbens” with an association test, Z scores were obtained 
from a 2-way ANOVA testing for the presence of a non-zero 
association between term use and voxel activation. Note that 
this meta-analysis was also corrected for multiple 

Table 1. Baseline characteristics and laboratory data of the study population

Age (y) BMI (kg/m²) Education 
(school years)

Apprenticeship/university Phenotype of LD Mutation Leptin (µg/L)

Patient 1 52 28.3 10 1-y apprenticeship Partial LMNA 3.4

Patient 2 45 25.0 9 3-y apprenticeship Partial LMNA 2.3

Patient 3 26 21.0 12 3-y apprenticeship Partial LMNA 1.3

Patient 4 26 33.9 10 3-y apprenticeship Partial LMNA 3.9

Control 1 57 35.7 10 3-y apprenticeship None — 58.4a

Control 2 43 29.8 10 3-y apprenticeship None — 43.9a

Control 3 28 24.0 12 2nd year university at T0 None — 4.5a

All participants were female. Education: in Germany, school education can be done in 9 years (“Hauptschule,” lowest level), 10 years (“Realschule”), or 12/13 
years (“Gymnasium,” usually needed to be admitted to university). Leptin serum concentrations are sex, age, and BMI dependent and correlate with the 
percentage of body fat [10, 21, 22]. In patients with lipodystrophy, leptin concentrations are usually lower than in healthy persons [23]. 
Abbreviations: BMI, body mass index; LD, lipodystrophy; LMNA, lamin A/C; T0, baseline measurement, T3, measurement after 12 weeks. 
aLeptin values in healthy control persons were assessed at T3. Between T0 and T3, in healthy control persons, there was no intervention and body weight 
changes during that interval were <2 kg.
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comparisons using a false discovery rate of 0.01 and finally 
processed with a voxel threshold of Z > 10.

The second analysis “reward” was aimed at investigating 
the temporal changes of reward related brain activity with me-
treleptin administration. First-level analysis was performed 
using least-squares parameter estimation using the general lin-
ear model for each participant and each session separately. In 
contrast to the anticipation analysis described previously, the 
reward analysis comprised 5 experimental conditions depend-
ing on the initial cue for the potential reward and the actual 
reward presented in the receipt phase in the end of the trial: 
HH (reward with initial high reward cue); LL (reward with 
initial low reward cue); HN (no reward with initial high re-
ward cue); LN (no reward with initial low reward cue), and 
NN (no reward with initial neutral cue). The design matrix 
was then generated using the onsets of the receipt phase 
with all 5 experimental conditions HH, LL, HN, LN, and 
NN. Similar to the first analysis, the stimulus function (gener-
ated from the onsets) was convolved with a canonical hemo-
dynamic response function including its first derivative 
resulting in 2 columns for each condition. Parameter maps 
(beta images) were estimated, and reward contrast images 
were generated by “reward – no reward” by subtracting the 
conditions (HH, LL) – (HN, LN). Finally, a contrast image 
was obtained for each participant and each session (ie, 28 con-
trast images were processed in subsequent second-level group 
analyses). Note that all group analyses were performed using 
uncorrected voxel thresholds and no P values were reported 
because of the limitation of the very low number of 
participants.

The first “reward” group analysis was performed using a 
general linear model with the flexible factorial design includ-
ing the contrast images of all patients introducing a factor 
“time” (4 longitudinal measurements). The F-contrast matrix 
comprised all measurements (identity matrix). The resulting 
F-map was further processed with an uncorrected voxel 
threshold of F > 12.56 and a cluster size threshold of k > 200.

The second “reward” group analysis was aimed at investi-
gating a decay of reward-related brain activity over time spe-
cifically to patients with LD. Therefore, a group analysis was 
performed using a general linear model with the flexible fac-
torial design including the factors “group” (between partici-
pants; patients, controls) and “time” (within participants, 4 
measurements). Because our primary hypothesis was a decay 
of reward-related brain activity over time (C = [1 0 0 −1]) spe-
cifically to patients with LD, we first tested for a potential 
interaction between both factors group and time using the 
T-contrast [C, -C]. Thereafter, in a post hoc fashion, we tested 
for a potential decrease of reward-related brain activity over 
time in patients and controls separately. Resulting parametric 
maps were processed using an uncorrected voxel-wise thresh-
old of T > 3.73 with a minimum cluster size of k > 50 and k >  
200 for the interaction and post hoc analyses, respectively.

Results
Anthropometric and Metabolic Parameters
Baseline characteristics at T0 of all patients and untreated 
healthy control participants are summarized in Table 1. 
Patients with LD were 26 to 52 years old and the BMI range 
was 21.0 to 33.9 kg/m². Baseline leptin serum concentrations 
ranged from 1.3 to 3.9 µg/L, hemoglobin A1c (HbA1c) from 
6.1% to 9.2% (43-77 mmol/mol) and serum triglyceride 

concentrations from 1.5 to 41.5 mmol/L. Healthy control 
participants were aged 28 to 57 years; BMI range was 24.0 
to 35.7 kg/m². Laboratory values in healthy control partici-
pants were only measured at T3. Leptin serum concentrations 
in control participants ranged from 4.5 to 58.4 µg/L, HbA1c 
from 5.0% to 5.4% (31-36 mmol/mol), and serum triglycer-
ide concentrations from 0.5 to 4.6 mmol/L. As in our previ-
ous, larger study [8], in patients with LD, metreleptin 
treatment led to a mild decrease in BMI and improvements 
in HbA1c and fasting triglycerides on an individual level 
(data not shown). Between T0 and T3, in healthy control per-
sons, there was no intervention and body weight changes dur-
ing that interval were <2 kg.

Reaction Times in Monetary Incentive Delay Task
Mean reaction times in the high reward (50 Euro cents) condi-
tion in patients with LD were from T0 to T3 2532 ms, 
2457 ms, 2458 ms, and 2457 ms, in the low reward (20 
Euro cents) condition 2605 ms, 2581 ms, 2529 ms, and 
2469 ms, and in the no reward (neutral, 0 Euro cents) condi-
tion 2897 ms, 2802 ms, 2532 ms, and 2673 ms. In untreated 
healthy control persons, mean reaction times in the high re-
ward condition were 233.9 ms, 219.4 ms, 224.8 ms, and 
228.1 ms, in the low reward condition 233.7 ms, 224.4 ms, 
229.1 ms, and 226.7 ms, and in the no reward condition 
248.9 ms, 228.8 ms, 237.4 ms, and 232.4 ms. Differences in 
reaction times high reward – no reward (“neutral”) for all 4 
LD patients and all 3 control persons are shown in Fig. 1.

Functional MRI Data
The anticipation analysis showed a brain activity difference 
with the high-neutral contrast in both the left and right ventral 
striatum in all 4 patients with LD (see “Patients” in Fig. 2
showing the overlap of the high-neutral contrast of all 4 pa-
tients with LD). According to our meta-analysis using neuro-
synth.org [32], our finding was located in the left and right 
nucleus accumbens (see “NAcc” in Fig. 2), which demon-
strates the expected brain activity difference with the experi-
mental setup using our reward-related paradigm.

The reward analysis at full-brain level (ie, for all voxels of 
the brain) including all patients revealed a change of 
reward-related brain activity during metreleptin administra-
tion in the subgenual area (Brodmann area 25) [33] bilateral-
ly. This analysis did not reveal any other statistically 
significant changes of brain activity during the 12 weeks of 
therapy (Fig. 3). As the design comprised the reward differ-
ence (reward – no reward) in the first-level analysis, and the 
time factor in the second-level design, the result shows an 
interaction between both factors reward and time.

A second reward analysis was aimed at investigating poten-
tial group differences using all participants with an extended 
model including the factors time and group. To further take 
our initial hypothesis into account, we used a T-contrast C 
to model brain activity decay over time. Investigating the 
patients, in line with our previous results, we obtained a brain 
activity decrease over time in the subgenual area bilaterally, 
but nowhere else in the brain (Fig. 4A). For the untreated 
healthy control persons, we did not find any results across 
the whole brain (Fig. 4B, Supplementary Fig. S2 [24]). Using 
the extended t-contrast [C, -C], we found an interaction 
between both factors time and group, showing a difference be-
tween patients and controls with respect to the reward-related 
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brain activity change over time. Here, we obtained a cluster in 
the subgenual area bilaterally (Fig. 4C). The interaction ana-
lysis revealed a second cluster in the cerebellum (not shown) 
that was not obtained when looking at patients and controls 
separately.

Discussion
In our study, we investigated the effects of metreleptin substi-
tution in leptin-deficient patients with LD on brain activity 
during the reward receipt of the classical reward task MIDT.

With functional MRI, in eating behavior–related tasks, 
brain activity changes in the reward network and its associ-
ated regions were demonstrated. In a study with patients 
with congenital leptin deficiency, brain activations when rat-
ing food pictures in reward areas (specifically, in nucleus ac-
cumbens and caudate nucleus), whereas fasting correlated 
with liking ratings of food pictures in both the metreleptin 
treated and untreated (ie, leptin-deficient) state. However, in 
the fed state, this correlation could not be found during metre-
leptin treatment but remained statistically significant in the 
metreleptin-untreated state. This suggests that leptin is neces-
sary to suppress the incentive motivational value to food stim-
uli in the fed state [16].

Unlike previous functional MRI studies with metreleptin 
substitution, we used a task that is unrelated to eating behav-
ior. In patients with LD, we found a reward-related brain ac-
tivity decrease in the subgenual area (Brodmann area 25) 
during the first 12 weeks of metreleptin substitution of female 
patients with LD, during the receipt phase of the task. The 
subgenual area is located caudally of the genu of the corpus 
callosum and part of the cytoarchitecturally defined cingulate 
region of the brain [34]. The area is considered part of the ven-
tral limbic region [35] and has, among others, projections to 
the dorsolateral prefrontal cortex.

In our group of 4 patients with LD, in contrast to changes in 
brain activity, we did not see robust changes in reaction times 
in MIDT over the time course of the study. This was also the 

case in other functional MRI studies using the MIDT as neuro-
behavioral task. In a study investigating the effects of hunger/ 
satiety on MIDT outcomes including 36 trials into the analysis 
(10 female and 8 male participants; BMI 18-29 kg/m2; age 
18-50 years, each participant measured twice: fasted and post-
prandial), no effects of ingestive state on reaction times and no 
interaction with reward magnitude was found, but functional 
MRI data during the anticipation phase (from presentation of 
the possible reward until the participants’ response [ie, differ-
ent than in our study in which we assessed brain function in 
the receipt phase]), showed a greater signal increase with high-
er rewards in the fasting condition. Authors interpreted their 
findings as an increased incentive-related brain activity for 
nonfood rewards during fasting [36].

In another study including 54 trials of healthy volunteers of 
a higher age resulted in slower reaction times in the high- 
reward condition (1 US dollar), but not in the low-reward con-
dition (1 US cent), and age was associated with diminished dif-
ferences in reaction times to acquire a large vs small reward. 
Functional MRI data during the receipt phase of the MIDT 
showed that activations in the thalamus to high vs small re-
ward decreased with age [37].

The underlying mechanisms of how metreleptin decreases 
reward-related brain activity were not investigated in this 
study. To our knowledge, in neurons of the subgenual region, 
the leptin receptor has not yet been identified; thus, a neuronal 
transmission of the information starting from the leptin 
receptor-holding neurons of the hypothalamus or the meso-
limbic dopamine system is the most plausible mechanism of 
leptin signal transmission to the subgenual region of the brain.

Interestingly, in a recent functional MRI study investigating 
the beneficial effects of cognitive behavioral therapy in pa-
tients with major depressive disorder, a reduction in anhedo-
nia severity posttreatment was associated with enhanced 
activations in subgenual anterior cingulate cortex and nucleus 
accumbens during the receipt phase of the MIDT [38]. The 
noneating reward-related decrease  in subgenual anterior cin-
gulate cortex activity we saw in our patients were also 

Figure 1. Differences in reaction times in monetary incentive delay task between the categories high reward (50 Euro cents)—no reward (“neutral”, 
0 Euro cents). Left: patients with lipodystrophy; right, untreated healthy control participants. Bars are mean values with standard error of the mean for all 4 
patients with LD (left) and all 3 control persons (right), respectively. Contr., control person, Pat., patient.
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associated with mood improvements. We thus cannot exclude 
that MIDT activation changes do not reflect a direct effect of 
metreleptin on reward processing, but rather a change that oc-
curs indirectly due to effects of metreleptin substitution on the 
mood of treated patients with LD.

To relate our current brain activity findings while perform-
ing the classical reward task MIDT with our previous, task- 
free (resting state), functional MRI findings also obtained in 
a cohort of patients with LD under metreleptin treatment 
[8], we plotted the results of these 2 independent studies in 
an additional figure (Supplementary Fig. S3 [24]). Results 
show an overlap of the results of the two experiments. 
However, conclusions about exact localizations of involved 
neuron populations are not possible with functional MRI be-
cause this overlap only describes a colocalization in a meso-
scopic resolution. Nevertheless, changes in resting state 
connectivity observed in previous work [8] may be related 

to changes in brain activity observed during performance of 
the MIDT found in the current study. Still, considering the 
available human functional MRI data, this is speculative.

We also need to discuss a few limitations of our study. First, 
during the recruitment time of the study, because of the rarity 
of the disease of LD, we could only include 4 patients with LD 
into the study, together with the 3 control persons, resulting in 
a rather small sample for a functional MRI study. Because LD 
is very rare, all published functional MRI studies with metre-
leptin treated initially leptin-deficient patients (because of LD 
or congenital leptin deficiency) are small ranging from n = 1 to 
10 [8, 13, 16, 18, 19]. Nevertheless, these studies were all able 
to detect major effects of metreleptin therapy, including ours. 
This is reassuring for the strength of the effects of leptin with 
its crucial functions on metabolism and cognition. Other ex-
amples of hormones with comparably strong effects on cogni-
tion and metabolism are insulin and glucagon. For example, 

Figure 2. Orthogonal brain slices showing a brain activity difference in the anticipation phase of the monetary incentive delay task contrasting the 
conditions high reward (high, 50 Euro cents) vs no reward (neutral, 0 Euro cents) for all lipodystrophy patients (see regions denoted by “Patients”). 
Regions denoted by “NAcc” show the result of a meta-analysis using 194 studies in neurosynth.org [32] with the keyword “nucleus accumbens.” Z 
scores were obtained from a 2-way ANOVA testing for the presence of a non-zero association between term use and voxel activation. L, left; MNI, 
Montreal Neurological Institute; NAcc, nucleus accumbens; R, right; x, y, z, MNI coordinates in millimeters.

Figure 3. Orthogonal brain sections showing brain activity change during metreleptin treatment in patients with lipodystrophy. Brain activity differences 
were assessed during the receipt phase of the monetary incentive delay task with the interaction between the factors “reward” (reward, ie, 50 Euro 
cents + 20 Euro cents conditions vs no-reward [ie, 0 Euro cents]) and “time” using an uncorrected voxel threshold of F > 12.56 and a minimum cluster 
size of k > 200. L, left; MNI, Montreal Neurological Institute; R, right; x, y, z, MNI coordinates in millimeters.
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A
B

C
D

Figure 4. Orthogonal brain sections showing brain activity in lipodystrophy patients using a flexible factorial model with the factors “group” (patients; 
controls) and “time” (4 measurements). Brain activity differences were assessed during the receipt phase of the monetary incentive delay task, with the 
reward contrast using an uncorrected voxel threshold of T > 3.73 and a minimum cluster size of k > 200. (A) A reward-related brain activity decrease over 
time was obtained in patients in the subgenual area (Brodmann area 25) [33] bilaterally, but nowhere else in the entire brain. (B) No results were found 
with untreated control persons. (C) An interaction between the factors group and time was obtained in the same region shown in (A); however, the result 
was only obtained with reducing the minimum cluster size to k > 50. (D) Contrast estimates at the local maximum with the MNI coordinates [6 12 −10] for 
4 individual patients with lipodystrophy (lines) and patient group averages ± standard error (bars) for all 4 measured timepoints. Note that the contrast 
estimates represent a region around the local maximum according to spatial filtering applied in the preprocessing using a Gaussian kernel of 10-mm full 
width at half maximum. L, left; MNI, Montreal Neurological Institute; R, right; x, y, z, MNI coordinates in millimeters.
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when treating patients with type 1 diabetes and absolute insu-
lin deficiency, many effects of insulin substitution are already 
unmistakably seen even in single treated patients. Of note, de-
creases in brain activity observed in our study were found in 
every of our measured patients with very similar courses 
over time (Fig. 4D). Furthermore, because 4 measurements 
were performed in each patient, the total number of measure-
ments included into our model was n = 16, taken together 
with the data of health controls the total number of measure-
ments (Fig. 4) included into the interaction model was n = 28.

Second, our study was not a randomized study with a 
placebo-treated control group of patients with LD, but our 
control group were metreleptin-untreated healthy persons, 
without diabetes, hypertriglyceridemia, or respective medica-
tion. Because the health benefits of metreleptin treatment in 
LD are well documented and metreleptin therapy is the estab-
lished therapy in patients with LD fulfilling the criteria for 
treatment initiation, a placebo-treated LD cohort would 
have been unethical. Because our study only investigated pa-
tients with LD and its comorbidities such as poorly controlled 
diabetes and hypertriglyceridemia, treated with respective 
medication, the obtained observations are specific for this pa-
tient group.

To conclude, in our study with 4 patients with LD over the 
12 weeks of metreleptin substitution, we found a reward- 
related brain activity decrease in the subgenual anterior cingu-
late cortex, which did not occur in untreated healthy control 
persons. The subgenual region is a brain area strongly con-
nected with the reward network, and we interpreted findings 
as direct alterations of the reward network through leptin. 
Thus, our findings suggest leptin induced changes of brain ac-
tivity during reward reception processing, which were com-
pletely unrelated to eating behavior or food stimuli. Further 
studies should be conducted to assess which behavioral effects 
leptin deficiency as in our patients and subsequent leptin sub-
stitution has on reward function of the brain.
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