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Abstract 
Context: Research in lipodystrophy (LD) and its treatment with metreleptin has not only helped patients with LD but has opened new directions 
in investigating leptin’s role in metabolism and the regulation of eating behavior. Previously, in a study with patients with LD undergoing 
metreleptin treatment using functional magnetic resonance imaging (MRI), we found significantly increased resting-state brain connectivity in 
3 brain areas including the hypothalamus.
Objective: In this study, we aimed to reproduce our functional MRI findings in an independent sample and compare results to healthy 
participants.
Design: Measurements in 4 female patients with LD undergoing metreleptin treatment and 3 healthy untreated controls were performed at 4 
different time points over 12 weeks. To identify treatment-related brain connectivity alterations, eigenvector centrality was computed from 
resting-state functional MRI data for each patient and each session. Thereafter, analysis aimed at detecting consistent brain connectivity 
changes over time across all patients.
Results: In parallel to metreleptin treatment of the patients with LD, we found a significant brain connectivity increase in the hypothalamus and 
bilaterally in posterior cingulate gyrus. Using a 3-factorial model, a significant interaction between group and time was found in the hypothalamus.
Conclusions: Investigating brain connectivity alterations with metreleptin treatment using an independent sample of patients with LD, we have 
reproduced an increase of brain connectivity in hedonic and homeostatic central nervous networks observed previously with metreleptin 
treatment. These results are an important contribution to ascertain brain leptin action and help build a foundation for further research of 
central nervous effects of this important metabolic hormone.
Key Words: metreleptin, leptin, lipodystrophy, neuroimaging, brain connectivity, hypothalamus
Abbreviations: BMI, body mass index; EC, eigenvector centrality; HbA1c, hemoglobin A1c; LD, lipodystrophy; MRI, magnetic resonance imaging; SPM, 
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Recent research is aimed at investigating the lipodystrophy 
(LD) syndrome [1, 2] that is mainly associated with very 
low leptin levels. Through the development of the recombin-
ant human methionyl leptin (metreleptin) and its approval 
by the Food and Drug Administration in 2014 [3] and the 
European Medicines Agency in 2018 [4], there is a causal 
treatment option of leptin deficiency with its detrimental con-
sequences occurring in LD, like diabetes mellitus, hypertrigly-
ceridemia, atherosclerosis, and cardiovascular disease [1, 5– 
7]. Research in LD and treatment with metreleptin has not 
only helped patients with LD, but also opened new directions 
in research investigating leptin’s role, and metreleptin’s 

potential benefit, in other diseases with leptin deficiency, 
such as anorexia nervosa [8].

Reduced leptin blood concentrations in LD are accom-
panied by disturbed eating behavior. Affected patients ex-
perience strong feelings of hunger and a decreased 
duration of satiety after eating. However, patients usually 
do not develop severe obesity, but remain in body mass 
index (BMI) ranges of 25 to 30 kg/m². Leptin treatment 
in patients with LD leads to a normalization of eating be-
havior. Perceived hunger, importance of eating, eating fre-
quencies, and liking ratings of food pictures significantly 
decrease [9, 10].
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The neural mechanisms behind the effects of leptin on hu-
man eating behavior are not yet fully understood. Central ner-
vous system effects of metreleptin were demonstrated [11] in 
the early days of functional magnetic resonance imaging 
(MRI). Since then, several other functional MRI studies 
have been conducted in patients with leptin deficiency particu-
larly investigating congenital leptin deficiency and other spe-
cific forms of LD. However, because of the rarity of these 
diseases, studies on the central nervous effects of metreleptin 
have had very low case numbers, ranging from 1 to 10 [9, 
11–13].

In a previous study, we investigated the effects of metrelep-
tin treatment on resting-state brain connectivity over 52 
weeks in leptin-deficient patients with partial and generalized 
LD [9]. Here, we investigated brain connectivity alterations 
using a specific network centrality approach, namely eigen-
vector centrality, obtained from so-called “resting-state” 
functional MRI. Our study was the first and is, to our knowl-
edge, the only study to date investigating the effects of metre-
leptin on resting-state brain connectivity in previously 
leptin-deficient patients [9]. Resting-state connectivity signifi-
cantly increased over the course of metreleptin treatment in 3 
brain areas: the hypothalamus, insula/superior temporal gy-
rus, and medial prefrontal cortex. Perceived hunger, the im-
portance of eating, eating frequencies, and liking ratings of 
food pictures significantly decreased during that time. Thus, 
leptin treatment was accompanied by long-term changes of 
both hedonic and homeostatic central nervous networks regu-
lating eating behavior, as well as by decreased feelings of hun-
ger and a diminished incentive value of food [9].

Despite being the best noninvasive option we have to inves-
tigate acute changes in deep brain areas in humans, such as the 
hypothalamus, functional MRI is susceptible to false-positive 
results [13]. Reproducibility [14–16] of functional MRI find-
ings is seen as one of the key indicators for scientifically mean-
ingful results [17], especially in studies with small case 
numbers like those with rare diseases such as LD, including 
our own. Another limitation of our previous study was that 
it lacked a healthy control group and thus the experimental 
design did not allow the distinction between metreleptin treat-
ment effects and nonspecific order effects.

In this study, we aimed to (1) reproduce our brain connect-
ivity findings in an independent sample using the same con-
nectivity measure of eigenvector centrality using 
resting-state functional MRI as in our previous study and 
(2) add healthy participants to control for nonspecific order 
effects.

Here, in an independent sample of patients with LD under-
going metreleptin treatment, we have reproduced the increase 
in connectivity in the hypothalamus, the homeostatic center of 
the brain. These effects were specific to metreleptin treated pa-
tients with LD and did not occur in untreated healthy controls.

Materials and Methods
Patients With LD
Four patients with LD (all female) eligible for metreleptin 
treatment at the University Hospital Leipzig participated in 
the functional MRI study. Metreleptin treatment was per-
formed following clinical necessity, independently of the func-
tional MRI study. Baseline characteristics and laboratory data 
of included patients are summarized in Table 1, together with 

data of healthy controls. Inclusion criteria for leptin treatment 
were established LD, age ≥5 years, insufficiently controlled 
diabetes mellitus and/or hypertriglyceridemia despite ad-
equate antihyperglycemic and lipid-lowering medication, re-
spectively. Exclusion criteria included pregnancy or 
lactation, severe renal insufficiency, active malignant disease, 
primary hematologic abnormalities, infectious liver disease, 
HIV infection, and hypersensitivity to Escherichia coli- 
derived proteins. All 4 patients had familial partial LD with 
mutations in the lamin A/C gene and were metreleptin 
treatment-naïve and consented to participating in the MRI 
study. Healthy controls were also all female and selected by 
matching the age and BMI range of patients with LD, and 
also consented to all study procedures.

Medication
The leptin analogue metreleptin was used for treatment of pa-
tients with LD. Metreleptin was provided by Amylin (San 
Diego, CA)/Bristol-Myers-Squibb (Munich, Germany)/ 
AstraZeneca (London, UK)/Aegerion Pharmaceuticals 
(Cambridge, MA), respectively, and applied subcutaneously. 
Metreleptin was administered once daily at 5 mg independent 
of body weight, according to the manufacturer’s instructions. 
Healthy controls did not receive drug treatment.

Experimental Design
Experiments were performed between July 2017 and March 
2020. The design was chosen to be able to replicate our previ-
ous findings [9] in an independent cohort. Behavioral tests and 
MRI scanning in patients with LD were performed at 4 differ-
ent timepoints in congruence to previous work [9] (ie, 1 day 
before start of metreleptin supplementation of the patients 
group [T0], and after 1 [T1], 4 [T2], and 12 weeks [T3] of me-
treleptin treatment). Other than in previous work [9], meas-
urements after 26 and 52 weeks of metreleptin treatment 
could not be performed for all 4 patients (among others, be-
cause of travel restrictions during the coronavirus disease 
2019 pandemic). In untreated healthy controls, 4 measure-
ments were conducted with the same intervals in between. 
Procedures at each measurement day for patients with LD 
and healthy controls were identical: participants were asked 
to have a light breakfast in the morning and no food after 
that. They arrived at the institution at approximately 1:30 
PM. Questionnaires and behavioral tests were performed as 
further indicated later. Then, at 2:30 PM, a standard meal con-
sisting of 20% of the daily energy requirements calculated for 
each participant was consumed. Because leptin physiological-
ly mediates satiety, differences between leptin deficiency and 
imitated physiological leptin concentrations through metre-
leptin treatment were expected to be most pronounced in 
the sated state and, therefore, the mentioned calorie amount 
was chosen 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 
tiredness during the following functional MRI scan. Before 
and after the meal, patients filled in visual analog scales 
(VAS). At approximately 3:30 PM, the MRI scan was per-
formed. In patients with LD, the next morning at 8 AM, a fast-
ing blood sample was taken for assessment of metabolic 
parameters including fasting triglycerides, hemoglobin A1c 
(HbA1c), and leptin serum concentrations.
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Questionnaires, Behavioral Tests, and Laboratory 
Data
Before all other measurements, the German versions of the 
Three factor eating questionnaire (TFEQ [22]; German version: 
Fragebogen zum Essverhalten [23]) and the Inventory of Eating 
Behavior and Weight Problems (IEG; German version: Inventar 
zum Essverhalten und Gewichtsproblemen) were filled in. 
Because the German versions refers more to long-term than 
acute attitudes toward eating and hunger and satiety feelings, 
the tests were not performed 1 week after initiation of metrelep-
tin treatment because the time interval to the previous measure-
ment would have been too short. The VAS were bars of 
100-mm length for assessment of hunger and satiety feelings. 
The very left at 0 mm indicated no hunger or satiety, the very 
right at 100 mm indicated extreme hunger or satiety.

Because of the small sample size, in all tables and figures, we 
are presenting individual data of all participants. In the text, 
for better legibility, we report mean values ± SD for the 2 
groups (patients and healthy controls).

For analyzing behavioral and laboratory data, IBM SPSS 12 
rev. 24 was used for implementing a repeated measures 
ANOVAs including “group” as an additional factor for pa-
tients vs controls. Tests were performed to detect potential 
within-subjects effects over the 4 repeated measurements. 
Violation for sphericity was taken into account using the 
Huynh-Feldt correction [24].

MRI Brain Data Acquisition
For each participant, functional brain data were obtained at 
all timepoints T0, T1, T2, and T3 using functional MRI 
with a whole-body 3-T MAGNETOM Skyra scanner 
(Siemens Healthineers, Erlangen, Germany) and a 32-channel 
head coil and a gradient-echo echo-planar imaging sequence 
(multiband factor 3). The following parameters were used: 
360 whole brain volumes, acquisition matrix = 82 × 82, and 
slice thickness = 2.5 mm (0.25 mm gap), resulting in a nomin-
al voxel size of 2.488 × 2.488 × 2.75 mm3. Further imaging 
parameters were: 60 axial slices, repetition time (TR) = 2000 
ms, echo time (TE) = 22 ms, flip angle = 80°, and bandwidth  
= 1795 Hz/pixel. For all participants, image acquisition was 
performed without any specific task in the so-called “resting 
state.” Participants were instructed to fixate on a visual white 
crosshair, remain still and awake, and not think of anything in 

particular. The total length of the “resting-state” experiment 
was 12 minutes (360 volumes with TR = 2000 ms).

For registration and normalization purposes, additional 
T1-weighted images were acquired with a magnetization- 
prepared rapid gradient-echo sequence with the following pa-
rameters: sagittal orientation, 176 slices, TR = 5000 ms, TE =  
2.92 ms, TI1 = 700 ms, TI2 = 2500 ms, FA1 = 4°, FA2 = 5°, 
echo spacing = 6.9 ms, bandwidth = 240 Hz/pixel, field of 
view = 256 mm, nominal image resolution 1 × 1 × 1 mm3, 
GRAPPA acceleration factor 3.

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. 2022a (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 images to correct for distortions, slice-time correction, 
and normalization to the Montreal Neurological Institute 
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), the signal from re-
gions of white matter (16 regressors), as well as the 
translational and rotational parameters from head move-
ments obtained by SPM 12 (6 regressors), and the effect of 
the beginning of the resting-state measurement (2 regressors). 
Preprocessing was finalized using detrending and band-pass 
filtering with the cutoff frequencies of 0.01 and 0.1 Hz to 
achieve a baseline correction.

Brain Network Centrality Analysis
To identify treatment-related connectivity changes, eigen-
vector centrality (EC) mapping [29] was performed using 

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

Phenotype of LD Mutation Sex Age (y) BMI (kg/m²) Leptin (µg/L) HbA1c (% [mmol/mol]) TG (mmol/L)

Patient 1 Partial LMNA F 52 28.3 3.4 8.6 (70) 1.5

Patient 2 Partial LMNA F 45 25.0 2.3 9.2 (77) 2.8

Patient 3 Partial LMNA F 26 21.0 1.3 6.1 (43) 21.1

Patient 4 Partial LMNA F 26 33.9 3.9 7.3 (57) 41.5

Contr. 1 none — F 57 35.7 58.4a 5.4 (36)a 4.6a

Contr. 2 none — F 43 29.8 43.9a 5.0 (31)a 0.8a

Contr. 3 none — F 28 24.0 4.5a 5.1 (32)a 0.5a

Reference ranges were for HbA1c < 5.7% (<39 mmol/mol) diabetes mellitus ruled out, 5.7% to 6.4% (39-47 mmol/mol) increased risk for diabetes mellitus,  ≥  
6.5% (≥48 mmol/mol) diabetes mellitus and for TG <1.7 mmol/L. Leptin serum concentrations are sex-, age-, and BMI-dependent and correlate with the 
percentage of body fat [18–2018–20]. In patients with lipodystrophy, leptin concentrations are usually lower than in healthy persons [21]. 
Abbreviations: BMI, body mass index; Contr., healthy control person; F, female; HbA1c, hemoglobin A1c; LD, lipodystrophy; LMNA, lamin A/C; TG, 
triglycerides. 
aLaboratory values in healthy controls were assessed at T3. Between T0 and T3, in healthy controls there was no intervention, body weight changes during that 
interval were <2 kg (see Table 2).
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the fastECM software [30]. EC provides a measure for detect-
ing central hubs within a brain network using an algorithm 
similar to Google’s PageRank algorithm [31]. For all voxels, 
a similarity matrix was generated including Pearson correl-
ation coefficients between all functional MRI time courses. 
To use a similarity matrix with only positive numbers, the val-
ue of 1 was added to all correlation values and finally divided 
by 2 leading to values in the interval [0,1] [30]. Note that ac-
cording to the theorem of Peron and Frobenius [32], the simi-
larity matrix has a unique real largest eigenvalue, and the 
corresponding eigenvector has strictly positive components. 
The EC map was generated using the components of this 
eigenvector to determine the EC of all voxels, and finally, 
EC values were normalized resulting in normally distributed 
centralities.

Within SPM 12, the statistical analysis was performed on 
the group level using all 16 EC maps for all patients and ses-
sions using the general linear model with a flexible factorial 
design with factors subject and time. A weighted sum of the 
parameter estimates was statistically assessed using a 
t-contrast generated by the a priori hypothesis of an increased 

EC over time (C = [−1 0 1 0]). In addition, we also tested for 
an EC decrease using the opposite contrast −C. Resulting stat-
istical parametric maps were processed using a voxel-wise 
threshold of P < .001. To take the multiple comparison prob-
lem into account, clusters were detected with a minimum size 
of 80 voxels. To further investigate a potential difference be-
tween patients and controls, a flexible factorial model was 
used with 28 EC maps including the 3 factors of subject, 
group, and time. Here, a potential interaction between the fac-
tors group and time were investigated with an F-contrast 
diag(C, −C) using the diagonal matrix with elements C and 
−C at the main diagonal blocks. The resulting F-map was fur-
ther processed with the same voxel threshold of P < .001 as 
used previously, and significant results were obtained using 
a minimum cluster size of 80 voxels.

Visualization
Figures showing orthogonal brain sections were generated us-
ing Mango v 4.1 (Research Imaging Institute, University of 
Texas Health Science Center, San Antonio) with the “Build 

Table 2. Body mass index, hemoglobin A1c, and fasting triglycerides of lipodystrophy patients over 12 weeks of metreleptin treatment, and 
available values for healthy controls

Baseline 1 week 4 weeks 12 weeks Within-subjects effects

Body mass index (kg/m²)

Patient 1 28.3 27.8 27.6 28.2

Patient 2 25.0 24.2 24.8 24.2

Patient 3 21.0 21.1 21.5 19.5

Patient 4 33.9 33.3 33.8 33.9

Mean 27.1 26.6 26.9 26.5 Not significant

SD 5.4 5.2 5.2 6.1

Contr. 1 35.7 35.9 36.5 36.2

Contr. 2 29.8 29.9 30.6 30.4

Contr. 3 24.0 24.1 23.7 23.6

Mean 29.8 30.0 30.3 30.0 Not significant

SD 5.8 5.9 6.4 6.3

Hemoglobin A1c (% [mmol/mol])

Patient 1 8.6 (70.5) 8.2 (66.3) 7.6 (59.0) 6.9 (52.2)

Patient 2 9.2 (77.4) 9.0 (74.8) 7.8 (61.9) 6.2 (44.3)

Patient 3 6.1 (43.4) 6.1 (43.3) 5.9 (40.6) 5.6 (37.2)

Patient 4 7.3 (56.6) 7.3 (56.4) 6.5 (48.0) 6.3 (44.9)

Mean 7.8 (62.0) 7.7 (60.2) 6.9 (52.4) 6.2 (44.6) P = .045a

SD 1.4 (15.1) 1.2 (13.5) 0.9 (9.9) 0.6 (6.2)

Triglycerides (mmol/L)

Patient 1 1.5 1.1 1.2 1.5

Patient 2 2.8 1.8 2.0 3.7

Patient 3 21.1 6.2 4.7 3.2

Patient 4 41.5 20.5 11.6 13.8

Mean 16.7 7.4 4.9 5.6 Not significant

SD 18.8 9.0 4.7 5.6

Abbreviations: Contr., healthy control participant. 
aWith Huynh-Feldt correction.
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Surface” option and the “Cut Plane” feature. Statistical para-
metric maps were imported using the “Add Overlay” func-
tion. Bar plots were obtained from SPM12 and plotted with 
Matlab.

Results
Anthropometric and Metabolic Parameters
Baseline characteristics at T0 of all patients and untreated 
healthy controls are summarized in Table 1. Patients with 
LD were 26 to 52 years old; BMI range was 21.0 to 33.9 kg/ 
m². Baseline leptin serum concentrations ranged from 1.3 to 
3.9 µg/L, HbA1c from 6.1% to 9.2%, and serum triglyceride 
concentrations from 1.5 to 41.5 mmol/L. Healthy controls 
were 28 to 57 years old; BMI range was 24.0 to 35.7 kg/m². 
Laboratory values in healthy controls 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%, 
and serum triglyceride concentrations from 0.5 to 4.6 mmol/ 
L. As in our larger previous study [9], in patients with LD, me-
treleptin treatment numerically led to a mild decrease in BMI 
(no significant within-subjects effects), improvements in 
HbA1c (significant within-subjects effects; P = .045 with 
Huynh-Feldt correction), and numerically a decrease in fast-
ing triglycerides (no significant within-subjects effects, 
Table 2). Between T0 and T3, in healthy controls, there was 
no intervention; body weight changes during that interval 
were <2 kg (Table 2).

Visual Analog Scales for Hunger and Satiety 90 
Minutes After the Standard Meal
Data from VAS for hunger 90 minutes after the standard meal 
on the 0 to 100 mm scale on individual level are presented in 
Fig. 1. In patients with LD, mean ± SD hunger at baseline (T0) 
was 42 ± 37 mm, 4 ± 7 mm after 1 week (T1), 7 ± 9 mm after 
4 weeks (T2), and 6 ± 10 mm after 12 weeks (T3) of metrelep-
tin treatment (Fig. 1). Satiety scores were 45 ± 43 mm at T0, 
82 ± 29 mm at T1, 83 ± 12 mm at T2, and 86 ± 22 mm at 
T3 (not depicted). In healthy controls, mean hunger scores 
from T0 to T3 were 5 ± 6 mm, 26 ± 38 mm, 33 ± 25 mm, 
and 23 ± 26 mm (Fig. 1). Mean satiety scores were 73 ±  
12 mm, 59 ± 36 mm, 53 ± 24 mm, and 49 ± 26 mm (not de-
picted). A 2-factorial model including the factors time (T0; 
T1; T2; T3) and group (patients; controls) showed a signifi-
cant time*group interaction (P = .031 with Huynh-Feldt 
correction).

Eating Behavior Questionnaires
Factors 2 (“Disinhibition”) and 3 (“Hunger”) of the TFEQ 
were the 2 factors with significant reduction through metre-
leptin treatment in [9]. In this study, in patients with LD 
mean scores ± SD for “Disinhibition” were at T0, T2, and 
T3 (no assessment at T1) 11 ± 4, 7 ± 3, and 5 ± 3 and for 
“Hunger” 11 ± 3, 4 ± 3, and 3 ± 4. In healthy control persons, 
scores for “Disinhibition” were 8 ± 5, 8 ± 6, and 7 ± 7 (no sig-
nificant result) and for “Hunger” 7 ± 1, 6 ± 2, and 5 ± 0 (sig-
nificant time*group interaction; P = .019 with Huynh-Feldt 
correction). All individual scores for all 3 factors of the 
TFEQ and all individual scores for the scales of the IEG 
with significant reductions through metreleptin treatment in 
previous work [9] (scales: 1, importance of eating; 2, strength 
and triggering of desire to eat; 7, cognitive restraint of eating; 

9, attitude toward obese persons; and 11, eating between 
meals) are presented in Fig. 2 (TFEQ) and Supplementary 
Fig. S1 [33] (IEG).

Brain Connectivity Alterations
Using resting-state functional MRI and EC mapping, a signifi-
cant increase of brain connectivity was detected over the 
course of metreleptin treatment. Using the contrast vector C, 
a significant EC increase was found in the hypothalamus 
(voxel-level P < .001, cluster-level P = .006, cluster size 
kE = 160, cluster maximum at [−6 8 −14], T = 11.96, 
Z = 4.94) (Fig. 3A). The fitted EC values for the coordinate 
[−6 8 −14] are shown in Fig. 3C. In addition, two further clus-
ters were found in the posterior cingulate gyrus (left: voxel- 
level 
P < .001, cluster-level P = .007, cluster size kE = 151, cluster 
maximum at [−14 −62 28], T = 10.84, Z = 4.77; right: voxel- 
level P < .001, cluster-level P = .007, cluster size kE = 155, 
cluster maximum at [12 −60 32], T = 9.71, Z = 4.58) 
(Fig. 4). No significant result was obtained with the inverse 
contrast −C (ie, no EC decrease was observed).

Using the 3-factorial model including the factors subject, 
group, and time, a significant interaction between group and 
time was found in the hypothalamus (voxel-level P < .001, 
cluster-level P = .020, cluster size kE = 94, cluster maximum 
at [−4 6 −14], F = 27.99, Z = 4.30), but in no other brain re-
gion (Fig. 3B). Thus, a significant brain connectivity difference 
between patients and controls was only obtained for the 
hypothalamus.

To demonstrate consistency between our current hypothal-
amus result and our previous findings [9], we displayed the 
previous findings together with the result of our current data 
(Fig. 5). For this purpose, we extracted the resulting statistical 
parametric map from our previous study [9] and processed 
this parametric map with the same visualization technique 
as used in the current study. Finally, as an example, we also 
show the individual normalized EC values for patient 1 for 
all 4 timepoints over 12 weeks of metreleptin treatment. 
Supplementary Fig. S2 [33] depicts color-coded EC values of 
patient 1 for all significant voxels obtained by the statistical 
analysis (see Fig. 3A).

Discussion
In the current study, we reproduced an increase in hypothal-
amic connectivity in an independent sample of patients with 
LD in the first 12 weeks of metreleptin treatment that we 
have observed in our previous work [9]. This is particularly 
important given the susceptibility of functional MRI to false 
positives and the inherently small sample sizes in studies of 
rare disorders. Thus, our study first replicates functional 
MRI findings of leptin brain action, which is especially im-
portant given the fact that functional MRI is prone to produce 
false-positive results particularly when investigating a small 
number of participants. Notably, we found brain connectivity 
increase not only the hypothalamus, but also in the posterior 
cingulate gyrus giving a picture of developing of brain dys-
function in LD.

Using “resting-state” functional MRI, the brain connectiv-
ity approach of EC attributes a centrality value to each pixel 
(also called voxel in 3 dimensions) of the functional brain im-
age. A voxel receives a large value if it is strongly correlated 
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Figure 2. Individual scores for the scales of the 3-factor eating questionnaire. (Left) Lipodystrophy patients (Pat.). (Right) Healthy controls (Contr.). The 
questionnaire was not filled in 1 week after initiation of metreleptin treatment.
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with many other voxels, which are themselves highly corre-
lated within the network. Google’s PageRank algorithm is a 
variant of eigenvector centrality [29]. The output of the EC 
analysis is a brain connectivity map showing the major hubs 
within the network. An increase in connectivity in the homeo-
static center of the brain, the hypothalamus, over the 12 weeks 
of metreleptin treatment, may suggest that metreleptin treat-
ment restored homeostatic satiety signaling via the hypothal-
amus in our patients.

Indeed, increases in connectivity were again accompanied 
by decreases—on an individual level—of the majority of 
measurements of self-reported postprandial hunger feelings. 
We observed statistically significant decreases of VAS hunger 
ratings providing a measure for homeostatic hunger in metre-
leptin treated patients with LD compared with untreated 
healthy controls. Furthermore, the score of the TFEQ scale 
“hunger” decreased significantly in patients with LD. This 

fits well with obtained behavioral data from the larger cohort 
of our previous study [9]. In that work, we also obtained a sig-
nificant decrease of hunger feelings during metreleptin treat-
ment that is in line with the observations of others [34]. 
Note that the statistical analyses were performed with a very 
small sample and significant values were obtained because 
of a high degree of intersubject consistency (see Figs. 1 and 
2); thus, the interpretation in this cohort is limited. Our cur-
rent findings strengthen the hypothesis of Schlögl et al [9], 
that metreleptin, in leptin-deficient patients with LD, restores 
the response to satiety signals from the body via the hypothal-
amus. These results are an important contribution to ascertain 
brain leptin action and provide a foundation for further re-
search of central nervous effects of this important metabolic 
hormone.

In addition to our brain connectivity findings with the hypo-
thalamus, we also found an increase of EC in the posterior 

A

B

C

Figure 3. Metreleptin-associated brain connectivity increase detected with functional MRI showing an eigenvector centrality (EC) increase using the 
contrast C = [−1 0 1 0] (A) for patients with lipodystrophy (N = 4) over 12 weeks of metreleptin treatment, (B) the 3-factorial model including the factors 
subject, group (4 patients vs 3 heathy controls), and time (4 repeated measurements for each participant) using the F-contrast diag(C, −C), and (C) 
contrast estimates at coordinate [−6 8 −14] (hypothalamus) for 4 individual patients (lines) and patient group averages (bars) for all 4 measured 
timepoints. MRI, magnetic resonance imaging; Pat., patient; kE, minimum cluster size; L, left; R, right; x, y, z, coordinates in mm.
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Figure 4. Metreleptin-associated brain connectivity increase detected with functional MRI showing an eigenvector centrality (EC) increase using the 
contrast C = [−1 0 1 0] for lipodystrophy patients (N = 4) over 12 weeks of metreleptin treatment (top). Contrast estimates are shown at coordinate [−14 
−62 28] (left dorsal posterior cingulate gyrus) and [12 −60 32] (right dorsal posterior cingulate gyrus) for the 4 individual patients (lines) and patient group 
averages (bars) for all 4 measured timepoints (bottom). Pat., patient; kE, minimum cluster size; L, left; MRI, magnetic resonance imaging; R, right; x, y, z, 
coordinates in mm.

A

B

Figure 5. Orthogonal brain sections showing an eigenvector centrality (EC) increase with metreleptin treatment for patients with lipodystrophy (LD) of 
our current study (top row; see also Fig. 3A) together with an EC increase in our preceding study [9] including 9 patients with LD (independent of the 
current cohort) during 52 weeks of metreleptin treatment (bottom row). kE, minimum cluster size; L, left; R, right; x, y, z, coordinates in mm.
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cingulate gyrus. The posterior cingulate gyrus is a brain region 
that is part of the limbic system and has connections with the 
thalamus, also linking it to the hypothalamus [35]. With neu-
roimaging, food-specific alterations of posterior cingulate gy-
rus activity have been reported. For example, in a functional 
MRI study using an event-related design, when watching 
food pictures, posterior cingulate gyrus activity was higher 
than when watching nonfood pictures [36]. In another study, 
using electroencephalography, participants were asked to rate 
pictures depicting foods in different portion sizes, for ex-
ample, if they were too small, suitable, or too big for their 
next meal. Among others, the mid-posterior cingulate and su-
perior temporal gyri showed greater neural source activity for 
suitable vs nonsuitable meal sizes [37]. This suggests a pos-
sible role in the control and evaluation of eating behavior 
and hunger/satiety signals. The increase in EC we found in 
posterior cingulate gyrus, coupled with the insula/superior 
temporal gyrus region that was found in our previous study 
[9], suggest an involvement of these brain structures in the al-
terations in eating behavior we found in our patients. In par-
ticular, the observed decrease in disinhibition of eating 
behavior could go together with an increase in willful control 
of the drive to eat and a more deliberate evaluation of hunger 
signals and thoughts about food. These signals may be proc-
essed in the central nervous regions we found to have in-
creased EC through metreleptin treatment.

In contrast to our previous study, the current study also in-
cluded healthy control participants that were not undergoing 
metreleptin treatment, but they were measured at exactly the 
same 4 timepoints as the patients with LD. Importantly, the 
brain connectivity increase found in the metreleptin-treated 
patients with LD did not occur in untreated healthy controls.

However, some limitations of our study must be discussed. 
First, our control participants were not treated as our patients 
with LD, but rather serve as a group of healthy controls who 
did not receive any kind of treatment. This led to several dif-
ferences between patients with LD and healthy untreated con-
trols, including, among others, the exposure to medical care 
and treatment by physicians. Moreover, with the control par-
ticipants, all study assessments were performed by the same 
physician as assessments in the LD cohort. A placebo-treated 
LD cohort was not possible because of ethical considerations 
because the health benefits of the treatment are well docu-
mented and metreleptin therapy in LD is the established ther-
apy in patients fulfilling the criteria.

Second, the sample size of the current and the previous 
study [9] is very small for a typical functional MRI study. 
However, because LD is very rare, all published functional 
MRI studies with leptin-deficient patients treated with metre-
leptin are small, ranging from N = 1 to 10 [9, 11–13]. 
Nevertheless, studies were able to detect significant effects of 
metreleptin therapy, including ours, presumably because of 
the strong effects of substitution of a hormone with such im-
portant functions on metabolism and cognition like leptin. 
Although spurious findings are quite likely in studies with a 
small sample size, consistent strong effects across studies 
would suggest, in the present case, that the results are mean-
ingful. Such strong effects are also seen in other metabolic hor-
mones, such as insulin. In the treatment of patients with 
absolute insulin deficiency in type 1 diabetes, many of the ef-
fects of insulin substitution are also well documentable in 
small cohorts, and even in single patients. Notably, increases 
in connectivity in the hypothalamus and posterior cingulate 

gyrus were found in all of our measured patients and with 
very similar courses over time (see Figs. 3C and 4). 
Furthermore, because we performed 4 measurements in each 
patient, the total number of data sets that were included 
into our model was N = 16, together with the measurements 
of the control participants, the total number of data sets in-
cluded into the interaction model was N = 28. Thus, we are 
confident that, despite a small number of participants, we ob-
tained robust and resilient results. This assumption is 
strengthened by the fact that our results were specific for the 
patients with LD patients and replicated our former results 
of a larger sample.

Third, the study duration was quite short at 12 weeks of ob-
servations. Nevertheless, our previous study, which assessed 
functional brain connectivity over 52 weeks, showed very 
similar results. This suggests that observed changes in brain 
connectivity may already be occurring in the first 12 weeks 
and persist during the further course of metreleptin treatment. 
Also, the time course of observed changes in behavioral data 
supports this assumption [9].

Fourth, in this study, we only included women because 
during the time of the study we could only recruit women 
who were eligible for metreleptin treatment. This may be 
due to the more noticeable symptoms of LD in women com-
pared with men. Women with LD seem to be more often di-
agnosed than men [38] possibly because the typical stature of 
LD patients (prominent shoulders) is more easily recognized 
and because of the symptom of amenorrhea. Furthermore, 
metabolic symptoms in affected female patients seem to be 
more pronounced than in male patients [39]. Ultimately, 
the results from the present study cannot be generalized to 
men.

Finally, we cannot fully exclude that changes in sex hor-
mones during the menstrual cycle of women had an influence 
on observed changes in brain connectivity [40, 41]. 
Menstrual cycling was irregular in patient 1 (perimenopausal 
at time of study) with only 1 menstruation in about 6 
months, and in patients 3 and 4 (because of polycystic ovary 
syndrome). In patient 2 (history of hysterectomy because of 
myoma), menstrual cycling was no longer observable. 
None of the patients were taking contraceptives. The stage 
of the cycle was not taken into account when setting the 
date of the MRI session in neither the LD patients nor the 
healthy controls, which should be considered in future stud-
ies. However, in our previous study with 9 women [9], intra- 
individual variations in sex hormone concentrations were 
only suspected in 2 patients, and results were very similar 
as in our current study.

Taken together, here we replicate our findings of Schlögl 
et al [9] in an independent sample of patients with LD. This 
strengthens our previous findings that metreleptin treatment 
causes changes of homeostatic central nervous networks regu-
lating eating behavior, which are accompanied by decreased 
hunger feelings. Via these mechanisms, metreleptin treatment 
in LD seems to restore physiological mechanisms that are im-
portant for the development of satiety. In addition to our find-
ings with metabolic parameters and hunger ratings, for the 
first time, we were able to replicate findings of leptin effects 
on functional brain connectivity using resting-state functional 
MRI in an independent sample. This reinforces the notion that 
the effects of peripheral hormones on specific central nervous 
networks can be studied and robustly demonstrated using 
functional MRI.
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