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Abstract: High physical activity (PA) in patients with anorexia nervosa (AN) is hypothesized to
be, at least in part, a consequence of hypoleptinemia. However, most studies on the association
of leptin and PA in AN were performed in adolescents or young adults, and PA was generally
measured with subjective tools. We aimed to explore the association of leptin and PA in adults
with AN using an objective technique to quantify PA. Using a cross-sectional, observational design,
we analyzed body fat (bioelectrical impedance), PA (accelerometry, SenseWear™ armband) and
plasma leptin (ELISA) in 61 women with AN (median age: 25 years, range: 18–52 years; median
BMI: 14.8 ± 2.0 kg/m2) at the start of hospitalization. Results indicated a mean step count per day of
12,841 ± 6408 (range: 3956–37,750). Leptin was closely associated with BMI and body fat (ρ = 0.508
and ρ = 0.669, p < 0.001), but not with steps (ρ = 0.015, p = 0.908). Moreover, no significant association
was observed between BMI and steps (ρ = 0.189, p = 0.146). In conclusion, there was no simple,
linear association of leptin and PA, highlighting the need for more complex and non-linear models to
analyze the association of leptin and PA in adults with AN in future studies.

Keywords: accelerometry; eating disorders; motor restlessness; semistarvation-induced hyperactivity

1. Introduction

High levels of physical activity (PA) are frequently observed in patients with anorexia nervosa
(AN) [1]. For a long time, increased PA in AN had merely been regarded as the patients’ deliberate
strategy to lose weight. However, when asked, many patients themselves experience their desire to
move as “foreign” or “awkward”, some even as “frightening”, and they describe their restlessness
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as “difficult to suppress” [2]. In 1994, the discovery of the adipocyte-derived hormone leptin led
to a major advancement in the understanding of biological pathways involved in the regulation of
energy homeostasis and body weight [3]. Being synthesized in adipocytes, leptin levels decline as a
consequence of reduced body fat. Accordingly, leptin levels in patients with AN are low [4,5]. In 2000,
a key experiment was published, demonstrating that food restriction in an activity-based AN rat model
led to increased PA by 300% [6]. A subsequent study reported that leptin administration suppressed
this hyperactivity [7]. Despite the fact that animal data have to be translated with great caution to
humans, from an evolutionary perspective, an increased drive for PA that would facilitate finding food
at times of food shortage might have been useful for survival. Moreover, reduced leptin signaling has
been linked with an increased rewarding aspect of running [8].

Based on these findings, a biological influence on altered PA has been hypothesized for AN
patients. A number of human studies explored the association of leptin and PA in adolescent/adult
subjects with AN; however, results have been conflicting, showing positive linear [9], U-shaped [10],
inverted U-shaped [11], negative linear [6,12,13] or a lack of association [14]. So far, most clinical
studies on the relationship between leptin and PA in AN were conducted in adolescents and young
adults. One prior study found an association of leptin and PA only in adolescents, but not in adults
with AN [10]. Therefore, the question arises whether a potential association between leptin levels and
PA persists over time in adult AN patients.

The aims of the current study were to investigate whether there is an association of leptin and PA
in a large adult patient group diagnosed with AN using an objective technique to measure PA and to
study whether age, BMI, body fat and duration of illness are significant moderators of the association
of leptin and PA. In contrast to the prevailing view that hypoleptinemia is associated with high PA
in AN, we hypothesized that there is a lack of a simple association in adults with AN because of the
conflicting results reported before and that age, BMI, body fat and/or duration of illness have an
effect on the relationship between leptin and PA. Since AN is more prevalent in females compared to
males [15], only female subjects were enrolled in the present study.

2. Materials and Methods

2.1. Design

This was a cross-sectional, observational cohort study. The primary outcome was the association
of leptin and PA, and the secondary outcome was a range of potential moderators of this association.

2.2. Study Population

We enrolled 61 women with AN, who were recruited at the initiation of inpatient treatment at
the Department of Psychosomatic Medicine between 2012 and 2017. Patient inclusion criteria were a
diagnosis of AN according to ICD-10 (International Statistical Classification of Disease and Related
Health Problems of the World Health Organization, 10th revision) [16] of either typical or atypical AN.
In contrast to typical AN, the subtype of atypical AN was defined as a disorder meeting most criteria
of the typical type (body mass index (BMI) below 17.5 kg/m2, self-induced weight loss, body image
distortion and endocrine disorder most often reflected by secondary amenorrhea) without fulfilling all
key symptoms (e.g., BMI or amenorrhea), as described previously [17]. Patients suffering from the
restrictive subtype of AN reduce weight only by dieting and in many cases by increased PA, while
the purging subtype is additionally characterized by recurrent episodes of binge eating or purging
behaviors, such as self-induced vomiting or misuse of laxatives. In addition to typical or atypical AN,
all patients were classified with either the restrictive or purging subtype. All patients were Caucasian
since ethnic variations in leptin levels have been described before [18,19]. Exclusion criteria were:
pregnancy or psychotic disorder, or any major further somatic comorbidity such as malignoma or
chronic inflammatory disease.
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2.3. Ethics

The study was approved by the institutional ethics committee of the Charité-Universitätsmedizin
Berlin (Protocol Number EA1/114/10), and all investigations were conducted according to the
Declaration of Helsinki. All participants gave written informed consent.

2.4. Clinical Data

Duration of illness and current medication treatment were assessed at admission by taking the
medical history of the patients. Smoking status was obtained by patient interview as part of the
PA assessment using the SenseWear™ armband (SenseWear™ PRO3 armband; BodyMedia, Inc.,
Pittsburgh, PA, USA).

2.5. Body Composition

Whole-body impedance (resistance, reactance and phase angle) was performed using bioelectrical
impedance analysis (BIA) on the first day of PA assessment. Data were collected using Nutriguard-M
(Data Input, Darmstadt, Germany; electrodes: Bianostic-AT, Data Input). BIA measurements
were standardized according to the manufacturer’s recommendations. Body fat was calculated by
subtracting predicted fat-free mass from body weight with the use of the sex-specific equation [20].

2.6. Physical Activity

Accelerometric measurement of PA took place 4 ± 2 (range: 1–11) days after admission. At the
time of measurement, patients had no restrictions with regards to their daily PA. PA was assessed
using a portable armband (SenseWear™) in combination with the manufacturer’s specific software
(SenseWear™ Professional, Version 8.1, SMT medical technology, Würzburg, Germany) and measured
over a period of three days (Friday–Sunday). A day (24 h) was included in the analysis if the armband
had been worn for at least 20 h and 30 min on at least two of the three days as described before [21].
The average wearing time per day in the present study was 98%. A measurement period of two days
was included for 4 patients, three days for 57 patients.

The SenseWear™ armband is a wireless body monitor that enables continuous physiological
measurement of PA outside the laboratory [22]. It consists of five sensors measuring heat flow,
galvanic skin response, body temperature, near-body temperature and movements in two axes [23].
The two-axial accelerometer captures movements of the upper arm, as well as of the position of the
body; with the help of the sensors, it is also possible to differentiate between movements such as
locomotion in a vehicle or real PA, as well as to quantify physical inactivity such as time spent in a
recumbent position [22]. In the current study, we focused on the following parameters of PA: (i) steps
per day as an established and comprehensible parameter; (ii) time spent in a recumbent position
including sleep time as an index of physical inactivity and (iii) duration of high intensity PA. The latter
is quantified based on internal algorithms of the producer, and activity above 5.0 metabolic equivalents
(METs) was considered as a high intensity exercise [21]. The MET value represents a standardized
indicator independent of time, body weight and sex and mirrors the intensity of PA, ranging from 1.1
when driving in a car to 2–4 when doing housework; competitive athletes can reach maximum values
of 20 METs [23]. A typical activity in the range of 5.0 METs is dancing (ballet, modern or jazz) [24].

2.7. Leptin Level Analysis

Blood samples were taken during the period of data collection for PA. All blood samples were
collected from the forearm vein between 07:00 and 08:30 a.m. after an overnight fasting period of
at least 10 hours as described previously [25]. Blood sampling took place within 4 ± 2 (1–11) days
after admission to inpatient treatment. During venipuncture, blood was collected in pre-cooled
standard laboratory EDTA tubes containing aprotinin (1.2 trypsin inhibitory unit per 1 mL blood;
ICN Pharmaceuticals, Costa Mesa, CA, USA) for peptidase inhibition, placed back on ice immediately
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after blood withdrawal and centrifuged at 4 ◦C for 10 min at 3000× g. Plasma was separated and
samples stored at −80 ◦C until further processing. The measurement of plasma leptin levels was
conducted in one batch using a commercial enzyme-linked immunosorbent assay (#EK-003-17, Phoenix
Pharmaceuticals, Inc., Burlingame, CA, USA). The linear detection range of the assay was 0.06–4 ng/mL
(manufacturer’s information); the intra-assay variability was <10%.

2.8. Statistical Analysis

For statistical analysis, R Version 3.4.1 was used [26]. The distribution of data was determined
using the Kolmogorov–Smirnov test. All data are presented as the mean ± SD if normally distributed,
otherwise as the median (25th/75th percentile) or absolute frequency (relative frequency %). p < 0.05
was set for statistical significance. Leptin values were non-normally distributed. For linear modelling,
leptin was log-transformed, but in the figures, the scale was not log-transformed to be able to
display clinically-meaningful results. To test the relationship between PA and various potential
predictors, univariate and multivariable linear models were computed. Graphical exploration of the
data suggested non-linear relations. Accordingly, an exploratory regression tree was computed as this
approach does not make assumptions about distributions or linearity. This machine learning technique
computes a series of prediction thresholds to split a dataset. Given the relatively small sample, splitting
the dataset into learning and test sets was not feasible; therefore, we applied a jack knife procedure
classifying each subject based on a tree built from the remaining patients.

3. Results

3.1. Study Population

Altogether, 51 patients (84%) were diagnosed with typical and ten (16%) with atypical AN.
All atypical AN patients were of the restrictive subtype. Twenty-three patients (36%) were smokers,
and nine (15%) were on sedating medications on admission. On-body time recorded by the armband
was 98 ± 2 (91–100)%. The demographic, anthropometric and disease-specific characteristics of the
study population are outlined in Table 1 along with data on body composition and PA, as well as
leptin levels. Duration of high intensity PA was recorded only for a median of two minutes per day.
Thus, at least on average, PA in the form of high intensity exercise was negligible. All PA parameters
assessed in this study showed a considerably wide range. Data on body composition were available in
60 of the 61 patients, and in 11 out of these 61 AN subjects (16.4%), BIA yielded a negative value for
fat mass.

Table 1. Characterization of the study population.

Measurement Parameters All Patients Restrictive Subtype Purging Subtype p-Value

n (%) 61 (100%) 49 (80.3) 12 (19.7)

Demographic parameters
Age (years) 25 (21/30; 18–52) 24 (19/32; 18–52) 26 (21/29; 18–32) 0.643
Height (m) 1.67 ± 0.07 (1.53–1.84) 1.67 ± 0.07 (1.53–1.84) 1.69 ± 0.06 (1.55–1.80) 0.233
Weight (kg) 41 ± 7 (29–59) 41 ± 7 (29–59) 45 ± 4 (37–49) 0.056
BMI (kg/m2) 14.8 ± 2.0 (10.5–19.3) 14.6 ± 2.1 (10.5–19.3) 15.7 ± 1.6 (13.3–18.4) 0.085
Duration of illness (months) 44 (12/120; 1–312) 33 (12/77; 1–312) 84 (25/120; 4–180) 0.243

Body composition
Fat-free mass (kg) 37 ± 4 (30–48) 37 ± 4 (30–48) 40 ± 4 (32–48) 0.016
Fat mass (kg) 4.3 ± 4.7 (−3.5–17.2) 4.1 ± 5.2 (−3.5–17.2) 4.9 ± 2.3 (0.6–7.3) 0.599
Fat mass (%) 9.1 ± 10.2 (−10.7–29.5) 8.6 ± 11.2 (−10.7–29.5) 11.0 ± 5.1 (1.2–15.3) 0.464

Physical activity
Steps 12,841 ± 6408 (3956–37,750) 13,069 ± 6717 (3956–37,750) 11,908 ± 5091 (4534–18,505) 0.578
Recumbent time (min) 480 (445/533; 333–666) 473 (443/527; 333–581) 502 (464/569; 407–666) 0.174
Leptin (ng/mL) 0.4 (0.3/1.0; 0.2–8.8) 0.4 (0.3/1.0; 0.2–8.8) 0.5 (0.3/2.1; 0.3–4.9) 0.246
Log leptin (ng/mL) −0.46 ± 1.04 (−1.62–2.19) −0.51 ± 1.05 (−1.62–2.19) −0.27 ± 1.01 (−1.27–1.59) 0.480

Mean ± SD (range) or median (25th/75th percentile; range); bolded p-values: p < 0.05.
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3.2. Relationship between Leptin, BMI, Body Composition and Physical Activity

Leptin was positively and highly associated with both BMI and fat mass (Figure 1a,b, ρ = 0.508
and ρ = 0.669, p < 0.001), but not with the step count (Figure 1c, ρ = 0.015, p = 0.908). In the whole
population, no significant association of BMI and steps was observed (Figure 1d, ρ = 0.189, p = 0.146).Nutrients 2017, 9, 1210 5 of 13 
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Figure 1. Associations between leptin and BMI (a), leptin and fat mass (b), steps and leptin (c) and
steps and BMI (d).

When dividing the patients by two separate median splits into two groups of low and high
leptin levels (median leptin = 0.41 ng/mL; group average with low leptin: 0.29; 25th/75th percentile:
0.26/0.36 ng/mL; group average with high leptin: 1.0; range: 0.5–3.2 ng/mL) and low and high BMI
(median BMI = 14.9 kg/m2; group average with low BMI: 13.2 ± 1.3 kg/m2; group average with high
BMI: 16.3 ± 1.2 kg/m2), respectively, a trend towards more steps was recorded in the group with
higher BMI (p = 0.130), but not in the group with low leptin (p = 0.272, Figure 2).
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Figure 2. Steps in groups with high and low BMI and high and low leptin (median split).

3.3. Potential Moderators with an Effect on the Association of Leptin and Physical Activity

In a univariate regression analysis with steps as the dependent variable and age, BMI, recumbent
time, duration of illness, sedating medication on admission, AN subtype and log leptin as independent
predictor variables, only recumbent time was a significant moderator (p = 0.043). In a multivariable
model, none of the independent variables remained as significant predictors.

In an exploratory regression tree model, the following parameters were relevant predictors of the
number of steps: BMI, duration of illness, leptin and recumbent time (Figure 3). With this non-linear
model, the association of actual and predicted number of steps could be predicted with an r2 of 0.620
(p < 0.001). However, validation of prediction by jack knife analysis failed (r2 = 0.031; p = 0.176).
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4. Discussion

This study analyzed the relationship between leptin and objectively assessed PA in a large group
of adult, hospitalized women with AN. In the present study, there was a significant positive association
of leptin and both BMI, as well as fat mass, as expected based on data in lean individuals [27]. However,
no significant association was observed between low leptin levels and high PA, as reported earlier
in studies on adolescents with AN [6,11–13]. In the adult population investigated in the current
study, this association seemed to be non-linear and affected by a range of moderators and complex
interactions. However, although the exploratory regression tree model, testing a non-linear model,
yielded significant results and a high r2 of 0.62, these results were not replicated or significant when
testing the robustness of the finding using a jack knife approach. This inconsistency could possibly be
due to the small sample size or to overfitting of the original model.

With 14.8 kg/m2 as the mean and 10.5 kg/m2 as the minimum, the reference BMI of the patients
in the present study was within the usual range reported in clinical studies [27]. Mean leptin levels
of 1.2 ng/mL of our patients (although data were not normally distributed) were comparable to
concentrations reported in previous studies (range: 0.9–5.6 ng/mL; [27]). Yet, it is to be noted that
comparisons of absolute levels with other studies is difficult as different methods (ELISA, RIA) and
kits of different vendors (Linco, Phoenix, DSL Systems, Millipore, Mediagnost), as well as lot-to-lot
differences of the same kit might greatly influence the peptide levels measured. In line with these
differences, the standard curves differ by factors up to 100. The linear detection range of the assay used
in our study was 0.06–4 ng/mL, indicating that the mean leptin levels were in the middle of this curve.

Evaluating the degree of PA of the patients assessed in the present study in comparison with
previous studies in AN is also complicated. PA at the start of hospitalization is increased in many,
but not in all individuals with AN [28]. So far, most studies on PA have relied on nurses’ or therapists’
assessment. As patients’ self-reported PA did not correlate with measured PA, subjective PA assessment
in AN should be interpreted with caution [10]. Few studies have objectively quantified increased PA in
AN using accelerometry (Table 2). Some of these studies applied simple pedometers, which are limited
in distinguishing whether the subject really was physically inactive or whether the pedometer was not
worn, thus introducing a potential bias. This issue might be of particular importance in AN patients
who are known to exercise in secret due to their fear of having their activity restricted. In a previous
study using accelerometry in patients with AN, nine out of 51 measurements were not included in the
analysis due to long periods of inactivity, which indicated Actiwatch™ misuse [14]. The advantage of
the SenseWear™ armband is that data recording is initiated and stopped by contact of its heat flux
sensor with the skin, enabling one to analyze on-body time and to discard measurements if the band
were not worn.
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Table 2. Previous studies reporting on the association of leptin and physical activity in patients with AN.

Reference Subjects (n) Mean Age (Year)
(Range)

Mean BMI (kg/m2)
(Range)

Mean Leptin (ng/mL)
(Range)

Assessment of
Physical Activity

Association Leptin-Physical
Activity Medication Physical Activity

Restriction

Exner 2000 30 16.4 ± 3.5
(12–31)

14.5 ± 1.4
(11.8–16.8)

0.65 ± 0.56
(0.02–1.62)

patient ratings of
motor restlessness

upon attainment of maximal
leptin; motor restlessness was

ranked lower compared
to baseline

n.r. n.r

Holtkamp 2003

61 17.5 ± 4.6
(12–31)

14.5 ± 1.5
(10.5–17.4)

0.91 ± 1.37
(0.004–7.43) self and expert rating association of expert rating of

motor restlessness and leptin no

n.r.
27 14.5 ± 1.3

(11.5–17.4)
14.5 ± 1.3
(12.3–17.5)

1.77 ± 1.06
(0.53–4.57) SIAB-EX interview

association of expert rating of
motor restlessness and leptin;
leptin, but not BMI, explained

the variance of PA

n.r.

Holtkamp 2006 26 15.6 ± 1.9 15.2 ± 1.6 1.3 ± 0.76 SIAB-EX interview leptin predicted all types of
activity and restlessness n.r. n.r.

Van Elburg 2007 31
31

15.9 ±1.2
20.6 ± 2.9 15.4 ± 1.3 2.1

(0.5–13.3) nurse evaluation
on admission: linear association

between leptin/PA in
adolescents, but not in adults

57% on
antipsychotics n.r.

Ehrlich 2009 36 18.2 ± 3.3
(14–29) 15.3 ± 1.3 1.4 ± 2.3 SIAB-EX interview

inverse association in acute. but
not in recovered AN; when

samples were split according to
age (22 adolescents, 14 adults):

linear association remained
significant in both groups

n.r.

Nogueira 2010 24 22.8 ± 5.9 13.5 ± 1.2 0.75 ± 1.0 SIAB-EX interview leptin levels higher in high level
PA patients yes n.r.

Kostrzewa 2013 37 15.2
(13–17.5)

15.7 ± 1.4
(12.6–18.4) n.r. accelerometry

no significant difference in
leptin between high and low

PA patients
n.r. yes

Haas 2017 61 25
(18–52)

14.8
(10.5–19.3) 1.2 accelerometry no association of leptin

and steps 15% no
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AN, anorexia nervosa; BMI, body mass index; n.r., not reported; PA, physical activity; SIAB-EX,
Structured Interview for Anorexic and Bulimic Eating [6,9–14]. Compared to normal weight or
obese outpatients [21], the hospitalized AN patients in the present study were, with an average of
12,841 ± 6408 steps, far more physically active. We are aware of only two previous studies reporting
on the number of steps assessed with the SenseWear™ armband in AN patients [29,30]. In one of these
earlier studies, the number of steps recorded was similar between 53 hospitalized AN patients and
non-hospitalized controls (AN: 8563 ± 5080; controls: 9638 ± 2983, p = 0.184) [29]. The other study
measured PA at the end of 20 weeks of inpatient treatment in 32 weight-recovered AN patients who
showed between 12,347 and 17,775 steps [30]. A commonly-used or accepted cut-off for high/low PA
in AN does not (yet) exist. On average, during the three days of PA assessment, intensive exercise
was recorded for just a few minutes in the patients under investigation, which is similar to a recorded
time of 217 seconds of moderate and vigorous PA of between three and six METs in a previous study
on adult and hospitalized AN patients [29]. The patients in the present study were allowed to move
freely in the ward, as was the case in patients described in the study by El Ghoch and colleagues [29]
(information available on author request). This is different from other treatment programs for AN
patients, which commonly restrict any form of PA [28]. Therefore, for better interpretation and
comparison between studies, future research on this topic should include information about whether
or not PA was restricted as part of the treatment program. In both previous studies and in the present
study using SenseWear™, AN patients displayed a high range of steps. Taken together, the patient
sample in the present study displayed on average low leptin and high physical activity compared with
previous studies, as well as high individual variability of activity levels within our group.

Leptin is a hormone predominantly secreted by adipocytes and circulating at levels proportionate
to the amount of adipose tissue [31]. Thus, low leptin levels in AN can be explained by reduced body
fat. Percent fat mass explains more variance in leptin levels than BMI [27]. Similarly, in the present
study, the association was closer between leptin and fat mass than and BMI. Although not significantly
associated in our study, also fat-free mass should always be considered, as the contribution of fat
free-mass to BMI is higher in AN compared to normal weight subjects. Leptin might play a critical
physiological role in the regulation of neuroendocrine systems during starvation, and low circulating
levels are hypothesized to cause an increase in PA. However, the main finding of the present study
was the lack of a simple and linear association of leptin and PA as measured by steps per day, which is
in contrast to several previous studies. Table 2 [6,9–14] gives an overview of previous studies focusing
on the relationship between leptin and PA in AN. Few studies have specifically reported on the
association of leptin and PA in adult AN patients, showing both an association [12], as well as a lack
thereof [10]. Hyperactivity related to hypoleptinemia in AN might be a complex phenomenon, as both
neurobiological factors and deliberate attempts to lose weight by over-exercising seem to coexist [12].
Moreover, ethnicity affects leptin levels in lean and obese subjects [18,19]. Although the enrolment of
Caucasian subjects can be assumed for all studies listed in Table 2, ethnicity was not specified in these
studies. In the present study, only Caucasian subjects were included. Future studies should therefore
investigate the alterations of leptin levels under the conditions of AN in different ethnic groups.

In addition, the relative contribution of these multiple underlying mechanisms is likely to differ
according to the stage of the disorder [10,13]. In line with this view, the association of leptin and
PA over time during the recovery from AN was shown to be dynamic; more specifically, a negative
association at baseline changed into a positive correlation during the recovery process [10]. In the
present study, there was a slight trend towards higher PA in patients with higher BMI, which might
indicate that at a higher BMI, the patients’ health allows them to be more physically active. Moreover,
age and duration of illness have been suggested as modulating factors of the association of leptin
and PA [10]. The duration of illness was significantly higher in highly active patients than in patients
with low activity, and highly active patients had an earlier age of illness onset [14]. In theory, the time
course could be as follows: at an early stage of starvation, neurobiological factors, as reflected by
decreasing leptin levels, may be of importance to increase food-searching behavior [12]. The resulting
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“agitated restlessness” might persist during the early course of the disease, but at some point, no longer
apply if starvation persists. This shift might be due to an adaptation to low peripheral leptin levels in
chronically ill and older patients, with their activity levels no longer being influenced by leptin [13].
When starvation progresses even further, formerly increased activity could turn into lethargy and
weakness at very low BMI in the later stages of starvation [10].

Currently, the findings from different studies on the relationship between leptin and PA are
inconsistent. While our study cannot resolve these existing controversies, we took a first step towards
dissecting the influence of various moderators on the association of leptin and PA in AN. Exploratory
analyses applying a complex and non-linear model including potential moderators and interactions
yielded promising results for the following moderators: age, BMI, duration of disease, AN subtype
and intake of sedating medication. Nevertheless, as mentioned above, the small sample size for
such analyses and the potential for overfitting limit the conclusions that can be drawn from these
initial findings.

A differentiated understanding of increased PA as a fundamental symptom of AN has the potential
to improve therapeutic options. First, in some patients and treatment phases, increased PA seems to
be a neurobiological consequence of starvation, rather than being a conscious attempt of patients to
lose weight or representing noncompliance with treatment. Second, the administration of leptin in an
acute state of illness to reduce “uncontrollable” hyperactivity has been suggested for the treatment of
humans [13,28], provided that specific precautions are taken. Evidently, the metabolic and nutritional
situation of the leptin-treated patient needs to be monitored closely due to the possible increase
in resting energy expenditure and energy needs. For a long time, leptin administration in clinical
human trials seemed unlikely. Recently, leptin administration received approval for the treatment of
lipodystrophy [31], making it more likely that leptin administration in patients with AN could follow
in the near future. According to the data presented here, an evidence-based procedure should first
be developed to identify individual patients and treatment phases where leptin administration can
be beneficial. Patients exercising mainly to pursue thinness might be less likely to benefit from this
treatment. Therefore, next to biological determinants of PA described in our study, clinical and research
assessment should also include eating disorder-specific psychopathology related to hyperactivity.

There was a significant association of recumbent time and number of steps (p = 0.043) in our study
population. Whether a low number of steps results invariably from the fact that during recumbent time
no steps can be taken, or whether high recumbent time could be a sign of physical weakness or serve
as a marker of low motor restlessness remains unclear. We are not aware of any studies that objectively
assessed sedentary behavior in patients with AN, which therefore remains to be uncovered further.
In obesity, adverse metabolic effects of sedentary behavior have been established [32], and therapeutic
options target the reduction of sedentary time to improve cardiometabolic health [33].

The findings of this study need to be interpreted within its limitations. First, with 61 subjects,
the samples size of this study was still too small for valid subgroup analyses to build a sound,
non-linear model, which should be attempted in future studies. Second, we focused on the assessment
of steps as a marker for PA. However, it seems likely that hyperactivity in AN can manifest in several
forms [14], such as high intensity exercise, which was negligible in the present study, or a more subtle,
but constant “motor restlessness”. While there is the need to assess PA using objective techniques [13],
it is remarkable that the present and the only other study that used accelerometry [14] did not find
an association of PA and leptin. Inconsistent results regarding the association of leptin and PA in AN
could therefore be of methodological origin. Judged from the present study, it can further be questioned
if the number of steps per day is a suitable marker for altered PA in AN. However, another study
provided evidence that the number of steps assessed at the end of treatment predicted the resumption
of menses at one-year follow-up in patients with AN [30], pointing towards the utility of steps as a
clinical-biological marker. Further work is needed to determine how motor restlessness (as opposed
to PA) can best be measured and quantified with accelerometric devices. Third, we allowed the
patients to take off the band for a maximum of 2.5 h/day, i.e., to take a shower or in the case of feeling
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discomfort by the elastic band. While the average wearing time was 98% (range: 91–100%) of the total
time, we cannot exclude the possibility that during part of or the entire remaining 2% (range: 0–9%),
the patients could have been highly active. On the other hand, we consider the technology used in
the present study to be the best available method due to its heat sensors and the ability to detect how
long the band was actually worn. Fourth, we used BIA to assess body fat, which is an easy to use
technique, but its accuracy in patients with AN is reduced compared to the general population [34].
Finally, the present study was limited by the fact that it did not include data from a healthy control
group. However, usually healthy controls cannot be assessed under the same conditions in a hospital
setting and subjected to an eating disorder program, which makes a comparison of PA in patients
versus healthy controls difficult. However, a control group should be included in future studies using
an outpatient setting.

5. Conclusions

In conclusion, the association of leptin and physical activity in adult females with AN in the
present study was not of a simple, linear nature and requires further investigation with respect to its
potential modifiers, including age, BMI, duration of illness and medication, which may operate in a
non-linear fashion or differ across subgroups. Moreover, behavioral and psychological factors should
be psychometrically assessed in detail and taken into consideration, especially in light of common
psychiatric comorbidities [35]. Lastly, the most valid use and interpretation of accelerometry employed
to objectively assess PA in AN patients needs to be established further and should also include different
parameters of physical inactivity.

Acknowledgments: We thank Andreas Busjahn for help with the statistical analysis; Celine Lehmann,
Friederice Schröder, Florian Bruckbauer and Elena Weibert for assistance with data collection and maintaining the
database; Reinhard Lommel and Petra Buße for laboratory work; Karin Johansson and Christina Hentzschel for
their help with the organization of clinical assessments.

Author Contributions: The study was designed by A.S., V.H., U.E. and T.H. Data were collected and analyzed
by A.S., V.H. and T.H. V.H. drafted the manuscript. A.S., U.E., C.U.C., M.R. and T.H. revised the manuscript.
All authors read and approved the final manuscript.

Conflicts of Interest: C.U.C. has been a consultant and/or advisor to or has received honoraria from: Alkermes,
Allergan, Bristol-Myers Squibb, Gerson Lehrman Group, IntraCellular Therapies, Janssen/J&J, LB Pharma,
Lundbeck, Medavante, Medscape, Neurocrine, Otsuka, Pfizer, ROVIA, Sunovion, Takeda and Teva. He has
provided expert testimony for Bristol-Myers Squibb, Janssen and Otsuka. He served on a Data Safety Monitoring
Board for Lundbeck, Pfizer, Roche and ROVIA. He received royalties from Up To Date and grant support from
Janssen, Neurocrine and Takeda. The other authors declare no conflict of interest. The project was supported by
the Swiss Anorexia Nervosa Foundation (Project Number 23-13; PI: VH). The sponsor had no role in designing
nor interpreting the study results.

Abbreviations

AN anorexia nervosa
BMI body mass index
PA physical activity
SD standard deviation

References

1. Carrera, O.; Adan, R.A.; Gutierrez, E.; Danner, U.N.; Hoek, H.W.; van Elburg, A.A.; Kas, M.J. Hyperactivity in
anorexia nervosa: Warming up not just burning-off calories. PLoS ONE 2012, 7, e41851. [CrossRef] [PubMed]

2. Schöll, M.; Herpertz-Dahlmann, B. Physical Activity in Adolescent Eating Disorders and Associated
Psychopathological and Biological Conditions; Lehrstuhl für Kinder- und Jugendpsychiatrie und -Psychotherapie
(535520-2); RWTH Aachen: Aachen, Germany, 2008.

3. Zhang, Y.Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.; Friedman, J.M. Positional Cloning of the Mouse
Obese Gene and Its Human Homolog. Nature 1994, 372, 425–432. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0041851
http://www.ncbi.nlm.nih.gov/pubmed/22848634
http://dx.doi.org/10.1038/372425a0
http://www.ncbi.nlm.nih.gov/pubmed/7984236


Nutrients 2017, 9, 1210 12 of 13

4. Haas, V.; Onur, S.; Paul, T.; Nutzinger, D.O.; Bosy-Westphal, A.; Hauer, M.; Brabant, G.; Klein, H.; Muller, M.J.
Leptin and body weight regulation in patients with anorexia nervosa before and during weight recovery.
Am. J. Clin. Nutr. 2005, 81, 889–896. [PubMed]

5. Haas, V.K.; Gaskin, K.J.; Kohn, M.R.; Clarke, S.D.; Muller, M.J. Different thermic effects of leptin in adolescent
females with varying body fat content. Clin. Nutr. 2010, 29, 639–645. [CrossRef] [PubMed]

6. Exner, C.; Hebebrand, J.; Remschmidt, H.; Wewetzer, C.; Ziegler, A.; Herpertz, S.; Schweiger, U.; Blum, W.F.;
Preibisch, G.; Heldmaier, G.; et al. Leptin suppresses semi-starvation induced hyperactivity in rats:
implications for anorexia nervosa. Mol. Psychiatry 2000, 5, 476–481. [CrossRef] [PubMed]

7. Verhagen, L.A.; Luijendijk, M.C.; Adan, R.A. Leptin reduces hyperactivity in an animal model for anorexia
nervosa via the ventral tegmental area. Eur. Neuropsychopharmacol. 2011, 21, 274–281. [CrossRef] [PubMed]

8. Fernandes, M.F.; Matthys, D.; Hryhorczuk, C.; Sharma, S.; Mogra, S.; Alquier, T.; Fulton, S. Leptin Suppresses
the Rewarding Effects of Running via STAT3 Signaling in Dopamine Neurons. Cell Metab. 2015, 22, 741–749.
[CrossRef] [PubMed]

9. Nogueira, J.P.; Maraninchi, M.; Lorec, A.M.; Corroller, A.B.; Nicolay, A.; Gaudart, J.; Portugal, H.; Barone, R.;
Vialettes, B.; Valero, R. Specific adipocytokines profiles in patients with hyperactive and/or binge/purge
form of anorexia nervosa. Eur. J. Clin. Nutr. 2010, 64, 840–844. [CrossRef] [PubMed]

10. Van Elburg, A.A.; Kas, M.J.; Hillebrand, J.J.; Eijkemans, R.J.; van, E.H. The impact of hyperactivity and leptin
on recovery from anorexia nervosa. J. Neural Transm. 2007, 114, 1233–1237. [CrossRef] [PubMed]

11. Holtkamp, K.; Herpertz-Dahlmann, B.; Hebebrand, K.; Mika, C.; Kratzsch, J.; Hebebrand, J. Physical activity
and restlessness correlate with leptin levels in patients with adolescent anorexia nervosa. Biol. Psychiatry
2006, 60, 311–313. [CrossRef] [PubMed]

12. Ehrlich, S.; Burghardt, R.; Schneider, N.; Broecker-Preuss, M.; Weiss, D.; Merle, J.V.; Craciun, E.M.; Pfeiffer, E.;
Mann, K.; Lehmkuhl, U.; et al. The role of leptin and cortisol in hyperactivity in patients with acute and
weight-recovered anorexia nervosa. Prog. Neuropsychopharmacol. Biol. Psychiatry 2009, 33, 658–662. [CrossRef]
[PubMed]

13. Holtkamp, K.; Herpertz-Dahlmann, B.; Mika, C.; Heer, M.; Heussen, N.; Fichter, M.; Herpertz, S.; Senf, W.;
Blum, W.F.; Schweiger, U.; et al. Elevated physical activity and low leptin levels co-occur in patients with
anorexia nervosa. J. Clin. Endocrinol. Metab. 2003, 88, 5169–5174. [CrossRef] [PubMed]

14. Kostrzewa, E.; van Elburg, A.A.; Sanders, N.; Sternheim, L.; Adan, R.A.; Kas, M.J. Longitudinal changes
in the physical activity of adolescents with anorexia nervosa and their influence on body composition and
leptin serum levels after recovery. PLoS ONE 2013, 8, e78251. [CrossRef] [PubMed]

15. Treasure, J.; Zipfel, S.; Micali, N.; Wade, T.; Stice, E.; Claudino, A.; Schmidt, U.; Frank, G.K.; Bulik, C.M.;
Wentz, E. Anorexia nervosa. Nat. Rev. Dis. Primers 2015, 1, 15074. [CrossRef] [PubMed]

16. World Health Organization. International Statistical Classification of diseaSes and Related Health Problems, 10th
Revision (ICD-10); World Health Organization: New York, NY, USA, 2008.

17. Hofmann, T.; Elbelt, U.; Haas, V.; Ahnis, A.; Klapp, B.F.; Rose, M.; Stengel, A. Plasma kisspeptin and ghrelin
levels are independently correlated with physical activity in patients with anorexia nervosa. Appetite 2017,
108, 141–150. [CrossRef] [PubMed]

18. Mente, A.; Razak, F.; Blankenberg, S.; Vuksan, V.; Davis, A.D.; Miller, R.; Teo, K.; Gerstein, H.; Sharma, A.M.;
Yusuf, S.; et al. Ethnic variation in adiponectin and leptin levels and their association with adiposity and
insulin resistance. Diabetes Care 2010, 33, 1629–1634. [CrossRef] [PubMed]

19. Perez-Bravo, F.; Albala, C.; Santos, J.L.; Yanez, M.; Carrasco, E. Leptin levels distribution and ethnic background
in two populations from Chile: Caucasian and Mapuche groups. Int. J. Obes. Relat. Metab. Disord. 1998, 22,
943–948. [CrossRef] [PubMed]

20. Sun, S.S.; Chumlea, W.C.; Heymsfield, S.B.; Lukaski, H.C.; Schoeller, D.; Friedl, K.; Kuczmarski, R.J.;
Flegal, K.M.; Johnson, C.L.; Hubbard, V.S. Development of bioelectrical impedance analysis prediction
equations for body composition with the use of a multicomponent model for use in epidemiologic surveys.
Am. J. Clin. Nutr. 2003, 77, 331–340. [PubMed]

21. Elbelt, U.; Schuetz, T.; Hoffmann, I.; Pirlich, M.; Strasburger, C.J.; Lochs, H. Differences of energy expenditure
and physical activity patterns in subjects with various degrees of obesity. Clin. Nutr. 2010, 29, 766–772.
[CrossRef] [PubMed]

22. David Andre. The Development of the SenseWear®Armband, a Revolutionary Energy Assessment Device to Assess
Physical Activity and Lifestyle; BodyMedia Inc.: Pittsburgh, PA, USA, 2006.

http://www.ncbi.nlm.nih.gov/pubmed/15817868
http://dx.doi.org/10.1016/j.clnu.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20452104
http://dx.doi.org/10.1038/sj.mp.4000771
http://www.ncbi.nlm.nih.gov/pubmed/11032380
http://dx.doi.org/10.1016/j.euroneuro.2010.11.006
http://www.ncbi.nlm.nih.gov/pubmed/21190812
http://dx.doi.org/10.1016/j.cmet.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26341832
http://dx.doi.org/10.1038/ejcn.2010.66
http://www.ncbi.nlm.nih.gov/pubmed/20485307
http://dx.doi.org/10.1007/s00702-007-0740-6
http://www.ncbi.nlm.nih.gov/pubmed/17530161
http://dx.doi.org/10.1016/j.biopsych.2005.11.001
http://www.ncbi.nlm.nih.gov/pubmed/16376860
http://dx.doi.org/10.1016/j.pnpbp.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19296912
http://dx.doi.org/10.1210/jc.2003-030569
http://www.ncbi.nlm.nih.gov/pubmed/14602745
http://dx.doi.org/10.1371/journal.pone.0078251
http://www.ncbi.nlm.nih.gov/pubmed/24205172
http://dx.doi.org/10.1038/nrdp.2015.74
http://www.ncbi.nlm.nih.gov/pubmed/27189821
http://dx.doi.org/10.1016/j.appet.2016.09.032
http://www.ncbi.nlm.nih.gov/pubmed/27693487
http://dx.doi.org/10.2337/dc09-1392
http://www.ncbi.nlm.nih.gov/pubmed/20413520
http://dx.doi.org/10.1038/sj.ijo.0800667
http://www.ncbi.nlm.nih.gov/pubmed/9806308
http://www.ncbi.nlm.nih.gov/pubmed/12540391
http://dx.doi.org/10.1016/j.clnu.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20627487


Nutrients 2017, 9, 1210 13 of 13

23. SMT Medical Technology GmbH&Co.KG W. Das Armband Kompendium, Aktivitätsmonitoring und
Lebensstilanalyse mit dem Bodymedia Sensewear Armband; SMT Medical Technology GmbH&Co.KG W.:
Würzburg, Germany, 2006.

24. Ainsworth, B.E.; Haskell, W.L.; Herrmann, S.D.; Meckes, N.; Bassett, D.R., Jr.; Tudor-Locke, C.; Greer, J.L.;
Vezina, J.; Whitt-Glover, M.C.; Leon, A.S. 2011 Compendium of Physical Activities: A second update of
codes and MET values. Med. Sci. Sports Exerc. 2011, 43, 1575–1581. [CrossRef] [PubMed]

25. Hofmann, T.; Elbelt, U.; Ahnis, A.; Kobelt, P.; Rose, M.; Stengel, A. Irisin Levels are Not Affected by Physical
Activity in Patients with Anorexia Nervosa. Front. Endocrinol. 2014, 4, 202. [CrossRef] [PubMed]

26. R Core Team. R: A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2017.
27. Hebebrand, J.; Muller, T.D.; Holtkamp, K.; Herpertz-Dahlmann, B. The role of leptin in anorexia nervosa:

Clinical implications. Mol. Psychiatry 2007, 12, 23–35. [CrossRef] [PubMed]
28. Hebebrand, J.; Exner, C.; Hebebrand, K.; Holtkamp, C.; Casper, R.C.; Remschmidt, H.; Herpertz-Dahlmann, B.;

Klingenspor, M. Hyperactivity in patients with anorexia nervosa and in semistarved rats: evidence for a pivotal
role of hypoleptinemia. Physiol. Behav. 2003, 79, 25–37. [CrossRef]

29. El Ghoch, M.; Calugi, S.; Pellegrini, M.; Milanese, C.; Busacchi, M.; Battistini, N.C.; Bernabe, J.; Grave, R.D.
Measured physical activity in anorexia nervosa: features and treatment outcome. Int. J. Eat. Disord. 2013, 46,
709–712.

30. El Ghoch, M.; Calugi, S.; Pellegrini, M.; Chignola, E.; Grave, R.D. Physical activity, body weight, and
resumption of menses in anorexia nervosa. Psychiatry Res. 2016, 246, 507–511. [CrossRef] [PubMed]

31. Farr, O.M.; Gavrieli, A.; Mantzoros, C.S. Leptin applications in 2015: What have we learned about leptin and
obesity? Curr. Opin. Endocrinol. Diabetes Obes. 2015, 22, 353–359. [CrossRef] [PubMed]

32. Scheers, T.; Philippaerts, R.; Lefevre, J. SenseWear-determined physical activity and sedentary behavior and
metabolic syndrome. Med. Sci. Sports Exerc. 2013, 45, 481–489. [CrossRef] [PubMed]

33. Knaeps, S.; De, B.S.; Bourgois, J.; Mertens, E.; Charlier, R.; Lefevre, J. Substituting Sedentary Time With Light
And Moderate-to-Vigorous Physical Activity is Associated With Better Cardio-Metabolic Health. J. Phys.
Act. Health 2017, 1–22. [CrossRef] [PubMed]

34. Haas, V.; Riedl, A.; Hofmann, T.; Nischan, A.; Burghardt, R.; Boschmann, M.; Klapp, B. Bioimpedance and
bioimpedance vector analysis in patients with anorexia nervosa. Eur. Eat. Disord. Rev. 2012, 20, 400–405.
[CrossRef] [PubMed]

35. Jagielska, G.; Kacperska, I. Outcome, comorbidity and prognosis in anorexia nervosa. Psychiatr. Pol. 2017, 51,
205–218. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1249/MSS.0b013e31821ece12
http://www.ncbi.nlm.nih.gov/pubmed/21681120
http://dx.doi.org/10.3389/fendo.2013.00202
http://www.ncbi.nlm.nih.gov/pubmed/24432013
http://dx.doi.org/10.1038/sj.mp.4001909
http://www.ncbi.nlm.nih.gov/pubmed/17060920
http://dx.doi.org/10.1016/S0031-9384(03)00102-1
http://dx.doi.org/10.1016/j.psychres.2016.10.043
http://www.ncbi.nlm.nih.gov/pubmed/27821361
http://dx.doi.org/10.1097/MED.0000000000000184
http://www.ncbi.nlm.nih.gov/pubmed/26313897
http://dx.doi.org/10.1249/MSS.0b013e31827563ba
http://www.ncbi.nlm.nih.gov/pubmed/23034646
http://dx.doi.org/10.1123/jpah.2017-0102
http://www.ncbi.nlm.nih.gov/pubmed/28872401
http://dx.doi.org/10.1002/erv.1166
http://www.ncbi.nlm.nih.gov/pubmed/22271391
http://dx.doi.org/10.12740/PP/64580
http://www.ncbi.nlm.nih.gov/pubmed/28581532
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Design 
	Study Population 
	Ethics 
	Clinical Data 
	Body Composition 
	Physical Activity 
	Leptin Level Analysis 
	Statistical Analysis 

	Results 
	Study Population 
	Relationship between Leptin, BMI, Body Composition and Physical Activity 
	Potential Moderators with an Effect on the Association of Leptin and Physical Activity 

	Discussion 
	Conclusions 

