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Abstract
Night eating syndrome (NES) is characterized by evening hyperphagia and frequent awakenings
accompanied by food intake. Patients with NES display a delayed circadian pattern of food intake
but retain a normal sleep-wake cycle. These characteristics initiated the current study, in which the
phase and amplitude of behavioral and neuroendocrine circadian rhythms in patients with NES
were evaluated. Fifteen women with NES (mean age ± SD, 40.8 ± 8.7 y) and 14 control subjects
(38.6 ± 9.5 y) were studied in the laboratory for 3 nights, with food intake measured daily. Blood
also was collected for 25 h (every 2 h from 0800 to 2000 h, and then hourly from 2100 to 0900 h)
and assayed for glucose and 7 hormones (insulin, ghrelin, leptin, melatonin, cortisol, thyroid-
stimulating hormone [TSH] and prolactin). Statistical analyses utilized linear mixed-effects
cosinor analysis. Control subjects displayed normal phases and amplitudes for all circadian
rhythms. In contrast, patients with NES showed a phase delay in the timing of meals, and delayed
circadian rhythms for total caloric, fat, and carbohydrate intake. In addition, phase delays of 1.0 to
2.8 h were found in 2 food-regulatory rhythms—leptin and insulin—and in the circadian
melatonin rhythm (with a trend for a delay in the circadian cortisol rhythm). In contrast,
circulating levels of ghrelin, the primary hormone that stimulates food intake, were phase
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advanced by 5.2 h. The glucose rhythm showed an inverted circadian pattern. Patients with NES
also showed reduced amplitudes in the circadian rhythms of food intake, cortisol, ghrelin, and
insulin, but increased TSH amplitude. Thus, patients with NES demonstrated significant changes
in the timing and amplitude of various behavioral and physiological circadian markers involved in
appetite and neuroendocrine regulation. As such, NES may result from dissociations between
central (suprachiasmatic nucleus) timing mechanisms and putative oscillators elsewhere in the
central nervous system or periphery, such as the stomach or liver. Considering these results,
chronobiologic treatments for NES such as bright light therapy may be useful. Indeed, bright light
therapy has shown efficacy in reducing night eating in case studies and should be evaluated in
controlled clinical trials.
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Patients with night eating syndrome (NES)—first described in 1955—demonstrate a phase
delay in the circadian pattern of food intake, manifested by evening hyperphagia, nocturnal
awakenings with food intake, and morning anorexia (Birketvedt et al., 1999; Manni et al.,
1997; O’Reardon et al., 2004; Spaggiari et al., 1994; Stunkard et al., 1955). Notably, the
circadian timing of the sleep-wake cycle, including sleep onset and offset, as measured by
actigraphy and polysomnography, remains undisturbed in NES (O’Reardon et al., 2004;
Rogers et al., 2006), suggesting a dissociation between the circadian rhythm of food intake
and the sleep-wake cycle.

We demonstrated in an outpatient study that NES shows a delayed calorie intake pattern
(O’Reardon et al., 2004). Similarly, in an inpatient investigation, patients with NES
demonstrated higher nocturnal food intake, although their total daily calorie intake was
similar to that of controls (Allison et al., 2005). That study also evaluated absolute
differences in 25-h physiological profiles of hormone levels involved in food intake, energy
balance, sleep, and stress (Allison et al., 2005). In that study, which utilized linear mixed-
effects models, ghrelin levels were significantly lower in patients with NES than controls
from 0100 h to 0900 h. In addition, insulin was higher at night and lower in the morning,
and glucose was nonstatistically higher at night in patients with NES than in controls. Levels
of thyroid-stimulating hormone (TSH), cortisol, melatonin, leptin, and prolactin did not
differ across the 25 h between groups. In that study, we did not assess the circadian rhythm
patterns of these measures; it thus remained unknown whether patients with NES show
alterations in the circadian timing system.

We conducted linear mixed-effects cosinor analyses of neuroendocrine and behavioral
measures to determine whether patients with NES show circadian phase changes in
physiological measures, other than sleep-wake, in addition to those reported for food intake.
We investigated whether patients with NES showed temporal displacement of multiple
circadian rhythms, controlled both peripherally and centrally, within a normally timed sleep-
wake cycle or whether they showed only displacement of caloric intake. It was hypothesized
that patients with NES would display predominantly phase-delayed circadian rhythms of
various behavioral and neuroendocrine factors, and that the timing of key rhythms involved
in food intake and metabolism would be misaligned, both of which would indicate circadian
timing system abnormalities in NES.
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MATERIALS AND METHODS
Subjects

Fifteen female patients with NES (mean ± SD, 40.8 ± 8.7 y; body mass index [BMI], 36.1 ±
7 kg/m2) and 14 female controls (38.6 ± 9.5 y; BMI, 38.7 ± 7 kg/m2) completed the
protocol. Subjects were recruited from an outpatient study that characterized NES, in which
we investigated at-home sleeping and eating patterns using actigraphy, questionnaires, and
sleep and food diaries (see O’Reardon et al., 2004, for details). All patients were initially
assessed via the Night Eating Questionnaire (Allison et al., 2008) and a clinical interview.
NES was defined as consumption of at least 25% of daily intake after the evening meal and/
or 3 or more nocturnal awakenings with ingestion of food, as noted during 7 days of food
and sleep diary entries. On average, the patients with NES consumed 35.9 ± 7.9% of their
intake after dinner at baseline and awakened to eat 1.5 ± 1.0 times per night, compared with
control subjects who consumed only 8.5 ± 6.2% of their daily intake after dinner and
reported no nocturnal ingestions. Histories and physical examinations, blood work,
electrocardiogram, urinalysis, and a urine pregnancy test were performed prior to study
entry. Demographic features, including race, marital status, education level, and
employment status, were matched between patients with NES and control subjects (see
Rogers et al., 2006, for details). Furthermore, age (p = 0.5) and BMI (p = 0.6) did not differ
significantly between groups.

Inclusion and exclusion criteria were as described in our previous reports (Allison et al.,
2005; O’Reardon et al., 2004; Rogers et al., 2006). Inclusion criteria included an age range
of 18 to 65 y and a BMI of >27 kg/m2. (Notably, although there is a link between NES and
obesity such that NES is more prevalent with increasing adiposity, this relationship is not
uniform, since NES also occurs in normal-weight individuals [reviewed in O’Reardon et al.,
2005, Rogers et al., 2006]). Exclusion criteria included concurrent psychiatric disorders,
including bipolar disorder, substance abuse/dependence, presence of suicidality, or medical
disorders that affect appetite and eating patterns, including diabetes mellitus and human
immunodeficiency virus (HIV). Those patients with diagnosed sleep apnea and/or who had
previously worked night shifts were also excluded. Further details are described in previous
reports based on these same patients (O’Reardon et al., 2004; Allison et al., 2005; Rogers et
al., 2006). The University of Pennsylvania Institutional Review Board approved the
experimental protocol and consent form. Subjects gave written informed consent prior to
study entry and received monetary compensation for participation.

Procedure
Subjects arrived at the General Clinical Research Center at 1500 h and remained in private
rooms for a 3-night protocol that included 2 nights of polysomnographic sleep assessment
(reported in Rogers et al., 2006) and 25 h of blood sampling for neuroendocrine analysis
(initial noncircadian analyses reported in Allison et al., 2005). They remained in <20 lux
from 1900 h the night before blood draws began until study completion 38 h later. Subjects
slept according to their normal prestudy sleep schedules with nursing staff documenting
times of lights-off at night and lights-on upon morning awakening. Subjects were served 3
meals per day, consisting of a varied macronutrient diet, and they were also allowed to eat
snacks ad libitum, available at their bedside.

Measurements
Food intake was recorded by subjects in diaries, as well as by having metabolic kitchen staff
weigh food before and after meals. Caloric and macronutrient content of ingested food was
calculated with the ESHA Food Processor (version 8; Salem, OR). On day 3, a catheter was
placed in the antecubital vein at 0730 h, and blood samples were collected every 2 h from
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0800 h to 2000 h, then every 1 h from 2100 h to 0900 h. Samples were immediately
centrifuged and stored at −80 °C until being assayed for cortisol, ghrelin, glucose, insulin,
leptin, melatonin, prolactin, and TSH. The precision of assays was as follows: cortisol
(Diagnostic Products Inc., Los Angeles, CA) had a coefficient of variation (CV) of 6.94;
melatonin and prolactin (Alpco, Windham, NH) had CVs of 9.2 and 5.25, respectively;
leptin and insulin (Linco Research, St. Charles, MO) had CVs of 4.62 and 6.74,
respectively; and TSH (M.P. Biomedical, Irvine, CA) had a CV of 5.1. Ghrelin was
measured with a modification of a commercial RIA (Phoenix Pharmaceuticals, Belmont,
CA) with a CV of 7.67 (McLaughlin et al., 2004). Glucose was analyzed via a glucometer.
All assays had CVs within the acceptable range and all samples for individual subjects were
assayed in duplicate to minimize variability.

Statistical Analyses
Data were analyzed using linear mixed-effects cosinor analysis (Mikulich et al., 2003),
which allows for direct estimation of circadian amplitude and phase while accounting for
systematic inter-individual differences. We used a cosinor model with a fixed 24-h period,
while amplitude (half the peak-to-trough difference) and acrophase (timing of maximum)
were estimated for each group. A random effect was placed on the intercept to account for
interindividual differences in overall concentrations. Group differences in circadian
parameters were evaluated with 2-sided t tests. SAS (version 8.2, SAS Institute, Inc., Cary,
NC) was used for statistical analyses.

RESULTS
Energy Intake

Dietary intake measures showed circadian rhythm alterations in patients with NES compared
with control subjects that confirmed inclusion criteria were met. The circadian rhythm of
total calorie intake was phase delayed by 1.5 h (t28 = 2.86, p = 0.008), and it displayed a
31.4% decrease in amplitude (t28 = −2.76, p = 0.01) in patients with NES (Fig. 1A, Table 1).
The circadian rhythms of carbohydrate intake (phase: t28 = 2.49, p = 0.019; amplitude: t28 =
−2.13, p = 0.042; Fig. 1B, Table 1) and fat intake (phase: t28 = 2.19, p = 0.037; amplitude:
t28 = −2.47, p = 0.02; Fig. 1C, Table 1) also showed comparable and significant circadian
phase delays and reductions in amplitude in NES patients. Although protein intake rhythms
showed similar differences, they failed to reach significance (phase: t28 = 1.13, p = 0.27;
amplitude: t28 = −1.44, p = 0.16; Fig. 1D, Table 1).

Neuroendocrine Analyses
Neuroendocrine markers, like dietary intake measures, also showed significant phase and
amplitude differences between patients with NES and control subjects. Melatonin rhythms
were significantly phase delayed in patients with NES by 1.1 h (t25 = 2.17; p = 0.04) but
showed no significant differences in amplitude (t25 = −1.10, p = 0.28; Fig. 2A, Table 1).
TSH rhythms also were phase delayed by 0.7 h on average in patients with NES, but this
difference did not reach significance (t26 = 1.46, p = 0.16; Fig. 2B, Table 1), although the
rhythms displayed a significant increase in amplitude (30.9%; t26 = 2.07, p = 0.049).
Prolactin rhythms in NES showed no significant phase differences (t28 = 0.48, p = 0.63) and
showed a nonsignificant reduction in amplitude (t28 = −1.95, p = 0.06; Fig. 2C, Table 1).
Cortisol rhythms were phase delayed by 0.7 h in patients with NES, but did not reach
significance (t28 = 1.76, p = 0.089; Fig. 2D, Table 1), although the rhythms demonstrated a
25.7% reduction in amplitude (t28 = −3.34, p = 0.002).

The hormones involved in appetite regulation showed marked differences between groups.
The circadian rhythm of ghrelin—a predominantly stomach-derived appetite stimulant/
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orexigenic peptide—was phase advanced by 5.2 h in patients with NES (t26 = −4.15, p <
0.001), and was about half the amplitude (50.4% of the amplitude of controls; t26 = −2.45, p
= 0.021; Fig. 3A, Table 1). By contrast, the circadian rhythm of leptin—an adipocyte-
derived appetite suppressant/anorexigenic hormone that relays long-term current status of
energy availability—was phase delayed by 1.0 h in patients with NES (t28 = 2.13, p =
0.042), but without a difference in amplitude (t28 = −0.38, p = 0.70; Fig. 3B, Table 1),
although the levels across time points were higher in patients with NES. The glucose
circadian rhythm was inverted in patients with NES relative to control subjects (11.6 h
advanced or 12.4 h delayed; t28 = 2.04, p < 0.001), but showed no significant difference in
amplitude (t28 = −1.64, p = 0.11; Fig. 3C, Table 1). The insulin circadian rhythm was phase
delayed by 2.8 h in patients with NES (t28 = 3.15, p = 0.004), and was less than half the
amplitude (42.3% of the amplitude of controls; t28 = −4.57, p < 0.001; Fig. 3D, Table 1).

DISCUSSION
This study was the 1st systematic evaluation of circadian rhythms of dietary intake and
neuroendocrine measures in female patients with NES relative to healthy female controls of
comparable age and BMI. Compared with control subjects—who showed circadian rhythm
profiles similar to those reported in previous studies—patients with NES displayed
significant abnormalities in both circadian phase and amplitude. Patients with NES showed a
dysregulation between putative peripheral oscillators that provide signals for the central
regulation of food intake, namely: 1) a phase advance in a putative peripheral oscillator in
the stomach, regulating ghrelin, and 2) a phase delay in putative peripheral adipose tissue
oscillators (Mendoza, 2007) regulating leptin release, and also in a putative peripheral liver
oscillator, involved in food processing (Stokkan et al., 2001; Yamazaki et al., 2000).
Furthermore, the central timing system regulating the melatonin rhythm also was phase
delayed, similar to that observed for leptin. Thus, NES may have its etiological mechanisms
in abnormalities of the peripheral (e.g., stomach, liver) and/or central (e.g., suprachiasmatic
nuclei) circadian timing system. However, it must be noted that altered food intake could
cause the observed hormonal patterns or vice versa; the patterns could be in a reinforcing
cycle; and/or a 3rd factor (e.g., disturbed sleep) could cause both changes simultaneously.
Thus, further studies, particularly those employing a constant routine or forced desynchrony
protocol with controlled meal times and other factors are needed to establish cause and
effect.

Circadian rhythm profiles in control subjects concurred with those reported in previous
studies for prolactin (Czeisler and Klerman, 1999; Sassin et al., 1972), cortisol (Czeisler and
Klerman, 1999; Dzaja et al., 2004; Schoeller et al., 1997), melatonin (Zhdanova et al.,
1997), TSH (Allan and Czeisler, 1994; Peteranderl et al., 2002), leptin (Schoeller et al.,
1997; Simon et al., 1998), insulin (Boden et al., 1996), glucose (Simon et al., 1994), and
ghrelin (Cummings et al., 2001), thereby validating our approach for data collection and
analysis. Thus, differences observed in NES indicate true rhythm abnormalities rather than
protocol artifacts.

The observed changes in food intake may induce corresponding delays in metabolic
regulators (e.g., insulin; Fogteloo et al., 2004) in patients with NES. The delays in the
circadian rhythms of insulin and leptin are consistent with caloric intake delays, as noted
previously (Allison et al., 2005; O’Reardon et al., 2004). By contrast, glucose and insulin
are normally tightly coupled, but in NES, the glucose and insulin acrophases are markedly
out of phase (see Fig. 3). The phase mismatch could indicate metabolic difficulties due to
increased nocturnal carbohydrate intake (Allison et al., 2005) and altered timing of major
eating bouts. Indeed, switching eating patterns from daytime to nighttime produces a timing
mismatch between regulatory substances, and impairs the insulin response to glucose (Qin et
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al., 2003). Since both glucose and insulin rhythms show a distinct diminishing of amplitude,
it is conceivable these 2 variables may show a marked dampening or possible absence of
rhythm, despite use of the cosinor abstraction to identify amplitude and phase and fit curves
for all measures.

The feeding-induced changes in metabolic regulators might phase-delay melatonin, cortisol,
and TSH and entrain the central oscillator, because these substances can induce changes in
circadian gene expression (reviewed in Mendoza, 2007). Alternatively, since patients with
NES maintain a normal timing of sleep onset (Rogers et al., 2006), the delays in the
melatonin circadian rhythm may be due to other direct effects on the central oscillator, such
as late evening exposure to light (Khalsa et al., 2003; Minors et al., 1991; Van Cauter et al.,
1994) that result from nighttime awakenings for food intake. Future studies, including those
with experimental manipulation, are needed to discriminate between these hypotheses.

Patients with NES show maintenance of the normal positive phase relationship between
leptin and TSH (Mantzoros et al., 2001) and normal negative phase relationships between
leptin and cortisol (Licinio et al., 1998; Schoeller et al., 1997) and TSH and cortisol
(Peteranderl et al., 2002). Thus, regardless of mechanisms, the putative peripheral oscillator
that at least partially regulates leptin (Mendoza, 2007) appears phase delayed to the central
oscillator, which may ultimately be important for biologic treatment of NES.

Patients with NES also had reduced amplitudes in the circadian rhythms of food intake as
well as cortisol, ghrelin, and insulin, but showed increased TSH amplitude. Increased TSH
levels in NES could be a result of their nighttime awakenings (Allan and Czeisler, 1994;
Rogers et al., 2006). Similarly, these awakenings could have reduced the overall amplitude
of ghrelin (Dzaja et al., 2004) and perhaps that of insulin (see Mullington et al., 2003).

Since ghrelin showed a notable lack of phase coherence with other circadian rhythms in
NES, it may represent a major mechanism for this disorder. We hypothesize that some yet-
to-be identified trigger, perhaps sleep deprivation (Schüssler et al., 2006), an altered food
intake pattern (reviewed in Mendoza, 2007), or changes in insulin or glucose (Froy et al.,
2007)—all shown to modify circadian rhythms—induces a phase advance and amplitude
change in the putative peripheral oscillator in the stomach, the main site of ghrelin
production (Ariyasu et al., 2001). This trigger may decouple ghrelin from other peripheral
oscillators, from the central oscillator, and from the food-entrained oscillator (FEO;
Mendoza, 2007). Such dissociations between peripheral and central oscillators have been
reported in rodents (Mendoza, 2007; Stokkan et al., 2001; Yamazaki et al., 2000). The 5-
hour phase advance in the acrophase of ghrelin initiates increased appetite and eating at an
earlier phase (Cummings et al., 2001). The advance in timing of meals—and subsequent
possible extended duration of eating produced by ghrelin—likely delays the leptin rhythm
acrophase, as has been reported previously (Fogteloo et al., 2004; Schoeller et al., 1997),
perhaps via a peripheral oscillator or FEO mechanism (Mendoza, 2007; Mühlbauer et al.,
2004). Thus, in NES, the timing of the ghrelinleptin relationship, which is normally
synchronized (Cummings et al., 2001), is out of sync by approximately 6 h (5 h advance and
1 h delay, respectively) compared with that in control subjects. This mismatch may represent
a decoupling of the food intake system or a change in the phase of the FEO, and may
represent a possible physiological marker for NES. This hypothesis awaits further testing,
including use of an experimental approach. Since our study was not causal in nature, it is
possible that cause and effect may differ for each measure.

NES shares features with seasonal affective disorder (SAD; Friedman et al., 2006). NES is
an eating disorder, but with clear circadian (this study), sleep (Rogers et al., 2006), and
clinical mood (Allison et al., 2005; Friedman et al., 2006) symptomology. NES patients are
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responsive to selective serotonin reuptake inhibitor treatment (O’Reardon et al., 2006;
Stunkard et al., 2006) and show elevated midbrain serotonin transporter binding (Lundgren
et al., 2008). This elevation is believed to increase the reuptake of serotonin, and thereby
impair postsynaptic serotonin transmission. Thus, as is true for SAD, NES may be
responsive to bright light therapy, because of its putative circadian phase shifting and
serotonergic antidepressant mechanisms of action. Indeed, 2 case studies suggest morning
bright light therapy is therapeutic in treatment of both disorders in patients with NES
diagnosed with comorbid SAD or nonseasonal depression (Friedman et al., 2002, 2004).
Future studies should determine the effects of bright light administration on circadian
rhythms and behavior in NES, as well as examine whether circadian rhythm phase and
amplitude become realigned and indistinguishable from controls following recovery.

In conclusion, previous studies have shown that NES involves a delay in the timing of food
intake (Allison et al., 2005; O’Reardon et al., 2004). We extend these findings by showing
that NES may be a disorder of circadian rhythm dysregulation (this study) with
accompanying nighttime sleep disturbances (Rogers et al., 2006). Prolonged eating, possibly
a result of an earlier ghrelin acrophase, may phase delay the putative peripheral oscillator for
leptin and concurrently may phase delay the central oscillator controlling circadian signals
for melatonin and cortisol. Thus, we theorize that patients with NES may show a
dysregulation between peripheral oscillators that provide signals for the regulation of food
intake and also may show a phase delay in the central oscillator. Our physiological findings
may have clinical utility: they point to potential therapeutic chronobiologic options for
treating NES, including bright light therapy. Such therapeutic options could be adjuvants or
alternatives to previously proposed treatments including cognitive behavioral therapy, which
focuses on stimulus control (e.g., restriction of access to food), regulation of circadian food
intake, and sleep hygiene (Allison et al., 2004, 2005).
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Figure 1.
Raw group-average data and fitted cosinor curves in patients with night eating syndrome
(NES; - - -) and control subjects (—) for total calorie (A), carbohydrate (B), fat (C), and
protein (D) intake. Circadian rhythms of total calorie, carbohydrate, and fat intake were
phase delayed and decreased in amplitude in patients with NES compared with controls.
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Figure 2.
Raw group-average data and fitted cosinor curves in patients with night eating syndrome
(NES; - - -) and control subjects (—) for melatonin (A), thyroid-stimulating hormone (TSH;
B), prolactin (C), and cortisol (D). Melatonin circadian rhythms were phase delayed, while
cortisol, TSH, and prolactin did not show significant phase differences from controls.
Cortisol rhythms were diminished in amplitude in patients with NES compared with
controls, while TSH showed increased amplitude.
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Figure 3.
Raw group-average data and fitted cosinor curves in patients with night eating syndrome
(NES; - - -) and control subjects (—) for hormones involved in food intake and metabolism:
ghrelin (A), leptin (B), glucose (C), and insulin (D). Insulin was phase delayed and reduced
in amplitude, while leptin showed delays without changes in amplitude in patients with
NES, even though the overall levels across time points were higher in patients with NES.
Glucose showed an inverted circadian rhythm. Ghrelin was out of phase with these rhythms
showing a large phase advance and diminished amplitude in patients with NES.
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Table 1

Absolute values for NES and control groups (mean ± SEM), and amplitude and phase differences from control
subjects for energy intake, and 7 hormones and glucose in patients with NES.

Measure NES Control Amplitude Difference in NES (%) Phase Difference in NES (h)a

Total calories 2959 ± 154 2765 ± 206 −31.4** −1.5**

Carbohydrate (g) 370.9 ± 26.9 378.8 ± 29.7 −33.9* −1.9*

Fat (g) 118.0 ± 11.3 110.9 ± 14.0 −34.4* −1.5*

Protein (g) 113.5 ± 8.3 128.5 ± 13.0 −16.8 −0.5

Melatonin (pg/ml) 24.3 ± 3.4 21.7 ± 3.8 −15.3 −1.1*

TSH (μU/L) 2.3 ± 0.1 1.5 ± 0.1 30.9* −0.7

Prolactin (ng/ml) 17.9 ± 0.7 16.3 ± 0.9 −28.6 −0.3

Cortisol (mg/dl) 8.6 ± 1.1 9.8 ± 1.3 −25.7** −0.7

Ghrelin (pg/ml) 248 ± 6.4 268 ± 5.5 −49.6* 5.2**

Leptin (ng/ml) 40.1 ± 0.9 33.2 ± 0.9 −3.9 −1.0*

Glucose (mg/dl) 109.3 ± 1.4 109.7 ± 2.4 −56.5 11.6/−12.4c

Insulin (ng/ml) 1.8 ± 0.1 1.7 ± 0.2 −57.7** −2.8**

Means and SEM were calculated across the entire 25-h sampling period. The groups showed no significant differences in overall hormone or
glucose values using the test of fixed effects from a linear mixed-effects model and no significant differences in overall energy intake using two-
sided t tests (Allison et al., 2005). NES = night eating syndrome; TSH = thyroid-stimulating hormone.

a
Negative number indicates phase delay.

*
p < 0.05 using two-sided t tests.

**
p ≤ 0.01 using two-sided t tests.
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