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Abstract The effects of a single morning and evening carbohydrate-rich meal for 3
consecutive days on circadian phase of core body temperature (CBT), heart rate,
and salivary melatonin rhythms were compared under controlled constant rou-
tine conditions. In 10 healthy young men entrained to a natural light-dark cycle
with regular sleep timing, CBT and heart rate were significantly elevated for
approximately 8 h after the last evening carbohydrate-rich meal (EM), and noc-
turnal melatonin secretion (as measured by salivary melatonin and urinary 6-
sulphatoxymelatonin levels) was reduced, compared to the morning carbohydrate-
rich meal (MM) condition. Thus, circadian phase could not be measured until the
following day due to this acute masking effect. The day after the last meal inter-
vention, MM showed a significant advanced circadian phase position in CBT
(+59 ± 12 min) and heart rate (+43 ± 18 min) compared to EM. However, dim-light
melatonin onset was not significantly changed (+15 ± 13 min). The results are dis-
cussed with respect to central (light-entrainable) and peripheral (food-
entrainable) oscillators. Food may be a zeitgeber in humans for the food-
entrainable peripheral oscillators, but melatonin data do not support such a
conclusion for the light-entrainable oscillator in the suprachiasmatic nucleus.

Key words carbohydrate-rich food, nonphotic zeitgeber, constant routine, circadian phase
shifts, core body temperature, heart rate, melatonin, light-entrainable oscillator, food-
entrainable oscillator, peripheral oscillators

Circadian rhythmicity in mammals is generated by
an endogenous self-sustaining pacemaker located in
the suprachiasmatic nucleus (SCN) of the hypothala-
mus (for review, see Kittrell, 1991). However, overt
rhythms, such as the circadian profile of core body
temperature (CBT), do not simply reflect its output.
They result from a complex interaction between the
output of the circadian pacemaker, age, gender, light
exposure, neuroendocrine feedback mechanisms, and
periodic changes in behavior such as the timing of
sleep and wakefulness. The most important environ-
mental zeitgeber is the light-dark (LD) cycle, whereby

photic information from the retina is transmitted via
the retinohypothalamic tract to the SCN. In many spe-
cies, additional (nonphotic) zeitgebers, such as novelty-
induced running activity (Mrosovsky, 1992), social
contact (Mrosovsky, 1995), exercise (Mistlberger, 1991;
Turek, 1989), and periodic feeding (Stephan et al.,
1979), contribute to circadian entrainment. The lateral
geniculate nucleus and the intergeniculate leaflet of
the subcortical nuclei constitute brain structures that
appear to play a major role in mediating nonphotic as
well as photic phase shifts of circadian rhythms (Har-
rington, 1997; Mrosovsky, 1995). The SCN receives a
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further major input from the midbrain raphe nuclei
(Ying and Rusak, 1997). This serotonergic input
appears to modulate photic entrainment; for example,
tryptophan loading in hamsters 1 h before lights-on
delays activity onset relative to controls (Glass et al.,
1995). Recent studies in mice emphasize that glucose
metabolism is important because it appears to modu-
late sensitivity to light through activation of the
serotonergic system (Challet, Losee-Olsen, et al., 1999;
Challet, Van Reeth, et al., 1999), perhaps through acti-
vation of the serotonergic system.

In rats, a food-entrainable oscillator has been postu-
lated to communicate between the digestive system
and the central nervous system, exclusively entrained
by nutritive meals (Mistlberger and Rusak, 1987). Glu-
cose has zeitgeber properties for the food-entrainable
oscillator in SCN-lesioned rats, but vegetable oil does
not (Stephan and Davidson, 1998). It has long been
known that periodic feeding induces anticipatory
locomotor activity during constant light (LL) condi-
tions as well as during an LD cycle, and many physio-
logical, hormonal, and behavioral functions develop a
similar kind of anticipation or entrainment (Johnson,
1992; Mistlberger, 1994; Stephan, 1986). When feeding
is restricted to a limited time each day, anticipatory
locomotor activity occurs even under LL or in SCN-
lesioned rats (Stephan et al., 1979), suggesting an
SCN-independent circadian timing system. Only very
few rhythms remain unaffected by periodic feeding,
for example those related to pineal melatonin synthe-
sis (Holloway et al., 1979; Nagai et al., 1984), although
this is dependent on rat strain (Challet et al., 1997).
Furthermore, periodic food restriction in rats under an
LD cycle only phase-advances the light-entrainable
oscillator; no phase delays have been found (Challet
et al., 1998). Large changes in feeding schedules affect
the physiological state of the organism and lead to
long-term “adaptations” of circadian temporal order.

There are very few, rather uncontrolled studies
investigating the effects of meal timing on circadian
rhythms in humans (Apfelbaum et al., 1976; Goetz
et al., 1976; Sensi and Capani, 1987). In shift workers,
meal timing does not appear to be a strong synchro-
nizer of circadian rhythms (Reinberg, 1983). With
respect to selective macronutrients as an entraining
agent, only protein-rich foods have been tested for
their capacity to entrain human circadian rhythms
under LD conditions (Apfelbaum et al., 1976; Reinberg,
1983). However, with the exception of urinary nitro-
gen (phase shifts parallel to the protein-rich meal
intake schedule), all variables investigated (e.g., heart

rate, plasma cortisol) exhibited no alterations in
acrophase or amplitude. To our knowledge, possible
zeitgeber properties of carbohydrate-rich food in
humans have not yet been investigated. Therefore,
using the controlled conditions of a constant routine
protocol, we measured circadian rhythms of CBT,
heart rate, and melatonin before and after 3 days dur-
ing which a single carbohydrate-rich meal was given
either in the morning or evening of each day. Based on
the results of animal studies (e.g., Challet et al., 1998),
we hypothesized that circadian phase of CBT, heart
rate, and melatonin rhythms would be advanced after
three pulses of an MM compared to three pulses of an
EM.

METHODS

Subjects

Ten healthy male subjects (age = 25.8 ± 1.3 years,
body mass index = 22.97 ± 0.51 kg/m2) gave signed
informed consent to participate in the study and were
instructed to refrain from alcohol, drugs, and more
than one cup of coffee per day. The experimental pro-
tocol was accepted by the Human Research Commit-
tee of the Department of Medicine, University of
Basel, Switzerland. The subjects were free of self-
reported sleep complaints, were neither extreme
morning nor evening types (defined by scores < 14
and > 21 on the morning-eveningness questionnaire of
Torsvall and Åkerstedt, 1980). Further exclusion crite-
ria included no shift work or transmeridian travel
within 1 month prior to the study, no smoking, no
medication, and no drug use. Medical disorders were
screened by history and physical examination. One
week prior to and during the study, subjects were
instructed to maintain regular bedtimes between 2400
and 0730 h. Adherence to a regular sleep-wake sched-
ule during the week immediately prior to admission
was verified with a wrist actigraph (Gähwiler, Zürich,
Switzerland). Only subjects who maintained the regu-
lar sleep-wake schedule were admitted to the study.
Each subject spent an adaptation night in the sleep lab-
oratory to test his ability to sleep in a new environ-
ment and to exclude subjects with sleep apnea.

Design

Subjects underwent two experimental sessions that
constituted two 48-h episodes in the laboratory and
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were at least 2 weeks apart. The sessions (see Fig. 1)
began with a controlled 5-day baseline at home. They
were asked to continue their regular sleep-wake cycle,
with sleep between 2400 and 0730 h, and maintain a
regular eating pattern consisting of three mixed meals
per day (about 50% carbohydrates, 25% protein, and
25% fat).

The subjects reported to the laboratory on a
Wednesday at 0800 h and remained seated (< 100 lux)
for lunch at 1200 h and electrode attachment at 1245 h.
They remained supine in bed from 1330 h until Friday
0800 h in a noise-attenuated chronobiology laboratory
(< 8 lux, room temperature 22 °C, humidity 60%, light
bedcover) under the unmasking conditions of a modi-
fied constant routine (CR) protocol (baseline CR). In
contrast to a classical CR protocol (Czeisler et al., 1986;
Mills et al., 1978), sleep was allowed from 2400 to
0730 h. This protocol provided the controlled condi-
tions (no postural changes, regular intake of 100-kcal
sandwiches, and 100 mL of water at 1-h intervals) to
examine various variables under minimal masking
due to behavior or environment (for details, see
Kräuchi et al., 1997). After the baseline CR, the subjects
went home on Friday morning and consumed the
usual three mixed meals per day. On Saturday and
Sunday, they were instructed to eat a single, large
carbohydrate-rich meal, which had been prepared
beforehand (spaghetti, carrots, and tomato sauce)
(1600 kcal, 75% carbohydrate, 11% protein, 14% fat)
either in the morning (0830 to 0900 h, MM condition)
or in the evening (2130 to 2200 h, EM condition). Dur-
ing the 3 days at home the subjects were required to
keep their regular sleep timing between 2400 and
0730 h. On Monday morning, the subjects reported to
the laboratory at 0800 h and ate the last scheduled
carbohydrate-rich meal under controlled conditions
either in the morning (sitting position) or in the eve-
ning (supine position). This after-intervention CR
started on Monday at 1400 h. The protocol was the
same as for the baseline CR with the exception that no
sandwiches were served on the last intervention day
(Monday). Morning and evening meal schedules were
applied in a randomized, counterbalanced order.

Measures

CBT was continuously measured and stored in 2-
min intervals on a PC. A thermocouple (Ahlborn,
Holzkirchen, Germany) was used to measure CBT
(probe inserted 10 cm into the rectum). In the electro-

cardiogram, interbeat intervals were detected off-line
and heart rate was calculated (for details, see Kräuchi
et al., 1997). Heart rate (beats per minute [bpm]) was
smoothed by a 60−min moving average and later col-
lapsed in 30-min bins before entering statistical analy-
sis. During the CRs, subjective sleepiness was
assessed at half-hourly intervals on the Karolinska
Sleepiness Scale (Gillberg et al., 1994; results reported
in Kräuchi et al., 1998), together with collection of
saliva for measurement of melatonin using a highly
specific direct double-antibody radioimmunoassay
(Weber et al., 1998). Urine was collected in 3-h intervals
for the assessment of 6-sulphatoxymelatonin (AMT6S,
ELISA-Kit, Bühlmann Laboratories, Schönenbuch,
Switzerland). Body weight was measured at 1330 h on
day 1 and at 0805 h after the last night of each session.
Indirect calorimetry was performed for determining
energy expenditure and respiratory quotient (RQ)
before (1325 to 1400 h) and after (0735 to 0800 h) each
session using a ventilated hood system (Deltatrac,
MBM-100, Datex Instrumentarium, Helsinki, Finland).

Data Analysis

Data were analyzed using the statistical packages
StatView 4.5 and SuperANOVA (Abacus Concepts,
Berkeley, CA).

Because there was no third experimental session
without any feeding interventions between the two
CRs, possible order effects between the baseline and
after-intervention CRs could not be assessed. Com-
parison of the baseline CRs of MM and EM conditions
was a prerequisite for the present design in order to
test for similarity of circadian phase and amplitude.
Two parts of the CR were distinguished: day 1 of the
CR from 1400 to 2400 h, followed by a nocturnal sleep
episode (2400 to 0730 h), and day 2 of the CR from 0730
to 2400 h, again followed by a nocturnal sleep episode
(2400 to 0730 h). The acute effects of the last EM were
compared to those of the last MM during the period
between 1800 h of day 1 and 1330 h of day 2. Differ-
ences in circadian phase and waveform between MM
and EM conditions were compared in the after-
intervention CR on day 2.

Statistically significant changes in the time courses
were tested by two-way analyses of variance for
repeated measures (rANOVAs) with time of day
(time) and meals (morning vs. evening) as factors.
Huynh-Feldt statistics were used to adjust the
covariance matrix for violations of sphericity. Huynh-
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Feldt’s p values were based on corrected degrees of
freedom, but the original degrees of freedom are
reported. Linear contrasts with the additional false
discovery rate procedure for multiple comparisons
(Curran-Everett, 2000) were performed to localize dif-
ferences between MM and EM conditions. To calculate
differences in phase position, circadian phase markers
were extracted and statistically analyzed by one- or
two-way rANOVAs.

The following circadian phase markers were deter-
mined on day 2. The midrange crossing times
(MRCTs) of the morning rise and the nocturnal decline
in CBT and heart rate were obtained after smoothing

by 1 h moving averages. MRCT was determined as fol-
lows: for each individual curve, the maximum values
and the minimum value (in °C and beats/min) were
averaged and taken to determine the midrange cross-
ing time on the abscissa (for details, see Kräuchi et al.,
1997). The minimum value of CBT and heart rate dur-
ing the first night was masked by long-lasting, diet-
induced thermogenesis (see Fig. 2); by substitution,
the first (unmasked) value of the CR on day 2 at 0730 h
was taken. Dim-light melatonin onset (DLMOn) and
offset (DLMOff) times were calculated using a thresh-
old value of 3 pg/mL (Weber et al., 1998).
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Figure 1. Design of the study for the morning and evening carbohydrate-rich meal condition. The second session started after a 2-week
interval. The order of the morning and evening meal schedules was counterbalanced and randomized. CHO = carbohydrate, PROT = pro-
tein, CR = constant routine, EEG = electroencephalogram.



RESULTS

Acute Effects of the Last EM on Day 1

Figure 2 shows the mean time course of the acute
effects. The horizontal lines with asterisks indicate the
times of significant differences. In comparison to the
MM condition, CBT and heart rate values were signifi-

cantly increased after EM. This increase lasted until
the last third of the night. In contrast, salivary
melatonin and urinary AMT6S secretion were
decreased. All interaction terms of the rANOVAs
reached significance (EM/MM × Time, p < 0.05), mak-
ing possible detailed post hoc analyses between EM
and MM at different time points (see Fig. 2).

Periodic feeding can also be interpreted as periodic
fasting. These effects were analyzed by comparing the
average value between 1800 and 2130 h on day 1
(directly before intake of the last EM) to the same time
segment on day 2 of the CR (where regular 100-kcal
sandwiches were given) (see Fig. 2). Before intake of
the last EM on day 1, both CBT and heart rate exhib-
ited lower values compared to day 2 of the CR (CBT
day 1, 36.83 ± 0.05 °C vs. day 2, 37.09 ± 0.06 °C, t test, p <
0.01; heart rate day 1, 57.81 ± 1.64 bpm vs. day 2, 62.54 ±
2.10 bpm, t test, p < 0.01). Similar lower values were
found for the MM condition (CBT day 1, 36.86 ± 0.04 °C
vs. day 2, 37.08 ± 0.04 °C, t test, p < 0.01; heart rate day
1, 59.56 ± 2.48 bpm vs. day 2, 61.25 ± 1.81 bpm, t test, p >
0.1 [n.s.]). Salivary melatonin and urinary AMT6S lev-
els in this time segment were uniformly low and did
not differ between day 1 and day 2.

Baseline CR on Day 2

Time Course Analysis (Figs. 3A, 4A, 5A)

During the CR between 0730 and 2400 h, the
dynamics of CBT, heart rate, and melatonin revealed a
significant time-of-day effect. None of these variables
showed significant differences during the baseline
CRs of EM and MM conditions. In addition, no signifi-
cant differences between EM and MM at baseline were
found for baseline body weight (EM, 75 ± 3 kg; MM, 75
± 3 kg), energy expenditure (EM, 1766 ± 80 kcal/day;
MM, 1735 ± 74 kcal/day), RQ values (EM, 0.91 ± 0.02;
MM, 0.90 ± 0.02), or urinary AMT6S secretion (during
the night periods before [EM, 0.97 ± 0.26 µg/h; MM,
1.11 ± 0.17 µg/h], after [EM, 1.30 ± 0.21 µg/h; MM, 1.28
± 0.27 µg/h], and during the daytime CR [EM, 0.45
± 0.05 µg/h; MM, 0.44 ± 0.05 µg/h]).

Circadian Phase Marker Analysis (Fig. 6A)

Statistical analysis (rANOVA) of all circadian phase
markers did not reveal any significant differences (p >
0.5) between baseline EM and MM conditions (neither
main effect, EM vs. MM, nor interaction term, EM/
MM vs. dusk/dawn). Additionally, the time of maxi-
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Figure 2. Acute effects of the last evening carbohydrate-rich meal
(filled circles) were compared to those of the last morning carbo-
hydrate-rich meal (open circles) from 1800 h on day 1 until 1330 h
on day 2: the mean time course of core body temperature, heart
rate, salivary melatonin, and urinary 6-sulphatoxymelatonin. Sig-
nificant differences (p < 0.05) are indicated with a horizontal line
and an asterisk.



mum CBT and heart rate did not differ, indicating sim-
ilar shapes of the profiles (mean maximum time: CBT,
1848 h ± 27 min; heart rate, 1510 h ± 65 min; main effect:
EM/MM, n.s.).

After-Intervention CR on Day 2

Time Course Analysis (Figs. 3B, 4B, 5B)

Aseparate two-way rANOVAfor the time course of
CBT and heart rate revealed significant interaction
terms (EM/MM vs. time of day), making possible a
more detailed analysis (linear contrasts) of the differ-

ences between morning and evening meals with
respect to time of day. Only salivary melatonin secre-
tion showed a significant main effect between EM and
MM.

CBT values between 0800 and 2030 h were signifi-
cantly (p < 0.05) higher in the MM condition and lower
between 2030 and 2400 h compared to EM (Fig. 3B).
This increase lasted until 0230 h—the masked data
during sleep, however, were not statistically ana-
lyzed. The shapes of the profiles were very similar and
appear to differ only in phase.

MM heart rate was increased from 0800 to 1600 h
and was reduced between 1600 and 2400 h compared
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Figure 3. (A) The upper panel shows the baseline mean time course (30-min bins) of core body temperature during the constant routine (<
8 lux) and the following night episode (0 lux) of morning (MM) (open circles) and evening (EM) (filled circles) carbohydrate-rich meal con-
ditions. Additionally, for visualization of the interaction term (EM/MM Time), the difference between MM and EM is presented (lower
panel). (B) After-intervention mean time course (details as in Fig. 3A). Significant differences (p < 0.05) are indicated with a horizontal line
with an asterisk. Note that there are no differences during the baseline constant routine and that a significant interaction term after inter-
vention indicates a significant phase shift.
NOTE: Two-way analyses of variance for repeated measures for the time courses (time segment = 0800 to 2400 h). (A) Baseline constant routine:
evening carbohydrate-rich meal (EM)/morning carbohydrate-rich meal (MM), F(1, 9) = 0.02, n.s.; time of day, F(31, 279) = 24.35, p < 0.0001; EM/
MM Time, F(31, 279) = 0.56, n.s. (B) After-intervention constant routine: EM/MM, F(1, 9) = 0.02, n.s.; time of day, F(31, 279) = 40.19, p < 0.0001;
EM/MM Time, F(31, 279) = 2.55, p < 0.05.

A. B.



to EM (p < 0.05) (Fig. 4B). This reduction lasted
throughout the following night until 0400 h (again, the
masked data during sleep were not statistically ana-
lyzed). Visual inspection suggests a dissimilar time
course of heart rate in MM compared to EM.

Salivary melatonin secretion was significantly
increased after MM compared to EM (main effect: EM
vs. MM, p < 0.05; MM-EM: 1.55 ± 0.68 pg/mL) (Fig.
5B). This result was confirmed by analysis of urinary
AMT6S secretion, which also tended to be higher in
MM during the CR on day 2 (EM, 0.45 ± 0.04 µg/h;
MM, 0.54 ± 0.04 µg/h; MM-EM, 0.09 ± 0.09 µg/h) (p =
0.13). During the preceding night, this increase was
significant (EM, 1.11 ± 0.25 µg/h vs. MM, 1.70 ± 0.32
µg/h; MM-EM, 0.58 ± 0.18 µg/h) (p = 0.01) (Fig. 2).
However, AMT6S secretion during the night after the

CR on day 2 was no longer different (EM, 1.39 ± 0.22
µg/h; MM, 1.02 ± 0.15 µg/h) (n.s.).

Both groups showed similar energy expenditure
(EM, 1661 ± 58 kcal/day; MM, 1676 ± 50 kcal/day), RQ
values (EM, 0.89 ± 0.02; MM, 0.88 ± 0.03), and body
weight (EM, 74 ± 3 kg; MM, 74 ± 3 kg).

Circadian Phase Marker Analysis (Fig. 6B)

CBT and heart rate of MM showed an earlier phase
position of the MRCT in both the dawn and dusk por-
tion of the circadian rhythm (Table 1) in comparison to
EM (by 59 ± 12 min and 43 ± 18 min, respectively).
Two-way rANOVAs indicate similar phase shifts at
dusk and dawn (no significant interaction terms:
dawn/dusk vs. EM/MM) (Table 1). However, the
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Figure 4. Time course of heart rate during the constant routine and the following night (details as in Fig. 3). The data (30-min bins) during
the constant routine show the small but clear effects of the protocol as an increase after each isocaloric meal.
NOTE: Two-way analyses of variance for repeated measures for the time courses (time segment = 0800 to 2400 h). (A) Baseline constant routine:
evening carbohydrate-rich meal (EM)/morning carbohydrate-rich meal (MM), F(1, 9) = 0.04, n.s.; time of day, F(31, 279) = 4.57, p < 0.002; EM/
MM Time, F(31, 279) = 0.62, n.s. (B) After-intervention constant routine: EM/MM, F(1, 9) = 0.002, n.s.; time of day, F(31, 279) = 4.57, p < 0.0001;
EM/MM Time, F(31, 279) = 2.99, p < 0.005.

A. B.



time of maximum heart rate values after EM (1730 h
± 65 min) occurred significantly later than after MM
(1257 h ± 61 min; EM-MM, –273 ± 71 min), F(1, 9) =
14.6, p < 0.005. This phase difference is six times as
great as the difference in MRCT of heart rate. Thus, the
circadian heart rate rhythm was not only phase-
shifted but also changed in waveform. CBT did not
show significant different maximum values (mean
maximum time 1840 h ± 32 min).

In a two-way rANOVA of DLMOff and DLMOn
time, there were no significant differences between
EM and MM. However, a nearly significant interac-
tion term (dusk/dawn vs. EM/MM, p < 0.06) (see Fig.
2) was found, indicating different influences of the
meal interventions on DLMOff and DLMOn. MM
showed a nonsignificant later DLMOff (EM-MM, –27

± 20 min) and an earlier DLMOn (EM-MM, 15 ± 13
min) in comparison to EM. There was a tendency for
MM to have a shorter duration of the nonsecretory
period between dawn and dusk (11 h 48 min ± 20 min)
than EM (12 h 30 min ± 23 min) (EM/MM × Dusk/
Dawn, p < 0.06).

DISCUSSION

This study demonstrates that under normal LD
conditions, daily timed single carbohydrate-rich
meals in humans can markedly influence the circadian
phase position of core body temperature and heart
rate without significantly shifting melatonin. Our
data suggest that timed carbohydrate-rich meals may
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Figure 5. Time course of salivary melatonin during the constant routine showing dim-light melatonin offset in the morning and dim-light
melatonin onset in the evening (details as in Fig. 3).
NOTE: Two-way analyses of variance for repeated measures for the time courses (time segments = 0730 to 1330 h and 1800 to 2330 h). (A) Base-
line constant routine: evening carbohydrate-rich meal (EM)/morning carbohydrate-rich meal (MM), F(1, 9) = 0.49, n.s.; time of day, F(23, 207) =
12.24, p < 0.0001; EM/MM Time, F(10, 90) = 0.22, n.s. (B) After-intervention constant routine: EM/MM, F(1, 9) = 5.18, p < 0.05; time of day, F(23,
207) = 8.60, p < 0.0007; EM/MM Time, F(10, 90) = 0.54, n.s.

A. B.



differentially affect internal circadian phase relation-
ships. The effects may be on a food-entrainable oscilla-
tor rather than on the light-entrainable oscillator.

Circadian phase of CBT, heart rate, and salivary
melatonin secretion did not differ during the baseline
CRs, confirming similar starting conditions before
meal interventions. The design of the study limits
interpretation in two ways. Because there was not a
third “placebo” group without any interventions
between the two CRs separated by 2 weeks to control
for an order effect, we cannot distinguish whether EM
phase-delayed and/or MM phase-advanced the circa-
dian system with respect to baseline conditions. A
comparison of the after-intervention conditions to the
baseline CRs would not serve as a comparison to a
“normal” three meal per day condition, since in the
latter condition the subjects received the characteristic
one-hourly isocaloric snacks throughout rather than a
normal big dinner. In addition, we cannot state con-
clusively whether the observed effects are specific for
carbohydrate-rich meals (as opposed to protein- or

fat-rich meals) or related to limiting food intake to a
single large, timed meal. Nevertheless, the shifted
rhythms of CBT and heart rate indicate that food may
have zeitgeber properties in humans.

Core Body Temperature

CBT was approximately phase-advanced 1 h after
MM compared to EM, with no change in waveform.
One counterargument for a circadian phase shift
could be that in terms of thermoregulation, the 3 inter-
vention days induced periodic masking by increasing
heart rate and CBT acutely after each carbohydrate-
rich meal. However, this kind of hourglass mechanism
would be balanced by the one-hourly isocaloric sand-
wiches of the CR protocol on day 2 (Mistlberger, 1994).
In addition, the diet-induced thermogenesis after the
last evening meal had disappeared by the beginning
of the CR protocol on day 2, providing identical initial
values. A second counterargument could be that
greater sensitivity to the CR sandwiches after the long
fasting episode following an MM resulted in a higher
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Figure 6. Mean ( SEM error bars) midrange crossing times (MRCTs)
of core body temperature and heart rate extracted from the declin-
ing (evening) and rising (morning) portion of their circadian pro-
file, respectively. Additionally, dim-light melatonin offset and
onset (DLMO) time (threshold = 3 pg/mL) for the morning and
evening portion of the circadian profile are shown. (A) Baseline
values. (B) After-intervention values. MM indicates the morning
and EM the evening carbohydrate-rich meal condition.

A.

B.

Table 1. Two-Way Analyses of Variance for Repeated Measures
for Dusk and Dawn Phase Markers (After-Intervention Constant
Routine)

Core body temperature (midrange crossing time)

EM/MM F(1, 9) = 20.1, p < 0.002 EM-MM: 59 ± 12 min
Dusk/

dawn F(1, 9) = 1472, p < 0.0001
EM/MM ×

Dusk/
dawn F(1, 9) = 0.24, n.s.

Heart rate (midrange crossing time)

EM/MM F(1, 9) = 5.37, p < 0.05 EM-MM: 43 ± 18 min
Dusk/

dawn F(1, 9) = 760, p < 0.0001
EM/MM ×

Dusk/
dawn F(1, 9) = 0.12, n.s.

Salivary melatonin
EM/MM F(1, 9) = 0.11, n.s.
Dusk/

dawn F(1, 9) = 1395, p < 0.0001
EM/MM ×

Dusk/
dawn F(1, 9) = 4.85, p < 0.06 EM-MM:

dawn: 15 ± 13 min
dusk: –27 ± 20 min
dawn-dusk:
EM: 11 h 48 min ± 20 min
MM: 12 h 30 min ± 23 min

NOTE: EM = evening carbohydrate-rich meal, MM = morning
carbohydrate-rich meal.



metabolic rate and earlier CBT rise in the morning.
However, this alone cannot explain the relative phase
advance in the evening CBT decline after MM versus
EM.

Heart Rate

Heart rate showed a similar approximately 45 min
phase advance of the MRCT in both the rise and
decline portion of the circadian rhythm after MM
compared to EM. In contrast to the waveform of the
CBT rhythm, the waveform of the heart rate rhythm
was changed. During baseline CRs, the heart rate
rhythm was bimodal with peaks at approximately
1200 h and 2000 h. Interestingly, after MM no evening
peak was present, and after EM there was no morning
peak. These waveform changes could reflect direct
long-lasting effects of periodic food intake on metabo-
lism (e.g., increased oxygen consumption) and hor-
monal and neuronal function. These processes are
oxygen dependent and need increased blood supply
that is regulated by an increase in heart rate. Thus, the
waveform changes in heart rate may be a result of met-
abolic masking of the underlying phase shift, which
was parallel to that seen for CBT.

Melatonin

The third phase marker, melatonin, did not simply
follow the above pattern of a phase advance after MM
compared to EM. Nocturnal melatonin secretion
(measured by salivary melatonin and urinary 6-
sulphatoxymelatonin levels) after the last morning
carbohydrate-rich meal was elevated in comparison
to EM. The parallels between salivary melatonin and
AMT6S secretion indicate that there were no differ-
ences in liver metabolism of melatonin between the
two conditions; rather, melatonin synthesis and secre-
tion was modified. It is known that such amplitude
differences can mask the timing of DLMOff (Lewy,
1999), so that higher melatonin levels observed after
MM may be the cause of a slightly but not significantly
later DLMOff.

Similar to our EM condition, a recent “naturalistic”
study of the metabolic effects of Ramadan—1 month
of daytime fasting with a single large meal in the eve-
ning—has shown that at the end of 3 weeks under
such a regimen, plasma melatonin had lower total
secretion than under usual meal timing (Bogdan et al.,
2001).

Melatonin is considered to be a sensitive and reli-
able circadian phase marker, masked only by light.
Body posture has also been found to modify secretion
(or blood volume) (Deacon and Arendt, 1994), and our
findings suggest that periodic carbohydrate-rich
meals with approximately 24 h fasting periods may
also be a further masking factor that must be con-
trolled for.

Given this interpretation, only the final DLMOn, 24 h
and 36 h, respectively, after the last meal could be con-
sidered as an unmasked circadian phase marker. At
this time, no significant differences in DLMOn were
found, which is not in line with the altered phase posi-
tion of the CBT and heart rate rhythms. However,
there is still the possibility that a small relative phase
advance in DLMOn induced by MM may not have
been maintained at this late measuring time.

Energy Expenditure and Body Weight

Under baseline conditions, the subjects ate three
regular mixed meals per day (each separated by 4 to
6 h) and fasted overnight. In the entrainment protocol,
the food constituents were changed and the timing of
food intake differed by 13 h, with a fasting interval of
approximately 23 h. Additionally, daily caloric intake
was slightly reduced by approximately 200 to 400
kcal/day. The timing of meals did not change energy
expenditure differentially. Heat production was sig-
nificantly reduced to a similar extent (approximately
80 kcal below the baseline levels) after both EM and
MM. In addition, the reduction in body weight of
approximately 1 kg after both EM and MM indicates
that, in both conditions, the hypocaloric diet during
the 3-day protocol had a similar effect on energy
expenditure. Whether a longer schedule of periodic
feeding or a greater degree of caloric restriction may
induce differences between EM and MM in energy
expenditure and body weight loss, as shown in a pre-
vious study (Graeber et al., 1978), remains to be stud-
ied. No conclusive evidence for the interpretation of
the observed circadian phase shifts of CBT and heart
rate can be drawn from the energy expenditure and
body weight data.

Putative Mechanisms of a
Carbohydrate-Rich Meal as Zeitgeber

There are no systematically controlled studies of
food as a zeitgeber in humans. Thus, the majority of
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data relating to putative mechanisms are drawn from
animal studies.

It has long been recognized that during ad lib con-
ditions, the food-entrainable oscillator is controlled
and coupled to the central light-entrainable oscillator
localized in the SCN (Stephan, 1986; Stephan et al.,
1979). Food-entrainable oscillators have recently been
found in many peripheral organs (peripheral circa-
dian oscillators, Damiola et al., 2000; Stokkan, et al.,
2001). The memory for feeding time requires that the
coupling between food-entrainable oscillators and the
SCN depend on environmental conditions, in particu-
lar the presence or absence of a restricted feeding
schedule (e.g., the 24 h food anticipatory activity in
rats remains concurrently under free-running condi-
tions; Stephan, 1986). Such a flexible coupling rela-
tionship between circadian oscillators may allow ani-
mals to entrain their behavioral (and physiological)
activity (“foraging”) with both geophysically stable
and predictable environmental periodicities (e.g., LD
cycle) as well as unstable environmental periodicities
(e.g., food availability) (Rosenwasser et al., 1984). This
coupled oscillator system may function as a “continu-
ously consulted clock” in the adaptive temporal coor-
dination of behavior (Pittendrigh, 1958).

Feeding cycles can entrain the circadian rhythm of
gene expression in peripheral organs independent of
the central oscillator in the SCN and the LD cycle
(Damiola et al., 2000; Stokkan et al., 2001). It has been
suggested that peripheral circadian oscillators such as
those in the liver may be coupled to the SCN primarily
through rhythmic behavior, such as feeding (Damiola
et al., 2000; Stokkan et al., 2001). However, the signal-
ing pathways for the coupling of peripheral circadian
clocks to the central circadian clock have not yet been
identified. Several neuronal and humoral signals have
been suggested to be important, as well as physiologi-
cal inputs such as food ingestion (Balsalobre et al.,
2000; Damiola et al., 2000; Buijs and Kalsbeek, 2001). It
is known that timed temperature pulses in rats can
change phase relationships of hormonal, behavioral,
and physiological circadian rhythms in vivo (Francis
and Cleman, 1997; De Souza and Meier, 1993). The
uncoupling of the central and peripheral circadian
oscillators may be facilitated by changes in body tem-
perature rhythms (via diet-induced thermogenesis)
that accompany the altered feeding behavior
(Damiola et al., 2000). Thus, the temperature fluctua-
tions elicited by restricted feeding are either less dra-
matic in the SCN region, or the central oscillator is
more resistant to temperature variations than periph-

eral oscillators (Damiola et al., 2000). The observed
phase shifts of CBT and heart rate induced by timed
carbohydrate-rich meals could have resulted from
phase shifts of peripheral circadian oscillators indi-
rectly via diet-induced thermogenesis.

In summary, periodic MMs result in an approxi-
mately 1 h circadian phase advance of CBT and heart
rate relative to EMs without significantly advancing
the dim-light melatonin onset. Thus, food intake can
be considered as an internal zeitgeber to which differ-
ent circadian systems are differentially sensitive. Peri-
odic food restriction may be a zeitgeber for the periph-
eral circadian oscillators (see CBT and heart rate data)
but not the central oscillator (see melatonin data),
leading to a state of altered phase relationships. Under
normal entrainment or free-running conditions, the
main circadian pacemaker in the SCN synchronizes all
body functions. Confirmation of a true zeitgeber prop-
erty of carbohydrates must await comparison with
other macronutrients and mixed single meals to sepa-
rate out nutrient categories from periodic feeding and
fasting. Furthermore, studies with longer schedules of
periodic feeding or a greater degree of caloric restric-
tion may be required to induce larger phase shifts of
the peripheral circadian oscillators, or even phase
shifts in the central circadian oscillator.
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