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Phase-dependent shift of free-running human circadian rhythms in response to a single bright light pulse

K. Honma, S. Honma and T. Wada*

Department of Physiology, Hokkaido University School of Medicine, and *College of Medical Technology, Sapporo 060

(Japan}, 30 March 1987

Summary. Responsiveness of free-running human circadian rhythms to a single pulse of bright light was examined in a
temporal isolation unit. Bright light (5000 ix) of either 3 or 6 h duration, applied during the early subjective day, produced
phase-advance shifts in both the sleep-wake cycle and the rhythm of rectal temperature; the light pulse had essentially no
effect on the phase of the circadian rhythms, when it was introduced during the late subjective day or the early subjective
night. The results indicate that bright light can reset the human circadian pacemaker.
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Since DeCoursey' observed phase-dependent shifts of free-
running circadian rhythms brought about by a single light
pulse, phase response curves (PRC) have been reported in
many species except for humans. PRCs are more or less
similar in shape whether they are obtained from wuni- or
multi-cellular organisms, from diurnally or nocturnally ac-
tive species”. It has been a matter of debate whether human
circadian rhythms are reset by light, as suggested so far by
indirect evidence’. Recently we reported that free-running
human circadian rhythms in sleep-wakefulness and rectal
temperature were entrained by an artificial bright light cycle
under temporal isolation®. From the phase relation between
the circadian rhythms and the light cycle, bright light in the
early subjective day was assumed to produce a phase-ad-
vance shift of the circadian pacemaker. On the other hand,
Czeisler and coworkers® demonstrated a 6-h phase-delay
shift in body temperature and serum cortisol rhythms
brought about by 4-h pulses of bright light applied repeat-
edly prior to the normal bedtime. The phase-shift occurred
independent of the sleep-wake cycle. These observations sug-
gested the presence of a phase response curve for light in
human circadian system. In the present study, we examined
the responsiveness of human circadian rhythms to a single
bright light pulse under temporal isolation.

Four young male subjects separately spent 3 weeks in an
isolation unit without knowledge of time. The sleep-wake
cycle, the rectal temperature and several behavior patterns
such as meal intake were monitored as described previously®.
Sleep episodes in routine life were recorded for at least one
week before and after the experiment. There were two kinds
of illumination in the unit, one with ordinary fluorescent
light and the other one with fluorescent bright light. The
intensity of the ordinary light was 300--500 Ix at the level of
the head in the living room, the kitchen, and the toilet. The
subject was allowed to use the ordinary lights at any time.
The instrument for bright light was located on the ceiling of
the living room and could be controlled only from outside
the unit; its intensity was 5000 Ix at the level of the desk and
500 1x at the position of a pillow on the bed. About one week
after the beginning of an experiment, the living room was
illuminated by the bright light for either 3 or 6 h (light pulse).
One week later, the room was illuminated again. To two
subjects (A and B), a pulse of bright light was applied during
the early subjective day. The onset of the light pulse was
scheduled to coincide with the expected time of waking as
estimated by extrapolation of an eye-fitted line through the
preceding ends of sleep episodes. For two other subjects (C
and D), the light pulse was introduced during the late subjec-
tive day or the early subjective night. The phases of the
sleep-wake cycle and the temperature rhythm were deter-
mined by visual inspection before and after the light pulse.
Figure 1 demonstrates the results obtained from subjects A
and B, to whom light puises were applied in the early subjec-
tive day. The sleep rhythm in subject A was split into two
sleep episodes of similar duration on the day following the
first 6-h light puise. One sleep episode occurred about 7 h

earlier than expected (phase-advanced component), and the
other one seemingly took place as a continuation of the
previous rhythm. On the following days, however, the major
sleep episodes were observed as a persistence of the phase-ad-
vanced component, so that in the steady state, the sleep
rhythm was phase-advanced by about 7 h. The temperature
rhythm also phase-advanced after the light pulse, but the
extent of the phase shift was smaller than that of the sleep
rhythm. The period of the sleep rhythm was roughly 24.9 h
before the light pulse and 26.0 h after the pulse. The phase
relation between the sleep and temperature rhythms also
seemed to change after the pulse. The splitting of the sleep
rhythm and eventual phase advance shifts of both circadian
rhythms were confirmed in this particular subject by the
second pulse which was shortened to 3 h. In this case, the
changes in the sleep rhythm occurred on the second day after
the light pulse (day 17). However, the phase-shift of the
temperature rhythm seemed to occur already on the first day
(day 16). On the second day (day 17), the sleep rhythm was
split into two major sleep episodes, with fragmentation of
sleep in the phase-advanced component. The amount of
phase shift was approximately 7 h. In contrast, the phase-ad-
vance shift of the temperature rhythm was completed already
on the second day, so that there was a transient internal
dissociation between the sleep and temperature rhythms af-
ter the light pulses. The phase relation was reestablished on
the 4th day (day 19).

Similar phase-advance shifts of the circadian rhythms by
bright light pulses were also observed in subject B. This
subject had an intrinsic period of 25.6 h before the light pulse.
After the first light pulse, both circadian rhythms phase-ad-
vanced immediately. The amount of the phase shift was
about 7 h on the first day (day 8), but only about 5 h after the
circadian rhythms reached a steady state of free-run (day
9-day 13). In this case, splitting of the sleep rhythm was not
evident. After the second light pulse, the temperature
rhythm phase advanced by a maximum on the first day after
the pulse (day 14), whereas there was no concomitant phase
shift of the sleep rhythm. The duration of sleep was shor-
tened on the next day, but the phase of sleep remained as a
continuation of the previous rhythm. The sleep onset phase-
advanced gradually in the following couple of days, and
caught up with the phase of the temperature rhythm. The
phase relation seemed to become normal on the 4th day after
the pulse (day 17). The amount of steady state phase shift was
approximately 4 h.

Figure 2 illustrates results from the two subjects to whom
bright light pulses were applied during the late subjective day
(subject C) or the early subjective night (subject D). The
period of the circadian rhythm was 24.9 h in subject C and
25.3 h in subject D, respectively. In subject C, a bright light
pulse of 3 h duration had no effect on the circadian rhythms,
except for slight phase-advance shifts of the sleep episode
and the temperature minimum on that specific day. The sec-
ond light pulse of 6 h duration had some effects on the sleep
rhythm. The sleep episode on the day of light pulse (day 16)
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Figure 1. Double-plotted sleep rhythms and the daily positions of the
rectal temperature minimum in two male subjects (A, 22 y; B, 25y) in a
temporal isolation unit. A horizontal open bar indicates a sleep episode
and a closed triangle a time of the temperature minimum in a cycle.
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Shadowed squares indicate bright light pulses. A long square is a pulse of
6 h duration and a short is that of 3 h. Sleep episodes before and after the
isolation experiment are indicated above and below the dotted lines,
respectively.
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Figure 2. Double-plotted sleep rhythms and the daily positions of the rectal temperature minimum in two male subjects (C, 21 y; D 21 y). See also the

legend to figure 1.

phase-advanced again, and that on the second day (day 17)
phase-advanced further. But the major sieep episodes on the
following days returned to the phase which could be pre-
dicted from the previous rhythm. The phase of the tempera-
ture thythm was essentially unaffected by the light pulse. The
sleep of subject D was relatively short and the thythm was
not very regular. The light pulses of either duration did not
seem to have any significant effect on the phases of either
circadian rhythm.

Although the present study is qualitative rather than quanti-
tative, the findings demonstrate phase-shifts of free-running

human circadian rhythms in response to a single light pulse.
The shift depended on the phase of circadian rhythm when
the pulse was given. PRCs of diurnally active animals have a
phase-advance portion from the late subjective night to the
early subjective day, and a phase-delay portion from the late
subjective day to the early subjective night®. The presence of
a phase-advance portion in a human PRC for light is sug-
gested by our previous finding that human circadian rhythms
were entrained by an artificial bright light cycle under tem-
poral isolation®. Since the intrinsic period of human circa-
dian rhythms is mostly longer than 24 h’, a phase-advance
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portion is necessary for entrainment to a 24-h light-dark
cycle?.

On the other hand, the light pulse applied from the late
subjective day to the early subjective night had very small
effects on the phases of the two circadian rhythms. Pre-
viously, Wever et al.® determined the range of entrainment of
body temperature rhythm to artificial bright light cycles; the
upper limit for it was 29.0 h. From these figures, a delay shift
of about 4 h is expected. The absence of prominent delay
shifts in the present study is contradictory to the finding of
Czeisler et al.?, in which a bright light of 4 h duration, applied
for one week to an elderly woman before going to bed, pro-
duced a 6-h delay shift of temperature and serum cortisol
rhythms. One possible explanation for this discrepancy is a
difference in the intensity of bright light used. In Czeisler’s
experiment, the subject was exposed to bright light of 7,000
12,000 ix continuously for 4 h, while in the present study, the
intensity was 5000 Ix and the subject was allowed to sleep
during the light pulse. In fact, subject C slept in bright light,
which might reduce the phase-shifting effect of the bright
light pulse. This explanation, however, is not possible for

subject D, who did not sleep during bright light pulses. An-.

other explanation for the disagreement is a difference in the
intrinsic period of the circadian rhythm, which was shorter
than 24 h in Czeisler’s subject and was longer than 24 h in
ours. The phase-delay portion in a PRC is important for the
circadian rhythm to entrain to a 24-h light cycle, whose in-
trinsic period is shorter than 24 h.

Another interesting finding of the present study is a demon-
stration of internal dissociation between the sleep and tem-
perature rhythms after a bright light pulse. The temperature
rhythm phase-advanced always soon after the light pulse,
while the sleep rhythm phase-advanced sometimes with tran-
sients. Different mechanisms have been suggested to be in-
volved in the circadian sleep and temperature rhythms®, and
are still a matter of debate'®. A large phase-angle difference
between the sleep and temperature rhythms on the first day
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of internal dissociation may suggest that the oscillatory
mechanism for the temperature rhythm reacts to light di-
rectly, while that for the sleep rhythm responds to it indi-
rectly. The phase shift of the sleep rhythm can be interpreted
as a result of secondary interaction with the temperature
rhythm which phase-shifted primarily. However, a possi-
bility remains that both mechanisms react to light, but differ-
ently.

Splitting of the sleep rhythm after a light pulse was an unex-
pected result, and raises a possibility of a two-oscillatory
pacemaking system, as has been suggested for activity
rhythms in rodents!!.
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Age-related disappearance of Mayer-like heart rate waves

W.R. Jarisch, J.J. Ferguson, R. P. Shannon, J.Y. Wei and A. L. Goldberger*
Cardiovascular Division, Beth Israel Hospital, 330 Brookline Avenue, Bosion ( Massachusetts 02215, USA), I April 1987

Summary. Healthy elderly subjects (= 65 years) did not show the prominent low frequency (0.07-0.09 Hz) heart rate
oscillations (Mayer waves) recorded in young adults immediately following passive upright tilt. This difference may be related

to altered autonomic function with physiologic aging.

Key words. Aging; autonomic nervous system; heart rate variability; Mayer waves.

Acute intravascular volume shifts due to postural change or
blood loss may induce relatively low frequency ( ~ 0.02-0.10
Hz) oscillations in systemic arterial blood pressure!~. Peri-
odic fluctuations of this kind, termed Mayer waves®’, are
coherent with oscillations in heart rate which have been ob-
served in healthy human subjects following passive upright
tilt>. Although their precise mechanism is unknown, these
heart rate variations apparently require functionaily intact
parasympathetic and sympathetic nervous systems>®. We
postulated that autonomic changes associated with physio-
logic aging®'? would alter this oscillatory behavior. Spectral
analysis of post-tilt heart rate data demonstrated a loss of the
Mayer-like waves in healthy elderly subjects.

The study groups consisted of 6 normal male volunteers
(ages 22-26 years) and 8 healthy, older subjects (5 males, 3
females; ages 65-84 years) on no medication. As previously
described', subjects underwent a 60° upright tilt over 9 s
using the Stryker Circu-electric bed. A lead II electrocardio-

gram was recorded continuously beginning just prior to tilt
and for 3 min post-tilt.

All young subjects showed prominent heart rate oscillations
beginning shortly after tilt and persisting to the end of the
observation period with a spectral peak at about 0.07-0.09
Hz. Oscillations at this frequency were absent or markedly
attentuated in all elderly subjects (fig. 1). Principal compo-
nent analysis' of the heart rate spectra showed a clear sepa-
ration of the two groups related to the absence of the rela-
tively low frequency oscillations in the elderly subjects
(fig.2). Cuff systolic blood pressure levels (Dinamap Auto-
matic Sphygmomanometer) at 1, 2 and 3 min post-tilt were
not significantly different from pre-tilt levels in either
group®.

Dynamic changes associated with physiologic aging are in-
completely understood. Attenuation of both sympathetic
and parasympathetic function has been described in older
individuals® ! '2. Heart rate variability under resting condi-



