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NEWS AND VIEWS 

Entrada sandstones in Utah 10 can be adequ
ately interpreted by Rudnicki and Rice's 
model. However, it should be noted that the 
boundary conditions for tectonic processes 
can be extremely complex. For example 11 , a 
granodiorite fault zone in the central Sierra 
Nevada probably nucleated on a preexisting 
weak zone comprising extensional joints, 
and shear localization evolved with the rota
tion of the tectonic stress field over time. 

The shear fracture energy is an important 
parameter in the fracture mechanics of the 
seismogenic process. The technique de
veloped by Lockner eta/. has a lot of poten
tial. More extensive studies on different rock 

types should provide important insights 
on the scaling of the fracture mechanics 
parameter to earthquakes. The main 
uncertainty at this point is the physical 
basis for the empirical calibration of energy 
release in terms of the acoustic emission 
amplitude. The resolution of this question 
hinges on a fundamental understanding 
of the source dynamics of acoustic emission, 
a topic being intensively pursued in 
materials science. 0 

Teng-fong Wong is in the Department of Earth 
and Space Sciences, State University of New 
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CIRCADIAN RHYTHMS------------------

Resetting the human clock 
A. T. Winfree 

THE experiments ofJewett et al. ', reported on 
page 59 of this issue, bring to bear on human 
medicine a third of a century of theory and 
experiments characterizing the dynamics 
of circadian clocks. The authors have now 
verified in humans a hypothesis that was 
advanced in the late 1960s, and confirmed 
experimentally in plants and many species 
of invertebrates during the 1970s. As well 
as providing a key to the management of 
jet-lag, and presumably of other sleep dis
orders, this episode is unusual in the history 
of biomedical sciences in that theory has 
consistently led the way. 

The 1960 Cold Spring Harbor Sympo
sium on Quantitative Biology was devoted 
to circadian clocks. H. Kalmus and L. A 
Wigglesworth there suggested that non
linear dynamics might usefully organize 
inquiry in the subject more quickly than 
biochemistry, and they proposed the 'attract
ing limit cycle oscillator' as a close metaphor 
for clock dynamics. Although little evidence 
ever accrued in support of the limit cycle, a 
related but more abstract model based on 
nonlinear dynamics was later put forward 
and proved to predict the essence of clock 
behaviour. According to this model, the in
ternal state of the clock may be understood 
as a point moving smoothly along a closed
cycle trajectory in a euclidean state-space of 
two or more dimensions. All circadian 
clocks have evolved mechanisms by which 
they are frequently reset to keep pace with 
changes in the local environment, most not
ably by being sensitive to the intensity of 
light. In the model, the effect of light is 
interpreted as a nonlinear bending of the 
free-running trajectory. Topological infer
ence from such simple principles leads to 
surprising but testable implications, which 
are summarized in the figure. 

First, there must be a unique instant in the 
circadian cycle during which a singular dura
tion of exposure to light, instead of resetting 
the clock, terminates all rhythmicity. Sec
ond, that singular combination of timing and 
magnitude may vary slightly among individ-

18 

uals, and slight departures from it will reset 
the clock by large and arbitrary amounts. 
Third, a striking depression of clock ampli
tude should accompany these events. 
These implications had never before been 
observed, however, and seemed implausible. 
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Amplitude and phase resetting in a generic 
circadian clock. Vertical axis: ranging from Oto 
a saturating dose, the magnitude 
of a resetting stimulus. Horizontal axis: 
spanning one circadian clock cycle, the 
subject's internal circadian phase at the 
moment when the resetting stimulus begins. 
Shading: new circadian clock amplitude after 
that stimulus (1 along the horizontal axis, 0 at 
the singularity). The new phase to which the 
circadian clock is reset by the end of the 
stimulus is discovered by tracing the nearest 
contour line back to the horizontal axis. 
Alternative, more widely accepted, 
notions of clock dynamics led to very different 
expectations. For example, the 'biological 
clocks' governing the menstrual cycle and 
the timing of nuclear and cell division have 
quite different dynamics and patterns of res
ponse to resetting stimuli. Nevertheless, the pre
dictions were eventually borne out in experi
ments with the fruitfly Drosophila and later 
with other species. But it remained possible 
to doubt their pertinence to human medicine. 

Then it was observed that the peculiar 
mathematical equation originally used to de
scribe phase resetting in the fruitfly fitted 

human data equally welF. Does the ampli
tude response in humans also conform to the 
generic pattern? Jewett et a/. 1 engaged the 
cooperation of 14 human subjects to deter
mine whether the amplitude of the circadian 
rhythm is labile and falls off towards zero as 
the timing and magnitude of the stimulus 
approach the singular combination. Pre
viously, such amplitude behaviour had been 
investigated (and confirmed) only in a 
flower and in two species of dipteran insect. 
The careful experimentation with humans 
by Jewett et a/. 1 and by Czeisler et aF now 
shows that the three decades of work with 
non-human species has indeed been 
relevant to us. 

Humans differ from laboratory organisms 
in that only seldom and irregularly do they 
expose themselves to the brightness of light 
required by their circadian clocks on a regu
lar schedule for reliable resetting3• Such 
irregularity, exacerbated by abrupt travel 
across time zones, implies that such stimuli 
that we do indeed receive may correspond to 
sampling of the inner regions shown in the 
figure: that is, of times around subjective 
midnight and dosages at way below satura
tion, where phase resetting is large and is 
accompanied by depression of amplitude. 
Given a version of this generic diagram cali
brated for humans, we would know exactly 
how circadian phase and amplitude are 
affected by any stimulus of given timing 
and magnitude. In principle this provides 
the indispensible key to the rescheduling 
that may be required for control of jet-lag, 
shift work and sleep disorders. 

The experiment of Jewett et al. 1, together 
with that of Czeisler et al. 2, go a long way to
wards providing this calibration. They place 
the singularity, the organizing centre of the 
pattern, around subjective midnight, as is 
usual in diurnal species. And they show that 
the singular dose of light ( 10-hour exposure 
at intensities comparable to those at dawn or 
dusk) is about 50 times greater than that pre
viously hinted at from experiments with 
other vertebrate species4

•5• If stimuli of this 
magnitude are needed for substantial reset
ting of the clock, a more convenient dosage 
for management of jet-lag and shift work, for 
example, would be briefer and at higher in
tensity; my own habit for 10-15 years has 
been to take about two hours of full sunlight 
at a time crudely estimated to provide the 
phase shift necessary. The new work means 
it may now be possible to make a more 
quantitative and accurate prescription. 0 
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