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1. Introduction: statu quo, strategy and tactics

Biologic time series usually exhibit predictable temporal variations, including
so-called rhythms. These components of a biologic time structure can be analyzed
from the viewpoint of chronobiology, a fledgling branch of biologic science em-
ploying methods of biorhythmometry or, briefly, rthythmometry. These methods are
based on conventional mathematical procedures, the execution of which has been
rendered more practical with the advent of the electronic computer. It is not fully
realized, however, that procedures of rhythmometry depend not only upon a given
computing routine but also ‘critically upon 1. the availability of physiologic infor-
mation and 2. corresponding inferential statistical considerations.

Key-words: Ambulatory monitoring; Chronobiologic serial section; Cosinor; Rbythmometry;
Sampling.
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unpublished notes prepared in 1979 for the first course given in chronobiology at the University
of L’Aquila, Italy (Halberg F.: Regular courses in chronobiology at the University of L’Aquila,
Italy and the Université René Descartes, Paris - Physiologist 22, 41, 1979) were used for the
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Texas Instruments calculator. An abbreviated eatlier version had been prepared by some of the
authors for Documenta Geigy and by one of us (FH) for an Advanced Institute in Chronobiology.
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Chronobiometry dealing with all assessable temporal biologic signals must be
distinguished from endeavors toward an automatic ‘computerized’ data analysis of
certain conventional recordings of classical physiologic rhythms, such as those in the
electroencephalogram or electrocardiogram. When analyses are restricted to one or
a few frequency regions of a much broader spectrum, the conventional (electrocardio-
grapher or) electroencephalographer accumulates in a relatively short time data
over dozens, hundreds and even many thousands of cycles of special interest to him,
e.g., in the so-called Berger range extending from 30 cycles to 1 cycle/sec. These
data accumulate speedily, as compared to those of the chronobiologist dealing with
the more complete spectrum of multiple frequencies. Within a year or two the
chronobiologist may procure only a meager quantity of data for the identification
of a circannual one, in an electroencephalographic, electrocardiographic, hormonal,
metabolic or other variable. In a year one covers but a single circannual cycle.
If the analysis of a circannual thythm or of a circadian one is restricted to relatively
short time series (approximately one year or one day in length, respectively), the
chronobiologist must derive much mor= solid biologic background as an inferential
statistical base in hypothesis formulation. It is much easier to validate and quantify
the characteristics of a rhythm with a predicted period, than it is to search for
unknown periodicities! Herein we sketch a few of the approaches that any practi-
tioner in biology and medicine might use under conditions when he must deal with
some limited data on rhythmic variables in a given individual or population investi-
gated (in its own right or for comparative purposes).

For instance, an epidemiologist compares rhythmic vatiables in two populations.
He faces the task of considering the collection of multiple samples, iz lieu of the
approach commonly followed by many biologists and physicians, in which a single
sample is obtained at specified and conventional times and without any consideration
of rhythms.

During the past few decades the fact has become apparent that usually several
rhythms, each with a different frequency, characterize one and the same physiologic
variable in any one subject. As yet, hardly any use is made of this information, for
example in epidemiology. The conventional approaches detive from the circumstance
that to most biologists the study of rhythms appears to be too complex or laborious.
One therefore often compromises by taking a single sample or multiple ones - at
a fixed time of day, time of the week and time of the year — without realizing that
thythms are not necessarily ‘controlled’ in this fashion.

By the same token, most physicians administer most treatments at times fixed
by considerations other than chronobiologic. This approach is not only misleading
but in certain contexts it is potentially harmful. Ample evidence, as yet mostly on
experimental animals, documents this point for cancer chronotherapy . One can
assess, among others, not only the circadian acrophase or, preferably, the orthophase
but also changes in response as a function of the stage of both circatrigintan
(e.g., menstrual) and circannual cycles . Unless one does so, a clock-hour qualified
treatment remains a thythm-unqualified ‘potshot on a roller coastet’” — hardly suffi-
cient to ‘control’ various rhythms.

As more and more facts indicate that rhythmometry is essential, its indications
and its premises have to be clarified; editors and referees of journals and eventually
the biomedical community may realize that more is involved in rhythmometry than
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indiscriminately collecting data as a function of time of day or season — for coding
and ‘pushing them through the computer’. Just as the acquisition of a microscope
does not take the place of training in histology and pathology, the acquisition of a
set of computer programs does not take the place of training in chronobiology. Such
training remains beyond our scope herein. Some quite common pitfalls must how-
ever be emphasized. The chronobiologist has as his motto the primum nil nocere.
When the wrong time of administration can increase the patient’s chance of dying
from a given treatment, just as the right timw can double the rate of cure, it is
important that precautions in interpreting the results of rhythmometry should be
taken on a broad scale.

Biologic facts and their implications

A first contribution that the biologist (e.g. epidemiologist) can make to a mean-
ingful rhythmometry is the initial decision not only concerning the pertinent vari-
ables but also concerning the anticipated spectral structure of these same variables
— at the site and in the fashion in which they are measured. One must specify at
the outset the spectral regions to be explored in one or even in several broad
domains — in order to gather pertinent information on the given biologic problem
to be investigated. In each domain the biologist reviews the extent of direct or indi-
rect information on rhythms and/or trends available for certain variables 4 priori. It
should also be realized that trends other than traditional, developmental or age-
dependent ones may need to be measured; every rhythm with a period longer than
the total observation span will contribute an (unevaluated) trend. By the same
token, rhythms with a period shorter than the interval between consecutive
observations will also introduce artifacts, such as aliasing when the data are equi-
distant.

Sometimes special precautions may be required when animals have to be
handled for the study of thythms or for studies of interactions of rhythms with the
effect of aging. Recently, core temperatute of male inbred stroke-prone Okamoto
rats was studied at about 12 months and again at about 14 months of age by
compatison to that of rats of the same strain 2 months of age in the first session
and about 4 months of age in the second measurement session [after standardization
for several weeks at a room temperature of 24 + 1 °C, first in L 06%-18° D 18%-06%
(LD12:12), and next on LDs.e]. During these studies Purina Rat Chow and deioniz-
ed water were freely available. Rectal temperature was measured with a thermistor-
bridge circuit on each rat at 4-h intervals for 24 h or longer. A statistically sig-
nificant rhythm was demonstrated (with the fit of a 24-h cosine curve) for the
young rats (2- to 4-month-old). A prominent ultradian variation, with no demon-
strable circadian component in rectal temperature was seen in 1-year-old Okamoto
rats (fig. 1). By comparison, when from the same animals for several weeks
intraperitoneal temperatures were monitored without handling, a statistically sig-
nificant rhythm could be constantly demonstrated. Quite clearly, the circadian
thythm so prominent in animals up to four months of age (when blood pressures
reach over 200 Torr on the average) persists during the continuing mesor-hyper-
tension '® in these animals beyond one year of age, but it is readily altered simply
by the handling for measurement, to the point of a circadian-to-ultradian variance
transposition.
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Fig. 1 - Uncertainties of measurement, basic and additive (see text). Age and circadian rectal

temperature variation in stroke-prone Okamoto rats (handled for measurement).

In planning data collection the biologist must realize that the sampling require-
ments will be more drastic for demonstrating a heretofore unknown bioperiodicity
(i.e., a given rhythm with an unknown frequency) than for assessing the characteris-
tics of a known rhythm. Data collection may then also be related to the prominence
(ot, conversely, the uncertainties of the occurrence and/or the behavior) of such an
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unknown bioperiodicity. The uncertainty is somewhat reduced for a frequency near
a known environmental counterpart even if it is desynchronized from a precise
environmental cycle; and the uncertainty becomes considerably less once one can
anticipate that a rhythm is synchronized with a precise environmental frequency.

Without prior information, the length of the time series necessary to analyze
‘hidden periods’ (and thus the sampling span, T) must be many times longer than
the (unidentified) period length of the rhythm with the lowest frequency. From this
viewpoint biologic time series may be empirically grouped as short, intermediate or
long, as a function of whether they cover up to 2 periods, between 2 and 30
periods, or more than 30 periods of the rhythm investigated. Furthermore, the
interval between consecutive observations, At, must be short enough to allow for a
reliable resolution of the rhythm with the highest frequency. From the viewpoint
of economy, one should scrutinize prior to data collection any evidence on hand
concerning components expected to characterize all variables in all pertinent spectral
regions. Since undue cost can be associated with unnecessarily decreasing the At or
increasing the T, practicality forces one to ignore some componerits that may be
present. In order to do so without introducing spurious effects, 1. non-equidistant
sampling may be used to avoid aliasing from high frequency components insuffi-
ciently sampled (At too large); 2. filtering procedures can also be applied to elimi-
nate effects from lower frequencies that may introduce artifactual trends when
the observation span T is too short.

In a chronoepidemiologic study focusing upon hormonal aspects of human time
structure, one may well anticipate some components with periods of about 7 days.
Such circaseptan rhythms have now been demonstrated for a number of variables .
It should be kept in mind, however, that under ordinary conditions (without the
added stimulation, e.g., of a kidney transplantation ®) most known circaseptan com-
ponents are not as prominent as rhythms with other frequencies in the same
variable '®. Great expense in funds and, what is more limiting, in the total amount
of blood to be withdrawn would have to be incurred in sampling for many hormones
with a view to quantifying with circadian and ultradian variability any as yet
unknown circaseptan rhythms together with other components in the infradian range
of frequencies. Hence, in a first chronoepidemiologic approach one may ignore
possible circaseptan rhythms and take the calculated risk of missing valuable
information. In so doing one realizes and emphasizes at the outset that the sampling
scheme is incomplete, from the standpoint of covering all probable components that
are likely to contribute to predictable variability, and that circaseptan variability
remains to be assessed in subsequent explorations. If, in turn, the studies are carried
out after a kidney transplant or after some other stimulation of the kidney, in
particular, the assessment of circaseptan components, perhaps more broadly in
proliferative phenomena, seems to be desirable, if not indispensable, at the outset.
Again conditions and prior information will determine the placement of limited
and costly samples.

Next, and again on biologic grounds, a decision must be made with regard to
the sampling environment, such as a given subject’s routine of living for a reasonable
time span before as well as during sampling. Cost-benefit considerations may prompt
one to study a rhythm with a given frequency after anticipated and preferably
validated synchronization with some periodic environmental factor. There can be a
large difference between the cost of sampling on the one hand for a 24-h synchroniz-
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ed circadian component (with a thus predictable period) and that of sampling, on
the other hand, for a desynchronized (free-running) component (for semantics see '),
unless on the basis of earlier information the likely period of the desynchronized
component also is known.

Prior external information and concomitant data collection
on reference variables, notably rbythmic ones

Great economies in both cost and effort can result from the use of 1. available
external information, notably in the form of time-qualified reference intervals, and
2. concomitantly obtained reference or marker rhythm information. Both of these
points can be illustrated by the series of studies on murine rectal temperature
(fig. 2) that led to the coining of the term circadian to describe all thythms with
periods of about 24 h (4 4 h). One hundred and twenty-eight animals were
divided into two groups, some blinded and some sham-operated. The rectal tem-
perature of each mouse was measured (with a thermistor-bridge circuit) every 4 h,
around the clock, without interruption (except for short spans when the equipment
had to be repaired). For a few days the 24-h pattern of changes in average temper-
ature seemed to be nearly identical for the blinded and the control animals. As the
days of round-the-clock measurements progressed, the temperature peak for the
blinded animals occutred earlier and eatlier in the day. The temperature rhythm
of the blinded mice was running steadily faster than one cycle every 24 h! By day 22
(right part of fig. 2) the maximum of temperature in blinded animals occurred at
the time of temperature minimum in the control animals and vice versa. We pro-
ceeded to measure the mice every 4 h, around the clock, with few interruptions
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Fig. 2 - Circadian desynchronization after bilateral optic enucleation: free-tunning circadian
thythm of rectal temperature in blinded mice. Although for the first few days the 24-h pattern
of changes in average temperature was nearly identical for the blinded animals and the control
animals (sham-operated), by day 22 (right) the maximum of temperature in blinded animals
occurred at the time of temperature minimum in the control animals and vice versa, i.e., the
two rhythms are in antiphase.
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for the next two years, and with longet interruptions for the life-times of other
groups of mice throughout the fifties.

The data thus accumulated showed that mammalian core temperature can
constitute a marker for some but not all other body functions. Since the 1960’s,
when surgically implanted radiotransmitters were introduced that monitor intra-
peritoneal temperature automatically every 10 min on hundreds of animals and for
generations, it is difficult to appreciate the labor of measuring temperatures by
hand every 4 h around the clock. It is by hand also that the possible use of tumor
temperatures as a marker rhythm in the treatment of human peri-oral cancer was
first checked ®. The effect of radiation upon any human tumor temperature rhythms
as yet is unevaluated. Nonetheless, in two studies, there is a statistically significant
circadian stage-dependent difference in therapeutic response. The rhythm-dependent
difference is between 30 % and 70 % regression during a 5-week course of radio-
therapy. Modern technology is now a ready substitute for the clinical thermometer
placed upon the tumor, or for a probe inserted into the rectum. Instrumentation is
already available for experimental animals and clinical research. To follow validated
marker rhythms on a large scale easily and cost-effectively as a function of treatment
remains a task yet before us, and an urgent one.

Instrumentation

The study of biologic rhythms requires a system of instrumentation — for data
collection, transfer, storage, analysis, and, again, storage of results and updating,
with provisions for such cycles of data handling from appropriate bases, ideally
from womb to tomb. We are far from meeting such goals for human beings but
can achieve some of them, at least for telemetered temperature, in the rodent.
Major reliance for human thythmometry can be based on self-measurements initiated
in the family and/or free of cost in secondary schools and analyzed on site (as an
initial step only) by as simple a model as a cosine function, fitted by a pocket
calculator *' (see Appendix). Experiments involving laboratory animals are also
feasible, relying primarily upon such relatively simple means as control of environ-
mental lighting and feeding. Special instrumentation for rhythmometry, with
telemetry of temperature and motor activity of rodents under various environmental
conditions, is, however, extensively used ®.

For many life forms, appropriate lighting regimens such as the alternation of light
and darkness at 12-h intervals, briefly LDi;.;5, constitute a cheaply applied synchro-
nizer, under conditions of ad libitum feeding. Manipulation of feeding versus lighting
schedules may serve to achieve a desired interaction of the two synchronizers. With
respect to one or several aspects of time structure, the documented results include
for the case of the telemetered intraperitoneal temperature an advance or delay in
acrophase of rhythm with or without an alteration of amplitude, mesor or wave-
form, or the dispersion indices of any of these parameters. Meal timing may thus
also serve to manipulate and alter relations among rhythms as well as the relation
of a rhythm to LD12.12. Depending on the number of available separate rooms or con-
trolled environmental units, different synchronizer schedules can be concomitantly
imposed to facilitate work ‘around the clock’ ' 3 whenever the rhythm investi-
gated is amenable to a manipulation of its timing by the synchronizer regimen. Thus,
at a convenient time during the usual working hours, one may approximate several
different circadian stages for certain variables (although not necessarily all of them).
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Data collection by human self-measurements of several physiologic variables,
already noted as practicable, serves to demonstrate the occurrence of a whole
spectrum of rhythms. As an example, data on oral temperature, pulse and blood
pressure self-measured several times a day during ~5 years could not only be
displayed in a chronogram ! but also analyzed and resolved for the circannual
variation. In a given subject, certain variables were characterized by circannual
rhythms with a stable acrophase from year to year (biostationarity), whereas others
were drifting and/or jumping from year to year. Reproducibility of circannual
acrophases among subjects {bioergodicity) could be observed for two of the subjects
in peak expiratory flow, although a difference of about 90° (~3 months) was
observed for their mother.

When self-measurements are taken rather regularly at approximately equidistant
timepoints, bioaliasing ' may-occur, i.e., relatively high frequencies may be inter-
preted as lower frequencies. Inappropriate sampling may also lead to other spurious
results. An example of bioaliasing has been documented by Stmpson and HALBERG ©.
Data of a kind frequently used in biology and medicine can contain both circadian
and menstrual components. A woman, 39 years of age, measured her oral tempera-
ture over a 7-month span at various times of day. By linear least-squares rhythmo-
metry ' a 26-day cycle was found. Data from eight such ‘menstrual cycles’ of 26
days were superimposed and then folded again for consecutive 3-day spans. A
change in the thus folded data is usually associated with the menstrual cycle, when
body temperature is taken only once a day. But it is important to note that
according to the time of day the measurements were taken, the resolved menstrual
cycle is different. It can thus be seen that as a function of the ‘clock hour’ chosen
for describing temperature behavior in the cycle, one may be on the average 3 or
even 6 days off in the assessment of the start of the ‘ovulation-associated’ rise in
temperature. To avoid such artifacts, including bioaliasing, special consideration
must be given to sampling schedules. For example, denser and/or randomly picked
sampling times may be desirable. Even if self-measurements are taken randomly in
time, there will always be a gap corresponding to the daily sleep span. The desir-
ability of automatic recording devices seems obvious and when these are unavail-
able ‘family’ rhythmometry may be carried out, different members of a unit
measuring all others at different times during a habitual rest span.

Technological advances made in electronic data collection allow rapid manual
or automatic recording of data from ambulatory subjects pursuing their daily activ-
ities. Several devices for measurement of rhythmic functions can be used:

1. the Yellow Springs Instrument (YSI) tele-thermometer *', manufactured by
the YSI Company of Ohio, can be used to monitor temperature. A Wheatstone
bridge serves as the basic measurement device and temperature is sensed by thermi-
stor probes, each containing a semi-conductor in which a slight temperature change
causes a large change in electrical resistance. Single or multiple channel instruments
used in our laboratory have a temperature range from 20 °C to 42 °C and a reported
accuracy of 0.2 °C. Their batteries have an approximate 1,000-h life;

2. the chrono-thermograph, designed by K. Lange, consists of a miniature
electromechanical chart-recorder with a temperature sensing probe. The prototype
instrument recorded temperature in the range from 35 °C to 40 °C, with a precision
better than 0.1 °C. Relative precision in time is about 1.4 X 107° over a span of
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10 days when identified at the start only. Paper needed to be changed at least
every 10 days; batteries had to be replaced every three weeks. It provided an easily
visible record and it was smaller and lighter than devices now in use;

3. the Medilog, manufactured by Ambulatory Monitoring Inc., Ardsley, New
York, is a cassette tape device capable of monitoring on 3 channels. With instru-
ments used in our laboratory, a 4th channel must be reserved for time. Thus, one
may record automatically temperature from 3 sites for 1 day, but the batteries and
recording tape must then be changed. The Medilog also serves for monitor-
ing EEG, ECG, respiration and motor activity for a 24-h span. Data are recorded
in an analog form and need to be digitized before analysis. Recording speed stability
is better than 2 9% overall and the signal-to-noise ratio is better than 30 dB;

4. the Solicorder, manufactured by the Solicorder Company, Ardsley, New York,
is capable of monitoring temperature in the range from 34 °C to 40.3 °C, from one
site for up to 8 days, with a 6-min sampling interval and reasonable reliability in
a water bath. With respect to data handling the Solicorder has two advantages
over the Medilog: it does not require digitization of collected data and can be
interfaced with a minicomputer for data analysis;

5. the Thermolog, manufactured by the Vitalog Company, Palo Alto, California,
is capable of monitoring concomitantly temperature and motor activity; it also does
not require digitization of collected data and is sold with an Apple II microcomputer
and a Sanyo T.V. monitor for data display and minimal analysis.

The probes used with the Medilog, Solicorder and Vitalog are those produced
by YSI and have the same characteristics. Usually, accuracy of recording does not
seem to constitute the major problem; problems may arise with defective probes,
their calibration, contact with the skin when so applied, and the battery.

Numerical methods

Figure 3 shows the large variety of intermediate results and endpoints of interest
to chronobiologists and the methods for obtaining them. Any sequence of data in
time will here be called a time series. The values may represent the same variable
measured repeatedly on the same individual during a given span (longitudinal series)
or each value may represent a single sample from an individual or a mean of such
samples obtained from a group of individuals (transverse series). A new individual
or group may be associated with each new timepoint not only because the endpoint
under study is death (one can kill an animal only once) but also because a given
sampling will alter the variable being sampled, as has been repeatedly documented
for variables at different levels of organization ?. The sampling uncertainty thus
derived from a single measurement may be referred to as a basic uncertainty. In
addition the uncertainties of repeated measurements on the same individual must
be considered. The latter uncertainties may be cumulative but in a complex fashion.
The complexity stems from the fact that the response to the measurement itself
is often bioperiodic and if it is not identifiable and quantifiable as such, it forms a
part of the variance and may result in a bioperiodic change of the variance that
can be in phase with the rhythm investigated or out of phase with it.
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Fig. 3 - Flowchart of methods relevant to chronobiology.

A plot of the raw data (chronogram) is invariably useful but usually not
sufficient. It can be readily complemented by the least—squares fit of the model
chosen to account for the variability in the data. A chronogram of the residuals may
in turn be obtained to allow better visualizing of the appropriateness of the fitted
model. A histogram of the residuals, along with a X*test, can help a decision
whether to accept the model or to reject it. A histogram of the raw data can be
considered as well and is sometimes used for a quick estimation of parameters such
as the mean and the variance. In the case of a normal distribution, one can also
derive, for a given parameter (such as the mean), a confidence interval at a certain
given probability level.

If one wishes to gain a better impression of the shape of the rhythm and if
the series length covers several cycles, one can fold the data within one cycle to
obtain a plexogram. For each interval along the time scale covering a single period
of the rhythm investigated, a mean and standard deviation or standard error are
displayed to show the likely individual or group variabilities.

For comparison of two or more groups, classical tests such as the t-test, X*test
and analysis of variance can be applied, even by means of small calculators. If the
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data base available is large enough or if we can rely on previous biologic information,
rhythmometric methods are preferred ',

Classical methods of time series analysis, such as autocorrelation and spectral
analysis, are well documented elsewhere and therefore will not be emphasized in this
paper 2% 10 2.3 38. % Brom variance spectral analysis, a circadian quotient may be
derived. The circadian quotient, or briefly CQ, can be the sum of the smooth spectral
estimate of the period equal to 24 h plus the two adjacent such estimates, divided
by the total variance. The latter is obtained, of course, by adding all the spectral
estimates *

Pergressive discrete spectral analysis allows one to follow any changes with time
in characteristics such as amplitude and frequency of statistically significant rhythms;
non-stationary time series also may be analyzed by this method>.

Classical time series analysis procedures usually require equidistant. sampling,
although approaches based on random sampling (with sampling intervals following a
Poisson distribution) are being investigated !+ %0 35 36 4. 9,

When only a few equidistant samples are available and the time series is
known to contain a bioperiodicity and to cover an integral multiple of the period(s)
characterizing the data, it is possible to reconstruct a continuous function from the
samples by harmonic interpolation 2. This method provides the detailed shape of the
curve, the timing of high values (paraphases) on the reconstructed curve and
interpolated values at times other than the sampling times.

Whether or not the data are equidistant, least-squares procedures can be used,
i.e., procedures minimizing the residual sum of squares about a fitted function. A
cosine function is usually fitted to the data (single cosinor method %):

f(t) = M 4+ A cos(wt + &)

Three parameters characterize this model: the mesor (M, or rhythm-adjusted
mean); the amplitude (A = half the extent of rhythmic change in a cycle); and the
acrophase (@ = lag from a defined reference timepoint of the crest time in the
cosine function fitted to the data). Provided that the residuals around the fitted
curve are normally distributed, confidence intervals may be given for M Aand &,
the symbol (~) indicating estimates. It can then be shown that (B ¥), where
B = Acos @ and v = —A sin &, follow a bivariate normal distribution charac-
terized by an F(2, N—3)-statistic, where N is the total number of data in the time
series. The F-statistic can also be used to test the zero amplitude hypothesis for
determining whether or not the data can be described by a cosine function, at a
given probability level.

Three kinds of cosinor ¥ have been designed in an integrated routine, each
appropriate to a different analytical situation:

1. single cosinor: a cosinor. procedure applicable to single biologic time series
{(from an individual or group);

2. group mean-cosinor: a cosinor procedure applicable to data series from 2 or
more individuals for characterizing a rhythm in that particular group only;

3. population mean-cosinor: the original cosinor procedure applicable to param-
eter estimates from 3 or more series for assessing the rhythm characteristics of a
population (figs 4a and 4b).
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CONVENTIONAL MACROSCOPIC VIEW
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Fig. 4a - Illustration of population-mean-cosinor computations to get point and interval estimates
for the population from individual circadian rhythms of similar amplitudes and acrophases.

When two or more thythms with the same period need to be compared, a
mesor test and/or a rhythm test can be applied. Both tests are described in the
Glossary of Chronobiology *.

More complex models can also be fitted to the data, including the fit of a cosine
and its harmonics *. Since each additional harmonic included in the model requires
2 degrees of freedom, such models should only be used when the total number
of data (or timepoints) is sufficiently large. Such models serve to provide information
on the waveform of a rhythm. Moreover, an orthophase may now be defined as
the lag from zero time of the crest time in a more complex model fitted to the
data, consisting of all statistically significant harmonic (or other, biologically as well
as statistically significant) components. Information provided by an orthophase has
to be considered against the information provided by an acrophase (defined as the
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CONVENTIONAL MACROSCOPIC VIEW
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Fig. 4b - Illustration of population-mean-cosinor computations to get point and interval estimates
for the population from individual circadian rhythms of very different amplitudes and acrophases.

lag from zero time of the crest in the cosine function fitted to the data) and the
paraphase (defined as the corresponding lag from zero time of the crest time in
the function reconstructed by harmonic interpolation).

One expects any rhythm characteristics to undergo changes spontaneously,
following a change in routine, e.g., after-a transmeridian flight or after treatment.
A chronobiologic serial section can be applied when the time series is trelatively
long. This procedure consists of fitting a cosine function, with a fixed period, to
consecutive overlapping or non-overlapping data sections, displaced in increments
throughout the whole observation span, Parameter estimates are obtained for each
section and displayed against time (position of the section’s interval with respect
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to the entire series). This procedure is particularly useful in showing the occurrence
of desynchronization, as is the case for instance in cave studies, when volunteers
spend several weeks in a cave without any time clue %,

Another procedure that can be applied to investigate the length of the desyn-
chronized circadian period is called the ‘chronobiologic window’. Since the actual
waveform of the bioperiodicity under investigation may bias the estimate of period
length when data are available only for a few cycles ”, this procedure is to be
used preferably when the data cover a sufficiently large number of periods and/or
against a biologic background. The method consists of applying the cosinor proce-
dure not only at a single fixed period, but to a set of trial periods in a given
range. In doing so, one is usually interested in determining the period length within
that range, for which the residual sum of squares is minimal. To render this
approach meaningful, the precision at which the period length can be determined
should be considered.

When more than one rhythm is present in the time series, a concomitant fit of
all components in each frequency range of interest should complement the fitting
of separate components successively at each single frequency. A linear-nonlinear
least-squares rhythmometry ' * based on a combination of computer programs
prepared by our laboratory staff and by MaRQUARDT * can be used to solve such
a problem. This computational procedure consists of 2 separate steps. First, one
applies linear least-squares rhythmometry (LLS) followed by nonlinear least-squares
thythmometry (NLLS) (fig. 5a). The LLS method provides a set of initial values
for the mesor and (amplitude, acrophase) pairs for each component. Using such
initial values, the NLLS, after an appropriate number of iterations, yields final
estimates. Table 1 illustrates the steps of the procedure in the case of a computer-

mesor periods amplitudes acrophases

set of initial values from the M = 100 =7 A = 2.054 &, = — 9I°
linear least -squares method

T, =17 A, = 2818 Dy = — 92°

T, =24 A, =10075 | @y =— 90°

1, =27 A, = 2.181 Dy = — 346°

75 = 50 As = 5323 s =~ 86
final estimates from the M = 100(0.000) | t, = 7(0.000)| A, = 2 D, =— 90
nonlinear method

T, = 17(0.000) | A, = 3 Dy =— 90

Ty = 24(0.000) | A; =10 By =— 90°

T,=cel* A, =el* D, =el*

15, = 50 (0.000) As= 35 Ds = — 9

* Eliminated by the procedure.

Tab. 1 - Resolution of function by combined linear-nonlinear least-squares spectral analysis.
Input: computer-generated time series {(at 1-h intervals) from combination of cosine functions
without noise; 336 data points. Yi = 100 + 2 cos [— =/2 + (2n/7)t:] + 3 cos [— =/2 +
2Qr/17)t} + 10 cos [— =/2 + 2=/24)t.] + 5 cos [— =/2 + (2w=/30)t].

346



G. CORNELISSEN et al.

generated time series containing 336 data points at 1-h intervals and characterized
by the following equation:

27t T 27t T
t) = 100 2 _— 3 —
y(t) + 2 cos [ 7 > ) + 3 cos ( T > )
27t T 27t T
10 — 5 -
+ cos ( 4 5 ] + cos ( 50 5 )

A further resolution can be obtained by iterative L-NLLS leading to a devia-
tion spectrum, with the following steps (figs 5a, 5b and Sc¢):

step 1 - Data analysis by linear least—squares (LLS). This method provides
imputations for rhythm mesor (M) as well as amplitude (A) and acrophase () for
each component with period <, minimizing residual sum of squares; '

step 2 - Using parameter imputations for all statistically significant components
(p < 0.05) in step 1, nonlinear least—squares analysis (NLLS) provides estimates
of thythm characteristics A, & and < for all components fitted concomitantly;

step 3 - If one or several components in ranges indicated by LLS are not
statistically significant, a concomitant fit (by NLLS) of all statistically significant
components is computed to provide new estimates for rhythm characteristics;

step 4 - Computation of deviations or residuals by subtracting model (obtained
in step 3) from original data;

step 5 - Perform NLLS analysis on deviations using components that were
statistically significant in step 1 but not in step 2;

step 6 - If additional components are resolved by applying NLLS to the
deviations, repeat steps 2 and 3 after changing the imputations for all parameters.

STEPS IN OBTAINING DEVIATION SPECTRUM®

Data
l Rhythm
LLs . NLLS Deviafi NLLS Characteristics
H eviations Jummep r—-) and
Confidence
Intervals

*Ry thmometry by:
LLS= Linear Least-Squares or NLLS = Non-Linear Leost-Squares

Fig. 5a - Flowchart of the different steps involved in the lineac-nonlinear least-squares procedure.
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STEPS IN OBTAINING DEVIATION SPECTRUM™

1 2 2 " 4
NLLS NLLS 103 .
i deviation Subtraction
LLS all components statistically ey trum b
(comp) s'g"éz‘:;" (sq) D oated sy (3) from data

3
Deviations

NLLS
comp. sq.in {7/
and not (2)

¥

arg
additional

comp
resolved?

yes

* Bhythmometry by LLS = Linear leasi-squares;
NLLS = Non-linear least-squares

Fig. 5b - Flowchart of the different steps involved in the linear-nonlinear least-squares procedure.

All procedures described above were initially tested by using ‘standards and
blanks’ ®* and proved to be adequate to analyze data containing bioperiodicities. For
rhythmometric standards one can utilize certain functions that on the basis of
past experience best approximate the data. As a start only, one can take certain
pure sinusoids with known period, amplitude and acrophase. One then assigns the
values of such functions to the timepoints at which a given time series to be
analyzed is available and carries out the analyses on these artificially generated
numbers concomitantly with the analysis of the original series. Any component
yielded by the analysis of such standards, preferably with graded amounts of noise,
can serve for comparisons with components resolved in the original time series.
The equivalent of a biochemical blank for rhythmometry is some random process.

Fig. 5¢ - Illustrative example of the different steps involved in the linear-nonlinear least-squares B
procedure.

348



G. CORNELISSEN et al.

STEPS IN OBTAINING DEVIATION SPECTRUM

Step /. Chronogram of data
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e

oraL
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o
Day o1 o1 ok o1 o1 1 69
e 10 " 2 B men-1
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Step 2: Lllneor least-squares (LLS) rhythmometry provides imputahions for rhythm mesor
(M) as well as amplitude (A} and acro-

AY w3684 ) phase (@) for each component, with
period T, mmimizing restdual sum of
squares

L Frequency Domain
Tihrs} 8736 1392 24 T
A{°C) .03 15 12
(" -99 ~182 -237

Note: Confidence itervols (not shown here)
given for M, A5 and @5, but not for Ts

Step 3: Using parameter imputations for all statistcally significant components (P<005)
I in step 2, non-linear least-squares (NLLS)
rhythmometry provides estimates of
chythm characteristics A,Q and T for all
components fitted concormitantly

M=3683(°C)
! ? . Frequency Domain
L

Tthre) sowa(sns,sny® i3es{ 2 ) 24{2399, 2401
AlTCy  031{004,089] O17(-010, 043} 131088, 130) Nore: Confidence mtervals for T's are given
0(%). <120168,-70)  -174(-274-88)  -236(-244,-22%) in addition o confidence intervals for

*93 % Cantidence Limits M A's and D's

s

Step 4: |t one or several components in ranges indicated by LLS are not statishcally sig-

— ntficant g concormutant fit (by NLLS)
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e 368300 for rhythm characteristics
| M Frequency Domain
T{drs)- 8579(8176, 9019) 24(2399, 2401
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Step 5: Computation of deviations or residuals Dy subtracting model (obtained in step 3
or 4) from original data

b’ime and Data Domoins—l
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NLLS to the deviations

Tihrs) 1395(1380,1411)

A{°C}  0l7(002, 314) .
\/\ (") -173(-226.- 120} Note: If additional components are resolved
! by opplyng NLLS fo deviarions, go back fo
(=58 days) step 3 affer changing original imputations
for porameters
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Operations and Decisions in the Construction
of Time-qualified Reference Intervals

TIME SERIES SINGLE
NONPARAMETRIC
s TIME POINT
NORMALITY
OR 90 % RANGE M/OF TRANSFORMEDS.LES i
DATA FOR EACH
SINGLE [ ME SPaN
COSINE { AN
CosiNe VARIANCE
D

f

DATA
TRANSFORMATION

NORMALITY
OF DATA

NORMALITY
OF RESIDUALS
?

NORMALITY
. OF DATA FOR
e == £ACH TIME
SPAN
?

NORMALITY
OF RESIDUALS

rss

Fig. 6 - Tentative flowchart indicating a few of the many paths towards the establishment of
chronodesms.

One may generate, for instance, at the intervals at which original data are available,
100 series of gaussian noise and 100 series of rectangular noise. These artificial
(blank) series are then analyzed concomitantly with the raw (original) data and the
standards. The continued use of certain standards and blanks and other test series
for each new kind of analysis, if not with each analysis, is strongly recommended.
As is the case in classical biometry, the results obtained by chronobiologic methods
can be used to derive confidence and tolerance intervals, with the additional
important feature that such reference intervals can now be time-specified.

First a distinction has to be made between data collected at a single timepoint
and those collected at multiple timepoints. Let us start with the simple case of
samples taken at a single timepoint chosen by necessity (in an emergency) or by
pertinence (conditions permitting). Tolerance limits are defined as limiting values
within which a specified proportion of a distribution will lie with a fixed probability.
Tolerance intervals qualified in time are called chronodesms. When multiple
timepoints are available, one may either apply the same -procedure (if multiple
samples are obtained at each timepoint) or one can derive such tolerance limits on
the basis of a model ? (fig. 6). If the model is a cosine function, the chronodesm
is called a cosinordesm; if 2 more complex waveform has been considered, one uses
the term rhythmodesm, and if no model applies, the chronodesm is called a mero-
desm (for several separate timepoints or timespans throughout the rhythm) or a
monodesm (for a single timepoint or timespan). The importance of chronodesms
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lies in the validation of a diagnosis on the basis of time-specified single samples.
Once a time-qualified reference interval has been obtained for a group or preferably
for an individual, future single samples can be usefully compared for clinical
evaluation.

As an example, an individualized merodesm was constructed for cortisol, measur-
ed every 20 min during 24 h in winter. To validate this chronodesm, values
measured in spring in the same fashion for the same petson were plotted against the
winter chronodesm. A good agreement is found (fig. 7) from 02% to 18®, whereas
from 18% to 02% larger tolerance limits characterize the spring data, perhaps
because of circannual variation.

Applications

1. Marker rbythms - Among many other potential uses, a marker rhythm can
serve to monitor the timing of treatment and/or to assess therapeutic response.
The marker rhythm monitors a phenomenon by one or more of its quantified
characteristics. If the characteristic involved is an acrophase, paraphase or ortho-
phase, the marker rhythm is a useful reference rhythm. For example, one may find
that radiation therapy yields faster remission of a tumor in the oral cavity when
applied at the acrophase of the circadian rhythm in tumor temperature than if it is
applied 4 or 8 h before or after that time. The circadian rhythm in tumor tem-
perature might be used subsequently as a marker rhythm for timing treatment in
that particular disease ¥.

Another important field of application for biologic time series analysis involves
the monitoring of physiologic variables such as the peak expiratory flow as gauges
for effects as varied as those of drugs, on the one hand, and of environmental
pollutants, on the other hand. REINBERG et al.* showed that this variable of
physiologic and pathologic interest — as a gauge of the extent of airway patency
or, rather, obstruction — reveals changes in asthmatic boys: mesor and acrophase
of peak expiratory flow depend apparently upon the timing of methylprednisolone

COMPARISON OF CORTISOL DATA IN SPRING (*)

WITH WINTER CIRCADIAN MERODESM (£722 BARS)

AND SPRING CIRCADIAN MERODESM ( &S BARS)
(YOUNG WOMEN, 15-21 YRS, OLD)

]
o

CORTISOL {ug/d)
S

e 0B ofe 10e A iz
TIME (CLOCK HOUR)

Fig. 7 - Extent of agreement of chronodesms
constructed for 2 seasons.
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injection. In the same line of thought, HALBERG et al.? found that the peak
expiratory flow mesor of a peak flow self-measuring girl was statistically significantly
higher while she stayed in suburban Minnesota than in metropolitan Paris. This
finding suggests that peak expiratory flow could perhaps be monitored within the
school system by autorhythmometry with a view of monitoring environmental
integrity 2. The suggestion that some human subjects may be tested as potential
sentinel organisms or biologic detectors of overall pollution was supported by the
increase of peak expiratory flow mesor in certain patients with exogenous asthma
when they were introduced into a hypoallergenic room ®.

Another aspect of chronobiologic application in the field of environmental
protection is discussed by STUPFEL et al.¥. These authors documented rhythms
in different frequency ranges of interest from the standpoint of environmental
pollution. This approach allows a more accurate view of environmental factors in
the production of air pollution and a clarification of their interaction, as well as of
the physiopathological reactions of human beings to pollution. The authors under-
lined the need for the combination of appropriate statistical and physiologic
methodologies in determining both short-term and long-term periodicities that have
to be taken irto account when considering the merits or demerits of air quality
standards and other means of environmental protection. STEBBINGS and HALBERG *
studied results provided by panel studies relating illness (such as attacks of asthma,
cardiopulmonary symptoms and acute respiratory symptoms) to daily air pollution
and weather. After evaluating amplitudes and acrophases of circannual (~ 1 year),
circatrigintan (~ 1 month) and circaseptan (~ 1 week) rhythms, they found that
circannual rhythms are prominent. Results from linear-nonlinear rhythmometry in
this study are reported by TEsLow et al.®. "Against this background it will be
mandatory to determine rhythm-based chronodesms 7. The daily checking of reported
new cases of attacks against a population chronodesm provides an approach
complementary to non-biologic environmental monitoring and should be comple-
mented, in its turn, by longitudinal monitoring of physiologic functions, such as
peak flow, among other potential marker variables.

2. Sampling qualifications - As explained above, chronodesms validate spot-checks
and single samples. They usually are built, however, from a large data base, either
on a group of individuals or on the individual himself. Minimal sampling require-
ments for estimation of parameters are also worth investigating. To illustrate an
empirical approach to answering this question, cosine curves were fitted to data on
an individual’s blood pressure, measured every 10 min during 24 h. The best fitting
24-h cosine curve when all collected data were considered was compared to the
results when data collected during the rest span are omitted. The procedure was
repeated with the difference that only hourly data were taken. The mesor was
the least affected by the sampling conditions whereas the amplitude was most
affected. The acrophase also remained quite stable, although for the hourly intervals,
the p-value was above the 0.05 probability level. Rhythm characteristics, in this
case, can be taken into consideration, at least as imputations (when the zero
amplitude hypothesis cannot be rejected).

3. Manipulation of rhythms - Certain rhythms can be manipulated, e.g.; by
changes in lighting or feeding regimens. This possibility is very attractive in
view of the potential optimization of host tolerance and tumor susceptibility, to
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cite but one example. Frequency demultiplication is another approach in attempting
to improve the yield of anti-cancer therapy. If one can assume that two subsystems
(e.g., one neural, another endocrine) affect the tolerance of a critical target or
link (for instance, a circadian or other cell cycle in the bone marrow) in opposite
ways (one augmenting, the other reducing it), frequency demultiplication (obtained,
e.g., by desynchronization with both lighting and meals) could improve the thera-
peutic index of carcinostatic drugs by inducing proper relations between the
hypothesized subsystems to achieve the highest % survivors, the largest safe span
ot other desiderata of treatment ®.

SUMMARY

Selected methods for the study of biologic time series are reviewed and their relative merits
are discussed in the light of underlying assumptions. Their potential applications are exemplified
in several fields of biology and medicine. The monitoring of environmental integrity, notably of
pollution, is investigated. The need for specifying optimal sampling requirements is underlined.
An individualized and time-qualified definition of health by the establishment of reference
intervals is required for increasingly rational individualized program for the prevention and/or
treatment of disease. With these reference intervals and rhythm characteristics available, one
can better interpret with single samples or time series an increased risk of a certain disease or
the inception of the disease. For all of these aims the monitoring of environmental and/or
personal marker rhythms is essential — to obtain large data bases from which information can be
more easily derived for monitoring personal health, to recognize risk as well as to diagnose disease
early and to optimize treatment by timing according to rhythms.
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APPENDIX

Since rhythmometry of short series uses largely the least-squares fit of a cosine
model, the single cosinor and the (population) mean cosinor procedures 7 have
been programmed on a pocket calculator. It was desirable to use magnetic cards
for storing data as well as programs, so that if several procedures needed to be
applied, the data would not have to be entered manually each time. Library modules
that can be plugged into the calculator, providing built-in (hardware) programs for
other procedures, are also attractive. Because the Texas Instruments TI-59 pocket
calculator has the above-mentioned features, it was chosen for implementing the
single — and mean — cosinor programs. The programs can be used with or without
the PC 100A printer. The development of programs such as the single — or mean
— cosinor for pocket calculators is very attractive for achieving chronobiologic
goals at the bedside or in the field, e.g., whenever data on potential marker rhythms
can be self-measured or collected by staff.

The single cosinor ptogram here proposed applies to non-equidistant as well
as equidistant data. There is no restriction on the number of data involved (other
than that dictated by the capabilities of the calculator itself such as the required
precision, overflow, .. .), but obviously the time required for entering data (~6.5
sec/conventional datum and time code) should be considered. These 6.5 sec/datum
include not only the time required for entry of the datum itself but also the com-
puting time needed by the calculator to process the information before it is ready to
receive the next datum. Once the data are entered, the computing time required
to get the results is only ~ 35 sec. In addition to the estimation of the mesor,
double amplitude and acrophase with their respective standard errors, the program
provides the percent rhythm and the associated p-value obtained in the zero-
amplitude test. There is also an option (in the case of a 24-h cosine) of expressing
the acrophase and its standard error in clock hours and minutes in addition to
expressing them in degrees.

Again, there is no restriction on the number of time series involved when
computing the mean cosinor. The procedure uses the rhythm parameter imputations
computed via the single cosinor program and hence presupposes that the single
cosinor procedures have already been applied. Data entry requires ~ 10 sec per
imputation set. Results are obtained in less than 1 min. If the coordinates of some
of the points on the boundary of the confidence region (ellipse) are desired, an
additional ~ 5 sec per pair of (8, v) and (A, @) coordinates is required. The
program provides point estimates for (mean) percent rhythm, mesor, amplitude
and acrophase, the p-value associated with the zero-amplitude test, the length of
the semi-axes of the 95 % error ellipse, the angle between the major axis and the
positive abscissa as well as the slopes and associated angles of the tangents drawn
from the pole to the error ellipse > 3.
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A program combining the single — and mean — cosinor methods also is avail-
able. In this program, data on each of several series are entered, and a mean cosinor
summary is directly obtained. This program provides point estimates of M, A and
@ for each series as well as polar coordinates of points on the boundary of the 95 %
confidence region for the mean cosinor.

The user of these programs may desire other kinds of output. In such a case,
one must consider the limits imposed by the capacity of the pocket calculator and
may have to trade one output for another.

OUTLINE OF THE PROGRAMS

A. Single cosinor

Let us suppose that N data, y;, are collected at times t;, not necessarily equi-
distant. The following model is fitted to the data by the method of least-squares

vi = y(ti) = M + A cos (wt; + ) + & i=1,...,N

where M is the mesor, A is the amplitude and & is the acrophase. The e; are assum-
ed to be independent random normal deviates with mean zero and unknown variance
¢%. The model can be rewritten as

yi:M—'—BCOSwti-i"'YSin(Dti‘l"ei

where

B=Acos @
Yy=—Asin &

to yield an equation linear in the parameters M, 8 and ¥.

The method of least-squares, minimizing Zie? solves the normal equations:

Zyi = MN + B Z cos wt; 4 v X sin ot
Syicostot; = M I coswti 4+ B Icostwr 4+ v ¥ sin wt; cos wt;
IZyisinwi = MZIsinwti + B E¥sinwtcoswt; + v Isin®wt

This system can also be written as the matrix equation

b = S - x

or

Zyi N T cos Wt Z sin wt; M

Tyicoswt; | = | Zcosowt; I cos®wt; Tsinwt; cos wt; | B

Zyi sin wt; T sin wt; X sin wt; cos wt; X sin? wt; Y

A A
The estimates M,  and ¥ are obtained by inverting the S matrix:
x=81.5%
. -1 1 . . .

where the matrix elements s;! = W cof(sij) with | S| being the determinant of

S and cof(s;;) being the cofactor of s;;.
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The amplitude and acrophase are then obtained by
A = (B + 327 & arctan (— ?/é) + K= (where X is an integer)

The correct value of & is determined by taking account of the signs of B and ¥.
The variability ratio (VR) or proportion of the variability accounted for by the
cosine model can be computed as

VR - BE (y; — ¥) cos wt; + 'Ar:"lz(yi — §) sin wt; with § = 1 o
Z(yi — )
It can be shown that the p-value associated with the zero-amplitude test can be
obtained by:

P = (1 — VRN
Percent rhythm (PR) and percent error (PE) are then defined by
PR = 100 VR; PE = 100 (1 — VR)

Standard errors of the parameters M, f8 and v can be derived from the inverse
matrix (S7') and from the estimation of the variance,

G =(1—VR)I(yi—§7’/(N—3)

To evaluate the standard error for the amplitude and the acrophase, their func-
tion in terms of @ and vy is expanded in a Taylor series about (8, ¥) and the
development is limited to the first term (linear approximation ®). Standard errors for
the mesor, the amplitude and the acrophase are then computed respectively as:

tM = G+s;)
EA = G [sycos? @ + 2 sy sin D cos & + s sin? B2

A

G A — . A A - A
5D = x [s3) sin®> & — 2s3) sin @ cos @ + s3; cos® D]'2

B. Population mean cosinor

Let us suppose that N time series were analyzed by the single cosinor with the
following results for each:

— the percent rhythm PR;;

— the mesor M;;

— the amplitude A;;

— the acrophase &; (expressed as negative degrees) fori = 1, ..., N.

Let us define

B; = A cos J;
Y = ——-Ai sin @i

When all point estimates have been entered for all N series, the mean parameter
estimates are computed as:
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A 1 - A 1
PR =—ZZPR; M=—ZIM,

N N

2 1 ‘A 1
:——E i =_Ei
B N B Y N CY

The estimation of 8 and ¥ yields

A

A=@esr

A

& = arctan (— RA?/f%) + Kn (where K is an integer).

The uncertainty of K7 is resolved by taking account of the signs of 8 and Y.

To test the statistical significance of the (population) rhythm investigated, the
F-statistic with 2 and (N — 2) degrees of freedom is used:

Fi..(2, N—2) = ¥ (@ ¥N-D __ 1)

The p-value associated with the zerc-amplitude test is computed in the following
way:

csb2n = If?2 /N — 8% csbgn = IBivi/N — B%; csg2n = Iy /N — ¥

A = csb2n - csg2n — (csbgn)?

ann = csg2n/A; ap = — 2csbgn/A; an = csb2n/A

p=1I[1+anB+ ao By + ap §2] 212

In order to determine the error ellipse, given a level of significance, a (e.g.,
a = 0.05 for the 95 % confidence region), estimates for the variance and covariance
terms are calculated:

17

= (I8 — NB) / (N—1)
2 = (3y2 —N§) / (N—1)
f = (ZBrvi — NBY) / [N — 1) 88,

The equation of the error ellipse may then be written as:

E= Ay — %7 + 2B(B — B)(y — %) + CB— B2 =D

with
A = 172
B = — f5,/(85/)
=1/
and
D ZH (1 — ) Fi_o(2, N—2)
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The lengths of the semi-axes are estimated as follows:

= [2D /(A + C—R)]"*
= [2D /(A + C—R)]?

where R = [(A — C)* 4+ 4B?]'2,

— major axis:

T >
|

— minor axis:

The angle of the major axis versus the positive abscissa is then given by
2B
A—C~—R

In order to determine a conservative confidence interval! for the acrophase,
tangents may be drawn from the pole to the ellipse. The slopes (m; and m;) and
corresponding angles [0(mi) and 8(m;)] are derived as

m =U(W 4+ V) 8(m;) = arctan (m)

A
0 = arctan

m = UMW —V) 8(m;) = arctan (my)
where U = [(AC — B) ¥* — CD]"!
V = {(AC—BY) DA% + 2BB% + Cf* — D]}
W = (AC — BY)B% + BD.

If one desires to draw the error ellipse, the coordinates of a few points on the
boundary of the confidence region may be computed. The maximum and minimum
values taken by @ are first computed and displayed (or printed).

2 2(N—1
Bmfxx = Bi\/Th%—;_Z)_h)I— §%Fl_a(2,N—2)

Values lying between Bmax and Bmin may then be entered. For each 8 value enter-
ed (Bo), two cortesponding v values (v; and ;) are calculated, leading to coordinates
of two points on the error ellipse:

s N . ANB—P L (2N —1)
reErE W‘ A i[(l o ( N—2)

Fi_o(2, N — 2) — M) :[1/2 }

The cartesian coordinates (B9, v1) and (8o, v2) are also converted to polar co-
ordinates (A1, &) and (A;, J3).

To get ellipses of a different size [i.e., corresponding to a different level of
significance ()], just replace ‘20’ by 1/e on steps 250-251 of the program.
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APPLICATION OF SINGLE COSINOR

The systolic blood pressure of a 13-year-old boy and of a post-menopausal
woman were automatically recorded with a2 Roche Arteriosonde about every 10 min
during 24 h. For each subject, four series, each with At ™ 40 min, were derived
from the original data and the single cosinor program was applied to each series on

the TI-59 calculator. The results obtained are tabulated below:

systolic blood pressure: circadian rhythm characteristics

series PR(%) p N M (£ SE) DA * (% SE) @ ** (£ SE)
— 13-year-old boy (mm Hg)
1 59 < 0.01 29 106.57 £ 1.16 1895 £ 3.32 — 256 £ 10
2 66 < 0.01 27 10540 £ 1.07  20.20 £+ 3.13 —229 4% 8
3 65 < 0.01 25 10485 = 1.04  18.32 £ 3.03 —245+ 9
4 54 < 0.01 31 106.53 £ 1.13 17.70 + 3.32 —230 £ 10
— post-menopausal woman
1 50 < 001 30 12437 £ 243 3694 £ 6.69 —238+ 11
2 55 <001 30 12601 £2.02 3243 £5.71 — 250 + 10
3 49 < 0.01 29 12469 £ 233 3368 £ 6.36 —242 £ 11
4 43 < 0.01 30 12497 £ 259  33.09 £7.42 —248 £ 12

* DA = double amplitude or total extent of predictable change.
** Reference: local midnight; 360° = 24 h.

These examples demonstrate the ease of quantifying rhythms on important
physiologic variables.

When one has to deal with incidence data (e.g., the number of events observed
on successive days), rather than with data that are not restricted to integer values,
the test developed first by EDWARDS ® and further extended by RoGeRr ? is applicable.
Let us suppose that a sample of N events is taken (e.g., 29 cases of human kidney
transplant rejection *) and that each event is classified into one of k possible
categories in a particular cycle of interest (e.g., a 7-day cycle of rejection following
surgery. In this case, category 1 includes events occurring on days 1, 8, 15, ...;
category 2 events on days 2, 9, 16, ... ; category 7 events on days 7, 14, 21, ...;
ie., the events are ‘folded’ into a comprehensive 7-day period). The model consid-
ered is

P, = q(1 + aS; + BGC)

where & and 8 are parameters of the model, ¢ = 1/k, C; = cos(2mi/k), and
Si = sin(2mi/k) i =1, ..., k).

Under the null hypothesis Hp: & = $ = 0, the individuals are equally likely
to be allocated to each of the k categories. Under the alternative hypothesis
Hi: @ % 0 or B s 0, the frequencies in the categories have some sinusoidal
variation over their cyclic order.
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The test statistic
R = 2 [{ZN;sin 251/K)F + {Z N cos (2ri/k)}]/N

where N; represents the number of events observed in the ith category, is derived
by considering the partial derivatives of the log likelihood function evaluated at
o = f = 0, the null hypothesis. This test statistic is approximately chi-squared
distributed with two degrees of freedom on the null hypothesis.

The test statistic in effect allocates different weights to each category according
to the number of events observed in each category. The test may then be viewed
as testing the departure of the center of gravity from the center of the circle used
to represent the data (origin). The position of the center of gravity is indicated by
the phase & on the trigonometric circle and its distance from the origin is given by
d, where

& = arctan %; d= &+ "
y

with

_ 1k 1k

X = —— Y Nisin (2wi/k); § = — Z N;cos (2ri/k).
k k
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Note: The reading of program cards is more easily and more safely donme by entering each
program card (n) into the slot after pressing CLR for each n, instead of using the INV
2nd write command. Indeed, if this command is wrongly executed, the program card
could be erased by mistake.
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TTLE__MEAN  cosiNoR PAGE_S_OF Tl Programmable @
PROGRAMMER & . Co kN E LiSSEN DATE Codlng Form

Loc fcopg] ke COMMENTS [[LOC [cODE] KEY [ COMMENTS || LOC [CODE|  KEY COMMENTS

£40 43 RCL 535 95 =
41 01 01 E9E 3% PRT |79
542 75 - £37 42 =70
43 43 RCL £28 19 19
£d44 14 14 £33 13 D°
£45 33 Mz OO 95 ADY
E4E 54 3 FOL 98 ADY
£47 85 = FOZ 0 EL GT
£43 34 I¥ 3 2% g
43 42 5TO 2 RTH
76 LEL

£50 15 15 | radiwl
B51 43 RO

LR R R R

ESE a7

o7 (po)
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14 I RCL (f)
¥oo= 19 1% Di=r2
42 570 |7 N (po-5) 22 THw y
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25+ ( 55 -

43 RCL 39 g

i5 b S
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Test series (Population mean cosinor)

1. Data entry 2. Results 3. Ellipse
E 2nd A’ 2nd B'

an, 0non (PR) A 22, 38. 9995 Bmax
53, ag00 ( M) B -5, 4538 “4%. 9252 Bain
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Lo -an) 1545 9tap

aoon

fory
»

a0 G n T T

[N s e ]
-

o
1

(e
|'__l-'| [l 1:_:-_3
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TITLE_SWGLE € MEAN COSiNoRS  PAGE___OF Tl Pogrammable @
PROGRAMMER __ B. HS| DATE Progrom Record

Printer Cards

Partitioning (Op 17) 13.9.9. 1.4 Library Module

o PROGRAM DESCRIPTION

}wmmﬂbhmfw rmdhod Jo limals B mtoon M, He duds M
and T M'(P'fp\uw‘» p\mﬁh woimen. pomts with dafo comachon .Il'm)f&umi.
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v Q)To afonk & AT Amtarn Covinnry |, ofenk J/wm nl’qa y.
USER INSTRUCTIONS

STEP PROCEDURE 'ENTER PRESS DISPLAY
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3 MWAMM(M:I,').,!): toch pv, CLR |nd {—:x 0 o
CLR end tnlin wwmﬁw
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g 6 Jon £z o, N {j,; RIS 0
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Lo l?a'c Rls Qo
3. wplehiow o toeh gemenr B
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. (Compadl it oftla 4;0/.@?\%«:. dicpre | € [V | C |R]S| Ai, 4/
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¢ Cov+mu ’ﬂ"lf"/ L -".’p:v\.wk 7 );(-,8’ o - - - o
D"E,,b‘,.,\ﬁ A + 8 ZX\wbay,u‘f LIPS i_f9_E3_ra_[m_ BN
E =N ( Cowndt ) K] " [ o DY - P
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TITLE_Sin&LE ¢ MEAN  (oSiNoRS

PROGRAMMER

B. HST

Tl Programmable

Coding Form

s

Loc [copg]  kev

COMMENTS
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TITLE_SINGLE 2 MEAN CohinoRS

PROGRAMMER

B WS

PAGE_2. OF

DATE

Tl Programmable

O

Coding Form
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166 0%
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163 44

43
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53
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169 08
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171 01
ivz 8B5S
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174 Q2
178 55
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177 0%
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181 43
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TITLE_S\NCLE g MEAN] COSINORS PAGE_3 ©OF Tl Prog(ommob]e l @
PROGRAMMER B WSt DATE Coding Form

LocC [copg|  key comMenTs [[Locfcopg]  key | commenTs [[Loc [cope]  key COMMENTS
0 43 RCL 42 RCL 4320

0o go o o0 :
95 =
42 570 |8 » 2
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POUR R 2% I 7 I P

T Pl o BT T
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F"L'L ’ TEXAS INSTRUMENTS
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340 13 - 0011
341 65 1 451 54 3
342 43 = 452 25 =
343 0Orf 453 34 [H
244 95 = a 454 42 570
345 42 ZTO (Z(64) =3 S5 08 08
346 03 03 456 V& LEL
347 43 ROL 457 75 -
348 17 7 H 458 &85 4+
249 75 - 75 - 459 42 RECL
350 42 FCL oioo1 4e 0% 05
221 01 0Ot 95 = 451 &5
. 55 55 = 452 43 RECL
253 42 RCL ERIC I 463 GF 07
354 13 13 43 RECL 454 25 =
355 95 = ao og 455 65 =
I55 5% o+ TEeE - re 43 RCL
257 43 RCL i i JE7 oz O3
252 03 o= a4 2 48 25+
359 324 E 25 = 4 43 RCL
60 55 = 42 =TO 470 o1 ol
261 42 RCL & 08 471 95 =
362 04 04 34 TR 472 4z sTo | B =%
JRC1-3C T T A £S5 = 473 18 18
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365 42 5T0 |r »% 04 o4 4v5 19 D°®
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TITLE_SINGLE & MEAN CohiNoRS PAGE_Y OF Tl Pogrammable %@

PROGRAMMER _ 1 1S\ DATE COdIﬂg Form
LOC lCODEI KEY COMMENTS LOC |CODE] KEY COMMENTS LOC |CODE KEY COMMENTS
480 43 RCL
481 19 19 g
482 22 INV D 4, =] csek T dawk)
433 37 PrR N
484 32 WIT W
435 91 RS A ty = Smwk - T gmwhe
jw 25 CLR Rlprt) H
487 32 Wi 3 ke-2)
438 43 EXC D) Bz (- -1 v - LVH
483 1% 1% ) (ke-) [ 20 I Vg |
490 22 2 N
491 77 ) (%) -Jx(&)(.t) R () o 0t B Elpse
49z a LYAY
493 43 EX 5% w\'\inﬂl‘ﬁ‘u-)
494 :
495 R P ek wlue ocf_ vl V], boe
495 . LE polumbions . ,uuu-? (A, £)
437 E and (AN TP
435 48 EXC !
499 15 1%
500 75 -
501 03 =
502 08 &
502 00 0
504 95 =
505 91 RS
506 76 LEL [ (prh)
| 507 15 E
502 22 IMY
509 86 STF
318 00 0o
511 &1 GTO
S1Z 16 A" 3
S13 76 LEL [for 2nd Yoot
314 15 ¢ o w
515 43 RCL
516 02 05
17 94 +4-
518 61 GTO
519 75 -
MERGED CODES
2D I 7250 Em 836 I
CIEE NN 73D W 84N W
GO M 7AW I 92(W] B
TEXAS INSTRUMENTS
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Test series (single & mean cosinors) 2. Regults

v 19,2500
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mme_RoGER's  TEST PAGE____OF Tl Pogrammable @
prOGRAMMER_G . CORNELISS EN DATE Pr ogram Record

Patrtitioning (Op 17) Library Module rinter ards
i S, | P Card
PROGRAM DESCRIPTION

Method ,Ear ‘\’uhm% oach‘c romds im incidemer rates jwhert & sample of (n) individuals ang
mh.sow od N cakeqorier w"%a oddxc order. The wall hupotuaca o that He individusks ane.
Mh‘hﬁ»&b ollocahd Mq‘(’h(k) Kes. The albamalive u b ok He
W5 e B, colesoniea (N;) fowe pome piswacridad varlaliow oven Han Sydie order . The
ook Akt m Rz 2 ZN;Stv\LmiIh)}lFSZN.'M(in'&)jl] In\’wlv'«l\d apro Ji—w
dutubued whh fo deges oi, {«udm on Ho punll l;m,#fw'n [TH.Ro6ER : "A szﬁw‘f\wh«;
t

for culic Yoomdn i studinee dols ', Biowekska (833),6Y,1, 152-1657].
= USER INSTRUCTIONS

STEP PROCEDURE ENTER PRESS DISPLAY
1 Toan calindodin oN o
L | Fankibiom Clamd|op | 17| 434.59¢
3 | Rad pr cand (m=1):pres CLR and CLR|nd | fx | ©
y W?_ CLR E 0.0000
5 Emh/t 1,,,,@0’ (Wbﬂ 4 Jn.mw) L B +_
¢ | Entin arnbtr of wenbs n cdon A N, A
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¢ - P e ¢ )2 e_O_0_&E_E9_09_
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¢ Tbbbiyation ¢ TN wki 1 e
» PO ' m_ = o oo
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471977 Texas Instruments ncorporated 1014965-1

383



tme_ROGER'S TEST PAGE | OF T Pogrammable {@)
/ .
proGRAMMER_G . CORNELiSSEN DATE COdIﬂg Form

LOC [copE]  KEY COMMENTS [|Loc Jcobe] KEY | COMMENTS [[LoC JcoDE]  KeY COMMENTS
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Test series (Roger's test)
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