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Investigative Methodology for

Chronobiology

Alain Reinberg and Michael H. Smolensky

Progress in the developing science of
chronobiology has closely paralleled the
emergence of new and improved research
methodologies. Methodological require-
ments for biological rhythm study have
been reviewed previously {Halberg et al.
1972, 1977; Reinberg 1971, 1974; Smo-
lensky et al. 1974). This chapter outlines a
minimum set of conditions and procedures
necessary for conducting sound chrono-
biologic investigations. The recommenda-
tions which are put forward should be re-
garded as proposals and/or suggestions
rather than rules or criteria for judging the
quality of experimentation. It is obvious
that each study dictates a specific method-
ology depending upon, among other things,
the goals of the investigation and the
state of knowledge. The contents of this
chapter provide necessary information for
designing chronobiologic research pro-
tocols and for minimizing the occurrence
of those types of mistakes typically ex-
perienced in earlier chronobiologic investi-
Ealions.

Types of Synchronizers and the
Synchronization of Biological
Rhythms

Common to all biological research, particu-
lars related to species, sex, age, weight,
height, food intake, state of health or dis-
ease, etc., must be stated. These general
requirements are mentioned here as a re-
minder, only, despite the fact they are
critical,

With respect to chronobiologic meth-
ods, when experimenting on laboratory ani-
mals, it is mandatory that the timing of the
natural or artificial light (L)~dark (D) cycle
be monitored, recorded, and reported since
the LD cycle is recognized as a primary
synchronizer of circadian and possibly
other rhythms, The LD cycle influences the
period length and peak time of rhythms of
many species, such as birds, rodents, and
monkeys.* Other potential synchronizers,

* The term synchronizer refers to an environmen-
tal periodicity capable of determining the temporal

staging, with respect to clock hour or calendar dale, of
a given endogenous rhythmicity.
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such as cyclic changes in temperature,
noise, odors, humidity, and food availabil-
ity, should be maintained at more or less
constant levels. In so doing, only one
(known) synchronizer is operational,
whether or not it is manipulated. The con-
current influence of several synchronizers
may lead to a complex situation which may
be difficult to analyze. Even with one syn-
chronizer, such as the LD alternation, the
duration, intensity, and quality (wave-
length) of the light as well as the abruptness
of change from L to D can influence the
findings (Aschoff 1960; Boissin and Assen-
macher 1971; Halberg et al. 1959, There-
fore each must be well defined.

Many authors prefer using the LD:12/12
lighting regimen in which 12 hr of light al-
ternate with 12 hr of darkness.* With re-
gard to animal models involving typically
nocturnally active rodents (rats and mice),
some authors (Halberg 1973; von Mavers-
bach 1978) recommend a LD:8/16 schedule,
since it seems to better simulate human
synchronization, i.e., 16 hr of activity alter-
nating with & hr of rest,

Selection of appropriate LD schedules
conslitutes one of the most fundamentally
important steps in conducting animal re-
search, whether or not one is involved in
chronobiologic studies, for many reasons
as discussed below. Some experimenters
are unaware of, or choose to ignore, the
significance of the LD schedule as a syn-
chronizer of animal rhythms. Oftentimes,
animals are maintained under constant illu-
mination, The assumption made in housing
rodents and other species under such con-
ditions is that the absence of alternating LD
cyclicity attenuates or obliterates biological
rhythmicity. Some investigators, even if a
LD schedule is provided, attempt to “‘con-

* Chronobiologists rely upon certain abbreviations
o convey pertinent information aboutl synchronizer
type and schedule. LD:12/12 designates the synchro-
mizer Lo be the Light (L}-dark (D) cycle with L and D
each having a 12-hr duration. LD:B/16 conveys that the
synchronizer is the light-dark cycle with the duration
af the former being B hr and the latter 16 hr. Time or
clock hour is expressed using the intermational desig-
netion, ¢.g., 1:00 p.M. is referred Lo as 1300,

trol" for rhythm effects by restricting re-
search procedures to one or two particular
clock hours. The experimenter by adhering
to this type of sampling schedule does a
disservice to his research and to science for
several reasons. With respect to research on
rodents, a vast number of chronobiologic
investigations conducted during the past
two to three decades utilizing comparable
LD synchronizer schedules (usually LD:12/
12) have enabled the “‘mapping’" of a multi-
tude of circadian rhythmicities. The term
mapping refers to aspects of the rhythm's
form over time, for example, the peak and
trough times, with respect to the stated LD
schedule. When the LD schedule is known,
it is possible to predict rather precisely
when either high, low, or average levels of
a constituent of tissue, blood, urine, etc.,
will occur. Thus, the maximum of the circa-
dian rhythm in serum corticosterone (the
major adrenal corticosteroid hormone in
mice) is expected to coincide with the tim-
ing of the transition of light to darkness in
the animal room. It is also predictable that
reduced levels of corticosterone will occur
approximately 12 hr earlier or later, around
the transition of darkness to light (Fig. 1)
(Smolensky et al. 1978). In other words,
different—early, middle, or late—stages of
the light or dark span are coincident with
particular features, such as the peak values
(also referred to as the acrophase, dis-
cussed later in this chapter) of various cir-
cadian rthythmicities (Fig. 2). Relating the
LD schedule to local time enables the de-
termination of the clock hour of the afore-
mentioned rhythmic features, since animals
synchronized to fixed LD cycles display pe-
riodicities of almost precisely 24.0 hr.
Under such highly standardized research
conditions, clock hour thus is representa-
tive of circadian stage.

When animals are housed under constant
light or darkness, i.e., without a LD syn-
chronizer, the phenomenon of *‘free-run-
ning’' often resulls—the occurrence of dif-
fering non-24-hr circadian cycles which
vary in periodicity (r) between biological
functions in the same animal and/or be-
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tween animals for the same function. Under
free-running conditions, it is possible, for
example, that a given variable in one rodent
might exhibit a 23.8-hr rhythm, while in a
litter mate in another cage in the same ani-
mal room it may exhibit a 23.4-hr rhythm
(Apfelbaum et al. 1969). The existence of
free-running rhythms in the absence of syn-
chronizers results in the clock hour being
predictive of neither a particular circadian
phase in one nor an identical circadian
phase in all of the animals in the colony.
For example, for the 0.4-hr difference in
period duration for the theoretical condi.
tion raised above (one animal had a period
of 23.8 hr and the other 23.4 hr), there
would exist after 10 days a 4-hr (0.4 hriday =
10 day) difference in phasing of this
rhythmic function between the two ani-
mals. One can envision a large colony of
animals, hundreds for example, under con-
stant light or darkness with each animal be-
ing desynchronized at least to some extent
with respect to the others. Under such ex-
perimental conditions, a clock hour would
not correspond to or predict a Biven circa-
dian stage in any one animal, nor in the
colony as a whole (Scheving et al. 1977).
Research restricted only to certain clock
hours in an assumed attempt either to 'take
into account” or “'control for" rhythms
should also be considered. Even when the
animal colony is LD synchronized, the
quantity and quality of data obtained are
likely to be compromised when single-time-
point samplings are done, since the respon-
stveness of animals is typically circadian-
Slage-dependent. For example, when
conducting bioassays for potency, the in-
Jection of methylprednisolone (MF), a syn-
thetic corticosteroid widely used to treat
various human inflammatory disorders, is
expected to produce a dose-dependent in-
crease in liver glycogen deposition, as has
beeh found so often in single-time-point ex-
periments with this and many other syn-
thetic corticosteroids. Yet as Fig. 3 shows,
in singly caged, S-week-old male Balb-C
mice housed with food and water available
ad  libitum, ambient conditions  of
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Fig. 1. Circadian rhythm of serum corticoster-
one in more than 240 ~I2-week-old male Balb-
C mice (40-44 mice killed at each of the 6 indj-
cated time points over the 24-hr scale). For at
least 2 weeks prior 1o investigation, animals
were standardized for chronobiologic study of
this adrenocortical rh ythm by housing 1 per cage
with food and water available ad libitum, in
rooms constructed of sound-retarding materials
with temperature 79 = I°C, humidity = 508,
and light (L) from 0600-1800 alternating with
darkness (D) from 1800-0600, The peak in adre-
nal corticosterone ocours between 1600 and
2000, or around the transition from inactivity to
activity and as the environmental conditions
change from light to dark (From Smolensky et
al. 1978.)

L{0600-1 800):D(1800-0600), and constant
temperature and relative humidity. the re-
sponse to MP varies according to the circa-
dian stage of treatment. Intraperitoneal in-
Jections of MP—4 mg daily or § mg on
alternate days per 20 g body weight—only
al 1600 (around the validated crest of the
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tween animals for the same function, Under
free-running conditions, it is possible, for
example, that a given variable in one rodent
might exhibit a 23.8-hr rhythm, while in a
litter mate in another cage in the same ani-
mal room it may exhibit a 23.4-hr rhythm
(Apfelbaum et al. 1969). The existence of
free-running rhythms in the absence of syn-
chronizers results in the clock hour being
predictive of neither a particular circadian
phase in one nor an identical circadjan
phase in all of the animals in the colony.
For example, for the 0.4-hr difference in
period duration for the theoretical condi-
tion raised above (one animal had a period
of 23.8 hr and the other 23.4 hr), there
would exist after 10 days a 4-hr (0.4 hriday x
10 day) difference in phasing of this
rhythmic function between the two ani-
mals. One can envision a large colony of
animals, hundreds for example, under con-
stant light or darkness with each animal be-
ing desynchronized at least to some extent
with respect to the others. Under such ex-
perimental conditions, a clock hour would
not correspond to or predict a given circa-
dian stage in any one animal, nor in the
colony as a whole | Scheving et al, 1977).
Research restricted only to certain clock
hours in an assumed attempl either to *"take
into account’” or ‘‘control for' rhythms
should also be considered, Even when the
animal colony is LD synchronized, the
quantity and quality of data obtained are
likely to be compromised when single-time-
point samplings arc done, since the respon-
siveness of animals is typically circadian-
slage-dependent. For example, when
conducting bioassays for potency, the in-
Jection of methylprednisolone (MP), a syn.
thetic corticosteroid widely used to treat
various human inflammatory disorders, is
expected to produce a dose-dependent in-
crease in liver glycogen deposition, as has
beeh found so often in single-time-point ex-
periments with this and many other syn-
thetic corticosteroids. Yet as Fig. 3 shows,
in singly caged, S-week-old male Balb-C
mice housed with food and water available
ad  libitum, ambient conditions of
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Fig. I. Circadian rhythm of serum corticoster-
one in more than 240 ~12-week-old male Balb-
C mice (40-44 mice killed at each of the 6 indi-
cated time points over the 24-hr scale). For at
least 2 weeks pror 1o investigation, animals
were standardized for chronobiclogic study of
this adrenocortical rhythm by housing | per cage
with food and water available gd likitum, in
rooms constructed of sound-retarding materials
with temperature 23" = I"C, humidity = 5096,
and light (L) from 0600- 1800 alternating with
darkness (D) from 1800-0600. The peak in adre-
nal corticosterone occurs between 1600 mnd
2000, or around the transition from inactivity to
activity and as the environmental conditions
change from light to dark. (From Smolensky et
al, 1978.)

L0600~ 1800): D(1 800-0600), and constant
lemperature and relative humidity, the re-
sponse to MP varies according to the circa-
dian stage of treatment. Intraperitoneal in-
jections of MP—4 mg daily or 8 mg on
alternate days per 20 g body weight—only
at 1600 (around the validated crest of the
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Flg. 2. The circadian temporal structure of the mouse is shown by a so-called acrophase map—a
display by graphic means of the circadian acrophase (designated by ¢ for & phase reference corre-
sponding to midlight), the time of the crest, of different biological functions. The acrophase, black
dot, and the 95% confidence limits, lateral extensions, depict the timing of highest expected values for
the designated [unction. By knowing the LD schedule, one can determine with confidence the biologi-

time structure at a given clock hour of sampling or experimentation. (From Halberg and Melson
1978, reproduced with permission.)



2: Investigative Methodology for Chronobiology 27

% GLYCOGEN

]
P"';.ﬂ:'-—'l
Joro®

at —B0° (16%")
il

5 '
=]
E
E o m‘_—r_j ﬁ H:I
Mathylprednisolone 4
g R, Dosa (mal |, p. B 8
= % GLYCOGEN
=
°
£
E
F
g
3
8
+
B
Sample
Sequence 4 8

Time of Killing {Clock Hours)

Fig. 3. Temporal changes in liver glycogen based on data from 2 cxperiments of 7 and 8 days
dur:tion, respectively. For groups of mice given the vehicle for MP, greatest glycogen content
occurred during the commencement of the diurnal span of inactivity, around (400-0800. In general,
MP given daily or on alternate days (AD) did not appreciably alter the waveform of this rhythm
except for the **1600—4 mg"" daily and **0400-8 mg"* AD groups of Experiment 11. For mice given MP
al 1600, glycogen content increased with dosage Although the **0400-8 mg"" glycogen content
increased over control values, the change was very slight and less than that observed for Eroups
administered MP at 1600 on alternate days. (From Smolensky et al, 1980a.)
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circadian rhythm of serum corticosterone
in rodents kept under the aforementioned
synchronization) for either 7 or 8 days pro-
duces the expected increased liver glyco-
gen deposition relative to vehicle-injected
(0 mg MP) controls. Litter mates of these
same mice injected with MP 12 hr earlier, at
0400, fail to respond with a statistically sig-
nificant elevation in liver glycogen in com-
parison to vehicle-injected controls. Obvi-
ously, the circadian (biclogical) timing of
MP has an effect on the bioassay, The ex-
tent to which failure to utilize appropriate
chronobiologic research protocols, includ-
ing animal synchronization and multiple-
time-point samplings, has led to incorrect
characterizations of potentially useful phar-
macologic agents in the past and present is
unknown. Simularly, the extent to which
failure to use chronobiologic methods had
led to different findings among alledgedly
competent investigators working in the
same or different laboratories because of an
inadvertent selection of different circadian
stages for experimentation, even in stand-
ardized animals, also is not known.

With respect to methodological proce-
dures for chronobiologic research on ro-
dents, it is pertinent to discuss here some of
the ramifications of the all too common
practice of conducting studies on mice or
rats only during the light span of the LD
synchronizer schedule. Quite often the in-
vestigator finds it least troublesome to con-
duct research during the daytime. when the
laboratory is well lighted. Even though
work during the light instead of the dark
span is more convenient, let us point out
that rodents. being nocturnally active ani-
mals, are physiologically at rest when stud-
ied during their light span. A priori il seems
illogical to predict human responses to dif-
ferent agents—chemical, bacterial, or
physical—utilizing data obtained from ani-
mals awakened from rest rather than utiliz-
ing data ohtained from animals during their
usual activity span, since human exposure
to potentially hazardous materials is most
likely during the span of activity. Actually,
data from both the rest and activity spans

are required to best describe the overall
susceptibility/resistance of a species to a
given agent. To facilitate the gathering of
data from rodents, it iz possible to alter the
LD schedule of an animal colony in such a
manner that the rodents' activity (dark)
span coincides with the experimenter's ac-
tivity span. By carefully manipulating the
LD synchronizer schedule in the animal
colony rooms so that in some it is opposile
that of the ambient surroundings, ammals
removed from the different colonies at the
same clock hour will differ in circadian
staging. This type of experimental method-
ology enables the study of biological
rhythms during the normal diurnal activity
span of the researcher. However, it should
be recognized that a sufficiently long stan-
dardization span (at least 2 to 3 weeks) is
required for the animals' biclogical rhythms
to become synchronized to the altered LD
schedule (see below),

Also related to laboratory animal syn-
chronization is the important problem of bi-
ological samplings and data collections dur-
ing the expenimenter's usual rest span, 1.e.,
when sampling cannot be automated or in-
volves the removal of organs, tissues, or
blood or necessitates carrying out man-
made measurements. To better standardize
an experiment as well as to avoid night
waork, it has been proposed that two to six
isolation facilities be utilized in which com-
parable subsets of animals, usually rats and
mice, can be maintained under the same
fixed duration of light and dark. In each of
the isolation facilities all conditions are
maintained identically except for the partic-
ular clock hours of light-on and light-off,
which varies between the isolation facili-
ties. With this methodology diurnal sam-
plings during the usual working hours of the
laboratory personnel are sufficient to evalu-
ate responses at several different circadian
stages. (This 15 the methodology used in the
chronobiology laboratories in L' Aquila, It-
aly, and Little Rock, Arkansas, among
other places.) Thus, one can detect and
characterize circadian rhythms, at least for
chronopharmacclogic studies However, it
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is necessary that a set of control expen-
ments be performed to demonstrate that the
animals are actually synchronized to each
one of the programed LD cycles. Some cir-
cadian rhythms—for example, body core
temperature and locomotor activity—can
be adjusted to a new schedule rather rap-
idly, in about ! week; others—for example,
the mitotic thythm of the digestive tract
{Scheving, Chap. 4)—require moretime and
may not be completely synchronized to the
new LD schedule even 1 month following
the LD change. This explains why many
chronobiologists still prefer experimental
protocols involving data gathering at equal
intervals, every 2 or 4 hr around the clock,
even if work must be done at night and
sleep foregone,

Research on human beings in both the
laboratory and field requires special atten-
tion to the subjects’ synchronization. The
suppression of known synchronizers, as
demonstrated by isolation experiments
conducted in caves where time clues and
cues are absent, raises a set of practical
considerations which sometimes are not
fully understood (Apfelbaum et al. 1969;
Halberg 1973; Wever 1979). Subtle syn-
chronizers such as changes in the magnetic
field (Wever 1979) as well as other possible
influences, such as cosmic radiation, must
be taken into account. As suggested by
Brown (1965), the influence of the lunar day
with a period of 24.8 hr must be examined
when biological rhythms of such periods
are detected in so-called free-running ex-
periments (Apfelbaum et al. 1969).

In most research involving human sub-
jects, socioecologic synchronizers are
present even if they vary, for example, be-
cause of shift work or rapid travel across
several time zones by transmeridian flight.
Circadian changes in the clock hou of the
sleep-wake schedule reveal the timing of
the rest and activity cycle to be the most
powerful synchronizer for man (Apfelbaum
ct al. 1969; Aschoff et al, 1971; Halberg et
al. 1959). However, several components of
man’s socioecologic niche vary over 24
hr: light and darkness, heat and cold, noise

and silence, and changes in psychological
affect and stimulation resulting from social
constraints related to work, activity, and
interhuman relationships (Czeisler et al.
1981). Under certain circumstances these
may have direct or indirect synchronizer
action. Nonetheless, under usual situa-
tions, it seems that the timing of environ-
mental factors associated with sleep and ac-
tivity is the primary synchronizer of human
circadian rhythms., Thus, in human re-
search it is critical to ascertain and report
the respective mean duration and timing of
sleep and wakefulness or, at least, rest and
activity during each 24 hr for either an indi-
vidual or group under study, This informa-
tion should be stated in terms of the clock
hour of light-on and light-off with appropri-
ate data from self-maintained diaries con-
firming the regularity and duration in days,
weeks, and months of adherence to the
given schedule.

Strict attention to synchronizer schedule
is stressed for good reason. In chronobio-
logic investigations the timing, with re-
gard to clock hour, of the synchronizer de-
termines when the rhythm's crest, termed
the acrophase, will occur. To locate the
acrophase, ¢, of a given circadian rhythm,
for example, the phase reference, ¢y, must
be known. The ¢; may be midnight (0000)
or another local time; both of these are ob-
viously associated with the information re-
lated to light-on/light-off. Halberg and
Simpson (1967) proposed that the midsleep
{or midrest) span be used as the ¢y. When
using this ¢y, comparison of acrophase val-
ues is possible between various populations
adhering to different activity—rest routines
or between those living at different geo-
graphic locations as well as between males
and females, etc. Reference to the midrest
span for ¢ in animal experiments is recom-
mended rather than midnight, since the
former represents an index of the orga-
nism’s internal time as synchronized by the
imposed LD schedule. In certain experi-
ments, the ¢ of one biological rthythm con-
stitutes the best reference (¢g) for the
acrophase of another rhythmic function
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studied concomitantly. This is the case, for
example, in the chronoradiotherapy of solid
tumors of the oral cavity investigated by
Gupta and Deka (1972), X-ray therapy ap-
pears to be more rapidly efficient when
given in phase with the ¢ of the tumor tem-
perature. It is, therefore, of interest to con-
sider this latter ¢ as the ¢y for future re-
search with this type of chronotherapy.
Besides synchronizer schedule, two
additional pieces of information— geo-
graphic location and nme of vear (even if
the research involves only circadian
rhythms) are of concern With regard 1o the
latter, research on mice (Haus and
Halberg 1970), rats (von Mayershach 1978),
frogs (Dupont et al. 1979), and man (Rein-
berg 1974; Reinberg et al. 1975, 1978) re-
veals circannual alterations of parameters
characterizing a set of circadian rhythms,
such as the 24-hr time series mean M (re-
ferred to as the mesor), amplitude A, and
acrophase ¢, Not only can the 24-hr M vary
as a function of the time of the year, but so
can the ¢ with reference to clock hour on
the 24-hr scale, Usually, but not necessarily,
small variation in the circadian M, A,and ¢
may result because of differences between
the time of year experiments are con.
ducted. Even the ability to detect circadian
rhythms may vary according to the time of
year the research is done. Certain rhythms
may be undetectable during certain months,
whereas they may be easily detectable and
found to be statistically highly significant
(with a large amplitude) during other
months (Dupont et al. 1979: Reinberg et al.
1975). The finding that the M, A, and ¢ of
circadian rhythms may be modulated over
the year is mot totally unexpected since
rhythms of approximately one vear repre-
sent an important facet of one's biological
ume structure Similarly for women and
female rodents, as well as perhaps females
of other species, there appears 1o exis! a
circamensual (about monthly) or circaes-
trual modulation of circadian rhythm char-
aclenstics—M, A and ¢ «McGovern et al
1977 Procace: ei al 1977 Simpson and
Halberg 1974, Simpson and Bohlen 1973

Smolensky et al, 1974). The other variable,
geographic location, implicitly conveys
certain Lypes of information, such as the
extent of change and timing of annual syn-
chronizers that differ as a function of lati-
tude (Aschoff 1981; Batchelet et al. 1973:
Ghata et al. 1977). Yet geographic loca-
tion appears to have greater significance
than that directly ascribed to latitude,
alone, since it is closely related to the social
and eating habits, type of population, and
way of life of the studied sample (DuRuis-
seau 1965, Ghata et al. 1977; Reinberg et al.
1975). With respect to geographic loca-
tion, certain chronobiologic questions re-
main to be answered, For example, what is
the nature of circannual synchronizers and
does adjustment of circannuaj rhythms oc-
cur when moving from the Northern to the
Southern Hemisphere, or in the reverse di-
rection (Halberg et al, 1983)7

Chronobiologic Studies of
Individuals

Many of the published findings and analy-
ses from chronobiologic research deal with
data from groups of subjects. For the most
part, little attention has been given to the
existence of interindividual variations in
the rhythm characteristics between partici-
pants. Thus, although the definition of
chronobiology is the elucidation of arganis-
mic temporal structure based upon the
study of individuals, surprisingly few inves-
tigations pertain specifically to individual
rather than group rhythmic phenomena.
Yet interindividual differences of various
magnitude are known to chronobiologists
through their own research. The implica-
tion of these interindividual differences re

quires examination with at least the follow-
Ing two goals: (1) to obtain a realistic and
generally meaningful quantification  of
rhythm parameters as a group phenomenon
for a given species, strain, or sample and (2)
to demarcate the range of features and al-
terations of rhythms which are usual and
representative of health as opposed to dis-
ease. Examination of interindividual differ
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ences in rhythmic phenomena provides a
broader and deeper insight into conven-
tional concepts such as the ‘‘homeostati-
cally" derived one of ‘‘individual wvar-
iability,”” which completely ignores the
temporal dimension of biclogical organiza-
tion. For the purpose of discussing the indi-
viduality of temporal structure, three illus-
trative examples are presented.

The first example deals with a compari-
son of circadian rhythmic patterns of mono-
zygotic (MZ) and dizygotic (DZ) twins
(Barcal et al. 1968) Since in this case the
healthy MZ and DZ sibling reside in more
or less the same physical and sociocultural
environment interindividual differences in
rhythms imply a genetic origin. The find-
ings indicate what might be expected. The
patterns and waveforms of the circadian
variables of core temperature, heart rate.
and systolic blood pressure were quite simy-
lar for MZ siblings. There were greater
qualitative and quantitative differences be-
tween DZ siblings

The second example is intended not only
to elucidate the existence of interindividual
variability in rhythmic phenomena, but to
show also the need for specific chrono
biologic methods to detect and quantify
such. Wever in 1979, analyzing results of
many human expenments conducted under
temporal isolation. demonstrated that, inter
alia, the period of free-running circadian
rhythms varied within certain limits from
subject to subject In addition f n most
subjects all the measured variables had the
same period, some subjects exhibited an in-
ternal desynchronization. that 15 different
variables oscillated with diffening periods,
The span of time needed to re-entrain the
rhythms or to resynchromze the organism
to an exact 24.0-hr periodicity. when effec.
tive synchronizers were reinsututed. varied
also from subject to subject These findings
suggest the existence of interindividual dif-
ferences in the tolerance tu alterauons in
synchronizer schedule, such as that en
countered in transmeridian fight (**jet lag" ")
and shift work (Reinberg et al 1979) There
now exists sufficient evidence to consider

certain persons, because of interindividual
differences in their temporal anatomy, to be
more fit for shift work than others. A ques-
tion currently of interest is whether interin-
dividual differences, for example, in the
amplitude of the circadian rhythm of core
lemperature, is associated with interindivid-
ual differences in the ability of employees
to tolerate shift work (Reinberg et al 1979)

To completely explore this possibility,
autorhythmometry (self-monitoring  of
rhythms) is required to obtain sufficiently
long time series both on large samples of
employees who are tolerant and intoler
ant of shift work as well as large samples of
other workers upon whom this hypothesis
can be further explored.

The third example comes from studies
by Bicakova-Rocher et al (1980) Her
results show that some subjects are prone
to rhythmometric alterations, such as a re-
duction in amplitude or loss of rhythmucity
during control spans of research studies
and also when confronted with certamn
atypical situations, such as when taking a
placebo believed to be a tranquilizer In her
study, one-half of the subjects (six of
twelve) exhibited such alterations

From a methodological point of view
these examples show the need for con-
trol(s) in both laboratory animal and clinical
experiments. One of the issues as far as
man is concerned, is the design of protocols
so that the subject serves as his own con
trol. Rhythm patierns obtained for a set of
variables during the control span may he
used as a reference for a given individual in
order to study changes resulting from van
ous other situations, such as those ob
served in investigations on nutritton trans
meridian flight, physical rammng, aging
and disease. Methodological procedures for
studying interindividual differences using
longitudinal samplings as well as those for
studying group phenomena are presented in
detail in the next section. This section, re
ferring to differences, should he kept n
mind when considering the goals and limita
tions of the methods available for chrono
bielogic investigations,
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Data Sampling and Gathering

Before initiating chronobiologic research
and accumulating a time series several de-
cisions concerning sampling and design
must be made these are outlined below

At: time interval between each datum—
physical measurement, chemical deter-
mination, or other. At can be either
fixed or varying, even random {(un-
equal At's).

T total duration of the sampling span.

Nos: number of samples during T.

A relationship exists between At, T, and
Nos, as far as circadian, circamensual, and
circannual rhythms are concerned. For
both biological and statistical reasons, it is
necessary to have, for example, as a mini-
mum for circadian rhythms, T = 24 hr, At =
4 hr, and Nos = 36. This means that for a
selected variable, measurements must be
done every 4 hr (preferably at fixed clock
times) either during ar least 24 hr in 6 sub-
jects or during at least 6 days in 1 subject.

Longitudinal sampling, for example, of
one subject when T > 6 days and At = 4 hr
is preferred for documenting rhythms in in-
dividual subjects. On the other hand, trans-
verse sampling, for example of 6 subjects
when T = 24 hr and At = 4 hr, is appropri-
ate for documenting rhythms of small
groups. Longitudinal and transverse sam-
pling usually leads to similar results when
comparable experimental conditions are
maintained with respect to circadian and
circannual synchronization as well as other
criteria of experimental standardization
(Halberg 1973).

In chronobiologic studies it must be de-
cided whether data are to be acquired by
serially dependent samplings provided by
the same subject(s) over time, or by seri-
ally independent samplings provided by
different but supposedly comparable sub-
Jects over time. When feasible, senally de-
pendent data gathering is preferable. For
example, similar circannual changes in uri-
nary catecholamine excretion were found
in persons residing in Paris with ¢ in Janu-

ary (T = 14 months; At = 1 month; serially
dependent data of 5 subjects) and in those
dwelling 1n Minneapolis with ¢ in Decem-
ber (T = 5 years; At = 1 day; serially de-
pendent data of 1 subject). On the other
hand, ¢ was found to be different in Milan
(Descovich et al, 1974), occurring in June
(serially independent data from various
subjects). In certain circumstances, it is im-
possible to obtain more than a single datum
from an organism. This is the case in
chronotoxicology studies on mice when
death is the monitored response. Obvi-
ously, only serially independent sampling is
feasible. In this case, rigid standardization
of experiments is required to ‘‘construct"’
the circadian or circannual curve (plexo-
gram) (Halberg et al. 1977),

The choice of At, T, and Nos cannot be
arbitrary. T must be equal to or preferably
exceed the period (r) for ultradian, circa-
dian, circamensual, or circannual rhythms.
If several r's are evaluated simultaneously,
At must be carefully selected. For example,
the plasma cortisol circadian rhythm can be
documented with At = 4 hr when T = 24 hr.
However, some ultradian rhythms (r < 4
hr) cannot be examined, A At of 5-20 min
makes possible the study of both circadian
rhythms as well as so-called pulsatile secre-
tory variations (Fig. 4) which may exhibit a
specific *‘macroscopic’ pattern over 24 hr
(Weitzman et al. 1971).

When investigating circannual rhythms,
transverse 24-hr samplings seem to offer
several advantages, including the evalua-
tion of both circadian and circannual perio-
dicities (Reinberg 1974). At fixed time inter-
vals, every month or every second or third
month, transverse samplings with AL = 4 hr
and T = 24 hr should be conducted during a
span of at least | year, Since the circadian
M, A, and ¢ of a variable may differ circan-
nually, study of circannual rhythms by
sampling only once daily, even if the clock
hour is fixed and subjects are rigidly syn-
chronized, may provide erroneous informa-
tion (Dupont et al. 1979; Haus and Halberg
1970; Reinberg et al. 1975, 1978). Similarly,
the possibly significant influence of 28- to
30-day hormonal variations in women sug-
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Fig.4. Plasma cortisol values of normal subjects for 24-hr periods of study. Samples were obtained
every 20 min, Period of time of lights out carresponds to sleep span. (From Weitzman et al. 1971,

reproduced with permission.)

gests the transverse 24-hr sampling proto-
col to be the most efficient one for quantify-
ing circadian as well as circamensual
pericdicities. In this case, a series of Lrans-
verse samplings, each of 24-hr duration, is
recommended at intervals of =7 days
throughout one or more menstrual cycles
{Smolensky et al. 1974),

-

Quality of Data

Mot anly the quantity but also the quality—
the precision, specificity, and reproducibil-
ity with regard to methodology, instrumen-
tation, and techniques—of data collection

are critical. This is true for each investiga-
tion in biclogy. Chronobiologists require in-
strumentation which enables precise mea-
surements, yet just as importantly, the
instrumentation must be small, portable,
and lightweight. A set of tools for measur-
ing and recording data on body tempera-
ture, airway patency, blood pressure, heart
rate, EKG, EEG, and wrist movement is
currently available for use in investigations
on ambulatory rodents, monkeys, and man,
However, the need for precision and speci-
ficity in data collection is even more impor-
tant than it appears. Two examples illus-
trate this point,
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It is necessary for both practical and the-
oretical reasons to measure the bronchial
patency (bronchial diameter) of human sub-
jects. Features of the circadian rhythm in
bronchial patency are critical for evaluat-
ing, from a climical point of view, the pa-
tient suffering from pulmonary disease,
such as asthma, as well as for evaluating
the effect of air pollutants on asthmatic and
other types of patients (Gervais and Rein-
berg 1978; Prevost et al. 1980; Reinberg et
al. 1971; Smolensky 1976; Smolensky et al.
1980a). The bronchial patency can be accu-
rately measured in the laboratory with
bulky, fragile, sophisticated, and expensive
instruments.  Although each datum ob-
tained in this manner is very precise, it is
ambiguous if the measurement is done
withoutl regard to time-gualified references
(chronodesm, discussed later in this chap-
ter) pertaining to time of day, week, month,
and year (Gaultier et al. 1977; Tammeling et
al. 1977}, The bronchial patency can be
measured adequately, although less accu-
rately, by lightweight, portable, easy to
carry, casy to check, and inexpensive in-
struments such as peak flow meters
{Wright} or spirometers (Hildebrandt). The
peak expiratory flow (PEF) thus measured
is considered less precise and informative
than that obtained by laboratory instru-
ments, such as spirometry (for FEV ) and
plethysmography (for dynamic compliance
and airways resistance), since PEF is repre-
sentative only of the patency of bronchi up
to the cighth dichotomy of the respiratory
tree. In addition, PEF (and FEV,g) is an
indicator of not only the bronchial diame-
ter, but also the strength of the musculature
of the chest (Brody et al. 1969). Despite
these qualifications, with PEF measure-
ments circadian and circannual changes in
bronchial patency can be cxamined by the
subject himself in different situations—at
home, al work, or in environments having
different levels of air pollution as well as
before, during, and after transmeridian
flights (Gervais and Reinberg 1976; Prevost
etal, 1977: Reinberg et al. 1971; Smolensky
1976; Smolensky et al. 1980b). The high

precision of one datum provided by sophis-
ticated Iaboratory instrumentation is suffi-
ciently compensated by the high precision
resulting from a large series of meaningful
PEF mecasurements appropriately gquanti-
fied by time series analyses

The significance of the quality of data
also is exemplified by studies relying upon
so-called “'continuous™ determination of
blood variables. To examine both ultradian
and circadian human hormonal rhythms, a
large number of blood samples, each of 2
ml, is reguired. Using & venous catheter, it
is possible to withdraw the 2 ml blood sam-
ples at 6-min intervals; however, over a sin-
gle 24-hr span, a sizeable blood withdrawal
of 480 ml would be necessary, To avoid the
deleterious effects of such a large blood
loss on the studied variables, new devices
have been developed by Weitzman et al.
(1971), among others, to replace the exact
amount of blood withdrawn by saline via
the same catheter.

Ethical Requirements

Obwviously, for both healthy human beings
and patients, experimental methods must
fulfill cerlain ethical criteria. They must be
safe, non-painful, non-disturbing, and pref-
erably non-invasive. Moreover, the re-
search must address meaningful hypothe-
ses. These same considerations hold true
for 4ll patient and animal research,

Time Series Analysis

(reneral Considerations

The problem of objectively evaluating col-
lected time series data s among the most
critical for chronobiology. The develop-
ment of approprate statistical procedures
for analyzing time serics was a major goal
for chronobiologists in the Sixties. Despite
great progress [spectral analyses and Co-
sinor methods (Halberp et al. 1965, 1967,
1972, 1977)], difficulties resulting from cer-
tain experimental circumstances have yet
to be overcome.



2: Investigative Methodology for Chronobiolagy 35

Time series obtained by data gathering
technigues serve as the basis for the detec-
tion, description, and guantification of
rhvthmicity Quantitative methods for anal-
ysis of periodic phenomena were a primary
concern of mathematicians and physicists
during the nineteenth century. Chrono-
hiologists, in developing more specific tech-
niques of time series data analysis to fil
their unigue needs, nonetheless, use the
same parameters and terminologies as
physicists and mathematicians. A consider-
able amount of work has been devoted (As-
choff 1960, Aschoff et al 1965; Halberg et
al. 1977; Wever 1965, Winfree 1980) to the
guantitative characterization of rhythms
Four major parameters are commonly uti-
lized to achieve this objective They are
the period {(7), the time of the crest or
acrophase (¢v), the amplitude (A), and the
rhythm-adjusted mean or mesor (M)—all
determined through curve fitung techniques
by the method of least squares (Halberg
1973; Halberg and Simpson 1967, Halberg
et al. 1965, 1967, 1972, 1977; Nelson et al,
1979).

The period T is the duration of one com-
plete cycle of a rhythmic varation. It is
customarily expressed in units of time, e.g
sec, min, hr, day, or year

The acrophase ¢ is the estimated span of
time to reach the crest of the validated
rhythm for the r under consideration, When
using the Cosinor method (discussed later
in this chapter), ¢ represents the crest time
of the best-fitting mathematical function ap-
proximating the data. It is expressed as an
interval from a designated phase reference
(dha).

The amplitude A is the amoum of
variability due to a given rhythm. When
the Cosinor method is used, il is numen-
cally equal to one-half of the extent of rhyth.
mic change for the considered r. In
other words, 2A is the crest-to-trough dif
ference

The mesor M is the rhythm-adjusted
mean. When the interval of time between
data sampling (At} is constant, M equals the
arithmetic mean (&)

Cosinor Methods

Halberg and coauthors (Halberg 1973,
Halberg and Simpson 1967; Halberg et al
1959, 1965, 1972, 1977; Nelson et al. 1979,
Cornelissen et al. 1980) developed a com-
puterized technique, the Cosinor, for the
analysis of ume series data. The least
sguares method serves to determine the
best fitting function (usually a cosine) for
approximating the data (Fig. 5). For this
purpose one uses the following function:

yit) = M + A cos (wl + ¢)

in which' t, = time: A = amplitude, ¢ =
acrophase, w = angular frequency (e = 2
r where r = period and l/r = frequency).

The cosine function was selected since
the cosine of zero, being zero, is a handy
phase reference, and since il provides a
clockwise presentation (zero being mid
night 0000) when a polar plot s used to
summarize ¢ and A estimates with confi-
dence limits (Figs. 6 and 7). The Cosinor
has been programed for use by large com
puters as well as for hand and pocket calcu
lators. Estimation of r with its confidence
limits also can be achieved by this method.
The Cosinor method can be used iteratively
with different trial periods (e.g.. - = 12 hr,
7+ = B hr). Other techniques, such as fast
Fourier transform and power specirum, are
also of great use for validating and quantify-
ing prominent period(s) in time series
Thus, a spectral analysis can be obtained
when values of T and Nos are large enough
(Halberg et al. 1965; van Cauter 1974},
making possible the detection of prominent
periods in the ultradian, circadian, and in
fradian spectral domains.

When 7 is known, either from data analy-
sis or from the experimental conditions (as
when subjects are standardized with a syn-
chronizing period of =24 hr), other parame-
ters such as ¢, A, and M can be estimated.
According to the type of data gathered, the
Mean Cosinor or the Single Cosinor should
be used (Halberg et al. 1977) The Mean
Cosinor is the original procedure applicable
tu parameter (A, ¢) estimation when deal




36  Alain Reinberg and Michael H. Smolensky
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Fig. 5. A circadian rhythm in the total lymphocyte count/mm? of venous blood was substantiated in
a sample of 12 healthy young adults (f men, 20-28 years of age, and 6 women, 23-24 years of age)
during December, 1974 in Paris, France, Subjects were synchronized with diurnal activity from 0800
to 0000 (midnight) and nocturnal rest (sleep). Blood samples were obtained every 4 hr (At = 4 hr) at
fixed clock hours with the exact times of sampling differing between the three subgroups of subjects.
Tog: Chronogram, Raw data are displayed as a function of time (clock hours). The arithmetic mean of
each of the time points (thin line) when connected appears to resemble a sine wave with small swings.
Bottem: Single Cosinor analvsis, The best-fitting cosine function approximating all data is presented.
The least squares method is used; parameters characterizing the rhythm are given with their 95%
confidence interval (C1). The acrophase o, crest time with midnight as phase reference () given in
hours and minutes, is 0208 (9556 C1 = 0128-0248). ¢ also can be expressed in degrees (v = 24 hr =
360 p= a delay from the diy (as a negative value with ¢y, being the midsleep span = —607); in this case,
b = —332° [or +28°] (95% CI, —304° to —350°). The amplitude A, equal to one-half of the total
variability, is 756 lymphocytes/mm’ (CI = 503-1009 lymphocytes/mm?). The mesor M, the 24-hr
rhythm-adjusted mean, is 3002 = 39 (SE) lvmphocytes'mm®. A differs from zero with P < 0.0001.
(Unpublished data from A. Reinberg and 1. Clench.}
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Fig. 6. Rectangular (3, ) and polar (A, &) representation of circadian rhythm parameter estimates
with jeint confidence region (single series). Estimates based on an abstract example with 24-hr cosine
function. (Yy) = M + A cos (wt; + ¢), fitted by least-squares to data callected at 2-hrintervals during
the activity span. In this example, A = amplitude; ¢ = acrophase (degrees from 000); M = mesor;
w = 15%hr; t = hours after 000K {From Halberg et al. 1977, reproduced with permission.)

ing with three or more biological time se-
ries; this method is most often used for as-
sessing the rhythm characteristics of a
Eroup or population. The Single Cosinor is
applicable to a single biological time series
composed of data from one individual (seri-
ally dependent data) or a group of individ-
uals (serially independent data). When
dealing with data from groups of subjects,
individual time series are placed end-1o-end
with the option of adjusting the data into
relative values first. For serially dependent
data, both the Mean and Single Cosinor can
be used. On the other hand, for serially in-
dependent data only the Single Cosinor is
Appropriate,

When rhythms are substantiated, esti-
Mates of A and ¢ are given with their re-

spective 95% confidence limits. When uti-
lizing the Cosinor, it is assumed that the
data are normally distributed around each
of the sampled time points. This can be
tested by examining the residuals resulting
from the fitting of the approximating func-
tion (De Prins et al. 1976).

One of the major advantages of the Co-
sinor is that it permits objective testing of
the hypothesis that the rhythm's amplitude
differs from zero, in other words that a
rhythm is validated for a considered 7. Usu-
ally evidence for rhythm detection is ac-
cepted when the probability (P) of A being
zero is equal to or less than 0.05.

Estimates and end points from Cosinor
analyses ordinarily are summarized in ta-
bles or by figures allowing the visualization
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of either the best-fitting cosine function
along with plotted data (Fig. 5) or by means
of a polar plot (Fig. 6). In the latter, confi-
dence limits for A and ¢ are represented by
an ellipse of error (Figs. 6 and 7). Estimates
and end points of ¢ are depicted on the cir-
cular plot with regard to a phase reference,
¢o = 0. In this presentation, when r = 24
hr = 360°, then 1 hr = 15° and 1° = 4 min.
The projection of a vector on the circle indi-
cates the ¢ location; the tangents to the el-
lipse of error, drawn from the center of the
polar plot, indicate the 95% confidence in-
terval of ¢. The length of the vector from
the pole is proportional to the amplitude.
Intersections of this vector with the error
ellipse give the 95% confidence interval
of A,

The Cosinor method also provides a
"*goodness of fit'"" approximation, i.e., the
so-called percent of rhythm (PR). Most bio-
logical rhythms do not exactly resemble a
cosine function. It is, therefore, important
to determine the percentage of data in-
cluded in the 95% confidence limits of the
best-fitting cosine function. For example, a
PR equal to 80% indicates that the propor-
tion of variance accounted for by the ap-
proximation used, a single cosine curve, is
rather good.

There are several major reasons why the
Cosinor method is currently used widely by
chronobiologists. It is useful for validating
a rhythm and for quantifying the parame-
ters of rhythms—r, ¢, A, and M. It is im-
poriant to obtain these parameters as esti-
mates and their respective confidence
limits. The method can be used even if one
deals with short time series as in the case

when T = 24 hr, At = 4 hr, number of sub-
jects = 6, and the total number of data
(Nos} = 36. Moreover with the Cosinor, At
need not be fixed nor constant: this means
that missing data as well as unequal sam-
pling intervals are well tolerated. In other
words, Cosinor methods are useful tools for
validating, quantifying, and describing a
rhythm. The Cosinor method can be used
several times, utilizing different trial peri-
ods to detect harmonics. For example, in
Figure 8 a better approximation of the over-
all time series is obtained when using r = 12
br (1st harmonic) in addition to r = 24 hr,
than when using only r = 24 hr for the fit-
ting of the data. In other cases, several vali-
dated harmonics may be needed for the
complete description of a rhythm's wave-
form.

Although the Cosinor method has
proven valuable, there are some situations
in which it is inadequate for rhythm de-
scription and quantification. This is the
case when periodic phenomena are asym-
metrical and therefore not amenable to fit-
ting by a cosine function, even with the use
of harmonics. In a case such as this, the
computed acrophase (crest of the best-fit-
ling cosine function) may not correspond
well to the actual crest time {De Prins 1975:
De Prins et al. 1976). To solve this problem,
several other methods have been proposed,
such as the computation of the ortho-
phase or paraphase (De Prins et al. in
press). These latter methods maintain
the advantage of a rhythm detection
and  quantification  while improving
rhythm description relative to the “basic’
Cosinor.

Fig. 7. Individual and mean chronograms and parameter estimations (Cosinor summary) for a
circadian susceptibility rhythm of the skin (intradermal injections) to house dust extract: 6 allergic
adult patients (2 women, 4 men). The direction of the arrow in the polar plot of the Cosinor and the
adjécent shaded area depict the peak and 95% confidence range of greatest susceptibility, respec-
tively; the length of the same arrow represents the extent of the predictable periodic change, i.e., the
rhythm's amplitude. That a rhythm does indeed occur is indicated by the Cosinor method when the
crror ellipse, the white space within the shaded area, does not cover the middle of the center pole of

the plot. (From Reinberg et al. 1969.)
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Fig. 8. Circadian rhythm i plasma cortico-
sterone of intact male mature rats, synchronized
with natural daylight (Wovember), room temper-
ature of 22° £ 1°C, and food and water available
ad libitum. Sampling interval = 4 hr (B-10 ani-
mals sampled at each time point). Raw data
(chronogram) given with time point £ = 1 SE in
£f100 ml (heavy line). Cosinor analyses by
best-fitting cosine functions with r's = 24 and 12
hr, respectively (dashed lines). Rhythm ap-
proximation with both component periods (24
and 12 hr) (solid ling). The crest time of the
latter is located at approximately (015. The re-
sultant curve thus obtained is closer to the
chronogram form than that of the cosine func-
tion with » = 24 hr. (From Guillemant et al.
1979, reproduced with permission.) *

Display of Time Series as
Chronograms and Plexograms

The description of a biological rhythm
should first start with a simple display of
the raw data as a function of time (Figs. 5
=and 7). This elementary step provides an
initial impression about the shape of the
waveform of the time series and gives some
idea of the already available method(s) that
can be used to analyze the data (De Prins
1975; De Prins et al. 1976; Halberg et al.

1977; Reinberg 1971). A simple plot of the
data usually provides information not avail-
able from more sophisticated methods. For
example, plotting the raw data of plasma
cortisol obtained by frequent blood sam-
pling with At = 5 or 10 min throughout 24 hr
reveals, according to Weitzman et al
(1971), that the waveform of this circadian
rhythm in many subjects is asymmetncal,
In diumnally active persons the curve (Fig
4) shows a large peak in the morning and a
total absence of hormone between 2100 and
0300. (Due to ultradian rhythms, averaging
the data of several subjects may not reveal
this important fact.) Yet generalization
from a simple plot of raw data alone is not
sufficiently informative in most cases (o ad-
equately describe the periodicity; nor does
it lead to an unbiased, objective description
or quantification of the time series.
Chronograms (and plexograms) consti-
tute a second step in the analysis of time
series data (Halberg et al, 1977). A chrono-
gram is defined as an individual or averaged
display of data as a function of time A plex-
agram is defined as a display of data which
were collected during a span longer than
the period of the rhythm investigated (T =
7) along the abscissa of a chosen single pe
ried (1), only. Such a display may be pre-
sented irrespective of the (time) order of
data collection, for example, as a function
of a single conventional or other time unn
such as day, without regard for calendar
date and/or subject. Since conventional sta-
tistical methods are used (means, variance
analyses, t-test, etc.), parameters such as
the mean (e.g., 24-hr mean), peak—-trough
difference, peak time location, and period
of the rhythm can be estimated. In addition,
the waveform of the curve can be visual-
ized. If this latter appears to resemble a co-
sine function, it is of interest to use one of
the Cosinor methods for the evaluation and
quantification of rhythmicity. The chrono-
gram, a plot of the data over time, proves
to be very important in many circum-
stances. For example, in studies of
shift-workers (Rutenfranz 1978) or of pas-
sengers or employees on transmeridian

—
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flights (Klein and Wegmann 1979), the
chronogram indicates that the crest time of
the body temperature rhythm shifts earlier
(and faster) than the trough when the so-
cioecologic (rest—activity) synchronizer is
manipulated.

In many chronobiologic publications,
both the raw data, in the form of chrono-
grams, and the results of other data analy-
ses (such as the Cosinor) are included. In so
doing, several methods for the validation,
description, and quantification of rhythms
are presented.

Other Methods of Data Analysis

Many methods have been proposed for ana-
lyzing time series. Each offers certain ad-
vantages and disadvantages depending
upon the type of experiment and the man-
ner of data collection. All fulfill a specified
purpose. The periodogram (van Cauter
1974), linear and nonlinear procedures
(Batschelet et al. 1973), as well as methods
such as those proposed by Wever (1965),
Sollberger (1970), Del Pozo et al. (1979),
Marotte (1979), De Prins (1975), De Prins et
al. (1977), Martin (1981), and Winfree
(1980) are available. The reader is encour-
aged to review the referenced works to ob-
tain details about these complementary
and/or alternate approaches.

It is nol uncommon that nonmathemati-
cally inclined or inexperienced students
and even accomplished scientists are con-
fused when initially confronted with the
practical problems of time series analysis.
A large choice of methods, each having a
set of advantages and limitations, com-
pounds the problem, Perhaps the best ap-
proach in solving the problems of data anal-
ysis is to follow the advice of J. De Prins
(De Prins 1975; De Prins et al. 1976, 1977,
1978): first consider the raw data dis-
played in the form of a chronogram or plex-
ogram; then select several relevant meth-
ods of data analysis to determine which
provides appropriate quantification of the
considered time series, Today, the latter
can be accomplished using a small com-

puter equipped with a set of programs for
the statistical analysis of time series, This
approach allows one to visualize and screen
the results to evaluate the respective ad-
vantages provided by the methods consid-
ered, including the display of data and the
Cosinor.

The Chronodesm and the Problem
of a Single Datum

Not only chronobiologists, but all biologists
are troubled when trying to interpret the
significance of a single datum. In the first
chapter, it was mentioned that it is no
longer acceptable to include as ‘“‘noise”
variations in biological values due to pre-
dictable circadian, circannual, and other
rhythms. Inclusion of such rhythmic vari-
ability contributes to a widening of the lim-
its or "“‘range’’ of reference values. The in-
fluence of bioperiodic  variabilities,
especially ones of high amplitude, cannot
be ignored, A special method for establish-
ing and interpreting so-called physiochemi-
cal reference values has been suggested by
Halberg et al. (1977). Conventionally (with
the homeostatic approach), reference val-
ues are given as & mean (i) * confidence
limits (8D or SE) ranging from 9% to 95%.
A better and more appropriale representa-
tion is obtainable if time-qualified reference
values are available for biological functions
known to exhibit circadian and/or other
rhythms. The time-qualified ranges for ref-
erence values can be presented in the form
of a cosine function with confidence limits.
Obviously the information must be defined
with respect to sex, age, geographic loca-
tion, subject’s synchronization, etc. For
circadian, circamensual, circannual, and
other rhythms, such chronobiologically
considered reference systems have been
termed chronodesms (from the Greek,
meaning **linked to time'") by Halberg et al.
(1977). For example, in considering circa-
dian rhythms with only one datum, if both
the time of sampling and the subject syn-
chronization (e.g., light-on/light-off} are
known it is possible to determine from the
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Fig.9. Chronodesm of plasma cortisol of 8 healthy males, 20-30 years of age. Synchronization with
light-on at 0800, light-off at 0000. Sampling interval is At = 1 hr; sampling span is T = 24 hr. Despite
the fact that circadian changes in plasma cortisol do not exactly represent a cosine function, the latter
can be used to derive a chronodesm. The conventional statistical analysis (without chronobiologic
consideration) gives £ = 10.0 = 9.2 ug/100 ml (95% confidence limits). The chronodesm reveals that
around 1100 in diurnally active persons plasma cortisol values of between 13.9 and 20.5 g/ 100 ml
{95% confidence limits) are within normal; while 12 hr later at 2300, plasma cortisel values between 0
and 5.7 pg/100 ml are within normal. If the subject’s synchronization is known, the chronodesm
allows the interpretation of one datum given with its sampling time. For example, 13 ug/100 ml at 0800
can be considered “‘normal,"* while at 2000 it would not be so for an adult subject with diurnal activity
and nocturnal rest. (Unpublished data gathered by M. Guignard, M. Lagoguey, and A. Reinberg.)

chronodesm whether or not the value in
question is “‘normal.”’ For a healthy adult
with diurnal activity and nocturnal rest, a
plasma cortisol level of zero is within the
“normal range' if the blood sample is
drawn at midnight (0000), while it is abnor-
mal if obtained at 0800. On the contrary, a
plasma cortisol of 20 xg/100 ml may well be
considered evidence of pathology if ob-
tained at 0000; it would definitively be con-
sidered normal if obtained at 0800 (Fig, 9).

The presentation of reference values as
chronodesms constitutes a step forward in
the appreciation and diagnosis of health and
disease, specifically when dealing with a
single datum. A single piece of data pro-
vided from the clinical laboratory through
the use of sophisticated and precise instru-
mention has greater diagnostic value when

CEATKRD Dz oo RERTIN
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related appropriately to the pertinent
chronodesm made available by time series
studies. In other words, a chronobiologic
approach adds precision and avoids misin-
terpretation of clinical and laboratory data,

Summary

Various necessities of chronobiologic re-
search have been presented. Subject stan-
dardization and synchronization as well as
special considerations for data sampling,
collection, and analysis using specific
methodologies are indispensable for re-
search of bioperiodic phenomena. Different
types of investigative protocols are neces-
sary depending on the nature of the re-
search. The results of studies utilizing vari-
ous kinds of chronobiologic protocols
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such as those used in detecting and quanti-
fying rhythms in cell morphology (Chap. 3)
and mitosis (Chap, 4), pathological pro-
cesses and symptoms of human diseases
(Chap. 5), and metabolism and effects of
pharmaceutical agents (Chap. 6) and nutri-
ents (Chap. 7) are presented later. Although
the major focus of each of these chapters is
the findings, appropriate detail about re-
search procedures also is provided,
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