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I: Rhythms and blood pressure
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Summary. - The time (cAronos) structure of life (bios) is the topic of a computer-implemented science
{{ogos), chronobiology. Chronobiologic methods for resolving physiologic time structure provide a more
reliable mean, the MESOR, and other parametric dynamic measures of blood pressure variability. The
amplitude is a measure of predictable extent of change and the acrophase a measure of timing of averall
high values within each cycle of the rhythmic function. Such chronobiologic endpoints are often more
sensitive than the mean for separating groups at different risk of developing high blood pressure. About
24-h (circadian) rhythms account for a sizeable part of predictable variability in blood pressure. Method-
ology to assess the characteristics of circadian blood pressure rhythms also provides time-varying refer-
ence limits for the interpretation of single measurements. Deviant blood pressures can be quantificd by
reference to such circadian-stage-dependent limits, derived from the automatically monitored blood
pressure profiles of healthy peer groups. Excess or deficit in blood pressure can also be assessed as a
hypertensive or hypotensive index integrated over 24 h, Chronobiologic monitoring has wide uses in
practice as well as research, whether it is carried out by self-or automatic measurements, once the data
arc analyzed by appropriate computer methods that are now readily available.

Key words: blood pressure, chronobiology, circadian rhythms, hypertension.

Riassunte (Rifmi circadiani e pressione arteriosa). - La struttura temporale (cronos) della vita (bios)
¢ il campo di una scienza (logos) ottimizzata dal computer, la cronobiologia. I metodi cronobiologici
per risolvere la struttura temporale-fisiologica forniscono una media piu affidabile, il MESOR, ed alire
misure parametriche dinamiche della variabilitd della pressione arteriosa. L’ampiezza oscillatoria & una
misura dell’entitd predicibile di variazione e I'acrofase ¢ una misura dellorario dei valori pitl elevali in
assoluto nell’ambito di ciascun ciclo di una funzione ritmica. Questi elementi cronobiologici sono spesso
pill sensibili della media per separare gruppi con differenti rischi di sviluppare I'ipertensione. T ritmi di
circa 24 ore (circadiani) valgono per una parte misurabile del ritmo circadiano della pressione arteriosa.
La metodologia di riunire le caratteristiche del ritmo circadiano della pressione arteriosa & anche in
grado di provvedere i limiti di riferimento tempo-qualificati per Iinterpretazione delle singole misure.
Pressioni arferiose devianti possono essere quantificate con riferimento a grandi limiti dipententi dallo
stato circardiano, derivati dai profili della pressione arteriosa monitorata aulomaticamente in gruppi di
soggetti sani. Un accesso o un deficit nella pressione arteriosa possono essere anche valutati come indici
ipertensivi o ipotensivi integrati nelle 24 ore. Il monitoraggio cronobiologico ha un ampio uso nella
pratica e nella ricerca, se esso & fatto tramite misure sia personali che aulomatiche, una volta che i dati
sono analizzati da opportuni metodi computerizzati che ora sono facilmente disponibili,

Parole chiave: pressione arteriosa, cronobiologia, ritmi circadiani, ipertensione.

Introduction

Concern for an elevated blood pressure (BP) is
warranted, since high BP is a risk factor for devel-
oping several cardiovascular diseases. Moreover,
once a high BP is properly diagnosed, something
can be done about it. With important exceptions
[1, 2], reports indicate that, on a population basis,
the higher either the systolic (S) or the diastolic (D)
BP, the higher the mortality rate, notably from

certain depenerative cardio-, cerebro-, reno- and -

retinovascular diseases. Mortality rate rises pro-
gressively with a rise in pressures still within the
so-called adult *“normal” range [3-6]. Even at mean
values below 110 (SBP) and 70 (DBP) mm Hg, the
MESOR (acronym for midline-estimating statistic
of rhythm) separates clinically healthy adult women
at high versus low familial risk of developing high

BP, when they are monitored for 24 h, mostly in
recumbency [2, 7).

Dynamic indices of BP variability that is predict-
able, in the sense that it is rhythmic, Table 1,
provide early clues of a heightened risk {8-12], even
when a mean fails to do so. Already at birth, the
about {circa)-daily (dies = day) (circadian) [2, 8-10],
about-weekly (circaseptan) [2, 10-12] and about-
yearly (circannual) [2] amplitudes of BP differentiate
neonates with a negative or a positive family history
of high BP. These indices derive from the study
(logos) of the time (chronos) structure of life (bios),
the fledgling new science of chronobiology [13].

Chronobiologic methods rely on dense systematic
serial BP measurements around the clock, analyzed
by special software [2, 14-16] complemented, if need
be, by time-specified sparse measurements, rather
than merely on 24-h monitoring ({17]; for reviews
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Fig. 1. - Intra-individual variability in blcod pressure and heart rate of clinically healthy women during recumbency.

see [2] and [18]), that as yet fails to exploit chrono-
biclogic analyses. To the extent that chronobiologic
methods are cost-effective, they are a useful substi-
tute for traditional {casual) single BP measurements
taken at arbitrarily picked times, a custom now
current in epidemiology and in clinical practice.
The concept of a BP excess or deficit [2, 15, 14],
expressed in mm Hg x h, measured as the integral
(area) of BPs above or below time-varying critical
limits, respectively, during a given time span (such
as 24 h, in view of the prominent circadian rhythm
characterizing BP), may also prove to be useful and

has to be developed further, This chronobiologic”

approach allows statistical inferences to be drawn
with an estimate of their uncertainty not only for
groups, but also for the individual.

Single time-unspecified vs serial BP measurements

Discussions of any relation of some dietary con-
stituent [19] or other factor to the development of
an elevated BP have relied mainly on one, two or a
few time-unspecified measurements [19-22]. Even
when based on a mean of several replicated casual
measurements rather than on systematic measure-
ments taken around the clock, a BP found to be
“high™ or “low” in association with a change in
treatment is often unreliable. The unreliability of
single BP measurements stems from two sources,
predictable biologicai rhythms and (as yet) un-
predictable residual variability. The latter is con-
tributed in part by the measurement error and
amounts to about 7 mm Hg [23]. Biological



Table 1. — Chronobiologic endpoints, e.g. of human
blood pressure

-—h

MESCR, M: midline, estimating, statistic of
rhythm, based on systematic sam-
pling, taking dynamics into account;
replaces mean of casual measure-

ments at arbitrary times

2. Range, R: total
partial, e.g., 90%, 50%, circadian
range {e.g., of hourly mean values)
3. Standard deviation, SD
4. Trends: Intercept and slope of linear trend;
coefficients of higher-order {e.g.,
quadratic or cubic) polynomials
5, Periodicities: Rhythm characteristics, e.g.:
circadian amplitude, A
circadian acrophase, &
circadian waveform, (A, &) of har-
monics

Parameters describing shape of
spectrum, e.g., high frequency do-
minant over low frequency or vice
versa

6. Non-periodic,
non-trend
components

All of the above endpoints may or may not be deviant. Other

endpoints, related to cumulative deviation, are:

7. Excess: short-term: extent: hyperbaric in-
dex duration & timing
of elevation

long-term projection; e.g., 10-year

excess

8. Deflcit: short-term: extent: hypobaric index
duration & timing of de-
figit

long-term projection; e.g., 10-year

deficit

rhythms, notably circadian rhythms, are prominent
[2, 16, 23-31] and account for a sizeable portion of
the total variability of BP. Both predictable (since
rhythmic) and residual variability in BP may lead
to unusually high or low values that may occur
only at certain times not covered by casual sampling
[7, 28]. With automatic instrumentation for indi-
rect non-invasive room-restricted or ambulatory
measurement of BP, it becomes possible to follow
the time course of individual BP variation around
the clock in all members of large groups [2}.

Circadian rhythm in blood pressure

Around-the-clock monitoring documents the large
intra-individual variability in SBP, DBP and heart
rate (HR), Figs 1 and 2. It also documents the
prominence of circadian rhythms, with a perfod of
about 24 h, apparent from the least-squares fit of a
single 24 h cosine curve to the data, Fig. 3, which
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Fig. 2. - Fully ambulatory automatic monitoring of a
clinically apparently healthy woman (EH, age 64 years)
reveals a wide range of cardiovascular variability. Que-
stions about the blood pressure (BP) of a patient are
indeed rhetorical. The assessment of variation that can
be cost-effectively recorded and interpreted, is manda-
tory. *Dots outside limits indicate outliers; SD = stan-
dard deviation.

also provides measures of uncertainty for each
rhythm characteristic, Fig. 4 and Table 1.

Hourly averages of BP data measured over 26
days by a post-menopausal woman in apparent
clinical health [30] show a range of 80 mm Hg for
SBP and of 40 mm Hg for DBP, with an overlap of
18 mm Hg between the two distributions, Fig. 5.
The mean pulse pressure is about 47 mm Hg. These
statistics indicate that the range of change within a
day of both SBP and DBP can be actually larger
than the average pulse pressure (the difference
between SBP and DBP). In the vast majority of
individuals, the highest DBP measured at one time
within 24 h exceeds the lowest SBP measured at
another time within the same 24 h [14,16]. This is
the case for 74 out of 80 BP series from 40 men, 20
to 60 years of age, monitored on 2 occasions at 7.5
min intervals for 24 h, the average difference be-
tween the highest DBP and lowest SBP being as
much as 16.74+ 1.4 (SE) mm Hg [16-27]. Neglect of
circadian stage then is no more warranted than the
failure to distingunish SBP from DBP.
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Parameters of Circadian Rhythm
in Systolic Blood Pressure
Estimated by Non-Linear Least Squares Procedure’
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Fig. 3. - By fitting, as a first approximation, a 24-h cosine curve through the data, rhythm parameters can be
estimated.
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HYPOTHESIS TESTING" AND ESTIMATION OF

CIRCADIAN PARAMETERS OF SYSTOLIC BLOOD PRESSURE

ESTIMATED BY NON-LINEAR LEAST-SQUARES FIT

OF COSINE CURVE TO 7 DAYS OF DATA' (summarized by plexogram)
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confidence interval estimates approximate since serial correlation in time series not assessed,

Fig. 4. - The computer-yielded so-called microscopic estimates of rhythm characteristics such as MESOR, ampli-
tude, acrophase and period can each be given with their uncertainties, shown as small vertical bars for MESOR

and amplitude, and as horizontal uncertainties for acrophase and period.



SYSTOLIC MESCR

OVERLAPPING SYSTOLIC AND DIASTOLIC BLOOD PRESSURE -
MEASUREMENTS ON A POST-MENOPAUSAL CLINICALLY HEALTHY WOMAN
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Overlap of onginal data would be even greater.
Fig. 5. - Circadian change can exceed the pressure difference between systole and diastole and hence is best

assessed. The wide variability of systolic (S) and diastolic (D) blood pressure (BP) in a clinically apparently
healthy woman is revealed in a histogram, a plot of the frequency of BPs in different BP classes. Many DBPs are
higher than the low SBPs at other times. There is an overlap of 18 mm Hg between the two distributions (the
highest DBP is 91 and the lowest SBP 73 mm Hg). It is a major mistake to ignore the difference between SBP and

DBP. By the same token, a difference as the result of circadian variation, that can be just as large or larger, is
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" Table 2. — Frequency ranges for terms describing compenents in a spectrum of biologic rhythms with emphasis on
the circulation, notably biocod pressure (BP) and heart rate {HR){a)

Frequency (f) Validated
Domain range {f="T/t; lllustrative example free-running from
region cicle in 1; reference perlod
t=period) (literature)
Ultradian T <20 h
circacentuminutan T=17 £ 1h BP, particularly at night [33, 34}
circasemidian T=12 % 2h 12 h component contributes markedly to
circadian BP waveform [35]
Circadian T =24 &+ 4h Human BP & HR [35] Yes [36]
dian T =24 £ 02h Human BP & HR under synchronized
social routine [37, 38]
Infradian T>28 h
circadidian T=24+405d Body weight, urine volume and core temperature of CaH
mice on alternate-day feeding schedules [39]
circasemiseptan T=35+14d Sudden human death [40]
ECG pathology [41]
circaseptan T=7+154d Rejection of human heart transplants [42, 43) Yes [46]
Circaseptan features as a response to birth [44, 45]
Human 17-ketosteroid excretion [46]
circadiseptan tT=14 £ 3d » » » »
circavigintan T =21 +3d » » » »
circatrigintan T=230 x5d » » » [46, 47
circannual 1T=1y £ 2m Human blood pressure [48-50] Yes [51, 52]

Correlation of cardiovascular disease risk with circannual
amplitude of aldosterone [49]

circaseptennian T=T7Ty 1y Gonadal index of marine invertebrates [53]

circaduodecennian 1= 12y £ 2y Human blood pressure [50] Yes (b)

{a) Rhythms with different frequencies (or reciprocals of frequency, i.e., periods) usually characterize the same variable, such as
blood pressure, if it is measured with sufficient density and for a long span. t = period; h = hour: d = day; m = month; y = year.
Terms coined in relation to frequency, by analogy to usage in physics, where frequencies higher than those audible or visible are
called ultrasonic and ultraviolet, frequencies higher than one cycle per 20 h are designated as ultradian. By the same token, as
frequencies lower than audible or visible are called infrasonic or Infrared, rhythms with a frequency lower than ane cycle per 28
h are designated as infradian. Circacentuminutan is preferred to circacentiminutan in order to distinguish a multiplication, as in
centuplicate, from a division, as in centimeter. The suffix-ennfan instead of-annual for periods longer than 1 year serves to avoid
the connotation of "annual” as a suffix after numbers larger than 1 fo denote events that repeat themselves within the year, as in
biannual or triannual, meaning twice or thrice a year. The change from duo- (used earlier in circaduodian) to di- is prompted by
the desire tor consistency (e.g., with circadiseptan) and by the need to use an infix that denotes a doubling (rather than the
addition of two, as done advisedly in circaduodecennian). A term such as circasemidian (and, perhaps, others if left unqualified)
describes only a spectral component, without any implication as to whether the component represents a rhythm in its own right,
rather than merely the waveform of a rhythm with a different (e.g., lower) frequency. Physiclogic tests are required te distinguish
these possibilities. A single human variable such as blood pressure or heart rate exhibits most if not all of the periods listed.
William MacDonaid, Michael V. Molitor and, for the past decade, Robert P. Sonkowsky, all at one time professors in the Classics
Department, Universily of Minnesota, kindly participated in the coining and/or updating of these terms. Originally proposed as
adjectives, their use as nouns, for brevity, also seems acceptable.

(b) Free-running with respect to sunspot cycle; tentalive and awaiting analysis of as-yet unavailable lenger physiologic series.
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Extent of change

jon of clinically healthy men, the
rarllgcaofp gg;ge within a day averages 68.9+15.7
(SD) and 56.2+14.9 mm Hg for SBP and DBEP,
respectively. For comparison, their average pulse
pressure is smaller (43.0£10.4 mm Hg). Circadian
rhythms, when they are underestimated by the fit of
a single cosine curve (rather than evaluated by a set
of harmonics), account for a change per day of 24
mm Hg in SBP and 18 mm Hg in ]_DBP {16]_; i.e., on
the average, a changé with a predictable timing of
24 (SBP) and of 18 (DBP) mm Hg can be expected
to occur within 24 h in any given, healthy individual
as part of the much larger total variation. Infradian
rhythms with a Iower—than—glrcadlan frequency and
ultradian rhythms (for review, see [32]) (or h?_ll'-
monics accounting for the circadian waveform)'wnh
a higher-than-circadiaﬂ‘ frequency also contribute
part of the variability 10 BP, Table 2. Under the
sampling conditions of studies reported herein
[33-53], these changes with a fre.quency other than
circadian remain part of the residual term. »
In view of both rhythmic and residual variability,
the necessary BP sampling designs exceed the scope
of those currently used. Tools meeting the nee_d of
proper designs are another requisite to be consider-
ed. Even with relatively dense measurements col-
lected for 24 h on different days, the 24 h BP mean
differs in a majority of cases, with statistical signifi-
cance from day to day, Fig. 6. Such dlfferenpes
reflect in part the phenomenon of a regression
toward the mean [54-56] and in part the operation
of rhythms with a frequency ‘lower than circadian
[2, 7, 30]. Such evidence points to the need for
m,eas:u'ing BP for spans lo_nger than 24 h. Recent
studies on sampling requirements reveal that a
proper screening for diagnostic purposes and the
assessment of the effect of non-drug or drug treat-
ment on BP should be based on around-the-clock
monitoring for 48 h at a time as a minimum, that
such profiles should be repeated under different
conditions of life, in'the case.of deviant values, e.g.,
during workdays by comparison to weekends, and
that in the case of intervention, such profiles should
be complemented with self-measurements over lon-

ger spans [2, 23, 291

Endpoints -of rhythmic €ime structure.
The sphygmochron

The MESOR is usually more reliable than the .

i i notably when data are collected at
ﬁégﬁéﬁu?n@eﬁ,gis over a nop—intqgral number of
cycles, Figs 7-9 [2, 29]. The circadian amphtude,_a
measure of the predictable extent of change within
24 h, provides valuable information, as in the case
of an individual with 8 MESOR of 142/91 mm Hg
for systolic/diastolic BP before intervention. An
increase in amplitude Wwas seen to accompany 2
decrease in MESOR following a non-drug interven-

tion, dietary sodium restriction [57]. Because of the
relatively large amplitude in the stage associated
with sodium restriction, the highest systolic BPs
reached within a circadjan cycle were almost as
high as the highest values observed during the
reference stage. There is also evidence from the
spontaneously hypertensive rat that an elevation of
the circadian amplitude may precede an elevation
of the MESOR [58]. The circadian acrophase yields
information regarding the timing of BP elevation,
useful for timing treatment [2, 14]. It may also be a
factor in predicting 4 patient’s risk of developing
futqre cardiovascular complicafions [59], notably
du1:1ng Pregnancy [2]. The waveform of a rhythm,
which usually deviates from a cosine curve, can be
described by the fit of harmonics of the fundamental
(c‘ircadian) Component, These harmonics contribute
with statistica] significance to the variability on
hand [2, 16, 23, 60].

Automatic monitoring of BP, yielding dense data
around the clock, provides information that needs
to be interpreted differently from single measure-
ments. First, since many measurements are taken, it
becomes much more likely to find at least one or a
few values above the currently arbitrarily used limits,
such as 140/90 mm Hg for single or “protracted”
measurements [6, 61], The question of whether the
BP is above or below a given threshold can be
replaced by questions such as “to what extent does
the BP exceed the threshold at a given time?” and
~how long does BP remain above the threshold?”
Secox}d, although any single measurement may be
associated with an error of about 7 mm Hg, the
error charactetizing the 24-h mean is much smaller.
A relatively small clevation of the MESOR, even if
it is only of a few mm Hg, cannot be indiscrimi-
n_ate_ly disregarded as negligible if it is statistically
significant, since even without progression, in the
absence of regression, this excess is likely to accu-
mulate day afier day for a lifetime, which thereby
may be shortened, Moreover, when data are col-
lected automatically, evenly around the clock, the
error associated with the estimation of the MESOR
18 usually smaller than that associated with the
estimation of the mean, Table 3.

Indices to reflect harm from an elevated (or
lowered) BP shoyld consider, with the MESOR, the
extent, duration and timing of BP elevation (or
lowering), with the likelihood that harm increases
with both the magnitude and duration of BP ele-
vation (or lowering) and that the harm brought
about by deviationg may be circadian stage-depen-
dent. As one of several possible approximations,
the integral over 24 h of BPs above (or below)
specified critical limits quantifies such harm [2, 15,
16, 62-65]. As a first approximation only [64], the
integral has the units of mm Hg x h, representing
an IMpulse per unit area, and is denoted the 24-h
hypertensive index, HTI {or as a hypotensive index,
in the case of deficit) (Fig. 10) [2, 62, 63]. The non
parametric indices of excess andjor deficit (both
can occur with an increase in circadian amplitude,
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Fig. 6. - Statistically significant difference (decrease in 14 cases, increase in 8 cases) in rhythm-adjusted mean
(MESOR} of human blood pressure between two profiles obtained at 7.5-min intervals, - 1 month apart, by automatic
monitor on presumably healthy men 20-80 years of age.

Table 3. — Summary of reduction in SE of the MESOR
as compared to the arithmetic mean (*)

Percent reduction in SE

Variable (**) Original data Hourly averages
SBP 24.1% 34.6%
bep 21.5% 32.1%
HR 25.5% 21.8%

(*) Data from 40 clinically healthy men 20-60 years of age,
monitored every 7.5 minutes for 24 h on two occasions, less
than 3 weeks apart.

{**) SBP = gystolic blood pressure; DBP = diastolic blood
pressure; HR = heart rate.

in the absence of a concomitant increase in circadian
MESOR) can be incorporated into summaries of
BP and HR profiles over time involving a computer
comparison with peers. Such summaries, dubbed
sphygmochrons, are shown in Fig. 11 and 12. One
(Fig. 11) is rather simple and addresses the general
practitioner or even the person interested in seilf-help
for health care. The other (Fig. 12) is more complete
and addresses the specialist.

The use of these indices of excess and deficit
requires the establishment of critical limits above

which a BP may be considered to be harmful. Our
information about anatomic and physiological ef-
fects of BP, the detailed nature of any dependence
of cardiovascular risk upon the characteristics of
variability in BP, and the extent of reversibility of
lesions, reviewed elsewhere [2, 64, 65], is limited.
Hence, one recourse is to rely on reference limits
derived from BP series obtained from apparently
healthy individuals. Since BP undergoes a prominent
circadian variation, ‘critical limits that are fixed
should be substituted, whenever pertinent data are
available, by limits that vary as a function of the
circadian rhythm stage, as a first approximation.
Time-specified (e.g., 90%) prediction limits (chro-
nodesms) [2, 14, 16, 66, 67] are such limits, com-
puted from an age - and sex - matched reference
population. Some of these limits [2, 16, 66] accom-
modate changes in variance and in mean for moving
intervals over which data are pooled, assuming, as
a first approximation, that during these intervals no
appreciable changes in population characteristics
take place. Based on the variabilities encountered,
both within a given subject and among subjects,
reference limits can be calculated for each interval
[2, 66]. Eventually, the HTI will also have to account
for any mitigation of harm, derived from the extent
to and the duration for which BPs are below the
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ADVANTAGES OF RHYTHMOMETRY

rhythmic
funciion
Parmm

réforence
Yime -

arithmatic
_«~ meon

double
amplfude

MESOR vs. MEAN

Arithmetic mean will not represent true average for rhythm
(defined, e.g, by cosine curve) when sampling is unequispaced
and/or does not cover integral number of cycles,

AMPLITUDE vs. RANGE

Double amplitude of fitted function, as meosure of
extent of rhythmic change, may be considerably
different from overall range of data.

i ' ACROPHASE (@) vs. TIME OF MAXIMUM (tm)

Rhythm’s acrephase, estimoted by function fitted to all
data, may differ considerably from time of foriuitous or
informative (“influentiol®) extrerne value.

Fig. 7. - When data are collected at irregular time intervals, the MESOR usually differs from the arithmetic mean.
When sampling is not uniform, the MESOR usually provides a more accurate estimate of location. Similarly, the
amplitude differs from the range and the acrophase from the time of maximum.

* When data characterized by rhythms are equidistant and dense (availabla at Inlervais,
A\ « perlod, T ) and cover an Integral number of 15, the M (though Identical ta the
Arlthmetic Mean) has a smaller Standard Error (SE).

. SE
SE/ .,
Mean — ]_%émeson
/’_/
38.5%
Reduction

In Standard Error

Reason:

How [arge the SE of the mean Is depends on the total variabilify In the data. Butifa
large portlen of this variabliity can be ascribed io the rhythmic fime siructura In the data,
fitting an approximating cosire curve can bly reduce the residual varl

which In turn determines how iarge {or rather how small) the SEs on the MESOR and

on the other parametars of the fitted modef are. Thus, the better the casine madel fits
the data, the greater the reduction in SE on the (thythn-adjusted) mean.

Fig. 8. - Another advantage of the MESOR is that it is
usually associated with a smaller SE.

time-varying limit, for any nonlinearitics in the effect
of excess or deficit and, in particular, for the
dependence of the effect upon the rhythm stage in
which it occurs [64].

Day-to-day variability of BP MESOR in health

When data are collected around the clock on two
ot more occasions, it is possible to carry out a
MESOR-test among the different profiles {68, 69]
to test the equality of their MESOR. Changes in
daily BP MESOR are thus observed between separ-
ate 24-h BP profiles. This is the case for 40 clinically
healthy adult men sampled every 7.5 min for 24 h
on 2 occasions, about one month apart [16]. Aver-
ages over 1 h spans reduce the serial correlation of
residuals in such data [70]. No statistically significant
difference in MESOR in found in 18 cases for SBP
and in 17 cases for DBP. As compared to the first
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ASSESSMENT OF RHYTHMIC STRUCTURE OF BLOOD PRESSURE {BP)
REDUCES ERROR ON AROUND-THE-CLOCK MEAN
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Fig. 9. - The reduction in SE of the MESOR versus the mean can be attributed to the fact that a large portion of
the variability in the data around the mean is not random but predictable, and can be accounted for by rhythms
such as the circadian or about 24-h rhythms.

Table 4. — Day-to-day variability of MESOR in clinically healthy men, 20-60 years of age (a) MESOR {mm Hg) (b)

SBP DBP SBP DBP
Sub, First Second Dilference First Second Difference Sub. First Second Ditference First Second Difference
profile profile profile profile
1 1205 1301 + 96 ** 751 709 — 42 * 29 117.0 1263 + 93 ** 855 800 — 85 **
2 1287 1161 —128 ** 688 633 — 55 ** 22 1328 1227 101 ** 7.4 737 + 23 NS
3 1166 1909 — 47 * 80.1 657 —144 ** 23 1236 1218 — 1.8 NS 83.8 B92 1486 *
4 1158 109.8 — 6.0 ** 838 B5B + 20 NS 24 1035 1046 -+ 1.1 NS 67.0 68.0 + 1.0 NS
5 1237 1036 201 ** 642 629 — 1.3 NS 25 1186 1156 — 3.0 NS 729 723 — 06 NS
6 1264 1190 — 74 ** 838 844 + 06 NS 26 1194 1158 — 36 NS 7089 753 + 44 "
7 1108 107.7 — 3.1 NS 585 704 118 ** 27 1162 1171 + 089 NS 749 763 + 1.4 NS
8 1259 126.1 + 0.2 NS 66.9 69.3 + 24 NS 28 1152 1155 + 0.3 NS 6789 779 +10.0 **
9 1258 1254 — 0.4 NS 755 687 — B8 ** 29 1219 1293 + 7.4 ** 7.0 771 + 21 NS
10 127.2 1581 +309 ** 859 995 +136 ** 30 107.t 1057 — 14 NS 70.0 658 — 41 *
11 11498 1113 — 36 * 770 716 — 54 ** 31 iHie 117.0 + 55 ** 66.4 694 + 3.0 NS
12 1050 1038 — 1.2 NS 656 635 — 21 NS 32 111t 1128 + 1.7 NS 69.5 624 — 71 *
13 958 1008 + 49 * 704 681 - 23 NS 33 102.1 103.0 + 08 NS 76.0 720 -— 40 *
14 1045 1012 — 33 * 685 634 — 51 34 119.2 1188 — 0.3 NS 757 723 - 34 *
15 1297 1209 - 88 ** 792 809 + 1.7 NS 35 12r2 1035 -—-23.7 ** 814 817 + 03 NS
16 1150 1247 + 97 ** 730 739 + 09 NS 36 1112 1082 — 3.0 NS 707 742 + 35 *
17 1162 6789 —183 *~ 790 7.7 -— 73 ™ 37 1049 1078 + 289 NS 69.0 496 —194 **
18 1183 1086 — 9.7 ** 895 816 -—79 ™ 38 1176 131.2 +136 ** 811 806 — 05 NS
19 1189 1167 -— 22 NS 775 840 + BS5 * 39 130.0 1236 — 64 NS 813 839 + 26 NS
20 1194 1045 —149 * 744 784 + 40 * 40 1476 1306 —17.0 ** 708 644 — 64

{(a) Data collected automatically every 7.5 min for

24 h, averaged hourly

in 2 profiles obtained about 1 month apart [19].

SBP=_Systolic Blood Pressure; DBP = Diastelic BP. *'p<.01; *‘p<.05; NS p>. 05 for test of equality of MESOR between the 2

profiles.
{b) MESOR=rhythm-adjusted 24-h mean.
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Definition of Indices of Blood Pressure Excess Above Chronodesmic ( ¢) Limits
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Fig. 10. - Definitions of indices of blood pressure excess, notably of hypertensive index. HTI (also called the
hyperbaric impact, HBl). There may or may not be a cumulative excess (or deficit) in blood pressure. If there is
such a deviation from the acceptable, the (deficit or) excess can recur only during part of each day or be present
day and night. These questions can be answered by computing chronoblologic endopoints. The graphs present
90% prediction limits as a reference for assessing excess, as a blackened area, difined as the integral of blood
pressures above the upper prediction limit during one cycle of the rhythm (e.g. 24 h). This excess can be computed
directly in mm Hg x h, At least in principle, the concept of blood pressure excess is similar to that of pack-years
of cigarettes or of person-years of exposure to asbestos. Measures of mean pressure excess and overall mean
pressure excess can also be provided. Moreover, when automatic instrumentation is not available, and one must
rely on self-measurements at intervals longer than the 7.5-15 min {that are easily implemented only with automatic
instruments), a cosine curve can be fitted to the sparser data and endpoints of excess, including the hypertensive
index, can be computed on this basis, as shown in the abstract graph. On groups, the hypertensive indices,
computed from the cosine curve fit, correlate well with those obtained on the basis of actual dense measurements.

profile, the second has a lower MESOR (“direct monitoring for more than a single 24-h span should
change™) in 14 instances for SBP and in 16 instances estimate BP parameters and their changes in the
for DBP; the second profile has a higher MESOR  abssence as well as the presence of dietary or other
(“inverse change”) in 8§ cases for SBP and in 7 manipulation. Furthermore, since individual differen-
cases for DBP, Fig. 6. The average absolute change ces in BP change following such manipulations are
in MESQR between the 2 profiles in clinically found [14, 72], it is important to design experiments
healthy men is less than 10 mm Hg, Table 4. Such  whetein, in addition to untreated control spans and, if
a difference is reached or exceeded by 9 of 40 possible, control groups, each subject undergoes all or
individuals for SBP and 6 of 40 individuals for at least most treatments, the sequence of treatments
DBP. Statistically significant differences in BP ME-  being randomized. Whenever possible, any change in
SOR between consecutive days are also observed in  BP should be assessed individually. In order to avoid
individuals who monitor their BP automatically any bias, primarily when subjects measure and record
during a week or longer [7, 71]. their own BP, a placebo should be usesd, not only in
In order to investigate any relation between the research projects but also in everyday pratice.

SBP MESOR during the first 24-h profile and the

change in MESOR between the two profiles, a

tendency toward the mean occurring naturally in the Conclusions
absence of any intervention has to be accounted for.
The correlation is thus computed between the sum of In medical and sclentific practice, the dictum

the 2 MESORs and their difference {r=.202; P=.208). to treat the individual and not the condition, ie.,
Since BP MESORs change from day to day, BP the patient and not the disease, remains wishful
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o MONITORING PROFILE OVER TIME;
SPHYGMOCHRON“' s COMPUTER COMPARISON
- {short form) WITH PEER GROUP LIMITS

BLOOD PRESSURE (BP) AND RELATED CARDIOVASCULAR SUMMARY.

(Circadian Sphygmochron; from spiygmo-, of or relsting 1o the circulation, notably blood prassure, as well as puise and chronos, tims)
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Fig. 11. - Computer-prepared blood pressure summary, the sphygmochron: short form.
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lllustrative sphygmochron of patient to whom further

monitoring is recommended.

SPHYGMOCHRON™-L -
BLOOD PRESSURE AND RELATED CARDIO-
VASCULAR MONITORING SUMMARY OVER

TIME* (Circadian Sphygmochron; from sphygmo-, of or relating to the cir-
culating pulse, notably blood pressure, and chrones, time)
DMon 8605

Name
51 @ From MM I 16 , 19!‘_
Age Sex oy, Hur, min day. hour, min
TIMES OF 10 .

~ 06 Usual idowal
Awakening

Activity Digi23

no 233
Going lo Steep M

3WNSS3LS Q008
ETTINED

al -

MESOR, (M) thylhm-adjusled maan {mufline-astimating slatan ol thythm), dafined as averagy
value of thythmic lynclon (ag., cosing cur) fited 1 dala; expreasad in same unita as angnal
¢ala. Nole thal MESQR will difigr Irom arilhmelic mean il dala are unaguidistant (8.9.. concenttated
naar ciesl of rthythm) andior cover non-integral pumber ol cycles. ©

AMPLITURE, (A) hal! o! 1018l prediciabie change in thythm, delined by rhythmic function hiled tg
dala; exprassed in orignal of “relative™ unils, £.g, as parcentage of saries mean or MESOR,
ACROPHASE, (&) Ing from sslarance Iims of rhythm's cresttime, delined by rhythmie function i
tnd 1o dala: uyually expressad in (negaiwe} degress, wilh 3800 & period, O° = referance tima;
customary Ums units je.g. clockhours and mingies. days, weeks, monihs o yaasa): physiologic

Drugs® unis (8., number of heart bc;s'iw ¥ or crctes) alo ‘ar thylam syn.
CHARACTERISTICS _
MESQR ‘24.hr AMPLITUDE 24-hr ACROPHASE 12-hr AMPLITUDE - 12-hr ACROPHASE
o 104 304 - . 800 300
o [~ =0 WD DO D:EDIED:E] I
1 C 10 1 [ 1 _
b i — 1k —— . k==
g 50 100 110120 130 140 150 450 1 10 180 150200 o o 2 1 0 [ 1800 el ] L i " o B e
ap 1 [ e T —J — -
i o — i ST S E— ——
S0 60 0 B0 %0 100 LD 120 130 Mo & & i 5 2 i X u’.—_ 1nos n o 5 i s b £ T e
3 I [ -
mﬁz F— -] —— 1 , —i— 1
[P A e S S A B N AT T ) M 5 & '« % 8w b o o
] ]
ap ) - = l
mmHg Y T T 'r. Tt .! T % L L % — . a‘p [y A T L o o L
L] « @ 50 M 00 120 ieD 80 D ] L H S [
1 Iy —1 CJ 1
HR x 1 I i | — " ,ﬂ_‘
bpm O S G e M MBS g5 O % 0 1A 5 5w L 3 1 s o 18 -
- I Ry —1 L3 (—3

S8PxHR

mmu,x%%,ﬁ X , A — X
bpm 2000 1300 4000 14500 13000 Ll 2000 J0DO 000 % 3 AP - a a0 1000 1500 2000 2500 o 180 L3800

SBP » Syswic Booy Fressue DBP = Diastok: Bood Prassors PP« Pulse Pressur [SBP.DBP) MAP = Moen Arsd Fressum. HR = Heart Aata. hom = beal per miwas.

INDICES OF DEVIATION
o : :: FP {mmHg)
o | 59 mmia) o “ \/_/\,—f\
\1o " BP {mmkg) w
(E) ’ [ - L1} y
- “‘A/\"\ %
"o 50 %
J‘_\ 4z . \'—/M\

4 £l
m M 3
[} a o.
CE R ) 0 4 8 12 16 0 @ T + @ 76w P

76 L)
MAP {mmHg)
6 a0

" - \fv\ m
s L A Wpm) "o
BE [1] 0

170y 58P X HA {mmHg x bpm]

L]

v g o2 16 @ 3

6 4 B 2 08 0 4
TIME (CLOCK HOUAS]

INDEX OF EXCESS **

PTE TMING OF EXCESS
o

180" Mim
h = hour PTE = Parcent Time Elavation a0 2 WD om
SBP .3

W00 00100 250 X002 K00 450500 S0 KD o 2 wa

Dap X : 5 L
g ; m 200 twa

xh D 5D 100150200 20 W 1 QU 480500 SEQ O

PP 3
) e """""""'""m

xhy 0 5O 1001502020 00 34 400 450 400 560 )

xy 0 5 00150 Z0ED 10 X0 N OS SEQ D

o o
| e |
bwmn 0 £ 100150200 250 X0 380 400 450 0050 HDD i 12w on

SBPx
HHA
'mﬁ 0 50 10 120 20 2503 360 4 0 S0 EO D

o

INTERVENTION

NEEDED O (Jbruig ™ NEEDED 0[O

serve lor values off-sc

slgad ol crosses) &ra

PREPARED BY DATE (YA, MO, DA

+ Chionohiology Laboraiaries, University of Minnesota, 5187 Lyon Labs., 420 Washington Ave.
For questions. call F Halbarg or G. Comelissen at 612-624-6576.

Fig. 12. - Computer-prepared blood pressure s

MORE MONITORING 1) Unususly log atandig o i
v

other, aic.; 3) Kind and amouni, l?arw; 4) Raclangles on basaelings indicata acceptable range; ?_mer recianglas

-down during waking; unusugl activity, such as exarcise, atc.; 2) Sal, calories,

ale; 5) Values calculaled wilh respact 10 c lirnits (t S0% pradic.

( P
ion ki or with raspecl to = fixed limits, determined on the basis of 1he mecian acromalron (MESOR +
Yes EI N -Drug No - No Yos gﬁ{'p.'.'ﬂ:], [ mghustppladicluble vilue) of a paer group: check this box O it index of deficit ralher than axcess.

« Crosses on form indicata results from your individualized cardiovascular monitoring profile; it numbars fin.

used, thay refar lo several stages of your monilaring, along with rasulis ol tests for any

change in circadian parameters. (Ses comments on revicse side, 1hat may alsa rafer o rhythms other than cir-
cadian angior trends.]

S.E., Minneapolis, MN 55455.

ummary, the sphygmochron: long form.



thinking until the inferential statistical approach, with
P-values for a given effect in the given individual,
routinely complements the P-values now restricted
mostly to the interpretation of results from group
comparisons. In a given case, P-values are useful only
to the extent that they apply to the individual
considered; hence a personalized P-value is the goal
of any medical interpretation of observations on a
given patient. With this critical qualification, we agree
with Rosner [73] that it is “... desirable to screen a
large population for hypertensives rather than wait
for the hypertensives to seek medical attention”.

Another need for scientific medicine is to assess
the acceptability or lack of acceptability of a BP (or
other rhythmic variable) [13, 74] against (living) peer
group reference standards rather than against an
arbitrary traditional normal limit. Such peer-group
norms can be complemented with individualized
norms. These norms can be obtained cost-effectively
for the next generation in late primary and secondary
education [7, 8, 75]. Characteristics of rhythms can
then also be used as gauges of health and their
alterations as gauges of a heightened risk of develop-
ing a high BP [2, 7. As the costs of health care
increase, chronobiologic literacy as part of self-help
to achieve the foregoing goals has no cost-effective
alternative [75, 76]. Moreover, the chronobiologic
approach illustrated for BP also applies to the
meaningful, cost-effective appraisal of endocrine fac-
tors coordinating BP [2, 77]. Tn manipulating the
endocrines, with an individualized (rather than popu-
lation) approach, during pregnancy or at least start-
ing at birth [9], a path may be found toward the
prevention of major incapacitating and terminating
diseases of our day. Chronobiology implies both
timely and early intervention, on the basis of sensitive
methods that replace the single measurement snap-
shots of a roller coaster.
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