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ABSTRACT

ARTICLE HISTORY

Current hypertension guidelines fail to provide a recommendation on when-to-treat, thus disregard
ing relevant circadian rhythms that regulate blood pressure (BP) level and 24 h patterning and
medication pharmacokinetics and pharmacodynamics. The ideal purpose of ingestion-time (chron
opharmacology, i.e. biological rhythm-dependent effects on the kinetics and dynamics of medica
tions, and chronotherapy, i.e. the timing of pharmaceutical and other treatments to optimize efficacy
and safety) trials should be to explore the potential impact of endogenous circadian rhythms on the
effects of medications. Such investigations and outcome trials mandate adherence to the basic
standards of human chronobiology research. In-depth review of the more than 150 human hyperten
sion pharmacology and therapeutic trials published since 1974 that address the differential impact of
upon-waking/morning versus at-bedtime/evening schedule of treatment reveals diverse protocols of
sometimes suboptimal or defective design and conduct. Many have been “time-of-day,” i.e. morning
versus evening, rather than circadian-time-based, and some relied on wake-time office BP rather than
around-the-clock ambulatory BP measurements (ABPM). Additionally, most past studies have been of
too small sample size and thus statistically underpowered. As of yet, there has been no consensual
agreement on the proper design, methods and conduct of such trials. This Position Statement
recommends ingestion-time hypertension trials to follow minimum guidelines: (i) Recruitment of
participants should be restricted to hypertensive individuals diagnosed according to ABPM diagnostic
thresholds and of a comparable activity/sleep routine. (ii) Tested treatment-times should be selected
according to internal biological time, expressed by the awakening and bed times of the sleep/wake
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cycle. (iii) ABPM should be the primary or sole method of BP assessment. (iv) The minimum-required
features for analysis of the ABPM-determined 24 h BP pattern ought to be the asleep (not “nighttime”)
BP mean and sleep-time relative BP decline, calculated in reference to the activity/rest cycle per
individual. (v) ABPM-obtained BP means should be derived by the so-called adjusted calculation
procedure, not by inaccurate arithmetic averages. (vi) ABPM should be performed with validated and
calibrated devices at least hourly throughout two or more consecutive 24 h periods (48 h in total) to
achieve the highest reproducibility of mean wake-time, sleep-time and 48 h BP values plus the
reliable classification of dipping status. (vii) Calculation of minimum required sample size in adher
ence with proper statistical methods must be provided. (viii) Hypertension chronopharmacology and
chronotherapy trials should preferably be randomized double-blind, randomized open-label with
blinded-endpoint, or crossover in design, the latter with sufficient washout period between tested
treatment-time regimens.

Introduction
Position statement: rationale and purpose
More than 150 published human trials describe the
differential effects on blood pressure (BP) control, bio
markers of elevated BP-induced injury to blood vessels,
heart, and kidney tissue, and cardiovascular disease
(CVD) morbidity and mortality exerted by prescription
single and combination hypertension medications when
ingested in the morning or upon-waking versus evening
or at bedtime (Bowles et al. 2018; De Giorgi et al. 2013;
Hermida et al. 2016, 2020b, 2020c; Liu et al. 2014;
Schillaci et al. 2015; Stranges et al. 2015; Sun et al.
2016; Zhao et al. 2011). In-depth review of these –
some conceptualized as “time-of-day” rather than
appropriate circadian-time – published trials reveal
diverse and often suboptimal protocols. This is exempli
fied by discrepancies in the selection of times of treat
ment, manner of BP measurement – office versus
ambulatory monitoring – and choice of BP endpoints
sensitive to hypertension-associated end organ injury
and cardiac and vascular morbidity and mortality out
comes. As a consequence of such differences and, some
times, suboptimal methodology, the results and
conclusions of various studies are inconsistent, even
when involving the same specific medication. The ideal
motivation for performing human ingestion-time
hypertension therapy trials should be an exploration of
the potential impact of endogenous circadian rhythms
on the behavior and effects of BP-lowering medications
to improve efficacy and limit side effects1; however,
protocols of these trials mandate proper adherence to
the standards and guidelines established by the field of
medical chronobiology (defined as the study of biologi
cal rhythms and medicine) for design and conduct of
this type of research.
The field of medical chronobiology comprises clinical
chronopharmacology (i.e. the influence of treatmenttime relative to biological rhythm stage on the pharma
cokinetics [PK] and pharmacodynamics [PD] of

medications) and chronotherapeutics (i.e. the timing of
medications [or other forms of treatment] to biological
rhythms to optimize beneficial and/or minimize/avert
adverse effects). Interest in clinical chronopharmacology
and chronotherapeutics is growing rapidly, especially in
regard to the management of hypertension to more
effectively control BP to better diminish CVD risk
(Bowles et al. 2018; De Giorgi et al. 2013; Gupta et al.
2020; Hermida et al. 2019a, 2016; Roush et al. 2014b;
Schillaci et al. 2015). Most notably, hypertension chron
otherapy that specifically targets the asleep systolic (SBP)
mean and dipper pattern, as specific features of the BP
24 h profile, has been found to: (i) substantially improve
control of elevated ambulatory BP (ABP), (ii) avert
injury to blood vessels, tissues and organs at highest
vulnerability – brain, heart, kidney and retina – and
(iii) of upmost clinical importance, reduce the risk for
nonfatal and fatal CVD events (Gupta et al. 2020;
Hermida et al. 2019a; Roush et al. 2014b; Sobiczewski
et al. 2014). These effects are verified by the: (i) metaanalyses concerning ingestion-time differences of hyper
tension medications on CVD risk conducted by Roush
et al. (2014b) and Gupta et al. (2020); (ii) prospective
hypertension chronotherapy study by Sobiczewski et al.
(2014) on high-risk patients with coronary heart disease
followed for an average 6.6 years; plus (iii) MAPEC
Study (Hermida et al. 2010) and much larger primarycare-based Hygia Chronotherapy Trial (Hermida et al.
2019a) that both entailed ABPM-diagnosed hyperten
sive patients. The conclusion of all such published evi
dence is consistent: ingestion of the complete daily dose
of ≥1 conventional BP-lowering medication at bedtime,
as opposed to the most common upon-awakening time,
significantly improves asleep BP control and, most
importantly, significantly reduces CVD morbidity and
mortality, not only of adult patients of the general
hypertension population (Hermida et al. 2010, 2019a),
but those of greater vulnerability and enhanced CVD
risk, including those having type 2 diabetes (Hermida
et al. 2011b, 2019a), chronic kidney disease (CKD)
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(Hermida et al. 2011c, 2019a) and resistant hypertension
(Ayala et al. 2013a; Hermida et al. 2019a).
Current hypertension guidelines fail to make
a recommendation on the time of when-to-treat
(Chiang et al. 2015; National Institute for Health and
Clinical Excellence, 2019; Piper et al. 2015; Rabi et al.
2020; Umemura et al. 2019; Unger et al. 2020; Wang
2015; Whelton et al. 2018; Williams et al. 2018), despite
the extensive information derived from past prospective,
randomized, chronopharmacology and chronotherapy
trials on the advantages and safety of the bedtime hyper
tension treatment strategy (Bowles et al. 2018; De Giorgi
et al. 2013; Hermida et al. 2016, 2020b, 2020c; Liu et al.
2014; Schillaci et al. 2015; Stranges et al. 2015; Sun et al.
2016; Zhao et al. 2011). Thus, those hypertension guide
lines disregard the relevance of circadian rhythms that:
(i) regulate BP level and 24 h patterning as the basis for
making the differential diagnosis of normotension ver
sus hypertension and (ii) affect the PK (absorption,
distribution, metabolism, and elimination) and PD (effi
cacy and safety) of hypertension medications as the basis
for deciding the optimum time of when-to-treat.
The aims and goals of this Position Statement are to
define the basic guidelines for the proper design, meth
ods and conduct of hypertension chronopharmacology
and chronotherapy trials. The circadian mechanisms
that govern the 24 h BP patterning and administrationtime differences in the efficacy and safety of prescription
BP-lowering therapy are first addressed and, thereafter,
recommendations, with justification, of the require
ments for sound hypertension chronopharmacology
and chronotherapeutic medication trials are detailed.
Endogenous circadian rhythms and exogenous 24 h
cyclic factors affecting BP regulation
Current hypertension guidelines advocate primary reli
ance on wake-time office BP measurement (OBPM) as
the ‘gold-standard’ to diagnose and manage arterial
hypertension. In so doing, they assume the time during
the 24 h when BP measurement is performed is clinically
irrelevant. Most of these guidelines, nonetheless, now
promote ABP monitoring (ABPM) of adult patients
(≥18 years of age), if “economically and logistically fea
sible” (Williams et al. 2018) to confirm the traditional
wake-time OBPM-based diagnosis of hypertension
(Chiang et al. 2015; National Institute for Health and
Clinical Excellence 2019; Piper et al. 2015; Rabi et al.
2020; Umemura et al. 2019; Unger et al. 2020; Wang
2015; Whelton et al. 2018; Williams et al. 2018),
a recommendation founded on the well-documented
significantly better value of ABPM than wake-time
OBPM in prognosticating CVD risk (Clement et al.
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2003; Dolan et al. 2005; Eguchi et al. 2008; Hermida
et al. 2011a, 2020a, 2018, 2020d, 2015; Minutolo et al.
2011; Roush et al. 2014a; Salles et al. 2008; Verdecchia
et al. 1994).
The majority of these same guidelines, however, pro
pose ABPM be done either solely during the usual activ
ity span or around-the-clock for only a single day/night
span to derive, respectively, just the “daytime” (National
Institute for Health and Clinical Excellence 2019;
Whelton et al. 2018) or 24 h SBP and diastolic BP
(DBP) means (Chiang et al. 2015; Rabi et al. 2020;
Umemura et al. 2019; Wang 2015) to make the diagnosis
of hypertension. This simplistic approach is unsatisfac
tory and leads to improper diagnoses, because it disre
gards the much more clinically relevant features of the
mostly predictable BP 24 h pattern (Hermida et al. 2015,
2013e). The activity/rest synchronized BP temporal var
iation results from the interrelationship of (i) multiple
external environmental 24 h cyclic factors and (ii) endo
genous circadian rhythm determinants, as summarized
in Table 1 (Fabbian et al. 2013; Hermida et al. 2007;
Portaluppi et al. 2012; Smolensky et al. 2007, 2017, 2016,
2015). The former comprise activity/rest cycleassociated temporal patterns of behavior-related factors,
such as posture; physical activity level; emotional and
mental stress; meal/diet and fluid (including stimulant,
e.g. caffeine) consumption; and exposure to ambient
thermal, noise and light (intensity and spectrum) con
ditions. The latter comprise endogenous circadian
rhythms of the neuroendocrine, endothelial, vasoactive
peptide and hemodynamic parameters, such as plasma
noradrenaline and adrenaline, autonomic nervous sys
tem (ANS) sympathetic/parasympathetic balance, nitric
oxide, atrial natriuretic and calcitonin gene-related pep
tides and components – prorenin, renin, angiotensinconverting enzyme (ACE), angiotensin I and II, and
aldosterone concentration – of the renin-angiotensinaldosterone system (RAAS) (Angeli et al. 1992; Fabbian
et al. 2013; Hermida et al. 2007; Portaluppi et al. 2012;
Smolensky et al. 2007, 2017, 2016, 2015; Sothern et al.
1995).
Endogenous circadian rhythms and exogenous 24
h cyclic factors influencing the PK of hypertension
medications
The PK of ingested BP-lowering medications is signifi
cantly affected not only by 24 h cycle of feeding behavior
but circadian rhythms of: (i) gastric pH and emptying
rate, gastro-intestinal motility and tissue blood perfusion,
passive and active transport phenomena, and biliary and
pancreatic processes that influence their absorption; (ii)
red and white blood cell count, plasma and tissue protein,
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Table 1. Contribution of exogenous environmental 24 h cycles and innate circadian rhythms to the typical 24 h BP pattern of most
normotensive and uncomplicated hypertensive persons.
Exogenous wake-sleep cycles
● Light: wake-time/dark: sleep-time
● Noise: wake-time/quiet: sleep-time
● Erect posture: wake-time/supine posture: sleep-time
● Physical activity & exertion: high wake-time/low or nil sleep-time
● Arousal, mental & emotional stress: high wake-time/nil sleep-time
● Meal/nutrient consumption: during wake-time/not during sleep-time
● Dietary salt & water consumption: during wake-time/not during sleep-time
● Caffeine & other stimulant consumption: during wake-time/not during sleep-time
Endogenous circadian rhythms†
● Plasma melatonin concentration: nil wake-time/high sleep-time
● SNS: dominant wake-time/suppressed (except during REM sleep) sleep-time
● Vagal tone: dominant sleep-time/suppressed wake-time
● Plasma active noradrenaline & adrenaline concentration: elevated just before morning awakening & highest late morning or afternoon/sleep-time trough
● Vasoconstriction: wake-time/vasodilation: sleep-time
● Vascular TPR: elevated sleep-time/decreased markedly on morning awakening
● Baroreflex response: upregulated morning/downregulated sleep-time
● HR & CO: elevated morning & wake-time/reduced sleep-time
● Peripheral capillary & arteriovenous-anastomoses blood flow: enhanced before & upon sleep onset/reduced upon morning-time sleep offset
● Plasma cortisol: highest morning/lowest or nil sleep-time
● α2- & β2-adrengeric receptors: upregulated morning/normal or downregulated afternoon & sleep-time
● RAAS: activated late nighttime sleep span/downregulated late evening & early sleep
● Plasma renin activity & ACE, angiotensin II, &and aldosterone concentration: significantly elevated morning & afternoon/reduced evening & early sleep
● GFR & Na, K, Cl, & H2O diuresis: elevated wake-time/depressed sleep-time
● ANP & CGRP plasma concentrations: highest sleep/lowest afternoon
● Plasma NO concentration: lowest on morning awakening/highest early evening
● Plasma ET-1 concentration: 1st peak on morning awakening & 2nd peak 12 h later/lowest early evening
● BP-natriuresis mechanism: upregulated sleep-time/downregulated wake-time
Other important determinants
● Age
● Sex
● Disordered sleep
● Comorbidities (chronic kidney disease, diabetes, heart failure or other cardiovascular disease, hypertension in pregnancy, etc.)
† ACE: angiotensin-converting enzyme; ANP: atrial natriuretic peptide; BP: blood pressure; CGRP: calcitonin gene-related peptide; Cl: chloride; CO: cardiac
output; ET-1: endothelin 1; GFR: glomerular filtration rate; H2O: water; HR: heart rate; K: potassium; Na: sodium; NO: nitric oxide; RAAS: renin-angiotensinaldosterone system; SNS: sympathetic nervous system; TPR: total peripheral resistance.

passive and active cell membrane transport, and tissue
blood perfusion that influence their distribution; and (iii)
hepatic and renal blood perfusion, the activity of multiple
hepatic enzymes and biochemical pathways, plus glomer
ular filtration and other renal tubular phenomena that
influence their metabolism and elimination (Baraldo
2008; Bélanger et al. 1997; Bruguerolle 1998; Labrecque
and Beauchamp 2003; Lemmer 1996; Reinberg and
Smolensky 1982). Dosing-time-dependent difference in
the PK of medications can also be affected by their che
mical nature, e.g. the absorption rate of lipophilic, but not
hydrophilic, medications have been reported to differ
according to ingestion-time (Shiga et al. 1993).
Endogenous circadian rhythms and exogenous 24
h cyclic factors influencing the PD of hypertension
medications
Statistically and clinically significant ingestion-time (with
reference to the circadian staging of biological rhythms)
differences in the PD, both in regards to the efficacy and
safety of hypertension medications, are clearly evident by

observed disparities in the therapeutic modulation of the
BP 24 h pattern – especially those features identified with
highest associated CVD risk, namely the asleep BP mean
and sleep-time relative BP decline – and occurrence of
adverse effects (Bowles et al. 2018; De Giorgi et al. 2013;
Hermida et al. 2016, 2020b, 2020c; Liu et al. 2014;
Schillaci et al. 2015; Stranges et al. 2015; Sun et al. 2016;
Zhao et al. 2011). Such treatment-time-dependent (prop
erly conceptualized as circadian rhythm-time-dependent)
differences in the PD of hypertension medications result
not only from those circadian rhythms that influence PK
but also from various other circadian rhythms that: (i)
affect circulating free-fraction concentration, cell/tissue
receptor number/conformation and second messengers/
signaling pathways of drug-targeted sites, such as blood
vessels, heart and renal tissue plus (ii) comprise mechan
isms of the 24 h BP pattern, especially the ANS and
RAAS (Angeli et al. 1992; Fabbian et al. 2013; Hermida
et al. 2007; Portaluppi et al. 2012; Smolensky et al. 2007,
2017; Sothern et al. 1995). Thus, it is important to note
that due to the circadian organization of biological pro
cesses at all hierarchal levels, ingestion-time differences in
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the therapeutic and adverse effects of hypertension med
ications need not, as commonly assumed, be solely
dependent upon ingestion-time disparities in PK, i.e.
absorption, distribution and metabolism/elimination.
Although the PK of medication may be the same no
matter the time of day when ingested, the PD can differ
significantly. This is because the timing of peak and
trough blood concentrations of single or combination
hypertension medications relative to the staging of the
targeted circadian rhythms involved in the regulation of
the 24 h BP pattern can be more strongly deterministic of
the beneficial and adverse effects than the PK, alone
(Bowles et al. 2018; De Giorgi et al. 2013; Hermida
et al. 2016, 2020b, 2020c; Reinberg and Smolensky
1982; Stranges et al. 2015).
Many recent clinical trials and meta-analyses (Bowles
et al. 2018; De Giorgi et al. 2013; Hermida et al. 2016,
2020b, 2020c; Liu et al. 2014; Schillaci et al. 2015;
Stranges et al. 2015; Sun et al. 2016; Zhao et al. 2011)
have found conventional single and combination hyper
tension medications when ingested at bedtime rather
than upon awakening from sleep results in an enhanced
reduction of the asleep BP mean and increased sleeptime relative BP decline – the two most relevant BPderived prognostic markers of CVD risk – and without
the added hazard of adverse effects (De Giorgi et al.
2013; Hermida et al. 2016, 2020b, 2020c; Zhao et al.
2011). These ingestion-time differences in therapeutic
benefits, as discussed above, derive from the circadian
rhythm-dependent disparity in effects upon the PK and
PD of BP-lowering medications that occur in association
with the differential staging during the 24 h of neuroen
docrine and other circadian rhythm-organized mechan
isms of BP regulation (Fabbian et al. 2013; Hermida et al.
2007; Portaluppi et al. 2012; Smolensky et al. 2007,
2017). For example, the activity of the RAAS increases
or peaks between the middle to late sleep span and
decreases to the lowest level between the late wake/
early sleep period (Angeli et al. 1992). Accordingly,
ingestion at bedtime of angiotensin-II receptor blocker
(ARB) and angiotensin-converting enzyme inhibitor
(ACEI) medications – plus their tested combinations
with calcium-channel blockers (CCB) and diuretics –
results in drug concentration being highest during
sleep, which coincides in time with the peak activity
during the 24 h of the RAAS (Angeli et al. 1992;
Portaluppi et al. 2012; Sothern et al. 1995).
Consequently, this treatment strategy enhances reduc
tion of the asleep BP mean – without compromised
beneficial effect upon the awake BP because of the favor
able PK of modern therapeutic systems – and it increases
the sleep-time BP decline, thus converting the high CVD
risk nondipper BP patterning toward normal without
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inducing sleep-time hypotension. The improved benefi
cial effects of the ARB, ACEI and their combination
medications – regardless of their unique plasma term
inal half-life – are documented by multiple properly
designed and conducted high-quality chronotherapy
trials (De Giorgi et al. 2013; Hermida et al. 2016,
2020b; Zhao et al. 2011).

Guidelines for the design and conduct of
hypertension chronopharmacology and
chronotherapy trials
A very large number (N > 150) of clinical studies pub
lished since 1976 have investigated potential ingestiontime differences in the effects of hypertension medications
(Hermida et al. 2020b, 2020c). However, sometimes the
results and conclusions of these past trials, even when
evaluating the same specific medications, are conflicting,
in most instances the consequence of dissimilar methods.
Over the years, new knowledge and technology have
helped identify the circadian rhythm in BP and its dipping
pattern phenotypes, plus circadian mechanisms of BP
regulation and ingestion-time hypertension medication
chronopharmacology; collectively, this new information
has provided fresh insight as to how to improve the design
and conduct of future such trials. Nonetheless, there has
yet to be sufficient discussion or consensual agreement as
to the proper design, methods and conduct of chrono
pharmacology and chronotherapy trials that takes into
account this new knowledge. A critical review of the
differing methods of previous published studies identifies
in a subset of them a number of common deficiencies and
inconsistencies, which potentially affected outcomes in
a negative manner, including:
(i) Absence as a key inclusion criterion that parti
cipants have a comparable activity/sleep rou
tine, confirmed by diary entries or other
methods, such as wrist actigraphy.
(ii) Selection of treatment times according to either
nonspecific “morning” and “evening” periods
or arbitrary clock times rather than distinctive
biological markers of the circadian stage, e.g.
upon waking and at bedtime, that takes into
account differences between individuals in the
24 h activity/sleep rhythm (Hermida et al.
2017), including those emanating from an
advanced and delayed phase sleep disorder
and circadian chronotypes of extreme morn
ingness and eveningness (Curtis et al. 2019;
Roenneberg et al. 2007; Zhang et al. 2019).
(iii) Reliance solely on wake-time OBPM or home
BP measurement (HBPM) to certify subjects as
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(iv)

(v)

(vi)

(vii)

arterial hypertensive to qualify them for partici
pation in medication trials. Qualification of sub
jects in this manner is likely to be erroneous due
to the high likelihood of including those with
masked normotension (also termed white-coat
hypertension or isolated-office hypertension),
i.e. elevated wake-time OBPM but normal outof-office BP by ABPM-based criteria, and exclu
sion of otherwise high-risk patients with masked
hypertension, i.e. normal wake-time OBPM but
elevated out-of-office BP by ABPM-based cri
teria (Hermida et al. 2012, 2020d, 2013e).
Dependence, as the outcome variable, upon
wake-time OBPM or wake-time HBPM that
does not enable evaluation of the effects of
timed hypertension treatment on the most rele
vant characteristics of the BP 24 h pattern and
level, i.e. the asleep SBP mean and sleep-time
relative SBP decline, now identified as the
strongest prognostic markers of CVD risk
(Astrup et al. 2007; Ben-Dov et al. 2007;
Boggia et al. 2007; Brotman et al. 2008; Dolan
et al. 2005; Fagard et al. 2008; Fan et al. 2010;
Hermida et al. 2011a, 2013c, 2020a, 2018,
2020d; Ingelsson et al. 2006; Minutolo et al.
2011; Nakano et al. 1998; Ohkubo et al. 2002;
Roush et al. 2014a; Salles et al. 2016; Sturrock
et al. 2000), and thus the highest priority ther
apeutic targets for CVD prevention (Hermida
et al. 2011a, 2018, 2020d).
When ABPM is utilized, reliance solely on the
24 h or “daytime” or awake BP mean as the
unique or major response variable, which
masks the much more valuable clinical infor
mation conveyed by the specific features of the
circadian BP pattern that are known to be most
strongly associated with BP-targeted organ
pathology and elevated CVD risk.
When ABPM is utilized, the use of arbitrarily
selected clock hours to define the commence
ment and termination of “diurnal activity” and
“nocturnal rest” that gives rise to misleading
and biologically and clinically irrelevant exter
nally referenced “daytime” and “nighttime” BP
means, as opposed to the biological-time refer
enced, and thus most clinically meaningful,
awake and asleep BP means, calculated using
diary recordings or other methods, such as
wrist actigraphy, of actual bed and wake times
(Booth 3rd et al. 2016; Jones and Sinha 2011;
Peixoto Filho et al. 1995).
When ABPM is utilized, inappropriate/subop
timal ABP measuring scheme, i.e. the interval

between individual around-the-clock BP mea
surements being either too short or too long,
and additionally the total duration of sampling
being too short, ≤24 h.
(viii) Inaccurate calculation of the awake, asleep and
24 h BP means – and, therefore, also the sleeptime relative BP decline derived from the first
two of these means – just as the simple arith
metic average of all ABPM-determined BP
values.
(ix) Lack of required sample size calculation that
leads to underpowered studies because of an
insufficient number of recruited participants
and as a consequence results in an inability to
draw valid conclusions.
Based on the above-mentioned deficiencies, here we pro
pose the specific criteria for the proper design and conduct
of future hypertension chronopharmacology and chron
otherapy trials, as outlined in Table 2, each subsequently
discussed in detail.
Inclusion criteria for patient recruitment
Diagnosis of hypertension
Reliance on wake-time OBPM and/or wake-time HBPM
versus around-the-clock ABPM for the diagnosis of
arterial hypertension might lead to discrepancies due
to marked differences between BP values obtained by
each method. Current guidelines (Chiang et al. 2015;
National Institute for Health and Clinical Excellence
2019; Piper et al. 2015; Rabi et al. 2020; Umemura
et al. 2019; Unger et al. 2020; Wang 2015; Whelton
et al. 2018; Williams et al. 2018) define “normotension”
and “sustained hypertension,” respectively, as in-clinic
and out-of-clinic measured BP both being normal or
elevated. Discrepancies between diagnostic conclusions
of the two measures have been defined as either isolatedoffice hypertension (also termed white-coat hyperten
sion) – although the more accurate and preferred term is
masked normotension (Hermida et al. 2013e) – when the
wake-time OBPM is elevated but the out-of-office BP is
normal by ABPM-based criteria, or masked hypertension
when the wake-time OBPM is normal but the out-ofoffice BP is elevated by ABPM-based criteria (Hermida
et al. 2012, 2020d, 2013e). These two highly prevalent
disparate diagnostic categories are associated with mark
edly different CVD risk (Coccina et al. 2020; Fagard and
Cornelissen 2007; Hermida et al. 2012; Pierdomenico
and Cuccurullo 2011). Reliance upon wake-time
OBPM or wake-time HBPM, rather than around-theclock ABPM, to certify subjects as hypertensive as inclu
sion criterion might be erroneous and leads to

Statement of procedure

Improper & unacceptable
Required & recommended
Improper & not recommended
Proper & recommended

General criteria applicable to any clinical trial
7.Sample size calculation
Not done or mistakenly done
Properly done
8.Study design
Nonrandomized or crossover open-label without washout period
Crossover (with sufficient washout period of ≥2 weeks) or randomized (PROBE or double-blind)

ABPM: Ambulatory blood pressure monitoring. BP: Blood pressure. HBPM: Home blood pressure measurement. MAP: Mean arterial pressure. OBPM: Office blood pressure measurement. PROBE: Prospective, randomized,
open-label, blinded endpoint trial. Sleep-time relative SBP decline, index of BP dipping, defined as percent decrease in mean SBP during the sleep span relative to mean SBP during the activity span, calculated as: ([awake
SBP mean – asleep SBP mean]/awake SBP mean) × 100; participants are designated as dipper if the sleep-time relative SBP decline is ≥10%, and as nondipper otherwise (Hermida et al. 2013e).

Suboptimal & not recommended
Optimal & recommended
Improper & not recommended
Proper & recommended

Improper & not recommended
Improper & not recommended
Proper & recommended
Improper & not recommended
Improper & not recommended
Improper & not recommended
Proper & recommended

Improper & not recommended
Improper & not recommended
Improper & not recommended
Proper & recommended
Improper & not recommended
Proper & recommended

Recommendation

Specific BP measurement criteria
3.Primary BP measurement
Wake-time OBPM
method
Wake-time HBPM
Around-the-clock ABPM by a validated and calibrated device
4.Primary ambulatory BP and
24 h mean or daytime/awake BP mean
other endpoints
Nighttime/asleep BP mean and/or sleep-time relative decline calculated using fixed common clock-time span across all subjects
Dipping based on sleep-time relative decline derived from MAP or DBP, instead of only SBP
Asleep SBP/DBP means calculated using the individualized activity/rest cycle per subject and SBP dipping (only if sleep-time relative SBP
decline properly calculated from awake/asleep SBP means)
5.Intended ABPM duration
<48 h
≥48 h
6.Calculation of ABPM-based
Unadjusted (arithmetic mean) procedure
mean values
Adjusted procedure

Specific hypertension chronopharmacology and chronotherapy trial criteria
1.Inclusion criteria for patient
Reliance on wake-time OBPM or wake-time HBPM to certify subjects as arterial hypertensive
recruitment
Recruitment primarily of properly controlled treated patients according to diagnostic thresholds for arterial hypertension
Failure to require as inclusion criterion that participants have a confirmed similar activity/sleep routine
Recruitment of arterial hypertensive patients according to ABPM diagnostic thresholds, all with similar activity/sleep routine
2.Tested treatment times
Arbitrary clock times or spans of the 24 h (e.g. 08:00 h vs. 20:00 h, morning vs. evening, etc.)
Surrogate markers of endogenous biologic-time (e.g. upon awakening vs. at bedtime of sleep/wake routine)

Protocol item

Table 2. Recommended guidelines for the design and conduct of prospective hypertension chronopharmacology and chronotherapy trials.
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misleading findings due to the high likelihood of includ
ing >20% low CVD risk participants with masked nor
motension and excluding >27% otherwise high CVD
risk participants with masked hypertension, mainly
those with normal OBPM but elevated asleep BP mean
and/or nondipper BP pattern (Hermida et al. 2018,
2020d). Furthermore, focusing recruitment on treated
hypertensive individuals whose BP is already properly
controlled according to ABPM-based diagnostic and
therapeutic thresholds is also inappropriate and leads
to misleading findings when evaluating ingestion-timedependent effects of BP-lowering therapies. Beyond BPlowering efficacy being markedly associated with pretreatment BP level, diminishing with lower baseline BP,
it is judged unethical to change the treatment regimen of
any patient whose BP is already properly controlled
according to guideline-recommended threshold values.
Accordingly, certification of subjects as being arterial
hypertensive or having treatment-controlled BP accord
ing to diagnostic thresholds of wake-time OBPM or
wake-time HBPM as the main means of recruitment is
unsound and should be avoided. Furthermore, several
studies have reported gender differences in hypertension
and CVD risks (Hermida et al. 2013d; Howard et al.
2019; Ji et al. 2020; Madsen et al. 2019), effects of BPlowering medications (Stolarz et al. 2015) and adverse
medication reactions (De Vries et al. 2019). Therefore,
balance distribution by sex among recruited hyperten
sive persons and assessment of potential sex-dependent
differences in effects are also recommended.
In summary, one fundamental criterion for inclusion of
participants in hypertension chronopharmacology and
chronotherapy trials should be that they have elevated BP
and that it is uncontrolled according to ABPM-based diag
nostic thresholds, whether or not under treatment with pre
scription medications. Reliance solely on wake-time OBPM
or wake-time HBPM to certify subjects as arterial hyperten
sive and main or sole recruitment of properly controlled
treatment patients according to diagnostic thresholds for
hypertension is unsound and should be avoided.
Sleep/wake routine
The body’s circadian structure is primarily synchronized by
one’s 24 h routine of activity in light and sleep in darkness.
Disparities between individuals in their rest/activity cycle,
which can be considerable because of inherited or lifestyledetermined chronotype of morningness and eveningness
(Horne and Östberg 1976; Lemoine et al. 2013; Roenneberg
et al. 2007; Zhang et al. 2019), are thus associated with
sometimes appreciable differences in the staging of the
circadian rhythms that are mechanistic of both 24 h BP

variability and response to therapy (Fabbian et al. 2013;
Hermida et al. 2007; Portaluppi et al. 2012; Smolensky et al.
2007, 2017). Moreover, rotating shift workers and night
workers, who have atypical and variable sleep/wake rou
tines, and persons subjected to recent and continuing trans
meridian air travel and whose circadian system is likely to
be differently staged or disrupted in comparison with those
of a stable sleep/wake routine should be investigated in
specifically designed trials and excluded from joint partici
pation with persons adhering to a stable routine of daytime
activity and nighttime sleep. Therefore, an additional indis
pensable criterion for qualifying subjects to participate in
hypertension chronopharmacology and chronotherapy
trials is adherence to a stable and mutually common activ
ity/sleep routine as confirmed by diary entries or other
methods, such as wrist actigraphy.
In summary, taking into account the multiple innate
circadian rhythms that contribute to the 24 h BP pattern
as well as PK and PD of BP-lowering medications, a key
inclusion criterion for all recruited participants of hyper
tension chronopharmacology and chronotherapy trials is
adherence to a stable and similar activity in light/sleep in
darkness conventional routine that is confirmed by diary
entries or other methods.

Selection of tested treatment times
As discussed in the previous sections of this Position
Statement paper, the circadian structure is primarily syn
chronized by one’s 24 h routine of activity in light and
sleep in darkness. Therefore, clock-time is not at all
equivalent to biological-time. This fact is of fundamental
relevance, not only to investigations entailing the chron
opharmacology and chronotherapy of hypertension med
ications, but the application of their findings in the clinical
setting to improve patient care (Hermida et al. 2015,
2013e). Accordingly, selection of treatment-times must
be done according to internal biological time as expressed
by features of the sleep/wake cycle of individuals, i.e.
awakening and bed times, rather than according to bio
logically meaningless and nonspecific “morning” and
“evening” spans or arbitrary clock hours. This recommen
dation is of essential importance.
In summary, hypertension chronopharmacology and
chronotherapy protocols must not designate treatment
times in terms of nonspecific “morning” and “evening”
spans or arbitrary clock hours. Trials founded on external
time-of-day criteria, rather than biomarkers of internal
circadian time, are unacceptable, because of disrespect for
one of the basic standards of quality biological rhythm
research, thereby rendering findings potentially erroneous.
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Primary BP measurement method
The diagnosis and management of arterial hyperten
sion today are based almost exclusively on wake-time
OBPM, sometimes complemented by wake-time
HBPM as the preferred out-of-office BP assessment
(Chiang et al. 2015; National Institute for Health and
Clinical Excellence 2019; Piper et al. 2015; Rabi et al.
2020; Umemura et al. 2019; Unger et al. 2020; Wang
2015; Whelton et al. 2018; Williams et al. 2018).
However, neither OBPM nor HBPM can reveal the
clinically important features of the mostly predictable
BP 24 h pattern that can be disclosed solely by com
prehensive around-the-clock ABPM. In most diurnally
active normotensive and uncomplicated hypertensive
persons, BP is characterized by: (i) striking rise com
mencing ~1 h before the usual time of awakening from
sleep; (ii) two wake-time time peaks – the major one
~2-3 h after awakening and the usually less prominent
one ~10-12 h later; (iii) small mid-afternoon (postprandial) wake-time nadir; and (iv) 10–20% decline of
the sleep-time BP mean relative to the wake-time BP
mean (Hermida et al. 2007; Smolensky et al. 2017). The
usually greater awake than asleep BP, to large extent,
derives from the high-amplitude circadian variation of
sympathetic tone that peaks during the waking span,
evidenced by highest activation of the ANS and con
centrations then of plasma norepinephrine and epi
nephrine (Lakatua et al. 1986), plus elements of the
RAAS – prorenin, renin, ACE, angiotensin I and II,
and aldosterone – most of which increase in concen
tration between the middle to late-sleep span (Angeli
et al. 1992; Kool et al. 1994; Sothern et al. 1995). The
normally lower BP during sleep, relative to wakeful
ness, predominantly results from attenuation of beha
vioral and environmental factors in combination
mainly with the decline of sympathetic and rise of
vagal tone, the elevation of atrial natriuretic and calci
tonin gene-related vasoactive peptides, and depression
of the RAAS (Fabbian et al. 2013; Hermida et al. 2007;
Portaluppi et al. 2012; Smolensky et al. 2007, 2017). The
above described 24 h BP pattern is thought by many to
be the most common one. However, with aging and
decline in health, its features, particularly the asleep
SBP mean and the sleep-time relative SBP decline (see
Section 2.4.4 for a detailed discussion), may undergo
significant alteration (Hermida et al. 2013a). Thus,
>64% of individuals ≥60 years of age (Hermida et al.
2013a) and of those having a positive diagnosis of type
2 diabetes (Ayala et al. 2013b) or CKD (Mojón et al.
2013) are likely to exhibit an abnormally elevated
asleep SBP mean and consequently nondipping 24 h
profile, i.e. <10% sleep-time relative SBP decline, both
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indicative of elevated CVD risk and as such both
worthy targets of hypertension therapy, as discussed
in Section 2.4.2.
Only around-the-clock ABPM is capable of assessing
the prognostic features of the 24 h BP variation that
represents the totality of the exogenous cyclic and endo
genous rhythmic influences. In this regard, multiple out
come trials consistently substantiate the correlation
between BP parameters derived from around-the-clock
ABPM and risk of CVD events and target organ injury
and pathology – such as of the blood vessels, heart and
kidneys – is much more robust than for wake-time
OBPM (Clement et al. 2003; Dolan et al. 2005; Eguchi
et al. 2008; Hermida et al. 2011a, 2018, 2020d, 2015;
Minutolo et al. 2011; Roush et al. 2014a; Salles et al.
2008; Verdecchia et al. 1994). Therefore, ABPM is man
dated to assess the prognostic features of the 24 h BP
variation, particularly those of the asleep and awake SBP
means and dipping pattern, which must be correctly
calculated by specifically incorporating measurements
made, respectively, during the actual sleep and wake
spans of each involved person. This requires accurate
knowledge of the bed and awakening times of each indi
vidual, as opposed to relying on presumed ones that
generate “daytime” and “nighttime” BP means, which
are time-of-day (not biological time) values that are likely
to be poorly representative of the true awake and asleep
BP means (Booth 3rd et al. 2016; Hermida et al. 2015,
2013e; Jones and Sinha 2011; Peixoto Filho et al. 1995).
ABPM must be performed utilizing only previously vali
dated (an updated list of validated ABPM devices can be
found at http://dableducational.org/sphygmoman
ometers/devices_3_abpm.html#AbpmTable) and peri
odically calibrated devices (Hermida et al. 2013e;
Williams et al. 2018). Moreover, contrary to popular
opinion, ABPM, compared to traditional wake-time
OBPM, is highly economical, as verified by a recent costeffectiveness analysis of the database of the recruited
population (N = 21,963) of the Hygia Project (Hermida
et al. 2019a). The cost per 48 h ABPM study, preferred
over the most common 24 h monitoring duration (see
Section 2.5) to improve proper assessment of ABPMbased arterial hypertension and associated CVD risk
(Hermida et al. 2013b), was found to be highly affordable,
4.38€ (~4.82US$). Moreover, the diagnosis and manage
ment of arterial hypertension by annual or more frequent
periodic 48 h ABPM, versus traditional wake-time
OBPM, reduced in a strikingly manner the financial out
lay for elevated BP-associated pathology through both
greatly improved detection and management of true
arterial hypertension that resulted in markedly reduced
CVD morbidity and mortality (Hermida et al. 2019a).

10

R. C. HERMIDA ET AL.

In summary, hypertension chronopharmacology and
chronotherapy trials should rely on cost-effective aroundthe-clock ABPM as the primary method of BP measure
ment. ABPM must be performed utilizing previously vali
dated and periodically calibrated devices (Hermida et al.
2013e; Williams et al. 2018). Trials based solely on waketime OBPM and/or wake-time HBPM methods are incap
able of assessing key features of the entire 24 h BP and,
therefore, they are not recommended.
Primary ABP endpoints and ABPM requirements
Limitations of the 24 h ABP mean
The ordinarily used 24 h BP means to decide the diag
nosis of arterial hypertension ignores the much more
valuable and clinically relevant information conveyed by
specific features of the circadian BP pattern. Individuals
with the same 24 h BP mean – either above or below the
diagnostic thresholds for the 24 h SBP/DBP mean,
usually 130/80 mmHg (Chiang et al. 2015; Piper et al.
2015; Rabi et al. 2020; Umemura et al. 2019; Unger et al.
2020; Wang 2015; Williams et al. 2018) – are likely to
display radically different 24 h BP patterns, ranging from
extreme-dipper to riser phenotypes, thus constituting
strikingly different CVD risk states (Astrup et al. 2007;
Ben-Dov et al. 2007; Boggia et al. 2007; Brotman et al.
2008; Dolan et al. 2005; Fagard et al. 2008; Fan et al.
2010; Hermida et al. 2011a, 2013c, 2020a, 2018, 2020d;
Ingelsson et al. 2006; Minutolo et al. 2011; Nakano et al.
1998; Ohkubo et al. 2002; Roush et al. 2014a; Salles et al.
2016; Sturrock et al. 2000).
The graphs of Figure 1 illustrate the major limitation
of reliance upon the 24 h BP mean for diagnostic pur
pose and as a major endpoint of clinical hypertension
chronopharmacology and chronotherapy trials. The
graph in the upper-left-hand portion of Figure 1 pre
sents for a normotensive man the 24 h SBP pattern,
shown as the dashed thick line, with respect to the
circadian time-specified tolerance limits of normal
SBP, shown by the upper and lower continuous thin
lines. The latter were calculated as a function of both
sex and time during the rest-activity cycle (time
expressed relative to hours after awakening from night
time sleep) from the data of a reference population of
normotensive individuals (Hermida et al. 2004). The
shaded dark portion of the bar depicted on the lower
horizontal axis designates the sleep span determined by
wrist actigraphy for this individual. The graph shows
SBP is within the upper and lower tolerance limits –
normotensive range – throughout the entire 24 h,
thereby corroborating the diagnosis of normotension,
and which is inferred as well by the 24 h SBP mean
being 124.5 mmHg – below the 130 mmHg threshold

recommended for the diagnosis of arterial hypertension
by current guidelines (Hermida et al. 2013e; Williams
et al. 2018). The sleep-time relative SBP decline of 17%
indicates he has a normal dipper BP pattern. The graph
depicted in the upper-right-hand portion of Figure 1
presents in the same manner the SBP of a different
man with an extreme-dipper BP pattern characterized
by a sleep-time relative SBP decline of 24.3% caused by
too-low sleep-time SBP, as depicted by the shadowed
area below the lower limit of the tolerance intervals, but
having the exact same 24 h SBP mean of 124.5 mmHg as
the normal dipper individual whose BP profile is shown
in the upper-left-hand graph of this figure. The graphs of
the lower left- and right-hand portions of Figure 1 dis
play the 24 h SBP profile of two additional men, both
having the same 24 h SBP mean, once again of
124.5 mmHg. The first man has a nondipper profile
with sleep-time relative BP decline of 5.4% and asleep
SBP mean of 122.1 mmHg, thereby corroborating the
diagnosis of arterial hypertension. The second man has
a riser BP pattern, associated with the highest CVD risk
among all the possible BP patterns, with sleep-time
relative BP decline of −2.4% and asleep SBP mean of
126.8 mmHg, thereby once again corroborating the
diagnosis of arterial hypertension. These illustrative
four examples of Figure 1 indicate the identical 24 h
“normal” BP mean, i.e. below the diagnostic threshold of
arterial hypertension according to current guidelines,
might indeed be associated with totally different circa
dian BP patterns and, thus, markedly different CVD risk
and, moreover, actually different diagnostic status with
the use of proper ABPM criteria.
In summary, reliance on the 24 h BP mean – whether
to diagnose arterial hypertension, evaluate response to
therapeutic intervention, or assess CVD risk – is insuffi
cient and suboptimal, both as a clinical and research
procedure (Hermida et al. 2015, 2013e).
ABP sensitive prognostic markers of CVD risk
It is noteworthy that many independent prospective
studies demonstrate CVD events are much better pre
dicted by the asleep than the 24 h or awake ABP means
(Ben-Dov et al. 2007; Boggia et al. 2007; Dolan et al.
2005; Fagard et al. 2008; Fan et al. 2010; Hermida et al.
2011a, 2013c, 2020a, 2018, 2020d; Minutolo et al. 2011).
This is additionally substantiated by the published metaanalysis of original databases, rather than summary sta
tistics, of 13,844 hypertensive patients (Roush et al.
2014a). Although the wake-time office SBP and ABPMderived awake and asleep SBP means, when each was
analyzed as a separate variable, were individually found
to be significantly associated with elevated CVD risk,
only the asleep SBP mean remained as an independent
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Figure 1. 24 h SBP profile (dashed thick lines) of four male subjects, respectively, dipper (upper left), extreme-dipper (upper right),
nondipper (lower left) and riser pattern (lower right), having the same 24 h SBP mean of 124.5 mmHg. The SBP profiles are plotted with
respect to circadian time-specified tolerance limits for normal SBP (continuous thin lines), calculated from a reference population of
normotensive individuals of comparable rest-activity cycle and male sex.

predictor of CVD events when all three SBP measures
were simultaneously entered into the survival model
(Roush et al. 2014a).
The differential importance of the multiple ABPMderived parameters, in comparison with wake-time
OBPM, as risk markers of CVD morbidity and mortality
were verified by the large primary care-based multicen
ter Hygia Project (Hermida et al. 2018), a research net
work established in 2007 to incorporate ABPM as
a routine procedure in primary-care medicine to diag
nose and manage arterial hypertension, assess response
to BP-lowering therapy and appraise patient CVD and
other medical risks. Between 2008 and 2018, the parti
cipating primary-care physicians referred 21,963 persons
for 48 h (rather than just 24 h for reasons explained

subsequently, Section 2.5) ABPM annually, or more
often in treated hypertensive participants above ABP
therapeutic targets (respectively, 135/85 and 120/
70 mmHg for awake and asleep SBP/DBP means
[Hermida et al. 2013e; Williams et al. 2018]) and indi
viduals having compelling clinical conditions of elevated
CVD risk, such as diabetes, CKD and past CVD events.
Corroborating and extending previously reported find
ings based on the data derived from the Hygia Project
cohort of 18,078 individuals recruited up to 2015
(Hermida et al. 2018), more recent Cox proportionalhazard analyses on the enlarged sample of 21,963 persons
that includes 3,885 additional participants recruited by
primary-care physicians of the Hygia Project between
2015 and 2018, again substantiated the asleep SBP mean
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to be the most significant BP marker of CVD risk,
independent of the absence or presence of hypertension
therapy at baseline or treatment-time strategy (upon
awakening versus at bedtime) during the several years
of follow-up (Hermida et al. 2020d).
To further illustrate the relative clinical relevance of
the asleep versus awake BP means on CVD risk, the
enlarged Hygia Project study population (N = 21,963)
was categorized into four mutually exclusive nonover
lapping cohorts according to patient ABP level, i.e. nor
mal or elevated awake and normal or elevated asleep BP
mean, according to the guidelines-recommended ABPM
thresholds of 135/85 mmHg for the awake SBP/DBP
means and 120/70 mmHg for the asleep SBP/DBP
means (Hermida et al. 2013e; Williams et al. 2018).
Figure 2 indicates: (i) similar adjusted hazard ratio
(HR) for CVD outcome – CVD death, myocardial
infarction, coronary revascularization, heart failure,
ischemic stroke, hemorrhagic stroke, transient ischemic
attack, angina pectoris, or peripheral artery disease – of
participants with normal asleep BP mean, whether the
awake BP mean is normal or elevated (P = .825); (ii)
equivalent HR for hypertensive patients with elevated
asleep BP mean, whether the awake BP mean is normal
or elevated (P = .821) and (iii) significantly higher
adjusted HR of CVD outcome for participants with
elevated than normal asleep BP mean, independent of
the awake BP mean being below or above 135/85 mmHg
(always P < .001) (Hermida et al. 2020d).
The relationship between attenuated sleep-time relative
BP decline, i.e. nondipper/riser BP 24 h patterning, and

risk for CVD events is additionally well documented, both
for hypertensive (Dolan et al. 2005; Hermida et al. 2011a,
2018; Nakano et al. 1998; Ohkubo et al. 2002; Salles et al.
2016; Sturrock et al. 2000) and normotensive (Hermida
et al. 2013c) persons. To illustrate the importance of the
sleep-time relative SBP decline to CVD risk, the 21,963
participants of the Hygia Project, whose awake and asleep
BP means make up Figure 2, were further categorized into
four mutually exclusive nonoverlapping groups according
to the diagnostic 120/70 mmHg thresholds for the asleep
SBP/DBP means (Hermida et al. 2013e; Williams et al.
2018) and also the arbitrary ≥10% (dipper BP pattern) or
<10% (nondipper BP pattern) threshold for the sleep-time
relative SBP decline. Figure 3 indicates: (i) significantly
higher HR of CVD events for nondipper than dipper
participants, independent of the asleep BP mean being
normal or elevated and (ii) equivalent adjusted HR of
CVD events for nondipper patients with normal asleep
BP mean and dipper patients with elevated asleep BP
mean (1.41 95%CI [1.19–1.67] and 1.50 [1.29–1.74],
respectively; P = .210) (Hermida et al. 2020d).
Collectively, these findings denote increased CVD risk is
jointly associated with an elevated asleep BP mean –
regardless of the wake-time OBPM and awake BP
mean – and nondipper BP patterning, regardless of the
asleep BP level, leading to the perspective provided by
around-the-clock ABPM of a novel definition of true
arterial hypertension based specifically on the asleep SBP
mean and sleep-time relative SBP decline variables
(Hermida et al. 2018, 2020d). Consistent with this per
spective, prospective trials entailing at least annual patient

Figure 2. Adjusted HR of CVD events in the Hygia Project cohort entailing 21,963 individuals. Participants were categorized into four
nonoverlapping groups according to the level (normal or elevated) of the ABPM-derived awake and asleep SBP/DBP means. The ABPMderived awake SBP/DBP means were considered normal if <135/85 mmHg and elevated otherwise. The asleep SBP/DBP means were
considered normal if <120/70 mmHg and elevated otherwise. Adjustments were applied, if significant, for sex, age, diabetes, CKD and
history of previous major CVD event.
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Figure 3. Adjusted HR of CVD events in the Hygia Project cohort entailing 21,963 individuals. Participants were categorized into four
nonoverlapping groups according to the level (normal or elevated) of the ABPM-derived asleep SBP/DBP means and extent of the
sleep-time relative SBP decline. The ABPM-derived asleep SBP/DBP means were considered normal if <120/70 mmHg and elevated
otherwise. Participants were designated as dipper when the sleep-time-relative SBP decline was ≥10% and as nondippers when <10%,
using data sampled at 20–30 min intervals by ABPM for 48 consecutive hours. Adjustments were applied, if significant, for sex, age,
diabetes, CKD and history of previous major CVD event.

ABPM evaluations – as per protocol in both the MAPEC
Study (Monitorización Ambulatoria para Predicción de
Eventos Cardiovasculares, i.e. Ambulatory Monitoring
for Prediction of Cardiovascular Events) (Hermida et al.
2011a) and Hygia Project (Hermida et al. 2018) – docu
ment treatment-induced progressive attenuation of the
asleep SBP mean and increase of the sleep-time relative
SBP decline during the many years of follow-up are the
most significant joint markers of lowered CVD risk, inde
pendent of changes in the wake-time OBPM or ABPMobtained awake and 24 h SBP means (Hermida et al.
2011a, 2018).
In summary, the asleep SBP mean, but not the waketime OBPM or awake SBP mean, and the sleep-time rela
tive SBP decline constitute sensitive prognostic markers of
CVD risk and thus novel therapeutic targets for meaningful
advances in CVD prevention and prolongation of patient
CVD event-free survival (Hermida et al. 2011a, 2018),
thereby warranting them as primary ABP endpoints in
hypertension chronopharmacology and chronotherapy trials.
Beyond the asleep (not “nighttime”) BP mean and sleep-time
relative SBP decline – both calculated utilizing data obtained
by around-the-clock ABPM and specifically in terms of the
individualized activity/rest cycle of each person – hyperten
sion chronopharmacology and chronotherapy trials might
also incorporate additional biomarkers indicative of
improvement in target organ pathology, such as the kidney –
reduced albuminuria and increased estimated glomerular
filtration rate – and heart – decreased left ventricular poster
ior diameter and left ventricular mass.

Requirements for proper assessment of ABP
prognostic parameters
The collective results presented in previous sections of
the Position Statement paper document the asleep SBP
mean and sleep-time relative SBP decline (dipping) con
stitute the most significant and independent prognostic
markers of CVD risk and, therefore, crucial critical
clinical therapeutic targets for CVD prevention.
Calculation of these ABPM-based parameters should be
based only on the known bed and rise times of individual
participants, rather than on the unrealistic assumption
of a common activity/rest routine among all individuals
that, from a clinical perspective, results in unrepresenta
tive “daytime” and “nighttime” BP means (Hermida
et al. 2017, 2020d, 2013e).
To illustrate the importance of this requirement,
Figure 4 presents for a normotensive man the 24 h SBP
pattern shown as the dashed thick line with respect to
the circadian time-specified tolerance limits of normal
SBP shown by the upper and lower continuous thin
lines. The latter were calculated as a function of both
sex and time during the rest-activity cycle (time
expressed relative to hours after awakening from night
time sleep) from the data of a reference population of
normotensive individuals who on average slept 8.9 h and
who on average retired to sleep at 23:58 h (Hermida et al.
2004). The individual assessed by ABPM slept for 9 h,
from 21:00 to 06:00 h, as corroborated by wrist actigra
phy. In keeping with the most common current
approach for ABPM analysis, the graph depicted on
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Figure 4. 24 h SBP profile (dashed thick lines) of a normotensive dipper man plotted with respect to circadian time-specified tolerance
limits for normal SBP (continuous thin lines) calculated from a reference population of normotensive individuals of comparable restactivity cycle and male sex. The same ABP data are represented as a function of clock time (left) and biological time, i.e. hours from
bedtime (right).

the left-hand portion of Figure 4 displays the SBP data of
this test subject expressed according to the clock time of
each measurement. Results from this improper analysis
of the BP data erroneously indicate (bottom table of
Figure 4) the test subject is apparently “hypertensive,”
with “nighttime” SBP mean >120 mmHg, and “nondip
per,” i.e. sleep-time relative SBP decline of 3.5%. The
graph on the right-hand portion of Figure 4 displays the
exact same BP data of this test subject after being reexpressed using his wrist actigraphy data, in terms of
hours from his actual bed time (21:00 h); the reference
tolerance limits did not change, since the zero time
(bedtime) was coincident with midnight. Analysis of
the re-expressed/synchronized data in reference to the
man’s specific sleep/wake routine correctly indicates he
is normotensive and a normal dipper, with the correctly
calculated asleep SBP mean and sleep-time relative SBP
decline both being normal, respectively, 110.8 mmHg
and 13.4%.
The critical importance of expressing ABPM data
according to the individual sleep-wake 24 h routine,
rather than assumed or common ones across all partici
pants, is further substantiated by the results of a large
epidemiology study of human sleep entailing 35,475
adults, 18–101 years of age, of 10 different countries of
Europe, Asia and North America (Ohayon 2011). The
findings reveal great disparity among people in the clock
times of awakening from and retiring to nighttime sleep.
Although the median time of awakening was 07:00 h, the
clock times of such among the individuals ranged from
02:30 h to 12:30 h. Similarly, although the median time

of bedtime was 23:00 h, the clock times of such among
the individuals ranged from 18:00 h to 05:30 h, thereby
also substantiating marked individual differences in
sleep duration (Ohayon 2011; Ohayon et al. 2004).
Practical demonstration of the requirement of calculat
ing ABPM-derived parameters on the basis of known
actual bed and wake times of individual patients is further
provided by analyses of the sleep patterns of the 3,344
normotensive and hypertensive participants of the earlier
conducted MAPEC Study (Hermida et al. 2011a). An
actigraphy was worn on the dominant wrist while under
going 48 h ABPM to record the level of physical activity at
1 min intervals from which the commencement and
termination of the activity and sleep span of each partici
pant was determined using dedicated software (Crespo
et al. 2012, 2013) that enabled the accurate derivation of
the SBP and DBP means of interest and additionally to
confirm adherence to the investigative protocol requiring
sleep duration being between 6 and 12 h (Hermida et al.
2011a). The right and left-hand graphs of Figure 5, respec
tively, depict the distribution of the actigraphydetermined wake-up and bed times at the baseline
ABPM evaluation of the 3,344 MAPEC Study partici
pants. The median wake-up and bed times were, respec
tively, 08:00 h and 23:30 h. However, the betweenindividual variation of wake-up and bed times were
great. For wake-up and bed times, the total range was,
respectively, 03:00–13:00 h and 19:30–06:30 h. The lefthand portion of Figure 6 depicts the distribution of the
sleep duration, restricted by protocol to be ≥6 h and
≤12 h, of the same MAPEC Study participants. Sleep
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Figure 5. Clock hour distribution of wake-up (left) and bed times (right) at the baseline ABPM evaluation of the MAPEC Study cohort
entailing 3,344 individuals.

Figure 6. Left: Distribution of duration of sleep determined by wrist actigraphy at the baseline ABPM evaluation of the MAPEC Study
cohort entailing 3,344 individuals. Right: Correlation between duration of sleep and age for the same MAPEC Study clinical cohort.

duration varied appreciably between participants, with
a mean of 8.89 h and a standard deviation of 1.16 h.
Moreover, as shown in the right-hand graph of Figure 6,
sleep duration was significantly correlated with age
(r = 0.251, P < .001), with sleep duration of this sample
of clinical patients – including, among others, participants
with previous CVD events, type 2 diabetes and CKD –
being significantly longer for older (≥55 years of age) than
younger individuals (respectively, 9.19 ± 1.14 h vs.
8.66 ± 1.11 h, P < .001).
In summary, the analysis and interpretation of ABPM
data as most often done, i.e. according to the actual clock
time of BP sampling, is inadequate and should be
avoided, both in population studies, individual patient
evaluations, and hypertension chronopharmacology and
chronotherapy trials (Hermida et al. 2013e). Accordingly,
as a minimum requirement, all individuals undergoing
ABPM should maintain a diary to record the times of

retiring to bed at night, awakening in the morning, con
sumption of meals, participation in exercise, and episodes
of unusual physical activity, mood/emotional states and
other atypical events that might affect BP (Hermida et al.
2013e). This individualized information serves many pur
poses. It is useful for deciding the quality of the ABPM
assessment and editing of suspected unrepresentative
measured BP values (as subsequently discussed in
Section 2.4.5) when undergoing around-the-clock ABPM.
Moreover, the individualized information pertaining to
the commencement and termination of the activity and
sleep spans is indispensable in order to accurately derive
the awake and asleep BP means on a per person basis.
Alternatively, objective determination of the bed and
wake-up times during ABPM can be achieved by simul
taneously wearing of an actigraph on the dominant wrist
to record the level of physical activity during ABP mea
surement (Crespo et al. 2012, 2013).
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Definition and assessment of ABP dipping phenotype
The sleep-time relative BP decline, index of BP dipping,
is defined as the percent decrease in mean BP during
the sleep span relative to mean BP during the activity
span; it is calculated as: ([awake BP mean – asleep BP
mean]/awake BP mean) × 100 (Hermida et al. 2013e).
Accordingly, individuals have been arbitrarily classified
as dippers or nondippers (sleep-time relative SBP
decline ≥ or <10%, respectively). The classification
has been extended by categorizing individuals into
four groups: extreme-dippers (sleep-time relative SBP
decline ≥20%), dippers (sleep-time relative SBP decline
≥10% but <20%), nondippers (sleep-time relative SBP
decline <10%) and inverse-dippers or risers (sleep-time
relative SBP decline <0%, indicating asleep BP > awake
BP mean) (Hermida et al. 2013e). Correct calculation
of the amount of BP dipping must be based on BP
measurements made during the actual activity and
sleep spans – not those made during arbitrarily
assumed daytime and nighttime spans. Additionally,
selection of the BP variable – SBP, DBP or mean arter
ial pressure (MAP) – utilized to calculate the sleep-time
relative BP decline and thus categorize dipping is an
extremely relevant issue. This is because dipping is an
arbitrary classification defined in terms of a given per
centage of the relative difference between the waketime and sleep-time BP means, but the range of BP
variability is markedly different for SBP, DBP and
MAP. Thus, employing the same 10% arbitrary thresh
old to define dipping/nondipping for the SBP, DBP, or
MAP is incorrect and leads to marked misclassification
and, thus, misleading perspectives and erroneous find
ings (Hermida et al. 2013e).

To illustrate this point, Figure 7 presents the mark
edly different dipping categorization that results when
the calculated sleep-time relative decline is based upon
the ABPM-assessed SBP in comparison to DBP 24 h
profiles of the same hypertensive individual. The upper
continuous line with squares represents the 24 h SBP
profile of a nondipper individual with an awake SBP
mean of 140 mmHg and asleep SBP mean of
127 mmHg. Both of these mean values are above the
corresponding 135 and 120 mmHg thresholds for the
diagnosis of arterial hypertension (Hermida et al. 2013e;
Williams et al. 2018). The difference between the awake
and asleep SBP means is 13 mmHg. Finally, the sleeptime relative SBP decline is 9.3% (i.e. 100×[140–127]/
140) indicating the individual has an elevated CVD risk
nondipper SBP profile. The lower dashed line with circles
represents the 24 h DBP profile of an apparently dipper
individual with an awake DBP mean of 87 mmHg and
asleep DBP mean of 74 mmHg. Both of these mean
values are also above the corresponding 85 and
70 mmHg thresholds for the diagnosis of arterial hyper
tension (Hermida et al. 2013e; Williams et al. 2018).
Again there is a 13 mmHg difference between the awake
and asleep DBP means. However, the calculated sleeptime relative DBP decline is 14.9% (i.e. 100×[87–74]/87),
thereby indicating that this same individual has
a nonelevated CVD risk dipper DBP profile. The rather
homogeneous pulse pressure (the difference between SBP
and DBP) of 53 mmHg throughout the 24 h further
indicates the SBP and DBP patterns of variation are
almost identical, i.e. having exactly the same circadian
amplitude and staging of the peak and trough BP values.
The example illustrated in Figure 7 is the norm and not at

Figure 7. Difference of ~4.4% in the calculated sleep-time relative decline for SBP versus DBP of the same arterial hypertensive
individual assessed by around-the-clock ABPM, demonstrating the differential and misleading sleep-time relative decline dipping
classification when improperly based on DBP measurements (resulting in conclusion of dipper categorization) rather than when
properly based on SBP measurements (resulting in conclusion in nondipper categorization).
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all the exception; evaluation of data from the baseline
ABPM assessment of the 21,963 participants of the
Hygia Project indicates the average (±SD) sleep-time
relative decline for SBP and DBP are, respectively,
9.8 ± 7.5% and 14.3 ± 8.3% (P < .001 between SBP and
DBP), causing the corresponding prevalence of nondip
ping based on SBP versus DBP to differ greatly, respec
tively, 46.6% and 27.9% (P < .001 between SBP and DBP).
This example demonstrates reliance on DBP, rather than
SBP, results in the erroneous categorization of dipping
status and in turn inaccurate determination of CVD risk
status.
In summary, for any given individual, the sleep-time
relative decline is, on average, ~4.5% larger for DBP than
SBP. Accordingly, the sleep-time relative BP decline and
corresponding categorization of individuals as dipper or
nondipper – or, when using the extended classification, as
extreme-dipper, dipper, nondipper or riser – should be
based on ambulatory SBP alone. Dipping classification
based on MAP, DBP or a combination of SBP and DBP is
misleading and should be avoided.
Additional ABPM requirements
BP values assessed by ABPM require validation and
editing before clinical use, as earlier recommended
(Hermida et al. 2013e). As a general rule, SBP readings
>250 or <70 mmHg, DBP >150 or <40 mmHg, and pulse
pressure (the difference between SBP and DBP) >150 or
<20 mmHg are beyond the range of usual physiologic
values and, therefore, should be eliminated.
Furthermore, ABPM measurements, according to diary
entries, obtained during physical exercise, excessive
movement, driving, unusual mood/emotional states
and other confounding circumstances must be checked
and edited for nonrepresentative values. Finally, ABPM
data series must be considered invalid for analysis if
diary entries reveal the rest-activity schedule was incon
sistent during the two consecutive days of assessment
(e.g. a difference of >2 h between times of waking or
going to bed for the two days), the duration of the sleep
span was <6 h or >12 h, if ≥30% of the scheduled BP
measurements are missing from the time series, or BP
data are lacking for a continuous interval of >2 h
(Hermida et al. 2013e).
Furthermore, in keeping with current ABPM recom
mendations (Hermida et al. 2013e), participants in
hypertension chronopharmacology and chronotherapy
trials at the time of every clinic visit for ABPM evalua
tion must be specifically instructed to: (i) fit and prop
erly adjust the BP cuff to the nondominant arm; (ii)
preferably wear a thin layer of cotton clothing under
the cuff to minimize risk for discomfort, skin reactions
and bruising so as to enhance compliance (Thien et al.
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2015); (iii) adhere to usual activities with minimal
restrictions, i.e. maintain a similar activity-rest schedule
and avoid daytime napping during the two consecutive
days of evaluation; (iv) avoid activities that might inter
fere with operation of the ABPM device and representa
tive measurement of BP values; (v) position the BP cuff
at heart level, cease moving or talking, maintain the arm
motionless and relaxed, and breathe normally when the
cuff starts to inflate and until it fully deflates; (vi) switch
the device off every time it is removed, even for brief
periods of time, e.g. to shower/bathe, change clothes,
etc., and switch it on again thereafter; (vii) keep the
device on during sleep, and not to switch it off; and
(viii) fill in all required entries in the provided daily
diary (see Section 2.4.3) (Hermida et al. 2013e).
ABPM sampling rate and duration
The vast majority of hypertension guidelines (Chiang
et al. 2015; Piper et al. 2015; Rabi et al. 2020; Umemura
et al. 2019; Unger et al. 2020; Wang 2015; Whelton et al.
2018; Williams et al. 2018) recommend ABPM be per
formed just for a single 24 h or, according to one of
them, an even shorter duration – wakefulness (National
Institute for Health and Clinical Excellence 2019). These
same guidelines additionally advocate ABPM measure
ments be performed at 20–30 min intervals based on the
misleading statement – only applicable if the duration of
sampling is not taken into consideration – that the
greater the number of acquired BP readings, the more
precise is the derivation of the average BP (Rabi et al.
2020). Perhaps, this is the rationale, albeit inappropriate,
of many medical practitioners attempting to acquire BP
measurements as frequently as feasible, at 10–15 min
intervals, which is not only burdensome to patients and
threatens compliance but results in discomfort and anxi
ety with risk for nonrepresentative elevated BP values
(Hermida et al. 2013e). This recommendation of such
a high sampling frequency is based on ABPM studies
that were limited to <24 h (Agarwal and Tu 2018;
Mancia et al. 1994). Thus, past evaluation of the impact
of the interval of BP sampling on the reproducibility of
ABPM-derived parameters was done without considera
tion of the known relevance of the duration of BP
sampling. The critically important consideration of
proper sampling interval in conjunction with proper
duration of monitoring to achieve accuracy and repro
ducibility of the derived BP means and features of its
24 h patterning, and thus the validity of clinical deci
sions, have only been occasionally addressed (Bovha
Hus and Kersnik Levart 2019; Hermida et al. 2013b;
Hernández-del Rey et al. 2007; Mochizuki et al. 1998).
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Studies summarized elsewhere (Hermida et al. 2013e)
consistently substantiate the indisputable mathematical
principle of signal processing that establishes reprodu
cibility of BP characteristics, including mean BP values
and sleep-time relative BP decline, as well as individua
lized CVD risk assessment, depend to a much greater
extent on the duration than the frequency of BP mea
surements (Bovha Hus and Kersnik Levart 2019;
Fernández et al. 2020; Hermida et al. 2013b). The prac
tical demonstration of the requirements of sampling rate
and duration of ABPM was first provided by analyses of
the ABPM data of the 3,344 normotensive and hyper
tensive participants of the MAPEC Study (Hermida et al.
2011a). Their baseline ABPM profiles were modified to
generate reconstructed time series either of: (i) identical
48 h duration but composed of data sampled at a larger
sampling interval of every 1 h; or (ii) shorter duration of
just the first 24 h span and of data sampled at the
original rate of 20–30 min intervals (Hermida et al.
2013b). Figure 8 shows the limits of agreement for the
asleep SBP mean – the most significant prognostic mar
ker of CVD events (Ben-Dov et al. 2007; Boggia et al.
2007; Dolan et al. 2005; Fagard et al. 2008; Fan et al.
2010; Hermida et al. 2011a, 2013c, 2020a, 2018, 2020d;
Minutolo et al. 2011; Roush et al. 2014a) – calculated for
the original complete 48 h ABPM profiles of each parti
cipant evaluated upon recruitment versus the modified
ABPM series, i.e. less-dense sampling of either one BP
measurement per hour for 48 h (top) or the original
sampling rate of one BP measurement per 20 to 30 min
for the first 24 h span only (bottom). Each depicted
Bland-Altman plot represents the difference between
the asleep SBP mean calculated from the 48 h original
series and that calculated from the modified series (ver
tical axis), plotted against the average of those two
respective mean values (horizontal axis). The average
of the individual differences in the asleep SBP mean
was slightly, but, nonetheless, significantly greater for
data sampled every 20–30 min for the restricted dura
tion of 24 h than for the reconstructed time series that
simulated data sampled every 1 h for 48 h (0.12 ± 4.4 vs.
−0.16 ± 1.6 mmHg in asleep SBP mean; P < .001). Of
more direct clinical relevance, Figure 8 further illustrates
the asleep SBP mean values obtained from the original
complete 48 h ABPM profiles were much better repro
duced with data sampled every 1 h for 48 h (time series
composed of up to 48 of the maximum original 128 BP
measurements/participant; Figure 8, top) than with the
data obtained at the original sampling rate of 20–30 min
intervals during the first 24 h of assessment only (time
series composed of up to 64 BP measurements/partici
pant; Figure 8, bottom). Specifically, reduction of ABPM
duration to just 24 h resulted in a very significant error

in determining the asleep SBP mean, in the range of
−21.4 to +24.0 mmHg, i.e. 45.4 mmHg in total across
the participants of the MAPEC Study. Such a great
amount of error in determining the asleep SBP mean
when ABPM duration is limited to just 24 h, which is
typically the case, is neither acceptable for diagnostic
and prognostic purposes nor for evaluating response to
hypertension therapy (Hermida et al. 2013b).
The finding is of great relevance, since the design of
most reported administration-time (more appropriate,
circadian rhythm-dependent ingestion-time) trials
(Bowles et al. 2018; De Giorgi et al. 2013; Hermida
et al. 2016, 2020b, 2020c; Liu et al. 2014; Schillaci et al.
2015; Stranges et al. 2015; Sun et al. 2016; Zhao et al.
2011) aimed to demonstrate as minimally clinically
acceptable a significant difference between treatmenttime groups of 3–4 mmHg in either the 24 h, awake
and/or asleep BP means. This amount is 11- to 15-fold
lower than the documented range of error in these mean
BP values when derived from ABPM conducted for
≤24 h duration. Even more noteworthy, however, is
the finding that the HR of CVD events in the MAPEC
Study was markedly overestimated by SBP and under
estimated by DBP when the duration of ABPM was
reduced to only 24 h, rather than the recommended
48 h (Hermida et al. 2013b).
In summary, ABPM conducted for ≤24 h is highly
unlikely to be sufficient to correctly calculate representa
tive BP means or other ABPM-derived parameters of
clinical relevance, confidently make the diagnosis of arter
ial hypertension, reliably identify dipping status, accu
rately evaluate treatment efficacy and, most important,
properly stratify CVD risk (Hermida et al. 2013e).
Calculation of ABPM-derived mean values
Recommendation of the proper method to calculate
mean BP values from data acquired by ABPM is
a critical issue that has been ignored by all hyperten
sion guidelines, except those jointly endorsed by the
International Society for Chronobiology and the
American Association of Medical Chronobiology and
Chronotherapeutics (Hermida et al. 2013e). This is
a crucial matter, since the awake, asleep and 24 h BP
means – and, consequently, the sleep-time relative BP
decline as a measure of BP dipping derived from the
first two of these means – is typically calculated just as
the simple arithmetic average of all ABPM-determined
BP values per each of the respective spans. However,
the arithmetic mean is highly dependent on the BP
sampling rate – the interval of time between consecu
tive BP measurements. The usual, but nonetheless
unsound, so-called unadjusted calculation approach
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Figure 8. Bland-Altman plots assessing agreement of the asleep SBP mean calculated utilizing the original data sampled by ABPM
every 20–30 min for 48 consecutive hours versus that estimated from the (i) modified time series composed of data sampled every 1 h
for 48 consecutive hours (top) and (ii) original sampling rate of every 20–30 min for the first 24 h, only (bottom). Dotted horizontal line
of each graph represents the average of the differences across the entire studied population. Dashed lines represent the values of the
average difference ±1.96SD (assumingly containing 95% of the individual values).

that derives arithmetic means might result in overesti
mation of the true awake and 24 h BP means and,
accordingly, mistaken computation of dipper pheno
type. This is because BP measurements are typically
obtained at a higher rate and for a longer duration of
time during the usual ~16 h wake period than ~8 h
sleep span. Moreover, even if the ABPM device is
programmed to assess BP at equidistant intervals

around-the-clock, commonly occurring measurement
errors or failures render virtually all ABPM profiles
being composed of nonequidistant interval data.
The so-called adjusted calculation approach is rec
ommended to avoid the confounding effect of none
quidistant-in-time obtained ABPM measurements pro
ducing nonrepresentative values when deriving BP
means based on the simple arithmetic average of BP
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measurements. This approach, as a first step, necessi
tates that the 24 h, awake and asleep spans each be
divided into an integer number of time classes of iden
tical length, e.g. as close as possible to 1 h intervals. In
so doing, all BP measurements can be assigned, regard
less of the total duration of ABPM, to a single idealized
24 h period according to the circadian time of sam
pling, e.g. expressed in terms of hours after awakening
from sleep. As a second step, the approach necessitates
the calculation of the mean BP for each of these timeclass intervals. Thereafter, the respective 24 h, awake
and asleep BP means are determined as the average
value of all the corresponding individual time-class
means (Frank et al. 2010; Hermida et al. 2013e).
Comparison between individuals or populations of
these more accurate and representative mean values
would additionally require an estimator of BP variance
that can be easily obtained following the approach
described by Dixon and Massey (1983). Differences
between the erroneous arithmetic unadjusted calcula
tion versus correct adjusted calculation procedure are
appreciable. Using the ABPM data of the 21,963 parti
cipants of the Hygia Project to derive the 48 h, awake
and asleep SBP means plus sleep-time relative SBP
decline as arithmetic averages by the unadjusted calcu
lation procedure, instead of recommended adjusted
calculation procedure, would have resulted in a clin
ically unacceptable high range of error, respectively,
[−6.8 to 11.2] mmHg for the 48 h SBP mean, [−8.1 to
7.3] mmHg for the awake SBP mean, [−8.9 to 9.3]
mmHg for the asleep SBP mean, and [−9.1 to 8.2]%
for the sleep-time relative SBP decline.
In summary, the so-called adjusted calculation
approach is recommended and required to avoid the
confounding effect of nonequidistant-in-time obtained
ABPM measurements producing nonrepresentative BP
means when incorrectly calculated as the simple arith
metic average of BP values.
Sample size calculation
The a priori calculation of the minimum required sample
size is an essential requirement of prospective clinical
investigations devised to assess treatment-time differ
ences in the effects of BP-lowering medications (Julious
2004). Flight and Julious (2016a) previously summarized
specific considerations regarding the calculation of sam
ple size. They include: (i) aim of the study, i.e. determi
nation of superiority, noninferiority, or equivalence of BP
features or outcomes; (ii) primary outcome endpoint, i.e.
continuous, binary, ordinal, or time-to-event (survival);
(iii) type I (probability of rejecting the null hypothesis
when it is actually true) and type II errors (probability of

not rejecting the null hypothesis when it is actually false);
in sample size calculations, it is more common to work in
terms of the power of a clinical trial, i.e. one minus the
probability of a type II error, thus giving the probability
of correctly rejecting the null hypothesis; (iv) measure
ment of variance, i.e. estimated or known population
variability (usually expressed as standard deviation) for
the primary endpoint; and (v) minimum clinically accep
table difference between comparisons for the selected
primary endpoint. For example, for an estimated
between-individuals standard deviation of 10 mmHg for
the asleep SBP mean, at the two-sided level of 5% (type
I error) and power of 80% (one minus the probability of
a type II error), detection as statistically significant of
a 5 mmHg difference in the reduction of the asleep SBP
mean between those randomized to two parallel arms
according to the ingestion time of hypertension treat
ment – e.g. either upon awakening or at bedtime –
requires a minimum sample size of 64 individuals per
treatment-time group, i.e. a total of 128 participants,
raising to 172 persons if the pursued power is 90%
(Flight and Julious 2016b). In actuality, this required
number of subjects for the sample size is much larger
than that recruited by investigators of several reported
hypertension chronopharmacology and chronotherapy
trials (Bowles et al. 2018; De Giorgi et al. 2013;
Hermida et al. 2016, 2020b, 2020c; Liu et al. 2014;
Schillaci et al. 2015; Stranges et al. 2015; Sun et al. 2016;
Zhao et al. 2011).
In summary, properly designed hypertension chrono
pharmacology and chronotherapy trials must provide the
calculation of the minimum required sample size in keep
ing with the aim of the study, type I and type II errors, the
reliable variance for the primary endpoint and the mini
mum clinically acceptable difference between treatmenttime groups for the primary endpoint.
Clinical trial design
A variety of study designs – cross-sectional; crossover (ran
domized or nonrandomized open-label, single-blind, or
double-blind); nonrandomized open-label; prospective,
randomized, open-label, blinded-endpoint (PROBE); ran
domized double-blind; and randomized open-label
(absence of blinded endpoint) – have been utilized in the
large number (N > 150) of previously reported hyperten
sion chronopharmacology and chronotherapy trials. Crosssectional designed studies, which are observational in nat
ure and usually conducted on much larger cohorts than are
randomized clinical trials, might provide insights on hyper
tension treatment-time differences in BP-lowering efficacy,
the prevalence of BP control, safety and/or compliance.
However, the findings of such designed trials are likely to
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be subject to bias and enable only inference of an associa
tion, but not causation (Sedgwick 2014). The crossover
design, which is not an entirely ethically acceptable means
of conducting prospective randomized trials, requires that
all participants be transferred at the middle of the investiga
tional span from one tested treatment-time regimen to
a second different one. This approach is increasingly dis
approved by medical ethics committees and institutional
review boards, because it is judged unethical to change the
treatment regimen of a therapeutic scheme that properly
controls, according to guideline-recommended threshold
values, the BP of any participant (Fernández et al. 2020).
Moreover, as discussed earlier (Section of 2.1.1), inclusion
in hypertension chronopharmacology and chronotherapy
trials of hypertensive persons already properly controlled
by treatment, according to ABPM criteria, is inadequate
and with a high risk of producing potentially misleading
results. The major assumptions of the crossover design of
hypertension trials are: (i) prior to commencing the second
treatment, BP and all of the other assessed variables return
to the before-first treatment-time baseline condition and
(ii) the order of the tested treatment times does not impact
BP and other biomarkers of assessed therapeutic effects
(Julious 2004). These two assumptions are rarely met, espe
cially when the protocol fails to incorporate a minimum,
usually 2-week, a washout period between treatment
schemes.
In summary, although crossover randomized trials are
scientifically valid when properly conducted, hypertension
chronopharmacology and chronotherapy studies should pre
ferably be of a randomized double-blind or PROBE design
that entail the evaluation of parallel groups of individuals
randomized to the different treatment-time arms.

(ii)

(iii)

(iv)

Summary of recommendations
Consistent with the detailed discussion of the preceding
sections of this Guidelines Position Statement paper, the
Hypertension Subcommittee of the International Society
for Chronobiology (ISC) and the American Association
of Medical Chronobiology and Chronotherapeutics
(AAMCC) recommend the design and conduct of clin
ical chronopharmacology and chronotherapy trials of
hypertension medications be performed in adherence
to the following minimum standards:
(v)
(i) Criteria for recruitment of subjects should
include they all have uncontrolled arterial hyper
tension according to ABPM-based diagnostic
thresholds, and they have a comparable activ
ity/sleep routine confirmed by diary entries or
other methods, such as wrist actigraphy.
Reliance solely on wake-time OBPM or wake-

(vi)
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time HBPM to certify subjects as hypertensive,
and, also, primary recruitment of properly con
trolled treated persons according to diagnostic
thresholds for arterial hypertension is unsound
and should be avoided.
Tested treatment-times must be selected only
according to internal biological time, as
expressed by specific features, i.e. awakening
and bed times, of the sleep/wake cycle of indi
viduals. Designation of treatment schemes as
“morning” and “evening” or arbitrary chosen
clock hour units are nonspecific for biological
time and, therefore, meaningless by chrono
biology standards, and must be avoided.
Hypertension chronopharmacology and chron
otherapy trials should rely on around-the-clock
ABPM as the sole primary method of BP mea
surement. Wake-time OBPM and/or waketime HBPM is unable to determine the features
of the 24 h BP pattern and, therefore, are not
recommended to assess ingestion-time differ
ences of treatment effects.
ABPM-based studies of treatment-time differ
ences in the effects of BP-lowering medications
should avoid the use of common clock hours or
time spans to designate sleep and wake periods
across all participants as the method to derive
features of the 24 h BP pattern. Moreover, it is
not recommended that ingestion-time trials of
hypertension medications rely on the 24 h or
daytime or awake BP means, alone. The mini
mum required primary ABP endpoints are the
asleep (not “nighttime”) BP mean – properly cal
culated per features of the individualized activity/
rest cycle of each patient – and BP dipping in
terms of the sleep-time relative SBP decline –
properly calculated from the actual awake and
asleep SBP means. Additionally, hypertension
chronopharmacology and chronotherapy trials
might also incorporate as additional endpoints,
for example, improvement in biomarkers of tar
get organ pathology of the kidney – reduced
albuminuria and increased estimated glomerular
filtration rate – and heart – decreased left ventri
cular posterior diameter and left ventricular mass.
ABPM should be performed at least hourly for
two consecutive 24 h periods (48 h in total) to
achieve high reproducibility of the BP means,
most reliable classification of persons according
to dipping status, and greatest accuracy of prog
nosticating CVD risk.
Calculation of BP means as simple arithmetic
averages, irrespectively of the ABPM sampling
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rate, as commonly done in most reported trials, is
suboptimal because it leads to inaccurate and
biased findings. ABPM-derived BP means should
be obtained by the so-called adjusted calculation
procedure.
(vii) Hypertension chronopharmacology and chron
otherapy trials should provide a proper calcula
tion of the minimum required sample size
according to the specified design and aim of
the study, type I and type II errors, reliably
estimated or known variance for the primary
endpoint, and the minimum clinically accepta
ble difference between treatment-time groups
for the primary study endpoint.
(viii) The design of hypertension chronopharmacol
ogy and chronotherapy studies should prefer
ably be in the form of a randomized doubleblind, PROBE, or crossover double-blind
approach, with a washout period of at least
2-week duration between tested treatment regi
mens. Crossover trials without an incorporated
washout period and nonrandomized studies are
not recommended and must be avoided.
These recommendations are summarized in Table 2 as
a guide to the proper design and conduct of prospective
hypertension chronopharmacology and chronotherapy
trials (Hermida et al. 2020b); however, they may be addi
tionally utilized to assess the quality of already reported
ones.

Note
1. The focus of the article is to recommend guidelines for
the design and conduct of human ingestion-time
(chronopharmacology and chronotherapy) prescription
hypertension medications trials. Guidelines for the
design and conduct of such trials involving animal,
cell culture and other models are endorsed, but are
beyond the scope of this position paper.
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