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Renal Sodium Handling and Nighttime
Blood Pressure

Michel Burnier, MD, FASN, Lionel Coltamai, MD, Marc Maillard, PhD, and
Murielle Bochud, MD

Summary: Blood pressure follows a circadian rhythm with a physiologic 10% to 20%
decrease during the night. There is now increasing evidence that a blunted decrease or an
increase in nighttime blood pressure is associated with a greater prevalence of target organ
damage and a faster disease progression in patients with chronic kidney diseases. Several
factors contribute to the changes in nighttime blood pressure including changes in hormonal
profiles such as variations in the activity of the renin-angiotensin and the sympathetic nervous
systems. Recently, it was hypothesized that the absence of a blood pressure decrease during
the nighttime (nondipping) is in fact a pressure-natriuresis mechanism enabling subjects with
an impaired capacity to excrete sodium to remain in sodium balance. In this article, we
review the clinical and epidemiologic data that tend to support this hypothesis. Moreover, we
show that most, if not all, clinical conditions associated with an impaired dipping profile are
diseases associated either with a low glomerular filtration rate and/or an impaired ability to
excrete sodium. These observations would suggest that renal function, and most importantly
the ability to eliminate sodium during the day, is indeed a key determinant of the circadian
rhythm of blood pressure.
Semin Nephrol 27:565-571 © 2007 Elsevier Inc. All rights reserved.
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lood pressure (BP) and heart rate have a
definite and reproducible circadian pat-
tern when subjects are evaluated in stan-

ardized conditions of life.1 The highest levels
f BP often are measured in the early morning
ours; during daytime, blood pressure fluctu-
tes in response to psychologic stresses and
hysical activities. BP tends to be higher during
orking hours and lower at home.2 When sub-

ects go to sleep, BP starts to decrease progres-
ively to reach a trough value during the night.
he main determinant of these circadian varia-

ions of BP appears to be the activity of the
ympathetic nervous system, although several
ther neurohormonal systems have been
hown to follow a circadian rhythm with a peak
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n the morning.1,3,4 This is the case, for exam-
le, of plasma cortisol, plasma renin activity,
ngiotensin II, and aldosterone. Other vascular
arameters such as arterial stiffness, vascular
esistance, platelet aggregation, and blood vis-
osity also have a peak in the morning.1 The BP
hythm may be reversed in subjects working
uring the night and sleeping during the day,
uch as in shift workers.5

Today the most common way to assess the
ircadian rhythm of BP is to perform an ambu-
atory 24-hour BP monitoring. With this

ethod, it became rapidly evident that most
ndividuals have a 10% to 20% decrease in BP

hen they sleep, but some subjects have only a
odest or no decrease in BP during sleep. Oc-

asionally, an increase rather than a decrease in
P is even observed at night. This has led to the
lassification of subjects into dippers, nondip-
ers (�10% decrease in night BP), extreme
ippers (�20% decrease in night BP), or re-

erse dippers (increase in nighttime BP).6 This
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566 M. Burnier et al
lassification has been criticized because there
urrently is no consensus on how to define the
octurnal dip (eg, relative versus absolute noc-
urnal blood pressure decrease, when does the
ight beginning, and so forth). Moreover, there
as been some doubts on the reproducibility of
he nocturnal dip of BP in individual patients.7,8

hus, according to some investigators, classify-
ng hypertensive patients into dippers or non-
ippers on the basis of a single ambulatory BP
ecording may be unreliable and potentially
isleading.7 Indeed, repetition of ambulatory
P measurements in the absence of treatment
r during a treatment that had achieved a stable
ntihypertensive effect was accompanied by a
0% change in the dipping or nondipping pat-
ern.7 Another limiting factor to the determina-
ion of the circadian rhythm of BP using nonin-
asive BP monitoring is the intermittency of BP
easurements that often provides insufficient
P values to determine its variability, particu-

arly during the nighttime period. Yet, varia-
ions in the dipping pattern of BP have been
eported repeatedly and consistently among
ertain patients with secondary hypertension
nd there might be some rational physiologic
xplanations for the low reproducibility of the
ipping, as will be discussed later.

HE NIGHTTIME DIPPING PATTERN IS
SSOCIATED WITH THE DEVELOPMENT
F CARDIOVASCULAR COMPLICATIONS

lthough the concept still is controversial, evi-
ence has accumulated in recent years suggest-

ng that patients with a blunted overnight de-
rease in BP are at higher risk to develop target
rgan damages such as microalbuminuria,
hronic renal damage, left ventricular hypertro-
hy, and cerebrovascular events.6,9–15 Thus, in
oung patients with type 1 diabetes without
ephropathy, the absence of nocturnal BP dip

s associated with an increased risk of mi-
roalbuminuria.11 In a more recent study, Da-
idson et al16 showed that the likelihood of
oubling serum creatinine or aggravating renal
unction is markedly higher among patients
ith a nondipping profile of BP than among
ippers. In another large survey performed in
,057 Swedish men, Bjorklund et al14 showed

hat in individuals with diabetes, the nondip- s
ing pattern is a sign of poor prognosis as
valuated with surrogate end points of cardio-
ascular damage (urinary albumin excretion
nd cardiac size). In a population of Japanese
atients aged older than 40 years, 24-hour day-
ime, and nighttime ambulatory BPs were re-
ated linearly and positively with stroke risk.15

n this study, ambulatory BPs were significantly
etter related to stroke risk than screening of-
ce BP values, but daytime BP was still a better
redictor of stroke risk than nighttime BP. Yet,
taessen et al17 suggested that nighttime BP
etter predicts cardiovascular risk and mortality
han daytime pressures, but this remains some-
hat controversial because it was not con-
rmed in all studies.18 Of note, an excessive
ecrease in nighttime BP as seen in extreme
ippers is associated with a similar risk of de-
eloping multiple silent cerebral infarcts than
ondippers or reverse dippers who have a high
ighttime BP.6 This indicates that a decrease in
ighttime BP is important to prevent target or-
an damage, but an excess decrease during the
ight may be dangerous.

Taken together, these observations suggest
hat nighttime BP is indeed an important factor
hat contributes to the development of target or-
an damage and disease progression. Therefore, it
ould be important to have a good understand-

ng of the mechanisms that influence the dipping
attern of nighttime BP to provide therapeutic
ecommendations on how to prevent or correct a
ondipping pattern of BP.

ONDIPPING OF NIGHTTIME BP: DOES
HE KIDNEY PLAY A ROLE?

s mentioned previously, several neuroendocrine
ystems and vascular and hematologic factors fol-
ow a circadian rhythm that may contribute to the
hysiologic day-night variations in BP and circa-
ian rhythm of cardiovascular complications. The
enal excretion of water, sodium, and other sol-
tes also has been shown to follow a circadian
attern, with higher excretion rates during day-
ime than during nighttime.19 Recently, it was
ypothesized that the renal capacity to excrete
odium is an important determinant of the dip-
ing pattern of BP. Thus, in a small group of
atients with essential hypertension, Uzu et al20
howed that sodium restriction using a low-so-
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Renal sodium handling and nighttime BP 567
ium diet can shift the circadian rhythm of BP
rom a nondipper to a dipper pattern. In the same
roup of patients, the administration of a thiazide
iuretic that induces a negative sodium balance
lso reversed the nondipping pattern of nighttime
P (Fig. 1).21 Interestingly, the impact of a change

n sodium intake was greater among salt-sensitive
han salt resistant patients.22 In a group of 43
ntreated hypertensive patients studied on a high
odium intake, we found that 21 patients showed
higher sodium and water excretion during the
aytime than during the nighttime and 22 patients
howed the reverse pattern. When looking at
heir changes in nighttime ambulatory BP, we
ound that the decrease in BP at night was signif-
cantly greater in those patients who excreted
odium and water during the daytime than in
hose excreting water and solutes during the
ighttime.23 These initial observations indicate
hat the ability to excrete sodium during the day-
ime is a determinant of nighttime BP at least in
he hypertensive population, and particularly
mong salt-sensitive hypertensive patients.

In a second set of experiments, Fukuda et al24

nvestigated the impact of renal function on the

igure 1. Effect of the administration of a diuretic on th
ith permission from Uzu and Kimura.21
ight/day ratio of BP and urinary water and elec- c
rolyte excretion. Interestingly, they found that in
atients with renal diseases and a limited glomer-
lar filtration rate, the lower the glomerular filtra-
ion rate the higher the day/night ratio of BP,
rinary sodium excretion, and urinary protein ex-
retion (Fig. 2). In this population, Fukuda et al25

howed that the night/day ratio increases mainly
o eliminate sodium and osmoles rather than wa-
er. These data emphasize the importance of the
lomerular filtration rate, which affects the capac-
ty to excrete sodium as a determinant of night-
ime BP and the findings of Uzu et al20 and Fukuda
t al24,25 recently were summarized in a hypothe-
is report in which the investigators postulated
hat the increase in nighttime BP might represent

pressure-natriuresis mechanism whereby so-
ium balance is maintained in patients with a

imited capacity to excrete salt.26

enal Sodium Handling and BP in the
eneral Population

et, whether this mechanism accounts for the
ondipping pattern frequently observed in an
nselected population has not been shown con-

ping pattern of BP in dippers and nondippers. Adapted
e dip
lusively to date. In a recent abstract, Mansoor
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568 M. Burnier et al
t al27 examined the impact of urinary sodium
xcretion on nighttime ambulatory BP in 69
atients who underwent ambulatory BP moni-
oring and found that sodium excretion was a
eterminant of nighttime BP, but only in
omen. Unfortunately, this group of patients
as selected based on the fact that they need

n ambulatory BP monitoring and thus may not
epresent the general population. We recently
nvestigated the association between nighttime
P and the day/night ratio of 24-hour urinary
odium excretion in more than 300 individuals
rom 73 African families with at least 1 hyper-
ensive subject.28 In these subjects, divided into

igure 2. Changes in the night/day ratios of mean
rterial pressure, urinary sodium excretion, and urinary
rotein excretion according to the level of creatinine
learance in patients with chronic kidney diseases. Re-
rinted by permission from Macmillan Publishers Ltd:
idney International (2004;65:621-5), copyright
004.24
ertiles according to their capacity to excrete b
odium during the day, we found that those
ubjects with the lowest daytime excretion of
odium had a higher nocturnal BP and a smaller
P dip at night. These population-based data
herefore tend to support the hypothesis ac-
ording to which the renal capacity to excrete
odium during the daytime determines the level
f nighttime BP. Moreover, these data provide
ome insights on the lack of reproducibility of
he dipping pattern in individuals. Indeed, if the
ighttime dip is influenced by urinary sodium
xcretion during the day, the decrease in night-
ime BP will depend on the daytime sodium
ntake, which may vary considerably from day
o day. Hence, dietary factors will directly influ-
nce the reproducibility of the dipping profile
f an individual.

RE THERE CLINICAL DATA SUPPORTING
HE ASSOCIATION BETWEEN RENAL
ODIUM EXCRETION AND THE DECREASE
N NIGHTTIME BP?

s shown in (Table 1), a nondipping profile of
4-hour BP has been reported in several clinical
onditions. These include secondary forms of
ypertension such as malignant hypertension,29

rimary hyperaldosteronism,30,31 Cushing’s syn-
rome,32 or pheochromocytoma.32 A blunted
ecrease in nighttime BP also has been de-
cribed in patients with a reduced renal func-
ion such as patients with diabetic and nondia-

Table 1. Clinical Situations Associated With
a Non-dipping Pattern of BP

Malignant hypertension
Sleep apnea syndrome
Pheochromocytoma
Toxemia of pregnancy
Cushing’s syndrome
Diabetes
Chronic renal failure
Renal and cardiac transplantation
Congestive heart failure
Elderly patients
Drug administration (cyclosporin,

nonsteroidal anti-inflammatory drugs)
etic nephropathies,24,33–35 congestive heart
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Renal sodium handling and nighttime BP 569
ailure,36 organ transplantation,37–40 or elderly
atients. At last, drugs such as cyclosporin and
onsteroidal anti-inflammatory agents have
een shown to increase nighttime BP and to
lunt the nocturnal dip.37,41–44 These various
linical conditions share a common feature:
hey are associated with a reduced capacity of
xcreting sodium either because of a reduction
n glomerular filtration rate (primary or second-
ry) or because of an increased tubular sodium
eabsorption as observed in primary hyperaldo-
teronism or after the administration of drugs
uch as nonsteroidal anti-inflammatory drugs,
yclooxygenase-2 inhibitors,45 or cyclosporin.
ence, as hypothesized recently by Fukuda et
l26 and presented schematically in Figure 3, the
ncrease in nighttime BP observed in these clin-
cal circumstances may well represent a pres-
ure-natriuresis compensatory mechanism that
nables the sodium balance to be restored.

Today, very few if any studies have been
onducted to investigate the role of sodium on
he circadian profile of BP in those clinical con-
itions associated with a nondipping profile. If
alt intake does indeed determine the magni-
ude of the BP decrease during the nighttime,
pecific nonpharmacologic (low-sodium diet)
r pharmacologic approaches (diuretics) could
e recommended to nondippers to restore a
hysiologic circadian rhythm of blood pressure
nd hence decrease their risk of developing

igure 3. Potential links between a reduced capacity of
xcreting sodium during the daytime and a higher noc-
urnal BP.
ardiovascular complications.
ONCLUSIONS

P is known to follow a circadian pattern with
physiologic decrease during the night. To

ate, little attention has been paid to the night-
ime BP for several reasons: the first is that
ighttime BP generally is not measured unless a
4-hour recording is performed. Today, with
he wider use of ambulatory BP monitoring and
he reimbursement of the procedure, physi-
ians are confronted increasingly with the need
o provide an interpretation of nighttime BP
ata. The second difficulty is the definition of
ormal values of nighttime BP, and the third is
he lack of evidence that a specific intervention
n nighttime BP provides any clinical benefit
or the patient. As a direct consequence of
hese uncertainties, nighttime BP generally is
gnored in clinical practice. Yet, there is now
ncreasing evidence that the level of nighttime
P is important for patients because it contrib-
tes to their risk of developing target organ
amage or a cardiovascular event. In the
resent article, we show the actual evidence
uggesting that renal function and the capacity
o excrete sodium may be important determi-
ants of the nighttime BP and of the BP dip at
ight, with the increase in nighttime BP repre-
enting a pressure-natriuresis mechanism en-
bling the 24-hour sodium balance to be main-
ained in individuals. These observations may
ave some direct clinical implications because
odium restriction and the use of diuretics may
elp to restore a normal circadian rhythm of
P.
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