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Higher Nocturnal Blood Pressure

and Blunted Nocturnal Dipping

Are Associated With Decreased Daytime
Urinary Sodium and Potassium Excretion
in Patients With CKD

Lingling Liu’, Lin Lin’, Jianting Ke', Binhuan Chen’, Yu Xia' and Cheng Wang'
"Department of Nephrology, Fifth Affiliated Hospital of Sun Yat-Sen University, Zhuhai, Guangdong Province, China

Introduction: Sodium homeostasis is intimately associated with blood pressure (BP) rhythm, and potas-
sium excretion is closely associated with sodium excretion in the general population. However, the as-
sociation between circadian sodium and potassium pattern excretion and nocturnal BP in patients with
chronic kidney disease (CKD) is not elucidated.

Methods: We evaluated the correlation between the day-to-night ratio of urinary sodium and potassium
excretion rate, nocturnal blood pressure, and nocturnal BP dipping in a CKD cohort.

Results: A total of 3152 (56.76% males, mean age 47.63 years) individuals with CKD were included in the
study. Patients in quartile 1 (with the lowest ratio) exhibited a 12 mmHg or 9 mmHg higher nocturnal
systolic blood pressure (SBP) and blunted SBP dipping than those in quartile 4 when urinary sodium or
potassium excretion rate was divided into day-to-night ratios (both P < 0.001). In multivariate analyses,
lower day-to-night ratio of urinary sodium was independently linked to higher nocturnal SBP and blunted
SBP dipping (linear regression coefficient (95% confidence interval [Cl]): —6.89 (—9.48 to —4.31), and —3.64
(—5.48 to —1.80), respectively; both P < 0.001). Similarly, compared with the highest quartile of day-to-
night ratio of urinary potassium excretion rate, linear regression coefficient (95% CI) for the lowest
quartile was —5.60 (—8.13 to —3.07) for nocturnal SBP, and —2.47 (—4.28 to —0.67) for SBP dipping (both
P < 0.001). Moreover, urine flow rate and concentrates of sodium or potassium in the urine were positively
associated with urinary sodium or potassium excretion during daytime (P < 0.001).

Conclusion: A higher nocturnal BP and a blunted nocturnal BP dipping were both independently linked to a
lower excretion of sodium or potassium during the day in patients with CKD. Furthermore, a decreased
urine flow rate and a diminished capacity to concentrate sodium or potassium in the urine appear to be the
key contributors to a low day-to-night ratio of urinary sodium excretion or potassium rate.
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ypertension is a worldwide cause of death.'”

Elevated nighttime BP and the absence of
nocturnal BP dipping have been identified as risk fac-
tors for death and cardiovascular disease (CVD) not
only in the general population,”” but also in the CKD
population.”” BP rhythm is endogenously generated,
and has its cycle.” Multiple factors such as day-night
variation in activity’ and heart rate'’ will contribute
to normal BP rhythms, which is regulated by the
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sympathetic nervous system and several other neuro-
hormonal systems.'""'* Importantly, accumulating evi-
dence suggest that sodium homeostasis is closely
associated with BP rhythm."’

Impaired natriuretic efficiency has been linked to
hypertension,''” and may also be responsible for the
loss of diurnal BP variationn.'” A blunted nocturnal
dip was observed in participants with a lower day-to-
night ratio of sodium excretion.'® Nondippers, on the
other hand, have sodium excretion that is more equally
distributed throughout the 24-hour cycle.'””'® This
suggests that increased nocturnal BP is necessary for
decreased daytime sodium excretion to facilitate a
compensatory rise in sodium excretion and restore
balance.'”*’ Other studies found that nephron loss
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caused reactive system failure, resulting in elevated,
arrhythmic BP,”""*” and that >80% of patients with
renal disease displayed nondipping.23 Therefore, we
were particularly interested in quantifying the varia-
tion in nocturnal BP between groups of patients with
CKD with different day-to-night ratios of sodium
excretion. It has not, as far as we know, been eluci-
dated. Studies on association between circadian rhythm
of potassium excretion, which is closely related to so-
dium excretion, and nocturnal BP are scarce. Therefore,
we aim to clarify the association between circadian
rhythm of sodium and potassium excretion and
nocturnal BP, using separated daytime and nighttime
urine tests in individuals with CKD.

METHODS

Study Population

The study took place in the Fifth Affiliated Hospital of
Sun Yat-sen University, Zhuhai City, China. A total of
3152 patients with a proven CKD diagnosis from 2018
to 2022 were included. CKD was defined as an esti-
mated glomerular filtration rate (eGFR) <60 ml/min per
1.73 m? for =3 months,?* or with evidence of kidney
damage (albuminuria or pathologic or structural ab-
normalities confirmed by kidney biopsy or imageology
examination).”” All participants provided written
informed consent, and the study protocol was
approved by the institutional review board and ethical
committee of the Fifth Affiliated Hospital of Sun Yat-
sen University (Zhuhai, China) (ID: K55-1). Exclusion
criteria included patients <14 years old, dialyzed or
transplanted, an acute medical situation (such as
myocardial infarction or acute stroke within the last 6
months), and incomplete data of daytime or nighttime
sodium and potassium excretion. The study was car-
ried out in accordance with the Declaration of Helsinki,
regional registry regulations, and Chinese clinical
study ethics.

Measurements and Definitions

Patient data, including clinical features, medical his-
tory, and medication usage were collected based on
patient interviews, medical records, and physical ex-
aminations, and were recorded by trained clinical
research physicians. Diabetes mellitus was defined if
diagnosis was stated in medical records, as glucose-
lowering medication use, as fasting blood glucose
level =126 mg/dl, a nonfasting glucose =200 mg/dl, or
an HbAlc =7%. Hyperlipidemia was identified as the
use of lipid-lowering medications or as a diagnosis
noted in medical records. History of CVD at baseline
included myocardial stroke, angina pectoris, and
infarction.
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Omron HEM 907XL devices (Kyoto, Japan) were
used to monitor office BP 3 times using a validated cuff-
oscillometric device in accordance with guidelines from
the European Society of Hypertension and the Euro-
pean Society of Cardiology.””** Ambulatory blood
pressure monitoring (ABPM) was performed with a
validated Mobil-O-Graph PWA monitor (IEM Health-
care, Stolberg, Germany) after the out-patient follow-
up. The monitor recorded BP at intervals of 15 and 30
minutes during the daytime and nighttime, respec-
tively. All patients were encouraged to maintain their
usual activities and refrain from strenuous physical
activity during the monitoring period. Valid measure-
ments were defined as a minimum 70% valid mea-
surements at =24-hour duration and =20 successful
daylight recordings and =7 successful nighttime re-
cordings. Daytime and nighttime periods were
personalized according to bedtime and wakeup tim-
ings.””*® Hypertension control was defined according
to office BP (<140/90 mmHg), mean 24-hour ambula-
tory BP (<130/80 mmHg), and daytime BP (<135/85
mmHg) and nocturnal BP (<120/70 mmHg)."” Non-
dipper or reduced dipper (a nocturnal BP decline of
10% of daytime values) and riser (or reverse dipper) (a
nocturnal BP rise) status were defined according to
international guidelines.'’ Separate 24-hour urine col-
lections were made for the day and the night. The
average duration of urine collections for daytime and
nighttime was 15 and 9 hours, respectively.

Fasting blood drawn, ABPM recording, and urine
collection were performed on the same day. A Cobas c702
analyzer (Roche, Basel,
Switzerland) was used to quantify the concentrations of
sodium and potassium in plasma and urine. Urine flow
rate and sodium and potassium excretion rates (urinary
sodium concentration X urine flow rate and urinary
potassium concentration X urine flow rate, respectively)
were measured independently for daytime and over-
night. The excretion rate of sodium or potassium was
determined by its urine concentration multiplied by the
flow rate of the urine. A Cobas ¢702 automatic
biochemical analyzer (Roche, Basel, Switzerland) was
used to measure the serum creatinine levels using an
enzymatic method. We determined the eGFR value based
on serum creatinine using the Chronic Kidney Disease
Epidemiology  Collaboration equation.”*  Urinary
albumin-to-creatinine ratio was measured in the central
laboratory by immunoturbidimetry and was reported in
mg/g creatinine (TBA-FX8, Canon, Japan). Following the
Kidney Disease Improving Global Outcomes guidelines,
patients were categorized based on eGFR (=60 or <60
ml/min per 1.73 m?) or urine albumin-to-creatinine ratio
(microalbuminuria [<30 mg/g] or high albuminuria [30—
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300 mg/g] or macroalbuminuria [>300 mg/g]) ? Patients
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were classified into high and low 24-hour sodium
excretion group, and high and low 24-hour potassium
excretion group according to the corresponding median.

Statistical Methods

The data were divided into quartiles (Q1 to Q4) on the
basis of the day-to-night ratio of urinary sodium
excretion or day-to-night ratio of urinary potassium
excretion. The Kolmogorov-Smirnov test was used to
test the normal distribution of data. A nonparametric
test for continuous data or a Y’ test for categorical
variables was utilized to assess trends across quartiles.
SBP, diastolic blood pressure (DBP), pulse rate, and
pulse pressure readings at night and fluctuations be-
tween daytime and nocturnal values (nocturnal dip-
ping) were employed as dependent variables. We used
general linear model to evaluate the correlation be-
tween dependent variables and day-to-night ratio of
urinary sodium (or potassium) excretion (4 groups),
adjusting for age (continuous), sex, body mass index
(continuous), smoking status (current, ex-smoker, or
never), diabetes (yes/no), blood glucose levels, dysli-
pidemia (yes/no), CVD (yes/no), use of antihypertensive
medications (yes/no), use of glucocorticoids and
immunosuppressive agents (yes/no), eGFR (contin-
uous), albuminuria (microalbuminuria, high albumin-
uria, or macroalbuminuria), and 24-hour excretion of
sodium and potassium (continuous). Multivariable lo-
gistic regression models adjusted for variables were
used to assess the association between dependent var-
iables (high nocturnal BP [yes/no] and nocturnal BP
risers [yes/no|) and day-tonight ratio of urinary sodium
(or potassium) excretion. To evaluate model perfor-
mance, continuous net reclassification improvement
>0 and integrated discrimination improvement were
calculated.” Fully adjusted model (model 5) was
compared with model 5 minus day-to-night ratio of
urinary sodium or potassium excretion. An interaction
term was added between day-to-night ratio and eGFR
to analyze the interactions with eGFR in the models of
high nocturnal BP and nocturnal BP risers. Statistics
were considered significant for P values <0.05. Data
was analyzed using SPSS (version 25.0, SPSS Inc),
Graph Pad Prism 8 and R (version 4.2.2).

RESULTS

Baseline Characteristics

This analysis included 3152 patients (mean age, 47.63
years; 56.76% men). The patients were divided into
quartiles based on the day-to-night ratio of urinary
sodium and potassium excretion rate for the purposes
of clinical correlation (Table 1). Patients in Q4 excreted
3.63 times as much sodium during daytime as they do
during nighttime, whereas patients in Q1 excreted
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sodium that is 27% lower during daytime than during
nighttime. 24-hour sodium excretion in Q2 and Q3
were higher than those in Q1 and Q4 (Table 1). Patients
in Q1 were older than those in Q2, Q3, and Q4
(P < 0.05). The body mass index, fasting blood glucose,
and percentage of diabetes mellitus and CVD were
higher in Q1 than in Q4 (P < 0.05). Patients in Q1 had a
lower eGFR than those in Q4 (P < 0.001, Table 1). A
considerable rise was seen in the proportion of patients
with BP (office BP, daytime BP, nocturnal BP, and 24-h
BP) under control from QI to Q4 (all P < 0.001,
Figure 1). However, as the day-to-night ratio of urinary
sodium excretion increased, the percentage of risers
pattern on ABPM decreased (P < 0.001, Figure 1). The
use of antihypertensive agents in patients, and the
percentage of macroalbuminuria decreased signifi-
cantly from Ql to Q4 (both P < 0.001). When
compared to the patients in the lower quartile of day-
to-night ratio of urinary potassium excretion rate,
those in the higher quartile were younger, had a lower
prevalence of hypertension and lower BP (office and
24-h BP), and had a higher eGFR (all P < 0.001).

ABPM Findings on the Basis of Day-to-Night
Ratio of Urinary Sodium and Potassium
Excretion

SBP and DBP reduced across increasing quartiles of the
day-to-night ratio of urinary sodium excretion, for
both daytime and nighttime values (all P < 0.05,
Figure 2, Supplementary Table S1). A gradual decrease
in pulse pressure values from Ql to Q4 was observed
due to the larger difference for SBP than for DBP
(both P < 0.05). The nocturnal SBP and DBP dipping
in Ql were substantially lower than in the
other quartiles (both P < 0.05). The same was true
for ABPM data across quartiles of the day-to-night
ratio of urinary potassium excretion rate (Figure 2,
Supplementary Table S1).

ABPM Findings on the Basis of Presence of CKD
and Sodium and Potassium Excretion
Categories

Both eGFR categories for nocturnal SBP and nocturnal
DBP showed a significant decline from Q1 to Q4 (all
P < 0.001, Table 2). When compared with Ql, the
median decrease in nighttime SBP among patients in Q4
was 12.0 mmHg in the whole group, 10.0 mmHg in the
group with eGFR =60 ml/min per 1.73 m? and 8.5
mmHg in the group with eGFR <60 ml/min per 1.73 m’
(all P < 0.05, Table 2, Figure 2). For daytime SBP, this
decrease was 8.0, 7.0, and 5.0 mmHg in the 3 groups,
respectively (all P < 0.05). Among the excretion of
day-to-night ratio of urinary potassium, the pattern of
nocturnal and daytime BP values across quartiles and
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Table 1. Characteristics of patients with CKD according to quartile of day-to-night ratio of the urinary sodium and potassium excretion rate

Variable

D/N®

Age (years)
=60 years (%)
Men (%)

Risk factors
BMI (kg/m?)

Obesity (BMI = 30 kg/m?)
Diabetes mellitus (%)
Dyslipidemia (%)
Cardiovascular disease (%)
Antihypertensive medication (%)
RAS blocking agents (%)
Calcium channel blockers (%)
Other antihypertensive medications® (%)
Immunosuppressive agents® (%)
Current smoking (%)

Weekly alcohol drinking (%)

BP

Office SBP (mmHg)

Office DBP (mmHg)

24-h SBP (mmHg)

24-h DBP (mmHg)

6GFR by CKD-EPI® (ml/min per 1.73 m?)

eGFR by CKD-EPI <60 (ml/min per 1.73
m?)

24-h V (L)

Na excretion (mmol/24h)

K excrefion (mmol/24h)

Plasma Na (mmol/l)

Day-to-night ratio of the urinary sodium excretion

Day-to-night ratio of the urinary potassium excretion

al
<1.00 (n = 788)
0.73 (0.56-0.87)
52.73 + 13.32
35.41
59.01

24.24
87-26.61)

8.50
30.08
91.50
18.02
77.79
31.35
58.12
31.35

7.23

3.81
13.20

@

137.00
(122.00-152.00)

86.00 (76.00-95.00)

127.00
(117.00-139.75)

83.00 (75.25-91.00)
47.00 (23.00-80.00)
61.17
1.75 (1.33-2.24)
121.75
(80.77-164.58)
31.08 (23.40-41.58)

141.00
(139.00-142.60)

Q2
1.01-1.52 (n = 788)
1.24 (1.11-1.38)
49.62 + 13.85
26.27
57.36

23.93
48-26.58)

8.12

2272
92.51
17.39
70.81
36.03
45.81
23.73
6.85

279

13.20

@

134.00
(120.00-151.00)

85.00 (76.00-95.00)

123.00
(114.00-134.00)

81.00 (74.00-89.00)
57.00 (28.00-90.89)
51.65
1.86 (1.41-2.38)
125.18
(88.04-177.04)
32.50 (24.86-40.81)

141.00
(139.00-142.30)

a3
1.53-2.52
(n = 788)
1.91 (1.72-2.16)
46.08 + 14.19
18.15
56.09

23.74
.16-26.45)

6.73
19.54
92.26
11.29
59.562
34.52
33.63
14.47

8.38

1.90
13.45

@

129.00
(116.00-144.00)

83.00
(75.00-91.00)

120.00
(110.25-130.00)

79.00
(71.00-87.00)

75.00
(41.00-104.00)

37.82

1.79 (1.36-2.35)

128.32
(88.88-176.89)

33.62 (26.02-42.14)

141.00
(139.00-142.65)

Q4
>2.52 (n = 788)
3.63 (2.93-5.33)
42.07 £ 14.88
14.47
54.57

23.56
(20.98-26.12)

6.60
14.34
92.64
10.66
58.88
37.31
28.68
12.06
10.53
3.30
12.69

127.00
(114.00-141.00)

82.00 (74.00-92.00)

117.00
(109.00-126.00)

76.00
(70.00-84.00)

94.03 (61.36-112.00)
23.10

1.78 (1.27-2.37)
119.11
(78.11-168.88)
32.48
(23.87-41.44)
141.00
(139.00-142.30)

a1
<1.44 (n = 788)
1.14 (0.90-1.29)
49.96 + 14.53
29.82
61.04

24.02
57-26.64)

8.38
2551
92.01
16.62
73.73
32.49
52.41
25.63
6.85
3.55
13.58

@

136.00
(122.00-153.00)

86.00
(76.00-95.00)

125.00
(115.00-138.00)

82.00
(74.00-90.00)

53.21
(23.44-92.00)

54.82

1.67 (1.18-2.14)

117.39
(76.34-163.20)

29.69 (21.66-39.21)

141.00
(139.00-142.70)

@2
1.45-1.94
(n = 788)
1.69 (1.56-1.81)
50.18 + 14.10
29.19
57.11

23.96
41-26.56)

7.49
23.73
93.15
15.99
70.30
32.23
4772
23.48

7.49

3.05
13.32

@

133.50
(118.00-149.00)

85.00
(76.00-95.00)

123.00
(113.25-134.00)

81.00
(74.00-89.00)

54.13
(27.87-89.13)

54.57

1.83 (1.4-2.31)
124.78
(84.50-166.97)
31.62
(24.89-40.77)
141.00
(139.00-142.60)

3
1.95-2.62
(n = 787)

2.24 (2.09-2.40)

46.65 + 14.22
19.82
56.16

23.79
(21.50-26.37)
8.01
20.08
92.63
12.71
66.20
36.34
39.52
19.44
7.62
2.67
14.10

130.00
(118.00-146.00)

83.00
(76.00-93.00)

121.00
(112.00-131.00)

80.00
(72.00-88.00)

72.00
(40.00-100.00)

38.63

1.88 (1.45-2.4)
126.59
(88.46-179.73)
33.25
(26.44-40.94)
141.00
(139.00-142.20)

Q4
>2.62 (n = 789)
3.39 (2.90-4.42)
4372 + 14.66
16.46
52.72

23.67
(21.00-26.22)

6.08
17.36
91.00
12.04
56.78
37.14
26.62
13.05
11.03
2.53
11.63

126.00
(114.00-141.00)

81.00
(74.00-91.00)

118.00
(109.00-126.00)

77.00
(70.00-84.00)

91.00
(69.00-109.00)

25673

1.84 (1.33-2.41)
12657
(87.15-178.05)
33.94
(25.94-44.94)
141.00
(139.00-142.40)

(Continued on following page)
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eGFR groups was similar in magnitude and direction to
that in the day-to-night ratio of urinary sodium
excretion rate, but differences were smaller (Table 2).

When compared with QIl, the median increase of
nighttime SBP in patients in Q4 was 2.5 mmHg strati-
fied by 24-hour sodium excretion, 2.0 mmHg by
24-hour potassium excretion (Supplementary Table S2).
However, for day-to-night ratio of urinary sodium and
potassium, nighttime SBP and nighttime DBP decreased
from QI to Q4 in both 24-hour sodium excretion cat-
egories and in both 24-hour potassium excretion cate-
gories (all P < 0.001, Supplementary Table S3).

25.86
26.11
48.04

Q4
>2.62 (n = 789)
3.80
(3.60-4.10)

21.50
24.05

a3

1.95-2.62

(n = 787)
54.45

3.81 (3.59-4.10)

16.12
25.13
58.76

Q2
1.45-1.94
(n = 788)

3.90 (3.60-4.20)

Multivariable Analysis of Day-to-Night Ratio of
Urinary Sodium and Potassium Excretion With
Nocturnal BP

After fully adjusting for demographic factors, life-
styles, and clinical variables (including diabetes melli-
tus, blood glucose levels, CVD, eGFR, BP medications,
glucocorticoids and immunosuppressive agents, and
24-hour excretion of sodium and potassium), the gen-
eral linear model revealed that nighttime SBP and DBP
in QI were 6.89 mmHg and 4.25 mmHg higher than Q4
in accordance with the day-to-night ratio of urinary
sodium excretion status (both P < 0.001, Table 3).
Patients’ nighttime SBP and nighttime DBP decreased
by 5.60 mmHg and 3.07 mmHg in Q4 compared to Q1
according to day-to-night ratio of urinary potassium
excretion rate (both P < 0.001, Table 3). In addition,
multivariable models for dipping in BP showed similar
trends as nocturnal BP. Compared with the highest
quartile of day-to-night ratio of urinary sodium and
potassium excretion rate, linear regression coefficient
(95% CI) in the lowest quartile was —3.64 (—5.48
to —1.80), and —2.47 (—4.28 to —0.67) for SBP dipping,
respectively (both P < 0.001). Significance still existed
when the administration of diuretics and renin-
angiotensin system inhibitors were included in the
multivariable regression analysis (all P < 0.001, data
not shown). Similar association were observed in
nocturnal BP between day-to-night ratio of urinary
potassium excretion.

Multivariable logistic analyses showed that day-to-
night ratio of urinary sodium or potassium excretion
was negatively related with the risk of high nocturnal
SBP, and nocturnal BP risers (all P < 0.01,
Supplementary Table S4). Continuous net reclassifica-
tion improvements (> 0) were 0.28 (95% CI, 0.21-0.38),
0.35 (95% CI, 0.26-0.44), 0.23 (95% CI, 0.14-0.32), and
0.21 (95% CI, 0.12-0.32) for high nocturnal SBP, high
nocturnal DBP, SBP risers, and DBP risers, respectively
(model 5 vs. model 5 minus day-to-night ratio of uri-
nary sodium) (all P < 0.05). Integrated discrimination
improvement also showed that model 5 was superior to

Day-to-night ratio of the urinary potassium excretion

a1

<1.44 (n = 788)

3.90 (3.57-4.30)
15.61
22.72
61.68

a4

>2.52 (n = 788)

3.79 (3.51-4.00)
23.60
26.90
49.49

a3
1.53-2.52
(n = 788)
3.81 (3.60-4.15)
24.27
23.00
52.73

18.02

Q2
1.01-1.52 (n = 788)
26.27
65.71

Day-to-night ratio of the urinary sodium excretion
3.90 (3.60-4.22)

al

<1.00 (n = 788)

3.90 (3.60-4.30)
13.20
21.83
64.97

ABPM, ambulatory blood pressure monitoring; BP, blood pressure; BMI, body mass index; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration equation; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; Na, sodium; K,

Table 1. (Continued) Characteristics of patients with CKD according to quartile of day-to-night ratio of the urinary sodium and potassium excretion rate
potassium; RAS, renin-angiotensin system; SBP, systolic blood pressure.

2D/N indicates day/night ratio of urinary sodium or potassium excretion rate; This day-to-night ratio was used to divide the 3152 subjects into 4 quartiles.

®Other hypertension medications include a-blockers, b-blockers, and vasodilator (only 12 patients routinely used diuretics).

°Any exposure to glucocorticoids or immunosuppressive agents within 12 weeks.

9GFR was evaluated using EPI equation.
Results are medians (interquartile range) or percentage unless otherwise specified.

Missing values for the following variables: plasma Na (n = 9), plasma K (n = 11).

A1 (normal fo mildly increased)

A2 (moderately increased)

Albuminuria category (%)
A3 (severely increased)

Plasma K (mmol/I)

Variable

Kidney International Reports (2024) 9, 73-86 77
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Day : night ratio of the urinary potassium excretion

80
Nighttime ABPM <

== 420/70 mmHg

24-h ABPM <
130/80 mmHg

Daytime ABPM <
135/85 mmHg

204 Office BP <
140/90 mmHg

Day : night ratio of the urinary potassium excretion

100+
= Riser (%)
mm  Nondipper (%)
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Figure 1. Baseline percentage of high BP (a, b) and circadian profile of BP (c, d) by quartile of day-to-night ratio of the urinary sodium and
potassium excretion rate. ABPM, ambulatory blood pressure monitoring; BP, blood pressure; DBP, diastolic blood pressure; SBP, systolic blood

pressure.

model 5 without day-to-night ratio of urinary sodium
excretion (integrated discrimination improvement:
0.0099 (95% CI, 0.0061-0.0138), 0.0151 (95% CI,
0.0103-0.0200), 0.0113 (95% CI, 0.0071-0.0156), and
0.0082 (95% CI, 0.0044-0.0120), all P < 0.05). The net
reclassification improvement analysis also revealed that
day-to-night ratio of urinary potassium excretion had
an improved classification accuracy in patients with
and without high nocturnal SBP, high nocturnal DBP,
SBP risers, and DBP risers, leading to a continuous net
reclassification improvement (> 0) of 0.21 (95% CI,
0.13-0.30), 0.27 (95% CI, 0.17-0.35), 0.15 (95% CI,
0.06-0.24), and 0.14 (95% CI, 0.05-0.24), respectively
(model 5 vs. model 5 minus day-to-night ratio of uri-
nary potassium excretion) (all P < 0.05). Corresponding
integrated discrimination improvements were 0.0034
(95% CI, 0.0012-0.0057), 0.0063 (95% CI, 0.0029—
0.0096), 0.0038 (95% CI, 0.0014-0.0062), and 0.0047
(95% CI, 0.0020-0.0073), showing significant im-
provements (all P < 0.05). Interactions between day-to-
night ratio of urinary sodium excretion and eGFR and
eGFR categories were not significant (all P > 0.10).
Significant interactions was not observed between day-
to-night ratio of urinary potassium excretion or eGFR
and eGFR categories (all P > 0.10, data not shown).

Characteristics of Excretion of Sodium and
Potassium in Urine

The total 24-hour sodium excretion in Q2 and Q3 were
higher than those in Q1 and Q4 (Table 1), and progressive

78

increased excretion of sodium during the day and
decreased excretion of sodium during the night from Q1
to Q4 (both P < 0.001, Table 4). The patients in Q4 had a
high urine flow rate and a high sodium concentration in
their urine during the daytime (both P < 0.001, Table 4).
During daytime, the urine flow rate and urinary sodium
concentration in Q4 were approximately 65.59% and
20% higher than in Q1, respectively (Table 4). Further-
more, from Q1 to Q3, the urinary sodium concentration
was much greater at night than during the day; however,
in Q4, it was lower at night than during the day. The
sodium excretion rate in QI was the lowest during the
day and the greatest during the night of the 4 quartiles:
the median of day-to-night ratio of urinary sodium
excretion multiplied by the flow rate (ml/h) in Q1 to Q4
were 0.44, 0.75, 1.15, and 2.18, respectively (P < 0.001).
Similar trends were observed across quartiles of the day-
to—night ratio of urinary potassium excretion rate
(Table 4).

DISCUSSION

In this study, we found that poor excretion of daytime
sodium and potassium correlated with increased
nocturnal BP and blunted nocturnal BP dipping in
individuals with CKD, irrespective of the level of eGFR
and 24-hour excretion. After considering any con-
founding factors, this connection remained substantial.
We found a negative correlation between nocturnal BP
and daytime urine flow rate and urine sodium and
potassium concentration, suggesting that low sodium

Kidney International Reports (2024) 9, 73-86
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Figure 2. BP, PR, PP, and nocturnal dipping, by quartiles of day-to-night ratio of urinary sodium and potassium excretion rate. The dots and
squares represent means in different quartiles of day-to-night ratio of the urinary sodium excretion and day-to-night ratio of the urinary po-
tassium excretion, respectively. Bars represent interquartile ranges (25th and 75th quartile); dipping represents the nocturnal BP decrease
(nocturnal BP minus daytime BP), expressed in percentage of the daytime BP. BP, blood pressure; bpm, beats per minute; DBP, diastolic blood
pressure; PP, pulse pressure; PR, pulse rate; SBP, systolic blood pressure.

and potassium excretion in the daytime was because of
a reduced urine flow rate and a decreased capability of
concentrating sodium and potassium in the urine. Our
study adds to the sparse scientific literature describing
correlation between the circadian fluctuations of so-
dium and potassium in urine and rhythm of BP in
patients with CKD. The median day-to-night ratio of
sodium and potassium excretion rate differed between
the first and fourth quartiles by approximately 5-fold
and 3-fold ranges, and there were 12-mmHg and 9-
mmHg differences between the lowest and highest
quartiles of nocturnal SBP, respectively. These findings
highlight the clinical value of day-to-night ratio of
urinary sodium and potassium excretion rate on BP in
individuals with CKD.

Kidney International Reports (2024) 9, 73-86

Patients with CKD with very high quartile of the day-
to-night ratio of urinary sodium excretion rate had lower
nocturnal SBP than those with lower quartiles. Even
after full adjustment for demographic factors, lifestyles,
and clinical variables (including diabetes mellitus, blood
glucose levels, CVD, eGFR, BP medications, glucocorti-
coids and immunosuppressive agents, and 24-hour so-
dium and potassium excretion), this association
remained the same. Nocturnal SBP amounted to 6.89
mmHg lower pressure among Q4 patients than those in
Ql. In addition, daytime SBP became lower as the
quartile increased. Indeed, most BP variables (nighttime
SBP, daytime SBP, dipping SBP, nighttime DBP, daytime
DBP, dipping DBP) were negatively and independently
associated with higher quartile. In our study, the
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Table 2. Nighttime and daytime BP values and dipping proportion according to eGFR and day-to-night ratio of the urinary sodium and potassium excretion status

[e)
o

Day-to-night ratio of the urinary potassium excretion

eGFR >60 ml/min per 1.73 m?

Day-to-night ratio of the urinary sodium excretion

eGFR =60 mI/min per 1.73 m?

eGFR <60 ml/min per 1.73 m?

eGFR < 60 ml/min per 1.73 m?

Q2 a3 Q4
203
(14.83)

Q1
432

P Value (31.56)

Q2 a3 Q4
586
(32.87)

Q1
356

Q2 Q3 Q4

407
(29.73)

Q1

Q4

Q3
490
(27.48)

Q2

Q1

304
(22.21)

430
(31.41)

483
(27.09)

358
(20.08)

182
(13.29) P Value (19.97)

298
21.77)

482

606
(33.99) P Valie (35.21)

381
(21.37)

306
(17.16)

P Value

n (%)

119.00 <0.001

(109.00-

124.00
(113.00—

124.00

127.00
(116.00—

111.00 < 0.001

(102.00-

113.00
(105.00—

113.50
(105.00—

120.00 <0.001 117.00
(108.75— (106.00—

121.50
(111.00—
134.00)

123.00
(113.00—

117.00 111.00 110.00 <0.001 128.50
(103.75—- (102.00-

(107.00-

120.00

Nighttime SBP

(113.00—

(116.75—

(109.00-

(mmHg)

132.00)

137.00)
81.00

(72.00-

137.00)

142.00)
82.00

(74.00-

120.00)

122.00)
73.00

(66.00—

126.25)

127.75)
75.00
(67.25-

133.25)

136.00)

142.00)
82.00
(74.00-

118.00)
70.00

(63.00-

122.00)

126.00)
76.00
(68.00-

131.00)
78 .00

(70.00-

<0.001

78.00
(70.00-

< 0.001 79.00
(72.00-

70.00
(64.00-

74.00
(66.75—

80.00  79.50 78 <0.001
(72.00-  (71-87)  (69.75-

<0.001

72.00
(65.00-

Nighttime DBP

(mmHg)

87.00)
125.00
(117.00-

88.75)
128.00
(118.00—

88.00)
127.00

91.00)
131.00

(120.00—

78.00)

81.00)
119.00

(112.00-

82.00)
120.00

83.00)
123.00
(112.00-

86.25)
126.00
(117.00—

89.00)
126.00
(118.00—

91.00)
131.00

(120.00—

77.00)

80.00)
118.00

(110.00-

82.00)
122.00
(112.00-

85.00)
124.00

0.004

117.00 < 0.001

(109.00—

0.008

127.00

117.00 <0.001

(108.00

Daytime SBP

(119.00-

(111.00-
129.00)

(118.00-

(113.00-

(mmHg)

139.00)

140.00)
86.00

139.00)

143.75)
85.00

(78.00-

125.25)

128.00)
79.00

(72.00-

130.75)

0.169  80.00

139.00)
84.00
(75.75-

138.00) 139.00)

143.00)
85.00
(77.00-

125.00)
76.00

(70.00-

127.00)

131.00)
81.00
(73.00-

132.00)

0.142

84.00
(75.00—

84.00
(77.00-

76.00 < 0.001

(71.00-

79.60

85.00
(77.00-

85.00
(78.00-

<0.001

77.00
(71.00-

82.00
(73.00-

Daytime DBP

(77.00-

(72—
86.25)

(72.00-

(mmHg)

91.00)
19.80
54.95
26.25

93.00)
16.50
51.16
32.34

91.00)

93.00)
12.53

83.00)
18.35
62.95

86.00)
17.43
63.28

88.00)
16.57
57.58
25.84

91.00)
25.41

92.00)

92.00)
14.00

56.51

93.00)
10.81

83.00)
20.03

64.24

84.00)
19.02

61.15

87.00)
15.52

59.21

89.00)

0.110
0.617
0.061

14.92
55.48
29.60

0.757

15.64
57.82
26.54

17.91 <0.001

53.48
28.72

0.003

10.78
56.21

Dippers® (%)

0.186 52.20

0.004 3527

0.304
<0.001

54.56

0.119 50.31

Nondippers® (%)
Risers” (%)

18.70

19.29

19.89

19.84 156.73 <0.001 38.88 29.48

25.26

33.01

BP, blood pressure; DBP, diastolic blood pressure; SBP, systolic blood pressure.

Data are given as n (%) for categorical variables and medians (interquartile range) for continuous variables.

#Percent of SBP circadian patterns (dippers, nondippers, and risers).
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antihypertensive medication use did not contribute to
BP pattern change.

Previous study found that day-to-night ratio of
urinary sodium excretion rate was linked to circadian
ambulatory BP in general population.'® However, prior
research on the association of circadian rhythm of
urinary sodium excretion with abnormal rhythm of BP
in patients with CKD is scarce. Zhang et al.”" described
a positive relationship between night-to-day ratio of
urinary sodium excretion and increased nocturnal
clinic BP in patients with CKD; however, they did not
analyze the ABPM or nocturnal BP. Notably, among the
ABPM components, nighttime BP levels are signifi-
cantly positively associated with greater risks of death
and a composite cardiovascular outcome,”” and non-
dipping patterns are accompanied by worst prog-
nosis.”””’ Evidence has shown that patients with
simultaneously nondipping and nocturnal hyperten-
sion tended to have worst cardiovascular risk.”" Simi-
larly, risers BP pattern was independent of long-term
predictors of the adverse cardiovascular outcome.””
In the present study, we found that patients in Ql
were more likely to be risers and that nocturnal BP was
negatively correlated with day-to-night ratio of urinary
sodium excretion. Consistent with our study, several
studies have reported a positive relation between
nocturnal fall in BP and excretion of sodium during
daytime.

The data supported the hypothesis that insufficient
daytime sodium excretion requires increased nighttime
BP to facilitate a compensatory rise in sodium excretion
1929 In line with the hypothesis are
the studies that posit improving the circadian BP profile
played a role in recovering nocturnal dip in renal pa-
tients.”” Our results suggest that decreased urinary
daytime sodium excretion requiring increased nocturnal
BP also existed in patients with CKD. To be noted, the
relationship between dietary sodium intake and BP**
might be overestimated because of the “salt sensitive”
people.” Studies found that young normotensive Afri-
can Americans, who had a smaller diurnal change of fluid
and sodium excretion, "’ were more likely than Whites to
exhibit a high risk for sodium-sensitive hypertension
and a blunted dipping pattern of BP.""**

Furthermore, we found that the nocturnal BP dipping
was positively associated with daytime urinary potas-
sium excretion rate in the present study. In addition, the
association was independent of and consistent with so-
dium. The circadian rhythm of potassium excretion and
sodium excretion in urine has been paralleled in a pre-
vious study.”’ The tubular excretion of potassium in the
distal tubule and cortical collecting duct, accounting for
most of the urinary potassium excretion, is determined
by the amount of sodium delivered to the nephrons.”*

and restore balance.

Kidney International Reports (2024) 9, 73-86
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Table 3. Associations of day-to-night ratio of urinary sodium and potassium excretion rate with nocturnal SBP among patients with CKD

Day-to-Night Ratio of Urinary Sodium Excretion Day-to-Night Ratio of Urinary potassium Excretion
Q2 Q3 Q2 Q3
Dependent Variable Model Q1 < 1.00 1.01-1.52 1.53-2.52 Q4 > 2.52 P Value Q1 <1.44 1.44-1.9 1.95-2.62 Q4 > 2.62 P Value

Nocturnal BP (mmHg)/ Nocturnal PR (bpm)

a0 uy Buddig dg peiunig pue 4g swimybin 18ybiH e 18 ni7 7

SBP 1 Ref  —6.37 (~8.8210 —3.93) —10.34 (—12.79 10 —7.90) —13.75 (—16.1910 —11.30) < 0.001  Ref  —4.01 (—6.48 fo —1.54) —6.36 (—8.83 fo —3.90) —10.61 (~13.08 fo —8.15) < 0.001
2 Ref  —5.50 (~7.92 1o —3.07) —8.47 (~10.922 fo —13.26) —10.76 (—~13.26 0 —8.26) < 0.001  Ref  —4.02 (—6.45 fo —1.59) —5.25 (—7.69f0 —2.82) —8.53 (—10.99 fo —6.07) < 0.001
3 Ref  —4.34(-6.7710-1.90) -541(-7.9010 —9.52)  —6.93 (-9.52 10 —4.34) < 0001 Ref  —3.65 (-6.08 10 —1.22) —3.87 (—6.3210 —1.41) —5.47 (~7.99 10 —2.96) < 0.001
4 Ref  —4.46 (—6.8910 —2.02) —555(—8.0410 —3.05) —6.89 (—9.47 o —4.30) < 0001 Ref  —3.73 (-6.16 fo —1.30) —4.03 (—6.2610 —1.57) —5.52 (—8.05 fo —2.99) < 0.001
5 Ref  —4.41(-6.8510-1.98) —553 (~8.0210 —3.03) —6.89 (—9.4810 —4.31) <0001 Ref  —3.75(6.1810 —1.31) —4.02 (-6.4810 —1.57) —5.60 (~8.13 fo —3.07) < 0.001
DBP 1 Ref  —2.58(-3.7710-1.38) —556 (—6.7610 —4.37) —8.35 (—9.5410 —7.15) < 0001 Ref  —1.59 (—2.80 fo —0.38) —2.98 (—4.1910 —1.77) —6.46 (~7.67 fo —5.25) < 0.001
2 Ref  —2.26 (-3.4510—1.08) —4.91 (—6.1110 —-3.72)  —7.32 (-8.5410 —6.09) < 0.001  Ref  —1.50 (—2.69 fo —0.30) —2.46 (~3.6610 —1.26) —5.51 (~6.72 fo —4.31) < 0.001
3 Ref  —1.46 (25810 —0.33) —2.65(~3.8010 —1.50)  —4.26 (-5.5610 —3.07) < 0.001 Ref  —1.25 (-2.37 0 —0.13) —1.32 (~2.4510 —0.18) —2.92 (—4.08 fo —1.76) < 0.001
4 Ref  —1.56 (~2.6810 —0.44) —2.77 (-3.9210 —1.63)  —4.24 (-5.4310 —3.05) < 0.001 Ref  —1.33 (~2.4510 —0.21) —1.47 (~2.6010 —0.34) 3.00 (~4.16 10 —1.83) < 0.001
5 ~152(~2.6310-0.40) —2.75 (~3.8910 —1.61) —4.25 (-5.23 fo —~3.06) < 0.001 ~1.35(-24610 —0.23) -1.47 (-2.59--0.34) —3.07 (—4.2310 —1.91) < 0.001
PR 1 Ref  —1.37(-2.3710-0.36) -2.83 (~3.8310 —1.83) —2.75(~3.7510 —1.75) <0001 Ref  —1.31 (~2.3110 —0.32) —2.62 (~3.6210 —1.63) —4.15 (~5.1510 —3.16) < 0.001
2 Ref  —1.33(-23410-032) -2.75(-3.7610 —1.73) —2.62 (-3.6610 —1.59) < 0001 Ref  —1.33 (-2.33 10 —0.33) —2.60 (—3.6010 —1.60) —4.10 (-5.11 fo —3.09) < 0.001
3 Ref  —098(-197100.00) —154(-2.551 —053) —0.099 (~2.0410 -0.06) 0038 Ref  —1.2(-2.1810 —0.22) —2.03 (~3.0210 —1.05) —2.88 (~3.90 o —1.87) < 0.001
4 Ref  —096(-195100.03) —1.50(-2.5110-048)  —0.96 (—2.01 fo 0.09) 0.043 Ref  —1.12 (~2.1010 —0.14) —1.94 (—2.9410 —0.95) —2.74 (—3.77 10 —1.72) < 0.001
5 Ref —0.95(-1.94100.04) —1.49(-2.5010 —0.48)  —0.96 (—2.01 {0 0.09) 0.043 Ref  —1.13(=2.1110 —0.15) —1.94 (-2.9310 —0.95) —2.76 (~3.79t0 —1.74) < 0.001
Nocturnal BP/PR dipping (%)
SBP 1 Ref  —2.59 (—4.2410 —0.93) —3.51 (-5.1610 —1.85)  —4.50 (—6.1610 —2.85) < 0.001 Ref  —1.53 (~3.1910 —0.13) —2.25 (~3.9110 —0.59) —2.87 (—4.53 1o —1.21) < 0.001
2 Ref 239 (-4.05--0.74)  —3.08 (47510 —1.41)  —3.81 (-55210 —2.10) < 0.001 Ref  —1.62(-3.27100.03) —2.05(~3.7110-0.39) —-2.47 (—4.14100.79)  0.004
3 Ref 230 (-4.04- -057)  —2.93 (-4.7110 —-057)  —3.64 (54710 —1.8) <0001 Ref  —1.72(-3.45100.01) —-2.11 (-3.8610 —0.37) —2.40 (—4.1910 —0.61)  0.008
4 Ref 233 (-4.06--059)  —2.96 (-4.7410 —1.18) —3.63(-5.4810 —1.79) < 0.001 Ref  —1.75 (—3.48t0o —0.01) —2.16 (—3.91 fo —0.40) —2.42 (—4.2310 —0.62)  0.008
5 Ref 230 (-4.04- -0.56)  —2.94 (47210 —1.17)  —3.64 (-5.4810 —1.80) < 0.001 Ref  —1.76 (=3.49 10 —0.02) —2.15 (-3.91 fo —0.40) —2.47 (-4.2810 —0.67)  0.007
DBP 1 Ref -1.41 (-2.19- -0.63) —261 (33810 —1.83)  —3.96 (47410 -3.18) <0001 Ref —0.84(—1.6210—0.05) —1.63(~2.4210 —0.84) —2.37 (~3.16 10 —1.58) < 0.001
2 Ref  —1.15(~1.9210 -0.39) —2.05(-2.8210 —1.27)  —3.06 (-3.8510 —2.27) < 0.001 Ref  —.092 (~1.6810 —0.15) —1.36 (~2.1310 —0.58) —1.84 (~2.62 10 —1.06) < 0.001
3 Ref  —0.96 (25610 —0.95) —1.75 (2.5610 —0.95)  —2.61 (—3.4510 —1.78) <0001 Ref  —0.89 (~1.6810 —0.11) —1.20 (~1.9910 —0.41) —1.55 (—2.37 fo —0.74) < 0.001
4 Ref  —1.00 (17810 —0.21) —1.80(~2.6010 —0.99)  —2.61 (-3.45101.78) <0001 Ref  —0.94 (~1.7310 —0.15) —1.28 (~2.07 fo —0.48) —1.62 (—2.44 fo —0.80) < 0.001
5 Ref  —0.96(—17410-0.17) —1.78 (—2.5810 —0.98) —2.62 (—3.4510 —1.79) <0001 Ref  —0.96 (~1.7410 —0.17) —1.27 (~2.0610 —0.48) —1.69 (—2.51 fo —0.88) < 0.001
PR 1 Ref  —1.34(-2.1110 —0.57) —2.50 (~3.2610 —1.73)  —3.82 (—4.5910 —3.05) < 0.001 Ref  —1.16 (~0.193 10 —0.39) —2.51 (~3.2810 —1.74) —3.44 (—4.21 1o —2.67) < 0.001
2 Ref  —0.87 (~1.6110-0.13) —1.50(-2.2510 —0.75) —2.23 (—2.8010 —1.46) < 0001 Ref  —1.19 (~1.92 10 —0.46) —2.00 (~2.7410 —1.25) —2.48 (—3.23 10 —1.73) < 0.001
3 Ref  —0.52(~1.2510-0.22) 055 (~1.3010 —0.21)  —0.83 (—1.6110 —0.04) 0048 Ref  —1.04 (—1.77 10 —0.31) —1.50 (~2.2410 —0.76) —1.42 (—2.18 10 —0.66) < 0.001
4 Ref  —051(-12410-0.23) -052(-1.2710 -0.24) —0.80 (—~1.5810 —0.01)  0.058 Ref  —0.96 (~1.69 10 —0.23) —1.41 (=2.1610 —0.67) —1.26 (—2.02 fo —0.49) < 0.001
5 Ref 051 (12510 023) —052(~1.28100.24)  —0.80 (—1.5810 —0.01)  0.059  Ref  —0.96 (~1.69 fo ~0.22) —1.41 (=2.1610 ~0.67) —1.25 (—2.01 fo —0.48) < 0.001

Results are regression coefficient (95% Cl). Nocturnal BP dipping is day-night difference in percentage of day value. M1 indicates unadjusted model; M2, model adjusted for age and sex; M3, the model adjusted for age, sex, eGFR, BMI, tobacco
smoking, diabetes, fasting blood glucose, dyslipidemia, CVD, antihypertensive treatment, and albuminuria category; M4, model 3 plus 24h Na, 24h K; M5, model 4 plus glucocorticoids.

95% Cl, 95% confidence interval. Pvalues for trend were calculated by treating quartiles as a continuous variable in each model. BP, blood pressure; bpm, beats per minute; DBP, diastolic blood pressure; PR, pulse rate; SBP, systolic blood pressure.
Missing values for the following variables: PR dipping (n = 4).

o}
-
=
o
>
2
=
m
n
m
>
)
o
I




Z8

98-€L ‘6 (¥20g) sHoday |euoneusaiu| Asupry

Table 4. Daytime

and nighttime urinary excretion and concentrations by quartiles of day-to-night ratio of urinary sodium and potassium excretion rate

Variable

Day
Day V* (L)
Day Vit (mi/h)

Day Na excretion
(mmol)

Day UNa (mmol/f)

Day K excretion (mmol)

Day UK (mmol/l)

Night

Night V(1)

Night V° (mli/h)

Night Na excrefion
(mmol)

Night UNa (mmol/l)

Night K excrefion
(mmol)

Night UK (mmol/l)
DIN

DIN V°

D/N Na V°

DN K \V°

D/N VP

D/N Na \°

DN K VP

Day-to-night ratio of the urinary sodium excretion

Day-to-night ratio of the urinary potassium excretion

a1
<1.00 (n = 788)

0.84 (0.59-1.13)
0.93 (0.66-1.26)
46.52 (29.04-67.26)

59.00 (38.00-83.28)
17.26 (11.77-23.33)
21.74 (14.12-30.78)

0.86 (0.63-1.15)
1.59 (1.17-2.13)

Q2

1.01-1.52 (n = 788)

1.11 (0.80-1.48)
1.23 (0.89-1.64)

69.00 (48.35-96.37)

64.37 (44.42-90.00)
20.48 (15.72-26.76)
19.15 (13.90-25.71)

0.71 (0.55-0.93)
1.31 (1.02-1.72)

Q3

1.53-2.52 (n = 788)

1.19 (0.89-1.61)
1.32 (0.99-1.79)

Q4

> 2,52 (n = 788)

1.39 (0.95-1.85)
1.54 (1.06-2.06)

83.97 (58.36-116.48) 94.66 (61.93-133.78)

69.78 (48.87-96.66) 71.00 (50.00-99.65)
22.53 (16.90-28.96) 23.46 (17.32-31.48)

18.87 (13.61-26.10)

0.56 (0.40-0.78)
1.04 (0.75-1.44)

18.12 (12.70-25.26)

0.36 (0.23-0.53)
0.67 (0.43-0.98)

71.61 (47.89-100.79) 55.75 (29.23-28.56) 44.08 (30.25-60.98) 22.78 (13.21-35.91)

85.00 (61.00-109.00) 80.19 (58.64-104.04) 78.00 (54.00-106.49) 66.14 (41.00-96.00)

13.34 (9.82-17.97)

156.80 (11.560-21.40)

0.95 (0.70-1.24)
0.73 (0.56-0.87)
1.28 (0.98-1.65)
0.57 (0.42-0.75)
0.4 (0.33-0.52)
0.77 (0.59-0.99)

11.36 (8.73-15.11)

16.10 (11.76-21.92)

1.46 (1.2-1.81)
1.24 (1.11-1.38)
1.77 (1.47-2.19)
0.88 (0.72-1.08)
0.75 (0.67-0.83)
1.06 (0.88-1.31)

10.28 (7.85-13.06)

8.24 (6.61-11.22)

17.64 (13.00-25.38) 22.52 (14.70-33.71)

2.07 (1.66-2.67)
1.91 (1.72-2.16)
2.19 (1.77-2.78)
1.24 (1.00-1.60)
1.15 (1.03-1.30)
1.31 (1.06-1.67)

3.60 (2.55-5.35)
3.63 (2.93-5.33)
2.85 (2.23-4.10)
2.16 (1.63-3.21)
2.18 (1.76-3.20)
1.71 (1.34-2.46)

P Value

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001

< 0.001

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

Q1

<1.44 (n = 788)

0.80 (0.55-1.13)
0.89 (0.61-1.26)

50.61 (32.00-77.33)

66.08 (42.49-93.64)
15.29 (10.73-20.12)
19.15 (12.70-27.50)

0.76 (0.53-1.05)
1.41 (0.98-1.94)

60.90 (35.41-90.18) 52.52 (32.49-75.80) 45.82 (27.15-65.17) 32.24 (17.03-51.68)

18.72 (13.34-27.04)

1.03 (0.73-1.47)
0.88 (0.60-1.24)
1.14 (0.90-1.29)
0.62 (0.44-0.88)
0.53 (0.36-0.74)
0.68 (0.54-0.78)

Q2
1.44-1.94 (n = 788)

1.08 (0.8-1.48)
1.20 (0.89-1.64)
67.18 (45.60-97.58)

63.61 (43.70-89.87)
19.94 (15.65-25.80)
18.60 (13.40-26.30)

0.70 (0.50-0.93)
1.30 (0.93-1.72)

11.74 (9.21-15.52)

17.70 (12.41-24.95)

1.55 (1.17-2.04)
1.29 (0.98-1.79)
1.69 (1.56-1.81)
0.92 (0.70-1.23)
0.77 (0.59-1.07)
1.02 (0.94-1.08)

Q3

1.95-2.62 (n = 787)

1.23 (0.91-1.60)
1.37 (1.01-1.78)

66.00 (46.00-90.10) 68.90 (48.00-97.34)
22.95 (18.08-28.562) 26.62 (20.23-35.35)
19.00 (13.90-26.10) 20.30 (14.30-28.20)

0.61 (0.43-0.82)
1.13 (0.80-1.52)

10.32 (8.14-12.70)

16.52 (12.30-24.00)

1.95 (1.48-2.73)
1.74 (1.30-2.50)
2.24 (2.09-2.40)
1.17 (0.89-1.64)
1.05 (0.78-1.50)
1.34 (1.26-1.44)

Q4

> 2.62 (n = 789)

1.34 (0.99-1.83)
1.49 (1.10-2.03)

79.52 (54.29-113.90) 90.92 (60.87-129.60)

0.44 (0.26-0.65)
0.81 (0.48-1.20)

82.00 (55.00-107.00) 78.16 (56.00-101.00) 76.00 (51.50-103.00) 73.60 (50.00-107.89)
14.17 (10.26-19.10)

7.52 (5.14-9.95)

17.11 (12.20-25.52)

3.08 (2.17-4.71)
2.87 (1.96-4.37)
3.39 (2.90-4.42)
1.85 (1.30-2.82)
172 (1.17-2.62)
2.03 (1.74-2.65)

P Value

< 0.001
< 0.001
< 0.001

0.032
< 0.001
0.015

< 0.001
< 0.001
< 0.001

0.164
< 0.001

0.001

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

D/N, daytime/nighttime.

2urine volumes represent in |.

®yrine flow rates in mL/h. Na, sodium; K, potassium; UNa, urinary sodium; UK, urinary potassium.
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The sodium excretion into urine was proportional to the
amount of sodium delivered to the nephrons. Unsur-
prisingly, therefore, increased urinary potassium
excretion paralleled with enhanced urinary sodium
excretion. For circadian rhythms of urinary sodium and
potassium excretions, the association was similar.'”** In
contrast, the secretion of potassium through renal outer
medullary potassium channel increased as the amount of
potassium delivered to distal nephron enhanced.**"’
This will cause the suppression of tubular sodium
reabsorption through epithelial sodium channel and
sodium/chloride cotransporter in the distal nephron**’;
and therefore, increased urinary sodium excretion.
Compared with other electrolytes and creatinine, the
variations of excretion rate of potassium during daytime
and nighttime are more because the potassium excreted
during daytime accounts for the majority of the total 24-
hour excretion.”® Moreover, the secretion of potassium
can selectively enhance urine flow rate during the active
phase, which is daytime for humans but night for rats. It
could provide a possible explanation for the increase in
the day-to-night ratio of the sodium excretion rate.”’ Our
work expands on this data by demonstrating that
circadian rhythms of BP, circadian rhythm of urinary
sodium and potassium excretion may interact in CKD
participants.

Studies have found a link between 24-hour urinary
sodium and potassium and BP in patients with CKD in the
past decade.”””” However, this is the first study to
demonstrate how the BP varies according to the circa-
dian pattern of sodium and potassium excretion in a
group of patients with CKD through ABPM. Previous
studies found a positive relationship between urinary
sodium excretion and BP in patients with CKD, but un-
like contradictory conclusions in general popula-
tion,”””" or contrary conclusion in studies on potassium
excretion.”" Increased 24-hour urinary sodium excretion
was strongly correlated with higher nighttime SBP in our
study; however, the correlation between 24-hour uri-
nary potassium excretion and nighttime SBP was not
significant. Further analyses showed that nighttime SBP,
nighttime DBP, and percentage of risers decreased from
QI to Q4 whether in high or low 24-hour sodium (or
potassium) excretion group. This finding suggests that
patients with low day-to-night ratio of urinary excretion
rate may still have elevated nocturnal BP and be risers
even at comparatively low excretion of 24-hour urinary
sodium (or potassium). This may reflect that the optimum
excretions of 24-hour sodium and potassium are
different among patients with CKD. Therefore, in addi-
tion to 24-hour urinary excretion, the day-to-night ratio
of urinary excretion deserves our emphasis. Because the
parameter is not measured routinely in the clinic,
important information may be missed.

Kidney International Reports (2024) 9, 73-86
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According to the theory put forth by Fukuda
et al.,'” diminished sodium excretory capacity may be
caused by enhanced tubular sodium reabsorption and
reduced GFR. The finding that an abnormal BP dipping
was associated with an elevated sodium reabsorption or
a declined renal function™ was congruent with this
hypothesis. Also consistent is our result that patients
with impaired renal function were more likely to have
increased nocturnal BP and to be risers. More inter-
estingly, we found a pattern for the decrease in
nocturnal BP and risers in patients with lower day-to-
night ratio of sodium and potassium excretion rate not
only in lower GFR, but also in higher GFR. A previous
study reported a strong correlation between urinary
sodium excretion and nocturnal systolic BP, with a
significant interaction between urinary sodium excre-
tion and eGFR on nighttime systolic BP.”” In this study,
significant interactions between day-to-night ratio of
urinary sodium and potassium excretion with eGFR
were not found. Further investigation in urine revealed
a low excretion of sodium and a low concentration of
urinary sodium during daytime in Q1 when compared
to the 3 other quartiles, suggesting that a greater
daytime sodium reabsorption is tubular. For the similar
24-hour sodium excretion, urine flow rate and urinary
sodium concentration were significantly lower in QI
than those in Q4 during daytime. Our results suggest
that circadian rhythm of sodium and potassium in
urine are not confined to reduced GFR, but that
enhanced tubular sodium reabsorption is also associ-
ated with declined capability to excrete electrolyte
during daytime.

This study has several limitations. First, no causal
inferences can be made, and the possibility of residual
confounding cannot be excluded because this is an
observational study. Second, the time of sodium and
potassium intake has not been assessed. We cannot rule
out that Q1 patients ate more salt and potassium during
nighttime than during daytime when compared to the
other 3 quartiles. However, because the definition of
nighttime in our study is dependent on the time pa-
tients going to-bed, the possibility of eating in the
evening is relatively low. On the other hand, although
it is easily subject to bias because of the lack of in-
formation on sodium and potassium contents in many
foods, inaccurate reporting by patients, recall bias, and
other reasons,” detailed eating habits (including diet
information and use of tea or drinks) should better be
included in future studies. Third, the higher nocturnal
BP may be due to the elevated urine volume during
nighttime, resulting in more times of getting-up and
poor sleep quantity and quality. We sought to over-
come this limitation by excluding patients with BP data
missing for 2 hours continuously and those who got up
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during the night and had trouble going back to asleep.
Fourth, this study included only Chinese people,
therefore our results may not be generalized to the
Western and other populations.

To summarize, a reduced excretion of daytime so-
dium or potassium was independently linked to a
higher nocturnal BP and a blunted nocturnal BP dip-
ping in patients with CKD. Furthermore, a reduced
urine flow rate and a diminished capacity to concen-
trate sodium and potassium in the urine were the main
contributors to a low day-to-night ratio of urinary so-
dium excretion and excretion of potassium. Therefore,
separated daytime and nighttime measurements of
urinary sodium and potassium should be recommended
for patients with CKD.
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