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Rationale & Objective: Dysnatremias have been
associated with an increased risk of mortality in the
chronic kidney disease (CKD) population. Our
objective is to identify the prevalence of and risk
factors associated with dysnatremias in a CKD
population and assess the association of dysnatremias with kidney failure and mortality among
patients with CKD enrolled in the Chronic Renal
Insufﬁciency Cohort Study.
Study Design: Analysis of prospective cohort
study.
Setting & Participants: Adult patients aged 21-74
years with CKD from the Chronic Renal Insufﬁciency Cohort study.
Predictors:
Baseline
and
time-dependent
hyponatremia and hypernatremia.
Outcomes: All-cause mortality and kidney failure.
Analytical Approach: Baseline characteristics
were compared using χ2 tests for categorical variables, analysis of variance for age, and KruskalWallis tests for laboratory variables. Cox
proportional hazards models and competing risk
models were used to evaluate the association
between baseline sodium level and overall
mortality.
Results: Of a total of 5,444 patients with CKD,
486 (9%) had hyponatremia and 53 (1%) had

H

hypernatremia. Altogether, 1,508 patients died and
1,206 reached kidney failure. In adjusted Cox
models, time-dependent dysnatremias were strongly
associated with mortality for both hyponatremia
(HR, 1.38; 95% CI, 1.16-1.64) and hypernatremia
(HR, 1.54; 95% CI, 1.04-2.29). Factors
associated with hyponatremia included female sex,
diabetes, and hypertension. Regardless of age,
time-dependent hypernatremia was associated
with an increased risk of kidney failure (HR, 1.64;
95% CI, 1.06-2.53). Baseline and time-dependent
hyponatremia were associated with an increased
risk of kidney failure in patients younger than 65
(baseline hyponatremia HR, 1.30; 95% CI, 1.031.64 and time-dependent hyponatremia HR, 1.36;
95% CI, 1.09-1.70) but not among patients
aged >65 years.
Limitations: Inability to establish causality and lack
of generalizability to hospitalized patients.
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Conclusions: Dysnatremias are prevalent among
ambulatory CKD patients and are associated with
mortality and kidney failure. Time-dependent
dysnatremias were signiﬁcantly associated with
mortality in patients with CKD. Time-dependent
hypernatremia was associated with progression
to kidney failure. Baseline and time-dependent
hyponatremia were associated with an increased
risk of progression to kidney failure in those
younger than 65 years.

yponatremia is the most common electrolyte disorder
worldwide, with a prevalence ranging from 14.5% to
58% in hospitalized patients without kidney disease.1-4
Hospitalized patients with hyponatremia have a 50%
higher risk of death compared with patients with eunatremia.5-8 Hyponatremia may contribute to increased
mortality secondary to organ dysfunction.9 The presence
of hyponatremia has been associated with more deleterious
outcomes in congestive heart failure (CHF) and cirrhosis.10
Hypernatremia is less common with a reported prevalence
of 2% in hospitalized patients.11 Hypernatremia is an independent risk factor for mortality, particularly in the
intensive care unit.12
The kidneys play a central role in the regulation of
water homeostasis.13 Dysregulation in electrolyte-free
water balance predisposes individuals with kidney disease to dysnatremias.14 In advanced chronic kidney disease
(CKD), the kidneys lose their ability to concentrate and/or
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dilute urine, which may predispose individuals to hypernatremia and hyponatremia, respectively.15 Dysnatremias in
patients with CKD have been associated with increased
all-cause mortality, cardiovascular, malignancy, and noncardiovascular/non-malignancy-related deaths.16,17 Individuals with CKD at risk for hyponatremia include those
with younger age, diabetes, CHF, and earlier stages of
CKD.18 There is a void of literature on the long-term effects
of sodium in an extensively studied CKD population, and
therefore, we sought to evaluate the effect of dysnatremias
on mortality and kidney failure from patients enrolled in the
Chronic Renal Insufficiency Cohort (CRIC) study.19
METHODS
Study Population
CRIC is a multicenter, prospective study in the United
States that was designed to examine the determinants of
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CKD progression, cardiovascular disease, and mortality but
has evolved into a national database for the investigation of
a wide range of CKD-related topics. Details of the CRIC
study have been published previously.20,21
Briefly, the CRIC study started in 2003 and has enrolled
a total of 5,499 participants from 13 recruitment sites,
with ages 21-74 and an estimated glomerular filtration rate
(eGFR) of 20-70 mL/min/1.73 m2 (Item S1). Participants
are still actively being followed every 6 months. General
exclusion criteria for CRIC participant enrollment included
New York Heart Association class III-IV CHF, cirrhosis,
chemotherapy for systemic cancer, immunosuppression
for primary kidney disorders within 6 months, prior kidney transplant, and polycystic kidney disease. Informed
consent was obtained during initial screening visits.
We included all CRIC study participants with baseline
levels of both serum sodium and glucose. We used the
2021 race-agnostic Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation for eGFR.22 CKD was
classified into: CKD stage 1 and 2 (eGFR ≥60 mL/min/
1.73 m2), CKD stage 3a (eGFR 45-59 mL/min/1.73 m2),
CKD stage 3b (eGFR 30-44 mL/min/1.73 m2), CKD stage
4 (eGFR 15-29 mL/min/1.73 m2), and CKD stage 5
(eGFR <15 mL/min/1.73 m2).
Serum Sodium and Glucose
Measurements of serum sodium (mmol/L) were processed
at the CRIC Central Laboratory using an ion-selective electrode for all samples collected through October 2018.
Samples collected after October 2018 were processed
using ion-selective electrodes at participating CRIC sites. Sodium values were adjusted for glucose levels > 200 mg/dL as
follows: adjusted sodium = sodium + (1.6 × (glucose-100)/
100)). Adjusted sodium levels were grouped into hyponatremia (<136 mmol/L), eunatremia (136 to <146 mmol/
L), and hypernatremia (≥146 mmol/L). These values were
chosen based on cutoff values reported by Huang et al17
who conducted a similar study in a tertiary referral center.
Sodium and glucose values were measured at baseline and
yearly during follow-up visits.
Outcomes
Primary measured outcomes included all-cause mortality
and kidney failure. Kidney failure was defined as the
initiation of dialysis or pre-emptive transplant. All CRIC
participants complete annual in-person follow-up visits
that include collection of medical history, hospital events,
medication review, physical measures, and laboratory
testing. Time of death is ascertained through reports from
family, medical records, obituaries, and queries of the
National Death Index.21 Kidney failure status and timing
are confirmed using the US Renal Data System. The CRIC
Adjudication Committee reviews all de-identified medical
records to determine kidney clinical endpoints. The data
used for our analysis was ascertained from 2003
through 2020.
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Statistical Analysis
We compared baseline characteristics among patients with
hyponatremia, eunatremia, and hypernatremia using χ 2
tests for categorical variables, analysis of variance for age,
and Kruskal-Wallis tests for laboratory variables. Generalized estimating equations were used to evaluate factors
associated with hyponatremia compared to eunatremia and
hypernatremia using repeated measures of sodium over
time. In addition to sodium and glucose measurements,
other data was updated during follow-up including laboratory measures, body mass index, medications, and
comorbid conditions. Covariates were chosen a priori
based on factors previously shown or thought to be related
to serum sodium levels and mortality. We adjusted
the model for age, sex, race, body mass index (<25,
25-30, ≥30 kg/m2), history of smoking, diabetes, hypertension, stroke, cancer, CHF, cardiovascular disease,
peripheral vascular disease, CKD stage, serum bicarbonate,
serum albumin, serum potassium level, log blood urea
nitrogen, selective serotonin reuptake inhibitors,
angiotensin-converting enzyme inhibitors, aldosterone
receptor blockers, β-blockers, loop diuretics, and thiazides.
For the time-dependent data of factors associated with
hyponatremia, body mass index was missing on 9% of
follow-ups, whereas less than 1% of data was missing
for hypertension, cancer, serum potassium, blood urea
nitrogen, serum albumin, serum bicarbonate, eGFR,
angiotensin-converting enzyme inhibitors, aldosterone receptor blockers, β-blockers, selective serotonin reuptake
inhibitors, loop, and thiazide diuretics. We used the carryforward method when covariates were missing in follow-up
data. For patients that reached kidney failure, we included
their data before reaching kidney failure and excluded their
data after reaching kidney failure. To evaluate whether
factors associated with hyponatremia remained consistent
even when including data for patients already on dialysis,
we did a sensitivity analysis in which we included all
measurements per patient and assigned an eGFR of
10 mL/min/1.73 m2 to patients after they went on dialysis.
We estimated and graphed time to mortality and kidney
failure using competing risks accounting for potential
informative censoring.23 We used Cox proportional hazards models to evaluate the association between baseline
sodium level and overall mortality. We also used Fine and
Gray’s extension of Cox regression24 to evaluate the association between baseline serum sodium levels and kidney failure with death as a competing risk. We adjusted the
models for the following variables: age, sex, race, smoking
status, eGFR, body mass index, diabetes, hypertension,
coronary artery disease, CHF, stroke, all cancer, peripheral
vascular disease, hypercholesterolemia, serum albumin,
serum bicarbonate, serum potassium, blood urea nitrogen,
and the use of each of the following: angiotensinconverting enzyme inhibitors, aldosterone receptor
blockers, beta-blockers, selective serotonin reuptake inhibitors, loop diuretics, and thiazides. We used natural
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Table 1. Patient Characteristics at Baseline by Sodium Category

Factor
Age (y)
Age (y)
<65
≥65
Sex
Male
Female
Race
White
Black
Other
BMI (kg/m2)
<25
25-30
>30
Comorbid conditions
Current smoker
Diabetes mellitus
Hypertension
CV disease
Stroke
CHF
Diagnosed or treated
for any cancer 5 years
before enrollment
Hyperlipidemia
Peripheral vascular
disease
Laboratory tests
2021 CKD-EPI Stage:
eGFR (mL/min/
1.73 m2)
Stage 1 and 2: ≥60
Stage 3a: 45-59
Stage 3b: 30-44
Stage 4 and 5: <30
Hemoglobin (g/dL)
CO2 (mmol/L)
Serum albumin (g/dL)
Total bilirubin (mg/dL)
Aspartate
aminotransferase (U/L)
Alanine
aminotransferase (U/L)
Alkaline phosphatase
(U/L)
UAlb/UCreat (μg/mg)
Potassium (mmol/L)
Blood urea nitrogen
(mg/dL)
Medications
Antidepressants
SSRIs
β-Blockers
ACEi or ARBs

N
missing
0
0

Overall
(N = 5,444)
59.5 ± 10.7

Hyponatremia
<136 mmol/L
(N = 486)
58.1 ± 11.7

Eunatremia
136-145 mmol/L
(N = 4,905)
59.7 ± 10.6

Hypernatremia
≥145 mmol/L
(N = 53)
60.9 ± 7.6

3,510 (64.5%)
1,934 (35.5%)

327 (67.3%)
159 (32.7%)

3,147 (64.2%)
1,758 (35.8%)

36 (67.9%)
17 (32.1%)

3,066 (56.3%)
2,378 (43.7%)

249 (51.2%)
237 (48.8%)

2,797 (57.0%)
2,108 (43.0%)

20 (37.7%)
33 (62.3%)

P
0.004a
0.34b

0.001b

0

<0.001b

0
2,502 (46.0%)
2,411 (44.3%)
531 (9.8%)

236 (48.6%)
163 (33.5%)
87 (17.9%)

2,246 (45.8%)
2,217 (45.2%)
442 (9.0%)

20 (37.7%)
31 (58.5%)
2 (3.8%)
<0.001b

29
785 (14.5%)
1,562 (28.8%)
3,068 (56.7%)

112 (23.1%)
151 (31.1%)
222 (45.8%)

663 (13.6%)
1,400 (28.7%)
2,815 (57.7%)

10 (19.2%)
11 (21.2%)
31 (59.6%)

0
0
2
0
0
0
0

683 (12.5%)
2,794 (51.3%)
4,706 (86.5%)
1,833 (33.7%)
567 (10.4%)
527 (9.7%)
452 (8.3%)

67 (13.8%)
280 (57.6%)
416 (85.6%)
160 (32.9%)
45 (9.3%)
38 (7.8%)
40 (8.2%)

606 (12.4%)
2,490 (50.8%)
4,243 (86.5%)
1,646 (33.6%)
513 (10.5%)
482 (9.8%)
409 (8.3%)

10 (18.9%)
24 (45.3%)
47 (88.7%)
27 (50.9%)
9 (17.0%)
7 (13.2%)
3 (5.7%)

0.25b
0.01b
0.76b
0.03b
0.21b
0.25b
0.78b

0
0

4,342 (79.8%)
363 (6.7%)

384 (79.0%)
37 (7.6%)

3,912 (79.8%)
323 (6.6%)

46 (86.8%)
3 (5.7%)

0.41b
0.66b

0.004b

0

28
0
32
34
39

1,253 (23.0%)
1,840 (33.8%)
1,616 (29.7%)
735 (13.5%)
12.6 [11.5,13.9]
25 [23,26]
4 [3.7,4.2]
0.3 [0.2,0.5]
22 [18,28]

119 (24.5%)
161 (33.1%)
149 (30.7%)
57 (11.7%)
12.4[11.2,13.5]
23.5 [22,26]
3.9 [3.6,4.2]
0.3 [0.2,0.5]
24 [19,30.5]

1,131 (23.1%)
1,664 (33.9%)
1,447 (29.5%)
663 (13.5%)
12.6[11.5,13.9]
25 [23,26]
4 [3.7,4.2]
0.3 [0.2,0.5]
22 [18,28]

3 (5.7%)
15 (28.3%)
20 (37.7%)
15 (28.3%)
12.1[11.2,13.6]
25 [22,26]
4.2 [4.0,4.5]
0.2 [0.2,0.3]
24 [21,32]

0.001c
<0.001c
<0.001c
<0.001c
<0.001c

38

27 [20,35]

29 [20,37]

26 [20,35]

31 [24,40]

<0.001c

36

81 [66,100]

83 [65,103.5]

80 [66,100]

89 [79,104]

0.002c

1,687
44
2

52.3 [8.7,461.4]
4.3 [4,4.6]
24 [19,33]

51.5 [7.6,890.4]
4.3 [4,4.7]
25 [19,34]

52.8 [8.9,452]
4.3 [4,4.6]
24 [19,33]

26.1 [10.7,198.4]
4.5 [4.2,4.7]
30 [20,42]

0.16c
<0.001c
0.11c

39
39
39
39

1,052 (19.5%)
593 (11%)
2,682 (49.6%)
3,720 (68.8%)

103 (21.3%)
55 (11.4%)
238 (49.3%)
316 (65.4%)

939 (19.3%)
533 (10.9%)
2,407 (49.4%)
3,366 (69.1%)

10 (18.9%)
5 (9.4%)
37 (69.8%)
38 (71.7%)

0.55b
0.90b
0.01b
0.22b
(Continued)
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Table 1 (Cont'd). Patient Characteristics at Baseline by Sodium Category

Factor
Statins
Loops
Thiazides
Potassium sparing
diuretics
All diuretics

N
missing
39
39
39
39

Overall
(N = 5,444)
3,135 (58%)
1,800 (33.3%)
1,481(27.4%)
548 (10.1%)

Hyponatremia
<136 mmol/L
(N = 486)
284 (58.8%)
169 (35%)
153(31.7%)
63 (13%)

Eunatremia
136-145 mmol/L
(N = 4,905)
2,817(57.9%)
1,608(33%)
1,312(26.9%)
477 (9.8%)

Hypernatremia
≥145 mmol/L
(N = 53)
34(64.2%)
23(43.4%)
16(30.2%)
8 (15.1%)

P
0.61b
0.20b
0.08b
0.04b

39

3,021 (55.9%)

283 (58.6%)

2,701 (55.5%)

37 (69.8%)

0.05b

Note: Statistics presented as mean ± SD, median [P25, P75], or n (%).
Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, aldosterone receptor blocker; BMI, body mass index; CV, cardiovascular; CHF, congestive heart
failure; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; SSRI, selective serotonin reuptake inhibitor; UAlb, urinary albumin; UCreat, urinary creatinine,
CO2: Bicarbonate.
a
Analysis of variance
b
Pearson’s χ2 test
c
Kruskal-Wallis test

cubic splines with 3 equally spaced knots (at the 25th,
50th, and 75th percentiles) to relax linearity assumptions
for continuous covariates when appropriate. We tested 2way interactions between hyponatremia and eunatremia
with each of the following variables: eGFR, age, and CHF.
Interactions with age were subsequently evaluated as
age <65 versus ≥65 years for ease of interpretation. We did
not test interactions with hypernatremia because of the
small sample size. In addition, we also fitted models
including baseline continuous sodium with splines at the
10th, 50th, and 90th percentiles while adjusting for the
above-mentioned covariates. When significant associations
were found, we plotted sodium versus the hazard ratio of
the outcome (using the median sodium value in our data
as reference value). Urine albumin to creatinine ratio was a
potentially important covariate that was missing in 31% of
patients, so we evaluated whether results were consistent
when adjusting for baseline urine albumin to creatinine
ratio in sensitivity analyses.
To evaluate the relationship between serum sodium
levels and outcomes, we fitted a Cox proportional hazards
model of all-cause mortality with time-dependent repeated
measures of sodium. For each yearly serum sodium measurement, the corresponding serum glucose measurement
was used for adjustment. For completed visits over the
entire study, approximately 6% of sodium and glucose
measurements were missing. We used carry-forward
values to fill in data when serum sodium and glucose
values were not obtained until the next yearly follow-up. It
seemed reasonable to assume constant sodium level for
that patient until the next completed visit. We also fitted a
similar adjusted Cox model of time-dependent sodium
level and kidney failure censored at death.
Less than 1% of data was missing for some baseline
variables (Table 1). We used multiple imputations (SAS
proc MI) with the Markov Chain Monte Carlo method and
a single chain to impute 5 datasets with complete data. All
the covariates from the multivariable model were included
in the imputation. All models were performed on each of
the 5 imputed datasets, and parameter estimates were
combined using SAS MI analyze.
4

All analyses were conducted using Linux SAS version
9.4 (SAS Institute), and figures were created using R 3.5.1
(The R Foundation for Statistical Computing).
RESULTS
Out of 5,499 patients that participated in the CRIC study,
5,444 (99%) had baseline serum sodium and glucose
measurements and were included in this study. Of the
5,444 patients, n = 486 (9%) had hyponatremia and
n = 53 (1%) had hypernatremia, which was within the
previously reported prevalence in CKD patients.16-18,25-27
Baseline characteristics showed a mean age of 59.5 ± 10.7
years, male (56.3%), African American (44.3%), hypertension (86.5%), diabetes (51.3%), with CKD stage 3a
(35.1%) predominance. Many patient characteristics were
different across sodium levels (Table 1). Patients with
hyponatremia were slightly younger than those with
eunatremia and hypernatremia (58.1 vs 59.7 vs 50.9,
P = 0.004). The percent of African American patients across
sodium categories was 33.5%, 45.2%, and 58.5%, respectively (P < 0.001). The percentage of patients having CHF,
taking loops, thiazides, or selective serotonin reuptake inhibitors at each of the sodium categories was not significantly different.
Factors Associated With Hyponatremia Over Time
Ninety percent of patients (n = 4,910), had at least 1
annual in-person follow-up visit with ambulatory laboratory data. The median number of serum sodium and
glucose measurements was 5 per patient and ranged from
1-15 years. Among these, 7% of the measurements indicated hyponatremia, whereas 1% indicated hypernatremia,
with the remaining 92% being eunatremic. In the adjusted
model, we found the following variables were associated
with higher odds of hyponatremia: females compared to
males, diabetes, hypertension, CHF, and thiazide diuretic
use (Table 2). There was a protective effect toward
eunatremia in African American compared to White patients, CKD stage 3b compared to CKD stages 1 and 2,
lower eGFR < 30 mL/min/1.73 m2, higher albumin, and
Kidney Med Vol 4 | Iss 12 | December 2022 | 100554
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Table 2. Multivariable Model of Factors Associated With Hyponatremia Including Repeated Measures per Patient

Age per 10 y
Female vs male
Race
White
Black
Other
BMI (kg/m2)
<25
25-<30
>30
Comorbid conditions
Current smoker
Diabetes mellitus
Hypertension
CV disease
Stroke
CHF
Cancer
Hyperlipidemia
Peripheral vascular disease
Laboratory tests
eGFR (mL/min/1.73 m2)
>60
45-59
30-44
<30
CO2 (per 1 mmol/L)
Serum albumin (per 1 g/dL)
Potassium
Hypokalemia (<3.6 mmol/L)
Normal (3.6-5.2 mmol/L)
Hyperkalemia (>5.2 mmol/L)
Log BUN (per 1 unit)
Medications
SSRIs
β-Blockers
ACEi/ARB
Loops
Thiazides

P
0.12
<0.001

Sensitivity Analysis
Including Measurements
Taken After Kidney Failure
OR (95% CI)a
N = 5,444 Patients and
36,897 Records
0.95 (0.92-0.99)
1.26 (1.15-1.37)

P
0.02
<0.001

Ref
0.66 (0.59-0.74)
1.24 (1.08-1.42)

<0.001
0.01

Ref
0.70 (0.63-0.77)
1.24 (1.09-1.41)

<0.001
0.001

Ref
0.75 (0.66-0.85)
0.52 (0.46-0.59)

<0.001
<0.001

Ref
0.77 (0.68-0.87)
0.54 (0.48-0.61)

<0.001
<0.001

0.98
1.29
1.20
0.95
0.99
1.26
0.94
0.93
0.99

0.76
<0.001
0.05
0.44
0.88
0.01
0.33
0.32
0.94

0.96 (0.84-1.11)
1.30 (1.18-1.42)
1.21 (1.01-1.44)
0.98 (0.87-1.10)
0.93 (0.80-1.07)
1.46 (1.27-1.67)
0.97 (0.86-1.09)
0.97 (0.84-1.11)
1.06 (0.90-1.24)

0.59
<0.001
0.04
0.74
0.31
<0.001
0.56
0.64
0.47

0.04
<0.001
<0.001
<0.001
<0.001

Ref
0.89
0.81
0.85
0.92
0.52

0.08
0.004
0.05
<0.001
<0.001

Primary Analysis
Excluding Measurements
Taken After Kidney Failure
OR (95% CI)a
N = 5,444 patients and
33,138 Records
0.97 (0.92-1.01)
1.26 (1.14-1.38)

(0.84-1.13)
(1.17-1.43)
(1.002-1.45)
(0.84-1.08)
(0.84-1.16)
(1.07-1.49)
(0.82-1.07)
(0.80-1.07)
(0.82-1.19)

Ref
0.87 (0.77-0.99)
0.77 (0.67-0.90)
0.64 (0.52-0.79)
0.90 (0.89-0.92)
0.54 (0.48-0.60)
1.11 (0.92-1.34)
Ref
1.17 (0.95-1.43)
1.00 (0.86-1.16)

0.29

1.12
1.04
1.08
1.09
1.61

(0.98-1.28)
(0.94-1.14)
(0.97-1.20)
(0.98-1.22)
(1.45-1.79)

(0.78-1.01)
(0.71-0.94)
(0.72-1.00)
(0.90-0.93)
(0.47-0.57)

0.14
0.98

1.20 (1.02-1.42)
Ref
1.19 (0.99-1.43)
0.97 (0.85-1.09)

0.06
0.59

0.10
0.48
0.15
0.11
<0.001

1.16
1.03
1.05
1.00
1.54

0.02
0.52
0.30
0.96
<0.001

(1.02-1.31)
(0.94-1.13)
(0.96-1.15)
(0.90-1.10)
(1.39-1.70)

0.03

Note: For sensitivity analysis, patients were assigned eGFR = 10 after reaching kidney failure (for those that were not on dialysis)
Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, aldosterone receptor blocker; BMI, body mass index; BUN, blood urea nitrogen; CI, conﬁdence
interval; CV, cardiovascular; CHF, congestive heart failure; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; eGFR, estimated glomerular ﬁltration rate;
OR, odds ratio; SSRI, selective serotonin reuptake inhibitor.
a
Parameter estimates obtained with multiple imputations analyzed from 5 imputed datasets.

higher bicarbonate (CO2). Many of these associations
remained consistent in our sensitivity analysis.
Baseline and Time-Dependent Dysnatremias
Associated With Mortality
During a median follow-up of 8.8 years, 1,508 (28%)
patients died. Table 3 shows results from the adjusted Cox
proportional modeling for all-cause mortality with
Kidney Med Vol 4 | Iss 12 | December 2022 | 100554

baseline sodium. After adjustment, sodium was not associated with all-cause death among the entire cohort.
However, there was a significant interaction between
baseline hyponatremia and continuous age (P = 0.01).
When we evaluated the interaction grouping age as <65
versus >65 years for interpretability, it was no longer
significant (P = 0.06), but it showed the direction of a
non-significant increased risk of mortality in participants
5
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Table 3. Adjusted Models of Baseline Sodium Level and Time-Dependent Sodium Versus Outcomes (N = 5,444)

Overall
Interaction with age 65 y (P = 0.06)
Age <65
Age >65

Overall
Interaction with age 65 (P = 0.004)
Age <65
Age >65

Overall (P < 0.001)
Interaction with age 65 y (P = 0.09)
Age <65
Age >65

Overall (P = 0.03)
Interaction with age 65 y (P = 0.03)
Age <65
Age >65

Baseline Hyponatremia
Versus Eunatremiaa

Baseline Hypernatremia
Versus Eunatremiaa

All-Cause Death HR (95% CI)
1.09 (0.91-1.30)

All-Cause Death HR (95% CI)
1.17 (0.77-1.77)

1.19 (0.96-1.48)
0.83 (0.62-1.13)

–
–

Kidney Failure With Death as a
Competing Risk
SHR (95% CI)
1.09 (0.88-1.34)

Kidney Failure With Death as a
Competing Risk
SHR (95% CI)
0.61 (0.26-1.41)

1.30 (1.03, 1.64)
0.54 (0.30, 0.97)

–
–

Time-Dependent
Hyponatremia Versus
Eunatremiaa
All-Cause Death
HR (95% CI)
1.38 (1.16-1.64)

Time-Dependent
Hypernatremia Versus
Eunatremiaa
All-Cause Death
HR (95% CI)
1.54 (1.04-2.29)

1.54 (1.24-1.90)
1.12 (0.84-1.50)

–
–

Kidney Failure Censored at
Death
HR (95% CI)
1.19 (0.97-1.47)

Kidney Failure Censored at
Death
HR (95% CI)
1.64 (1.06-2.53)

1.36 (1.09-1.70)
0.66 (0.36-1.21)

–
–

Note: Parameter estimates obtained with MI analyzed from 5 imputed datasets.
Abbreviations: CI, conﬁdence interval; HR, hazard ratio; SHR, subhazard ratio.
a
Adjusted for: age (only models with age 65 y interaction are adjusted for age >65 vs <65), sex, race, smoking status, estimated glomerular ﬁltration rate, body mass
index, diabetes, hypertension, coronary artery disease, congestive heart failure, stroke, all cancer, peripheral vascular disease, angiotensin-converting enzyme inhibitor,
aldosterone receptor blocker, β-blocker, selective serotonin reuptake inhibitor, loop, and thiazide diuretic, hypercholesterolemia, serum albumin, serum bicarbonate,
serum potassium, and log blood urea nitrogen. Note that interaction with age was only tested for hyponatremia vs eunatremia. Hypernatremia was excluded from this
test because of small sample size (N).

aged <65 years (hazard ratio [HR], 1.19; 95% confidence
interval [CI], 0.96-1.48). Baseline hypernatremia was not
associated with mortality (HR, 1.17; 95% CI, 0.77-1.77).
However, time-dependent hypernatremia did increase the
risk of death. Due to the small sample size, we did not
evaluate whether there was any interaction with age.
When we evaluated continuous sodium value at baseline versus mortality, we found a significant relation with
sodium (overall sodium P = 0.04) with the non-linear
term being significant (P = 0.03). When compared to the
median sodium value of 139, we found that there was
some significantly increased risk of mortality at higher
levels of sodium, probably starting at around sodium
values of 141 (Fig 1). In this same analysis, we saw that
lower sodium was associated with higher but nonsignificant HRs when compared to the median sodium
value.
In sensitivity analysis adjusting for urine albumin to
creatinine ratio (log value), we found that the association
between baseline sodium level and mortality was similar to
6

the main analysis. The HR for hyponatremia compared to
eunatremia was 1.11 (95% CI, 0.91-1.34), and for
hypernatremia 1.16 (95% CI, 0.75-1.77).
Time-dependent hyponatremia was associated with an
increased risk of all-cause death (HR, 1.37; 95% CI, 1.151.63; P < 0.001, Fig 2). The interaction with age ≤ 65
years was not statistically significant (P = 0.09).
Baseline and Time-Dependent Hyponatremia
Associated With Progression to Kidney Failure
After a median follow-up of 5.1 years, 1,206 patients
reached kidney failure and 951 patients died before
reaching the endpoint. The cumulative incidence of kidney
failure with death as a competing risk was different across
sodium levels at 5 years, 19%, (95% CI, 16-23), 14%
(95% CI, 13-16), and 9% (95% CI, 3-19) for hyponatremia, eunatremia, and hypernatremia, respectively,
P = 0.04). Figure 3 shows the cumulative incidence of
kidney failure and death by baseline sodium category
among those with ages <65 and ≥65 years (Fig 3A,B).
Kidney Med Vol 4 | Iss 12 | December 2022 | 100554
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Figure 1. Association between continuous sodium at baseline
with mortality.

(overall P = 0.45, and non-linear term P = 0.22) or when
modeling sodium linearly (P = 0.68).
In sensitivity analysis adjusting for urine albumin to
creatinine ratio (log value), we found that the association
between baseline sodium level and kidney failure with death
as a competing risk was similar to the main analysis. The
subhazard ratio for hyponatremia was 1.19 (95% CI, 0.941.50) and for hypernatremia, 0.63 (95% CI, 0.28-1.41).
The adjusted model of time-dependent sodium level
with risk of kidney failure progression death censored
showed an interaction between hyponatremia and age <65
versus >65 years (P = 0.03, Fig 2). Hyponatremia was
associated with a higher risk of kidney failure in subjects
aged <65 years (HR, 1.36; 95%CI, 1.09-1.70). Timedependent hypernatremia was significantly associated
with an increased risk of kidney failure (HR, 1.64; 95%CI,
1.06-2.53).

In an adjusted competing risks regression model of
kidney failure with death as a competing risk, baseline
sodium was not significantly associated with kidney failure
(HR, 1.09; 95% CI, 0.88-1.34) (Table 3). We found that
baseline hyponatremia was associated with an increased
risk of kidney failure among patients aged <65 years, but a
decreased risk in patients aged ≥ 65 years (interaction
P = 0.004). A similar effect can be observed in the unadjusted cumulative incidence graphs (Fig 3A, B). No other
significant interactions were found in the analysis of kidney failure with death as a competing risk of baseline
hyponatremia.
For kidney failure, we found no significant association
when modeling continuous baseline sodium with splines

DISCUSSION
In our analysis of the CRIC data, we found that timedependent dysnatremias were strongly associated with
mortality. Factors associated with hyponatremia included
female sex, diabetes, and hypertension. Regardless of
age, time-dependent hypernatremia was associated with
an increased risk of kidney failure. Baseline and timedependent hyponatremia were associated with an
increased risk of kidney failure in patients younger than 65
but not among patients aged >65 years.
The purpose of the study is to identify the prevalence of
dysnatremias in an ambulatory CKD population and its risk
factors and associations with kidney failure and mortality

Mortality
HR 1.38
1.09 (95% CI 1.16,
0.91, 1.64)
1.30)
Hyponatremia vs. Eunatremia
HR 1.54 (95% CI 1.04, 2.29)
Hypernatremia vs. Eunatremia

Kidney Failure
Censored at Death

HR 1.19 (95% CI 0.97,1.47)

Hyponatremia vs. Eunatremia
HR 1.64 (95%CI 1.06, 2.53)
Hypernatremia vs. Eunatremia

Kidney Failure
Interaction between
Hyponatremia and Age 65 HR 1.36 (95% CI 1.09, 1.70)
Hyponatremia vs. Eunatremia Age<65
HR 0.66 (95% CI 0.36, 1.21)
Hyponatremia vs. Eunatremia Age>65
0.35

0.5

0.8

1

1.5

2

2.5

Figure 2. Forest plot showing association of time-dependent sodium levels with mortality and kidney failure. CI, conﬁdence interval;
HR, hazard ratio.
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Figure 3. Cumulative incidence of kidney failure and death by
baseline sodium category among those with age <65 y (A)
and ≥65 y (B).

so that clinicians may better risk-stratify patients. Previously aforementioned studies may have asserted associations; however, we believe that using the CRIC database
gives more credence to the results because the endpoints
are adjudicated and the laboratory data is procured in the
ambulatory setting without medical indication.
The prevalence of hyponatremia and hypernatremia was
8.9% and 0.9%, respectively. In patients with CKD, allcause death was associated with time-dependent hyponatremia, and in younger patients aged <65 years. Age is an
effect modifier for adverse risk, which could be due to
8

younger, sicker patients in our cohort. Our results are
consistent with a meta-analysis and systematic review that
showed that baseline hyponatremia and time-averaged
hyponatremia were associated with a higher risk of
all-cause mortality.16 Our studied population excluded
patients on peritoneal and hemodialysis. Others have
confirmed the associations between hyponatremia and
mortality, but the African American population was
underrepresented.25,28
Our study demonstrates that African American race is
associated with a lower risk of hyponatremia, which could
be related to differences in diet and fluid intake. African
Americans have lower levels of plasma renin activity28 and
aldosterone,29 leading to an increase in the risk of salt
sensitivity.30 Historically, there has been a significant focus
on the renin-angiotensin-aldosterone system on the
epithelial sodium channel on the distal convoluted tubule.
Chun et al31 demonstrated ethnic differences in the activity
of the NaK2Cl co-transporter in the thick ascending loop, a
key contributor to the creation and maintenance of the
countercurrent mechanism, which is critical to producing
a final concentration of urine, a promoter for dysnatremias. Administration of furosemide increased the activity of the NaK2Cl co-transporter activity in African
American individuals when compared to White individuals
as demonstrated by a slower restoration of Uosm
(P < 0.001), which could contribute to more free water
clearance through upregulation of the countercurrent
multiplier and the decreased likelihood of hyponatremia.31
Additionally, time-varying hypernatremia was associated
with all-cause mortality, but because of the small sample
size, interactions were not tested.
The presence of hyponatremia associated with CHF,
cirrhosis, myocardial infarction, pulmonary embolism,
and cancer all increased the risk of death.17,32,33 Dysnatremias in patients with CKD have been associated with
increased mortality in a U-shaped pattern.18 Because these
laboratory values have been obtained in an ambulatory
setting, we suspect that our cohort has chronic hyponatremia (≥ 48 hours) which has been associated with
osteoporosis, falls, fractures, and a prolonged reaction
time.34-36 Severe hypernatremia and rapid correction of
chronic hypernatremia can lead to neurological manifestations including seizures and coma due to the shifting of
water from the brain cells and cerebral edema,
respectively.37
We identified risk factors for hyponatremia including
female sex, CHF, diabetes, hypertension, and diuretic use,
which has been confirmed in other studies.17,18,32,38-40 In
patients with hyponatremia, evidence regarding the role
of sex on mortality is contradicting because of differences
in comorbidity burden.3,41-43 Contrary to androgens, estrogens are thought to inhibit the sodium-potassium
ATPase and thus impair brain adaptation to hyponatremia, predisposing to cerebral edema.42 In diuretic users,
Lim and colleagues26 reported that hyponatremia was
associated with an increased risk for kidney replacement
Kidney Med Vol 4 | Iss 12 | December 2022 | 100554
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therapy but not mortality compared with diuretic nonusers. This could be attributed to diuretic-induced fluid
imbalances, including volume depletion, which could
contribute to worse outcomes.26,44
Interestingly, multivariable modeling consistently
demonstrated that patients with CKD stages 3b and 4 had a
lower risk of hyponatremia compared with patients with
eGFR ≥ 60 mL/min/1.73 m2. This has been corroborated
with other studies, and it has been suggested that patients
with preserved eGFR may have a reduced ability to excrete
free water from vasopressin release, rather than a diluting
capacity defect, which is seen more in advanced CKD as
evidence of isosthenuria (urine osmolality w 300 mOsm/
L) regardless of water consumption. Our study also shows
that elevated CO2 levels, elevated serum albumin, and
African American race reduce the risk of hyponatremia,
but the physiological determinants are unknown and
warrant further investigation.
Our study adds to the literature because it affirms some
findings from previously published work but also explores
the associations of dysnatremias with progression to kidney failure.45 Baseline and time-dependent hyponatremia,
when kidney failure is censored at death, was not associated with kidney failure overall. However, in patients
aged <65 years, baseline hyponatremia (HR, 1.27; 95%
CI,1.01-1.61) and time-dependent hyponatremia (HR,
1.38; 95% CI, 1.10-1.72) were associated with progression to kidney failure. Time-dependent hypernatremia was
also associated with progression to kidney failure. Our
larger and more inclusive study population was corroborated by the findings of Han et al,45 the only other study
that found an association between hyponatremia and
kidney failure. One plausible explanation is that arginine
vasopressin and plasma copeptin, derived from the C-terminal portion of arginine vasopressin, likely contribute to
CKD progression by their V1a- and V2-mediated effects of
renal hemodynamics, leading to increased intraglomerular
capillary pressure and mesangial proliferation and progression of CKD.46-48 Suppression of arginine vasopressin
in the 5/6 nephrectomized rat by water ingestion was
shown to reduce renal hypertrophy, glomerulosclerosis,
and tubulointerstitial fibrosis.49 This theory, however,
warrants further investigation.
Our study has several strengths, which include the
analysis of the CRIC study dataset. The CRIC study is a
large, diverse population of patients with CKD who have
been followed for many years with defined cardiac and
kidney outcomes that have been adjudicated by the CRIC
Adjudication Committee. This study sample is an accurate
representation of a US kidney failure population. The
purposeful oversampling of African American individuals
and people with diabetes in the cohort offers a good
representation of a general CKD population. Using CRIC
lab data permitted us to exclude bloodwork that was
obtained for cause indications used in other studies and
may have altered results. Our long length of follow-up
and serial lab measurements allowed us to confidently
Kidney Med Vol 4 | Iss 12 | December 2022 | 100554

explore the risks of mortality and kidney failure over
time. Limitations to our study include the inability to
establish causality, the lack of data that would better
characterize hyponatremia, including serum and urine
osmolality, and the inability to generalize the results to
hospitalized patients. Despite our robust associations of
dysnatremias with mortality and progression to kidney
failure, we suspect that there may be unmeasured confounders and competing risk factors that have contributed
to some of our results. The CRIC excluded individuals
with cirrhosis, New York Heart Association class III/IV
CHF, and nephrotic syndromes so results cannot be
generalizable to these populations. Additionally, this does
not shed light on the mitigation of these outcomes if
sodium was corrected.
In summary, our results suggest an increased risk of
mortality and progression to kidney failure in patients
with baseline hyponatremia who are younger than 65
years. Time-dependent hyponatremia and hypernatremia
were both associated with increased mortality, whereas
time-dependent hyponatremia was associated with progression to kidney failure in patients younger than 65
years. Treating physicians should recognize the potential
risks of dysnatremias in patients with CKD in the hopes of
potentially improving outcomes. More clarity is required
to better understand the association between dysnatremias,
mortality, and kidney failure, and if correction can
improve outcomes.
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What is the association of dysnatremias with kidney failure and
death in people with CKD?
5,444 participants from the
Chronic Renal Insufficiency
Cohort (CRIC)

All-cause Mortality (HR, 95% CI)

Kidney Failure (HR, 95% CI)

1.30 (1.03 – 1.64)

HypoNa

Baseline hyponatremia

1.38 (1.16 – 1.64)

Median time of 8.8 years

1.36 (1.09 – 1.70)
Time-dependent hyponatremia

Among patients < 65 years old

Baseline Characteristics

59.5 ± 10.7 years old
56.3% Males
86.5% Hypertensive
35.1% CKD Stage 3A

Hypernatremia

Hyponatremia

(Na > 145 mmol/L)

(Na < 136 mmol/L)

1%

9%

N = 53

N = 486

HyperNa

1.54 (1.04 – 2.29)

Regardless of age

Factors associated with hyponatremia

Female
sex

Conclusion: Dysnatremias are common among ambulatory CKD patients.
Hyponatremia is associated with kidney failure among younger individuals with CKD
and with mortality regardless of age, while hypernatremia is associated with kidney
failure and mortality, regardless of age.
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1.64 (1.06 – 2.53)

Diabetes

Hypertension

Reference: Hassanein M, Arrigain S, Schold J et al. Dysnatremias,
mortality, and kidney failure in chronic kidney disease: findings
from the Chronic Renal Insuﬃciency Cohort (CRIC) Study. Kidney
Medicine, 2022.
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