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ABSTRACT

Background: Previous study consistently showed that lower serum sodium (SNa) was associated
with a greater risk of mortality in hemodialysis (HD) patients. However, few studies have focused
on the change in SNa (ASNa=post-HD SNa - pre-HD SNa) during an HD session.

Methods: In a retrospective cohort of maintenance HD adults, all-cause mortality and
cardio-cerebrovascular event (CCVE) were followed up for a medium of 82 months. Baseline pre-HD
SNa and ASNa were collected; time-averaged pre-HD SNa and ASNa were computed as the mean
values within 1-year, 2-year and 3-year intervals after enrollment. Cox proportional hazards models
were used to evaluate the relationships of pre-HD and ASNa with outcomes.

Results: Time-averaged pre-HD SNa were associated with all-cause mortality (2-year pre-HD SNa:
HR [95% Cl] 0.86 [0.74-0.99], p=0.042) and CCVE (3-year pre-HD SNa: HR [95% CI] 0.83 [0.72-0.96],
p=0.012) with full adjustment. Time-averaged ASNa also demonstrated an association with
all-cause mortality (3-year ASNa: HR [95% CI] 1.26 [1.03-1.55], p=0.026) as well as with CCVE
(3-year ASNa: HR [95% CI] 1.51 [1.21-1.88], p = <0.001) when fully adjusted. Baseline pre-HD SNa
and ASNa didn't exhibit association with both outcomes.

Conclusions: Lower time-averaged pre-HD SNa and higher time-averaged ASNa were associated
with a greater risk of all-cause mortality and CCVE in HD patients.
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Introduction Different approaches to handling serum sodium (SNa) can
lead to distinct characteristics of correlation with adverse
outcomes. Baseline pre-HD SNa exhibites an inverse linear
association with all-cause mortality [4,6,9,10], while the aver-
age SNa over a period of time demonstrates a U-shaped rela-
tionship [5,7]. The similar time-dependent characteristic is
also observed in peritoneal dialysis patients [19]. Nonetheless,
few studies have focused on the change in SNa concentra-
tion (ASNa: post-HD SNa - pre-HD SNa) during an HD ses-
sion, which serves as an indication of sodium fluctuation.
Recently, Fujisaki et al. reported that a higher mortality was

Worldwide, over 3 million end-stage kidney disease patients,
89% of whom undergo hemodialysis (HD), experience high
risk of all-cause mortality and cardiovascular morbidity rates
[1,2]. Due to the deficiency of renal function, HD population
rely on regular HD to eliminate excess body water volume
and sodium content, consequently leading to elevated prev-
alence of sodium disorders and fluctuation [3]. Previous stud-
ies have consistently shown that hyponatremia is correlated
with a greater risk of mortality and cardio-cerebrovascular
events (CCVE) among HD patients [4-11]. It remains uncer-

tain whether the association between hyponatremia and
adverse outcomes are causal (e.g., through central nervous
toxicity [12-14], fracture [15,16], infection [11,17],
cardio-cerebrovascular complications [18]), or due to con-
founders that predispose to hyponatremia (e.g., nutritional
status, inflammation, ultrafiltration volume, interdialytic
weight gain [IDWG], comorbidities) [4,5,10].

associated with an increase of ASNa. However, this study
focused solely on the baseline ASNa.

In our study, we investigated the relationships of baseline
and time-averaged pre-HD SNa/ASNa with all-cause mortality
and CCVE. We hypothesized that both pre-HD SNa and ASNa
were associated with adverse outcomes, and time-averaged
variables demonstrated superior predictive performance than
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baseline. Ultimately, we aspired to establish a reference tar-
get value of ASNa for HD prescription.

Materials and methods
Study participants

Patients on maintenance HD in dialysis center from Peking
Union Medical College Hospital were enrolled from July
2013 to July 2014. The cohort was followed up until
February 2021. Patients who met the following criteria were
included: (1) aged = 18years; (2) received regular HD for >
2months. The exclusion criteria were as follows: (1) systemic
infection, acute CCVE, cancer, surgery or trauma in the
month prior to the study; (2) metabolic encephalopathy,
mental disorder, emotional disorder, epilepsy, or dementia;
(3) history of non-atherosclerotic arterial disease (e.g., vas-
culitis, Takayasu arteritis). Total 117 participants were
enrolled in the cohort. We further excluded patients who
had missing pre- or post-HD SNa data at baseline or had
less than 2 measurements of pre- and post-HD SNa within
the first year after enrollment (n=7). Finally, 110 partici-
pants were included in the study. The occurrence of the
acute illness (such as systemic infection, surgery or trauma)
during the study period did not result in the exclusion of
patients. A total of 13 cancer patients were included in the
cohort, with their cancer diagnosis and treatment occurring
at least 5months prior to the enrollment and no progres-
sion during the follow-up. Their information is provided in
Supplementary Table S1.

This retrospective study was approved by the Ethics
Committee of our medical center [K23C3006], and informed
consents were waived.

Serum sodium and covariates

All participants typically received regular HD thrice-weekly.
Each dialysis session generally lasted for 4h. A fixed dialysate
sodium of 138 mmol/L was routinely used, and it was
increased when intra-dialytic hypotension occurred. SNa were
measured pre- and post-HD at enrollment as baseline, fol-
lowed by checkup typically every 1 to 3months. ASNa was
calculated by subtracting the pre-HD SNa from the post-HD
SNa. Na gradient, calculated as dialysate Na minus pre-HD
SNa, represented the disparity between the prescribed
dialysate sodium concentration and the pre-HD SNa
concentration. The average values of pre-HD SNa, ASNa and
Na gradient over the intervals of 1, 2 and 3years were
computed.

Baseline data were collected from medical records, includ-
ing demographics (age, sex, body mass index [BMI]), personal
history (smoking habit, drinking habit), comorbidities (diabe-
tes, hypertension, cardio-cerebrovascular disease [CCVD],
malignant tumor), dialysis-related variables (ultrafiltration vol-
ume, dry weight, Kt/V, vintage) and laboratory parameters
(albumin, hemoglobin, creatinine, blood urea nitrogen,
potassium, calcium, phosphorus, parathyroid hormone,

uric acid, C-reactive protein, ferritin, triglyceride, total choles-
terol, high density lipoprotein-cholesterol, low density
lipoprotein-cholesterol). Laboratory parameters during the
follow-up period were also collected, and the mean values
over the corresponding time period were used for adjustment.

Outcomes

We included two primary outcomes: (1) the time to all-cause
mortality; (2) the time to CCVE. The CCVE in this study refers
to myocardial infarction, cerebral infarction or cerebral
hemorrhage.

Statistical methods

Data was presented as frequency (percentages) for categori-
cal variables, means (SDs) for normally distributed continu-
ous variables, and medians (interquartile ranges) for
continuous variables with a skewed distribution. Baseline
characteristics were analyzed in total or stratified according
to the mean baseline pre-HD SNa, and subsequently com-
pared using t-tests. The time-averaged characteristics were
calculated by averaging the values over the corresponding
time periods, with stratification based on the cutoff of
time-averaged ASNa at Ommol/L, and subsequently com-
pared using t-tests. A linear regression model was utilized to
analyze the relationship between pre-HD SNa and Na
gradient.

Cox proportional hazard model was employed to com-
pute the hazard ratio (HR) and 95% confidence intervals (Cl)
for pre-HD SNa and ASNa in relation to both outcomes.
Covariates plausibly associated with all-cause mortality or
CCVE (identified as p<0.1 in univariate cox hazard analysis)
were selected for the adjustment, and the stepAIC function
from the MASS package was subsequently applied to deter-
mine the final covariates. We constructed three models for
both outcomes. Model 1 was adjusted for age, BMI, and
CCVD history. Model 2 was adjusted for covariates in Model
1 plus laboratory parameters (albumin for all-cause mortality;
C-reactive and ferritin for CCVE). Model 3 was adjusted for
covariates in Model 1 plus pre-HD SNa. Area under curve
(AUC) was calculated for the univariate model, Model 1,
Model 2 and Model 3. A restricted cubic spline (RCS) model
adjusted with Model 2 with 4 knots was applied to evaluate
the relationship between the pre-HD SNa/ASNa and the
outcomes.

Participants were further categorized into 4 groups based
on the cutoff of pre-HD SNa = 138mmol/L and
ASNa=—-1mmol/L. A fully adjusted Cox proportional analysis
was used to calculate the relative HR and 95% Cl between
the groups; additionally, Kaplan-Meier plots and log-rank
tests were utilized to compare differences between
the groups.

All analyses were performed using R [20]. The R package
‘survival, ‘pROC; and ‘rms’ were used for Cox regression anal-
ysis, AUC calculation and RCS plotting, respectively. Statistical
significance was defined as two-tailed p-values < 0.05.
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Results
Study participants

A total of 110 participants (Age: 57.1+12.43years; Male:
55/110, 50%; vintage: 72.83+59.99 months) were enrolled
in this study. The baseline pre- and post-HD SNa levels was
137.9+3.12mmol/L and 137.07+2.20mmol/L, with the
ASNa of —0.83+2.86 mmol/L. Demographical, clinical and
baseline laboratory data in total and subgroups stratified
by mean pre-HD SNa was summarized in Table 1.
The time-averaged characteristics was summarized both in
total and subsets stratified by time-averaged ASNa
(Supplementary, Table S2-4). SNa were monitored for total
7.78+3.08, 13.95+5.82, and 19.17+8.68 times during the
intervals of 1, 2 and 3years after enrollment, respectively.
The average pre-HD SNa concentrations over the 1-year,
2-year, and 3-year intervals were 137.83+2.32, 137.68+2.26
and 137.51%2.23 mmol/L, respectively (Table 2). The corre-
sponding ASNa were -0.65+1.87, -0.46%1.79, and
—0.40+1.75mmol/L. The Na gradient and ASNa exhibited a
significant positive linear correlation (Supplementary data,
Fig. S1). Regarding the average Na gradient and ASNa over
the 3-year period, their linear model equation was
y=-0.701+0.608x (p<0.001).

Table 1. Baseline characteristics of the participants.
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Risk of mortality and CCVE associated with pre-HD SNa

During the medium follow-up of 82 (interquartile ranges:
69-84) months, a total of 36 (32.7%) deaths and 34 (30.9%)
CCVE had occurred. Cox proportional hazard analysis demon-
strated a reduced risk with increase of pre-HD SNa (Table 3).
After adjusting for age, BMI, and CVD history, the
time-averaged pre-HD SNa were associated with all-cause
mortality and CCVE. With further adjustment of albumin, only
the 2-year pre-HD SNa was associated with all-cause mortal-
ity (the adjusted HR [95% Cl]: 0.86 [0.74-0.99], p=0.042); with
further adjustment of C-reactive protein and ferritin, the
time-averaged pre-HD SNa showed association with CCVE
(the adjusted HR [95% CI] of the 3-year pre-HD SNa: 0.83
[0.72-0.96], p=0.012). Multivariable-adjusted RCS revealed an
inverse linear relationship between pre-HD SNa and all-cause
mortality (Figure 1A), and a L-shaped relationship for CCVE
(Figure 1B). Baseline pre-HD SNa didn’t show significant asso-
ciation with all-cause mortality or CCVE. The time-averaged
pre-HD SNa had higher AUC compared with baseline pre-HD
SNa in prediction of all-cause mortality (baseline pre-HD
SNa: AUC = 0.493; 3-year pre-HD SNa: AUC = 0.572) and
CCVE (baseline pre-HD SNa: AUC = 0.531; 3-year pre-HD SNa:
AUC = 0.616).

Total Pre-HD SNa < 138 Pre-HD SNa > 138

Characteristics n=110 n=44 n=66 p

Age (years) 57.1+1243 58.07+11.04 56.45+13.32 0.507

Male, n (%) 55 (50.0) 22 (50.0) 33 (50.0) 1.000

BMI (kg/m2) 22.72+3.76 23.11+£3.28 22.46+4.05 0.377

Smoking habit, n (%) 39 (35.5) 16 (36.4) 23 (34.8) 1.000

Drinking habit, n (%) 40 (36.4) 11 (25.0) 29 (43.9) 0.069

Comorbidities, n (%)

DM 24 (21.8) 11 (25.0) 13 (19.7) 0.671
Hypertension 108 (98.2) 44 (100.0) 64 (97.0) 0.662
CCvD 18 (16.4) 4 (9.1) 14 (21.2) 0.155
Malignant tumor 13 (11.8) 2 (4.5) 11 (16.7) 0.104

Dialysis parameters
UF (L) 2.31+£0.98 2.64+0.93 2.10+£0.96 0.006
Dry weight (kg) 62.15+11.97 61.96+9.43 62.27+13.42 0.900
Kt/v 1.42+0.25 1.42+0.20 1.43+0.28 0.885
Vintage (months) 72.83+59.99 71.55+60.07 73.68+60.39 0.856

Laboratory parameters
Alb (g/L) 39.77+3.95 38.98+4.33 40.30+3.61 0.084
Hb (g/L) 112.56+13.45 113.73+14.12 111.79+13.04 0.461
Cr (umol/L) 974.65+226.85 948.2+211.44 992.27 +236.50 0.320
BUN (mmol/L) 27.86+5.39 28.08+4.95 27.72+5.70 0.736
Na (mmol/L) 137.9+£3.12 134.89+1.77 139.91+1.99 <0.001
K (mmol/L) 5.08+0.62 5.18+0.63 5.02+0.61 0.187
Ca (mmol/L) 2.26+0.20 2.25+0.21 2.27+0.18 0.532
P (mmol/L) 1.86+0.46 1.89+0.46 1.84+0.46 0.605
PTH (pg/mL) 481.54+503.28 499.11+498.06 469.83+£510.19 0.767
UA (umol/L) 433.28+83.07 423.8+95.01 439.61+74.15 0.330
CRP (mg/L) 6.08+11.63 8.76+15.77 4301737 0.048
Ferr (ng/mL) 445.08+330.76 421.18+349.25 461.02+319.57 0.539
TG (mmol/L) 1.51+£0.87 1.61+0.94 1.45+0.82 0.355
TC (mmol/L) 422+0.99 4.16+0.86 426+1.07 0.608
HDL-C (mmol/L) 1.11+£0.36 1.09+0.39 1.12+0.33 0.706
LDL-C (mmol/L) 24+0.77 231+0.7 2.46+0.82 0.319

Continuous variables were presented as mean+SD; categorical variables were presented as n (%). HD: hemodialysis; SNa: serum sodium; BMI: body mass
index; DM: diabetes mellitus; CCVD cardio-cerebrovascular disease; UF,: ultrafiltration; Alb: albumin; Hb: hemoglobin; Cr: creatinine; BUN: blood urea
nitrogen; Na sodium; K, potassium; Ca: calcium; P: phosphorus; PTH: parathyroid hormone; UA: uric acid; CRP: C-reactive protein; Ferr: ferritin; TG: tri-
glyceride; TC: total cholesterol; HDL-C: high density lipoprotein-cholesterol; LDL: low density lipoprotein-cholesterol.
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Risk of mortality and CCVE associated with ASNa

Cox proportional hazard analysis showed that high ASNa was
associated with greater risk of both outcomes (Table 4). In
Model 2, the association remained significant between the
time-averaged ASNa and all-cause mortality (the adjusted HR
[95% CI] of 2-year ASNa: 1.23 [1.00-1.50], p=0.045; 3-year
ASNa: 1.24 [1.00-1.53], p=0.046) or CCVE (the adjusted HR
[95% CI] of 1-year ASNa: 1.31 [1.10-1.55], p=0.002; 2-year
ASNa: 1.45 [1.18-1.78], p<0.001; 3-year ASNa: 1.51 [1.21-
1.88], p<0.001). In Model 3, time-averaged ASNa showed no
significant correlation with all-cause mortality but remained
significantly associated with CCVE. The multivariable-adjusted
RCS revealed J-shaped relationships for all-cause mortality
(Figure 2A) and CCVE (Figure 2B), with a rapid increase of HR
when ASNa > —1mmol/L. Baseline ASNa didn't show signifi-
cant correlation with all-cause mortality or CCVE. The
time-averaged ASNa had the highest AUC compared with
the baseline ASNa and the corresponding pre-HD SNa in pre-
diction of all-cause mortality (3-year ASNa: AUC = 0.620;
baseline ASNa: AUC = 0.529; 3-year pre-HD SNa: AUC 0.572)
and cardi-cerebrovascular event (3-year ASNa: AUC = 0.722;
baseline ASNa: AUC = 0.515; 3-year pre-HD SNa: AUC =
0.616). The AUC of time-averaged ASNa improved with the
increase of time interval.

Table 2. Pre-HD SNa and ASNa of the participants.

Pre-HD SNa Post-HD SNa  Na gradient ASNa
Duration (mmol/L) (mmol/L) (mmol/L) (mmol/L)
Baseline 137.9+£3.12 137.07+£220 0.10+3.12  —-0.83+2.86
1-year 137.83+2.32 137.18+1.60 0.17+2.32 —0.65+1.87
2-year 137.68+226  137.22+1.50 032+226 —-046+1.79
3-year 137.51+2.23 137.51+2.23 0.49+2.23 —-0.40+1.75
Pre-HD  SNa, pre-hemodialysis serum  sodium; post-HD  SNa,

post-hemodialysis serum sodium; Na gradient, the disparity between the
dialysate sodium concentration and the pre-HD SNa (dialysate
Na — pre-HD SNa); ASNa, the change in SNa concentration (post-HD SNa
- pre-HD SNa).

Risk of mortality and CCVE associated with stratification
by pre-HD SNa and ASNa

The patients were divided into four groups based on pre-HD
SNa and ASNa (cutoff value: pre-HD SNa = 138 mmol/L,
ASNa=-1mmol/L) with the reference of participants with
high pre-HD SNa and low ASNa. In fully adjusted Cox
model, participants with low pre-HD SNa and high ASNa
showed highest risk of CCVE (based on duration of 3-year:
9.78 [2.9-32.95], p<0.001; 2-year: 7.12 [2.27-22.32], p=0.001;
1-year: 491 [1.95-12.33], p=0.001); while participants with
high pre-HD SNa and high ASNa exhibited the second-highest
risk (based on duration of 3-year: 7.96 [2.35-26.91], p=0.001;
2-year: 3.90 [1.18-12.96], p=0.026; 1-year: 4.33 [1.39-13.47],
p=0.011) (Table 5). No significant differences in the risk of
all-cause mortality were consistently observed among the
four groups. Kaplan-Meier curves indicated a significant dif-
ference across the four groups for cardi-cerebrovascular
event (p=0.012), but not for all-cause mortality (p=0.45)
(Figure 3).

Discussion

In the present study, we analyzed whether baseline or
time-averaged pre-HD SNa/ASNa were associated with
all-cause mortality and CCVE. Our study demonstrated that
lower time-averaged pre-HD SNa and high time-averaged
ASNa were associated with greater risk of both adverse out-
comes; while baseline pre-HD and ASNa didn't show such
association. Moreover, we observed a rapid increase in the
hazard ratio for adverse outcomes when ASNa exceeded -1,
indicating that ASNa of < —Tmmol/L could be a potential
intervention target.

There are mainly three scenarios of the relationship
between serum sodium and mortality in dialysis patients
[21,22]. First, the confounders associated with hyponatremia
indirectly lead to high mortality, including less favorable

Table 3. Cox proportional hazards models of pre-HD SNa for all-cause mortality and cardio-cerebrovascular event.

Model 1
95% Cl P AUC HR

Model 2
95% Cl P AUC

_ Unadjusted
HR 95% Cl P AUC HR
All-cause
Mortality
Baseline 0.99 0.89-1.10 0.837 0.493 0.97
pre-HD SNa
1-year pre-HD  0.91 0.79-1.04 0.160 0.559 0.87
SNa
2-year pre-HD  0.88 0.77-1.01 0.069 0.591 0.84
SNa
3-year pre-HD  0.90 0.78-1.04 0.159 0.572 0.85
SNa
CCVE

Baseline 0.96 0.86-1.07 0.456 0.531 0.90
pre-HD SNa
1-year pre-HD ~ 0.90 0.79-1.04 0.154 0.571 0.85
SNa
2-year pre-HD  0.88 0.77-1.01 0.080 0.615 0.85
SNa
3-year pre-HD  0.88 0.76-1.01 0.072 0.616 0.83
SNa

0.87-1.07 0.513 0.797 0.98

0.75-0.99 0.041 0.810 0.89

0.73-0.97 0.019 0.807 0.86

0.73-0.99 0.032 0.804 0.87

0.79-1.02 0.088 0.757 0.90

0.74-0.98 0.020 0.774 0.83

0.75-0.97 0.017 0.781 0.83

0.72-0.96 0.010 0.786 0.83

0.87-1.10 0.754 0.825

0.77-1.03 0.120 0.813

0.74-0.99 0.042 0.818

0.74-1.02 0.085 0.825

0.79-1.03 0.124 0.805

0.72-0.96 0.011 0.796

0.73-0.96 0.010 0.824

0.72-0.96 0.012 0.829

Model 1 was adjusted for age, body mass index, and CCVD history.

Model 2 was adjusted for Model 1 variables+albumin (for all-cause mortality) or C-reactive protein and ferritin (for CCVE).



RENAL FAILURE (&) 5

‘eNS QH-9.d +s3|qeliea | [9popy Joj paisnipe sem € [9pO
*(3ADD 404) uniIy pue ugRloid AL 0 (A)jeIIOW ISNed-||e J0j) UlNg|e+SI|qelLieA | [9PO 10 paisnipe sem Z [9POIN
10351y @ADD pue ‘xapul ssew Apoq ‘abe Joj paisnipe sem | [9pOW

6780 L000 SYT-STL SL'L 9¥8'0  1000>  88'L-LTL LS'L 1780 100'0> 68'L-¥T'L €Sl Lo 1000 0LL-91°L ov'L eNSY Jeak-¢
8180 6000 vlLT-Cl'L ¥SL w0  1000>  8LL-8LL S¥'L £18°0 1000 L£1-91°L 1L €040 7000 Lo'L-LLL PeL eNSY Jeak-g
98/°0 Y00 L'1-1 LE'L G180 2000 SS'L-0L'L LE'L 1810 2000 LSL-LLL (44} €190 0£0°0 v L-20'L Lzl eNSY Jeak-|
€540 9s¥0 LT1-60 L0°L 1080 900 8C'L-660 €Ll 8.0 1600 LT'1-86'0 Ll SLS0 9S0 81'l-76'0 0L ENSV auljaseg
JADD
9080 9¥¢0 9'1-98°0 aL'lL 8780 9100 €5°1-00L vl 6080 9200 SSL-€0'L oar'L 0290 000 LY'L-10°L 'l eNSY 1edf-¢
8080 LLLO ¥¥L-8L0 90'L 0z80 S¥0°0 05°L-00'L €Tl 9080 woo 8’ L-10'L wl 6090 600 ¥r'L-00'L oTL eNSY Jeak-z
6080 6160 8C'L-9L0 660 G180 L1T0 160 Lt €080 L¥L0 ¥€'1-96'0 el 950 LY€0 8T'L-C6'0 60°L eNSY Jeak-|
7080 9070 9€'L-¥60 €Ll 680 992°0 LT’1-S6'0 L0°L 0080 9610 LZ’1-96'0 80'L 6750 0950 91'L-26'0 €0'L eNSV auljaseg
Ayjeuopy asned-||y
ony d 1D %S6 4H ony d 1D %S6 4H ony d 1D %S6 4H ony d 1D %56 4H
€19pon T [9POW L [9po paisnipeun

"JUSAD JB|NJSBAOICDI3-0IpIEd pue A)l[eLIoW Jsned-|[e Joj BNSY JO s|apow spiezey |euolniodoid X0 “f 9|qeL



6 (& QLUETAL

Figure 1. Multivariable-adjusted restricted cubic spline plots of pre-HD SNa for (A) all-cause mortality, with adjustment of age, BMI, CCVD history, SCr, and
Alb; and for (B) cardio-cerebrovascular event, with adjustment of age, BMI, CCVD history, CRP and Ferr. Grey, blue, orange and red color represent the RCS
curves of baseline pre-HD SNa, 1-year pre-HD SNa, 2-year pre-HD SNa and 3-year pre-HD SNa, respectively. Shadow represents the 95% confident

interval.

Figure 2. Multi-variable restricted cubic spline plots of ASNa for (A) all-cause mortality with adjustment of age, BMI, CCVD history, SCr, and Alb; and for
(B) cardio-cerebrovascular event, with adjustment of age, BMI, CCVD history, CRP and Ferr. Grey, blue, orange and red color represent the RCS curves of
baseline ASNa, 1-year ASNa, 2-year ASNa and 3-year ASNa. Shadow represents the 95% confidence interval.

nutritional status (e.g., body mass index, albumin, serum cre-
atinine), inadequate ultrafiltration volume, higher IDWG, less
inflammation (e.g., C-reactive protein) and comorbidities
[4,5,10]. Second, hyponatremia directly contributes to mortal-
ity through multiple pathways. This includes inducing injury
to the central nervous systema [12,13], and leading to dis-
equilibrium, gait instability, falls and subsequent fractures
[15,16]. Moreover, it impairs immune protection [11,17], and

cardiac function [18]. Third, the underlying disease causes
hyponatremia and contributes to mortality, but hyponatre-
mia further increases this mortality risk [8]. In our study,
pre-HD SNa was associated with both all-cause mortality and
CCVE with adjustment of age, nutritional status and labora-
tory parameters. This suggested that there might be both
direct and indirect connections between pre-HD SNa and
adverse outcomes.
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Figure 3. Kaplan-Meier plots stratified by 3-year average pre-HD SNa and ASNa for (A) all-cause mortality and (B) cardio-cerebrovascular event. Significance

was examined by Log-rank test.

Table 5. Adjusted hazard ratio associated with stratification by pre-HD SNa and ASNa.

Pre-HD SNa <
1 Pre-HD SNa > 138
ASNa < —1HR ASNa > —THR ASNa < —1HR (95% ASNa = —THR
Duration (95% Cl) p (95% Cl) p (@)] p (95% Cl) p
All-cause Mortality
Baseline 1.74 (0.20-15.32) 0.617 1.21 (0.49-2.97) 0.680 1 (reference) NA 2.52 (0.99-6.38) 0.052
1-year 0.42 (0.08-2.13) 0.293 2.35 (1.02-5.44) 0.045 1 (reference) NA 1.50 (0.46-4.87) 0.502
2-year 0.82 (0.19-3.58) 0.797 1.90 (0.79-4.60) 0.152 1 (reference) NA 1.77 (0.65-4.79) 0.260
3-year 0.53 (0.11-2.62) 0.440 2.07 (0.82-5.19) 0.122 1 (reference) NA 1.91 (0.70-5.21) 0.205
CCVE
Baseline 1.27 (0.15-10.70) 0.824 1.88 (0.74-4.79) 0.185 1 (reference) NA 1.21 (0.42-3.47) 0.719
1-year 1.56 (0.17-14.22) 0.693 491 (1.95-12.33) 0.001 1 (reference) NA 4.33 (1.39-13.47) 0.011
2-year 1.44 (0.14-14.24) 0.757 7.12 (2.27-22.32) 0.001 1 (reference) NA 3.90 (1.18-12.96) 0.026
3-year 1.18 (0.13-10.68) 0.884 9.78 (2.9-32.95) <0.001 1 (reference) NA 7.96 (2.35-26.91) 0.001

Model was adjusted for age, body mass index, and CCVD history +albumin (for all-cause mortality) or C-reactive protein and ferritin (for CCVE).

ASNa is an indicator of serum sodium fluctuation during
a hemodialysis session. In our study, a higher ASNa is associ-
ated with an elevated risk of all-cause mortality and CCVE,
aligning with the trend observed in the study conducted by
Fujisaki et al. [8]. By further adjustment of pre-HD SNa (Model
3), time-averaged ASNa exhibited no significant association
with all-cause mortality, yet remained significantly associated
with CCVE; therefore, it indicates that ASNa performs simi-
larly for all-cause mortality prediction but excels in predict-
ing CCVE compared to pre-HD SNa. Research specifically
focused on ASNa and its underlying mechanisms remains
limited. Nonetheless, considerable attention has been dedi-
cated to the dialysate sodium concentration and the sodium
gradient [23]. Based on the concept of an individualized
sodium set point [24,25], a personalized dialysis prescription
considering dialysate-plasma Na gradient rather than dialy-
sate Na concentration alone arises [14,23]. A positive Na gra-
dient generally leads to a positive ASNa, reducing the risk of

intradialytic hypotension [26], and promoting hemodynamic
stability and sufficient perfusion of essential organs [27];
however, it also results in increased osmolarity and thirst,
contributing to higher IDWG and, consequently, hyperten-
sion, left ventricular hypertension and increased cardiovascu-
lar mortality [23,28,29]. In contrast, a negative Na gradient
with a negative ASNa, has been associated with reduced
thirst, decreased IDWG, improved blood pressure, but
increased intradialytic hypotensive episodes [23,28,30].
However, currently there are no recommended optimal Na
gradient and ASNa targets available, in order to achieve a bal-
ance of benefits and risks. According to the RCS analysis of
ASNa, the hazard ratio of both all-cause mortality and CCVE
begin to noticeably escalate when ASNa exceeds —1 mmol/L.
This indicates that ASNa of < —1mmol/L may be a favorable
target. The Na gradient demonstrated a significant linear cor-
relation with ASNa. Based on the linear model of 3-year ASNa
and Na gradient (y=-0.701+0.608x), in order to achieve a
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long-term ASNa of —1 mmol/L, the dialysate sodium concentra-
tion should be 0.49mmol/L lower than the pre-HD SNa con-
centration. Nevertheless, caution should be exercised, as this
recommendation might not be applicable for patients with
low pre-HD SNa levels. There are evidences showing potential
benefit of high dialysate sodium concentrations in patients
with low plasma sodium levels [5,6]. In our study, the low
pre-HD SNa and low ASNa group comprised of fewer than 10
patients, which led to less reliable results concerning this sub-
set of the population. The smaller population in this subgroup
might be due to the difficulty in achieving ASNa < —1 mmol/L
in the presence of low pre-HD SNa, as it carried a greater risk
of intra-dialytic hypotension. Therefore, maintaining a higher
pre-HD SNa level to achieve ASNa < —1 mmol/L during dialysis
without the occurrence of side effects could be a more com-
prehensive management approach.

Despite the confirmed association between SNa, ASNa,
and adverse outcomes in hemodialysis patients, it remains
uncertain whether interventions aimed at maintaining SNa
and ASNa can effectively improve prognosis. Some nephrolo-
gists manually individualize dialysate sodium prescription
based on pre-HD SNa concentrations periodically [31], but
the additional efforts and frequent serum sodium monitoring
could hinder its wide application in clinical practice. Recently,
the incorporation of dialysis machine with automated sodium
balancing module has been developed and validated
[3,32-35]. It represents an innovative approach in dialysate
sodium prescription, which could be able to fine-tune SNa
and ASNa. Further outcome-based studies are required to
validate clinical values of such a new tool [14].

Our study had several limitations. First, all participants
were from the same medical center, and the sample size was
limited. Second, due to limitations in the size of the cohort,
only a subset of the selected confounders was adjusted to
mitigate overfitting of the model. Third, we didn't adjust the
influence of glucose on SNa concentration because there
were missing values [36]. Fourth, we possess solely the base-
line ultrafiltration volume data and lack the long-term ultra-
filtration volume and IDWG records of patients, preventing us
from conducting an in-depth analysis of their relationships
with pre-HD SNa and ASNa. Finally, the occurrence of intra-
dialytic hypotension (IDH) is related to adverse outcomes.
However, due to the absence of blood pressure monitoring
data, we are unable to determine the incidence of IDH and
the correlation between IDH and ASNa.

In conclusion, our study indicates that low time-averaged
pre-HD SNa and high time-averaged ASNa are associated
with greater risk of all-cause mortality and CCVE. ASNa of <
—1mmol/L could potentially serve as an intervention target;
however, further interventional studies focused on clinical
outcomes are required to validate this recommendation.
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