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Dyskalemia are associated with an increased risk of mortality in patients undergoing maintenance
hemodialysis (MHD). However, studies evaluating the impact of serum potassium variability on
mortality in MHD patients are scarce. To investigate serum potassium variability and its association
with prognosis in MHD patients, we conducted a retrospective study on maintenance hemodialysis
patients from three campus of Renji Hospital between June 2018 and December 2022. The exposure

of interest was serum potassium variability defined as the coefficient of variation of serum potassium
levels (CVSP). Cox regression models and Kaplan-Meier survival analysis were used to assess the
prognostic significance of serum potassium variability. In a subgroup analysis, the association

between serum potassium variability and prognosis was investigated in patients within normal serum
potassium concentration range. Total of 588 maintenance hemodialysis patients were included. During
a median follow-up of 45 months (24, 54), 121 patients (20.6%) died. The survival analysis suggested
significantly higher survival rates for both all-cause (p < 0.01) and cardiovascular (p < 0.01) death in
patients in the highest group of CVSP (H-CVSP) compared with those in the the lowest group (L-CVSP).
After adjustment, the all-cause mortality hazard ratio compared to L-CVSP was 2.17 [95% confidence
interval (Cl) 1.18, 3.97] for H-CVSP (p < 0.05) and was 2.53 [95%Cl 1.03, 6.22] for cardiovascular
mortality (p < 0.05). In the subgroup analysis, 493 patients (83.8%) presented normokalemia (the mean
of serum potassium levels >3.5mmol/L and < 5.0mmol/L) were included. Similar association was found
between serum potassium variability and accumulated survival rates, and higher serum potassium
variablity was remained an independent risk factor for cardiovascular mortality (2.69, 95% Cl 1.07-
6.78, p <0.05) in patients within normal serum potassium concentration range. In conclusion, a higher
serum potassium variability was associated with all-cause and cardiovascular mortality in maintenance
haemodialysis patients, even in the normal range.
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URR Urea reduction radio
SD Standard deviation
HR Hazard ratio

Serum potassium levels play an important role in maintaining the electrophysiological properties of the resting
membrane potential in the body and fluctuate within a narrow range due to the balance between intake and
excretion!2. The kidneys are responsible for excreting approximately 80-90% of the potassium that intaked by a
healthy individual on a daily basis'. However, the renal excretory function is reduced in MHD patients, and the
regulation of potassium homeostasis in these patients depends primarily on hemodialysis sessions.

Dyskalemia is common in MHD patients®>-®. Both hyperkalemia and hypokalemia can modify the electrical
stability of cell membrane and increase the risk of cardiac arrhythmias and arrest®. It has been well documented
that serum potassium levels are associated with an increasing risk of all-cause and cardiovascular mortality in
MHD patients, showing a “U”-shaped association!%-1.

Moreover, the fluctuations of serum potassium levels may also lead to instability of the resting membrane
potential with cardiac arrhythmia and other adverse effects'>~!7. Although several studies have analyzed the
relationship between serum potassium variability and clinical outcomes and suggested that higher serum
potassium variability was associated with higher mortality risk in intensive care unit (ICU) patients, in-hospital
patients or patients with acute myocardial infarction'®-2!, there are few studies investigating on the effect of
serum potassium variability on prognosis in MHD patients. A recent study reported an independent association
between higher serum potassium variability and all-cause mortality in MHD patients??, and study focused on
facility-level potassium variability also showed poorer prognosis in MHD patients in dialysis centre with higher
facility-level potassium variability®*.

The aim of this study was to investigate the association between serum potassium variability and mortality in
MHD patients, especially in patients within the normal serum potassium concentration range.

Methods
Patients
This retrospective observational study was performed on patients undergoing regular in-centre maintenance
hemodialysis in the three campus of Renji Hospital Shanghai Jiaotong University School of Medicine between
June 2018 and December 2022. Patients aged 18 years or older and received thrice-weekly hemodialysis for more
than three months were included. And patients were excluded due to a lack of available baseline data. To assess
serum potassium variability, patients who had less than three measurements of serum potassium levels were also
excluded. A total of 588 patients were enrolled in the final analysis.

This research protocol was approved by Shanghai Jiaotong University School of Medicine, Renji Hospital
Ethics Commitee (KY2022-021-B) and written informed consent was waived. The methods in this study were in
accordance with the guidelines of Ethics Commitee of the institution.

Data collection

Data were obtained from the hospital medical records and patient files. Demographic details, primary kidney
disease, medications, comorbidities and dialysis prescription were collected at baseline. Demographic details
included age, sex, dialysis vintage, and body mass index (BMI). Patients were divided into four categories of
primary kidney disease, including chronic glomerulonephritis, diabetic nephropathy, hypertensive nephropathy
and others. History of use of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers (ACEI/
ARB), beta-blockers, diuretics and potassium binders was collected, considered to affect serum potassium
levels!. A history of cardiovascular disease, hypertension and diabetes mellitus were recorded as comorbidities.
And cardiovascular diseases was defined as any history of congestive heart failure, coronary artery disease,
arrhythmias or stroke. All patients were treated with three times weekly dialysis with a duration of 4 h per
session. Dialysate composition was uniform, with a dialysate potassium concentration of 2 mmol/L.

Serum potassium levels and other laboratory values such as haemoglobin, platelet count, urea nitrogen
before and after dialysis, albumin, prealbumin, alkaline phosphatas (ALP), triglycerides, total cholesterol, low-
density lipoprotein, high density lipoprotein, intact parathyroid hormone, serum calcium, serum phosphorus,
bicarbonate and ferritin were obtained every three months during the follow-up. Urea reduction radio (URR)
and serum corrected calcium were calculated. All of these values were included in the form of a mean of all
examinations during the follow-up.

Exposure of interest and grouping

The exposure of interest was serum potassium variability. CVSP was calculated by the ratio between the standard
deviation (SD) and the mean of serum potassium levels over the follow-up, used as the measurement for serum
potassium variability'®. Serum potassium levels was collected every three months immediately before dialysis.
We used restricted cubic spline regressions to model and visualize the relation of CVSP with all-cause mortality
and cardiovascular mortality (Fig. 1). And according to the restricted cubic splines, patients were divided into low
CVSP (L-CVSP, CVSP <15%), moderate CVSP (M-CVSP, CVSP>15% and <20%) and high CVSP (H-CVSP,
CVSP>20%) three groups. Patients were also grouped by serum potassium level to three groups, T1 (serum
potassium level <4.0mmol/L), T2 (serum potassium level >4.0mmol/L and <5.0mmol/L) and T3 (serum
potassium level > 5.0mmol/L), according to the splines for serum potassium level and clinical significance.

In the subgroup analysis, normal serum potassium concentration range was defined as the mean of serum
potassium levels > 3.5mmol/L and < 5.0mmol/ 124, After excluding patients with hyperkalemia and hypokalemia,
patients within normal serum potassium concentration range were also divided into three groups by CVSP as
mentioned above.
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Fig. 1. The restricted cubic spline for the relationship between CVSP and mortality risk. The unadjusted
hazard ratio of CVSP for all-cause (a) and cardiovascular (b) mortality was expressed by the solid black lines
with grey areas showing 95% confidence intervals. Reference lines for a hazard ratio of 1.0 are indicated by the
dashed lines. And the associations between serum potassium levels and all-cause mortality were shown in ¢
while the associations between serum potassium levels and cardiovascular mortality were in d.

Outcomes

The primary outcomes were all-cause mortality and cardiovascular mortality. Cardiovascular mortality was
defined as death due to heart failure, acute coronary syndrome, lethal arrhythmia, cardiac arrest or stroke.
Survival was defined as the time from enrollment to death or censoring such as renal transplantation, transfer to
other dialysis centers, loss to follow-up, or end of the study period”.

Statistical analyses

Patients characteristics were presented as mean=+standard deviation for continuous normally distributed
variables, median [interquartile range] for continuous skewed distribution variables and counts (percentage)
for categorical variables. Restricted cubic splines with three knots at 10th, 50th and 90th was preliminarily
used to visualize the relation of CVSP with all-cause and cardiovascular mortality in a unadjusted model. And
according to the unadjusted restricted cubic spline regressions, patients were divided into three groups by CVSP
as mentioned above. Values were compared among groups of CVSP by one-way analysis of variance, Kruskal-
Wallis test or chi-square test. To identify factors effecting serum potassium variability, bivariate correlation
analysis was performed using Spearman’s correlation coefficient and Pearson correlation, and variables with
statistical significance (p-value <0.05) were included in multivariate linear regression analysis?>. As CVSP
was not normally distributed, statistical analysis was performed after log transformation??.Survival analysis
was conducted using the Kaplan-Meier curve and tested by the log-rank test. Unadjusted and adjusted cox
proportional hazards regression analyses were also used to assess the association between groups and the risk
of all-cause and and cardiovascular mortality taking the L-CVSP as reference. The adjusted covariates included
age, sex, dialysis vintage, BMI, use of ACEI/ARB, beta-blockers, diuretics and potassium binders, history of
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cardiovascular disease and diabetes mellitus, serum potassium levels, haemoglobin, albumin and URR!®2223, A
subgroup analysis was performed in patients within normal serum potassium concentration. Serum potassium
levels were also grouped by unadjusted restricted cubic regression and the relationship between serum
potassium levels and all-cause and cardiovascular mortality was evaluated with Kaplan-Meier curve and similar
Cox regression with the same covariates excluding serum potassium levels and including serum potassium
variability. 2-sided p-value <0.05 was considered as statistical significance for all statistical analyses. Statistical
analysis and visualisation were performed using SPSS version 27.0, GraphPad Prism version 10.1.2 and R 4.3.2.

Result

Patient characteristics

A total of 588 hemodialysis patients were included. The mean age of patients was 60.3 + 13.3 years with a median
vintage of 37 (5, 102) months, and 59.7% of the cohort was male. Patients had a median number of serum
potassium measurements of 15 (9, 18), with an average serum potassium levels of 4.4 +0.5mmol/L.

In Fig. 1, We used restricted cubic splines to model and visualize the association of CVSP and serum potassium
levels with all-cause and cardiovascular mortality, respectively. Non-linear association between CVSP and all-
cause mortality (Fig. 1a) was observed (p for non-linearity < 0.05), while linear association with cardiovascular
mortality (Fig. 1b) was showed (p for non-linearity=0.06). The plots suggested an increased risk with higher
CVSP. Similar association was observed in serum potassium levels with non-linear association for all-cause
mortality (Fig. 1c) (p <0.01) and linear association for cardiovascular mortality (Fig. 1d) (p=0.91). 439 patients
were placed in the L-CVSP group, 105 patients were in the M-CVSP group and 44 patients were in the H-CVSP.
Patient characteristics grouped by CVSP are shown in Table 1.

Factors associated with serum potassium variability
Bivariate correlation analysis suggested a negative correlation of CVSP with vintage (r -0.11, 95% CI -0.19-
-0.02, p=0.01), serum hemoglobin (r -0.11, 95% CI -0.19- -0.03, p <0.01) and prealbumin levels(r —0.10, 95%
CI —0.18- -0.02, p<0.05) and a positive correlation with ALP (r 0.11, 95% CI 0.03-0.19, p <0.01). The use of
beta-blockers (r —0.09, 95% CI —0.17- -0.00, p <0.05) was associated with lower CVSP, while patients with a
history of diabetes mellitus (r 0.08, 95% CI —0.00-0.16, p < 0.05) were significantly associated with higher CVSP.
(Table 2)

In multivariate linear regression analysis, CVSP remained significantly negatively correlated with vintages
(B=-0.09, p<0.05), pre-albumin levels (f=-0.09, p <0.05) and serum hemoglobin levels (f=-0.09, p <0.05) in
MHD patients. (Table 3)

CVSP and prognosis in the whole cohort

During a median follow-up of 45 months (25, 45), 121 patients (20.6%) died and the all-cause death rate was 6.4
per 100 person-years. 49 patients (8.3%) died attributed to cardiovascular causes and the cardiovascular death
rate was 2.6 per 100 person-years.

The Kaplan-Meier survival curves for all-cause and cardiovascular mortality in different groups of CVSP
are displayed in Fig. 2. Although there was no significant difference compared to M-CVSP, patients in L-CVSP
were associated with a significantly higher probability of survival for both all-cause (p < 0.01) and cardiovascular
(p<0.01) death compared to those in H-CVSP.

In an unadjusted cox regression model with L-CVSP as the reference group, a significantly higher risk of all-
cause mortality (2.79, 95% CI 1.55-5.03, p <0.01) was observed in H-CVSP, and the association was remained
even after adjusting for confounders. In other words, higher CVSP was an independent factor associated with
a higher risk of all-cause mortality (2.17, 95% CI 1.18-3.97, p<0.05). The risk of cardiovascular mortality
(3.025, 95% CI 1.27-7.24, p <0.05) was also increased in H-CVSP compared with L-CVSP, and it was remained
statistically significant (2.53, 95% CI 1.03-6.22, p < 0.05) in the adjusted model. (Table 4)

CVSP and prognosis in normal serum potassium concentration range

We further investigated the association between CVSP and prognosis in patients with normal serum potassium
concentration range. A total of 493 patients were included in the subgroup analysis with a mean age of 60.4 +13.3
years and a median vintage of 38 (5,103) months. There were 100 (20.3%) all-cause deaths during a median
follow-up of 45 (24-45) months corresponding to a rate of 6.3 per 100 person-years, and 42 patients (15.4%)
were died of cardiovascular causes with a rate of 2.6 per 100 person-years.

The Kaplan-Meier survival curves in the subgroup are shown in Fig. 3 and indicated a similar result in
patients with normokalemia for all-cause mortality, that patients with higher serum potassium variability
(H-CVSP) had a poorer probability of survival compared to those in L-CVSP (p=0.01) (Fig. 3a). And for
cardiovascular mortality, there was a significantly higher survival rate in both L-CVSP (p <0.01) and M-CVSP
(p<0.05) compared to H-CVSP (Fig. 3b).

The results of unadjusted and adjusted Cox regression models for all-cause and cardiovascular mortality
in the subgroup are shown in Table 5. H-CVSP was associated with a higher risk of both all-cause (2.36, 95%
CI 1.21-4.60, p <0.05) and cardiovascular (3.35, 95% CI 1.39-8.12, p <0.01) mortality compared to L-CVSP.
Even after adjustment, the association between H-CVSP and cardiovascular mortality remained statistically
significant (2.69, 95% CI 1.07-6.78, p < 0.05).
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All patients L-CVSP M-CVSP H-CVSP
Variables (n=>588) (n=439) (n=105) (n=44) P-value
Age, years 60.3+13.3 59.6+13.4 62.6+12.7 61.1+13.5 0.11
Males, n(%) 351 (59.7%) 271 (61.7%) 56 (53.3%) 24 (54.5%) 0.22
Dialysis vintage, months 37 (5, 102) 39 (5, 105) 29 (4, 101) 12 (4, 70) 0.05
Follow-up, months 45 (24, 54) 50 (27, 54) 41 (19, 53) 28 (12, 41) <0.01
BMI, kg/m2 22.1+3.5 22.1+34 22.3+4.0 22237 0.89
Primary kidney disease 0.47
Chronic glomerulonephritis, n(%) 209 (35.5%) 161 (36.7%) 36 (34.4%) 12 (27.3%)
Diabetic nephropathy, n(%) 104 (17.7%) 80 (18.2%) 15 (14.3%) 9 (20.5%)
Hypertensive nephropathy, n(%) 41 (7.0%) 33 (7.5%) 7 (6.7%) 1(2.3%)
Others, n(%) 234 (39.8%) 165 (37.6%) 47 (44.8%) 22 (9.4%)
History of cardiovascular diseases, n(%) | 181 (30.8%) 125 (28.5%) 40 (38.1%) 16 (36.4%) 0.11
History of diabetes mellitus, n(%) 172 (29.3%) 127 (73.8%) 30 (28.6%) 15 (34.1%) 0.76
Medications
ACEI/ARB, n(%) 352 (59.9%) 265 (60.4%) 59 (56.2%) 28 (63.6%) 0.64
Beta-blockers, n(%) 276 (46.9%) 212 (48.3%) 46 (43.8%) 18 (40.9%) 0.50
Diuretics, n(%) 57 (9.7%) 43 (9.8%) 9 (8.6%) 5(11.4%) 0.86
Potassium binders, n(%) 14 (2.4%) 13 (3%) 0 (0%) 1(2.3%) 0.17
URR, % 72.1(68.2,77.3) 72.0 (68.3, 77.0) 72.7 (68.4,77.4) 71.4 (66.6, 78.0) 0.55
Hemoglobin, g/L 110.0+9.9 110.8+9.6 107.7+9.2 107.8+11.4 <0.01
Platelet count, *10/3/ul 188.3+57.3 185.7+58.5 195.4+52.0 196.7 +56.5 0.18
Albumin, g/L 38.0+2.8 38.2+2.6 37.3+3.5 382+2.7 <0.01
Pre-albumin, mg/L 305.5+63.7 309.6+62.0 287.7+67.9 306.9+64.4 <0.01
Alkaline phoshatase, U/L 85.3 (68.6, 105.0) 84.1 (68.3, 104.0) 98.0 (75.1, 113.9) 78.1 (61.3,94.9) <0.01
Total cholesterol, mmol/L 4.0 (3.5,4.6) 4.0 (3.5, 4.6) 4.1(34,4.8) 4.3(3.8,4.8) 0.10
Triglycerides, mmol/L 1.8(1.3,2.7) 1.8(1.3,2.7) 1.8(1.2,2.4) 2.0(1.3,2.7) 0.22
Low-density cholesterol, mmol/L 2.4(1.9,2.8) 2.3(1.9,2.8) 2.4(1.8,2.9) 2.5(2.1,3.0) 0.20
High-density cholesterol, mmol/L 1.0 (0.8,1.2) 1.0 (0.8,1.2) 1.0(0.8,1.2) 1.0 (0.8, 1.3) 0.73
Phosphorus, mmol/L 1.8+0.4 1.8+0.4 1.7+0.5 1.9+0.6 0.10
intact parathyroid hormone, pg/ml 256.4 (141.2,457.4) | 258.8 (141.1, 448.3) | 246.1 (131.1,470.7) | 262.3 (146.5, 398.5) 0.94
Ferritin, ng/ml 226.4 (92.8,439.8) | 207.3(87.4,439.9) |266.4(114.1,453.6) | 226.9 (95.3,422.9) 0.34
Bicarbonate, mmol/L 21.7+1.7 21.7+1.7 22.0+2.0 21.7+1.7 0.19
Corrected calcium, mmol/L 23402 23+0.2 2.3+0.2 23402 0.17
Mean of serum potassium, mmol/L 44405 4.4+0.5 4.3+0.5 4.4+05 0.22
CVSP, % 12.3 (10.2, 15.2) 11.3 (9.5, 12.8) 16.8 (15.7, 18.1) 22.8(21.1,24.6) <0.01

Table 1. Characteristics overall and by groups of serum potassium variability in study population. Values
expressed as mean + SD, number (percentage), or median (interquartile range).

Serum potassium levels and prognosis
The Kaplan-Meier survival curves for serum potassium levels were shown in Fig. 4. Compared with T2, T1
was associated with poorer probability of survival form all-cause death. There was no significant difference in
survival from cardiovascular death among the three groups.

Patients in T1 were associated with an increased risk of all-cause mortality (1.70, 95% CI 1.15-2.52, p <0.01)
compared with T2 (Table 6). However, the association disappeared after adjustment. There was no statistical
significance in the association with cardiovascular mortality for T1 and T3 compared with T2.

Discussion

We conducted a retrospective observational study in three campus of our dialysis center to investigate the
association between serum potassium variability and prognosis in maintenance hemodialysis patients. Serum
potassium variability was associated with poorer patient prognosis, and after adjustment, higher serum potassium
variability showed an independent association with higher risk of all-cause and cardiovascular mortality in
MHD patients. We also found that the association between serum potassium variability and prognosis was
remained even in normal serum potassium concentration range.

MHD patients with longer vintages had a more stable serum potassium fluctuation which may be due to
more stable dialysis prescriptions and medication used than those with shorter vintages, and we speculated that
better compliance and stricter dietary management may also contribute to the negative correlation of vintage
with serum potassium variability. In addition, our results showed that hemoglobin was negatively correlated
with serum potassium variability, which are consistent with a recent study that reported a protective effect
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Variables r(95% CI) p-value
Age 0.05 (=0.03, 0.13) 0.25
Male ® —0.06 (—0.14, 0.03) 0.17
Dialysis vintage —0.11 (—0.19, —0.02) 0.01
BMI 0.05 (—0.03, 0.13) 0.25
History of cardiovascular diseases | 0.07 (—0.01, 0.15) 0.08
History of diabetes mellitus ® 0.08 (—0.00, 0.16) <0.05
URR 0.01 (—0.08, 0.09) 0.90
Use of ACEI/ARB © 0.03 (—0.06,0.11) 0.55
Use of beta-blockers © —0.09 (—0.17, —0.00) 0.04
Use of diuretics ¢ —0.02 (—0.10, 0.07) 0.68
Use of potassium binders © —0.05 (—0.14, 0.03) 0.20
Hemoglobin —0.11 (=0.19, —0.03) | <0.01
Albumin —0.06 (—0.14,0.02) 0.16
Prealbumin —0.10 (—0.18, —0.02) | <0.05
Alkaline phoshatase 0.11 (0.03, 0.19) <0.01
Total cholesterol 0.03 (—0.06,0.11) 0.55
Triglycerides —0.03 (—0.11, 0.05) 0.48
Low-density cholesterol 0.03 (—=0.05,0.11) 0.47
High-density cholesterol 0.01 (—0.07, 0.09) 0.82
Phosphorus 0.01 (=0.07, 0.09) 0.76
Intact parathyroid hormone 0.01 (—0.08, 0.09) 0.89
Ferritin 0.06 (—0.03, 0.14) 0.19
Bicarbonate 0.02 (—0.06, 0.10) 0.68
Corrected calcium —0.03 (=0.11, 0.05) 0.43
Mean of serum potassium 0.05 (—0.03, 0.14) 0.19

Table 2. Variables correlation with serum potassium variability. * Compared to female. > Compared to patients
without history of cardiovascular diseases or diabetes mellitus. © Compared to patients without use of ACEI/
ARB, beta-blockers, diuretics or potassium binders.

Variables Standard error | Standardized p | t P-value
Dialysis vintage 0 —0.09 —2.12 | <0.05
History of diabetes mellitus * | 0.02 0.02 0.52 | 0.61
Use of beta-blockers ® 0.01 —0.06 —1.45 0.15
Hemoglobin 0 —0.09 —2.17 | <0.05
Prealbumin 0 —0.09 —2.01 | <0.05
Alkaline phoshatase 0 0.04 1.03 | 0.30

Table 3. Multivariate linear regression of serum potassium variability. * Compared to patients without history
of diabetes mellitus. ® Compared to patients without use of beta-blockers.

of hemoglobin on facility-level serum potassium variability?>. Unlike Zhao et al.?}, who found no statistical
significance in multivariate analysis, we found an independent correlation of hemoglobin with serum potassium
variability. This could be due to the differences in sample size and study population, Zhao et al. focused on the
variability of serum potassium at the facility level, whereas we focus on intra-patient. It is possible that low
hemoglobin levels reflect a poor nutritional status of MHD patients. Previous studies have demonstrated that
anemia is an independent risk factor for cardiac disease and mortality?®, and lower hemoglobin concentration or
hematocrit level was associated with higher mortality?’-%°. Several studies also revealed the relationship between
hemoglobin variability. Although the results are arguable, some studies have found that hemoglobin variability
is associated with increased mortality>*-32. The relationship between hemoglobin and serum potassium levels
is also controversial?***34, and there is a lack of evidence to explain the association between hemoglobin and
serum potassium variability. Moreover, serum prealbumin levels also showed a negative correlation with blood
potassium variability in MHD patients in the bivariate correlation analysis. Prealbumin is a useful marker for
nutritional risk assessment and is related to protein intake in MHD patients®. Previous studies have demonstrated
that prealbumin was the best nutritional predictor of survival in dialysis patients®. Poor nutritional status
suggested by low prealbumin could hypothetically be attributed to unstable serum potassium fluctuations. And
this negative correlation remained statistically significant in multivariate analysis.
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439 415 364 314 275 222 0 L-CVSP 439 415 364 314 275 222 0
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44 37 25 20 12 9 0 H-CVSP 44 37 25 20 12 9 0
Fig. 2. Kaplan-Meier survival curves for mortality according to serum potassium variability. (a) all-cause
mortality; (b) cardiovascular mortality.
HR (95%, CI), All-cause mortality HR (95%, CI), Cardiovascular mortality
CVSspP N patients (%) | Unadjusted p-value | Adjusted p-value | Unadjusted p-value | Adjusted p-value
L-CVSP | 439 (75.7%) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
M-CVSP | 105 (17.9%) 1.50 (0.96, 2.35) 0.08 1.10 (0.69, 1.75) 0.70 1.13 (0.52, 2.43) 0.76 1.01 (0.46, 2.26) 0.97
H-CVSP 44 (7.5%) 2.79 (1.55, 5.03) | <0.01 2.17 (1.18,3.97) | <0.05 3.03(1.27,7.24) | <0.05 2.53 (1.03, 6.22) | <0.05
Table 4. Association between serum potassium variability and risk of mortality in all study population. HR
hazard ratio.
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a0 F Log-rank test: S a0 F Log-rank test:
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L-CVSP vs. H-CVSP: p=0.01 L-CVSP vs. H-CVSP: p<0.01
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Observation period (months) Number at risk p ( )
366 348 306 260 227 184 0 L-CVSP 366 348 306 260 227 184 0
88 78 70 60 49 36 0 M-CVSP 88 78 70 60 49 36 0
39 33 23 18 11 8 0 H-CVSP 39 33 23 18 11 8 0

Fig. 3. Kaplan-Meier survival curves for mortality in the subgroup. (a) all-cause mortality; (b) cardiovascular

mortality.

The relationship between serum potassium levels and clinical outcome in MHD patients have been
widely explored. Although the optimal range of serum potassium levels remains controversial, it has been
well documented that both hyperkalemia and hypokalemia are associated with an increased risk of all-cause
and cardiovascular mortality!®!4. Our study was consistent with previous reports that hypokalemia was
associated with an increasing risk of mortality in MHD patients, with the prognostic relevance decreasing or
even disappearing after adjustment for confounders factors such as general condition, nutritional status, and
dialysis adequacy. However, we did not find an association between hyperkalemia and the risk of all-cause and
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HR (95%, CI), All-cause mortality HR (95%, CI), Cardiovascular mortality
CVSP N patients (%) | Unadjusted p-value | Adjusted p-value | Unadjusted p-value | Adjusted p-value
L-CVSP | 366 (74.2%) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
M-CVSP | 88(17.8%) | 1.33(0.81,2.19) | 0.26 |1.03(0.62,1.73) |0.90 0.93(0.39,2.24) | 0.88 |0.76 (0.30,1.92) | 0.56
H-CVSP 39 (8.9%) 2.36 (1.21,4.60) | <0.05 1.81(0.91, 3.59) | 0.92 3.35(1.39,8.12) | <0.01 2.69 (1.07,6.78) | <0.05

Table 5. Association between serum potassium variability and risk of mortality in the subgroup. CVSP the
coeflicient of variation of serum potassium levels, HR hazard ratio.

a b
—_—T1 = T2 = T3 —_ T —_— T2 =—— T3
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80 80 |
Q
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3 s
- Log-rank test: g Log-rank test:
2 40 f T1vs. T2: p<0.01 » 40r T1vs. T2: p=0.55
T1vs. T3: p=0.05 T1vs. T3: p=0.76
T2 vs. T3: p=0.71 T2 vs. T3: p=0.41
20 F 20
0 1 1 1 1 1 ] 0 1 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
farmber ateick Observational period (months) Number at risk Observational period (months)
T1 138 129 102 85 68 50 0 T1 138 129 102 85 68 50 0
T2 384 357 314 270 231 187 0 T2 384 357 314 270 231 187 0
T3 66 63 50 46 45 32 0 T3 66 63 50 46 45 32 0

Fig. 4. Kaplan-Meier survival curves for the relationship between serum potassium levels and mortality . (a)
all-cause mortality; (b) cardiovascular mortality.

HR (95%, CI), All-cause mortality HR (95%, CI), Cardiovascular mortality
Groups | N patients (%) | Unadjusted p-value | Adjusted p-value | Unadjusted p-value | Adjusted p-value
T1 138 (23.5%) 1.70 (1.15,2.52) | <0.01 1.10 (0.73, 1.67) | 0.65 0.80 (0.38, 1.66) | 0.54 0.68 (0.32, 1.46) | 0.32
T2 384 (65.3%) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
T3 66 (11.2%) 0.89(0.47,1.68) | 0.72 | 1.09 (0.57,2.08) | 0.79 0.65 (0.23, 1.81) | 0.65 0.66 (0.23,1.91) | 0.45

Table 6. Association between serum potassium levels and risk of mortality.

cardiovascular mortality. The lower rate of comorbid hyperkalaemia and the lower severity of hyperkalaemia in
the patients included in our study may explain the non-significant association between hyperkalaemia and the
risk of all-cause and cardiovascular mortality.

Previous studies have also found that the rapid decline in serum potassium levels during and after a dialysis
session is associated with an increased in frequency of ventricular premature depolarizations and other
electrocardiographic alterations!>"'7. These studies suggest that in addition to serum potassium levels assessed
by baseline, average or peak values, fluctuations of serum potassium levels are also associated with clinical
outcomes in MHD patients.

To date, an increasing number of studies have reported that serum potassium variability is an important
predictor of mortality. Retrospective studies with large cohorts in ICU patients conducted by Hessels et al.?
and Engelhardt et al.'® reported an association of higher serum potassium variability with an increase risk
of mortality. A consistent result was also found for the association between in-hospital mortality and serum
potassium fluctions in patients with acute myocardial infarction®!. Similar findings were observed by Xu et
al.*® and Li et al.’” in peritoneal dialysis (PD) patients, where serum potassium variability was independently
associated with both all-cause and cardiovascular mortality. Compared to PD patients, MHD patients suffer
from more frequent fluctuations in serum potassium levels. However, only a few studies have investigated in
the association between serum potassium variability and mortality in MHD patients. A recent study included
45 dialysis centre in China showed a significant association between higher facility-level potassium variability
and poorer prognosis in MHD patients?’. Yamaguchi et al.?? reported that serum potassium variability was an
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independent risk factor for all-cause mortality in MHD patients, but there was no association with cardiovascular
death in their study.

The restricted cubic regression was consistent with these results, showing an increased risk with higher
serum potassium variability in unadjusted model. And in further investigation, our results were consistent
with previous findings that higher serum potassium variability was a predictor of prognosis in MHD patients,
associated with higher survival from both all-cause and cardiovascular death and it was an independent risk
factor associated with both all-cause and cardiovascular mortality in MHD patients. These results could be
directly explained by instability of membrane resting potential caused by potassium fluctuations. And it is also
possible that higher potassium variability indicates the poorer nutritional and health status in MHD patients and
indirectly leads to adverse outcomes in MHD patients.

Furthermore, Lombardi et al.!® first demonstrated that higher serum potassium variability was associated
with increased in-hospital mortality independent of the presence of hyperkalemia or hypokalemia in a large
cohort of inpatients within normal serum potassium concentration range. Thus, we performed a subgroup
analysis in MHD patients within normokalemia and our results are aligned with certain aspects of Lombardi
et al.'®. We confirmed that the association between serum potassium variability and the survival rate of all-
cause and cardiovascular mortality in MHD patients was statistical significance even in the normal range. We
also confirmed that serum potassium fluctuations were an independent risk factor for cardiovascular mortality
in MHD patients within normokalemia. However, unlike Lombardi et al.!8, our study showed no statistical
significance of this association of all-cause mortality in hemodialysis patients after adjusting for confounders
such as age, medication use, comorbidities, nutritional status and serum potassium levels. The differences could
be explained by different study population and sample size. These results suggest that increased potassium
variability may be associated with cardiovascular events and indicate an unstable condition in MHD patients.
Early identification of factors that may cause potassium fluctuations, such as nutritional status and health
condition, may be beneficial in improving the prognosis in MHD patients. One of the strengths of our study is
that we grouped potassium variability according to the restricted cubic regression model which showed a non-
linear relationship between serum potassium variability and all-cause mortality. Additional studies are needed
to further investigate the association between potassium variability and mortality in MHD patients, especially
normal serum potassium concentration range.

Limitations

Our study has several limitations. First, due to the nature of observational and retrospective study, a direct
causal relationship cannot be inferred from our results. In addition, the three campus of our center may have
differences in patient characteristics, dialysis prescriptions and potassium management, which was expected
to reduce the selection bias. However, the sample size of this study is relatively small. Therefore, prospective
studies with a large cohort are needed to confirm our findings in the future. Second, because of incomplete
data collection due to the limitations of retrospective studies or different laboratory values used to assess the
same status in different campus, factors that affect serum potassium levels, such as inflammation, residual
renal function, dry weight, adequacy of dialysis and dietary intake were not included in this analysis. Other
confounders such as blood pressure especially after weekend dialysis and left ventricular mass index, which were
considered associated with increased CV events*, were also needed to pay attention to in further study. Finally,
our study only collected serum potassium levels measured immediately before dialysis, which may resulted
in missing abnormal potassium levels between visits and affected the evaluation of potassium variability. And
MHD patients experience cyclical serum potassium fluctuations with a rapid decline during a dialysis session,
changes in serum potassium levels after dialysis may also play an important role in prognosis which were not
collected in this study and further studies are needed. Neverthless, to the best of our knowledge, this is the first
study to analysis the association between serum potassium variability and prognosis in MHD patients within
normal serum potassium concentration range, providing a new insight for clinical practice and further studies
in optimizing the management of serum potassium in MHD patients.

Conclusions

Serum potassium variability was a predictor of prognosis associated with all-cause and cardiovascular mortality
even in normal range in MHD patients. More attention should be paid to the role of reducing potassium
fluctuations in MHD patients in clinical practice and further studies are desired to confirming the causal
association between potassium variability and prognosis in MHD patients.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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