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Purpose: To determine seasonal variations in serum potassium levels among hemodialysis patients.

Materials and Methods: This was a multicenter cohort study of patients whounderwent hemodialysis and were registered in Di-
alysisNet at our four associated general hospitals between January and December 2016. Month-to-month potassium variability
was quantified as SD/+{n/(n-1)}, and a non-hierarchical method was used to cluster groups according to potassium trajectories.
Seasonal variations in potassium levels were analyzed using a cosinor analysis.

Results: The analysis was performed on 279 patients with a mean potassium level of 5.08+0.58 mmol/L. After clustering, 52.3%
(n=146) of patients were included in the moderate group (K", 4.6+0.4 mmol/L) and 47.7% (n=133) in the high group (K’, 5.6+0.4
mmol/L). The mean potassium level peaked in January in the moderate group (4.83+0.74 mmol/L) and in August in the high
group (5.51+0.70 mmol/L). In the high potassium group, potassium levels were significantly higher in summer than in autumn
(p<0.001) and spring (p=0.007). Month-to-month potassium variability was greater in the high group than in the moderate
group (0.59+0.19 mmol/L vs. 0.52+0.21 mmol/L, respectively, p=0.012). Compared to patients in the first quartile of potassium
variability (<0.395 mmol/L), those with higher variability (2nd-4th quartiles) were 2.8-4.2 fold more likely to be in the high po-
tassium group.

Conclusion: Different seasonal patterns of serum potassium were identified in the moderate and high potassium groups, with
potassium levels being significantly higher in the summer season in the high potassium group and in winter for the moderate po-
tassium group.
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INTRODUCTION

Potassium plays a vital role in maintaining a stable cellular
membrane potential and triggering action potentials in the
nerves, muscles, and heart. Ingested potassium is excreted via
metabolic pathways, with >90% of potassium being excreted
by the kidneys.! Excessive potassium intake, metabolic acido-
sis, inadequate dialysis efficacy, such as low Kt/V, renin-angio-
tensin-aldosterone system blockade, and frequent transfu-
sions may lead to increased serum potassium levels in patients
with end-stage renal disease (ESRD) requiring renal replace-
ment therapy.' Hyperkalemia, a condition in which potassium
levels are higher than normal, is associated with increased ar-
rhythmia-related mortality in patients undergoing mainte-
nance hemodialysis.”

A study involving 36888 patients undergoing hemodialysis
in the United States between 2007 and 2010 reported a preva-
lence of hyperkalemia of 16 per 100 patient-months. More-
over, the mortality rate was seen to increase significantly when
the potassium level was >5.7 mmol/L.> Although the extent to
which potassium levels can be controlled is an important prog-
nostic factor, achieving such control is difficult. In the multina-
tional Dialysis Outcome Practice Pattern Study, 6.2-20.0% of
patients undergoing hemodialysis had a potassium level >6.0
mmol/L.? In the Clinical Research Center for End-Stage Renal
Disease cohort study, which included 3230 patients with
ESRD in South Korea, the mean potassium level was 4.9+0.7
mmol/L, with a potassium level >5.0 mmol/L identified in 36%
of patients.” However, these studies did not consider longitudi-
nal potassium levels using serial measurements.

Hemodialysis alone is insufficient for maintaining normoka-
lemia, and dietary control plays a crucial role in achieving sta-
ble potassium levels.’ Yet, only few studies have addressed this
issue. Moreover, it is known that in patients on hemodialysis,
compliance with dietary and water restriction is as low as 25-
86%.° Although many medical institutions have implemented
dietary education for patients on hemodialysis, this education
has not consistently translated to improved compliance with di-
etary restrictions.” Seasonal variation in dietary habits is a spe-
cific cause of changes in potassium level among patients on
hemodialysis.*?

In the participating hospitals, we used the Health Avatar Plat-
form-based DialysisNet (DNet)" to improve the management
of patients undergoing hemodialysis. This system allows early
detection of hyperkalemia and identification of overall trends.
Therefore, the purpose of our study was to identify differences
in potassium levels between patients with moderate and high
longitudinal potassium trajectories and to determine seasonal
differences between these two groups using DNet.
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MATERIALS AND METHODS

Statement of ethics

This study was approved by the Institutional Review Boards
of Seoul Paik Hospital (IIT-2016-216), Dongguk University
Gyeongju Hospital (110757-201608-HR-06-01), Kangwon Na-
tional University Hospital (KNUH-2016-08-006), and Chang-
won Fatima Hospital (CFH-2018-18-02). The requirement for
patient informed consent was waived owing to the retrospec-
tive nature of the study. All clinical investigations were con-
ducted in accordance with the principles of the Declaration of
Helsinki.

Compliance method with standard models and
development of a multicenter trial conceptin
DialysisNet

DNet is an smartpad-based, integrated, clinical information
system for nephrologists in dialysis units. DNet displays test re-
sults, including potassium levels, in real-time and determines
whether the results are normal or abnormal. For the effective
management of hemodialysis data, we identified common
data elements of hemodialysis information (CDEHI) and uti-
lized these in DNet. We used the American Society for Testing
and Materials (ASTM) Continuity of Care Record (CCR) and
ISO/IEC 11179 to evaluate compliance with a standard model
for CDEHI. The ASTM CCR is the standard model for the ex-
pression and transfer of health record summaries." The ISO/
IEC 11179 Metadata Registry standard describes a method for
standardizing and registering data elements to make them un-
derstandable and shareable between studies and institutions.
ISO/IEC 11179 was used to represent common data as meta-
data, with these data verified using the ASTM CCR/Extensi-
ble Markup Language (XML) schema definition before being
parsed into the database. Subsequently, the metadata were
stored in the Health Avatar Platform using the representational
state transfer protocol." The DNet common data model, for
which we used the CDEHI, was selected after a syntactic and
semantic interoperability review and developed by a consor-
tium of DNet user groups. The CDEHI transforms observation-
al data, both administrative and clinical, standardizing the
content and format for use in common queries.

Study population

Four general hospitals in Korea participated in this retrospec-
tive study: Inje University Seoul Paik Hospital, Dongguk Uni-
versity Gyeongju Hospital, Kangwon National University Hos-
pital, and Changwon Fatima Hospital. The study included
patients >18 years of age who underwent maintenance hemo-
dialysis two times per week or more, and had completed eight
hemodialysis sessions per month or more for over 3 months
between January and December 2016.
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Clinical data collection and laboratory evaluations
Data related to hyperkalemia were analyzed, of which values
closest to the first day of each month were automatically se-
lected. Data were extracted from the common data model of
DNet, as per previously described methods." The variables col-
lected and analyzed for this study were as follows: serum po-
tassium, potassium test date, hemoglobin, hematocrit, iron,
total iron-binding capacity (TIBC), Kt/V, aspartate aminotrans-
ferase, alanine aminotransferase, and prescription of angio-
tensin-converting enzyme inhibitors (ACEi) and angiotensin
II receptor blockers (ARB). Transferrin saturation was calcu-
lated as 100xserum iron/TIBC (%). The dialysis unit in all four
participating hospitals had been accredited by the Korean Soci-
ety of Nephrology during the study period,'* which requires
laboratory tests to be obtained and recorded according to pre-
determined standards. Finally, we collected data on all-cause
deaths until August 2019. All data were encrypted and sent to
BioEMR for analysis.

Development of the BioEMR for multicenter trials in
DialysisNet

The BioEMR provides clinical and bioinformation, and is
equipped for sharing technology." BioEMR includes the fol-
lowing features: an extractor that converts hospital informa-
tion and clinical genetic information into XML; an integrated
development environment (IDE), which is a repository of
XML; an integrated analysis for IDE data; a case report form;
conversion of the common data elements to a clinico-histo-
pathological metadata registry (CHMR); and verification of
terminology. For our study, we created metadata and operate/
reposit forms using standard terminology. Clinical documents
were also received in XML format, and they were stored in the
clinical results database after metadata validation. Within the
electronic medical record system of each hospital, order com-
munication system data were converted using the CCR stan-
dard," and laboratory information were converted using the
Logical Observation Identifiers Names and Codes (LOINC®)
standard.'® After XML representation was performed, using
the BioEMR extractor, the data were stored in CHMR format,
and metadata-validation enhancement data indexing were
gathered into the research data.

Operational definitions in this study

Cluster analysis was performed using monthly trajectories of
observed potassium values. Patients were categorized into two
groups based on K-means clustering for the potassium trajec-
tory between the groups; these two groups were defined as the
moderate and high potassium groups. The analysis included
the potassium values of patients who underwent blood chem-
istry evaluation including potassium testing, at least once per
month and had >eight monthly potassium values for 1 year
during the study period. Among the 279 patients included in
our study, 242 had potassium levels evaluated once a month
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for 12 months, 16 had monthly potassium levels evaluated for
11 months, 12 had potassium levels evaluated for 10 months,
seven had potassium levels evaluated for 9 months, and two
had potassium levels evaluated for 8 months. Month-to-
month changes in average potassium values were calculated
for each patient [meanztstandard deviation (SD)], as previously
described." The within-subject SDs for serially measured po-
tassium values were adjusted for the number of assessments
(n) for each patient.”* The month-to-month variability of po-
tassium was calculated as the within-subject SD/y{n/(n-1)}."
For our analysis, the seasons were defined as follows: winter
from December to February, spring from March to May, sum-
mer from June to August, and autumn from September to No-
vember.

Statistical analyses

Analyses were performed using R (version 3.5.3., R Founda-
tion for Statistical Computing, Vienna, Austria) and SPSS ver
24.0 (IBM Corp., Armonk, NY, USA). Continuous variables
were reported as mean+SD, and categorical variables were re-
ported as frequencies and percentages. For continuous vari-
ables, Student’s t-test and analysis of variance were performed
to determine intergroup differences as appropriate. Chi-
squared test was used to determine the nature of associations
between categorical variables. K-means were used for cluster-
ing of patients, based on each individual's potassium trajecto-
ries, using a non-hierarchical method which uses an algorithm
that binds given data into k-clusters. We also used an unsuper-
vised machine learning algorithm that provides a method for
minimizing the variance between each cluster and distance.'®"
We used the kml and kml3d packages in R for cluster analyses,
providing an implementation of k-means.” For the clustering
evaluation scale, all three categories were used for internal
evaluation,” including the Calinski-Harabatz index,* Ray-
Tuni,? and Davies-Bouldin index® for concordant criteria
(Fig. 1). The function plotAllCriterion( ), using the kml and
kml3d packages in R, displayed several criteria on the same
graph.' We also allocated patients into four groups based on
the quartile of the variability in potassium levels for sensitivity
analysis. Logistic regression analysis was performed to identify
factors associated with the high potassium trajectory group. Age,
sex, and variables that were significant in univariate analysis
were selected for multivariate-adjusted analysis. We conducted
the paired t-test to examine differences in potassium levels be-
tween adjacent seasons in each potassium group using repeated
measurements of potassium levels of each individual. We con-
ducted Kaplan-Meier survival analysis for all-cause death
events. Patients’ survival was followed from the start of this
study to August 2019. The patients were censored before the
end of follow-up in case of transfer to other medical center, kid-
ney transplantation, modality change to peritoneal dialysis, or
loss to follow-up. Intergroup differences were determined us-
ing log-rank test. p-values <0.05 were considered statistically
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Apr Jun Aug Oct Dec

T
Feb
(A) Moderate K' group  4.68+0.68 4.46+0.59 4.62+0.68 4.64+0.69 4.63+0.59 4.72+0.69 (mmol/L)

5.49+0.80 5.43+0.74 5.69+0.73 5.71+0.70 5.47+0.72 5.53+0.69 (mmol/L)

Fig. 1. Group clustering according to serum potassium trajectories. (A) Comparison of internal validation of clustering analysis by concordant criteria. The
line numbers 1, 2, 3 are Calinski Harabatz index, 4 is RayTuni index, and 5 is Davies Bouldin index. Concordant criteria showed agreement on two group
clustering (red circle). (B) The difference in potassium levels between groups along with the seasons.

significant.

We analyzed the amplitude and acrophase of serum potas-
sium levels between the groups after clustering using cosinor
analysis.*** This is a statistical method that returns time-se-
ries data to the cosine function. The analysis approximates the
following equation to minimize the root mean square error:*

Y(t)=Mesor+Acos(2rtt/t+¢)+e(t),

where Y(t) is data collected at times ti (i=1, ..., N); Mesor is the
midline estimating statistic of rhythm, A is the amplitude, a
measure of the extent of predictable changes above and below
the midline within a cycle; ¢ is the acrophase, a measure of the
timing of overall high values; 1 is the period, defined as the du-
ration of one cycle (in this study, the cycle rhythm was 12
months); and e(t) is the error term at each time. To fit the peri-
odic model, the outcome of interest Y, at time variable t, for a
fixed period D, was calculated as follows:

Y(t)=intercept+amplitudexcos (2rtt/D-acrophase)+¢

The amplitude was calculated as A = (c*+s?), (A>0), and the
phase (in radians) as P={arctan (s/ f)' ¢=0; arctan (s/c)+7,
<0, $>0; arctan (s/c)-1, c<0, s>0}. c= FZ n cos (wt), =42
sin (Wt), t=1, ..., n, wt=2nft. P (estimated phase)=12 (P/2m)+1

is shown in Fig. 2.

RESULTS

Demographic and clinical characteristics

Trajectory analysis showed that 52.3% (n=146) of patients
were included in the moderate potassium group and 47.7%
(n=133) in the high potassium group (Fig. 1). The mean pa-
tient age was 63.3+13.1 years, with 55.9% of patients being
men, 58.4% having diabetes mellitus, and 83.8% having hyper-
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Fig. 2. Cosinor analysis for the variation of serum potassium level. The
seasonal pattern at which the peak of a rhythm occurred (acrophase)
was from June to August in the high potassium group, whereas the ac-
rophase occurred from September to December in the moderate po-
tassium group.

tension. The baseline clinical and laboratory characteristics,
according to potassium clustering groups, are reported in Ta-
ble 1. While the Kt/V and proportion of patients who were tak-
ing ACEi or ARB were comparable between the moderate and
high groups, patients in the high group had a longer duration of
dialysis (48.2+40.6 months vs. 72.4+63.2 months, respectively,
p<0.001) and were younger (65.2+13.4 years vs. 61.3+12.5
years, respectively, p=0.013) compared to the moderate group.
The baseline phosphorus level was higher in the high potassium
group than in the moderate potassium group (5.2+1.6 months
vs. 4.5+1.5 months, respectively, p=0.001). The mean initial
potassium level was 4.7+1.5 mmol/L in total patients, 4.2+1.6
mmol/L in the moderate group, and 5.3+1.2 mmol/L in the
high group (p<0.001) (Table 1). The proportion of patients
with hyperkalemia (potassium values >5.5 mmol/L) was sig-
nificantly higher in the high group for each month (Supplemen-
tary Table 1, only online).

Of the 279 patients included in the analysis, 35 were from

https://doi.org/10.3349/ymj.2021.62.4.315



Yunmi Kim, et al.

YMJ

Table 1. Baseline Characteristics of the Study Subjects according to Potassium Groups

K* clustering group

Characteristics Total (n=279)

Moderate (n=146) High (n=133) pvalue

Age 63.3+13.1 65.2+13.4 61.3+125 0.013
Sex, male 156 (55.9) 74(50.7) 82(61.7) 0.065
BMI (kg/m?) 23.3+33 224+34 224433 0.936
DM 163 (58.4) 85(58.2) 78 (58.6) 0.942
Hypertension 234(83.8) 124 (84.9) 110(82.7) 0614
Cause of ESRD 0.044

DM 155 (55.6) 80(54.8) 75(56.4)

Hypertension 71(25.8) 35(24.0) 37(27.8)

CGN 16(5.7) 8(4.1) 10(7.5)

PKD 2(0.7) 0(0.0) 2(1.5)

Others 33(11.8) 25(17.1) 9(6.8)
Dialysis vintage (months) 59.4+53.8 48.2+40.6 72.4+63.2 <0.001
KtV 1.63+0.46 1.58+0.36 1.56+0.34 0.617
Hemoglobin (g/dL) 10.2+1.0 10.2£1.0 104414 0.160
Hematocrit (%) 31.3+2.3 30.8+2.8 317433 0.012
[ron (ug/dL) 64.9+19.6 65.7+28.5 69.9+33.3 0.262
TIBC (pg/dL) 229.7+35.7 227.5%396 227.3+39.3 0.960
TSAT (%) 30.1£13.3 2924124 31.2+14.2 0.208
Albumin (g/dL) 37402 37+03 3.8+03 0.031
AST (U/L) 20.2+9.0 2124118 20.9+16.1 0.819
ALT (U/L) 16.8+75 17.9+12.6 16.3+7.4 0.214
ACEi or ARB, yes 162 (58.0) 80 (54.8) 82(61.7) 0.246
K (mmol/L) 47+15 42416 5.3+1.2 <0.001
Ca (mg/dL) 9.0+038 9.0+038 9.0+0.38 0.988
P (mg/dL) 48+1.6 45+15 52+16 0.001

BMI, body mass index; DM, diabetes mellitus; ESRD, end stage renal disease; CGN, chronic glomerulonephritis; PKD, polycystic kidney disease; TIBC, total iron-
binding capacity; TSAT, transferrin saturation; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ACEi, angiotensin-converting enzyme inhibitor;

ARB, angiotensin Il receptor blocker.
Data are presented as mean=+standard deviation or n (%).

hospital A, 21 from hospital B, 103 from hospital C, and 120
from hospital D (Supplementary Table 2, only online). The
proportion of patients in the high potassium group was 40.0%,
61.9%, 49.1%, and 57.2% in A, B, C, and D hospitals, respec-
tively. The Kt/V in the overall cohort was 1.63+0.46, with the
highest value being from hospital C (1.75+0.59) and the lowest
from hospital A (1.31+0.23). There were no significant differ-
ences among hospitals in terms of dialysis duration or hemo-
globin concentrations.

Difference in serum potassium levels according to
clustering groups by trajectory analysis and seasons
The overall mean potassium level over 12 months was 5.1+0.6
mmol/L in total patients, 4.7+0.4 mmol/L in the moderate
group, and 5.6+0.4 mmol/L in the high group (p<0.001). Janu-
ary had the highest mean potassium level (4.83+0.74 mmol/L)
and April had the lowest mean potassium level (4.46+0.59
mmol/L) in the moderate potassium group, whereas, for the
high group, August had the highest (5.71+0.70 mmol/L) and
April had the lowest (5.43+0.74 mmol/L) (Supplementary Fig.
1, only online). In the moderate potassium group, categorized

https://doi.org/10.3349/ym;}.2021.62.4.315

by seasons, the mean potassium level was generally stable
throughout the year, with levels being higher in winter than in
spring (p=0.002). In the high potassium group, potassium lev-
els were significantly higher in summer than autumn (p<0.001)
and spring (p=0.007) (Fig. 3). This pattern was sustained when
data extending over 2 years were analyzed (Supplementary
Fig. 2, only online).

Cosinor analysis for potassium seasonal variation
between clustering groups

The amplitude value is indicated by the difference in the
mesor and peak values of the target variable and the acrophase
value by the difference in time (namely month in this study)
from the point of time when the peak value appears.”” Given
the time variable used (month) and optional covariates (clus-
tering group according to potassium trajectory), inferences
can be made regarding the fit of the cosinor function. A Wald
test was used to compare covariates between the two groups.”
The global test revealed differences in the path coefficients of
amplitude (p<0.001) and acrophase (p=0.005) between the
groups (Supplementary Table 3, only online). Between-group
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Fig. 3. Comparison of seasonal potassium levels by group. (A) Moderate group. (B) High group.
Table 2. Cosinor Analysis of Potassium Seasonal Variation between Groups
Estimate Standard error 95% CI pvalue
High K* group (ref. moderate K* group) 0.906 0.024 0.859-0.954 <0.001
Amplitude: Moderate K" group (mg/dL) 0.104 0.023 0.005-0.150 <0.001
Amplitude: High K* group (mg/dL) 0.009 0.024 0.004-0.145 <0.001
Acrophase: Moderate K* group (month) -0.814 0.228 -1.262—-0.367 <0.001
Acrophase: High K* group (month) 0.394 0.254 -0.104-0.892 0.121

Cl, confidence interval; K*, potassium.

differences in the cosinor fit analysis are shown in Table 2, with
significant differences in amplitude and acrophase, by covari-
ate values, between the two groups. Compared to the moder-
ate potassium group, the potassium level of the high potassi-
um group increased by 0.906 mmol/L [95% confidence interval
(CI1), 0.859-0.954, p<0.001]. The acrophases of potassium trajec-
tories were different in the moderate and high potassium
groups, indicative of different patterns of seasonal variation in
serum potassium levels between the two groups (Fig. 2). The
mesor in patients with moderate potassium levels was 4.64
mmol/L, compared to 5.58 mmol/L for the high potassium
level group.

Association of longitudinal high potassium group with
month-to-month potassium variability and mortality
The high potassium group showed higher month-to-month
potassium variability compared to the moderate potassium
group (0.59+0.19 mmol/L vs. 0.52+0.21 mmol/L, p=0.012).
Compared to patients in the 1st quartile of potassium variabili-
ty (0.395 mmol/L), those with higher potassium variability
(2nd to 4th quartiles) were 2.8-4.2 times more likely to belong
to the high potassium group (Table 3).

Finally, to determine the influence of serum potassium levels
on outcomes in a sensitivity analysis, we collected data of all-
cause death events up to August 2019. Of the 279 patients includ-
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ed, 42 deaths occurred over a median follow-up of 43 months
[interquartile range (IQR), 27-43 months]. There was no sig-
nificant difference in cumulative survival between the moder-
ate and high potassium level groups (Log-rank, p=0.236) (Fig.
4A). However, higher month-to-month potassium variability
was associated with long-term mortality, irrespective of the
potassium group (Fig. 4B).

DISCUSSION

In this study, we investigated the pattern of potassium levels
among hemodialysis patients, using trajectory analysis to clas-
sify patients as having a moderate or high potassium level. The
seasonal variation in potassium levels was different between
the two groups. In the moderate group, potassium levels were
highest in the winter, while in the high group, potassium levels
were highest in the summer. Several studies have previously
reported a seasonal variation in potassium levels among he-
modialysis patients.?®* To the best of our knowledge, this is
the first study which attempted to classify patients into groups
according to the longitudinal potassium levels, revealing a dif-
ference in the pattern of seasonal potassium variability be-
tween the groups.

Seasonal variations in potassium levels have been investi-

https://doi.org/10.3349/ymj.2021.62.4.315
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Table 3. Variables Associated with the High Potassium Group by Logistic Regression Analysis

Variables Unadjusted OR (95% CI) pvalue Adjusted OR* (95% ClI) pvalue
Age (per 1 year) 0.977 (0.959-0.995) 0.014 0.964 (0.941-0.988) 0.003
Sex (male vs. female) 1.564 (0.971-2.520) 0.066 1.730 (1.002—2.986) 0.049
DM (yes vs. no) 1.018(0.632-1.639) 0.942
Hypertension (yes vs. no) 0.849 (0.448-1.607) 0614
BMI (per 1 kg/m?) 0.997 (0.929-1.070) 0.936
Dialysis vintage (per 1 month) 1.010 (1.004—1.015) <0.001 1.010(1.004—1.016) 0.001
Single-pool Kt/V (per 1) 0.799(0.334-1.913) 0.799
Hemoglobin (per 1 g/dL) 1.154 (0.949-1.408) 0.158
Albumin (per 1 g/dL) 2.335(1.068-5.106) 0.034 1.822 (0.709-4.557) 0.200
ACEi or ARB (yes vs. no) 1.326(0.823-2.139) 0.247
Mean Na* (per T mmol/L) 1.014(0.926-1.110) 0.770
K* variability"
1st quartile, <0.395 Reference Reference
2nd quartile, 0.396-0.532 2.286 (1.141-4.578) 0.020 2.825(1.289-6.195) 0.010
3rd quartile, 0.533-0.686 3.232 (1.606-6.503) 0.001 5.115(2.271-11.521) <0.001
4th quartile, >0.687 2.420(1.208-4.848) 0.013 4.248 (1.827-9.878) 0.001

DM, diabetes mellitus; BMI, body mass index; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blocker; Cl, confidence interval; OR,

odds ratio.

*Adjusted for age, sex, dialysis vintage, albumin, and K* variability, ’K* variability was defined as standard deviation of [K* (mmol/L))/{y[n/(n=1)]}.
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Fig. 4. Survival analysis for the longitudinal potassium level. (A) Kaplan-Meier analysis for survival according to K* clustering group. (B) Kaplan-Meier

analysis for survival according to K* variability.

gated in several cohorts. In 2002, Cheung, et al.*® reported
several clinical and laboratory variables for hemodialysis pa-
tients on a monthly basis, with a peak in potassium levels in
the winter, more specifically in February. In 2008, one Japa-
nese study reported a peak in potassium levels in December
and a trough in June.”® The most recent and largest cohort
study, including 15056 hemodialysis patients, reported sea-
sonal variations in potassium levels, with the highest values in
the winter and lowest values in the summer.* As seasons are
different between the two hemispheres, these three previous
studies were conducted in the United States and Japan, both
of which are in the northern hemisphere and at similar lati-
tudes; therefore, it is not surprising that they all reported peaks
in the winter. Previous studies have suggested that the peak
potassium level in the winter is related to a higher total dietary
intake during this season.®" Another possible contributing fac-
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tor is the substantial amount of potassium that is excreted with
sweating during the summer. Indeed, potassium levels in sweat
have previously been reported to be significantly higher in pa-
tients with renal failure than in healthy controls.*

However, contrary to the findings of previous studies, ne-
phrologists commonly see patients presenting with fatal hyper-
kalemia in the summer due to a large intake of seasonal fruits
and vegetables. Several studies have reported significant
changes in fresh vegetable and fruit intake over the seasons,
with double the intake being reported in summer and autumn
compared to winter.**** A mini-review also revealed that in pa-
tients with chronic kidney disease, hyperkalemia is most com-
monly caused by the intake of fruits and vegetables.® In the
present study, we characterized seasonal variations in potassi-
um levels using a between-group cosinor analysis, with pa-
tients classified based on their potassium trajectories into the
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moderate and high potassium level groups. Only the moderate
potassium group showed a seasonal variation in potassium
levels that was consistent with that seen in previous reports,
with the highest potassium levels reported in the winter. In
contrast, the high potassium group demonstrated interesting
and novel findings, with higher mean potassium levels than in
the moderate group throughout the year, as well as a peak in
potassium level in the summer (Fig. 2). This suggests that cas-
es with fatal hyperkalemia may present more frequently in the
summer, despite a peak in the mean potassium values among
dialysis patients in other seasons. Evaluation of the clinical val-
ues of patients in the high potassium level group indicated that
they were younger and had undergone hemodialysis for lon-
ger durations compared to patients in the moderate potassium
group. In previous studies, younger age has been reported to be
the most important demographic correlate of behavioral non-
adherence to treatment, including skipping dialysis sessions
or not following a restricted diet.***” Longer duration of hemo-
dialysis has also been related to lower residual renal function,®
which is a risk factor for hyperkalemia due to lower excretion
of potassium from the kidneys. Based on our results, we sug-
gest that younger patients with longer dialysis durations show-
ing relatively high potassium levels throughout the year should
be warned and closely monitored for hyperkalemia, especially
in summer.

The high potassium group demonstrated higher variability
in potassium levels. Although the mortality rate was not dif-
ferent between the two groups, variability in potassium levels
was significantly related to mortality. A higher mean potassi-
um level may not only be indicative of poorer diet compliance
but may also be indicative of better nutrition.* Supporting this
notion is the observation that, in the high group, the mean lev-
els of serum albumin and phosphorus were higher than those
of the moderate group. This may explain the comparable rate
of all-cause mortality between the two groups. Further studies
with longer follow-up durations, investigating the cause of
death, particularly those related to hyperkalemia, are warranted.

One of the strengths of our research was the analysis of mul-
ticenter data collected using DNet. Since DNet accumulates
real-time data at several dialysis centers using a common data
model, it eliminates the enormous effort required to collect
data on numerous variables from various electronic medical
records at several centers. The risk of human error was minimal
since data are sent to the DNet server automatically from hos-
pital records (Supplementary Fig. 3, only online). This tool
shows promise for dealing with repetitively measured data
from patients on hemodialysis. In addition, DNet is connected
to another platform, Avatar Beans, a smartphone application
that updates patients on their laboratory test results and al-
lows them to access these results, including monthly graphs,
at any time (Supplementary Fig. 4, only online). It has recently
been reported that using smartphone applications changes
individual behavior in ways that enhance self-management
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ability in patients with advanced chronic kidney disease.” In a
future study, we plan to intervene in patient self-management
using the Avatar Beans application connected to DNet.

The current study had several limitations. First, the period
of observation for some patients could have been as short as 1
year. We compared the potassium levels of these patients be-
tween seasons during the extended period of 2016-2017; this
has been presented as Supplementary Fig. 2 (only online).
The overall pattern was similar to the 1-year data analysis. A
longer observation period is likely to provide more reliable re-
sults. Second, there was a lack of data on hospitalization or
mortality related to hyperkalemia. We also collected data on
all-cause death events until August 2019 (Fig. 4); a detailed
analysis of the cause of death is warranted. Third, data regard-
ing dietary records, medication including potassium binders,
and residual renal function were not included in our analysis;
therefore, the extent of analysis of factors that contributed to
the seasonal variation of potassium level was not sufficient. Fu-
ture studies investigating these factors and outcomes are need-
ed to validate our findings.

In conclusion, we categorized patients undergoing hemo-
dialysis into two groups according to their longitudinal potas-
sium levels, and showed that the two groups exhibited differ-
ent seasonal variation patterns. In general, potassium levels
are higher in the winter in patients undergoing hemodialysis;
however, in this study, the group defined as having high po-
tassium levels showed higher year-round mean potassium
levels, with peak levels observed in the summer. These find-
ings may provide important evidence supporting the individ-
ualized management of patients undergoing hemodialysis.
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