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ABSTRACT　
 
BACKGROUND　The variability of metabolic biomarkers has been determined to provide incremental prognosis information,
but the implications of electrolyte variability remained unclear.
 
METHODS　We investigate the relationships between electrolyte fluctuation and outcomes in survivors of acute myocardial in-
farction (n = 4 386). Ion variability was calculated as the coefficient of variation, standard deviation, variability independent of the
mean (VIM) and range. Hazard ratios (HR) were estimated using the multivariable-adjusted Cox proportional regression method.
 
RESULTS　During a median follow-up of 12 months, 161 (3.7%) patients died, and heart failure occurred in 550 (12.5%) parti-
cipants after discharge, respectively. Compared with the bottom quartile, the highest quartile potassium VIM was associated with
increased risks of all-cause mortality (HR = 2.35, 95% CI: 1.36–4.06) and heart failure (HR = 1.32, 95% CI: 1.01–1.72) independent
of cardiac troponin I  (cTnI),  N terminal pro B type natriuretic peptide (NT-proBNP), infarction site,  mean potassium and other
traditional  factors,  while  those  associations  across  sodium  VIM  quartiles  were  insignificant.  Similar  trend  remains  across  the
strata of variability by other three indices. These associations were consistent after excluding patients with any extreme electro-
lyte value and diuretic use.
 
CONCLUSIONS　Higher potassium variability  but  not  sodium variability  was associated with adverse outcomes post-infarc-
tion. Our  findings  highlight  that  potassium  variability  remains  a  robust  risk  factor  for  mortality  regardless  of  clinical  dys-
natraemia and dyskalaemia.

 

P otassium and sodium have essential roles
in maintaining myocardial physiological
activity.[1–4] Electrolyte disturbances, such

as dysnatraemia and dyskalaemia (hyper- or hypo-),
are common in cardiovascular disease and associ-
ated with adverse outcomes.[5–9] Especially in the
setting of acute myocardial infarction (AMI), circu-
lating potassium or sodium abnormalities are signi-
ficantly associated with risk of mortality.[7, 10−12] Ret-
rospective analysis based on the Cerner Health
Facts database demonstrated a U-shaped relation-
ship between the mean serum potassium level and
in-hospital mortality in patients with AMI.[7] Sodi-

um level on admission was reversely associated
with long-term risk of mortality after AMI hospital-
ization.[10] However, the clinical implication of elec-
trolyte variability is unclear.

The variability of metabolic biomarkers has emerged
as a novel risk factor to provide incremental inform-
ation. Variability in blood pressure (BP),[13, 14] heart
rate[15] and blood gamma-glutamyl transferase[16]

and glycosylated hemoglobin[17] has been authentic-
ated to provide additional information for adverse
outcomes independent of each biomarker level. It
has been demonstrated the distinctive value of
blood pressure variability for directing therapy and
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risk stratification in cardiovascular disease.[13, 14, 18] Given
the pivotal effect of potassium and sodium homeo-
stasis, it can be hypothesized that electrolyte fluctu-
ation extends the clinical implications of electrolyte
level. This study determines the relationship
between baseline potassium or sodium fluctuation
and adverse outcomes in survivors of myocardial
infarction.

METHODS

Study Population

Supported by China’s national key program for
health, the prospective, hospital-based AMI cohort
was established in 2017 in the Second Affiliated
Hospital of Harbin Medical University. Consecut-
ive patients with AMI, aged 18 years or older were
enrolled on admission to the cardiac care unit. AMI
was defined as chest pain ≥ 20 min or dynamic elec-
trocardiogram variations, and cTnI exceeding the
99th percentile of the healthy population. All pa-
tients underwent optimized medical treatment and
revascularization of the culprit vessel was given if
appropriate. Dual antiplatelet therapy (loading
dose of 300 mg of aspirin, 180 mg of ticlopidine, or
600 mg of clopidogrel), beta-blockers, and statins
were performed if appropriate. In this study,
among 4  909 survivors after AMI hospitalization
between February 2017 and April 2019, excluding
prior heart failure (n = 110), renal failure with re-
placement therapy (n = 13), tumour diseases (n =
21) according to self-reports and records, blood
electrolyte test < 3 times (n = 324), and loss to fol-
low-up after discharge (n = 55). Finally, 4 386 indi-
viduals were available for analysis (Figure S1). The
study was conducted in compliance with the prin-
ciples of the Declaration of Helsinki. The research
protocols were approved by the Ethics Committee
of Harbin Medical University, and the written in-
formed consent was obtained from all participants.

Definition of Electrolyte Variability

Potassium or sodium variability was defined as
the fluctuation of three or more serum ion levels
measured during AMI admission. Four indices of
variability were applied: (1) Variability independ-
ent of the mean (VIM), (2) coefficient of variation

(CV), (3) standard deviation (SD), and (4) range.
VIM was calculated as the SD/mean.[13] The power
β was derived from curve fitting of the natural log-
arithm of SD over the natural logarithm of the
mean. CV was calculated as the SD/mean. Range
was calculated as maximum minus minimum.
Quartiles of VIM were used for primary analysis,
and electrolyte range as continuous variable was
also applied for visualization because of its simple
method and easy explanation.

Covariates

Information on age, sex, smoking status, prior
diseases, examination, laboratory data, and medica-
tion was collected from medical records and self-re-
port. Blood sample collection and blood tests were
based on a predetermined uniform protocol.
Routine blood tests, myocardial injury assessment,
as well as electrolyte, liver, and renal function tests
were measured on admission to hospital and re-
viewed when needed or scheduled. Diabetes mel-
litus was identified by anti-hyperglycemic therapy
or HbA1c ≥ 6.5%. Hypertension was defined as pri-
or antihypertensive treatment, the average systolic
BP ≥ 140 mmHg or the diastolic BP ≥ 90 mmHg at
baseline. Acute heart failure was defined as clinical
features (Killip class ≥ 2) and intravenous diuretics
during admission. The estimated glomerular filtra-
tion rate (eGFR) was calculated using baseline ser-
um creatinine based on the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula.

Assessment of Clinical Outcomes

All patients were recorded for all-cause death,
heart failure, recurrence of MI, and stroke after hos-
pitalization, with a median follow-up of 12 months
(1–24 months). The regular follow-up points were 1
month, 3 months, 6 months, 12 months, 18 months,
and 24 months. The management of all data and
quality control were performed with electronic data
capture system. The primary endpoint was all-
cause mortality and heart failure after leaving hos-
pital. The association with each HF subtype was
also assessed. Heart failure post-discharge was
defined as dyspnea, diuretics medication, and pul-
monary rales, third heart sound, persistent sinus ta-
chycardia, edema of lower limbs or pneumonemia
sign.[19] HF events included death or rehospitaliza-
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tion due to HF and outpatient diagnosis and treat-
ment. The classification of HF subtypes was as-
sessed using echocardiography within 4 weeks be-
fore or after HF diagnosis. HF with left ventricular
ejection fraction (LVEF) ≤ 40%, 40% < LVEF < 50%,
or LVEF ≥ 50% was categorized as HF with re-
duced ejection fraction (HFrEF), HF with mid-range
ejection fraction (HFmrEF), and HFpEF, respect-
ively. Patients without LVEF data were individu-
ally defined as having unclassified HF. The second-
ary endpoints included recurrence of MI and stroke
post-AMI. To ensure data quality, two cardiac doc-
tors reviewed the medical records of all inpatient
and outpatient diagnosis for self-report.

Statistical Analysis

Variables were described as mean ± SD, medians
(interquartile ranges, IQR), and counts (propor-
tions).[20] Restricted cubic spline curves were used to
visualize the non-linear trends between the electro-
lytes and endpoints.[21] The associations between ion
variability and risks of mortality, heart failure, re-
infarction or stroke were estimated using Cox pro-
portional hazards regression. Crude and multivari-
able adjusted models were adopted. The final mod-
el was fully adjusted for age, sex, BMI, smoking, hy-
pertension, diabetes, prior MI, cTnI, NTpro-BNP, C
reactive protein (CRP), eGFR, triglyceride (TG),
total cholesterol (TC), High-density lipoprotein cho-
lesterol (HDL-C), MI type, anterior MI, percu-
taneous interventional therapy (PCI), ACEI or ARB,
spironolactone, acute heart failure and mean po-
tassium level. The Fine-Gray sub-distribution haz-
ards method was further used to repeat the associ-
ation of HF post-discharge with electrolyte fluctu-
ation, treating mortality without HF as a competing
factor. Other HF subtypes and unclassified HF were
also considered competitive factors when ex-
amined the association between electrolyte variabil-
ity and each HF subtype.[19] After excluding pa-
tients with any extreme potassium or sodium value,
repeated analysis was conducted in patients with
potassium level 3.0–5.5 mmol/L and sodium 130−
150 mmol/L during admission. Stratified analysis
was presented with a fully adjusted model (except
for subgroup factors). Interaction tests between
electrolytes and interaction terms were performed
using the Wald test. P ≤ 0.05 with a two-tailed test

were considered statistically significant. Statistical
analyses were conducted with R version 3.6 and
STATA SE 15.

RESULTS

Baseline Characteristics

The baseline characteristics of all survivors after
AMI hospitalization are presented in Table 1. The
mean age was 60.6 ± 11.6 years, and most patients
were males or smokers, had ST-elevation myocardi-
al infarction (MI), complicated with hypertension,
and were treated with percutaneous coronary inter-
vention (83.9%). The participants with higher vari-
ability of potassium or sodium were more likely to
have higher cTnI, NTpro-BNP, and C-reactive pro-
tein (CRP) levels as well as a higher proportion of
anterior infarction and acute myocardial infarction.
While the average values of electrolyte across quart-
iles of potassium or sodium variability VIM had
minor differences. The median ranges of potassium
and sodium were 0.8 (IQR, 0.5–1.1) mmol/L and 6.1
(IQR, 4.1–8.4) mmol/L, respectively (Figure 1).

Of the 4 386 survivors with AMI, 161 (3.7%) pa-
tients died, and re-MI and stroke occurred in 96
(2.2%) and 53 (1.2%) participants during a median
follow-up of 1 year, respectively. There had 550
(12.5%) experienced HF after discharge. The pro-
portions of HFrEF, HFmrEF, HFpEF and uncertain
subtype were 26.0%, 20.6%, 37.8%, and 15.6%, re-
spectively.

Associations with All-cause Mortality, Recur-
rence of MI and Stroke Post-infarction

Elevated potassium or sodium variability was
strongly associated with mortality in the crude and
sex- and age-adjusted models (Table 2 and Figure 1).
After full adjustment as before mentioned, the asso-
ciation still complied with a dose-response pattern
with an elevated risk of all-cause mortality by 68%
per each 1 mmol/L increase of potassium range
(HR = 1.68, 95%CI: 1.29–2.19, P < 0.001). Similar res-
ults were observed when analyzing cross strata of
baseline potassium variability by the 4 indices (each
P for trend ≤ 0.003). Compared with the bottom
quartile of potassium VIM, more than a 2-fold in-
creased risk for patients with potassium VIM in the
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highest quartile (HR = 2.35, 95% CI: 1.36–4.06). By
contrast, though a dose-response trend was ob-
served for the association of sodium fluctuation
with mortality after AMI hospitalization in univari-
ate regression model, the significance almost van-

ished in fully adjusted model (Table 2 and Table S2).
However, no significant association between po-
tassium or sodium variability by all four indices
and risk of re-MI or stroke was found in fully adjus-
ted model (Table S2).

 

Table 1    Baseline characteristics of AMI patients according to the electrolyte variability assessed by variability independent of the
mean.

Characteristics Overall (n = 4 386)*
Potassium variability (VIM) Sodium variability (VIM)

Q1 Q4 Q1 Q4
K mean, mmol/L 4.1 ± 0.28 4.1 ± 0.27 4.0 ± 0.31 4.0 ± 0.27 4.1 ± 0.28

K variability

　VIM 3.8 ± 1.93 1.7 ± 0.54 6.4 ± 1.66 3.5 ± 1.72 4.2 ± 2.22

　SD 0.3 ± 0.16 0.1 ± 0.05 0.5 ± 0.15 0.3 ± 0.14 0.4 ± 0.19

　CV 0.08 ± 0.04 0.04 ± 0.01 0.13 ± 0.03 0.07 ± 0.03 0.09 ± 0.05

Range, mmol/L 0.9 ± 0.48 0.4 ± 0.14 1.5 ± 0.44 0.7 ± 0.40 1.0 ± 0.54

Na mean, mmol/L 139.6 ± 2.57 139.6 ± 2.54 139.4 ± 2.67 139.6 ± 2.58 139.6 ± 2.80

Na variability

　VIM 3.6 ± 1.75 3.35 ± 1.65 3.90 ± 1.80 1.7 ± 0.51 6.0 ± 1.45

　SD 2.5 ± 1.19 2.3 ± 1.11 2.7 ± 1.25 1.2 ± 0.35 4.0 ± 0.99

　CV 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.00 0.03 ± 0.01

Range, mmol/L 6.7 ± 3.59 5.9 ± 2.95 7.5 ± 4.04 3.0 ± 1.00 11.2 ± 3.39

Age, yrs 60.6 ± 11.57 60.3 ± 11.06 60.3 ± 11.86 59.07 ± 11.34 62.38 ± 11.38

Male 3 033 (69.15%) 790 (72.01%) 698 (63.69%) 795 (72.47%) 721 (65.78%)

MI type (STEMI) 3 013 (68.70%) 698 (63.63%) 799 (72.90%) 690 (62.90%) 775 (70.71%)

BMI, kg/m2 25.0 ± 3.97 25.2 ± 4.09 24.9 ± 3.87 25.19 ± 4.18 24.73 ± 3.75

Current or ex-smoker 2 861 (65.23%) 722 (65.82%) 696 (63.50%) 756 (68.92%) 687 (62.68%)

Diabetes mellitus 1 034 (23.58%) 255 (23.25%) 263 (24.00%) 226 (20.60%) 308 (28.10%)

Hypertension 2 301 (52.46%) 550 (50.14%) 631 (57.57%) 554 (50.50%) 622 (56.75%)

Prior MI 427 (9.74%) 112 (10.21%) 99 (9.03%) 110 (10.03%) 116 (10.58%)

cTnI, μg/L 33.2 (9.8−95.0) 25.2 (7.3−75.0) 46.0 (12.5−113.3) 26.6 (7.7−78.1) 40.1 (12.3−113.6)

NT-ProBNP, pg/mL 1 001 (350−2 551) 773 (280−1 793) 1 297 (474−3 641) 733 (255−1 778) 1 395 (514−3 739)

CRP, mg/L 7.0 ± 5.02 6.3 ± 4.83 7.9 ± 5.11 6.3 ± 4.89 7.7 ± 5.12

eGFR, mL/min per 1.73 m² 81.4 ± 22.61 83.1 ± 21.75 79.7 ± 23.70 84.6 ± 21.34 77.1 ± 23.75

TG, mmol/L 1.7 ±1.14 1.7 ± 1.17 1.7 ± 1.16 1.7 ± 1.22 1.7 ± 1.12

TC, mmol/L 4.7 ± 1.11 4.6 ± 1.14 4.7 ± 1.13 4.7 ± 1.10 4.6 ± 1.15

HDL-C, mmol/L 1.3 ± 0.31 1.3 ± 0.31 1.3 ± 0.31 1.3 ± 0.31 1.2 ± 0.32

Anterior infarction 1 686 (38.44%) 363 (33.09%) 441 (40.24%) 367 (33.45%) 454 (41.42%)

PCI 3 679 (83.88%) 901 (82.13%) 927 (84.58%) 889 (81.04%) 947 (86.41%)

Acute heart failure 1 069 (24.37%) 185 (16.86%) 354 (32.30%) 181 (16.50%) 360 (32.85%)

ACEI or ARB 3 316 (75.60%) 805 (73.38%) 843 (76.92%) 800 (72.93%) 849 (77.46%)

Spironolactone 1 149 (26.20%) 207 (18.87%) 354 (32.30%) 232 (21.15%) 334 (30.47%)

Data are presented as mean ± SD, median (interquartile range) or n (%). *11, 23, 3, 165, 165, and 165 participants had missing data for
cTnI, NT-proBNP, CRP, eGFR, TG, TC and HDL-C, respectively. ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin
receptor blocker; BMI: body mass index; CRP: C-reactive protein; cTnI: cardiac troponin I; CV: coefficient of variation; eGFR: estimated
glomerular filtration rate; HDL: high density lipoprotein; MI: myocardial infarction; NT-proBNP: N terminal pro B type natriuretic
peptide; PCI: percutaneous coronary intervention; STEMI: ST-segment elevation myocardial infarction; TC: total cholesterol; TG:
triglycerides; VIM: variability independent of the mean.
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Associations with HF Risk after AMI Discharge

The potassium and sodium ranges had dose-re-
sponse trends with HF post-discharge (Figure S2).
Using the bottom quartile (Q1) as a reference, high-
er baseline potassium VMI was strongly associated
with increased risk of HF after-discharge (Q2–4
versus Q1, hazards ratio (HR) 1.48, 1.73 and 1.99, re-
spectively, Ptrend < 0.001) according to univariate
analyses. In multiple Cox regression model with
full adjustment including maximum cTnI, maxim-
um NT-ProBNP, CRP, MI location, acute HF, mean
potassium, and other traditional factors, all four po-
tassium variability indices were moderately associ-
ated with risk of HF post-discharge (each P trend =
0.005–0.051). The association followed a dose-re-
sponse pattern with a 27% increased risk of chronic
HF for each 1 mmol/L increase in potassium range
(HR = 1.27; 95% confidence interval [CI]: 1.08–1.50,
P = 0.004). After adjusting for identical con-
founders, elevating sodium fluctuation was associ-
ated with risk of HF after AMI hospitalization, with
16% increased HF risk per 5 mmol/L increment in
sodium range (Table 2). However, compared with
Q1 reference, only the top quartile of potassium
variability, but not sodium’s was related to in-
creased risk of HF post-discharge (Table 2 and S3).

Sensitivity and Subgroup Analysis

Competing risk model was applied to investigate
the relationship between potassium variability and
HF during follow-up again. There was also a mar-
ginal significance between all indices of potassium
variability and HF post-discharge (Ptrend = 0.009 to

0.077, Table S4). The associations of potassium
range with HFrEF, HFpEF and HFmrEF post-dis-
charge are presented in Figure S3. After fully ad-
justing for the above potential confounders, the
higher potassium range was an independent pre-
dictor of HFrEF risk post-discharge, with sub-distri-
bution HR (sHR = 1.40, 95%CI: 1.02–1.91; P = 0.038)
per 1 mmol/L potassium range increment. However,
the association of potassium variability with HFm-
rEF or HFpEF was insignificant. It is generally
known that extremely low or high ion concentra-
tions impaired cellular physiological activity and el-
evated risk of adverse events. Thus, additional ana-
lysis for AMI without any extreme values (potassi-
um level 3.0–5.5 mmol/L and sodium 130–150 mmol/L)
was conducted. The highest quartile of potassium
variability was also significantly associated with
higher mortality compared with those in the lower
quartiles (Table S5). According to stratified ana-
lyses, the association between potassium variability
and increased mortality or HF post-discharge was
largely consistent across MI type, age subgroup,
sex, BMI, smoker, hypertension, heart failure on ad-
mission, prior MI, and renal function. However, we
observed a significant interaction between potassi-
um variability and diabetes mellitus for mortality
and HF post-discharge (Figure 2).

DISCUSSION

In this hospital-based cohort of AMI survivors,
VIM, CV, SD, and range during hospitalization
were analyzed as indices of electrolyte variability.
We found that potassium variability was associated

 

Figure 1    Restricted cubic spline fitting for the association between ion variability and the risk of all-cause death after AMI dis-
charge. (A): Potassium; (B): Sodium. Restricted cubic spline curve indicates the age- and sex-adjusted HRs (95%CI) estimated by Cox
proportional  remodel,  setting  the  median  value  (0.8  mmol/L  for  potassium  range  and  6.0  mmol/L  for  sodium  range)  as  reference.
Knots include the 5th, 27.5th, 50th, 72.5th, and 95th percentiles of potassium or sodium range. Solid line represents point estimates. Dashed
line represents 95%CIs. AMI: acute myocardial infarction; CI: confidence interval; HR: hazards ratio.
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with a higher risk of mortality and heart failure risk
after AMI discharge. In particular, the association
between potassium fluctuation and death post-in-
farction remained significant after adjustment for
mean potassium, peak values of cTnI and NTpro-
BNP during AMI admission, as well as excluding
patients with any extreme electrolyte level, while
sodium variability was insignificantly or margin-
ally associated with poor prognosis. No relation-
ship between electrolyte variability and myocardial
re-infarction or stroke events was observed.

Numerous studies investigated the association
between serum potassium or sodium levels and

mortality in patients with AMI, while few studied
the risk of developing HF after AMI. To the best of
our knowledge, no prior study reported the pro-
gnostic value of potassium or sodium variability.
The lack of attention to electrolyte fluctuation may
attribute to the established conventional clinical im-
plications of dysnatraemias and dyskalaemias. Our
research provides new insights into the implica-
tions of electrolyte variability. Indeed, it should not
deny that extremely low or extremely high ion con-
centrations were dangerous and associated with an
increased death risk. Diuretics medication as one in-
dicator of acute heart failure resulted in greater ion

 

Table 2    Crude and adjusted associations with all-cause mortality and HF after-discharge according to quartiles of electrolyte vari-
ability independent of the mean.

All-cause death (n = 4 386) Crude HR
(95%CI)

P
value

Model I HR
(95%CI)

P
value

Model II HR
(95%CI)

P
value

Model III
HR(95%CI)

P
value

K range per 1 mmol/L 2.62 (2.10−3.27) 0.000 2.43(1.95−3.03) 0.000 1.69 (1.30−2.20) 0.000 1.68 (1.29−2.19) 0.000

Na range per 5 mmol/L 1.80 (1.54−2.10) 0.000 1.66 (1.42−1.94) 0.000 1.26 (1.05−1.50) 0.013 1.26 (1.05−1.51) 0.011

K VIM quartiles 0.000 0.000 0.004 0.003

　Q1 1(ref.)     1(ref.)     1(ref.)     1(ref.)    

　Q2 2.19 (1.24−3.88) 2.11 (1.19−3.74) 1.69 (0.94−3.03) 1.69 (0.94−3.03)

　Q3 2.41 (1.37−4.24) 2.36 (1.34−4.14) 1.59 (0.90−2.83) 1.59 (0.89−2.82)

　Q4 3.52 (2.06−6.01) 3.59 (2.10−6.13) 2.30 (1.33−3.99) 2.35 (1.36−4.06)

Na VIM quartiles 0.000 0.003 0.416 0.348

　Q1 1(ref.)     1(ref.)     1(ref.)     1(ref.)    

　Q2 1.27 (0.77−2.10) 1.18 (0.72−1.95) 0.93 (0.56−1.55) 0.94 (0.56−1.56)

　Q3 1.53 (0.94−2.48) 1.39 (0.85−2.25) 1.01 (0.61−1.66) 1.02 (0.62−1.68)

　Q4 2.24 (1.42−3.54) 1.91 (1.21−3.03) 1.16 (0.72−1.86) 1.19 (0.74−1.92)

HF after-discharge
K range per 1 mmol/L 1.93 (1.68−2.22) 0.000 1.86 (1.62−2.14) 0.000 1.26 (1.07−1.48) 0.005 1.27 (1.08−1.50) 0.004

Na range per 5 mmol/L 1.56 (1.42−1.72) 0.000 1.49 (1.36−1.64) 0.000 1.16 (1.04−1.29) 0.009 1.16 (1.04−1.30) 0.008

K VIM quartiles 0.000 0.000 0.051 0.051

　Q1 1(ref.)     1(ref.)     1(ref.)     1(ref.)    

　Q2 1.48 (1.13−1.93) 1.45 (1.11−1.89) 1.22 (0.93−1.61) 1.22 (0.93−1.61)

　Q3 1.73 (1.34−2.25) 1.72 (1.33−2.23) 1.27 (0.97−1.67) 1.27 (0.97−1.67)

　Q4 1.99 (1.55−2.57) 2.02 (1.56−2.60) 1.32 (1.01−1.72) 1.32 (1.01−1.72)

Na VIM quartiles 0.000 0.000 0.040 0.038

　Q1 1(ref.)     1(ref.)     1(ref.)     1(ref.)    

　Q2 1.26 (0.96−1.64) 1.21 (0.93−1.58) 1.01 (0.77−1.34) 1.02 (0.77−1.34)

　Q3 1.58 (1.22−2.04) 1.51 (1.17−1.95) 1.17 (0.90−1.53) 1.18 (0.90−1.54)

　Q4 2.03 (1.59−2.60) 1.87 (1.46−2.39) 1.25 (0.97−1.63) 1.26 (0.97−1.64)

Model I: adjusted for age and sex (n = 4 386); Model II: adjusted for model 1 plus BMI, smoking, hypertension, diabetes, piror MI, cTnI,
NTpro-BNP, CRP, eGFR, TG, TC, HDL, MI type, anterior MI, PCI, ACEI or ARB, spironolactone and acute heart failure (n = 4 190).
Model III: adjusted for model 1 plus mean potassium (n = 4 190). ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin
receptor blocker; CI: confidence interval; cTnI: cardiac troponin I; CRP: C-reactive protein; eGFR: estimated glomerular filtration rate;
HDL: high density lipoprotein; HF: heart failure; HR: hazards ratio; MI: myocardial infarction; NT-proBNP: N terminal pro B type
natriuretic peptide; TC: total cholesterol; TG: triglycerides; PCI: percutaneous coronary intervention.
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variability. However, after adjusting for acute HF
and excluding patients with any extreme potassi-
um and sodium values during hospitalization, po-
tassium fluctuation was also robustly linked to poor
prognosis in survivors of AMI independent of po-
tassium concentration.

Prior studies demonstrated that baseline hy-
ponatraemia was significantly associated with long-
term death risk in patients who experienced AMI,
with all-cause mortality increasing by 17%−61%
during several years of follow-up after adjusting for
multiple confounders but without cTn.[10, 22] Interest-
ingly, hypernatraemia increased mortality in pa-
tients with AMI,[12] but had no obvious effect on
long-term mortality in patients with chronic HF.[23]

Similarly, we also observed that increased sodium
fluctuation was related to higher total mortality in
univariate analysis, but that effect disappeared after

full adjustment. Currently, whether serum sodium
was associated with incident HF post-MI still lacks
strong evidence. Herein, we observed that the asso-
ciation of sodium fluctuation with HF post-dis-
charge also became insignificant in the adjusted
model. Thus, our study and prior reports suggest
that sodium concentrations or variability may have
a limited prognostic value based on current risk
factors in patients with AMI.

Clinical guidelines recommend the range of ser-
um potassium levels between 4.0 and 5.0 mEq/L or
even 4.5 to 5.5 mEq/L in patients with AMI.[24] Po-
tassium levels between 3.5 and 4.5 mmol/L were
associated with the lowest short-[24] and long-term[5, 25–27]

mortality in hospitalized patients with AMI. Our
observations further supported the finding that po-
tassium disturbance increases mortality risk post-
MI. even during normal electrolyte range of potassi-

 

Figure 2    Subgroup analyses of baseline potassium variability and mortality or HF risk after discharge. Stratified analysis was con-
ducted with Cox or competing risk model, which was fully adjusted for age, sex, BMI, smoking, hypertension, diabetes, piror MI, cTnI,
NT-proBNP, CRP, eGFR, TG, TC, HDL, MI type, anterior MI, PCI, ACEI or ARB, spironolactone, acute heart failure and mean potassi-
um except for subgroup factors. ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; BMI: body mass
index; CI: confidence interval; CRP: C-reactive protein; cTnI: cardiac troponin I; eGFR: estimated glomerular filtration rate; HDL: high-
density lipoprotein; HF: heart failure; HR: hazards ratio; MI: myocardial infarction; NT-proBNP: N terminal pro B type natriuretic pep-
tide; PCI: percutaneous coronary intervention; TC: total cholesterol; TG: triglyceride.
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um level 3.5−5.5 mmol/L and sodium level 130−150
mmol/L, we still observed more than a 2-fold in-
creased risk of mortality for patients with potassi-
um variability in the highest quartile, compared
with those patients in the bottom quartile. Results
from the SWEDEHEART cohort demonstrated that
the association of potassium level at discharge with
HF post-infarction was insignificant.[27] Our data
provided moderate evidence of the dose-response
pattern between potassium variability and HF post-
discharge, independent of maximum cTnI, NT-
proBNP, heart failure on admission, and mean po-
tassium. The association was still observed in pa-
tients without acute HF (sHR = 1.39, 95%CI:
1.06−1.82). Thus, potassium variability might re-
flect better the severity of impaired homeostasis
and provide incremental prognostic information in-
dependent of potassium concentration for patients
with AMI.

Current practice tended to consider HF as a com-
plicated syndrome and study for the comprehens-
ive mechanisms and phenotypes of HF is a great
challenge. Previous studies demonstrated that
HFmrEF was difficult to characterize with clinic in-
dicators and circulating biomarkers, suggesting that
patients with moderate LVEF had obvious hetero-
geneity.[28] Consistently, both potassium and sodi-
um fluctuations showed no significant association
with non-HFrEF in our study. Indeed, the patho-
physiological evidence for classifying HF post-MI
according to LVEF is unclear.[29] The description of
HFpEF or HFmrEF post-infarction was just presen-
ted in a few studies and the potential mechanisms
in AMI were still unclear.[29] Furthermore, LVEF is
dynamic during the chronic phase of AMI and re-
lapsing HF can be characterized as different sub-
types. The heterogeneous effects to identify HF and
classify HF subtypes tend to bias the difference in
hazards among those HF sub-phenotypes toward
the null, so the analysis regarding HF needs further
investigation with larger-scale cohort. It is worth
noting that, potassium fluctuation is more pro-
nounced in the high-risk subgroup of patients. A
previous study by Kraft et al. has shown that po-
tassium homeostasis is often disturbed in critically
ill patients and high-risk patients with more comor-
bidities.[30] This may be due to the patient's underly-
ing disease and treatment methods that affect the

Na+/K+-ATP pump. The pump is affected by many
factors such as insulin level and acid-base status,
and thus regulate the fluctuation of blood potassium.

Mechanisms regarding the association of ion fluc-
tuation with adverse prognosis in patients with
AMI remain unclear. Increased variability in blood
pressure was linked to an increased 10%–18% risk
of cardiovascular and mortality events over the ef-
fect of mean blood pressure.[14] And the potential in-
terpretation was that continuous blood pressure
monitoring provides extra information about the
stability of blood pressure compared with a single
or mean value. Likewise, circulating electrolytes os-
cillate over time will be especially amplified in the
setting of AMI. Theoretically, ion variability may
more effectively indicate internal environmental
conditions than a single electrolyte value, even the
electrolyte concentrations were in normal range
post-admission. In addition, atherosclerosis pro-
gress and plaque instability were associated with
recurrence of MI or stroke, which may explain the
insignificant relationship between ion variability or
abnormal level and angiemphraxis events in our
and other reports.[12] However, subsequent explora-
tion is required to ascertain whether and how elec-
trolyte fluctuation participates in the early patho-
physiological mechanisms of poor prognosis post-
MI.

Our findings should be interpreted within the
context of its strengths and limitations. The electro-
lyte variability was estimated with various meth-
ods. Study staffs were especially responsible for this
prospective hospital-based cohort that facilitated re-
latively complete data with less misclassification bi-
as. Moreover, patients with AMI were admitted
from 2017 to 2019, baseline characteristics and
therapeutic strategies reflected contemporary epi-
demiology. This study has some limitations. First,
participants in this study were primarily residents
in Northeast China where they are accustomed to a
high-salt diet. Thus, our findings should be further
explored in populations from other regions and
backgrounds. Second, heart failure is characterized
by highly heterogeneous manifestations and mech-
anisms, so a larger scale cohort may need to further
investigate the association between ion variability
and HF risk. Third, we did not acquire the informa-
tion about the Charlson Index in the present study.

RESEARCH ARTICLE JOURNAL OF GERIATRIC CARDIOLOGY

  http://www.jgc301.com; jgc@jgc301.com 17



Even though the potential confounders were adjus-
ted to the extent possible, the residual confounding
could not be completely ruled out. Fourth, the caus-
ality could not be concluded for the observational
study design.

In conclusion, our study shows that potassium
variability during AMI hospitalization is associated
with an increased risk for all-cause mortality and
heart failure post discharge independent of its con-
centration. By contrast, sodium variability had a
limited association with poor prognosis post-infarc-
tion. Attention should be given to longitudinal elec-
trolyte fluctuation more than single ion measure-
ment, even in those patients without extreme value.
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