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Abstract

Background—The prognostic value of long-term potassium monitoring and dynamics in heart 
failure (HF) has not been characterized completely. We sought to determine the association 
between serum potassium values collected at follow-up with all-cause mortality in a prospective 
and consecutive cohort of patients discharged from a previous acute HF admission.  
Methods—Serum potassium was measured at every physician-patient encounter, including 
hospital admissions and ambulatory settings. The multivariable-adjusted association of serum 
potassium with mortality was assessed using comprehensive state-of-the-art regression methods 
that can accommodate time-dependent exposure modeling. 
Results—The study sample included 2164 patients with a total of 16,116 potassium 
observations. Mean potassium at discharge was 4.3±0.48 mEq/L. Hypokalemia (<3.5 mEq/L), 
normokalemia (3.5 to 5.0 mEq/L), and hyperkalemia (>5 mEq/L) were observed at the index 
admission in 77 (3.6%), 1965 (90.8%), and 122 (5.6%) patients, respectively. At a median 
follow-up of 2.8 years (range=0.03-12.8 years), 1090 patients died (50.4%). On a continuous 
scale, the multivariable-adjusted association of potassium values and mortality revealed a non-
linear association (U-shaped) with higher risk at both ends of its distribution (omnibus p-
value=0.001). Likewise, the adjusted hazard ratios (HRs) for hypokalemia and hyperkalemia – 
normokalemia as reference - were 2.35 (95% confidence interval [CI]:1.40-3.93; p=0.001) and 
1.55 (95% CI:1.11-2.16; p=0.011), respectively (omnibus p-value=0.0003). Furthermore, 
dynamic changes in potassium were independently associated with substantial differences in 
mortality risk. Potassium normalization was independently associated with lower mortality risk 
(p=0.001).  
Conclusions—Either modeled continuously or categorically, serum potassium levels during 
long-term monitoring were independently associated with mortality in patients with HF.
Likewise, persistence of abnormal potassium levels was linked to higher risk of death compared 
with patients who maintained or returned to normal values.

Key Words: potassium; mortality; heart failure; acute heart failure, hyperkalemia, hypokalemia, 
longitudinal cohort study  

value 0.001). Likewise, the adjusted hazard ratios (HRs) for hypokalemia and hyperkr alemia  
normokalemia as reference - were 2.35 (95% confidence interval [CI]:1.40-3.93; p=p==0.00 000001)1)1) aaandndnd 
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Clinical Perspective

What is new? 

This study evaluated the prognostic implications of long-term longitudinal monitoring 

and dynamics of serum potassium in a prospective and consecutive cohort of patients 

following a hospitalization for acute heart failure.

On a continuous scale, the follow-up trajectory of serum potassium levels independently 

predicted mortality through a U-shaped association, with higher risk at both ends of the 

distribution, and the same was true for potassium categories.

Potassium changes were associated with substantial differences in mortality risk; 

accordingly, transitioning from hypo/hyperkalemia to normokalemia was independently 

associated with lower risk.

Potassium normalization from hypo/hyperkalemia was the most prevalent change 

documented in our cohort. 

What are the clinical implications? 

These findings support the need for close monitoring of serum potassium after an episode 

of acute decompensated heart failure. 

In addition, they suggest that maintaining serum potassium levels within normal range 

may be considered a therapeutic target.

Potassium normalization from hypo/hyperkalemia was the most prevalentt cchahahangngngeee

documented in our cohort. 

Whatatt aaarerre ttthehehe clininiiccal implications? 

These fifif nddndinngss sssupupuppopoortrtrt tthehehe nnneeee dd for closose mom niniitototoriringngng oof f seeserurrumm ppotaaassssssiuiuiummm afafa terr ananan eeepipipisososode

of acuteee dececommppensatatated heart ffaiilure. 
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The risk of mortality after hospitalization for acute heart failure (HF) remains high.1-3 The most 

recent European data (ESC-HF pilot study) show that patients hospitalized with HF had 12-

month all-cause mortality rates of 17%.4 Common risk scores only include a one-time (or 

baseline) assessment, neglecting important changes in risk over time,5,6 which are especially 

common after an episode of acutely decompensated HF.1-6

Serum potassium disturbances are frequent in patients with HF and, to some extent, 

associated with common comorbidities and usage of treatments such as diuretic therapy, 

potassium supplements, and renin-angiotensin-aldosterone system (RAAS) blockers, including 

the combination of angiotensin II receptor blockers (ARB) and neprilysin inhibitors.7 The 

prognostic implications of a single measurement of serum potassium in patients with chronic and 

acute HF have been evaluated in previous studies with heterogeneous findings.8-10 However, to 

the best of our knowledge, no studies have specifically addressed the long-term prognostic 

significance of serum potassium monitoring and dynamics in a truly longitudinal setting.

Accordingly, this study was designed to fill this gap in knowledge by evaluating an unselected 

cohort of patients discharged after an episode of acute HF.  

Methods 

Study group and protocol

The data, analytic methods, and study materials will not be made available to other researchers 

for purposes of reproducing the results or replicating the procedure. 

 We analyzed 2642 patients consecutively discharged after admission for acutely 

decompensated HF between January 1, 2008, and July 1, 2016 from a single center. Diagnosis of 

HF decompensation was defined as the rapid onset of symptoms and signs secondary to 

prognostic implications of a single measurement of serum potassium in patients wwititth h h chchchroror nininic c c aana d

acute HF have been evaluated in previous studies with heterogeneous findings.8-10 However, to 

he best of our knowledge, no studies have specifically addressed the long-term prognostic

ignnnififificance of ff sses rururum popootatatasss iuiuum m m momomonitotoring andndn ddyynammmicicics ss ininin a ttrrurulylyl  lonongituuudididinananall l sess ttinini ggg.

Accococordingly, ttthihiis ststuddyy wass s dded signed tto fill thhih ss gapp ininin kkknonon wlw eedgge by evevallluuau ting ann n unnsselecteded 

cohort of patients disi chharged after an epiisoded  of acute HF.  
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abnormal cardiac function and the presence of objective evidence of structural or functional 

abnormality of heart at rest (such as cardiomegaly, third heart sound, cardiac murmur, 

abnormality of the echocardiogram or raised natriuretic peptides). The current study was 

restricted to patients discharged alive from the hospital and followed long-term in an outpatient 

HF clinic. After excluding 234 in-hospital deaths during index admission and 244 patients with 

ambulatory follow-up elsewhere, the final study sample included 2164 patients (Supplementary 

file 1). Data were collected on patient demographics, vital signs and physical examination at 

presentation and discharge, medical history, laboratory tests, 12-lead electrocardiogram, 

echocardiogram, and medications during the index hospital stay and in outpatient visits or 

subsequent hospitalizations for HF decompensation.  

Left ventricular ejection fraction (LVEF) was assessed by echocardiography (Agilent 

Sonos 5500-Philips and ie33-Philips) during the index hospitalization in all patients. Treatment 

with angiotensin converting enzyme inhibitors (ACEI), ARB, beta-blockers, mineralocorticoid 

receptor antagonists (MRA), diuretics, anticoagulants, and other therapeutic strategies were 

individualized following established guidelines during the study period.  

Potassium measurements

Serum potassium was measured by indirect potentiometry using an ion-selective electrode. The 

first measurement was assessed at discharge with further measurements taken during routine 

clinical visits and subsequent hospitalizations. Using standard cut-off points, three groups were 

created (K-3C): hypokalemia (<3.5 mEq/L), normokalemia (3.5 to 5.0 mEq/L), and 

hyperkalemia (>5 mEq/L). In addition, a 7-category variable (K-3Cch) was created to include the 

following changes in K-3C among two consecutive observations of the same patient (i.e., using 

the previous observation as reference): 1) normokalemia-to-normokalemia, 2) normokalemia-to-

ubsequent hospitalizations for HF decompensation.  

Left ventricular ejection fraction (LVEF) was assessed by echocardiography (Agilent

Sonos 5500-Philips and ie33-Philips) during the index hospitalization in all patients. Treatment 

withhh aaangiotensssinnin ccconoo vevev rtrttinining g enenenzyzyzymememe inhnhibitorsss (A(ACCEI))), ARARARB,B,B bbetetta-aa blb ocockek rsss, mimiminenenerar looococoortrtrticiccoioioid 

eceeeptptp or antaggonononisstss (MRM A))), diuretics, aanticoaaaggulaannts,s,s, aaandndnd oothther tthherapepeuttiticc c strategigigiess wwere 

ndividualized follol wiing established guided lines during the studyd  period.  
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hypokalemia, 3) normokalemia-to-hyperkalemia, 4) hypokalemia-to-hypokalemia, 5) 

hypokalemia-to-normokalemia/hyperkalemia, 6) hyperkalemia-to-hyperkalemia, and 7) 

hyperkalemia-to-normokalemia/hypokalemia.  

Post-discharge follow-up

Patients who died during index admission and those with no further follow-up were excluded 

from this analysis. For the remaining cohort, patient follow-up continued until death or cardiac 

transplant. After the index hospitalization, potassium measurements were made under the clinical 

settings of a new hospitalization (34.7%) or as an outpatient visit (65.3%). The number of visits 

with a serum potassium measurement, including index admission, was 16,116, and ranged from 

2 to 78, with a median of 5. The chronological distribution of the number of measurements was: 

14,088 (87.4%) during the first year; 15,495 (96.1%) during the first two years; 15,877 (98.5%) 

by three years; and 16,077 (99.8%) by five years. 

Survival outcome 

All-cause mortality was selected as the main endpoint. Secondary endpoints included 

cardiovascular, HF-related, and sudden death. Cause of death was categorized following the 

classification used by the American Heart Association. Deaths of cardiovascular etiology 

included sudden death, progressive HF death, deaths attributable to other cardiovascular causes 

(such as myocardial infarction, stroke, etc.), and unknown cause of death. Sudden death was 

defined as the event that occurred unexpectedly in an otherwise stable patient, and progressive 

HF death when it occurred in the setting of progressive clinical deterioration of HF symptoms 

with no other apparent cause.11 Information regarding patients’ survival status was ascertained at 

each hospitalization, during office visits, or through a review of electronic medical records. 

Investigators in charge of endpoint adjudication were blinded to medical information, including 

2 to 78, with a median of 5. The chronological distribution of the number of measusurererememementntntss wawawas: 

14,088 (87.4%) during the first year; 15,495 (96.1%) during the first two years; 15,877 (98.5%)

by three yyears; and 16,077 (99.8%) by five years. 

Survrvrviivi al outcooomememe 

All--cacac use mortrttalalalittyy wwass seleeecctc ed as thee mmain eeenndpopoinnnt.t.t. SSSececonnddaryy endppoointntnts includddeed 
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serum potassium status. This study conforms to the principles outlined in the Declaration of 

Helsinki and was approved by an institutional review committee. 

Statistical analysis

Continuous variables are expressed as mean ± standard deviation (SD) or median (interquartile 

range [IQR]). Discrete variables are presented as percentages. Baseline characteristics among 

hypokalemia, normokalemia, and hyperkalemia were compared by ANOVA, Kruskall–Wallis, or 

chi-squared tests as appropriate.

Multilevel survival analysis.  

Multilevel survival analysis was used to combine the longitudinal (repeated-measures) and 

survival (time-to-event endpoint) aspects of the data. We fit a two-level model with patient 

identification as random effects and the log (follow-up time) as a random coefficient. For the 

survival portion of the model, we used a Weibull distribution. The main exposures were: 1) 

potassium values (continuous), hereafter referred to as cumulative potassium (Kcumulative), to 

stress that is not a single measurement but the entire collection of potassium values per patient 

that are modeled, 2) K-3C categories, and 3) K-3Cch as the temporal category changes in K-3C 

relative to the previous observation. Regression estimates are presented as hazard ratios (HRs) 

with 95% confidence intervals (CIs).  

We selected explanatory variables for the multivariable regression model, with subject-

matter knowledge as the main criterion. Starting with this initial (oversaturated) model, 

backward elimination was applied to exclude variables with p 0.1. For our continuous exposure 

(i.e., Kcumulative), we determined its appropriate functional form using the multivariable fractional 

polynomial (FP) method.12 A 4-df FP of (-2 -1) was the best transformation suggested, which 

relates the continuum of Kcumulative to the risk of mortality through a U-shaped curve with higher 

urvival (time-to-event endpoint) aspects of the data. We fit a two-level model wiiththh pppatatatieieientntnt 

dentification as random effects and the log (follow-up time) as a random coefficient. For the 

urvival pportion of the model, we used a Weibull distribution. The main exposures were: 1) 

potaaassssium valuuueese (((cocc ntntn ininnuouou usss),),), hhhererereaee fterer referrrrede ttoo ass cccumumumulululativivve popotaasss ium m m (K(K(Kcucuumum latitiiveee),),), ttto o o

treessssss that is nototot a singlgle meeeaasa urement bbut the  eentiirre cccololollelelectctioiionn off ppotaassssiuuumm m valuesss peerr patienntt 

hat are moded led, 22) ) K-K 3C categoriei s, and 3) ) K-3CCch as the temporal category chah nges in K-33CC
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risk observed at both ends. Any decision about the use of random intercept, random coefficient, 

and the polynomial that best describes the functional form for Kcumulative was based on likelihood 

ratio test comparisons. The type of distribution for the parametric survival function was 

determined with the AIC/BIC criteria. The same set of covariates was used for the Kcumulative, K-

3C, and K-3Cch models: age (years), systolic blood pressure (mmHg), heart rate (bpm) at 

baseline, LVEF (<40%, 40- ) at baseline, anemia using Centers for Disease 

Control (CDC) criteria (0/1), estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m2

(0/1), lymphocyte count <1500 x 103 -

blockers (0/1, baseline), logNT-proBNP (pg/mL), plasma antigen carbohydrate 125 (CA125) 

>35 U/mL (0/1), NYHA class (I, II, III/IV) at baseline, Charlson Comorbidity Index at baseline, 

use of potassium-modifying treatments (none, MRA, ACEI/ARB, and both) at baseline, and the 

log of follow-up time (years). All model estimates for all-cause mortality are presented in 

Supplementary file 2. A dynamic discrimination index (DDI) was estimated as a measure of 

model discrimination index in the setting of data with longitudinally-updated exposure-status.13

The global DDI of the final model was 0.802, revealing an excellent performance. 

Multistate analysis 

Using Multistate Markov model (MSM) with continuous time,14 we determined the 

instantaneous transition hazards (iTH) - and their respective 95% CI -  among K-3C categories. 

Because the same patient can be in different states at follow-up, the summary data is presented as 

patient-visits (P-Vs). These transitions were adjusted by gender, eGFR-time-varying <60 

mL/min/1.73 m2 (0/1), diabetes mellitus – time-varying (0/1), and the use of potassium-

modifying treatments (none, MRA, ACEI/ARB, and both) at baseline. From all possible 

transitions, we focused on the ratio of the following two: iTHr1 = [hypokalemia-to-

>35 U/mL (0/1), NYHA class (I, II, III/IV) at baseline, Charlson Comorbidity Inddexexx aaat bababaseses lililinnen , 

use of potassium-modifying treatments (none, MRA, ACEI/ARB, and both) at baseline, and the

og of follow-up time (years). All model estimates for all-cause mortality are presented in 

Suppppppllel mentary yy fiff leee 2. A A dydyd nanaamimimic cc dididiscririmim nationono indndexxx (((DDDDDDI)I)I) wwasasas eests immateddd aaas ss a a a memm asssururure e e ofofof 

modededel discrimimim nnan ttioon inndexxx iiin n the settinngg of datata a wiw thhh lllononongiigitutuddinaallly-uupdp aata eede  exposososurure-e-statuss.113

The global DDDI of f the fif nal model l was 0.0 802,2  revealing an excellent performance. 

 by guest on O
ctober 16, 2017

http://circ.ahajournals.org/
D

ow
nloaded from

 

http://circ.ahajournals.org/


10.1161/CIRCULATIONAHA.117.030576

9 

normokalemia] / [normokalemia-to-hypokalemia] as surrogate of the relative frequency of 

becoming normokalemic (from a previous hypokalemic state) vs becoming hypokalemic from 

previous normokalemia; and iTHr2 = [hyperkalemia-to-normokalemia] / [normokalemia-to-

hyperkalemia] as surrogate of the relative frequency of normalization from a previous 

hyperkalemic state vs becoming hyperkalemic from previous normokalemia. 

We set a two-sided p-value of <0.05 as the threshold for significance. Within Stata 14.2 

(Stata Statistical Software, Release 14 [2015]; StataCorp LP, College Station, TX, USA), the 

main longitudinal analysis was performed with “mestreg”, a module that allows multilevel 

modeling to be combined with a parametric analysis of survival-time outcomes. For the 

estimation of DDI and the MSM longitudinal transitions analysis, we used the “JM”13 and

“msm”14 R-packages, respectively [R Core Team (2017). R: A language and environment for 

statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL 

https://www.R-project.org. 

Results 

The study sample included 2164 patients (50.4% males) with a total of 16,116 potassium 

observations. The mean age was 73±11 years. Left ventricular systolic dysfunction (LVEF<40%) 

was present in 31.2% of the patients, mid-range ejection fraction (LVEF 40-49%) in 15.6%, and 

pres .2%. The index admission was the first admission 

ever for acutely decompensated HF in 38% of the patients. The mean discharge potassium level 

was 4.3±0.48 mEq/L. At the index hospitalization, hypokalemia, normokalemia, and 

hyperkalemia were observed in 77 (3.6%), 1965 (90.8%), and 122 (5.6%) patients, respectively. 

Table 1 shows the baseline characteristics of the studied population relative to these three strata. 

estimation of DDI and the MSM longitudinal transitions analysis, we used the “JM”M””131313 anananddd

“msm”14 R-packages, respectively [R Core Team (2017). R: A language and environment for y

tatistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL 

httppps:s:s://www.RRR-p-pprooojejj cttt.o.oorgrgrg. 

Results
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Overall, hyperkalemia at baseline was more frequent in association with older age, diabetes, 

prior dyslipidemia, ischemic heart disease, worse NYHA class, greater comorbidity, lower 

systolic blood pressure, higher heart rate, greater renal dysfunction, other electrolytic 

disturbances, and less frequent treatment with ACEI/ARB and beta-blockers. On the other hand, 

hypokalemia was more frequent in association with HF with preserved ejection fraction 

(HFpEF), and in patients receiving more intensive depletive regimens.

 During a median follow-up of 2.79 years (IQR 1.28, 4.91), 1090 patients died (50.4%), 

which is a mortality rate incidence of 15% person-years and a median survival of 4.96 years. Of 

these deaths, 781 (71.7%), 345 (31.7%), and 78 (7.2%) were cardiovascular in origin, HF-

related, and sudden deaths, respectively.

Observed K-3C transitions (no adjusted)

Of a total of 16,116 observations (P-Vs), 14,292 (88.7%) 1,260 (7.8%), and 564 (3.5%) 

corresponded to normokalemia, hyperkalemia, and hypokalemia, respectively. An observation of 

normokalemia was followed by hypokalemia, normokalemia, and hyperkalemia on 132 (0.92%), 

11,899 (83.3%), and 372 (2.6%) occasions. An observation of hypokalemia was followed by 

hypokalemia (no change), normokalemia, and hyperkalemia on 352 (62.4%), 135 (23.9%), and 8

(1.4%) occasions. An observation of hyperkalemia was followed by hypokalemia, 

normokalemia, and hyperkalemia (no change) on 3 (0.24%), 293 (23.3%), and 758 (60.2%) 

occasions.  

Long-term potassium monitoring (Kcumulative) 

Risk-gradient trajectory was independently associated with mortality through a U-shaped 

association (Figure 1). Values at both ends of Kcumulative were indicative of higher mortality risk 

(overall p=0.001). Some snapshot comparisons at the lower side indicated that Kcumulative values 

elated, and sudden deaths, respectively.

Observed K-3C transitions (no adjusted)

Of a total of 16,116 observations (P-Vs), 14,292 (88.7%) 1,260 (7.8%), and 564 (3.5%) 
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normrmmokalemiaa wwwaas follloowedd d by hypppokalalemia, nnormrmokkkalalalememe iaiia, andd hypeerrkalalalemia onn n 13322 (0.92%2%),

11,899 ((83.33%), and d 37372 (2.6%) occasions. AnA  obsb ervation of hyh pokalemia was followed by 
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of 2.5, 3.0, and 3.5 mEq/L equated with HRs of 7.09 (95% CI:2.31-21.78), 1.86 (95% CI:1.18-

2.91), and 1.12 (95% CI:0.93-1.36), respectively. On the upper side, values of 5.0, 5.5, and 6.0 

mEq/L were associated with HRs of 1.18 (95% CI:1.00-1.38), 1.39 (95% CI:1.05-1.84), and 1.67 

(95% CI:1.12-2.496), respectively. Similarly, the adjusted-association between Kcumulative with

cardiovascular (Figure 2a) and HF-related mortality (Figure 2b) follows a similar non-linear 

relationship. For sudden death, however, the association is best described as positive, with higher 

risk along the continuum of Kcumulative (Figure 2c). 

Long-term potassium dynamics (K-3C and K-3Cch) 

Hypokalemia and hyperkalemia – with normokalemia as a reference – were independent 

predictors of mortality (Omnibus p-value=0.0003) with HRs of 2.35 (95% CI:1.40-3.93, 

p=0.001) and 1.55 (95% CI:1.11-2.16, p=0.011), respectively. Figure 3 depicts the adjusted 

survival probabilities for each of these categories. We found no significant interactions between 

hypokalemia and hyperkalemia among the most important clinical subgroups: age, gender, 

diabetes, ischemic etiology, renal dysfunction, and LVEF (Figure 4). Similarly, no significant 

interactions were found among baseline treatments (MRA and/or ACEI/ARB use) or potassium 

categories (hypokalemia and hyperkalemia, Figure 4). 

 The association of K-3C changes - from previous status – and mortality was determined 

by estimating and plotting the adjusted survival probabilities of 4 groups of interest: Group 1:  

persisting hypokalemic; Group 2: normalization from hypokalemia; Group 3: persisting 

hyperkalemic; and Group 4: normalization from hyperkalemia. Patients at lower risk during 

follow-up were those that remained within range of normokalemia (groups 2 and 4), whereas 

patients with persisting hypokalemia (group 1) or persisting hyperkalemia (group 3) had the 

worse prognosis (Figure 5).

predictors of mortality (Omnibus p-value=0.0003) with HRs of 2.35 (95% CI:1.440-0-3.3.3 939393,,,

p=0.001) and 1.55 (95% CI:1.11-2.16, p=0.011), respectively. Figure 3 depicts the adjusted 

urvival pprobabilities for each of these categories. We found no significant interactions between 

hypopopokkak lemia ananand hyhyhypeeerkrkkalalalememmiaiaia aaamomomongg tthe mososo t immportrtr ananant tt clclclinii icicaalal ssububgrg oupspsps: : : agagage,e,e, genenendededer,r,r  

diabbbeete es, ischemememicc eetiolology,,, rrrenal dysyy fuunnctionn, aandd LVVVEFEFEF ((FiFF gguree 44). SSimmilililara ly, nooo ssiggnnificannt 

nteractioi ns were fof und d among baseline treatments (MRA and/o/ r ACA EI/A/ RBB use) or potassium 
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Multistate analysis 

The primary result from the multivariable-adjusted multistate analysis is presented in 

Supplementary Figure 3. Indeed, the instantaneous transition rate from hypokalemia-to-

normokalemia is 38-fold the transition from normokalemia-to-hypokalemia; this means that it is 

38-fold times more likely that a hypokalemic patient will become normokalemic than the 

opposite. Similarly, it is 12-fold more likely that a hyperkalemic patient will become normal than 

the opposite. 

Discussion 

To the best of our knowledge, this study is the first to evaluate the prognostic implications of the 

long-term longitudinal monitoring and dynamics of serum potassium in HF. An important 

finding was that the time-driven history of serum potassium exhibited adequate performance in 

predicting long-term all-cause mortality, either modeled as a continuous variable or categorized 

into hypokalemia, normokalemia, or hyperkalemia. This predictive ability remained after 

adjusting for a comprehensive set of longitudinal and baseline prognosticators. Furthermore, 

when modeled as a continuous covariable, the prognostic relationship between serum potassium 

and death exhibited a non-linear association, resembling a U-shaped curve with higher risk at 

both ends of the distribution. Notably, the association between potassium levels and mortality 

risk was confirmed for hypokalemia and hyperkalemia when potassium was categorized. When 

analyzing the associations between potassium dynamics and death, patients who persisted with 

hypokalemia or with hyperkalemia had significantly higher mortality risk, and the results were 

similar for cardiovascular and HF-related deaths and consistent in the most representative 

To the best of our knowledge, this study is the first to evaluate the prognostic impplilicacacatitt onononsss ofofof ttthe

ong-term longitudinal monitoring and dynamics of serum potassium in HF. An important r

finding was that the time-driven history of serum potassium exhibited adequate performance in 

predddicicicting long-g-g-termrmrm aaalll -cacacaususe e e momomortrtrtalaa itty,y  eitheeer r r mooddeleeed d d asasas aaa cononnttitinunun ouuss vaariririababablelele ooor caaateteegogogoriririzezez d 

ntooo hhhypokalemmmiaii , nnormrmokaalaleeme ia, or hypyperkaleeemmia.a. TTThihihisss ppredediictiveve abiiliityyy rrremaineeedd afaftter 

adjusting for a compreheh nsive set of longitudid nal and baseline prognostiicators. Furthermore, 
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subgroups of the disease. In contrast, transitioning from hypokalemia or hyperkalemia to 

normokalemia was associated with lower risk throughout the follow-up. 

Several studies have evaluated the prognostic role of a single measurement of serum 

potassium in different cardiovascular scenarios. Regarding chronic HF, several studies reported 

that low serum potassium levels are associated with higher mortality.15-17 Regarding 

hyperkalemia, in the Randomized Aldactone Evaluation Study (RALES) trial, the beneficial 

effect of spironolactone was observed irrespective of potassium levels in the treatment arm 

(4.54±0.49 mEq/L vs. 4.28±0.50 mEq/L, p<0.001), even though a U-shaped relationship 

between potassium levels and mortality was reported in both the spironolactone and the placebo 

group, with higher risk at potassium levels >5.5 mEq/L.18 In the Eplerenone in Mild Patients 

Hospitalization and Survival Study in Heart Failure (EMPHASIS-HF) trial, worsening renal 

function and hyperkalemia (>5.5 mmol/L) were interrelated and associated with poor outcomes, 

and were more frequent when eplerenone (compared to placebo) was added, although their 

occurrence did not eliminate the survival benefit of eplerenone.19 In contrast, other recent studies 

failed to show an independent association between hyperkalemia and the risk of mortality in 

HF.20 In the setting of acutely decompensated HF, evidence is even more scarce and conflicting. 

By combining data from two large cohorts of patients with acute HF (Patients Hospitalized with 

Acute Heart Failure and Volume Overload to Assess Treatment Effect on Congestion and Renal 

Function [PROTECT] trial, and Coordinating Study Evaluating Outcomes of Advising and 

Counseling Failure [COACH] trial), Tromp, et al. found that patients with higher serum 

potassium levels had worse baseline risk profiles and outcomes. However, this association was 

no longer significant after multivariable adjustment.21 Other authors also reported a neutral 

prognostic association,22 and a recent study suggested better outcomes associated with serum 

group, with higher risk at potassium levels >5.5 mEq/L.18 In the Eplerenone in MiMildldd PPPatatatieieientntntsss

Hospitalization and Survival Study in Heart Failure (EMPHASIS-HF) trial, worsening renal 

function and hyperkalemia (>5.5 mmol/L) were interrelated and associated with poor outcomes, d

and d d wwwere moreee fffreqeqequeentntn wwwheh n n n epepeplelelerererenoonen  (compmpm arreed to o o plplp acacacebee o)o) wwwasas aaddd eddd, alala thththououo ghhh ththheieieir r

occucuurrrr ence didd nnnott eelimim natte the survivaval beneeefifit ofof eplplplerererenenonone.199 IIn coonntraaassts , otherr r rrececent stuuddies
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potassium during hospitalization.23 Most of these studies focused on the prognostic implication 

of a single measurement or changes occurring during hospitalization, ignoring the potential 

implications of long-term changes over time. 

In the present study, hyperkalemia identified a subset of patients with worse baseline risk 

profiles and less intense neurohormonal treatment at baseline, similar to the findings from prior 

studies in acute HF.21 On the other hand, patients with hypokalemia had more intense diuretic 

therapy, perhaps indicating greater fluid overload. Therefore, the question of causality arises as 

to whether risk associated with low or high potassium levels is the result of harm related to

disruption of potassium homeostasis or rather the result of confounding factors associated with 

or having led to serum potassium changes. Although residual confounders may never be 

completely controlled for in observational studies, one major feature of the present analyses is 

the extensive state-of-the-art multivariable adjustment that has been performed, including 

analyses of traditional baseline and time-updated prognosticators. Time-varying potassium 

values were associated with the risk of mortality in a U-shaped manner. This is consistent with 

previous reports, although with less extensive adjustments, in patients with acute myocardial 

infarction and hypertension.24,25 These findings suggest that both ends of the potassium 

distribution may play a causative role in the development of clinical complications.15,16  

Hypokalemia is well-known to lengthen the action potential, increase QT dispersion, and 

favor a substrate of electrical inhomogeneity.15 However, we failed to find an association 

between low potassium levels and the risk of sudden death. The most likely explanation is 

insufficient statistical power due to the small number of events. Perhaps an alternative, or even 

contributing factor, may be that half of the patients were categorized as HFpEF and better 

adapted to chronic hypokalemia.26 Other evidence supports a causative role of hypokalemia in 

or having led to serum potassium changes. Although residual confounders may neevevever rr bebee 

completely controlled for in observational studies, one major feature of the present analyses is 

he extensive state-of-the-art multivariable adjustment that has been performed, including 

analala yyyses of tradadadiiti iooonann l l l babaaseses linenene aaandndnd ttimmee-updatetet d prprogggnononostststicicicataa ororsss. TiTiT meme-v- arrryiyiyingngng pppoto assssisiiumumum 

valuuueese  were assssososociiaatedd withh h ttht e risk of f mmortaliiti yy inn a UUU-ss-shahhapeped mamannerr. ThThThisi  is consnsnsissteent witthh 
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processes linked to HF progression, such as peripheral muscle dysfunction, rhabdomyolysis, 

impaired vasodilation, myocardial diastolic dysfunction, atherosclerosis, and diuretic 

resistance.26,27  

On the other side of the spectrum, hyperkalemia is a risk factor for asystole, ventricular 

fibrillation, and/or cardiac arrest.24,28 However, we found that hyperkalemia characterizes a 

subset of patients with more advanced disease and less intense treatment recommended by 

guidelines.15,21 Therefore, excess risk is likely to be not only the result of the electrophysiological 

effects of hyperkalemia per se, but also the result of comorbidities favoring the development of 

hyperkalemia (such as poor renal function) as well as, possibly, a consequence of under-dosing 

or discontinuation of RAAS inhibitor lifesaving therapy by physicians faced with the 

development of hyperkalemia in their patients. 

From the clinical perspective, and as suggested by current guidelines, the association 

between serum potassium and mortality found in our study reinforces the need for its close 

monitoring in patients with HF. Thus, it seems advisable to include the measurement of 

potassium in every lab assessment. 

 Based on our results, we encourage keeping serum potassium levels within normal range 

as a critical therapeutic target. In patients with hyperkalemia, a complete withdrawal or down-

titration of RAAS inhibitor together with dietary potassium restriction should be the first-line 

treatment choice in non-urgent situations.15 The use of potassium-binding resins may be 

recommended, though they are not usually well tolerated.15 Recently, patiromer (a non-absorbed 

potassium-binding polymer) and sodium zirconium cyclosilicate (an inorganic oral potassium-

binding polymer) have emerged as novel therapeutic agents with demonstrated efficacy and 

acceptable safety and tolerability profiles with applicability to different cardiovascular 

or discontinuation of RAAS inhibitor lifesaving therapy by physicians faced withh tthehehe 

development of hyperkalemia in their patients. 

From the clinical perspective, and as suggested by current guidelines, the association 
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situations.15 What remains to be demonstrated is the efficacy and safety of these drugs in patients 

with chronic HF, and whether their preventive use may mitigate the risk of hyperkalemia while 

enabling RAAS inhibitor therapy optimization. In contrast, when mild hypokalemia is present, 

up-titration of RAAS inhibitors, especially MRA therapy, and down-titration of loop diuretics 

and thiazides is recommended in cases with euvolemia. In patients with persistent fluid overload 

and in those with more severe hypokalemia, the use of potassium supplements may also be an 

option.16 However, randomized studies evaluating the safety and efficacy of these different 

strategies for the treatment of hypokalemia are lacking.

The current report has strengths and limitations that need to be addressed. In contrast to 

most current evidence based on the assessment of a single potassium measurement, this study is 

based on truly longitudinal data with repeated potassium measurements. The advantages of this 

type of design include increased statistical power and, most importantly, a more accurate and 

real-life approach to the prognostic impact of potassium disturbances in HF. By using all data 

and not limiting the analysis to a single measurement, we provide a more comprehensive 

dynamic assessment of the association between serum potassium and mortality.  

A number of limitations need to be pointed out. First, an important limitation of this 

study is that it is observational and, as such, prone to bias due to unmeasured confounding. 

Second, the potential for ascertainment bias induced by informative drop-out was minimized by 

using a joint modeling regression approach of the longitudinal and survival portion of the data, 

but cannot be completely accounted for. Third, as a single center study, the generalizability of 

these results to other populations needs to be evaluated. This is especially true, given the high 

baseline risk and mortality found in this registry. Fourth, the lack of follow-up information on 

several clinical variables, including treatments, precludes their use as covariables in a time-

most current evidence based on the assessment of a single potassium measuremennt,t, ttthihih sss stststudududy y y is 

based on truly longitudinal data with repeated potassium measurements. The advantages of this

ype of design include increased statistical power and, most importantly, a more accurate and 
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varying manner; not having all therapeutic changes along the follow-up precludes an accurate 

evaluation of the interaction between RAAS inhibition/potassium supplements and the exposure. 

Finally, some performance metrics (reclassification) are lacking because methodology does not 

yet exist for repeated-measure/survival data.

Conclusions

In a large non-selected cohort of patients discharged from an episode of acutely decompensated 

HF, low as well as high serum potassium levels – measured in a time-varying setting - were 

associated with higher risk of mortality through a U-shaped trajectory. Likewise, when modeling 

potassium as clinical categories, we found that patients with hypokalemia or hyperkalemia also 

had a higher risk of mortality. Analysis of potassium dynamics revealed that the persistence of 

hypokalemia or hyperkalemia at follow-up identified a subset of patients with high mortality risk 

compared with those who persisted or became normokalemic. Appropriately designed trials of 

strategies aimed at maintaining normokalemia and not compromising the use of guideline-

recommended lifesaving therapy are warranted.
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Table 1. Baseline characteristics 

Variables
K <3.5 mEq/L
(n=77) 

K 3.5 – 5.0 
mEq/L
(n=1965)

K >5.0 mEq/L
(n=122)

All sample
(n=2164)

p-
value

Demographics and medical history
Age, years 72 ±12 73±11 76±9 73±11 0.003
Male, n (%) 34 (44.2) 979 (49.8) 77 (63.1) 1090 (50.4) 0.009
Hypertension, n (%) 66 (85.7) 1557 (79.2) 99 (81.1) 1722 (79.6) 0.348
Diabetes, n (%) 37 (48.1) 871 (44.3) 87 (71.3) 995 (46.0) <0.001
Dyslipidemia, n (%) 46 (59.7) 1007 (51.2) 77 (63.1) 1130 (52.2) 0.016
Smoker, n (%) 9 (11.7) 231 (11.8) 9 (7.4) 249 (11.5) 0.339
Former smoker, n (%) 19 (24.7) 458 (23.3) 43 (35.2) 520 (24.0) 0.011
Ischemic heart disease, n (%) 25 (32.5) 721 (36.7) 72 (59.0) 818 (37.8) <0.001
Valvular heart disease, n (%) 23 (29.9) 582 (29.6) 34 (27.9) 639 (29.5) 0.917
NYHA class III/IV†, n (%) 6 (7.8) 320 (16.3) 37 (30.3) 363 (16.8) <0.001
Charlson comorbidity index, n 
(%)

0 
1 - 2 
3 - 4 
>4

20 (26.0)
29 (37.7)
22 (28.6)
6 (7.8)

421 (21.4)
975 (49.6)
409 (20.8)
160 (8.1)

10 (8.2)
28 (23.0)
47 (38.5)
37 (30.3)

451 (20.8)
1032 (47.7)
478 (22.1)
203 (9.4)

<0.001

Vital signs on admission
Heart rate, bpm 99±25 99±28 93±27 99±28 0.064
SBP, mmHg 154±38 149±33 136±30 149±33 <0.001
DBP, mmHg 87±21 82±19 74±18 82±19 <0.001
Electrocardiogram
Atrial fibrillation, n (%) 40 (51.9) 852 (43.4) 52 (42.6) 944 (43.6) 0.321
LBBB, n (%) 26 (33.8) 607 (30.9) 45 (36.9) 678 (31.3) 0.343
Laboratory data
Hemoglobin, g/dL 12.3±1.8 12.6±1.9 11.6±2.1 12.5±1.9 <0.001
Anemia (CDC criteria), n (%) 40 (51.9) 994 (50.6) 85 (69.7) 1119 (51.7) <0.001
Lymphocyte count, x103 cells/mL 1517±954 1764±1355 1388±810 1734±1321 0.003
Lymphocyte count <1500 x103

cells/mL, n (%)
52 (67.5) 1079 (54.9) 83 (68.0) 1214 (56.1) 0.002

Creatinine*, mg/dL 0.91 (0.78-1.17) 1.10 (0.90-1.40) 1.50 (1.18-2.08) 1.10 (0.90-1.46) <0.001
eGFR, mL/min/1.73 m2 71±25 62±25 48±23 62±25 <0.001
eGFR <60 mL/min/1.73 m2, n (%) 22 (28.6) 963 (49.0) 93 (76.2) 1078 (49.8) <0.001
Serum sodium*, mEq/L 139 (136-141) 139 (137- 142) 137 (135- 139) 139 (136-142) <0.001
Serum sodium <135 mEq/L, n (%) 15 (19.5) 356 (18.1) 44 (36.1) 415 (19.2) <0.001
NT-proBNP*, pg/mL 3149 (1458-6827) 4316 (2318-7735) 6398 (2922-11918) 4342 (2321- 7980) <0.001
CA125*, U/mL 75 (27-149) 53 (24-124) 59 (28-142) 54 (24-125) 0.115
Echocardiography
LVEF, % 52±15 50±15 47±15 50±15 0.053
LVEF categories
<40%, n (%)
40-49%, n (%)

17 (22.1)
11 (14.3)
49 (63.6)

612 (31.1)
308 (15.7)
1045 (53.2)

45 (36.9)
19 (15.6)
58 (47.5)

674 (31.2)
338 (15.6)
1152 (53.2)

0.221

Treatment at admission
Intravenous furosemide dose at 
admission, mg/day       

62.9±34.3 27.6±45.0 58.2±55.0 30.6±46.2 <0.001

Treatment at discharge‡
Furosemide, n (%)                            65 (84.4) 1497 (76.2) 100 (82.0) 1662 (76.8) 0.093

22 (28.6)
6 (7.8)

409 (20.8)
160 (8.1)

47 (38.5)
37 (30.3)

478 (2(2(22.1)))
200033 (9(9(9.4.44)))

signs on admission
rate, bpm 99±25 99±28 93±27 99±28
mmHg 154±38 149±33 136±30 149±33
mmHg 87±21 82±19 74±18 82±19
ocardiiogogogrrammm
fibriiillllllatatation, n (((%)%)%) 40 (51.9) 852 (43.3.4) 52 ((442.6) 944 (43.6)
, n (%%%) 26266 (((333333 8.8))) 600077 (30.0.9) 455 (((36336 9.9) 676767888 (31.1.3)3)3)
atoooryyy data
globbbininin, g/dL 122..3. ±1.8 1222.66±11.99 11.66±±2.1 12.5.5±1±1.99
ia (CDCDCDC C C criterrriaiaia),),), n (%)% 4000 (((5155 .9)) 99999944 (50.0.6) 85 ((6696 .7) 1111119191  (5151.7)

hhocytte couunt, x1000333 cellll /s//mmLLmmm 151517177±95444 1711764646 ±±135353 55 13131 88888±81010 1717173434±1±1132323 11
hocyte count <1500 x103 52 (67 5) 1079 (54 9) 83 (68 0) 1214 (56 1)
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Torsemide, n (%)                              12 (15.6) 445 (22.6) 22 (18.0) 479 (22.1) 0.182
Hydrochlorothiazide, n (%)              10 (13.0) 124 (6.3) 6 (4.9) 140 (6.5) 0.050
Furosemide equivalent dose, mg/day     86±46 74±39 80±36 75±39 0.015
Spironolactone, n (%)                       11 (14.3) 395 (20.1) 22 (18.0) 428 (19.8) 0.401
Eplerenone, n (%)                             13 (16.9) 263 (13.4) 21 (17.2) 297 (13.7) 0.351
Aldosterone receptor blockers, n (%)     24 (31.2) 658 (33.5) 43 (35.2) 725 (33.5) 0.837
Oral potassium supplements, n (%) 32 (41.6) 131 (6.7) 2 (1.6) 165 (7.6) <0.001
Beta-blockers, n (%) 63 (81.8) 1275 (64.9) 86 (70.5) 1424 (65.8) 0.005
ACEI, n (%)   28 (36.4) 772 (39.3) 42 (34.4) 842 (38.9) 0.507
ARB, n (%)   29 (37.7) 572 (29.1) 25 (20.5) 626 (28.9) 0.029
ACEI or ARB, n (%) 57 (74.0) 1344 (68.4) 67 (54.9) 1468 (67.8) 0.004

NYHA: New York Heart Association; SBP: systolic blood pressure; DBP: diastolic blood pressure; LBBB: left bundle 
branch block; eGFR: estimated glomerular filtration rate; NT-proBNP: amino-terminal pro-brain natriuretic peptide; 
CA125: carbohydrate antigen 125; LVEF: left ventricle ejection fraction; ACEI: angiotensin-converting enzyme 
inhibitor; ARB: angiotensin receptor blocker. 
Values for continuous variables are expressed as mean ± standard deviation unless otherwise specified.
* Values expressed as median (interquartile range).  
† Last NYHA under stable conditions, prior to admission.  
‡Administered at discharge or during hospitalization in case of in-hospital deaths. 
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Figure Legends 

Figure 1. A multivariable-adjusted analysis depicting the non-linear association between the 

continuum of time-updated serum potassium values and the hazard ratios for all-cause mortality.

The shape of the curve was determined by modeling serum potassium with a fractional 

polynomial with 4 degrees of freedom [-2 -1]. Shaded area represents the 95% CI, and were 

centered at the median of potassium in the sample (4.3 mEq/l). Thus, any portion of the curve 

above the y-scale reference line of 1 is statistically significant. The omnibus p-value for the 

entire trajectory was p=0.0012. 

Figure 2. A multivariable-adjusted analysis depicting the non-linear association between the 

continuum of time-updated serum potassium values and the hazard ratios for specific causes of 

death as outcome. Shaded area represents the 95% CI, and were centered at the median of 

potassium in the sample (4.3 mEq/l). Thus, any portion of the curve above the y-scale reference 

line of 1 is statistically significant. The omnibus p-value associated to each trajectory was 

included in the figure. 

2a. Cardiovascular mortality: fractional polynomial with 4 degrees of freedom [-2 -2] 

2b. Heart failure-related mortality: fractional polynomial with 4 degrees of freedom [-2 2] 

2c. Sudden death: fractional polynomial with 2 degrees of freedom [-2] 

CV: cardiovascular; HF: heart failure.

Figure 3. Adjusted survival probabilities associated with potassium categories. Omnibus p-

value=0.0003.  

Figure 2. A multivariable-adjusted analysis depicting the non-linear association between the 

continuum of time-updated serum potassium values and the hazard ratios for specific causes of 

deatata hhh as outcommme. ShSS adada ededed aareeeaa a rerereprprpresee enntst  the 9995%5% CI,,, aaandndnd wwweree e e cececentnterrede  at t t thththe e memem dianana ooof f f

potataassss ium in thehehe samampplee (4.33 mEq/l).)) TThhus, anynyn porortiononon ooofff thththe curvrve abboovee e tthe y-scccaalee rreferencnce 

ine of 11 is statistically significant. The omniibus p-value associiatedd to each trajectory was
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Figure 4. Subgroup analysis of serum potassium and all-cause mortality. 

eGFR: estimated glomerular filtration rate; LVEF: left ventricular ejection fraction; MRA: 

mineralocorticoid receptor antagonists; ACEI: angiotensin converting enzyme inhibitors; ARB: 

angiotensin receptor blockers. 

Figure 5. Adjusted survival probabilities associated with changes in potassium category. 

Omnibus p-value<0.0001. 
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Hazard Ratios (95% CIs)  

Age ≤ 75, years 
Age > 75, years 

Hypokalemia vs. normokalemia 

Age ≤ 75, years 
Age > 75, years 

Hyperkalemia vs. normokalemia 

Female 
Male 

Hypokalemia vs. normokalemia 

Female 
Male 

Hyperkalemia vs. normokalemia 

No Diabetes Mellitus
 Diabetes Mellitus 

Hypokalemia vs. normokalemia 

No Diabetes Mellitus 
 Diabetes Mellitus 

Hyperkalemia vs. normokalemia 

No ischemic etiology 
Ischemic etiology 

Hypokalemia vs. normokalemia 

No ischemic etiology 
Ischemic etiology 

Hyperkalemia vs. normokalemia 

eGFR ≥ 60 mL/min/1.73 m2 
eGFR < 60 mL/min/1.73 m2 

Hypokalemia vs. normokalemia 

eGFR ≥ 60 mL/min/1.73 m2 
eGFR < 60 mL/min/1.73 m2 

Hyperkalemia vs. normokalemia 

Hypokalemia vs. normokalemia 
 LVEF < 40% 

LVEF 40-49% 
LVEF ≥ 50% 

Hyperkalemia vs. normokalemia 
 LVEF < 40% 
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No use of MRA 
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No use of  ACEI/ARB 
Use of ACEI/ARB 
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Hyperkalemia vs. normokalemia 

Subgroup analysis 
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p-value for 
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SUPPLEMENTAL MATERIAL 



Supplemental figure 1 Flowchart for patient inclusion  
and follow-up 

Death at the index 
hospitalization 

N = 234 

Included in the study 
N = 2164 

Discharged alive with no 
further follow-up 
or follow-up in other centers 

N = 244 

Total person-visits = 16116 
Visits per patient: median = 5, IQR (3 - 9) 

 
2 visits = 296 patients (13.7%) 

3 visits or less = 583 patients (26.9%) 
4 visits or less = 824 patients (38.1%) 

5 visits or less = 1083 patients (50.0%) 
 

Death at follow-up = 1090 
Median follow-up = 2.79 years; range (0.03 – 12.8) 

Total person-years = 7344 
Incidence rate = 0.148 

 
25 percentile survival time = 1.74 years 

Median survival time = 4.96 years 
75 percentile survival time = 9.76 years 

AHF registry 
N = 2642 

N = 2408 



Supplemental figure 2 

0 1.0 2.0 4.0 

Hazard Ratios (95% CIs)  

Age, per 5 years 
SBP, per 20 mmHg 

Heart rate, per 20 mmHg 
Anemia 

eGFR (MDRD) < 60 mL/min/1.73 m2 

  Lymphocyte count < 1500 x 103 cells/mL 
Serum sodium ≤135 mEq/L 

Beta-blockers 
Log NT-proBNP pg/mL 

CA125 > 35 U/mL 

<3.5 mEq/L 
3.5 to 5.0 mEq/L 

> 5 mEq/L 

None 
MRA 

Both 

< 40% 
40-49% 

≥ 50% 

Class I 
Class II 

Class III or IV 

 n= 0 
n=1 - 2 
n=3 - 4 

n≥ 5 

Potassium categories 

 Potassium-modifiers 

LVEF categories 

 NYHA class 

 Charlson’s index categories 

ACEI/ARB 

log follow-up time (years) 
 Time variable (log-transformed) 

Predictors of all-cause mortality 

6.0 



iTHr = 38.07; 95% CI (31.8-45.6) 

P < 0.0001 

iTH = 2.16; 95% CI (1.81-2.57) iTH = 0.06; 95% CI (0.05-0.07) 

Normokalemia (prev) to  

Hypokalemia (after) 

N=135 P-Visits 

RATIO 1 

iTHr = 12.0; 95% CI (10.7-13.5) 

P < 0.0001 

iTH = 1.64; 95% CI (1.45-1.84) iTH = 0.14; 95% CI (0.12-0.15) 

RATIO 2 

Instantaneous transitions hazard rates and their respective ratios Supplemental figure 3 

Hypokalemia (prev) to  

Normokalemia (after) 

N=135 P-Visits 

Hyperkalemia (prev) to 

Normokalemia (after) 

N=293 P-Visits 

Normokalemia (prev) to 

Hyperkalemia (after) 

N=372 P-Visits 



SUPPLEMENTAL FIGURE LEGENDS 

 

Supplemental figure 1. Flowchart for patient inclusion and follow-up. 

AHF: acute heat failure 

 

Supplemental figure 2. Model estimates for of all-cause mortality 

SBP: systolic blood pressure; eGFR: estimated glomerular filtration rate; NT-proBNP: amino-

terminal pro-brain natriuretic peptide; CA125: antigen carbohydrate 125; MRA: 

mineralocorticoid receptor antagonists; ACEI: angiotensin converting enzyme inhibitors; ARB: 

angiotensin receptor blockers; LVEF: left ventricular ejection fraction; NYHA: New York Heart 

Association 

 

Supplemental figure 3. Instantaneous transitions hazard rates and their respective ratios. 

iTH: instantaneous transitions hazard rates; CI: confidence interval; P-Visits: patient-visits. 


