Original article

Rev Esp Cardiol. 2021;74(4):312-320

Impact on clinical outcomes and health costs of deranged potassium levels R
in patients with chronic cardiovascular, metabolic, and renal conditions | &&=

Santiago Jiménez-Marrero,*” Miguel Cainzos-Achirica,>“¢ David Monterde,® Emili Vela,®
Montse Cleries,® Luis Garcia-Eroles,® Cristina Enjuanes,™” Sergi Yun,*™f Alberto Garay,*" Pedro Moliner,*"
Lidia Alcoberro,*” Xavier Corbella,”"# and Josep Comin-Colet®>"*

2 Unidad Multidisciplinar de Insuficiencia Cardiaca Comunitaria (UMICO), Servicio de Cardiologia, Hospital Universitari de Bellvitge, L’Hospitalet de Llobregat, Barcelona, Spain
b Instituto de Investigacion Biomédica de Bellvitge (IDIBELL), L'Hospitalet de Llobregat, Barcelona, Spain

€ Johns Hopkins Ciccarone Center for the Prevention of Cardiovascular Disease, Johns Hopkins Medical Institutions, Baltimore (MD), United States

94 Facultad de Medicina y Ciencias de la Salud, Universidad Internacional de Catalufia, Barcelona, Spain

€ Unitat d’Informacio i Coneixement, Servei Catald de la Salut (CatSalut), Barcelona, Spain

fServicio de Medicina Interna, Hospital Universitari de Bellvitge, L'Hospitalet de Llobregat, Barcelona, Spain

£Grupo de Evaluacion de Determinantes de Salud y Politicas Sanitarias, Facultad de Medicina y Ciencias de la Salud, Universitat Internacional de Catalunya, Barcelona, Spain
" Departamento de Ciencias Clinicas, Facultad de Medicina, Universidad de Barcelona, Barcelona, Spain

Article history:

Received 20 February 2020
Accepted 4 June 2020
Available online 19 July 2020

Keywords:

Chronic heart failure
Chronic kidney disease
Heart failure
Hyperkalemia
Hypertension
Potassium

Palabras clave:

Insuficiencia cardiaca crénica
Enfermedad renal crénica
Insuficiencia cardiaca
Hiperpotasemia
Hipertension

Potasio

SEE RELATED CONTENT:
https://doi.org/10.1016/j.rec.2020.11.007

ABSTRACT

Introduction and objectives: Potassium derangements are frequent among patients with chronic
cardiovascular conditions. Studies on the associations between potassium derangements and clinical
outcomes have yielded mixed findings, and the implications for health care expenditure are unknown.
We assessed the population-based associations between hyperkalemia, hypokalemia and clinical
outcomes and health care costs, in patients with chronic heart failure, chronic kidney disease, diabetes
mellitus, hypertension, and ischemic heart disease.
Methods: Population-based, longitudinal study including up to 36 269 patients from a health care area
with at least one of the above-mentioned conditions. We used administrative, hospital and primary care
databases. Participants were followed up between 2015 and 2017, were aged > 55 years and had at least
1 potassium measurement. Four analytic designs were used to evaluate prevalent and incident cases and
the use of renin-angiotensin-aldosterone system inhibitors.
Results: Hyperkalemia was twice as frequent as hypokalemia. On multivariable-adjusted analyses,
hyperkalemia was robustly and significantly associated with an increased risk of all-cause death (HR
from Cox regression models ranging from 1.31-1.68) and with an increased odds of a yearly health care
expenditure > 85th percentile (OR, 1.21-1.29). Associations were even stronger in hypokalemic patients
(HR for all-cause death, 1.92-2.60; OR for health care expenditure > percentile 85th, 1.81-1.85).
Conclusions: Experimental studies are needed to confirm whether the prevention of potassium
derangements reduces mortality and health care expenditure in these chronic conditions. Until then, our
findings provide observational evidence on the potential importance of maintaining normal potassium
levels.

© 2020 Sociedad Espaiiola de Cardiologia. Published by Elsevier Espaiia, S.L.U. All rights reserved.

Impacto clinico y en costes sanitarios de alteraciones de potasio en pacientes con
enfermedades cardiovasculares, metabolicas y renales cronicas

RESUMEN

Introduccion y objetivos: Las alteraciones de la potasemia son frecuentes en las enfermedades
cardiovasculares cronicas. El objetivo del estudio es evaluar las asociaciones de la hiperpotasemia y
la hipopotasemia con eventos clinicos y costes sanitarios en pacientes con insuficiencia cardiaca,
enfermedad renal cronica, diabetes mellitus, hipertension y cardiopatia isquémica.

Meétodos: Estudio longitudinal que incluy6 a 36.269 pacientes de un Area de Salud que tuvieran al menos
una de las afecciones mencionadas. Se utilizaron bases de datos administrativas, hospitalarias y de
atenci6n primaria. Se sigui6 a los participantes entre 2015y 2017; estos tenian 55 o mas afios y al menos
una medicion de potasio. Se utilizaron 4 disefios analiticos para evaluar la prevalencia y la incidencia y el
uso de inhibidores del sistema renina-angiotensina-aldosterona.
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Resultados: La hiperpotasemia fue 2 veces mas frecuente que la hipopotasemia. En los analisis ajustados,
la hiperpotasemia se asoci6 de manera significativa con un mayor riesgo de muerte por todas las causas
(HR de los modelos de regresion de Cox entre 1,31y 1,68) y con un aumento de las probabilidades de que
los gastos anuales de atencion sanitaria superen el 85% (OR entre 1,21 y 1,29). Las asociaciones fueron
atin mayores en los pacientes hipopotasémicos (HR para la muerte por todas las causas, 1,92-2,60; OR
para los gastos de atencion sanitaria > percentil 85, 1,81-1,85).

Conclusiones: Se necesitarian estudios experimentales para confirmar si la prevencion de los trastornos
del potasio reduce la mortalidad y los gastos sanitarios en estas enfermedades cronicas. Hasta entonces,
nuestros hallazgos proporcionan conclusiones observacionales sobre la importancia de mantener
normales las concentraciones de potasio.

© 2020 Sociedad Espaiiola de Cardiologia. Publicado por Elsevier Espaiia, S.L.U. Todos los derechos reservados.

Abbreviations

CHF: chronic heart failure

CKD: chronic kidney disease

DM: diabetes mellitus

eGFR: estimated glomerular filtration rate
[HD: ischemic heart disease

RAAS: renin-angiotensin-aldosterone system

INTRODUCTION

Chronic cardiovascular, metabolic and renal conditions such as
chronic heart failure (CHF), chronic kidney disease (CKD), diabetes
mellitus (DM), ischemic heart disease (IHD) and hypertension affect
potassium (K+) homeostasis through several mechanisms.!~ These
include deleterious mechanisms inherent to the disorders them-
selves, as well as those caused by some of their pharmacological
therapies.? All of these can ultimately lead to impaired or excessive
K+ excretion. As a consequence, K+ derangements and particularly
hyperkalemia are highly prevalent in individuals with these
conditions, ranging in different studies from 5.7% in a population
with CKD with a follow-up of 18 months to 8.2% in cohorts of
patients with acute heart failure.>=¢

This is particularly true among users of renin-angiotensin-
aldosterone system inhibition (RAASI) therapies,”® such as angio-
tensin converting enzyme inhibitors (ACEIs), angiotensin Il receptor
blockers (ARBs), renin inhibitors (RIs), angiotensin Il receptor
blocker neprilysin inhibitors (ARNIs) and mineralocorticoid-receptor
antagonists (MRAs). Despite this common adverse effect, the overall
benefits in terms of survival and other outcomes demonstrated in
multiple landmark clinical trials make these class I therapies for the
treatment of some of these conditions, such as CHF.”~°

Studies on the associations between K+ derangements and
clinical outcomes have so far yielded mixed findings. Some
observational studies and meta-analyses have reported associa-
tions between both hypokalemia and hyperkalemia and an
increased risk of all-cause mortality in CHF, CKD, and DM.>!°
Conversely, some recent epidemiological analyses have failed to
demonstrate an association between K+ derangements and
mortality in CHF patients.!’ Of note, analyses on this important
research question using large health care databases are currently
scarce, as are studies including assessments of the medical
resource use and expenditure associated with K+ derangements.

The aim of the present study was to gain a better understanding,
from a population-based perspective, of the impact of deranged K+
levels—both hyperkalemia and hypokalemia—on the clinical
outcomes, medical resource use and health expenditure of patients
with chronic cardiovascular, metabolic and renal conditions (CHF,
CKD, DM, hypertension or IHD), in whom RAASI therapies (ACElIs,
ARBs, MRAs or RIs) may be indicated.

METHODS
Data sources

For the present analysis, we linked 2 large, population-based,
automated health care databases from our public health system.
These databases capture complementary, individual-level, longi-
tudinal health-related information of all residents. For the present
analysis, one database was used as the source for sociodemo-
graphic characteristics, medical conditions (coded using either the
International Classification of Diseases, 9th Revision, Clinical
Modification [ICD-9-CM] coding system for in-hospital diagnoses,
the International Classification of Diseases, 10th Revision [ICD-10]
for diagnoses generated in primary care settings, and the clinical
classifications software for both), and medication dispensing
(coded using the anatomical therapeutic chemical coding system).
The other database was used to identify incident events during
follow-up, as well as for health care resource use and associated
health care costs calculations. In addition, we linked these
databases to a third, laboratory test result database that captures
any laboratory test results generated during routine clinical care in
both hospitals and primary care settings. This database has been
available since January 1st, 2015.

Setting, study period, and population

We restricted our analyses to the metropolitan health care area
of our hospital, which comprises approximately 1.2 million
persons. The study period was defined between January 1st,
2015 and December 31st, 2017. Inclusion criteria were: a) age at
study entry > 55 years and b) availability of at least one serum
K+ measurement during the evaluation period. Additional criteria
were applied for each of the 4 analyses conducted, as detailed
below.

Study design

We used 4 analytic approaches to evaluate the associations
between K+ derangements, and the study outcomes under
different sets of assumptions: prevalent case, incident case,
prevalent case-prevalent (RAASI) user, and incident case-incident
(RAASI) user analyses (table 1).

In the “prevalent case” analysis (figure 1 of the supplementary
data), we included individuals with at least 1 prevalent relevant
chronic cardiovascular, metabolic or renal condition (CHF, CKD,
DM, hypertension, or IHD) as of January 1st, 2016 (regardless of
their use of RAASI medications). Evidence of these diagnoses was
sought in the database using operational definitions based on ICD-
9-CM, ICD-10, and clinical classifications software codes (tables
1-3 of the supplementary data). For each of these individuals, we
evaluated any K+ levels recorded in the database between January
1st and March 31st, 2016 (“evaluation period”). Information on
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Table 1
Summary of analytic designs used
Analytic design  Timing of Specific Participants RAASI use Baseline Modified K+ evaluation End of
conditions  exclusions included (n)  at baseline (index date) index date period follow-up
Prevalent case Prevalent None 36 269 Not required for January 1st, 2016  None January 1st- Up to March
inclusion March 31st, 2016 31st, 2017
Incident case Incident Prevalent cases 8241 Not required for Anytime None Subsequent Up to December
as of January inclusion between January 3 months after 31st, 2017
1st, 2016 2nd, 2016 and index date (12 months of
December 31st, follow-up max)
2017
Prevalent case-  Prevalent None 24 251 Required for January 1st, 2016  None January 1st- Up to March
prevalent user inclusion March 31st,2016  31st, 2017
Incident case- Incident Prevalent cases 4887 Required for Anytime Date of first Subsequent Up to December
incident user and RAASI inclusion, at/ between January  incident 3 months after 31st, 2017
users as of after incident 2nd, 2016 and RAASI modified index (12 months of
January 1st, case diagnosis December 31st, dispensing date follow-up max)
2016 2017

K+, potassium; n, number; RAAS], renin-angiotensin-aldosterone system inhibitor(s).

other relevant covariates was collected at the end of the evaluation
period (ie, March 31st, 2016), except for estimated glomerular
filtration rate (eGFR), which was evaluated during the preceding
year. Clinical outcomes were assessed between March 31st,
2016 and up to 12 months of follow-up (ie, March 31st, 2017).

In the “incident case” analysis (figure 2 of the supplementary
data), included individuals could not have recorded evidence of
any of the 5 relevant conditions as of January 1st, 2016, and had a
first recording of at least 1 of those conditions between January
2nd, 2016, and December 31st,2017 (“index date”). K+ levels were
evaluated, for each participant, between the index date and the
subsequent 90 days (“evaluation period”). Clinical endpoints
were assessed for up to 12 months after each patient’s evaluation
period.

In the “prevalent case-prevalent user” analysis (figure 3 of the
supplementary data), participants had to have at least 1 relevant
condition as of January 1st, 2016 to be included and to be using at
least one RAASI medication (ACEls, ARBs, MRAs, or RIs) in the
preceding 3 months. The use of these medications was identified
using operational definitions combining anatomical therapeutic
chemical codes (table 4 of the supplementary data). The rest of the
analytic design is comparable to that of the prevalent case analysis
presented above.

Finally, in the “incident case-incident user” design (figure 4 of
the supplementary data), participants could not have recorded
evidence of a relevant condition or of RAASI medication use as of
January 1st, 2016. The first recording of at least 1 relevant
condition had to occur between January 2nd, 2016, and December
31st, 2017 (“index date”), with evidence of subsequent dispensing
of at least 1 RAASI medication. The date of the first dispensing of a
RAASI drug was the “modified index date”. For each participant, we
then evaluated any K+ levels recorded in the database between the
modified index date and the subsequent 90 days (“evaluation
period”). The rest of the design features are similar to those of the
incident case analysis.

Definition of K+ profiles

In each of the 4 analyses, recorded laboratory test results during
the evaluation period were reviewed for serum K+ levels.
Hyperkalemia was defined as serum K+ levels > 5.0 mEq/L;
hypokalemia as serum K+ levels < 3.5 mEq/L, and normokalemia as
serum K+ levels > 3.5 and < 5 mEq/L. Based on the (1 or more) K+
level measurements available for each participant during the

evaluation period, 6 clinical profiles were defined a priori:
a) “hypokalemic” patients, those who had evidence of 1 or
2 episodes of hypokalemia (with at least 7 days between the
2 episodes, otherwise they were considered part of the same
episode) and no evidence of hyperkalemia; b) “hyperkalemic”
patients, those who had 1 or 2 episodes of hyperkalemia during the
evaluation period (with at least 7 days between the 2 episodes,
otherwise they were considered part of the same episode) and no
evidence of hypokalemia; c) “normokalemic” patients, those who
had no evidence of hyper or of hypokalemia during the evaluation
period; d) “recurrent hyperkalemic” patients, those individuals
with 3 or more episodes of hyperkalemia and no hypokalemia; e)
“recurrent hypokalemic” patients, those individuals with 3 or
more episodes of hypokalemia and no hyperkalemia; and f) “mixed
K+ derangements” patients, those with both hyper- and hypoka-
lemic episodes. The very small number of participants in groups d
through f (n < 5 for all) resulted in their exclusion and analyses
were restricted to hyperkalemic, hypokalemic, and normokalemic
patients.

Other relevant covariates

Information on other relevant covariates was collected at the
end of the evaluation period, including age, sex, comorbidity index
(using the adjusted morbidity groups comorbidity and complexity
classification system,'? table 5 of the supplementary data),
individual income, K+ derangement-associated medications
(ACEIs, ARBs, MRAs, RIs—when appropriate—, beta-blockers, K+
supplements, loop diuretics, nonsteroidal anti-inflammatory
drugs, trimethoprim, and macrolides [table 4 of the supplementary
data for lists of anatomical therapeutic chemical codes]), disease
duration, number of prior hospitalizations, number of prior
emergency department visits, and number of serum K+ level tests.

Clinical outcomes and health care resource use

The primary outcome of interest was all-cause death. As
secondary outcomes, urgent hospitalizations, emergency depart-
ment visits and hospital daycare visits were also evaluated. All
outcomes were identified using the information recorded in the
database, which covers all public health care (hospital and primary
care) centers.

In an exploratory analysis, yearly total health care expenditure
during 2016 was also assessed. These calculations were performed
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using the methodology applied in prior health care expenditure
analyses conducted for patients with chronic cardiovascular
conditions.’> Healthcare expenditure was calculated as the
expenditure in euros (€) per person per year. This included direct
costs such as pharmacy expenditure or billing invoices, which were
assigned to each individual patient through their personal health
identification number. Indirect expenditure was used for primary
care, hospital care and skilled nursing facilities and was weighted
by visits by professional (ie, nurse or physician), diagnosis-related
groups, and length of stay, respectively. Table 6 of the supplemen-
tary data presents average health-related costs in Catalonia as of
2016. The outcome of interest for this analysis was defined as
having an overall expenditure > 85th percentile of the distribution
for 2016 in our area.

Statistical analysis

The baseline characteristics of the study population included
in each of the 4 study designs (prevalent case, incident case,
prevalent case-prevalent user, and incident case-incident user)
were described at the index date, overall and by K+ profile
(hyperkalemic, hypokalemic, normokalemic). Categorical variables
were compared across K+ groups using chi-squared tests,
and continuous variables using ANOVA and nonparametric tests,
as appropriate.

The crude incidence rate of the first occurrence of each study
outcome was described during follow-up, per 1000 person-years,
for each of the K+ profiles. Kaplan-Meier survivor function curves
were also used to graphically describe their event-free survival.

We used Cox proportional hazards regression models to
calculate the multivariable-adjusted hazard ratios (HR) of each
of the clinical endpoints, comparing hyperkalemic and hypokale-
mic patients, respectively, to normokalaemic patients (reference
group), and adjusting for the following potential confounders: age,
seX, adjusted morbidity groups, medication use, individual income,
and median eGFR levels during the preceding year. In prevalent
analyses, we further adjusted for disease duration, number of
hospitalizations, number of prior emergency department visits,
and number of serum K+ level tests (all in the 6 months before
January 1st, 2016). For endpoints other than mortality, Fine and
Gray models were used to account for the competing risk with
death.

Finally, for the exploratory health care expenditure analysis, we
used logistic regression to calculate the multivariable-adjusted
odds ratios of an overall yearly expenditure > 85th percentile
during 2016, comparing hyperkalemic and hypokalemic, respec-
tively, to normokalemic patients (reference group), with adjust-
ment for the potential confounders listed above.

Subgroup analyses

All analyses were performed overall, as well as for incident
cases of each disease subgroup separately (CHF, CKD, DM, IHD,
hypertension; not mutually exclusive). Additionally, the results
were presented stratified by RAASi medication and by eGFR
categories (defined based on median eGFR levels during the year
preceding the index date).

Ethics in research

The Ethics in Research Committee of our University Hospital
and the Research Institute provided written approval to the study
protocol.

Table 2
Baseline characteristics of the study participants included in the prevalent case
analysis, overall and by K+ profile

All Normokalemic Hyperkalemic Hypokalemic
Overall 36269 34819 (96.0) 996 (2.7) 454 (1.3)

Age, y

55-64 7289 7029 (96.4) 164 (2.2) 96 (1.3)

65-74 13345 12 840 (96.2) 347 (2.6) 158 (1.2)

75-84 11628 11 158 (96.0) 339 (2.9) 131 (1.1)

> 85 4007 3792 (94.6) 146 (3.6) 69 (1.7)
Sex

Men 17080 16 360 (95.8) 549 (3.2) 171 (1.0)

Women 19189 18459 (96.2) 447 (2.3) 283 (1.5)
Conditions™

CHF 2879 2710 (94.1) 108 (3.8) 61 (2.1)

CKD 7242 6747 (93.2) 415 (5.7) 80 (1.1)

DM 12484 11824 (94.7) 535 (4.3) 125 (1.0)

HTN 32832 31498 (95.9) 897 (2.7) 437 (1.3)

IHD 2971 2816 (94.8) 122 (4.1) 33 (1.1)
eGFR categories

> 60 25578 24814 (97.0) 439 (1.7) 325 (1.3)

45-59 6187 5864 (94.8) 245 (4.0) 78 (1.3)

30-45 3301 3075 (93.2) 196 (5.9) 30 (0.9)

<30 1203 1066 (88.6) 116 (9.6) 21(1.7)

CHF, congestive heart failure; CKD, chronic kidney disease; DM, diabetes mellitus;
eGFR, estimated glomerular filtration rate; HTN, hypertension; IHD, ischemic heart
disease; K+, potassium.
Results are presented as No. (%); %s are by rows. Percentages may not add up to
100% due to rounding. All P values for chi-squared comparisons across K+ categories
were <.001.
Individuals included in this analysis were those who had at least one relevant
condition as of January 1st, 2016.

" Groups are not mutually exclusive; the same patient could have several
relevant conditions simultaneously.

RESULTS
Study population

Table 1 displays the number of individuals included in each of
the 4 analyses. The largest study population was that of the
prevalent case analysis (n =36 269).

Baseline characteristics of the study participants

Table 2 summarizes the characteristics of the participants
included in the prevalent case analysis. There were slightly more
women (52.9%) than men, and the largest age stratum was 65 to
74 years. The most prevalent relevant condition was hypertension
(90.5%) while IHD and CHF were the least frequent (8.2% and 7.9%,
respectively). Most participants had a normal eGFR at baseline
(> 60 mL/min/1.73 m?). Similar trends were observed in the study
population included in the prevalent case-prevalent user analysis.
In contrast, the incident analyses included slightly more men than
women, and the group aged 75 to 84 years was the largest age
stratum. Once again, hypertension was the most frequent relevant
condition (tables 7-9 of the supplementary data).

Frequency of K+ abnormalities during the evaluation period

Among the study population included in the prevalent case
analysis (table 2), the vast majority were normokalemic (96%)
during the 3-month evaluation period, and there were more than
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Table 3

Incidence rates of the study outcomes during follow-up for prevalent and incidents analyses, overall and by K+ profile

Prevalent case

Incident case

Prevalent case-prevalent user Incident case-incident user

No. P-T IR No. P-T IR No. P-T IR No. P-T IR

All-cause death

All 1494 35582 41.99 718 8310 86.40 861 23 862 36.08 415 4919 84.37

Normokalemic 1366 34202 39.94 639 7787 82.06 783 22 962 34.10 373 4602 81.05

Hyperkalemic 75 958 78.29 45 334 134.73 52 661 78.67 25 215 116.28

Hypokalemic 53 422 125.59 34 189 179.89 26 239 108.79 17 102 166.67
Hospitalization

All 6160 32176 191.45 2014 7788 258.60 4072 21632 188.24 1236 4622 267.42

Normokalemic 5853 30979 188.93 1863 7327 254.27 3883 20 837 186.35 1140 4327 263.46

Hyperkalemic 223 828 269.32 92 307 299.67 141 587 240.20 60 202 297.03

Hypokalemic 84 369 227.64 59 154 383.12 48 208 230.77 36 93 387.10
ED visits

All 13 658 27 375 498.92 3319 7521 441.30 9038 18 491 488.78 2040 4452 458.22

Normokalemic 13 065 26 378 495.30 3089 7057 437.72 8660 17 826 485.81 1904 4166 457.03

Hyperkalemic 422 693 608.95 141 296 476.35 280 491 570.26 86 195 441.03

Hypokalemic 171 304 562.50 89 168 529.76 98 174 563.22 50 91 549.45
Daycare visits

All 1105 34 886 31.67 380 8054 47.18 745 23395 31.84 236 4771 49.47

Normokalemic 1047 33 541 31.22 337 7557 44.59 711 22 517 31.58 212 4466 47.47

Hyperkalemic 43 933 46.09 25 318 78.62 24 645 37.21 14 209 66.99

Hypokalemic 15 412 36.41 18 179 100.56 10 233 42.92 10 96 104.17

ED, emergency department; IR, incidence rate; K+, potassium; No., number; P-T, person-time.
Follow-up for prevalent analyses was up to 12 months, and incident analyses were up to 21 months.

Incidence rates are expressed per 1000 person-years.

twice the number of hyperkalemic (2.7%) than hypokalemic (1.3%)
individuals. The prevalence of hyperkalemia was higher in men
than in women, and increased with increasing age and with
decreasing eGFR (9.6% among those with eGFR < 30). Among
relevant conditions, the highest prevalence of hyperkalemia was
observed in individuals with CKD. Hypokalemia was more frequent
among women and among patients with CHF.

Similar trends for hyper- and hypokalemia were observed
among prevalent cases using at least 1 RAASI medication as of
January 1st, 2016 (table 8 of the supplementary data), although
the prevalence of hyperkalemia was slightly higher in this
population, particularly in specific subgroups (eg, a prevalence
of 11.0% among those with eGFR < 30). The use of MRA was
associated with a higher prevalence of hyperkalemia (4.8%)
compared with the use of ACEIs and ARBs. In incident case
and incident case-incident user analyses (tables 7-9 of the
supplementary data), the overall frequency of hyperkalemia
was higher (4.0% and 4.4%, respectively) than that observed in the
prevalent case analyses. The same was true for hypokalemia (2.3%
and 2.1%, respectively).

Crude incidence of study outcomes during follow-up

Table 3 presents the crude incidence rates of the study
outcomes during follow-up overall and by K+ profile. Emergency
department visits were the most frequent event (incidence rates
ranging from 441 to 498 per 1000 person-years) while all-cause
death and hospital daycare visits were the least frequent. For all
study outcomes, higher rates were observed in the incident
compared with the prevalent analyses. In all analyses, hyperka-
lemia was associated with higher crude incidence rates of all-cause
death compared with patients with normokalemia (incidence rates
in the prevalent case analysis of 39.94 and 78.29 per 1000 person-

years, respectively). However, the highest rates of all-cause death
occurred among individuals with hypokalemia (incidence rate in
the prevalent case analysis of 125.59 per 1000 person-years).
Hyperkalemia and hypokalemia were also associated with higher
crude incidence rates of hospitalization, emergency department
visits, and hospital daycare visits compared with patients
with normokalemia. More specifically, for hospitalization and
emergency department visits, the crude incident rate for prevalent
(case and user) analyses was higher for hyperkalemic patients than
for the other groups. In contrast, in terms of incident analyses,
these rates were higher for hypokalemic patients than for the other
groups.

Consistent results were observed in analyses using Kaplan-
Meier survivor function plots (figure 1A-D). There was a trend
toward worse event-free survival in participants with hyperkale-
mia and with hypokalemia compared with normokalemia for the
4 clinical study outcomes. The 95% confidence intervals (95%CI)
were narrower in the prevalent analyses and wider in the incident
analyses. Finally, differences in event-free survival between
individuals with K+ abnormalities and normokalemic participants
were particularly salient for all-cause death, the worst prognosis
being observed in participants with hypokalemia.

Multivariable-adjusted associations between K+ derangements
and clinical outcomes

Table 4 summarizes the results of the multivariable-adjusted
regression analyses comparing the risk of each of the 4 study
outcomes among hyperkalemic and hypokalemic (compared with
normokalemic) individuals, adjusting for potential confounders.
Hyperkalemia was associated with an increased risk of all-cause
death compared with normokalemia, ranging from a 31% to 68%
increased risk depending on the analytic approach used. The 95%CI
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Figure 1. Kaplan-Meier cumulative survivor function curves for all-cause death (upper left), hospitalization (upper right), ED visits (lower left) and daycare visits
(lower right), in the prevalent case analysis (A), incident case analysis (B), prevalent case-prevalent user analysis (C), and incident case-incident user analysis (D).

ED, emergency department; Hyper K, hyperkalemia; Hypo K, hypokalemia; Norm

included the null value only in the incident case-incident user
analysis. The risk of death was even higher among individuals with
hypokalemia, the HR ranging from 1.92 to 2.70 depending on the
analytic approach used, with all 95%CI above 1.00.

With regards to the other 3 clinical outcomes, weaker trends
toward increased risks of hospitalization, emergency department
visits, and hospital daycare visits were observed in individuals
with hyperkalemia compared with those with normokalemia,
although all 95%Cls included the null value. For hypokalemia, in
incident case analyses there were strong, statistically significant
associations with hospitalization (HR, 1.41; 95%CI, 1.09-1.82),
emergency department visits (HR, 1.30; 95%CI, 1.06-1.60) and
hospital daycare visits (HR, 1.95; 95%CI, 1.23-3.08). The incident
case-incident user analysis yielded similar findings in patients
with hypokalemia, although 95%Cls were wider.

o K, normokalemia.

Subgroup analyses

Subgroup analyses by prevalent/incident condition were
limited by the small absolute number of events occurring in
specific strata (tables 10-12 of the supplementary data), and could
not be conducted in the incident case-incident user population. In
the prevalent case analysis, the strongest associations between K+
derangements and all-cause death were observed in CKD patients.

Associations between K+ derangements and yearly health care
expenditure

In the exploratory analyses assessing yearly health care
expenditure among prevalent cases (table 5), patients with
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Table 4
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Associations between K+ abnormalities and clinical study outcomes during follow-up

All-cause death

Hospitalization

ED visit

Daycare visit

Prevalent case analysis

Normokalemic

1.00 (Ref)

1.00 (Ref)

1.00 (Ref)

1.00 (Ref)

Hyperkalemic

1.32 (1.04-1.67)

1.14 (1.00-1.29)

1.07 (0.98-1.18)

1.21 (0.91-1.60)

Hypokalemic

2.60 (1.97-3.43)

1.16 (0.94-1.43)

1.07 (0.92-1.24)

1.15 (0.74-1.78)

Incident case analysis

Normokalemic

1.00 (Ref)

1.00 (Ref)

1.00 (Ref)

1.00 (Ref)

Hyperkalemic

1.50 (1.11-2.04)

1.14 (0.95-1.37)

1.10 (0.94-1.29)

1.52 (1.04-2.22)

Hypokalemic

2.11 (1.49-2.98)

1.41 (1.09-1.82)

1.30 (1.06-1.60)

1.95 (1.23-3.08)

Prevalent case-prevalent user analysis

Normokalemic

1.00 (Ref)

1.00 (Ref)

1.00 (Ref)

1.00 (Ref)

Hyperkalemic

1.68 (1.27-2.24)

1.11 (0.95-1.30)

1.08 (0.96-1.21)

1.11 (0.77-1.60)

Hypokalemic

2.70 (1.82-4.00)

1.16 (0.89-1.52)

1.08 (0.89-1.32)

1.26 (0.73-2.19)

Incident case-incident user analysis

Normokalemic

1.00 (Ref)

1.00 (Ref)

1.00 (Ref)

1.00 (Ref)

Hyperkalemic

1.31 (0.87-1.96)

1.08 (0.85-1.37)

0.96 (0.78-1.18)

1.22 (0.73-2.04)

Hypokalemic

1.92 (1.17-3.14)

1.51 (1.09-2.10)

1.22 (0.93-1.62)

1.90 (1.04-3.45)

ED, emergency department; K+, potassium.

The analyses for hospitalization, ED visits and daycare visits accounted for the competing risk with death. Models were adjusted for age, sex, individual income, comorbidities,
estimated glomerular filtration rate, and medication use (all analyses); plus disease duration, prior hospitalizations, prior ED visits, and prior serum K+ measurements

(prevalent case and prevalent case-prevalent user analyses).

Table 5
Associations between K+ abnormalities and yearly health care expenditure

Yearly health care expenditure > 85th percentile

Prevalent case analysis

Normokalemic 1.00 (Ref)

Hyperkalemic 1.21 (1.02-1.43)

Hypokalemic 1.81 (1.43-2.30)
Prevalent case-prevalent user analysis

Normokalemic 1.00 (Ref)

Hyperkalemic 1.29 (1.06-1.58)

Hypokalemic 1.85 (1.36-2.51)

K+, potassium.

Models were adjusted for age, sex, individual income, comorbidities, estimated
glomerular filtration rate, medication use, disease duration prior hospitalizations,
prior emergency department visits, and prior serum K+ measurements.

hyperkalemia had higher multivariable-adjusted odds of having a
yearly health care expenditure > 85th percentile compared with
normokalemic patients, the increased odds ranging from 21% to
29%. This association was even stronger for hypokalemic than for
normokalemic patients (increased odds ranging from 81% to 85%).

DISCUSSION

We conducted a population-based, longitudinal analysis
including a large population of patients with either prevalent or
incident chronic cardio-metabolic conditions. Hyperkalemia was
twice as frequent as hypokalemia among patients with deranged
serum potassium levels, and was more frequent among men and
older participants, while hypokalemia was more frequent among
women. Regardless of the analytic approach used, compared with
normokalemic patients, those with hyperkalemia had a worse
crude event-free survival for all-cause death, hospitalization,
emergency department visits, and daycare visits. Crude event-free
survival was even worse for hypokalemic patients. On multivari-
able-adjusted analyses, hyperkalemia was robustly and signifi-

cantly associated with an increased risk of all-cause death (ranging
from a 31% to 68% increased risk) and with an increased odds of a
yearly health care expenditure > 85th percentile (ranging from
21% to 29% increased odds). These associations were even stronger
in hypokalemic patients.

To our knowledge, this is the first study to evaluate the real-
world importance of K+ derangements (including both hyper- and
hypokalemia, identified using laboratory test data from both
hospital and primary care settings) and their associations with key
clinical outcomes, including all-cause death, health care resource
use, and health-related expenditure. Prior studies have mostly
focused on hyperkalemia alone, and/or on a smaller set of chronic
underlying conditions.'® This, together with some inconsistent
findings reported in some studies, emphasized the need for further
research in this field, assessing both clinically relevant
K+ abnormalities (hyper- and hypokalemia) and across multiple
chronic conditions.

Our findings specifically for hyperkalemia and its association
with all-cause death and hospitalization are consistent with those
from prior studies, which were restricted to hyperkalemia as the
exposure of interest.!>~!” For example, in a Danish cohort of CHF
patients, hyperkalemia was associated with several adverse
outcomes including a higher multivariable-adjusted risk of all-
cause death. Of note, in that study, which used a longer evaluation
period for serum K+ levels than ours, almost 40% of CHF patients
developed hyperkalemia during follow-up, and recurrent hyper-
kalemia was also a frequent phenomenon.'® In an analysis using
data from the Multi-Ethnic Study of Atherosclerosis (MESA) and
the Cardiovascular Health Study (CHS), both from the US,
hyperkalemia was also associated with all-cause and cardiovascu-
lar death in apparently healthy individuals from the general
population.'” These studies did not assess hypokalemia, other
chronic conditions, or health care expenditure.

Our results are also consistent with those from the few analyses
in which the full spectrum of K+ levels was assessed in patients
with specific chronic conditions. Most of them have described a
U-shaped relationship between serum K+ levels and the risk of
key clinical outcomes, including hospitalization and death. For
instance, in a clinical cohort of patients with CHF followed up in the
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outpatient setting, Niifiez et al.'® observed that serum K+ levels
were independently associated with mortality. Similar to our
results, the authors observed that hypokalemic patients had an
even higher risk of death than those with hyperkalemia when
these groups were compared with normokalemic patients.
Conversely, Collins et al., ®> observed a ]-shaped relationship
between K+ levels and clinical outcomes in patients with CKD, DM
and CHF, with slightly stronger associations for hyperkalemia than
for hypokalemia. Compared with our study, hypertension and IHD
were not included, and the authors adjusted for a more limited set
of potential confounders (eg, no measure of disease severity was
included, and analyses were not adjusted for socioeconomic
features). Furthermore, no health expenditure analyses were
conducted in any of these studies.

Our study has important clinical implications. The strong,
independent associations between K+ derangements and hard
clinical outcomes observed in our multivariable-adjusted anal-
yses provide a further, observational rationale to maintaining
normokalemia in these patients, and suggest that actions aimed at
preventing serum K+ abnormalities in patients with chronic
conditions at high risk of hyper- and hypokalemia (eg, patients
with CHF, particularly those using RAASI medications and
multiple diuretics) could potentially reduce mortality, hospital
admissions, and health care costs. The fact that the associations
were consistent regardless of which of the 4 analytic approaches
was used further reinforces our conclusions. Therefore, we can
hypothesize that K+ binders aimed at reducing the risk of
hyperkalemia, which stabilize K+ homeostasis in patients with
these chronic conditions, will potentially play a relevant role in
the management these patients, particularly among those treated
with RAASI medications, which are class I medications in the
management of conditions such as CHF but are known to increase
the risk of hyperkalemia. Similarly, the use of potassium
supplements to treat or prevent hypokalemia in patients with
CHF in whom diuretic therapy is up-titrated may also have
important implications for the future standard management of
these patients. Nevertheless, experimental studies are needed to
confirm these observations and hypotheses.

Study strengths

Our study has important strengths compared with prior
research in this field. We used a very large population database
and included a large number of patients with each of the relevant
conditions. This increased overall statistical power and precision
compared with previous studies conducted in smaller clinical
cohorts. Modeling a time-varying, potentially recurrent exposure
such as serum K+ levels is challenging, and a number of modeling
approaches have been described in the literature. The design
becomes even more complex when considering exposure to
specific drugs, and pharmacoepidemiological methods are neces-
sary. Therefore, for the present analysis, we used a variety of study
designs and analytic approaches, aimed at maximizing the
robustness of the results and at minimizing their sensitivity to
specific study design assumptions and potential biases. The
consistency of the observed results across analytic approaches
further reinforces the validity of our findings.

In addition, to minimize the possibility of residual confounding,
adjustments for a number of potential confounders were
conducted. Specifically, detailed, updated data on baseline eGFR
was used to ensure adequate adjustment for this key covariate.
Because eGFR and K+ levels are strongly correlated, this informa-
tion was obtained before (rather than during) the evaluation
period for each participant, which allowed adjustment for baseline
eGFR while minimizing collinearity and over-adjustment.

Study limitations

The present study also has some limitations. First, as for any
analysis using information generated from routine care and
recorded in large administrative health care databases, under-
recording of health conditions is possible. This may have led to
some underestimation of the relevant cardio-metabolic conditions
assessed, but this is unlikely to have affected the reported
associations among individuals with recorded conditions. In
addition, some residual confounding on adjustment for comorbid-
ities in the multivariable analyses cannot be ruled out. Neverthe-
less, the multivariable analytic strategy used was very
comprehensive, including adjustment for adjusted morbidity
groups, a summary measure of complexity and comorbidity, and
for other clinically relevant features such as disease duration
and prior hospitalizations, which are expected to be able to capture
baseline differences in the likelihood of incident events across
groups.

Second, although the overall sample size of the study was very
large, the number of patients in specific subgroups was relatively
small. This limited our ability to evaluate the associations in some
specific subgroups such as those patients with recurrent hyper- or
hypokalemia and those with mixed K+ derangements. Of
note, inclusion in the study population of individuals with no
K+ measurements—who were excluded from the analysis—would
not have ameliorated this, as the small counts issue affected hyper-
and hypokalemic strata rather than normokalemic groups. Since
small numbers of events are a frequent issue in pharmacoepide-
miological research studies, larger studies combining multiple
population-based databases may be necessary to characterize the
associations between K+ derangements and incident events in
specific subgroups of patients.

Finally, our health care expenditure analyses used a published
calculation for overall health care expenditure. Nonetheless, this
calculation is intended to be used for a given whole calendar year
(eg, 2016) rather than for time periods of varying lengths, such as
those allowed for in our incident analyses. Consequently, such
analyses could not be performed in the incident designs. More
generally, due to their limited granularity, these analyses should be
considered hypothesis-generating, and more detailed health
economics evaluations should be considered in smaller clinical
cohorts.

CONCLUSIONS

In this large, population-based, longitudinal study including
36 269 patients with either prevalent or incident chronic
cardiovascular-metabolic-renal conditions (CHF, CKD, DM, hy-
pertension, or IHD), hyperkalemia was robustly and indepen-
dently associated with an increased risk of all-cause death
and with increased health care expenditure, compared with
patients with normokalemia. These associations were even
stronger in hypokalemic patients. Although experimental studies
are needed to better understand the safety and efficacy of
interventions aimed at stabilizing K+ homeostasis in patients
with chronic cardio-metabolic conditions, for now, our findings
provide robust observational evidence of the importance of
maintaining normal K+ levels in such patients who are often at
high risk of developing K+ derangements.
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emphasizing the need for further research in this field.
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