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ORIGINAL RESEARCH

Hyperkalemia After Initiating Renin–Angiotensin System Blockade:
The Stockholm Creatinine Measurements (SCREAM) Project
Ghassan Bandak, MBBS; Yingying Sang, MS; Alessandro Gasparini, MS; Alex R. Chang, MD, MS; Shoshana H. Ballew, PhD; Marie Evans,
MD; Johan Arnlov, MD, PhD; Lars H. Lund, MD, PhD; Lesley A. Inker, MD, MS; Josef Coresh, MD, PhD; Juan-Jesus Carrero, PhD;*
Morgan E. Grams, MD, PhD*

Background-—Concerns about hyperkalemia limit the use of angiotensin-converting enzyme inhibitors (ACE-I) and angiotensin
receptor blockers (ARBs), but guidelines conﬂict regarding potassium-monitoring protocols. We quantiﬁed hyperkalemia monitoring
and risks after ACE-I/ARB initiation and developed and validated a hyperkalemia susceptibility score.
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Methods and Results-—We evaluated 69 426 new users of ACE-I/ARB therapy in the Stockholm Creatinine Measurements
(SCREAM) project with medication initiation from January 1, 2007 to December 31, 2010, and follow-up for 1 year thereafter. Three
fourths (76%) of SCREAM patients had potassium checked within the ﬁrst year. Potassium >5 and >5.5 mmol/L occurred in 5.6%
and 1.7%, respectively. As a comparison, we propensity-matched new ACE-I/ARB users to 20 186 new b-blocker users in
SCREAM: 64% had potassium checked. The occurrence of elevated potassium levels was similar between new b-blocker and ACEI/ARB users without kidney disease; only at estimated glomerular ﬁltration rate <60 mL/min per 1.73 m2 were risks higher among
ACE-I/ARB users. We developed a hyperkalemia susceptibility score that incorporated estimated glomerular ﬁltration rate, baseline
potassium level, sex, diabetes mellitus, heart failure, and the concomitant use of potassium-sparing diuretics in new ACE-I/ARB
users; this score accurately predicted 1-year hyperkalemia risk in the SCREAM cohort (area under the curve, 0.845, 95% CI: 0.840–
0.869) and in a validation cohort from the US-based Geisinger Health System (N=19 524; area under the curve, 0.818, 95% CI:
0.794–0.841), with good calibration.
Conclusions-—Hyperkalemia within the ﬁrst year of ACE-I/ARB therapy was relatively uncommon among people with estimated
glomerular ﬁltration rate >60 mL/min per 1.73 m2, but rates were much higher with lower estimated glomerular ﬁltration rate. Use
of the hyperkalemia susceptibility score may help guide laboratory monitoring and prescribing strategies. ( J Am Heart Assoc.
2017;6:e005428. DOI: 10.1161/JAHA.116.005428.)
Key Words: angiotensin-converting enzyme inhibitors • angiotensin receptor blockers • angiotensin-converting enzyme
inhibition • chronic kidney disease • hyperkalemia • potassium • risk score

A

ngiotensin-converting enzyme (ACE-I) inhibitors and
angiotensin receptor blockers (ARBs) have demonstrated efﬁcacy in reducing blood pressure and proteinuria,
slowing progression of kidney disease, and improving outcomes in patients with heart failure, diabetes mellitus, and

post–myocardial infarction.1–5 However, these medications
have also been associated with adverse events, including
hyperkalemia.6–9 Although adverse events can occur at any
level of kidney function, the risk is thought to be greatest in
those with chronic kidney disease and congestive heart
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What Is New?
• Largest study to date investigating electrolyte monitoring
and rates of hyperkalemia during the ﬁrst year of
angiotensin-converting enzyme inhibitors (ACE-I) or angiotensin receptor blockers (ARB) therapy.
• Reporting of adherence to guideline-recommended electrolyte monitoring after ACE-I and ARB initiation.
• Comparison of rates of hyperkalemia among new ACE-I or
ARB users to new b-blocker users.
• Development of a tool to predict risk of hyperkalemia after
ACE-I or ARB initiation according to 6 readily available
characteristics, with validation in a separate patient cohort.

What Are the Clinical Implications?
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• Many patients lack guideline-recommended electrolyte
monitoring after ACE-I or ARB initiation.
• Risks of hyperkalemia are fairly similar in new ACE-I or ARB
users compared with new b-blocker users until estimated
glomerular ﬁltration rate <60 mL/min per 1.73 m2.
• Use of the hyperkalemia risk tool may inform a personalized
assessment of the risks and beneﬁts of ACE-I and ARB
prescription as well as the development of efﬁcient
protocols for electrolyte monitoring.

failure.6 Thus, concern for adverse effects may lead to
underutilization in the subgroups of patients who are
expected to derive the greatest beneﬁt.10
Clinical detection of hyperkalemia requires laboratory
evaluation, and close laboratory monitoring is recommended
during ACE-inhibitor or ARB use. The 2012 Kidney Disease:
Improving Global Outcomes (KDIGO) guideline on chronic
kidney disease evaluation and management recommends
assessing glomerular ﬁltration rate (GFR) and potassium
within 1 week after initiating or increasing the dose of an
ACE-I or ARB, regardless of baseline potassium level.11 The
2004 Kidney Disease Outcomes Quality Initiative (KDOQI)
suggests a more detailed algorithm: monitor laboratory values
within the ﬁrst 4 weeks after initiation or dose change for
high-risk patients (deﬁned as having systolic blood pressure
<120 mm Hg, potassium >4.5 mmol/L, or estimated
glomerular ﬁltration rate (eGFR) <60 mL/min per 1.73 m2)
and within 4 to 12 weeks for all others.12 The American Heart
Association recommends checking serum electrolytes and
creatinine before and 1 week after starting an ACE-I.13
Clinical trials suggest that the rate of hyperkalemia after
initiating renin–angiotensin system blockade is low14,15;
however, the frequency of monitoring and rates of hyperkalemia in clinical practice are not well deﬁned.
Using The Stockholm Creatinine Measurements (SCREAM)
cohort (a healthcare utilization cohort from the region of
DOI: 10.1161/JAHA.116.005428

Stockholm, Sweden), we investigated the frequency of laboratory monitoring as well as the occurrence of hyperkalemia
among new users of ACE-Is and ARBs. To evaluate rates of
hyperkalemia in a similar population not on ACE-I or ARB
therapy, we also quantiﬁed these parameters in a propensitymatched cohort of new users of b-blocker therapy. Finally, we
created a susceptibility score to help predict the development
of hyperkalemia among new ACE-I or ARB-users, and validated
the score’s performance in new users of ACE-I and ARB
therapy in a separate US-based healthcare utilization cohort.

Methods
Study Design
The SCREAM project is a repository of laboratory data of
healthcare users in the region of Stockholm, Sweden who
underwent creatinine testing.16 These data were linked to
administrative databases with complete information on demographic data, healthcare utilization, diagnoses, vital status, and
pharmacy-dispensed prescription medicines, and cover the
time period from January 1, 2006 to December 31, 2011. For
the present study, we included all new users of an ACE-I or an
ARB with a serum creatinine and a potassium measurement on
or within a year before the dispensation date. New use was
deﬁned as a ﬁrst-time ACE-I or ARB dispensation (with no
previous dispensation of an ACE-I or an ARB recorded)
between January 1, 2007 and December 31, 2010. This time
period was chosen to ensure that the dispensation was not
merely a continuation of an existing prescription and that a
participant had a full year of follow-up after medication
dispensation. For the purposes of evaluating monitoring
patterns, we excluded the 926 new users who died within a
year of drug initiation, for a ﬁnal study population of 69 426.
The study consisted solely of de-identiﬁed data and thus was
deemed not to require informed consent. It was approved by
regional institutional review boards and the Swedish National
Board of Welfare in accordance with journal guidelines.

Patient Characteristics
Age and sex were obtained from the Stockholm regional
healthcare data warehouse. Race was not collected in accordance with Swedish law; however, the vast majority of Swedish
citizens are of white origin. Serum creatinine collected in
clinical practice is uniformly traceable to isotope dilution mass
spectroscopy standards, and it was converted to eGFR using
the CKD-EPI equation.17 Albuminuria was assessed in clinical
practice using urine albumin-to-creatinine ratio (mg/g) in the
year before inclusion. Comorbid conditions included diabetes
mellitus, heart failure, coronary artery disease, cerebrovascular
disease, and peripheral vascular disease, assessed using
Journal of the American Heart Association
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Study Outcomes
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Ambulatory as well as inpatient potassium measurements
were evaluated during the year after ACE-I or ARB initiation.
For the purposes of assessing monitoring frequency and the
occurrence of hyperkalemia, only the ﬁrst inpatient potassium
was taken into account, since hospital-dispensed ACE-I or
ARB therapy is not recorded in the Swedish prescription drug
registry. Among participants with available potassium measures, we identiﬁed episodes of potassium levels >5 and
>5.5 mmol/L.

Comparison Group
To assess whether outcomes were different in individuals who
were not on ACE-I or ARB therapy, we constructed a parallel
cohort of new users of b-blocker therapy in the same time
period (January 1, 2007 to December 31, 2010), with a serum
creatinine and a potassium measurement on or within a year
before the dispensation date, and who were not on or
previously on ACE-I or ARB therapy (N=24 333). This cohort
was also drawn from the SCREAM data and selection was
conducted using methods identical to that of the new users of
ACE-I or ARB cohort. We then used propensity matching to
1:1 match new users of b-blockers to new users of ACE-I/
ARB, with the following covariates used in the construction of
the propensity score: age; sex; diabetes mellitus status;
history of congestive heart failure; history of coronary artery
disease, cerebrovascular disease, or peripheral vascular
disease; use of diuretics; use of potassium-sparing diuretics;
use of other hypertension medications; baseline potassium;
baseline eGFR; and whether a baseline albumin-to-creatinine

Table 1. Baseline Characteristics of Patients in the Stockholm Creatinine Measurements (SCREAM) Cohort Initiating ACE-I or ARB,
Stratiﬁed by the Presence of Potassium Monitoring in the Year Following Initial Medication Prescription

Overall

No Potassium Monitoring

Potassium Measured at
Least Once in the First Year

Total, N (%)

69 426

16 430 (24%)

52 996 (76%)

Age, mean (SD), y

55 (13)

51 (13)

56 (13)

Female, n (%)

35 270 (51%)

7923 (48%)

27 347 (52%)

Diabetes mellitus, n (%)

7099 (10%)

1045 (6%)

6054 (11%)

History of CHF, n (%)

5162 (7%)

365 (2%)

4797 (9%)

History of CAD, CVD, or PVD, n (%)

9940 (14%)

1235 (8%)

8705 (16%)

Use of NSAID, n (%)

18 330 (26%)

4003 (24%)

14 327 (27%)

Use of other diuretics, n (%)

14 987 (22%)

2255 (14%)

12 732 (24%)

Use of K-sparing diuretics, n (%)

2728 (4%)

261 (2%)

2467 (5%)

Use of b-blockers, n (%)

27 580 (40%)

5184 (32%)

22 396 (42%)

Use of other HTN meds, n (%)

14 104 (20%)

2765 (17%)

11 339 (21%)

Potassium, mean (SD), mmol/L

4.1 (0.4)

4.1 (0.3)

4.1 (0.4)

Potassium >5 mmol/L, n (%)

546 (1%)

94 (1%)

452 (1%)

Potassium >5.5 mmol/L, n (%)

78 (0.1%)

13 (0%)

65 (0%)

eGFR, mean (SD), mL/min per 1.73 m

89 (20)

94 (18)

87 (21)

eGFR <60 mL/min per 1.73 m , n (%)

6341 (9%)

703 (4%)

5638 (11%)

2

2

Available ACR or dipstick, n (%)

15 898 (23%)

2932 (18%)

12 966 (24%)

Albuminuria 30 to 300 mg/g, n (%)

3106 (20%)

443 (15%)

2663 (21%)

Albuminuria >300 mg/g, n (%)

792 (5%)

70 (2%)

722 (6%)

Indication for ACE-I/ARB deﬁned as ACR ≥300 mg/g or a protein level of ++ on urine dipstick, a diagnosis of congestive heart failure, or a diagnosis of diabetes mellitus with ACR
>30 mg/g or a protein level of + on urine dipstick. ACE-I indicates angiotensin-converting enzyme inhibitor; ACR, albumin-to-creatinine ratio; ARB, angiotensin receptor blocker therapy;
CAD, coronary artery disease; CHF, congestive heart failure; CVD, cerebrovascular disease; eGFR, estimated glomerular ﬁltration rate; HTN, hypertension; K, potassium; NSAID,
nonsteroidal anti-inﬂammatory drug; PVD, peripheral vascular disease.
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International Classiﬁcation of Disease—Tenth Edition (ICD-10)
diagnostic codes as previously described.16 Medications
assessed included diuretics (both loop and thiazide), nonsteroidal anti-inﬂammatory drugs, spironolactone, b-blockers,
and other antihypertension medications. Medications were
assumed to be concomitant if there was a pharmacy dispensation within the year before ACE-I or ARB dispensation.
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Statistical Analysis

A

60

B-blocker users
ACEi/ARB users

50

51
38

Percent

40
30

25
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20
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9
3

0

2

90+

B

60

4

13

4

60-89

45-59
eGFR category

30-44

<30

Results

B-blocker users
ACEi/ARB users

50

Baseline Characteristics

40
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Baseline characteristics were displayed as mean and SD or
median and interquartile range in the setting of a skewed
distribution. Patient characteristics were stratiﬁed by the
availability of potassium measurements in the year following
ACE-I or ARB initiation. The proportion experiencing elevated
potassium levels during the year was further stratiﬁed by
eGFR (≥90, 60–89, 45–59, 30–44, and <30 mL/min per
1.73 m2). The distribution of change in potassium from
baseline value to the ﬁrst check in the year following
medication initiation was described using kernel density
plots. Logistic regression was used to estimate the risk
relationship between baseline characteristics, concomitant
medications, and the development of hyperkalemia, adjusted

29

30
20

17
12

10
0

1

1

90+

1

1

60-89

eGFR category
N (B-blocker users)
N (ACEi/ARB users)

90+
6,500
8,241

for number of potassium checks as a surrogate for contact
with the medical system (1, 2–4, and >4 checks in the year
following medication initiation). A susceptibility score for the
development of potassium >5.5 mmol/L in the year following
medication initiation was developed among the 68 880 new
users of ACE-I or ARB therapy with baseline potassium
<5 mmol/L. Inputs for the susceptibility score were selected
based on factors that had signiﬁcant coefﬁcients in logistic
regression (sex, baseline potassium level, eGFR, diabetes
mellitus, heart failure, and the presence of K-sparing diuretics)
in order to predict the risk of hyperkalemia in the year after
ACE-I or ARB initiation. Discrimination and calibration were
tested by calculating the area under the curve (C-index) and
plotting deciles of predicted risk against observed risk. The
score was validated in a cohort of new ACE-I and ARB users in
Geisinger Health System using the same selection criteria and
statistical analysis. Additional details regarding the electronic
health record have been previously published.18 In brief,
Geisinger is a rural health system in central and northeastern
Pennsylvania. The study population included all patients over
18 years of age who are followed as primary care patients in
the Geisinger Health System. Use of ACE-I and ARB therapy
was determined based on outpatient orders and medication
lists. Demographic variables were assessed from the electronic medical record and comorbidities from International
Classiﬁcation of Diseases, Ninth Revision, Clinical Modiﬁcation
diagnosis codes on or before medication prescription date.
Analyses were performed in Stata 14 MP (College Station, TX).

3

5

4

45-59
eGFR category

60-89
4,905
5,498

30-44

45-59
892
796

30-44
360
294

<30

<30
167
103

There were 69 426 patients who initiated ACE-I or ARB
therapy from January 1, 2007 to December 31, 2010
(Table 1). The majority of dispensations were for ACE-I
therapy (82%; N=56 943). Approximately half of the population were women (N=35 270, 50.8%), and the average age
was 55 years. The average predispensation potassium level
was 4.1 mmol/L, and 9% (N=6341) of the population had an
eGFR <60 mL/min per 1.73 m2. Of those participants with an
available assessment of albuminuria (23%; N=15 898), 20%
had values between 30 and 299 mg/g, and 5% had values
≥300 mg/g.

Figure 1. Proportion of propensity-matched cohort of patients
in the Stockholm Creatinine Measurements (SCREAM) cohort
initiating or b-blocker therapy (light gray; N=20 186) or
angiotensin-converting enzyme inhibitor or angiotensin receptor
blocker therapy (dark gray; N=20 186) with (A) potassium
>5 mmol/L and (B) potassium >5.5 mmol/L during the ﬁrst year
on therapy. ACEi indicates angiotensin-converting enzyme
inhibitor; ARB, angiotensin receptor blocker; eGFR, estimated
glomerular ﬁltration rate.

DOI: 10.1161/JAHA.116.005428

Frequency of Potassium Monitoring
Only one third (34%; N=23 927) of new ACE-I or ARB users
had potassium checked within 1 month of initiation, and 76%
(N=52 996) had potassium checked within the year after
ACE-I or ARB initiation. Overall, those with potassium
measurements in the year following ACE-I or ARB initiation
Journal of the American Heart Association
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ratio was available. Of the matched participants, we evaluated
for the occurrence of potassium monitoring and, among those
with monitoring, potassium >5 and >5.5 mmol/L.
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Mild Hyperkalemia

Moderate Hyperkalemia

Adjusted OR

P Value

Adjusted OR

P Value

Age, per 10 y

1.03 (0.99, 1.07)

0.132

0.98 (0.92, 1.05)

0.583

Female

0.83 (0.76, 0.90)

<0.001

0.83 (0.72, 0.96)

0.014

Potassium, per 0.1 mmol/L

1.19 (1.17, 1.20)

<0.001

1.15 (1.13, 1.17)

<0.001

2

1.93 (1.80, 2.07)

<0.001

1.93 (1.76, 2.11)

<0.001

2

eGFR <60, per

15 mL/min/1.73 m

1.24 (1.18, 1.31)

<0.001

1.24 (1.14, 1.35)

<0.001

Diabetes mellitus

1.64 (1.47, 1.82)

<0.001

1.73 (1.46, 2.05)

<0.001

History of CHF

1.57 (1.40, 1.76)

<0.001

1.76 (1.47, 2.12)

<0.001

History of CAD, CVD, PVD

1.12 (1.01, 1.24)

0.031

1.12 (0.95, 1.32)

0.192

ACE-I (vs ARB)

1.17 (1.03, 1.32)

0.012

1.26 (1.02, 1.56)

0.036

K-sparing diuretics

2.06 (1.80, 2.35)

<0.001

2.16 (1.77, 2.63)

<0.001

Other diuretics

1.12 (1.01, 1.24)

0.032

1.24 (1.04, 1.48)

0.014

eGFR 60+, per

15 mL/min/1.73 m
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b-Blockers

1.03 (0.94, 1.13)

0.531

0.94 (0.80, 1.09)

0.406

Other HTN meds

0.95 (0.86, 1.05)

0.314

1.12 (0.95, 1.31)

0.179

Associations were additionally adjusted for the frequency of K check (<2, 2–4, >4) as a proxy for contact with the medical system. ACE-I indicates angiotensin-converting enzyme inhibitor;
ARB, angiotensin receptor blocker therapy; CAD, coronary artery disease; CHF, congestive heart failure; CVD, cerebrovascular disease; eGFR, estimated glomerular ﬁltration rate; HTN,
hypertension; K, potassium; OR, odds ratio; PVD, peripheral vascular disease.

were older, with more heart failure, diabetes mellitus, and
coronary artery disease. They also had lower eGFR (87 mL/
min per 1.73 m2 versus 94 mL/min per 1.73 m2, P<0.001)
and higher prevalence of eGFR <60 mL/min per 1.73 m2
(10.6% versus 4.3%, P<0.001). Of note, the average baseline
potassium level was the same among patients with and
without potassium monitoring (4.1 mmol/L in both groups).

Incidence of Hyperkalemia in the Year After
ACE-I/ARB Initiation
Among SCREAM patients with potassium monitoring in the
year following ACE-I or ARB initiation (N=52 996), the
occurrence of hyperkalemia was relatively low. Potassium
>5 mmol/L occurred in 5.6% (N=2977), potassium
>5.5 mmol/L occurred in 1.7% (N=924), and potassium
>6 mmol/L occurred in 0.63% (N=334). Of those who
developed potassium levels >5 mmol/L, 1000 participants
had another level >5 mmol/L within the year; 278 of the 924
participants with potassium >5.5 mmol/L and 77 of the 334
participants with potassium >6.0 mmol/L had another
episode, respectively. Hyperkalemia occurred much more
frequently among persons with lower eGFR. For example,
among persons with eGFR <30 mL/min per 1.73 m2, new
users of ACE-I or ARB therapy had a 55% and 29% 1-year
occurrence of potassium >5 and >5.5 mmol/L, respectively.
DOI: 10.1161/JAHA.116.005428

Comparison of Hyperkalemia Incidence in the
Year After b-Blocker Initiation
In a propensity-matched analysis, 20 186 new users of
b-blockers had less potassium monitoring in the year after
initiation compared with 20 186 new ACE-I/ARB users (64%
versus 74%) (Table S1). The occurrence of hyperkalemia was
similar in new ACE-I/ARB and b-blocker users except in
patients with low eGFR (Figure 1A and 1B). For example, new
users of b-blocker therapy had a 4.4% and 1.4% occurrence of
potassium >5 and >5.5 mmol/L overall, similar to that
observed among new ACE-I/ARB users; however, among
patients with an eGFR <30 mL/min per 1.73 m2, occurrence
was 38% and 17%, respectively, compared with 51% and 29%
in the matched ACE-I/ARB users. In general, the change in
potassium after medication initiation was shifted slightly to
the right (increase in potassium) in new users of ACE-I or
ARBs compared to new users of b-blockers, and this was
more pronounced in lower eGFR strata (Figure S1).

Risk Factors for Hyperkalemia After ACE-I/ARB
Initiation
Risk factors for hyperkalemia included the presence of
diabetes mellitus (odds ratio [OR]: 1.64 for potassium
>5 mmol/L and 1.73 for potassium >5.5 mmol/L), congestive heart failure (OR: 1.57 and 1.76, respectively), and use of
Journal of the American Heart Association
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Table 2. Adjusted Associations of Baseline Characteristics of Patients in the Stockholm Creatinine Measurements (SCREAM)
Cohort With the Development of Mild (Potassium >5 mmol/L) and Moderate Hyperkalemia (Potassium >5.5 mmol/L) in the Year
Following Initiation of ACE-I or ARB (N=52 996)

Hyperkalemia Risk Score

Observed Events
Predicted Events

Probability

10%

5%

0%

Downloaded from http://jaha.ahajournals.org/ by guest on July 25, 2017

B

15%

Probability

1

10%

2

3
4
5
6
7
8
Decile of Predicted Risk

9

10

Observed Events
Predicted Events

presence of diabetes mellitus, heart failure, and concomitant
use of K-sparing diuretics showed excellent discrimination
(C-index, 0.854; 95% CI: 0.840–0.869) in the SCREAM cohort
with good calibration (Figure 2A). Validation was performed in
the US-based Geisinger Health System, a population that was
older than the SCREAM cohort, with a greater prevalence of
diabetes mellitus, coronary artery disease, and diuretic use,
and higher baseline potassium levels (Table S2). Discrimination and calibration were again excellent, with a c-index of
0.818 (95% CI: 0.794–0.841) (Figure 2B). Of note, a slightly
higher proportion of Geisinger patients had potassium
checked in the year following ACE-I or ARB initiation (79%),
and the incidence of potassium >5 and >5.5 mmol/L was
also slightly higher, at 11.6% and 2.8%.

Prediction of Hyperkalemia After ACE-I or ARB
Initiation

5%

0%
1

2

3
4
5
6
7
8
Decile of Predicted Risk

9

10

Figure 2. Calibration plot of observed vs predicted risk of
potassium >5.5 mmol/L in the year following angiotensinconverting enzyme inhibitor or angiotensin receptor blocker
therapy by decile of predicted risk among patients in the (A)
Stockholm Creatinine Measurements (SCREAM) development cohort (N=52 544), and (B) Geisinger Health System
validation cohort (N=14 772). Reﬂects patients with baseline
potassium levels <5 mmol/L.

K-sparing diuretics (OR: 2.06 and 2.16, respectively) (Table 2).
Lower eGFR, whether in patients with eGFR >60 or <60 mL/min
per 1.73 m2, was a strong risk factor for the occurrence of
potassium >5 or >5.5 mmol/L. Women had signiﬁcantly
lower risk of hyperkalemia. Baseline potassium level was
among the strongest risk factors, with each 0.1 mmol/L
higher baseline potassium conferring a 19% (OR, 1.19, 95% CI:
1.17–1.20) and a 15% (OR 1.15, 95% CI: 1.13–1.17) higher
risk for potassium >5 or >5.5 mmol/L, respectively. The use
of ACE-I compared with ARB therapy also appeared to confer
a slightly higher risk for having potassium >5 mmol/L or
potassium >5.5 mmol/L.

Discrimination and Calibration of a Hyperkalemia
Susceptibility Score After ACE-I/ARB Initiation
A susceptibility score for the development of potassium
>5.5 mmol/L using sex, baseline potassium, eGFR, the

DOI: 10.1161/JAHA.116.005428

The susceptibility score–predicted probability of developing
potassium >5.5 mmol/L in the year following ACE-I or ARB
initiation varied by patient proﬁle (Table 3). Patients with
relatively preserved eGFR or baseline potassium <4 mmol/L
generally had low risk of developing potassium levels
>5.5 mmol/L in the year following ACE initiation. Among all
new users of ACE-I or ARB therapy in the SCREAM cohort,
91.8% had a predicted risk <5%, 6.8% had a predicted risk
between 5% and 20%, and 1.4% had a predicted risk >20%.
The risks among new users without potassium checks in the
year following medication initiation were lower: 95.6% had a
predicted risk <5%, 3.7% had a predicted risk between 5% and
20%, and 0.6% had a predicted risk >20%.

Discussion
In this large, population-based study of new users of ACE-I or
ARB therapy, we demonstrate that adherence to guidelinerecommended electrolyte monitoring was poor. Less than one
third of patients had a potassium measurement within
30 days of starting an ACE-I or ARB, and only 76% had one
in the year following medication initiation. On the other hand,
the 1-year occurrence of hyperkalemia was generally quite
low in those with potassium measurements, the majority of
whom had preserved eGFR, with only 1.7% developing
potassium levels >5.5 mmol/L. People without potassium
measurements tended to be of low predicted risk. These
results suggest that more targeted protocols for monitoring
potassium levels after ACE-I/ARB initiation may be costeffective and safe.
There was a large increase in hyperkalemia risk among
persons with low eGFR, a risk that was also present to a
lesser extent in matched new users of b-blocker therapy. This
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Table 3. Hyperkalemia Susceptibility Score: Predicted Probability of Developing Potassium Levels >5.5 mmol/L in the Year
Following Initiation of ACE-I or ARB Therapy for Various Patient Scenarios*

Sex

Potassium

eGFR

DM

HF

K-Sparing
Diuretics

1-Year Risk
of K >5.5

Scenario 1

F

4

55

1

0

0

2.1%

Scenario 2

F

3.5

45

1

0

0

2.0%

Scenario 3

F

4.5

20

1

0

0

26%

Scenario 4

M

4

55

1

0

0

3.0%

Scenario 5

M

4

55

1

1

0

8.2%

Scenario 6

M

4

55

1

1

1

18%
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ACE-I indicates angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; DM, diabetes mellitus; eGFR, estimated glomerular ﬁltration rate; HF, heart failure;
K, potassium.
*Risk can be calculated by transforming variables in the following manner:
Female=1 if female, 0 if male
K=(potassium level in mmol/L 4)910
eGFR1=[60 (60 if eGFR >60, eGFR if eGFR <60)]/15
eGFR2=[60 eGFR if eGFR >60, 0 if eGFR ≤60]/15
DM, HF, and KSparing=1 if yes, 0 if no
Odds=e^( 4.450592 0.33475329female+0.13146129K+0.91252929eGFR1+0.33866129eGFR2+0.66256229DM+1.0677219HF+0.92905119Ksparing)
Probability=odds/(1+odds).

may suggest a need for heightened potassium monitoring in
patients with reduced eGFR, even those taking medications
thought to have only small effects on potassium, such as
b-blockers. Other strong risk factors for the development of
hyperkalemia on ACE-I or ARB therapy included higher
baseline potassium levels, the concomitant use of K-sparing
diuretics, and the presence of diabetes mellitus or heart
failure. The combination of these factors into a susceptibility
score may allay provider concerns regarding the risk of
hyperkalemia in low-risk patients, encouraging greater prescription in patients with indications for ACE-I or ARB therapy.
Future work should focus on the risks and beneﬁts of ACE-I
and ARB therapy in patients with higher risk scores, including
whether use may be optimized with monitoring practices
tailored to an individual patient’s risk level.
Our ﬁndings of low rates of potassium monitoring among
new ACE-I and ARB users is at odds with various scientiﬁc
societies’ recommendations, but nonetheless consistent with
observations in American cohorts.18,19 A recent study by
Chang and colleagues evaluating the prevalence of hyperkalemia and monitoring patterns in patients on antihypertensive medications reported that 20% of the population did not
have serum potassium checked within a 3-year period,
including 6% of patients on an ACE-I and 5% of patients on
an ARB.18 Raebel and colleagues evaluated a prevalent
population of patients using ACE-I or ARB therapy and found
similar rates of monitoring over 1 year.19 Our study adds to
the existing literature by reporting testing in new ACE-I or ARB
users, a population in which KDOQI, KDIGO, and American
Heart Association guidelines provide speciﬁc recommendations for testing.11–13
DOI: 10.1161/JAHA.116.005428

Hyperkalemia is a noteworthy adverse event, with even
modest elevations in potassium relating to mortality.20–22
Moreover, concern regarding the risk of hyperkalemia may
preclude optimal prescribing practices. A Turkish study
investigating barriers to use of ACE-I and ARB therapy in
chronic kidney disease patients reported that hyperkalemia
was the most common reason for discontinuation of renin–
angiotensin–aldosterone system blockers10; other studies
have attributed underutilization to similar reasons.23 Although
clinical trials of ACE-I or ARB therapy have reported low rates
of hyperkalemia in both treatment and control arms, populations tend to be highly selected and monitored and
hyperkalemia deﬁned by potassium levels as high as
>6 mmol/L.24,25 Our study reﬂects the “real world” use of
ACE-I and ARB, yet the overall rate of even mild forms of
hyperkalemia (eg, >5 mmol/L) was relatively low, suggesting
that the vast majority of persons prescribed these medications can be considered low-risk. Our observed rates of
hyperkalemia generally coincide with those reported in the
general population without risk factors (2%).26 However, the
increased risk with lower eGFR is also consistent with
previous reports, where rates may be as high as 40%.27,28 This
variation in hyperkalemia risk supports recommendations that
tailor monitoring strategies to the individual patient, such as
that put forth by KDOQI in 2004.12 Use of a susceptibility
score may further reﬁne personalized monitoring strategies.
Our hyperkalemia susceptibility score provides a 1-year
estimate of the likelihood of developing potassium levels
>5.5 mmol/L following ACE-I or ARB initiation according to 6
commonly assessed clinical characteristics, and is easy to
implement in an electronic medical record or trial protocol.
Journal of the American Heart Association
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may help tailor prescribing and monitoring practices in the
clinical setting as well as aid in clinical trial design.

Data Access and Responsibility
Grams, Carrero, and Sang had full access to all the data in the study
and take responsibility for the integrity of the data and the accuracy
of the data analysis.

Sources of Funding
This study was supported by an institutional grant from
AstraZeneca to Karolinska Institutet. We also acknowledge
the support of Vifor Fresenius Medical Care Renal Pharma,
Swedish Heart and Lung Foundation, the Stockholm County
Council, Martin Rind’s and Westman’s Foundations, the
National Institute of Diabetes and Digestive and Kidney
Diseases (K08DK092287) and the United States National
Kidney Foundation, which receives support from Relypsa.

Disclosures
Dr Lund received consulting honoraria from Relypsa, Vifor
Fresenius Medical Care Renal Pharma, and AstraZeneca. The
remaining authors have no disclosures to report.

References
1. Maschio G, Alberti D, Janin G, Locatelli F, Mann JF, Motolese M, Ponticelli C,
Ritz E, Zucchelli P. Effect of the angiotensin-converting-enzyme inhibitor
benazepril on the progression of chronic renal insufﬁciency. The AngiotensinConverting-Enzyme Inhibition in Progressive Renal Insufﬁciency Study Group.
N Engl J Med. 1996;334:939–945.
2. Viberti G, Mogensen CE, Groop LC, Pauls JF. Effect of captopril on progression
to clinical proteinuria in patients with insulin-dependent diabetes mellitus and
microalbuminuria. European Microalbuminuria Captopril Study Group. JAMA.
1994;271:275–279.
3. Effect of enalapril on survival in patients with reduced left ventricular ejection
fractions and congestive heart failure. The SOLVD Investigators. N Engl J Med.
1991;325:293–302.
4. Pfeffer MA, Lamas GA, Vaughan DE, Parisi AF, Braunwald E. Effect of captopril
on progressive ventricular dilatation after anterior myocardial infarction. N
Engl J Med. 1988;319:80–86.
5. The Heart Outcomes Prevention Evaluation Study Investigators. Effects of an
angiotensin-converting–enzyme inhibitor, ramipril, on cardiovascular events in
high-risk patients. N Engl J Med. 2000;342:145–153.
6. Maddirala S, Khan A, Vincent A, Lau K. Effect of angiotensin converting
enzyme inhibitors and angiotensin receptor blockers on serum potassium
levels and renal function in ambulatory outpatients: risk factors analysis. Am J
Med Sci. 2008;336:330–335.
7. Grams ME, Sang Y, Coresh J, Ballew S, Matsushita K, Molnar MZ, Szabo Z,
Kalantar-Zadeh K, Kovesdy CP. Acute kidney injury after major surgery: a
retrospective analysis of Veterans Health Administration data. Am J Kidney Dis.
2016;67:872–880.
8. Wynckel A, Ebikili B, Melin JP, Randoux C, Lavaud S, Chanard J. Long-term
follow-up of acute renal failure caused by angiotensin converting enzyme
inhibitors. Am J Hypertens. 1998;11:1080–1086.
9. Toto RD, Mitchell HC, Lee HC, Milam C, Pettinger WA. Reversible renal
insufﬁciency due to angiotensin converting enzyme inhibitors in hypertensive
nephrosclerosis. Ann Intern Med. 1991;115:513–519.
10. Yildirim T, Arici M, Piskinpasa S, Aybal-Kutlugun A, Yilmaz R, Altun B, Erdem Y,
Turgan C. Major barriers against renin-angiotensin-aldosterone system blocker
use in chronic kidney disease stages 3-5 in clinical practice: a safety concern?
Ren Fail. 2012;34:1095–1099.

Journal of the American Heart Association

8

ORIGINAL RESEARCH

Downloaded from http://jaha.ahajournals.org/ by guest on July 25, 2017

We anticipate that risk prediction could be used both for
medication safety as well as for optimizing ACE-I and ARB use
in target populations. Although many of the risk characteristics have been previously identiﬁed, an existing risk score
did not incorporate sex or potassium, one of the strongest
observed risk factors.24,25,29 In our study, male sex was also a
risk factor for the development of hyperkalemia, potentially
because of lower intake of potassium among women.30
Interestingly, we noted no difference in monitoring by baseline
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Our study represents the largest study to date detailing
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aligns with provider expectations. We selected people who
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population was primarily white, and there have been reports
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SUPPLEMENTAL MATERIAL

1

Table S1. Baseline characteristics of propensity matched patients in the Serum Creatinine
Measurements (SCREAM) cohort who initiated ACE-I or ARB therapy and those who initiated beta
blocker therapy who were not on ACE-I or ARB therapy
New users of
ACEi/ARB

New users of beta
blockers

20186

20186

52 (14)

53 (16)

11937 (59%)

11590 (57%)

Diabetes, n (%)

1203 (6%)

912 (5%)

History of CHF, n (%)

1052 (5%)

968 (5%)

History of CAD, CVD or PVD, n (%)

2345 (12%)

2327 (12%)

Use of NSAID, n (%)

5561 (28%)

5523 (27%)

Use of other Diuretics, n (%)

3089 (15%)

2943 (15%)

732 (4%)

710 (4%)

2672 (13%)

2432 (12%)

Potassium, mean (SD), mmol/L

4.1 (0.4)

4.1 (0.4)

Potassium > 5mmol/L, n (%)

113 (1%)

143 (1%)

16 (0%)

27 (0%)

92 (20)

91 (21)

eGFR <60 ml/min/1.73m , n (%)

1346 (7%)

1725 (9%)

Available ACR or dipstick, n (%)

3498 (17%)

3524 (17%)

Albuminuria 30-300 mg/g, n (%)

609 (17%)

300 (9%)

Albuminuria >300 mg/g, n (%)

153 (4%)

90 (3%)

14932 (74%)

12824 (64%)

Potassium > 5mmol/L, n (%)

636 (4.3%)

565 (4.4%)

Potassium > 5.5mmol/L, n (%)

197 (1.3%)

Total N
Baseline characteristics
Age, mean (SD), years
Female, n (%)
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Use of K Sparing Diuretics, n (%)
Use of other HTN meds, n (%)

Potassium > 5.5mmol/L, n (%)
eGFR, mean (SD), ml/min/1.73m
2

2

During follow-up
Had potassium checked, n (%)

173 (1.4%)
Abbreviations: SD, standard deviation; CHF, congestive heart failure; CAD, coronary artery disease; CVD,
cerebrovascular disease; PVD, peripheral vascular disease; NSAID, non-steroidal anti-inflammatory drug;
K, potassium; HTN, hypertension; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker therapy; eGFR, estimated glomerular filtration rate; ACR, albumin-to-creatinine ratio.
Indication for ACE-I/ARB defined as ACR ≥300 mg/g or a protein level of ++ on urine dipstick, a diagnosis
of congestive heart failure, or a diagnosis of diabetes mellitus with ACR >30 mg/g or a protein level of +
on urine dipstick.

2

Table S2. Baseline characteristics of patients initiating angiotensin converting enzyme inhibitor or
angiotensin receptor blocker therapy in the Geisinger health system, stratified by the presence of serum
potassium monitoring in the year following initial medication prescription
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Overall

No Serum Potassium
Monitoring

Total N (%)

19524

4107 (21%)

Serum Potassium
Measured At Least
Once in the First Year
15417 (79%)

Age, mean (SD), years

60 (15)

55 (15)

61 (14)

Female, n (%)

9782 (50%)

1870 (46%)

7912 (51%)

Diabetes, n (%)

6129 (31%)

852 (21%)

5277 (34%)

History of CHF, n (%)

1289 (7%)

136 (3%)

1153 (7%)

History of CAD, CVD or PVD, n (%)

5261 (27%)

717 (17%)

4544 (29%)

Use of NSAID, n (%)

3905 (20%)

725 (18%)

3180 (21%)

Use of other Diuretics, n (%)

7683 (39%)

1411 (34%)

6272 (41%)

Use of K Sparing Diuretics, n (%)

1200 (6%)

161 (4%)

1039 (7%)

Use of beta blockers, n (%)

7172 (37%)

1184 (29%)

5988 (39%)

Use of other HTN meds, n (%)

2855 (15%)

470 (11%)

2385 (15%)

Potassium, mean (SD), mmol/L

4.3 (0.4)

4.3 (0.4)

4.3 (0.4)

Potassium > 5mmol/L, n (%)

786 (4%)

141 (3%)

645 (4%)

Potassium > 5.5mmol/L, n (%)

82 (0.4%)

9 (0.2%)

73 (0.5%)

83 (22)

88 (20)

82 (22)

eGFR <60 ml/min/1.73m2, n (%)

2923 (15%)

398 (10%)

2525 (16%)

Available ACR or dipstick, n (%)

4888 (25%)

660 (16%)

4228 (27%)

Albuminuria 30-300 mg/g, n (%)

2362 (48%)

337 (51%)

2025 (48%)

454 (9%)

50 (8%)

404 (10%)

eGFR, mean (SD), ml/min/1.73m2

Albuminuria >300 mg/g, n (%)

Abbreviations: SD, standard deviation; CHF, congestive heart failure; CAD, coronary artery disease; CVD,
cerebrovascular disease; PVD, peripheral vascular disease; NSAID, non-steroidal anti-inflammatory drug;
K, potassium; HTN, hypertension; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker therapy; eGFR, estimated glomerular filtration rate; ACR, albumin-to-creatinine ratio.
Indication for ACE-I/ARB defined as ACR ≥300 mg/g or a protein level of ++ on urine dipstick, a diagnosis
of congestive heart failure, or a diagnosis of diabetes mellitus with ACR >30 mg/g or a protein level of +
on urine dipstick.

3

Figure S1. Distribution of change in potassium from baseline to first value after medication initiation
among propensity-matched patients in the Serum Creatinine Measurements (SCREAM) cohort initiating
beta blocker therapy (dashed line; N=20,186) or ACE-I or ARB therapy (solid line; N=20,186)
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