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Abstract

Purpose—Angiotensin-converting enzyme (ACE) inhibitors are recommended for patients with
chronic kidney disease (CKD) because they slow disease progression. But physicians’ concerns
about the risk of hyperkalemia (elevated serum potassium level), a potentially fatal adverse effect,
may limit optimal management with ACE-inhibitors. We synthesized known predictors of
hyperkalemia into a prognostic risk score to predict the risk of hyperkalemia.

Methods—We assembled a retrospective cohort of adult patients with possible CKD (at least one
estimated glomerular filtration rate (eGFR) value less than 60 mL/min/1.73m?2) who started an
ACE-inhibitor (i.e., incident users) between 1998 and 2006 at a health maintenance organization.
We followed patients for hyperkalemia: (1) potassium value > 5.5 mmol/L; or, (2) diagnosis code
for hyperkalemia. Cox regression synthesized a priori predictors recorded in the electronic
medical record into a risk score.

Results—We followed 5,171 patients and 145 experienced hyperkalemia, a 90-day risk of 2.8%.
Predictors included: age, eGFR, diabetes, heart failure, potassium supplements, potassium-sparing
diuretics, and a high dose for the ACE-inhibitor (lisinopril). The risk score separated high-risk
patients (top quintile, observed risk of 6.9%) from low-risk patients (bottom quintile, observed
risk of 0.7%). Predicted and observed risks agreed within 1% for each quintile. The risk increased
gradually in relation to declining eGFR with no apparent threshold for contraindicating ACE-
inhibitors.

Conclusions—The risk score separated high-risk patients (who may need more intensive
laboratory monitoring) from low-risk patients. The risk score should be validated in other
populations before it is ready for use in clinical practice.
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Introduction

Methods
Objective

Setting

Angiotensin-converting enzyme (ACE) inhibitors are recommended for patients with
chronic kidney disease (CKD) because they slow disease progression.1:2 But physicians’
concerns about the risk of hyperkalemia (elevated serum potassium level), a potentially fatal
adverse effect, may limit optimal management with ACE-inhibitors.3-6

Although possible predictors of hyperkalemia have been reported, physicians lack a tool that
can integrate a patient’s medical history, including current drug therapies and comorbid
conditions, to help them identify patients at higher risk of hyperkalemia. Prognostic risk
scores can identify patients at higher risk of suffering an adverse effect; for example,
investigators have developed a risk score to predict the risk of cough among patients starting
ACE-inhibitors.”8

We integrated known predictors of hyperkalemia into a risk score to predict the risk of
hyperkalemia within 90 days after starting an ACE-inhibitor in a population with possible
CKD. To our knowledge, this is the first risk score that predicts hyperkalemia in this patient
population.

We conducted a retrospective cohort study of patients with possible CKD who started an
ACE-inhibitor. Our objective was to develop a prognostic risk score to predict the risk of
hyperkalemia using patient characteristics documented during routine practice before
patients started ACE-inhibitor therapy.

We conducted the study in a group-model health maintenance organization, Kaiser
Permanente Northwest (KPNW), which serves the Portland, Oregon and VVancouver,
Washington metropolitan area. KPNW has a membership of approximately 450,000 people
on any given day. The study was reviewed and approved by KPNW’s Human Subjects
Committee.

Identification of Patients and Follow-up

We identified a cohort of patients with an indication of possible CKD who started an ACE-
inhibitor—incident users. We sought to design a pragmatic risk score that would fit the
practice patterns observed in routine care.® As we were selecting the cohort, we discovered
that many providers at KPNW started ACE-inhibitors after testing serum creatinine only
once; they appeared to treat possible kidney disease empirically without waiting to confirm
that the patient had chronic kidney disease. Consequently, our estimate of kidney function
was based on one outpatient laboratory test for serum creatinine (used to estimate
glomerular filtration rates, GFRs, with the four-variable Modification of Diet in Renal
Disease (MDRD) Study equation, but omitting race) and we chose the most recent, baseline
serum creatinine value.19 Serum creatinine tests, the basis for calculating eGFR, were
collected before patients started their ACE-inhibitor. The sole serum creatinine used to
define eGFR could have been tested up to one year before the start of ACE-inhibitor
therapy. We excluded patients with any use of ACE-inhibitors or angiotensin I1-receptor
antagonist therapies during the one-year baseline period to ensure that the cohort represented
incident users. Patients with an eGFR<60mL/min/1.73 m2 between January 1998 and
December 2006 were enrolled if they filled a new ACE-inhibitor prescription within one
year, which defined time zero and the beginning of follow-up.
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Because lisinopril accounted for 99% of all new ACE-inhibitor fills, we restricted the cohort
to lisinopril users to simplify the calculation of dose, one of the predictors. Potassium values
as well as hyperkalemia diagnoses (ICD-9-CM 276.7) observed between one day and 90
days after the start of lisinopril were used to determine the risk of hyperkalemia. We
considered patients censored when they died, progressed to renal replacement therapy, or
discontinued insurance coverage with KPNW.

Data Collection and Other Eligibility Criteria

Outcome

We measured characteristics that have predicted hyperkalemia in other studies by using the
coded information in the electronic medical record, the laboratory values, and the drug
prescription fills at KPNW. Characteristics were measured during the one-year baseline
period (i.e., before time zero). All patients met the following eligibility criteria:

» 30 to 89 years at the time the patient started lisinopril (i.e., time zero)
«  Contributed at least one year of continuous membership in KPNW before time zero

e Maintained prescription drug coverage through KPNW for the year before time
zero

» Had no history of renal replacement therapy preceding time zero (looked back to
1997)

e Had no history of prior ACE-inhibitor or angiotensin Il-receptor antagonist use
(looked back to 1997)

«  Lisinopril was not part of combination therapy (e.g., hydrochlorothiazide)

We analyzed the time to first occurrence of hyperkalemia, defined as a composite outcome:
1. outpatient serum potassium level greater than 5.5 mmol/L;

2. outpatient encounter, emergency department visit, or hospitalization with a
diagnosis code of hyperkalemia in any position, not necessarily the primary code.

Selection of Candidate Predictor Characteristics

We identified predictors of hyperkalemia from a review article on the occurrence of
hyperkalemia in patients treated with ACE-inhibitors,® and asked our nephrologists to rank
the strength of those predictors, a proxy for their capacity to discriminate which patients
would experience hyperkalemia. We also considered how easily and reliably we could
measure the characteristics using retrospective databases and the prevalence of the
characteristics in our population. For example, a history of hyperkalemia may be a strong
predictor, but only 1% of the patients in our cohort had a history of hyperkalemia (using the
same algorithm that we used to define the outcome), so we did not consider that
characteristic as a candidate in the regression. To avoid over-fitting our risk score to the
development data, we limited the number of candidate characteristics and their degrees of
freedom; specifically, we required at least 10 events of hyperkalemia per degree of
freedom.1! Consequently, we had an insufficient number of hyperkalemia events to evaluate
all possible predictors that could be reliably measured (e.g., current use of diuretics, such as
hydrochlorothiazide, which reduce the risk of hyperkalemia). Our final list of a priori
candidate characteristics included: age, eGFR, diabetes, heart failure, potassium
supplements, potassium-sparing diuretics, and a high dose for the ACE-inhibitor (lisinopril).
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Statistical Analysis

Results

Using Cox regression, we evaluated patient characteristics that might predict hyperkalemia.
Categorical variables were modeled using indicator variables. Continuous variables were
modeled using restricted cubic splines. The number and location of the knots was selected
using methods proposed by Harrell.12 The number of knots was assigned based on sample
size, the number of events, and the available degrees of freedom relative to the expected
explanatory power of each variable. Since there was no a priori assumption about the
location of change points in associations, the location of the knots was chosen by default to
be equally spaced, with the first knot at the 5th percentile and the last at the 95th percentile.
We observed too few hyperkalemia events to evaluate interactions between characteristics.
We retained characteristics in the model if they improved the accuracy of the predictions
and were statistically independent predictors (P<0.05 according to the likelihood ratio test).

We translated coefficients from the Cox regression into a points-based system or risk score
where a higher number of points means a higher risk of hyperkalemia.13 The coefficients
from the Cox model were translated into a point-based score as follows. First, the linear
predictor in the Cox model was mapped to the corresponding 90-day risk of hyperkalemia.
Then, the components of the linear predictor were rescaled to an arbitrary axis where the
lowest-risk category for each variable was scored as zero points with increasing points
counted for proportionate increases in the linear predictor. More points mean a higher risk of
hyperkalemia. Each unit increase in the linear predictor, corresponding to a hazard ratio of
2.7183, equated to 48.90 points. For example, patients with a history of heart failure were
2.92 times as likely to experience hyperkalemia, which corresponded to 52 points. Patients
had to score at least 84 points to place in the highest risk quintile (i.e., 80" percentile or
higher). The Framingham Heart Study published a tutorial on how to convert regression
coefficients into risk score points.13

We also calculated the observed risk of hyperkalemia for each quintile of patients’ predicted
risks of hyperkalemia to measure discrimination and calibration; we tested calibration using
the Hosmer-Lemeshow statistic.14 Observed and predicted risks were plotted using risk
predictiveness curves that show the cohort’s distribution of predicted risks. 1°

Of the 5,171 patients, 145 experienced hyperkalemia within 90 days of starting lisinopril, a
risk of 2.8% (95% CI, 2.4% to 3.3%). An identical number of patients (n=145) were lost to
follow-up. We classed patients without a potassium test or diagnosis code for hyperkalemia
in the first 90 days (27%) as not having experienced hyperkalemia.

Table 1 shows patients’ baseline characteristics for the entire cohort and the subgroups that
experienced hyperkalemia or were lost to follow-up. On average, patients were in their early
seventies with stage 4 CKD (i.e., an eGFR between 59 and 30 mL/min/1.73m2, and many
patients had another indication for an ACE-inhibitor that increased their risk of
hyperkalemia: 26% had diabetes and 18% had heart failure. Most patients (89%) started on a
low dose (10 mg) of lisinopril. Few patients (1%) had a history of hyperkalemia in the year
before they started lisinopril.

Table 2 shows the seven characteristics that were retained in the Cox regression model and
that contributed to the risk score. Because of the limited number of hyperkalemia events and
the need for 12 degrees of freedom to represent the seven characteristics, we did not
evaluate additional characteristics. The first column of the Table shows the prevalence of the
characteristic and the second column shows the number of risk score points assigned to each
level of a characteristic. The risk increased gradually in relation to declining eGFR with no
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apparent threshold for contraindicating ACE-inhibitors. However, patients with an eGFR <
30 mL/min/1.73m? accounted for only 3% of the cohort and only 11 hyperkalemia events.
Consequently, we have limited data to assess the shape the relation beyond stage 3 CKD.

The Figure shows the risk predictiveness curve based on the risk score along with the
observed risks of hyperkalemia for each quintile of predicted risk. The close agreement
between the predictions (curve) and the observed risk (open circles) reflects successful
calibration, which we confirmed with the Hosmer-Lemeshow test (P=0.99). Patients in the
bottom quintile of predicted risk have an observed risk of less than 1%. The risk increases
gradually for patients in the middle three quintiles and then increases markedly for patients
in the top quintile: Their observed risk is ten times higher than patients in the bottom
quintile, which demonstrates effective discrimination.

Physicians could choose any cut-point from the risk score to target patients for more
intensive monitoring of potassium values. The statistical consequences of that choice depend
on the population and setting. If physicians at Kaiser Permanente Northwest chose the 80t
percentile of the risk score (i.e., the top quintile of patients), they would focus their attention
on patients who experienced nearly half of the hyperkalemia events (sensitivity=49.0%;
95% ClI, 40.6% to 57.4%). The specificity for that cut-point was 80.8% (95% ClI, 79.7% to
81.9%). Seven percent of those patients in the top quintile developed hyperkalemia (positive
predictive value = 6.9%; 95% CI, 5.4% to 8.6%). The negative predictive value was 98.2%
(95% ClI, 97.8% to 98.6%). To score in the top quintile, a patient would require at least 84
risk points (on an arbitrary scale). A typical patient in our cohort (age 71 years) who started
on a low dose of lisinopril would require kidney function near 30 mL/min/1.73m?, and a
condition such as diabetes to score 84 points (age 71 (1 point) + low dose lisinopril (0
points) + eGFR=30 (54 points) + diabetes (29 points) = 84 points).

Discussion

We developed a risk score to predict the 90-day risk of hyperkalemia in patients with
possible CKD who started lisinopril. Seven patient characteristics identified the higher-risk
patients accurately. Physicians could use the risk score to target higher-risk patients for more
intensive monitoring of potassium values. The risk score may offer a more accurate risk
management strategy than asking physicians to consider a patient’s individual predictors of
hyperkalemia without the benefit of a statistical algorithm that accounts for their correlation,
a hypothesis that could be tested in a randomized controlled trial.16:17

We designed the risk score to work with the data that physicians collect in routine practice
to improve the relevance of its predictions. For example, we measured eGFR using only one
serum creatinine value instead of the two values recommended by the National Kidney
Foundation guidelines.” At our HMO, physicians often started lisinopril after a single serum
creatinine test instead of waiting to confirm that the kidney disease was chronic. Although
we improved the relevance to routine practice, eGFR in the risk score may not predict as
strongly as it would if it were measured more reliably with two tests. Similarly, drugs known
to increase the risk of hyperkalemia were measured in the 90 days before the start of
lisinopril; their use may not have persisted after the start of lisinopril, which would weaken
their ability to predict hyperkalemia. The accuracy of the risk score’s predictions and the
low incidence of hyperkalemia (2.8%) mean that most patients designated as “high-risk”
will be false positives who do not develop hyperkalemia in the first 90 days of therapy (i.e.,
the positive predictive value is low).

We were surprised that the risk of hyperkalemia appeared to increase modestly at younger
ages. Younger age may be a marker for other characteristics that increase the risk of
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hyperkalemia, which were omitted from the risk score because we had too few hyperkalemia
events. The number of points awarded to patients at younger ages is small and unlikely to
reclassify patients into different risk quintiles (e.g., only 8 points for patients in their late
forties).

We lacked race data for most patients, so we estimated GFR without considering race,
which means we under-estimated GFR in black patients; consequently, some black patients
would not have been eligible for our cohort according the criterion that required an eGFR<
60 mL/min/1.73m2. Based on unpublished surveys of the KPNW members, we suspect that
fewer than 5% of the patients in the cohort were black and that any bias is modest.

One limitation is that we had insufficient data to predict diagnoses of hyperkalemia
separately from elevated serum potassium levels (without a diagnosis). Of the 145 patients
with hyperkalemia, 97 had the ICD-9-CM code for hyperkalemia (and 20 of those patients
also had an outpatient serum potassium value greater than 5.5 mmol/L).

Others have noted that randomized controlled trials of patients with chronic kidney disease
assigned to ACE-inhibitors rarely report the absolute risk of hyperkalemia,8 but a recent
report by investigators from the African American Study of Kidney Disease and
Hypertension (AASK) trial is an exception.® Patients assigned to the ACE-inhibitor arm
(ramipril) experienced 2.5 hyperkalemia events per 100 person-years (95% ClI, 1.7 to 3.5)
during an average of three years of follow-up. The AASK rate may be lower than the rate
we observed at KPNW because AASK excluded patients with diabetes and heart failure. We
are aware of only one other community-based cohort study that reported the absolute risk of
hyperkalemia in patients using ACE-inhibitors, a study of US Veterans.1® The study designs
differ too markedly to allow for meaningful comparisons of the absolute incidence of
hyperkalemia.

Before the risk score can be used in other populations and settings—beyond KPNW—its
findings should be validated clinically; those findings might indicate a need to recalibrate
the points in relation to a lower or higher absolute risk of hyperkalemia in the new
population.2? It’s too early to recommend that our prognostic risk score be integrated into
clinical practice because it requires validation in other populations and settings.2! Pending
successful validation, the impact of the risk score on patient management and outcomes
should be compared with usual care in a randomized controlled trial.1’
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Figure.

The risk predictiveness curve (solid line) shows patients’ (n=5,171) predicted risk of
hyperkalemia according to the risk score based on the following characteristics: age, eGFR,
diabetes, heart failure, starting dose of lisinopril, current use of potassium supplements, and
current use of potassium-sparing diuretics. Within each quintile of predicted risk, noted on
the x-axis, the open circles show the observed risks of hyperkalemia. The risk score’s
accuracy (calibration) is measured by the agreement between the predicted and observed
risks.
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Baseline characteristics for all patients in the cohort, the subgroup who experienced hyperkalemia, and the
subgroup lost to follow-up during the first 90 days after starting lisinopril

Characteristics

Age in years, mean (SD)
Age in years, n (%)
30to 39
40 to 49
50 to 59
60 to 69
70to 79
80t0 89
Men, n (%)
Kidney function, mL/min/1.73m2, eGFR, mean (SD)
Kidney function, mL/min/1.73m2, eGFR, n (%)
59 to 45
44 t0 30
29to0 15
<15
History of hyperkalemia, n (%)
Diabetes, n (%)
Heart failure, n (%)
Starting dose for the ACE-inhibitor, lisinopril (n, %)
Low 10 mg per day
High >10 mg per day

Current use of potassium supplements, n (%)

All patients

n=5,171

71.1 (11.6)

68 (1.3)

207 (4.0)
525 (10.2)
1,255 (24.3)
1,725 (33.4)
1,391 (26.9)
1,922 (37.2)
50.2 (8.5)

4,025 (77.8)
995 (19.2)
144 (2.8)
8(0.2)
51 (1.0)
1,354 (26.2)
932 (18.0)

4,609 (89.1)
562 (10.9)
1,336 (25.8)

. . . . . *
Current use of aldosterone-receptor blockers or potassium-sparing diuretics: spironolactone,

eplerenone, amiloride, triamterene (n, %)

1,292 (25.0)

Current use of thiazide or loop-diuretics: hydrochlorothiazide, chlorthalidone, furosemide,

bumetanide, metolazone, n (%)

1850 (35.8)

Patientswith
hyperkalemia

n=145

74.1 (11.6)

0(0)
9(6.2)
9(6.2)

25 (17.2)
42 (29.0)
60 (41.4)
62 (42.8)
457 (10.1)

90 (62.1)
44.(30.3)
11(7.6)
0(0)
3(2.1)
52 (35.9)
63 (43.5)

127 (87.6)
18 (12.4)
57 (39.3)

41 (28.3)

75 (51.7)

Patients
lost to
follow-up
n=145

72.9 (14.4)

6 (4.1)

6 (4.1)

13 (9.0)
22 (15.2)
33(22.8)
65 (44.8)
51 (35.2)
48.2 (10.0)

105 (72.4)
31(21.4)
9(6.2)
0(0)

6 (4.1)
36 (24.8)
56 (38.6)

123 (84.8)
22 (15.2)
53 (36.6)

29 (20.0)

71 (49.0)

*
Spironolactone use was rare (3.1% of the total cohort) and no one used eplerenone.
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Patient characteristics and the number of risk score points assigned by the Cox regression model to predict
hyperkalemia during the first 90 days after starting lisinopril

Characteristics

Age in years, n (%)

30to 34
35t0 39
40to 44
45 to 49
50 to 54
55 to 59
60 to 64
65 to 69
70to 74
75t0 79
80 to 84
851089

Kidney function in mL/min/1.73m2, eGFR, n (%)

59 to 55

54 to 50

49 to 45
4410 40
39to 35
3410 30
29t0 25
2410 20
19to 15
<15

Diabetes, n (%)

No diabetes

Diabetes

Heart failure, n (%)

No heart failure

Heart failure

Starting dose for the ACE-inhibitor, lisinopril, n (%)

Low 10 mg per day

High >10 mg per day

Current use of potassium supplements, n (%)

No use

Any use

Current use of aldosterone-receptor blockers or potassium-sparing diuretics: spironolactone, eplerenone, amiloride,

triamterene, n (%)

Pharmacoepidemiol Drug Saf. Author manuscript; available in PMC 2014 January 29.

Prevalence
n=5,171

21(0.4)
47 (0.9)
87 (17)
120 (2.3)
236 (4.6)
289 (5.6)
573 (11.1)
682 (13.2)
803 (15.5)
922 (17.8)
875 (16.9)
516 (10.0)

2,027 (39.2)
1,195 (23.1)
802 (15.5)
489 (9.5)
332 (6.4)
174 (3.4)
85 (1.6)

42 (0.8)

17 (0.3)
5(0.1)

3,817 (73.8)
1,354 (26.2)

4,239 (82.0)
932 (18.0)

4,609 (89.1)
562 (10.9)

3,835 (74.2)
1,336 (25.8)

Risk
points

11

» Bk O kP W o o

14
23

15
28
38
46
54
62
69
7

29

52

11
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Characteristics

No use

Any use

Prevalence
n=5,171

3,879 (75.0)
1,292 (25.0)

Risk
points
0

14

*

Cannot assign risk score points because no hyperkalemia events were observed
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