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AbstrACt
Objective Heat is associated with elevated all-cause 
mortality, and furosemide-induced potassium depletion 
might be worsened by heat-induced sweating. Because 
empiric potassium is associated with a marked survival 
benefit in users of furosemide at a dose of ≥40 mg/day, we 
hypothesised that this empiric potassium’s survival benefit 
would increase with higher temperature (≥24°C).
Design Cohort study.
setting Outpatient setting, captured by Medicaid 
claims, supplemented with Medicare claims for dual 
enrollees, from 5 US states from 1999 to 2010, linked to 
meteorological data.
Population/Participants Furosemide (≥40 mg/day) 
initiators among adults continuously enrolled in Medicaid 
for at least 1 year prior to cohort entry (defined as the 
day following the dispensing day of each individual’s first 
observed furosemide prescription).
Exposure Interaction between: (1) empiric potassium, 
dispensed the day of or the day following the dispensing 
of the initial furosemide prescription, and (2) daily average 
temperature and daily maximum temperature, examined 
separately.
Outcome All-cause mortality.
results In 1:1 propensity score matched cohorts (total 
n=211 878) that included 89 335 person-years and 9007 
deaths, all-cause mortality rates per 1000 person-years 
were 96.0 (95% CI 93.2 to 98.9) and 105.8 (95% CI 102.8 
to 108.9) for potassium users and non-users, respectively. 
The adjusted OR of all-cause mortality for potassium use 
declined (ie, its apparent protective effect increased) as 
temperature increased, from a daily average temperature 
of about 28°C and a daily maximum temperature of about 
31°C. This relationship was not statistically significant with 
daily average temperature, but was statistically significant 
with daily maximum temperature (p values for the 
interaction of potassium with daily maximum temperature 
and daily maximum temperature squared were 0.031 and 
0.028, respectively).
Conclusions The results suggest that empiric potassium’s 
survival benefit among furosemide (≥40 mg/day) initiators 
may increase as daily maximum temperature increases. 
If this relationship is real, use of empiric potassium 
in Medicaid enrollees initiating furosemide might be 
particularly important on hot days.

IntrODuCtIOn
High outdoor temperature is associated 
with increased all-cause mortality and other 
adverse outcomes including heat stroke, 
dehydration, renal failure, cardiovascular 
diseases, diabetes, electrolyte disorders and 
respiratory diseases.1–7 Older people and 
those with underlying health conditions or 
socioeconomic disadvantages are at particu-
larly increased risk from heat exposure.2 5 7–15 
People who take furosemide, a potent and 
commonly used diuretic, might also be at 
increased risk, since furosemide leads to 
loss of potassium through the kidneys,16–18 
which can increase mortality by mecha-
nisms including cardiac arrhythmias. Heat 
could potentiate this risk because it leads to 
potassium loss through sweat.19 Although no 
randomised trials have investigated a survival 

strengths and limitations of this study

 ► This study used large-scale real-world data, rep-
resenting about 40% of individuals in the US pro-
gramme that covers nearly one in five Americans.

 ► It also used Zoning Improvement Plan code-level 
daily temperature data, which may reflect the out-
door temperature at each individual’s place of res-
idence more accurately than those based on larger 
geographic units.

 ► The study cohorts were well-balanced on measured 
baseline covariates even before matching, and this 
balance improved further with propensity score 
matching, which suggests that residual confounding 
may have played a limited role.

 ► Data on the degree to which subjects were actu-
ally exposed to outdoor temperatures were not 
available, although it seems unlikely that it differed 
substantially between potassium users and non-us-
ers among the matched furosemide users in the 
Medicaid population.

 ► Potassium users and non-users may have differed 
on unmeasured factors.
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benefit of empiric (ie, prophylactic or preventive) potas-
sium use in furosemide users, a recent cohort study found 
that empiric potassium was associated with a relative 
survival benefit in initiators of furosemide, 7% at <40 mg/
day and 16% at ≥40 mg/day, respectively.20 We hypothe-
sised that the survival benefit of empiric potassium in 
users of furosemide at a dose of ≥40 mg/day would be 
more marked with higher outdoor temperature. Such 
a relationship would suggest that potassium administra-
tion in furosemide users may be particularly important 
when the outdoor temperature is high, which could 
have growing clinical and public health importance as 
global climate change continues, raising both the overall 
temperatures in general, and also the number and inten-
sity of extremely hot days.21–23 

MEthODs
study design, population and data
We conducted a propensity score matched cohort study 
among adult US Medicaid enrollees using (1) Medicaid 
claims from California, Florida, New York, Ohio and 
Pennsylvania from 1999 to 2010 supplemented with Medi-
care claims for the Medicaid–Medicare dual enrollees for 
the same period, including Part D Event Files from 2006 
to 2010 (Part D began in 2006); and (2) meteorological 
data obtained from the US National Oceanic and Atmo-
spheric Administration (NOAA) from 1999 to 2010.24 
These five states include about 40% of the US Medicaid 
population.25 Adults (18≤age<100 years) who had contin-
uous enrolment in Medicaid for at least 1 year before the 
cohort entry date (described below) were eligible for our 
analysis.

study cohort, exposure and outcome of interest and follow-up 
time
The study cohort comprised apparent initiators of furo-
semide whose starting dose (calculated from the index 
prescription) was 40 mg/day or higher. Apparent initi-
ators of furosemide were defined as those in whom no 
furosemide was dispensed in the 365 days before cohort 
entry—the baseline period—based on a given furosemide 
prescription; such prescriptions are referred to as index 
furosemide prescriptions, and the date of their dispensing 
referred to as the index date. Individuals could enter the 
study only once. We excluded persons whose initial furo-
semide dose was greater than two times the daily recom-
mended maximum dose of 600 mg/day.

The exposure of interest was the interaction between 
(1) empiric potassium use, defined as a potassium 
prescription for an orally administered solid dosage form 
of a bicarbonate, chloride, citrate or gluconate salt that 
was dispensed on the index date or the next day,20 but not 
prior to the initial furosemide dispensing date, and (2) 
daily averge temperature and daily maximum tempera-
ture, examined separately. Expiric potassium use was 
defined in this way to better capture empiric potassium 
rather than potassium given as treatment for clinically 

recognised hypokalaemia. Although potassium prod-
ucts are available over the counter (OTC), such use is 
unlikely to have a large effect on study results because the 
strengths of OTC potassium (limited to less than about 
2.5 mEq of potassium, which is about 2% of the daily 
recommendation of potassium for adults) are consider-
ably lower than typical doses of potassium used to prevent 
hypokalaemia (about 20 mEq/day). Prescription drug 
use was identified by using National Drug Codes and 
days’ supply on prescription claims. We allowed a 15-day 
gap between contiguous prescriptions and at the end of 
the last prescription to account for potential incomplete 
adherence.

The cohort entry date was the day following the index 
date for both potassium users and non-users, since we 
defined empiric potassium use as being dispensed a 
potassium prescription on the index date or the following 
day. We excluded patients who: (1) used non-solid dosage 
forms of furosemide or potassium, which might be indica-
tive of inability to swallow a solid dosage form and/or func-
tional impairments that may not be reliably ascertained 
in the administrative data; (2) had a diagnosis before 
the cohort entry date of hypokalaemia (International 
Classification of Diseases Ninth Revision Clinical Modi-
fication (ICD-9-CM): 276.8), hyperkalaemia (ICD-9-CM: 
276.7) or acidosis (ICD-9-CM: 276.2), since hypokalaemia 
would suggest that in such persons, potassium was used 
for treatment rather than empirically, and hyperkalaemia 
and acidosis are contraindications for potassium; or (3) 
who, before the cohort entry date, were diagnosed with 
renal impairment or chronic kidney diseases (ICD-9-CM: 
582*, 585*, 586–587, 588*), received haemodialysis or 
peritoneal dialysis (ICD-9-CM: V56*; Current Procedural 
Terminology: 90918–90999), used potassium-sparing 
diuretics or who were dispensed potassium before the 
index date. Online  supplementary figure S1 presents the 
sample size and how the inclusion and exclusion criteria 
were applied.

The outcome of interest was all-cause mortality, ascer-
tained by linkage to the US Social Security Administra-
tion Death Master File.

Follow-up time (see online supplementary figure S2) 
began on the cohort entry date and ended with the first 
of the following events: (1) death; (2) end of days’ supply 
of furosemide (following a 15-day grace period); (3) 
Medicaid enrolment discontinuation; or (4) end of the 
data set, that is, 31 December 2010. We did not censor 
follow-up time based on initiation or discontinuation of 
potassium in either the potassium user or non-user group 
because we wished to examine the temperature depen-
dence of the survival benefit of the strategy of providing 
versus not providing empiric potassium, regardless of 
whether potassium was later discontinued or added.

Meteorological data
NOAA’s meteorological data provide weather parame-
ters, including daily minimum and maximum tempera-
tures measured at weather stations, and the locations 
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of these stations. For each furosemide user in our study 
cohort, we linked Zoning Improvement Plan code (ZIP 
code) of residence (ascertained from claims data) to 
the population-weighted centroid of that ZIP code area, 
which was estimated by using ZIP code boundaries, 
census block group boundaries and 2010 census block 
group-level population data. Individuals who had missing 
or invalid ZIP code of residence were excluded. Each 
population-weighted centroid of ZIP code was linked 
to the ZIP code-level, daily maximum temperature and 
daily average temperature (calculated as the arithmetic 
mean of the daily minimum and daily maximum tempera-
tures). These ZIP code-level, daily outdoor temperatures 
were estimated by using day-level meteorological data, 
locations of weather stations and a spline interpolation 
method that is a commonly used geospatial analysis 
method to estimate properties, such as temperature, at 
unsampled sites based on the data of sampled sites, which 
may enable more precise estimation than a simple aver-
aging method.26–28

stAtIstICAl AnAlysIs
Propensity score matching for balancing on potential 
confounders
We used propensity score matching to balance the potas-
sium and no-potassium groups on measured baseline 
factors.29 30 First, we estimated each subject’s propensity 
score by fitting a logistic regression model where the 
binary dependent variable was the receipt of empiric 
potassium and the independent variables (selected 
based on potential association with both potassium use 
and death; presented in table 1) included: (1) demo-
graphic characteristics (eg, age, sex, race, Medicaid–
Medicare dual eligibility, state of residence, etc); (2) 
diseases (eg, hypertension, lipid metabolism disorders, 
diabetes mellitus, ischaemic heart diseases, heart failure/
cardiomyopathy, asthma/chronic obstructive pulmonary 
disease/emphysema, etc); (3) prescription drugs (eg, 
renin–angiotensin–aldosterone system blockers, anti-
hyperlipidaemic agents, beta blockers, calcium channel 
blockers, corticosteroids, antidiabetic agents, average 
daily dose of furosemide at cohort entry, etc); and (4) 
healthcare services utilisation intensity (including nursing 
home residence, number of inpatient hospitalisations, 
number of outpatient visits and number of prescription 
drug fillings).31 All independent variables were binary 
and assessed during the 1-year baseline period, except for 
the age and average daily dose of furosemide at cohort 
entry, continuous variables. We then used 1:1 nearest 
neighbour propensity score matching to match users of 
empiric potassium to non-users.32

baseline characteristics, incidence rates and logistic 
regression analysis
We first calculated descriptive statistics on baseline char-
acteristics (table 1) and compared the mortality rates 
between users and non-users of empiric potassium before 

and after propensity score matching. The balance in 
the baseline characteristics was assessed by standardised 
difference (ie, the mean difference of a variable between 
the two groups in units of the estimated common SD of 
that variable in the two groups), with a value exceeding 0.1 
suggestive of potentially meaningful imbalance between 
groups.30 Next, we examined the temperature-potassi-
um-mortality association in the high temperature range 
(defined as ≥24°C or 75 °F) by modelling the interaction 
between temperature (daily average temperature and 
daily maximum temperature, separately) and potassium 
exposure status on the log odds of mortality using a 
multivariable logistic regression model where the unit of 
observation was person-day, allowing temperature to vary 
by day for each individual. The 24°C minimum tempera-
ture was chosen in advance based on literature indicating 
a U-shaped or similar relationship between temperature 
and death, with a nadir between 22°C and 26°C, although 
we recognise that this relationship varies by location.33–36 
We excluded rare, extremely high temperatures (daily 
average temperature >43°C or 110 °F; daily maximum 
temperature >49°C or 120 °F). Given that the true func-
tional form of the relationship between potassium use, 
temperature and mortality is unknown, we examined a 
model that included a linear term and a quadratic term of 
temperature and two temperature–potassium exposure 
interaction terms (hereinafter referred to as a quadratic 
model). This model is expressed as equation 1.

 
 

logit
(
Yij

)
= α + β0

(
Tij

)
+ β1

(
T2

ij

)
+ β2

(
K+

i

)

+ β3
(
Tij × K+

i

)
+ β4

(
T2

ij × K+
i

)
+ γXi + ϵij  

 (1)

In this equation,  Yij   is an indicator variable for the death 
outcome of person i on day j;  Tij   is the outdoor temper-
ature for person i at their ZIP code area on day j;  K

+
i   is a 

binary variable indicating the potassium use or non-use 
of person i; and  Xi  is a vector of time-invariant covari-
ates of person i for which we used age group at cohort 
entry, sex and race group. We examined daily average 
temperature and daily maximum temperature in separate 
models. We also considered a strictly linear model, but 
decided to use a quadratic model to avoid reliance on the 
assumption that the relationship between temperature 
and mortality is linear. Because older adults are known 
to be more vulnerable to the heat-related mortality, we 
performed a subgroup analysis for older adults (age 
≥65 years). In addition, to examine whether our results 
from the propensity score matched cohort would have 
been influenced by other meteorological parameters, 
we performed a sensitivity analysis that additionally 
controlled for daily relative humidity at the person level. 
High humidity suppresses evaporation of sweat and 
sweat rate,37 38 thus might affect potassium loss as well as 
humans’ ability to thermoregulate, possibly influencing 
mortality and potassium–mortality relationship.

Analyses were performed by using ArcGIS V.10.3 (Esri, 
Redlands, California, USA), SAS V.9.4 (SAS Institute, 
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Table 1 Baseline characteristics of the unmatched and matched study cohorts

Before PS matching After PS matching

Potassium 
group

No-
potassium 
group Standardised 

difference

Potassium 
group

No-potassium 
group Standardised 

differencen=106 907 n=230 948 n=105 939 n=105 939

Sociodemographic characteristics

  Age at cohort entry, in years (%)

     18≤Age<35 3.92 4.27 0.02 3.94 3.84 0.01

     35≤Age<50 15.03 14.94 0.00 15.04 15.15 0.00

     50≤Age<65 23.82 24.77 0.02 23.83 23.86 0.00

     65≤Age<80 34.78 33.75 0.02 34.77 34.97 0.00

     80≤Age<100 22.44 22.26 0.00 22.42 22.18 0.01

  Sex, female (%) 66.36 66.40 0.00 66.34 66.37 0.00

  Race/Ethnicity (%)

     White 53.69 50.05 0.07 53.46 53.73 0.01

     Black 15.36 18.15 0.07 15.44 15.30 0.00

     Hispanic 15.58 14.03 0.04 15.63 15.65 0.00

     Other/Unknown 15.38 17.77 0.06 15.46 15.32 0.00

  Medicaid–Medicare dual eligible (%) 70.36 67.43 0.06 70.20 70.21 0.00

  State of residence (%)

     California 45.89 40.73 0.10 46.28 46.52 0.00

     Florida 17.42 8.89 0.25 16.71 16.56 0.00

     New York 17.13 29.27 0.29 17.29 17.22 0.00

     Ohio 10.35 8.93 0.05 10.44 10.54 0.00

     Pennsylvania 9.21 12.19 0.10 9.28 9.16 0.00

  Urban residence* (%) 85.86 87.04 0.03 85.91 85.95 0.00

  Year of cohort entry

   2000 8.95 10.34 0.05 9.01 9.22 0.01

   2001 9.82 9.91 0.00 9.84 10.03 0.01

   2002 9.72 9.64 0.00 9.72 9.76 0.00

   2003 9.55 9.43 0.00 9.55 9.40 0.01

   2004 7.25 7.88 0.02 7.31 7.48 0.01

   2005 8.36 8.38 0.00 8.37 8.37 0.00

   2006 14.12 14.03 0.00 14.07 14.05 0.00

   2007 9.12 7.99 0.04 9.01 8.92 0.00

   2008 7.03 6.66 0.01 7.07 6.92 0.01

   2009 7.89 7.49 0.02 7.87 7.78 0.00

   2010 8.18 8.26 0.00 8.18 8.09 0.00

Diseases

  Alkalosis, metabolic (%) 0.20 0.20 0.00 0.21 0.21 0.00

  Amyloidosis (%) 0.03 0.04 0.01 0.03 0.02 0.01

  Anaemia (%) 29.31 27.46 0.04 29.19 29.22 0.00

  Ascites (%) 1.26 1.40 0.01 1.26 1.29 0.00

  Asthma/COPD/emphysema (%) 31.41 27.43 0.09 31.12 31.13 0.00

  Cardiac dysrhythmias/conduction 
disorder (%)

26.31 23.76 0.06 26.10 26.18 0.00

  Cerebrovascular disease (%) 18.45 17.54 0.02 18.39 18.52 0.00

Continued
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Before PS matching After PS matching

Potassium 
group

No-
potassium 
group Standardised 

difference

Potassium 
group

No-potassium 
group Standardised 

differencen=106 907 n=230 948 n=105 939 n=105 939

  Diabetes insipidus (%) 0.06 0.06 0.00 0.06 0.05 0.00

  Diabetes mellitus (%) 38.90 39.70 0.02 38.95 38.93 0.00

  Oedema (%) 23.65 19.87 0.09 23.42 23.56 0.00

  Glaucoma (%) 9.55 9.84 0.01 9.54 9.49 0.00

  Heart failure/cardiomyopathy (%) 36.48 32.96 0.07 36.21 36.25 0.00

  HIV/AIDS (%) 0.45 0.69 0.03 0.45 0.46 0.00

  Hyperosmolality (%) 0.46 0.59 0.02 0.47 0.47 0.00

  Hypertensive disease (%) 66.66 64.48 0.05 66.50 66.58 0.00

  Hyperthyroidism (%) 2.25 1.96 0.02 2.24 2.18 0.00

  Hypothyroidism (%) 16.21 14.53 0.05 16.09 16.19 0.00

  Ischaemic heart disease (%) 36.52 32.89 0.08 36.22 36.39 0.00

  Kidney disease† (%) 9.27 10.60 0.04 9.32 9.24 0.00

  Lipid metabolism disorder (%) 43.21 37.95 0.11 42.88 43.07 0.00

  Liver disease (%) 20.13 19.54 0.01 20.08 20.10 0.00

  Magnesium metabolism disorder 
(%)

0.63 0.62 0.00 0.63 0.67 0.00

  Nocturia (%) 1.37 1.20 0.02 1.36 1.31 0.00

  Pulmonary circulation disease (%) 5.00 4.40 0.03 4.93 4.93 0.00

  Pulmonary congestion and 
hypostasis/pulmonary oedema (%)

6.47 5.89 0.02 6.44 6.45 0.00

  Pyloric stenosis (%) 0.07 0.08 0.00 0.07 0.07 0.00

  Rheumatoid arthritis and other 
inflammatory polyarthropathies (%)

5.16 4.64 0.02 5.15 5.13 0.00

  Systemic lupus erythematosus (%) 0.70 0.67 0.00 0.68 0.68 0.00

  Urinary obstruction (%) 0.41 0.40 0.00 0.41 0.41 0.00

Prescription drugs

  RAAS blockers (%) 52.01 54.35 0.05 52.14 52.01 0.00

  Adrenergic agents (%) 11.99 12.29 0.01 12.03 12.03 0.00

  Antiarrhythmics (%) 3.59 2.62 0.06 3.51 3.63 0.01

  Antidiabetic agents (%) 31.61 34.30 0.06 31.75 31.67 0.00

  Antiglaucoma agents (%) 19.45 18.51 0.02 19.38 19.31 0.00

  Antihyperlipidaemic agents (%) 39.67 38.39 0.03 39.59 39.54 0.00

  Antiobesity agents (%) 0.18 0.11 0.02 0.17 0.17 0.00

  Antiretrovirals (%) 0.74 1.14 0.04 0.75 0.76 0.00

  Beta blockers, systemic (%) 34.20 33.88 0.01 34.11 34.02 0.00

  Bisphosphonates (%) 2.95 2.43 0.03 2.91 2.91 0.00

  Calcium channel blockers (%) 31.14 31.70 0.01 31.15 30.94 0.00

  Corticosteroids, systemic (%) 30.55 28.13 0.05 30.37 30.44 0.00

  Digoxin (%) 9.95 8.89 0.04 9.86 10.01 0.01

  Diuretics, thiazides (%) 13.82 15.37 0.04 13.88 13.66 0.01

  Immunosuppressives (%) 0.64 0.76 0.01 0.64 0.62 0.00

  Thyroid hormones (%) 12.24 11.66 0.02 12.19 12.31 0.00

Table 1 Continued 

Continued
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Cary, North Carolina, USA), and Stata V.14 (StataCorp, 
College Station, Texas, USA).

Ethical approval
This study was approved by the institutional review board 
of the University of Pennsylvania, which waived the 
requirement for obtaining informed consent. We attest 
that we have obtained appropriate permissions and paid 
any required fees for use of copyright-protected materials.

Patient and public involvement
Patients and public were not involved in planning or 
conducting this study.

rEsults
Online supplementary figure S1 shows the number of 
potentially eligible and included/excluded subjects, 
with reasons for exclusion. Prior to matching, there 
were 337 885 eligible initiators of furosemide ≥40 mg/
day, 106 907 (32%) of whom were empiric potas-
sium users. Nearly all of the empiric potassium 
users were pair-matched to a non-user, resulting in 
211 878 subjects (105 939 subjects in each group) 
that included 89 335 person-years and 9007 deaths. In 
the matched potassium cohort, 76% of the follow-up 
time was covered by an active prescription for potas-
sium (follow-up continued as long as the furosemide 
prescription was active; see online supplementary 
figure S2), while only 12% of the follow-up time for 

the no-potassium group was covered by an active 
prescription for potassium; 85% of individuals in 
the no-potassium group had no-potassium prescrip-
tions during follow-up. As shown in table 1, baseline 
variables were reasonably well balanced even before 
matching, and this balance was improved by propen-
sity score matching. In the matched cohorts, median 
follow-up time was 69 days in potassium users and 65 
days in potassium non-users, and the mortality rate (in 
deaths per 1000 person-years) was 96.0 (95% CI 93.2 
to 98.9) in users and 105.8 (95% CI 102.8 to 108.9) in 
non-users, which corresponds to number needed to 
treat of 102 (95% CI 64 to 256) over a 1-year period, 
that is, 102 (95% CI 64 to 256) furosemide (≥40 mg/
day) initiators would need to be treated with empiric 
potassium for the prevention of one additional death 
over a 1-year period.

Table 2 examines the associations between empiric 
potassium use and mortality as (1) a function of daily 
average temperature and daily average temperature 
squared and (2) a function of daily maximum tempera-
ture and daily maximum temperature squared, as well 
as the interaction between these temperature metrics 
and potassium use (daily average temperature and daily 
maximum temperature examined separately). Because 
daily maximum temperature exceeded 24°C more 
often than did daily average temperature, there were 
more observations for daily maximum temperature. As 
seen in figures 1 and 2, the OR of all-cause mortality 

Before PS matching After PS matching

Potassium 
group

No-
potassium 
group Standardised 

difference

Potassium 
group

No-potassium 
group Standardised 

differencen=106 907 n=230 948 n=105 939 n=105 939

  Vasodilators (%) 10.41 10.47 0.00 10.40 10.48 0.00

  Warfarin (%) 10.00 9.11 0.03 9.90 9.96 0.00

  Xanthine derivatives (%) 4.93 4.23 0.03 4.89 4.93 0.00

  Average daily dose of furosemide at 
cohort entry‡ ≥80 mg/day (%)

17.80 18.16 0.01 17.79 17.79 0.00

Healthcare services utilisation intensity

  Nursing home residence (%) 16.37 18.04 0.04 16.40 16.38 0.00

  Inpatient hospitalisation, mean 
number

0.71 0.68 0.02 0.71 0.72 0.01

  Outpatient visits, mean number 47.16 49.40 0.03 47.13 47.67 0.01

  Prescription drug fillings, mean 
number

25.71 24.73 0.05 25.66 25.74 0.00

*Urban residence: ascertained by the ZIP codes in the claims data used and ZIP Code to Carrier Locality File from the Centres for Medicare 
and Medicaid Services (Centers for Medicare and Medicaid Services, 2017).
†Kidney disease: kidney diseases, except for chronic kidney diseases or renal impairment.
‡Average daily dose of furosemide at cohort entry: excluded persons whose initial furosemide dose was greater than two times daily 
recommended maximum dose of 600 mg/day.
COPD, chronic obstructive pulmonary disease; PS, propensity score; RAAS, renin–angiotensin–aldosterone system; Ref, reference.

Table 1 Continued 

https://dx.doi.org/10.1136/bmjopen-2018-023809
https://dx.doi.org/10.1136/bmjopen-2018-023809
https://dx.doi.org/10.1136/bmjopen-2018-023809
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for potassium use (calculated from regression results) 
appeared to be lower (ie, its protective effect appeared 
to increase) when temperature was higher for both 
temperature metrics. The p values for the interaction 
terms of potassium were not statistically significant with 
daily average temperature (interaction with daily average 
temperature, p=0.332; and with daily average tempera-
ture squared, p=0.329), but were statistically significant 
with daily maximum temperature (interaction with 
daily maximum temperature, p=0.031; and with daily 
maximum temperature squared, p=0.028) (table 2). The 
estimated association corresponds to approximately a 
6% point reduction in the odds for each 1°C increase in 
daily average temperature between 28°C and 43°C, and 
a 4% point reduction in the odds for each 1°C increase 
in daily maximum temperature between 31°C and 49°C. 

The results for older adults showed similar patterns, but 
the CI were larger. In the sensitivity analysis that addi-
tionally controlled for daily relative humidity, the results 
were similar, and the p values for the interaction terms 
of potassium with daily maximum temperature were 
statistically significant (interaction with daily maximum 
temperature, p=0.028; and with daily maximum tempera-
ture squared, p=0.025) (table 3).

DIsCussIOn
This study examined whether the survival benefit of 
empiric potassium in users of furosemide (≥40 mg/day) 
increases with higher daily average temperature and daily 
maximum temperature. Consistent with earlier findings 
in the same population using 1999–2007 data,20 empiric 

Figure 1 OR and 95% CI of all-cause mortality for empiric potassium use versus non-use by temperature. Daily average 
temperature: 24°C–43°C (75°F–110°F). Daily maximum temperature: 24°C–49°C (75°F–120°F). Bold solid lines indicate OR, and 
thin dash lines indicate 95% CI.
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potassium use was associated with a survival benefit in 
furosemide (≥40 mg/day) initiators. The results suggest 
that this survival benefit may increase as daily maximum 
temperature increases. This relationship was statistically 
significant in the primary analysis and the sensitivity anal-
ysis that adjusted for daily relative humidity.

If this potential relationship between temperature and 
the survival benefit of empiric potassium is true, it would 
have important clinical and public health implications. It 
is well established that high outdoor temperature is asso-
ciated with increase in mortality and morbidity.39–43 Some 
excess deaths in furosemide users, especially among 
socioeconomically disadvantaged populations such as 
Medicaid enrollees in the USA, might be avoidable 
through interventions to increase potassium intake on 
hot days. The number of lives saved by such interventions 
would be expected to increase as global climate change 
continues.21–23

One might hypothesise seasonality in the association 
between temperature and mortality, or that individuals 

residing in warmer regions might tolerate increases in 
temperature better than those in cooler regions. Also, 
a temperature–potassium interaction on mortality, if it 
exists, might differ across subgroups, such as geographic 
regions, sociodemographic characteristics including 
age, comorbidities or degree of frailty. Because we were 
unable to explore such relationships given the limited 
number of high-temperature deaths, further research 
is warranted to investigate these potential relationships 
in diverse subgroups and health outcomes. In addition, 
future studies will need to investigate other functional 
forms or metrics of temperature, including lagged effects 
of heat, cumulative days of high temperature and varia-
tion from the mean temperature at a given location.

This study has several strengths. First, it used large-scale 
real-world data, representing about 40% of individuals in 
the US Medicaid programme that covers nearly one in five 
Americans. It also used ZIP code-level daily temperature 
data, which may better reflect the outdoor temperature 
at each individual’s place of residence than temperature 

Figure 2 OR and 95% CI of all-cause mortality for empiric potassium use versus non-use by temperature, additionally 
controlling for daily relative humidity. Daily average temperature: 24°C–43°C (75°F–110°F). Daily maximum temperature: 
24°C–49°C (75°F–120°F). Bold solid lines indicate OR, and thin dash lines indicate 95% CI.

Table 3 Logistic regression results to estimate temperature-modified empiric potassium’s effect on all-cause mortality in 
furosemide (≥40 mg/day) initiators, additionally controlling for daily relative humidity

Daily average temperature ≥24°C Daily maximum temperature ≥24°C

(n=6 345 029 person-days; 1862 deaths) (n=15 147 407 person-days; 4262 deaths)

Coefficient

95% CI

P value Coefficient

95% CI

P valueLower Upper Lower Upper

Temperature 0.2069 −0.3639 0.7777 0.477 −0.0529 −0.1825 0.0767 0.423

Temperature squared* −0.0032 −0.0136 0.0072 0.549 0.0011 −0.0010 0.0032 0.297

Potassium† −5.6409 −17.0326 5.7508 0.332 −3.2621 −6.1831 −0.3411 0.029

Temperature×potassium 0.4159 −0.4216 1.2534 0.330 0.2152 0.0235 0.4069 0.028

Temperature squared×potassium −0.0077 −0.0230 0.0076 0.327 −0.0036 −0.0067 −0.0005 0.025

Relative humidity‡ −0.0019 −0.0050 0.0012 0.233 −0.0055 −0.0077 −0.0033 <0.0001

Daily average temperature: 24°C–43°C (75°F–110°F). Daily maximum temperature: 24°C–49°C (75°F–120°F).
*Temperature squared: second degree polynomial term of temperature.
†Potassium: empiric potassium exposure status (0=empiric potassium users; 1=empiric potassium non-users).
‡Relative humidity: daily relative humidity.
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over larger geographic areas. Further, the study cohorts 
had good balance in the measured baseline covariates 
even before matching, and this balance improved further 
with propensity score matching, which suggests a limited 
role for potential confounding factors.

This study also has limitations. First, we did not have 
data on individuals’ use of air conditioning or the amount 
of time spent outdoors. Therefore, we do not know 
the degree to which subjects were actually exposed to 
outdoor temperatures. However, because all individuals 
in our study were enrolled in Medicaid, a public health 
insurance programme for socioeconomically disadvan-
taged individuals who meet certain low socioeconomic 
status criteria, it seems unlikely that the access to air 
conditioning is substantially different between users and 
non-users of empiric potassium who were matched on 
clinical variables. Prior studies that also lacked such data 
found associations between temperature and of a variety 
of health endpoints.39 40 42 Therefore, it seems likely that 
any potential bias introduced by lack of data on air condi-
tioning would have been toward the null. Second, results 
observed in US Medicaid enrollees, who have lower 
incomes and poorer health in general than other groups, 
might not be generalisable to other populations. Never-
theless, about 20% of the US population is enrolled in 
Medicaid; thus, this is an important population in its own 
right as well as from the public health and health policy 
perspectives. Third, although our study cohorts showed 
good balance in measured covariates, we cannot rule 
out the possibility of imbalances in unobserved factors. 
Finally, our study did not examine location-specific differ-
ences in the estimated associations, which may differ due 
to variation in the relationship between temperature and 
health.

COnClusIOns
The results suggest that empiric potassium’s survival 
benefit may increase as daily maximum temperature 
increases in Medicaid enrollees who initiate furosemide 
(≥40 mg/day). This potential relationship should be 
confirmed in independent data sets. Given the wide-
spread use of furosemide, interventions based on this 
relationship might be able to benefit many people world-
wide, especially those socioeconomically more vulnerable 
and living in high-temperature areas.
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