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Abstract

Background Data on the relationship between potassium intake and major cardiovascular events (MACE) in patients
with diabetes are scarce. We aim to study the association between estimated potassium intake and risk of MACE in
individuals with type 2 diabetes.

Methods The discovery cohort consisted of 1572 participants with type 2 diabetes from a secondary hospital. The
validation cohort consisted of 1430 participants with diabetes from a multicenter study (Chronic Renal Insufficiency
Cohort, CRIC). Potassium intake was estimated from potassium in spot urine using Kawasaki formula and in 24-h
urine collection in two cohorts, respectively. The primary outcome was MACE defined as a composite of myocardial
infarction, stroke and cardiovascular death.

Results During a median of 8.2 years of follow-up, 341 MACE events were identified in discovery cohort. Compared
to the lowest tertile, participants with potassium intake in the top tertile had 34% lower risk for MACE after adjustment
for cardio-renal risk factors (adjusted hazard ratio, aHR [95% Cl], 0.66 [0.49-0.89]). This inverse association was more
pronounced in participants with normal or moderately elevated albuminuria as compared to those with severely
elevated albuminuria (urine albumin-to-creatinine ratio > 300 mg/g, p for interaction < 0.05). In consistence, a higher
potassium intake was independently associated with a lower risk of MACE in CRIC participants with diabetes and
moderately elevated albuminuria (@HR 0.61 [0.42-0.90], top vs. lowest tertile).

Conclusions A high level potassium intake estimated from urine potassium excretion was independently associated
with a low risk of MACE in patients with type 2 diabetes. Increasing potassium intake may be a potential effective
strategy for cardiovascular risk reduction beyond controlling traditional risk factors.
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Background

The incidence rate of cardiovascular events has declined
substantially in patients with diabetes in developed
countries over the past two decades, largely attributable
to improved control of traditional risk factors includ-
ing hypertension and dyslipidaemia [1, 2]. Nevertheless,
cardiovascular disease (CVD) is still the leading cause
of morbidity and mortality in diabetic population [2, 3].
Compared to their counterparts with no diabetes, indi-
viduals with type 2 diabetes have approximately two-fold
increased risk for CVD even after adjustment for tradi-
tional risk factors [2, 4, 5]. This unmet clinical need may
require interventional strategies targeting non-traditional
risk factors to further reduce the risk of CVD.

Despite the large number of observational studies that
have associated inadequate potassium intake with an
elevated blood pressure and a high risk of cardiovascu-
lar events in general population [6—11], increasing potas-
sium intake as an approach for CVD risk reduction has
been less emphasized in current guidelines in contrast
with the focus on controlling excessive sodium intake [12,
13]. Data from two recent large-scale randomized con-
trolled trials suggest that the role of adequate potassium
intake in CVD risk management should be revisited [14].
Specifically, both the SSaSS (Salt Substitute and Stroke
Study) study and the DECIDE-Salt (The Diet, ExerClse
and carDiovascular hEalth-Salt Reduction Strategies for
Seniors in Residential Facilities) study showed that potas-
sium supplementation significantly reduced the risk of
CVD even without an overt reduction in sodium intake
[15, 16]. Noteworthy, subgroup analysis in SSaSS study
suggested that potassium supplementation had a similar
beneficial effect on stroke prevention in both diabetic
and non-diabetic subpopulations [16].

The majority of the previous clinical studies on the rela-
tionship between potassium intake and CVD outcome
have focused on the general population whereas data
from the patients with diabetes are scarce. To our knowl-
edge, only one prospective study reported an inverse
association between potassium intake and a composite
cardio-renal outcome in patients with type 2 diabetes and
preserved kidney function. Nevertheless, the authors did
not specifically report the CVD outcome [17]. To fill this
knowledge gap, we sought to study whether the level of
potassium intake may predict the risk of major cardiovas-
cular events (MACE) and all-cause mortality in individu-
als with type 2 diabetes. We hypothesize that a higher
level of potassium intake estimated from urine excretion
is associated with a lower risk of MACE in patients with
diabetes.

Methods
We adopted a discovery and trans-ethnic validation
approach for this prospective cohort study.
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Participants

The discovery study was nested in Singapore KTPH-
DKD (Khoo Teck Puat Hospital Diabetic Kidney Disease)
cohort, an observational study aimed at characterizing
the risk factors for CVD and CKD in South East Asian
patients with diabetes [3, 18]. Briefly, 2061 patients with
type 2 diabetes and age above 21 years old were recruited
consecutively from outpatient clinics in a regional hos-
pital in Singapore between March 2004 and Decem-
ber 2015. Type 2 diabetes was diagnosed by attending
physicians after excluding type 1 diabetes and diabetes
attributable to specific causes. Exclusion criteria were
pregnancy, cancer, autoimmune disease and overt infec-
tion on active treatments, end stage kidney disease
(sustained eGFR below 15 ml/min/1.73 m? or dialysis)
and kidney disease attributable to known genetic or
immune causes. We excluded 82 participants with no
urine samples available and 240 participants with miss-
ing values of either weight or height which prevented the
estimation of 24-h potassium intake from fasting spot
urine. We further excluded 167 participants with base-
line eGFR<30 ml/min/1.73 m? because patients with
advanced kidney disease are often advised to reduce
intake of high potassium foods due to the perceived risk
of hyperkalemia.

The validation study is nested in the Chronic Renal
Insufficiency Cohort (CRIC), a multicenter observa-
tional study aimed at characterizing the risk factors for
CVD and CKD progression in patients with CKD in the
United States. Baseline demographic and clinical char-
acteristics of the cohort have been described previously
[19]. The data used for the current study were provided
by the National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) Central Repository. Of 3766
CRIC participants with 24-h urine potassium measured
at baseline visit, 1818 had diabetes at cohort enrolment.
We included all 1430 participants with diabetes and base-
line eGFR>30 ml/min/1.73 m? in this analysis. It was
estimated that type 1 diabetes might account for 10% of
CRIC participants with diabetes. Participant selection
has been illustrated in (Additional File 1, Figure S1).

Both discovery and validation cohort studies are
observational. Participants were treated by their attend-
ing physicians in usual clinical care. No protocol-based
dietary advice was given to participants.

Identification of MACE and mortality events
The primary outcome was 3-point MACE, i.e. a compos-
ite of myocardial infarction, stroke and cardiovascular
death, whichever occurred first. The secondary outcome
was the individual component of the composite MACE
and all-cause mortality.

In discovery cohort, participant baseline clinical data
were linked with the Singapore myocardial infarction
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registry, stroke registry and death registry, respectively,
by the unique national registration identification num-
ber. The myocardial infarction registry captures fatal and
non-fatal cases diagnosed in all public and private hos-
pitals based on symptoms, cardiac biomarkers and/or
abnormal electrocardiogram. Similarly, stroke was diag-
nosed by certified doctors based on clinical signs of cere-
bral function disturbance lasting more than 24 h with no
apparent cause other than a vascular origin. Cardiovascu-
lar death was identified by the primary cause of death on
the death certificate. As the notification of all myocardial
infarction cases and death events to the national registry
is mandated by law, the capture rate may be considered
100%. The stroke registry captures cases diagnosed in all
public hospitals and covers about 94% of the stroke cases
in the country [20]. Event identification for this study was
censored at December 31, 2018.

In validation cohort, myocardial infarction, stroke, car-
diovascular death and all-cause death events were ascer-
tained by CRIC investigators and transferred through
NIDDK central repository.

Estimation of 24-h potassium intake

Urinary potassium excretion is an established surrogate
for dietary potassium intake because dietary potassium is
primarily excreted in urine [21]. In discovery study, spot
urine specimen was collected after overnight fasting. The
24-h urine potassium excretion was estimated by the for-
mula described by Kawasaki (Additional File 1, supple-
mentary method) [22]. This method was derived in Asian
population and has been widely used in observational
studies [8, 23]. In the validation study in CRIC partici-
pants, 24-h urine potassium excretion was measured in
24-h urine collection during the baseline visit.

Clinical and biochemical variables

In the discovery cohort, age, sex, ethnicity and smoking
status were self-reported. History of cardiovascular dis-
ease which included non-fatal myocardial infarction and
stroke were queried at cohort recruitment and validated
by reviewing electronic medical records after enrolment.
Blood pressure was measured by a semi-auto sphygmo-
manometer. Body weight was measured by a calibrated
scale and height was measured by stadiometer. Body
mass index (BMI) was calculated as weight in kg divided
by the square of height in meter. HbAlc was measured
by immunoturbidimetric method (Cobas Integra 800
Analyzer; Roche, Basel, Switzerland). High-density
lipoprotein (HDL) cholesterol, low-density lipoprotein
(LDL) cholesterol and triacylglycerol were measured by
enzymatic methods (Cobas C System; Roche Diagnostic
GmbH, Mannheim, Germany). Serum and urine creati-
nine was quantified by an enzymatic method traceable
to an isotope dilution mass spectrometry reference. The
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estimated glomerular filtration rate (eGFR) was calcu-
lated based on serum creatinine using 2009 CKD-EPI
(Chronic Kidney Disease-Epidemiology Collaboration)
formula. Urine albumin was quantified using an immu-
noturbidimetric assay (Roche Cobas c; Roche Diagnos-
tics, Mannheim, Germany). Albuminuria was presented
as urine albumin-to-creatinine ratio (ACR).

In the validation cohort, baseline clinical and biochem-
ical variables were collected by CRIC investigators and
have been described in details elsewhere [19]. Consistent
with the discovery study, we also used eGFR estimated by
CKD-EPI formula based on serum creatinine in this anal-
ysis. Information on diabetes duration was not collected
in CRIC study.

Statistical analysis
Clinical and biochemical variables were presented as
mean (SD), median (interquartile range, IQR) or percent-
age where appropriate. Urine ACR and serum triacylg-
lycerol were natural log-transformed due to the skewed
distribution. Differences in baseline characteristics across
tertiles of 24-h urine potassium excretion were com-
pared using one-way ANOVA or y* test for continuous
and categorical variables respectively, whilst differences
between participants with and without MACE events
were compared by Student t test or x> test. We handled
missing values by listwise deletion because of the low rate
of missingness (<0.5% for each variable in both cohorts).

We plotted the cumulative risk of MACE across ter-
tiles of 24-h potassium excretion using the Kaplan-Meier
method. We fitted multivariable Cox proportional hazard
(PH) regression models to study the associations between
the 24-h potassium excretion at baseline and MACE out-
come during follow-up. Based on biological plausibil-
ity, we adjusted age, sex, ethnicity (Chinese or White as
reference, respectively), CVD history (yes or no), active
smoking (yes or no), BMI, diabetes duration (discovery
cohort only), HbAlc, SBP, HDL cholesterol, LDL choles-
terol, triacylglycerol (log-transformed), baseline eGFR,
urine ACR (log-transformed), usage of renin-angiotensin
system (RAS) blocker (yes or no) and statin (yes or no).
We adjusted usage of diuretics (yes or no) only in vali-
dation cohort because this variable was not available in
discovery cohort. We assessed the associations between
24-h urine potassium excretion and individual cardio-
vascular outcome as well as all-cause mortality using the
same approach. PH assumption was assessed by Schoen-
feld residuals and by modelling the product of urine
potassium X time as a covariate in the Cox regression
models. We did not identify violation of PH assumption
in Cox regression models.

We included the multiplicative interaction term (urine
potassium tertile X subgroup) as a covariate in the Cox
regression models to assess whether sex, CKD status
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(eGFR=60 vs. <60 ml/min/1.73 m?), albuminuria sever-
ity (urine ACR>300 vs. <300 mg/g), HbAlc level (=8%
vs. <8%) and CVD history (yes or no) modified the asso-
ciation between 24-h urine potassium excretion and
MACE outcome, respectively.

We performed two sensitivity analyses to assess
the robustness of the main findings. One, we treated
non-CVD death as a competing risk in the analysis on
MACE outcome (Fine and Gray subdistribution). Two,

Table 1 Participant baseline clinical and biochemical
characteristics

KTPH-DKD cohort CRIC

cohort
N=1572 N=1430
Estimated potassium intake (g/24 h)*  2.09 (1.78-2.44) 2.02
(1.52-2.73)
Age (years) 571+118 58.5+9.8
Male sex (%) 619 57.1
Ethnicity (%)
Chinese 62.1 -
Malay 204 -
Asian Indian 17.5 -
White - 428
Black - 443
Others - 129
Active smoking (%) 139 12.0
CVD history (%) 8.6 413
Body mass index (kg/m?) 26.8+5.2 342+82
Diabetes duration (years)** 11.3£85 -
HbATc (%) 85+£20 77+1.7
HbA1c(mmol/mol) 69+ 16 61+13
Blood pressure (mmHg)
Systolic 135+19 132+22
Diastolic 77+11 70£13
Lipid profile (mM)
HDL cholesterol 1.26+0.38 1.16+0.36
LDL cholesterol 2.80+£0.90 248+0.88
Triacylglycerol 149 (1.08-2.17) 1.51
(1.04-2.20)
eGFR (ml/min/1.73 m?) 83+26 47412
Urine ACR (mg/g) 37 (11-176) 102
(15-691)
Medication usage (%)
RAS blocker 63.0 815
Diuretics** - 68.0
Statin 754 68.6
Insulin 339 49.8

ACR albumin-to-creatinine ratio, CVD cardiovascular disease, RAS renin-
angiotensin system

“Potassium intake was estimated from 24-h urine potassium excretion. 24-h
urine potassium excretion was estimated by Kawasaki formula in fasting spot
urine in Singapore KTPH-DKD cohort whilst it was measured in 24-h urine
collection in CRIC cohort

“Data on diuretics usage in KTPH-DKD cohort and diabetes duration in CRIC
cohort were not collected. Normally distributed continuous variables were
presented as meanzSD. Serum triacylglycerol, urine ACR and 24-h urine
potassium excretion were presented as median (interquartile range)
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we re-defined the tertile stratification of 24-hour urine
potassium excretion in validation cohort using the same
cut-off value in the discovery cohort.

Data analyses were performed using STATA 18 (Stata-
Corp LP, Texas) and SPSS (version 27, IBM, Chicago, IL).
A two-sided p value<0.05 was considered as statistically
significant.

Results

Participant characteristics

A total of 1572 participants were included in the discov-
ery study. Mean age was 57 +/- 12 years old and diabetes
duration was 11 +/- 9 years. The proportion of Chinese,
Malay and Asian Indian was 62%, 20% and 18%, respec-
tively. The mean eGFR at baseline was 83 +/- 26 ml/
min/1.73 m? (Table 1). The median of potassium intake
estimated from spot urine was 2.09 (IQR 1.78-2.44) g/
day while only 24 (1.5%) participants had potassium
intake above 3.5 g/day as recommended by the guideline
[24]. Compare to those in the lower tertile, participants
with potassium intake in the top tertile were younger,
had a lower systolic blood pressure, higher BMI, higher
eGFR and lower urine ACR. They were more likely to be
of male sex, Chinese ethnicity and active smoker (Addi-
tional File 1, Table S1).

A total of 1430 CRIC participants with diabetes were
included in the validation study. Their mean age was 59
+/- 10 years old. The proportion of the White, Black and
other ethnicity was 43%, 44% and 13%, respectively. The
mean eGFR at baseline was 47 +/- 12 ml/min/1.73 m?
(Table 1). The median of potassium intake estimated
from potassium in 24-hour urine collection was 2.02
(IQR 1.52-2.73) g/day whilst 133 (9.3%) participants had
potassium intake above 3.5 g/day. Compare to those in
the lower tertile, participants with potassium intake in
the top tertile had lower SBP, HbAlc, higher BMI and
eGEFR. They were more likely to be male sex, White race
and less likely to be active smokers (Additional File 1,
Table S2).

Association between estimated potassium intake and risk
of MACE in discovery cohort
During a median of 8.2 (IQR 4.1-10.1) years of follow-up
(11,520 patient-years), we identified 341 MACE events
in the discovery cohort (crude incidence 2.96 per 100
patient-years). Compared to counterparts without the
events, participants with MACE occurrence were older,
had a longer diabetes duration, higher HbA1c, SBP, lower
eGER and higher urine ACR. Also, they were more likely
to have CVD history and be active smokers (Additional
File 1, supplementary Table S3).

Compared to those in the lowest tertile, participants
with potassium intake in the top tertile had a 34% lower
risk for the MACE outcome after adjustment for known
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demographic and cardio-renal risk factors including
eGFR and urine ACR (adjusted HR 0.66 [0.49-0.89], top
vs. lowest tertile, Table 2).

We identified 181 events of myocardial infarction, 109
events of stroke and 141 events of death attributable to
CVD causes. Compared to the lowest tertile, participants
with potassium intake in the top tertile had a 34% lower
risk for myocardial infarction (adjusted HR 0.66 [0.43—
1.00]) and 51% lower risk for stroke (adjusted HR 0.49
[0.29-0.84]) after adjustment for known cardio-renal
risk factors. The association between potassium intake
and CVD death was not statistically significant in the
multivariable model (Additional File 1, supplementary
Table S4).

Urine albuminuria level modified the association
between potassium intake and the risk of MACE (p
for interaction<0.05). Subgroup analysis showed that
the inverse association between potassium intake and
the risk of MACE was more pronounced in partici-
pants with normal to moderately elevated albuminuria
(ACR <300 mg/g), while the association was not statisti-
cally significant in those with severely elevated albumin-
uria (ACR>300 mg/g, Table 2; Fig. 1).

The level of estimated potassium intake did not inter-
act with sex, CVD history (yes vs. no), HbAlc level (=8%
vs. <8%) and CKD status (eGFR =60 vs. <60 ml/min/1.73
m?, Additional File 1, supplementary Table S5) in asso-
ciation with MACE outcome (all p values for interaction
terms>0.05).

Validation study in CRIC cohort

During a median of 10.9 (IQR 5.4—14.4) years of follow-
up (14,124 patient-years), 390 MACE events were regis-
tered in validation cohort (crude incidence 2.76 per 100
patient-years). Similar to that in discovery study, CRIC
participants with MACE occurrence were older, had
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a higher HbAlc, SBP, a lower eGFR and a higher urine
ACR. They were more likely to have CVD history, be of
active smoker and male sex (Additional File 1, supple-
mentary Table S3).

Consistent with findings in the discovery study, urine
albuminuria level also modified the association between
the estimated potassium intake and the risk of MACE in
CRIC participants with diabetes (p for interaction <0.05).
In the subgroup with normal to moderately elevated
albuminuria, participants with estimated potassium
intake in the top tertile had 39% lower risk for MACE
after adjustment for clinical risk factors (adjusted HR
0.61 [0.42-0.90]) as compared to the lowest tertile. In
contrast, potassium intake level was not associated with
the risk of MACE in those with severely elevated albu-
minuria (Table 2; Fig. 1). Further analysis showed that
the associations between estimated potassium intake and
myocardial infarction and stroke were more pronounced
in participants with normal to moderately elevated albu-
minuria as compared to those with severely elevated
albuminuria. Estimated potassium intake was not sig-
nificantly associated with risk of CVD death (Additional
File 1, Table S6).

Sensitivity analysis

The associations between estimated potassium intake
and risk of MACE were minimally changed when non-
CVD death was treated as a competing risk for MACE in
both discovery and validation cohorts (Additional File 1,
supplementary Table S7). Similar outcome was obtained
when the tertiles of estimated potassium intake in CRIC
cohort were re-defined using the cutoff value in KTPH-
DKD cohort (Additional File 1, supplementary Table S8).

Table 2 Associations between potassium intake estimated from 24-h urine potassium excretion and risk of major adverse

cardiovascular events (MACE)

All participants Urine ACR<300 mg/g Urine ACR>300 mg/g
HR (95% Cl) P value HR (95% ClI) P value HR (95% ClI) Pvalue
Discovery (KTPH-DKD)
Event/N 341/1572 228/1269 113/303
Tertile 1 Reference Reference Reference
Tertile 2 0.84 (0.65-1.09) 0.19 0.91 (0.66-1.24) 0.54 0.61(0.37-1.00) 0.05
Tertile 3 0.66 (0.49-0.89) 0.007 0.63 (0.43-0.93) 0.020 0.65(0.38-1.11) 0.11
Validation (CRIC)
Event/N 381/1393 198/883 183/510
Tertile 1 Reference Reference Reference
Tertile 2 0.88(0.68-1.13) 0.31 0.75 (0.53-1.05) 0.09 1.02 (0.70-1.50) 092
Tertile 3 0.84 (0.64-1.10) 0.20 0.61 (0.42-0.90) 0.012 1.14.(0.77-1.69) 0.51

Multivariable Cox PH regression model: time to first MACE event was outcome. The estimated potassium intake was exposure (tertile 1 with the lowest potassium
intake as reference). Multivariable model adjusted age, sex, ethnicity (Chinese and White as reference, respectively), CVD history (yes or no), active smoking (yes
or no), body mass index, diabetes duration (Singapore cohort only), HbAlc, SBP, HDL cholesterol, LDL cholesterol, triacylglycerol (log-transformed), eGFR, urine
ACR (log-transformed), usage of statin (yes or no), RAS blocker (yes or no) and diuretics (yes or no, CRIC only). HR (95% Cl) that reach statistical significance are bold
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Discovery: uACR < 300 mg/g
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Discovery: uACR > 300 mg/g

Proportion of participants with MACE
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Fig. 1 Cumulative of risk of MACE stratified by level of potassium intake estimated from 24-h urine potassium excretion in participants with normal to
moderately elevated albuminuria (urine ACR <300 mg) and those with severely elevated albuminuria (urine ACR =300 mg/q)

Association of estimated potassium intake with risk of all-
cause mortality

We identified 315 death events during follow-up in the
discovery cohort. Compared to the lowest tertile, partici-
pants with estimated potassium intake in the top tertile
had a significantly lower risk for all-cause death in uni-
variable analysis (HR 0.42 [0.32-0.56]). However, the
strength of association was non-significant after adjust-
ment for cardio-renal risk factors (adjusted HR 0.77
[0.56—1.06], Table 3).

In the validation cohort, 704 death events were regis-
tered during follow-up. Compared to those in the low-
est tertile, CRIC participants with estimated potassium
intake in the top tertile had a 31% lower risk for all-cause

death after adjustment for known clinical risk factors
(adjusted HR 0.69 [0.57—-0.84], Table 3).

Albuminuria level, HbAlc level and CVD history did
not modify the association between the level of potas-
sium intake and risk of all-cause death in either the dis-
covery or the validation cohort (all p value for interaction
terms>0.05).

Discussion

In this prospective study which included two cohorts
of patients with vast differences in genetic background,
environmental exposure and a broad spectrum of kidney
function, we found that a high level of potassium intake
estimated from potassium excretion in spot urine and
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Table 3 Associations between potassium intake estimated from
24-h urine potassium excretion and risk of all-cause mortality
Discovery (KTPH-DKD) Validation (CRIC)

HR (95% ClI) Pvalue HR(95% Cl) Pvalue
Event/N 315/1572 704/1393
Tertile 1 Reference Reference
Tertile2  0.81(0.62-1.07)  0.13 0.87 (0.72-1.04) 0.12
Tertile3  0.77(0.56-1.06)  0.12 0.69 (0.57-0.84) <0.001

Multivariable Cox PH regression: time to all-cause death event was outcome.
Potassium intake estimated from 24-h urine potassium excretion was exposure
(tertile 1 with lowest potassium intake as reference). Multivariable model
adjusted age, sex, ethnicity (Chinese and White as reference, respectively), CVD
history (yes or no), active smoking (yes or no), BMI, diabetes duration (Singapore
cohort only), HbA1c, SBP, HDL cholesterol, LDL cholesterol, triacylglycerol (log-
transformed), eGFR, urine ACR (log-transformed), usage of statin (yes or no),
RAS blocker (yes or no) and diuretics (yes or no, CRIC only). HR (95% Cl) that
reach statistical significance are bold

24-hour urine collection, respectively, was associated
with a low risk for the adverse cardiovascular outcome
in patients with diabetes, especially in those with normal
to moderately elevated albuminuria. Also, a high level of
estimated potassium intake was potentially associated
with a relatively low risk of all-cause death regardless of
albuminuria status. The inverse associations between
estimated potassium intake and the risk of MACE and
all-cause death were independent of traditional cardio-
renal risk factors including blood pressure, lipid profile
and baseline kidney filtration function. These data sug-
gest that increasing potassium intake may be a potential
effective strategy for CVD risk reduction in patients with
diabetes, if this hypothesis can be tested in future inter-
ventional studies.

Previous observational studies have associated a high
level of potassium intake estimated from urine potassium
with a low risk for cardiovascular events in the general
population [6, 9, 10, 25, 26], although inconsistent out-
comes have also been reported. For example, Groenland
et al. found that a high 24-hour urine potassium excretion
estimated using the Kawasaki formula was associated
with an increased risk of recurrent MACE and mortal-
ity in participants with prevalent vascular disease [27],
whilst Kieneker et al. reported that measured 24-hour
urinary potassium excretion was not independently
associated with cardiovascular events in participants
oversampled with albuminuria [28]. We postulate that
these discrepancies may be partly accounted by the dif-
ferences in population characteristics and comorbidities.
Noteworthy, two recently reported cluster randomized
controlled trials showed that potassium supplementation
by replacing 25% of regular salt with potassium chloride
significantly reduced the risk of CVD independent of
sodium intake [15, 16], supporting that increasing potas-
sium intake may be effective for CVD risk reduction at
the population level. To our knowledge, data on the rela-
tionship between potassium intake and major cardio-
vascular events in diabetic population are scarce. Our
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data fills this knowledge gap and may hopefully prompt
future interventional studies to determine the efficacy of
increasing potassium intake as an approach for CVD risk
control in patients with diabetes.

We reasoned that a high potassium intake may reduce
the risk of cardiovascular disease through blood pres-
sure—lowering effect and blood pressure—independent
mechanisms in patients with diabetes. The blood pres-
sure-lowering effect of potassium has been well estab-
lished [6]. However, the association of potassium intake
with CVD outcome was independent of blood pressure
in the current and previous studies, suggesting that the
blood pressure lowering effect only partly mediates the
CVD risk reduction conferred by an increased amount
of potassium intake. High potassium intake may also
improve endothelial function and prevent atheroscle-
rosis by a blood pressure-independent mechanism [29].
More importantly, potassium-rich foods like fresh fruits,
vegetables and whole grains are major components of a
healthy diet [30, 31]. They contain a high amount of vita-
mins, fiber, high quality protein and lipids which have
beneficial effects on cardiovascular health [32]. We could
not address whether the inverse association of potassium
intake with risk of CVD was mediated by healthy food
in our study. Nevertheless, the SSaSS and DECIDE-Salt
studies provide strong evidence to support that increas-
ing potassium intake alone may reduce CVD events inde-
pendent of foods rich in potassium.

Under-consumption of potassium has been a pub-
lic health concern for decades [33]. Both World Health
Organization and the Europe Food Safety Author-
ity recommend 3.5 g potassium intake per day [24, 34].
Other than among those with advanced CKD and high
risk of hyperkalemia, current guideline does not recom-
mend a restriction on potassium intake [35]. The esti-
mated ~ 2.1 g/day potassium intake in participants of our
cohorts was close to the 2.4 g/day intake in the general
population in Singapore [36], and 2.2 g/day in the gen-
eral population in US [37, 38]. Of note, only less than 10%
participants have potassium intake reaching the recom-
mended level, highlighting the existence of under-con-
sumption of potassium in patients with diabetes in both
Asia and the United States [14].

There are two approaches to increase potassium intake,
i.e. through consuming a high amount of potassium-
rich foods or by direct potassium supplementation such
as salt substitution [14]. The latter approach does not
require a dramatic change in dietary pattern in individu-
als [39]. Given that there are no robust data from clinical
trials demonstrating the efficacy and safety of potassium
supplementation in patients with diabetes, clinical practi-
tioners may encourage patients consume a high amount
of potassium-rich foods which are in line with current
guidelines [12, 13].
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The finding that potassium intake interacted with
albuminuria level, but not the eGFR-based CKD sta-
tus, in association with MACE is novel and intriguing.
Albuminuria and a low eGFR represent overlapping but
distinct pathophysiology associated with kidney dis-
ease [40]. Albuminuria may reflect systemic endothelial
dysfunction that alters inflammatory and thrombotic
cascades, leading to atherothrombotic events [41]. Com-
pared to a low eGFR, albuminuria is a more sensitive
biomarker for incident cardiovascular events in patients
with diabetes mellitus [42]. In an early study in CRIC
cohort, an elevated albuminuria but not a low eGFR was
independently associated with risk of stroke [43]. We
postulate that patients with diabetes and severely ele-
vated albuminuria may represent the subpopulation with
severe endothelial dysfunction and a greater atheroscle-
rotic burden. Therefore, a high level of potassium intake
may not significantly alter the disease course of CVD in
this subpopulation. Nevertheless, an increased potassium
intake was associated with a low risk of all-cause mortal-
ity regardless of albuminuria levels, suggesting that an
increased potassium intake may confer beneficial effects
beyond CVD risk reduction in patients with diabetes.

Strengths of the current work include a relatively large
sample size and a long-term follow-up. We have consid-
ered the main cardiovascular risk factors including smok-
ing, CVD history, dyslipidemia and blood pressure in our
study. Notably, we adjusted eGFR and urine ACR, two
important determinants of CVD and mortality in dia-
betic population, in our data analysis. The main findings
in two cohorts of patients with vast differences in CKD
status, genetic background and environmental exposure
were generally in agreement despite that we used differ-
ent approaches to estimate potassium intake, suggesting
our findings are potentially generalizable.

Several important weaknesses should be highlighted.
First, we do not have data on dietary intake and food
sources of potassium. A high intake of potassium-rich
foods is often associated with choice of other healthier
lifestyles such as increased physical activity which cannot
be accounted for in this study [30, 31]. Second, although
widely used in epidemiology studies, the 24-hour urine
potassium excretion estimated by Kawasaki formula
based on fasting spot urine lacks accuracy for individu-
als [37]. This may introduce random error, reduce sta-
tistical precision and likely bias the association toward
the null, ie. false negative, although this weakness of
methodology may not be a major concern for the statis-
tically significant findings in the discovery cohort. On
the other hand, we would highlight that urine potas-
sium excretion might have been altered in the presence
of kidney impairment, comorbidity and medication
usage in patients with diabetes. Further studies are war-
ranted to ascertain to what extent the potentially altered
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kidney potassium metabolism may affect the relationship
between 24-hour urine potassium excretion and dietary
potassium intake specifically in patients with diabetes
and moderately impaired kidney function. Third, due to
nature of the study, we cannot infer causality. Neither are
we able to elucidate the pathophysiologic mechanisms
underlying the association between potassium intake and
CVD risk. Fourth, like all observational studies, unmea-
sured or residual confounding is inevitable. For example,
we do not have information on diuretics usage in discov-
ery cohort. Some important risk factors for CVD such
as socioeconomic status are not available in this study
either.

Conclusion

A high level of potassium intake estimated from urine
potassium excretion was associated with a low risk for
cardiovascular events and all-cause mortality indepen-
dent of clinical cardio-renal risk factors in patients with
diabetes. Our findings may lay the foundation for, and
prompt future interventional studies to explore whether
increasing potassium intake is an effective approach for
cardiovascular prevention in patients with diabetes,
especially in those with normal to moderately elevated
albuminuria.
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