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ABSTRACT 

Background: Renal transplant recipients (RTRs) have commonly been urged 
to limit their potassium intake during renal insufficiency and dialysis and may 
adhere to this principle after transplantation. Importantly, in experimental animal 
models, low dietary potassium intake induces kidney injury through stimulation 
of ammoniagenesis. In humans, low potassium intake is an established risk factor 
for high blood pressure. We hypothesized that low 24-hour urinary potassium 
excretion, the gold standard for assessment of dietary potassium intake, 
represents a risk factor for graft failure and mortality in RTRs. In secondary 
analyses, we aimed to investigate whether these associations could be explained 
by ammoniagenesis, plasma potassium, or blood pressure. 

Methods: In a prospective cohort of 705 RTRs, we assessed dietary potassium 
intake by a single 24-hour urinary potassium excretion and food-frequency 
questionnaires. Cox regression analyses were used to investigate prospective 
associations with outcome.

Results: We included 705 stable RTRs (mean ± SD age: 53 ± 13 years; 57% men) at 
5.4 (IQR: 1.9-12.0) years after transplantation and 253 kidney donors. Mean ± SD 
urinary potassium excretion was 73 ± 24 mmol/24h in RTRs compared with 85 ± 
25 mmol/24h in kidney donors. During follow-up for 3.1 years (IQR: 2.7-3.9 years), 
45 RTR developed graft failure and 83 died. RTRs in the lowest sex-specific tertile 
of urinary potassium excretion (women, <55 mmol/24h; men, <65 mmol/24h) had 
an increased risk of graft failure (HR, 3.70; 95% CI, 1.64-8.34) and risk of mortality 
(HR, 2.66; 95% CI, 1.53-4.61), independent of potential confounders. In causal 
path analyses, 24-hour urinary ammonia excretion, plasma potassium, and blood 
pressure did not affect these associations. 

Conclusions: Our results indicate that low urinary potassium excretion is 
associated with a higher risk of graft failure and mortality in RTRs. Specific 
attention for adequate potassium intake after transplantation seems warranted.
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INTRODUCTION

Survival rates of renal transplant recipients (RTRs) have markedly increased 
over the last decades (1). Advances in immunosuppressant medications have 
led to clinically relevant reductions in the incidence of acute rejection and early 
posttransplant mortality. However, long-term outcomes are still poor with 
approximately half of all cadaveric renal allografts lost in a period of 10-12 years 
after transplantation (2).

Before transplantation, patients with chronic kidney disease (CKD) are 
generally advised to limit potassium intake (e.g., fruit and vegetables) because of 
the risk of hyperkalemia. After transplantation, there is usually no clear incentive 
to increase potassium intake. It is therefore likely that RTRs maintain their habitual 
dietary potassium restrictions after transplantation. 

Importantly, in the 1980s, Tolins et al. (3) and Nath et al. (4) showed in 
experimental animal models that chronic potassium deficiency induces kidney 
injury. It may therefore be hypothesized that a continued low potassium intake 
after transplantation is detrimental for the graft function in the long term. 

One of the potential mechanisms by which the detrimental effect of 
low potassium intake has been suggested to ensue is through stimulation of 
ammoniagenesis, which may induce progressive, tubulointerstitial damage 
(3, 4). It is unclear whether low potassium intake needs to be associated with 
hypokalemia to render this mechanism operational (5). 

An alternative mechanism in the causal path by which low potassium intake 
could lead to increased risk of graft failure and mortality would be through 
induction of high blood pressure (6). A meta-analysis of short-term, randomized 
controlled trials clearly demonstrates that a high potassium intake results in lower 
blood pressure (7). 

The primary aim of this study was to prospectively investigate the association 
of 24-hour urinary potassium excretion, the gold standard to assessment of 
dietary potassium intake (8), with graft failure and mortality in RTRs. Furthermore, 
we aimed to analyze whether putative associations with graft failure and mortality 
depend on urinary ammonia excretion, plasma potassium, or systolic blood 
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pressure. A secondary aim of this study was to investigate whether potassium 
intake is lower in RTRs than in healthy, living kidney donors.

MATERIALS AND METHODS

Study population
All RTRs (aged ≥18 years) that were ≥1 year after transplantation were approached 
for participation during outpatient clinic visits between 2008 and 2011, as 
described previously (9). RTRs were all transplanted in the University Medical 
Center Groningen, Groningen, the Netherlands. No drug or alcohol abuse history 
was noted. Written informed consent was obtained from 707 (87%) from the 817 
initially invited RTRs. We excluded patients with missing data on urinary potassium 
excretion (n=2), resulting in 705 RTRs eligible for analyses (Supplemental Figure 
1). To investigate the hypothesis that RTRs have a lower potassium intake than 
kidney donors do, we included 284 subjects who participated in a screening 
program before kidney donation and were already included in a different cohort. 
We excluded donors with missing data on urinary potassium excretion (n=31), 
resulting in 253 kidney donors. None had history of kidney disease, diabetes, or 
cardiovascular events. Hypertension, if present, was treated with a maximum of 
one antihypertensive drug. The study protocol was approved by the institutional 
review board (METc 2008/186). The study protocol adhered to principles of the 
Declaration of Helsinki.

Assessment of urinary potassium excretion 
Determination of urinary potassium excretion was performed on 24-hour urine 
specimens by indirect potentiometry (ISE, Roche modular). The potassium 
concentration in mmol/L was multiplied by the actual measured urine volume in 
L/24h to obtain a value in mmol/24h. The coefficient of variation of a single 24-
hour urine potassium collection and the representativeness of a single 24-hour 
urine potassium collection over time are described in the Supplemental Material. 
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Outcome ascertainment
The primary endpoints of this study were all-cause mortality and death-censored 
transplant failure, defined as return to dialysis therapy or retransplantation. The 
continuous surveillance system of the outpatient program ensures up-to-date 
information on patient status and cause of graft failure. The cause of graft failure 
was obtained from patient records and was reviewed by a blinded nephrologist. 
Renal histological information was obtained from biopsies performed <3 years 
before graft failure. Indication to perform a renal biopsy was suspicion of a 
treatable cause of graft failure. Chronic allograft dysfunction was defined clinically 
as gradual decline of renal function with or without progressive proteinuria. 
Cause of death was defined as cardiovascular in origin if death was due to 
cerebrovascular disease, ischemic heart disease, heart failure, or sudden death. 
Endpoints were recorded until the end of May 2013. There was no loss due to 
follow-up for the primary endpoints.

Data collection
According to a strict protocol, all RTRs were asked to collect a 24-hour urine 
sample during the day before their visit to the outpatient clinic. Urine was 
collected under oil and chlorhexidine was added as an antiseptic agent. Blood 
was drawn in the morning after completion of the 24-hour urine collection.

The measurement of clinical parameters has been described in detail previously 
(10). Information on medical history and medication use was obtained from 
patient records. Participants’ height and weight were measured with participants 
wearing indoor clothing without shoes. BMI was calculated as weight divided by 
height squared (kg/m2). Body surface area (BSA) was calculated as (weight0.425 
x height0.725) x 0.007184 (11). Blood pressure was measured according to strict 
protocol as previously described (10). Information on alcohol consumption and 
smoking behavior was obtained by using a questionnaire. Alcohol consumption 
was classified as 0, 0 to <10, 10 to 30, or >30 g/day. Smoking behavior was 
classified as never, former or current smoker. Diabetes was defined as the use 
of antidiabetic medication or a fasting plasma glucose ≥7.0 mmol/L. Dietary 
intake including potassium intake was assessed among 643 RTR with a validated 
semiquantitative food frequency questionnaire (FFQ) developed by Wageningen 
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University, Wageningen, the Netherlands. Because not all participants completed 
or returned the FFQ, only 643 RTR had data available on potassium intake derived 
from the FFQ, whereas all 705 RTR had urinary potassium excretion data available. 
The FFQ inquired about intake of 177 food items during the last month, taking 
seasonal variations into account. For each item, the frequency was recorded in 
times per day, week, or month. The number of servings was expressed in natural 
units (e.g., slice of bread or apple) or household measures (e.g., cup or spoon). 
The questionnaire was self-administered and filled out at home. All FFQs were 
checked for completeness by a trained researcher, and inconsistent answers 
were verified with the patients. Validation of the FFQ in RTRs was assessed as 
previously reported (12). Dietary data were converted into daily nutrient intake 
by using the Dutch Food Composition Table of 2006 (13). 

Laboratory procedures
Urine electrolytes were directly analyzed according to standard laboratory 
procedures. Urine pH was measured with an automated titrator (855 Robotic 
Titrosample; Metrohm). Ammonium was measured by chromatography in freshly 
thawed 24-hour urine samples (ammonium: Waters Alliance HT 2795; bicarbonate: 
Metrohm type 861). Proteinuria was defined as urinary protein excretion ≥0.5 
g/24h. Renal function was determined by estimating glomerular filtration rate by 
using the Chronic Kidney Disease Epidemiology Collaboration equation (14). Urine 
albumin was determined by nephelometry (Dade Behring Diagnostic). Plasma 
electrolytes and serum cholesterol were measured by using standard laboratory 
procedures. Serum creatinine was assessed using a modified version of the Jaffé 
method (MEGA AU 510; Merck Diagnostica). 

Statistical analysis
Patients’ characteristics were calculated according to sex-stratified tertiles of 
urinary potassium excretion. Normally distributed data are presented as means 
± SDs and skewed data as medians (IQRs). Chi square test for categorical variables 
and ANOVA for normally distributed continuous variables or Kruskal-Wallis tests 
for skewed distributed continuous variables were performed to determine 
whether patients’ characteristics varied across tertiles of urinary potassium 
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excretion. Dietary potassium intake derived from FFQ was solitarily used for 
calculation of a Pearson correlation coefficient with urinary potassium excretion. 

Multiple linear regression was used to compare donor and RTR groups on 
mean urinary potassium excretion while adjusting for age, sex, BSA, and estimated 
glomerular filtration rate (eGFR). Comparison of RTRs and controls was performed 
on other characteristics with a t-test (normally distributed data), Mann-Whitney 
U test (skewed distributed data), or chi square test (categorical data). 

To study whether urinary potassium excretion was associated with risk of 
death-censored graft failure and mortality, Cox proportional hazards regression 
analyses were performed. Urinary potassium excretion was used as categorical 
variable (sex-stratified tertiles) and as continuous variable. Urinary potassium 
excretion was log-transformed to obtain the best fitting model, and a 2 base 
was used to allow for expression of the HRs per doubling of urinary potassium 
excretion. We performed crude Cox regression analyses (model 1: adjustment for 
sex in continuous analyses) and analyses in which we cumulatively adjusted for 
age and BSA (model 2) and kidney function parameters, i.e., eGFR, proteinuria, 
primary renal disease, and time since transplantation (model 3). To prevent 
inclusion of too many variables for the number of outcomes, further models were 
with adjustments additive to model 3. We performed first additive adjustment for 
comorbidities, i.e., history of cardiovascular disease, cytomegalovirus infection, 
acute rejection, dialysis vintage, pre-emptive transplantation, donor type, and 
diabetes (model 4); for dietary and lifestyle factors, i.e., 24-hour urinary sodium 
excretion, alcohol use, total kilocaloric intake, and lipids, i.e., HDL cholesterol, 
and triglycerides (model 5); and for medication use, i.e., angiotensin-converting 
enzyme-inhibitors, diuretics, prednisolone, and calcineurin inhibitors (model 
6). Splines were fit by a Cox proportional hazards regression model based on 
restricted cubic splines and adjustments as in model 3.

To investigate whether there is a graded increase in risk, we performed 
secondary analyses in which we divided the lowest tertile of urinary potassium 
excretion into 2 sextiles of urinary potassium excretion and repeated Cox 
regression analyses compared with the remainder of the cohort as presented 
in model 3 for associations with graft failure and mortality. In additional 
secondary analyses based on the variables included in Cox regression model 3, we 
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investigated whether the associations of urinary potassium excretion with graft 
failure and mortality are independent of 24-hour urinary creatinine excretion, as 
marker for muscle mass, and for 24-hour urinary urea excretion, as marker for 
protein intake. Moreover, competing risk analysis was applied according to the 
method of Fine and Gray for the endpoint graft failure with death as competing 
risk (15). Finally, potential effect modification on the association of urinary 
potassium excretion with graft failure and all-cause mortality was assessed by 
fitting models containing both main effects and their crossproduct terms. 

In sensitivity analyses, we accounted for potential inadequacies in the timed 
24-hour urine collections. We examined the difference between expected and 
observed 24-hour urine volume. The estimated 24-hour urine volume was derived 
from the formula creatinine clearance = ([urinary creatinine] x 24-hour urine 
volume) / [serum creatinine]), where creatinine clearance was estimated by using 
the Cockcroft-Gault formula. We excluded patients with a difference between 
estimated and observed urine volume of >2.5 x the SD from the mean (n=42) (16, 
17). Moreover, we performed further sensitivity analyses, wherein we restricted 
outcome to the main groups of graft failure and cause of death with censoring 
for other causes of graft failure or death. 

Finally, we performed mediation analyses in 2 different ways. To be able to 
take time-to-event into account, we first performed additional adjustments 
for potential mediators, i.e., 24-hour urinary ammonium excretion, plasma 
potassium, and systolic blood pressure in Cox regression analyses based on model 
3. We then proceeded with classic mediation analyses developed by Preacher 
and Hayes (18,19), which are based on logistic regression. These analyses allow 
for testing significance and magnitude of mediation (see Supplemental Material 
for a detailed description of the procedure). 

Data were analyzed using IBM SPSS software, version 22.0 (SPSS Inc.), R version 
3.0.1 and STATA 12.0 (STATA Corp.). In all analyses, a 2-sided p-value <0.05 was 
considered significant.
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RESULTS

Patient characteristics
We included 705 stable RTRs. Mean age was 53 ± 13 years; 57% of participants 
were men. At baseline, patients were at 5.4 years (IQR: 1.9-12.0 years) after 
transplantation. BSA was 1.94 ± 0.22 m2, BMI was 26.7 ± 4.8 kg/m2, and 59% of 
the RTRs were overweight (i.e., BMI ≥25 kg/m2). The mean ± SD of the 705 single 
24-hour urinary potassium excretion was 73 ± 24 mmol/24h, which corresponds 
to a dietary potassium intake of ~95 mmol/24h (~3,700 mg/day), assuming a 
fractional absorption rate of 77% (20). Urinary potassium excretion in men was 
77 ± 25 mmol/24h, whereas urinary potassium excretion in women was 66 ± 22 
mmol/24h. The mean ± SD potassium intake among the 643 RTRs who completed 
a FFQ was 90 ± 23 mmol/day. Correlation of urinary potassium excretion with FFQ 
potassium intake was r=0.44 (P<0.001). Baseline urinary potassium excretion was 
positively associated with age, BSA, HDL cholesterol, triglycerides, prednisolone 
use, total energy intake, FFQ potassium intake, urine pH, 24-hour urinary sodium 
excretion, urinary creatinine excretion, and urinary urea excretion (Table 1). 
Moreover, baseline urinary potassium excretion was inversely associated with 
plasma potassium and serum creatinine.

Comparison of potassium intake with kidney donors
We included 253 kidney donors (Table 2). Mean ± SD urinary potassium excretion 
before donation was 85 ± 25 mmol/24h, which corresponds to a dietary potassium 
intake of ~110 mmol/24h (~4,284 mg/day). Mean ± SD potassium intake in 127 
kidney donors who completed the FFQ was 95 ± 28 mmol/day. Correlation of 
urinary potassium excretion with FFQ potassium intake was r=0.22 (P=0.02). Mean 
± SD age of the kidney donors was 53 ± 11 years, and 46% of subjects were men. 
Mean ± SD BSA was 1.94 ± 0.20 m2, BMI was 25.9 ± 3.4 kg/m2, and 58% of the 
subjects were overweight (i.e., BMI ≥25 kg/m2). In a multivariable linear regression 
model, kidney donors had significantly higher urinary potassium excretion than 
the RTRs (ß=7.60 mmol/24h; 95% CI, 2.89-12.31; P=0.002). Importantly, this 
association was independent of age, sex, BSA, and eGFR. 
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Table 1. Characteristics of 705 stable renal transplant recipients according to sex-stratified 
tertiles of urinary potassium excretion. 

Tertiles of sex-stratified urinary potassium excretion, 
mmol/24h

P-value* 
Male <65 65-85 >85

Female <55 55-75 >75

Age, y 51 ± 14 53 ± 12 55 ± 11 0.03

Men, n (%) 133 (57) 134 (57) 133 (57) -

Body mass index, kg/m2 26.1 ± 4.8 26.7 ± 5.0 27.1 ± 4.6 0.07

Body surface area, m2 1.89 ± 0.21 1.95 ± 0.22 1.98 ± 0.21 <0.001

Smoking status 0.45

 Never smoker, n (%) 94 (44) 88 (41) 92 (40)

 Former smoker, n (%) 86 (41) 103 (47) 110 (49)

 Current smoker, n (%) 32 (15) 27 (12) 25 (11)

Primary renal disease 0.52

 Primary glomerular disease, n (%) 57 (24) 67 (28) 74 (32)

 Glomerulonephritis, n (%) 17 (7) 21 (9) 16 (7)

 Tubulo-interstitial disease, n (%) 31 (13) 29 (12) 24 (10)

 Polycystic renal disease, n (%) 51 (22 49 (21) 47 (20)

 Dysplasia and hypoplasia, n (%) 12 (5) 9 (4) 7 (3)

 Renovascular disease, n (%) 14 (6) 17 (7) 9 (4)

 Diabetic nephropathy, n (%) 8 (3) 11 (5) 17 (7)

 Other or unknown cause, n (%) 44 (19) 33 (14) 41 (17)

History of cardiovascular disease, n (%) 33 (14) 29 (12) 35 (15) 0.68

Time since renal transplantation, yr 5.3 (2.0-11.0) 5.6 (1.5 -13.0) 5.3 (2.0-12.2) 0.96

Deceased donor, n (%) 157 (67) 151 (64) 150 (64) 0.18

Dialysis duration (months) 26 (11-51) 24 (10-46) 25 (10-46) 0.63

Pre-emptive renal transplantation, n (%) 32 (14) 43 (18) 38 (16) 0.51

Acute rejection, n (%) 60 (26) 74 (31) 54 (23) 0.58

Cytomegalovirus infection 0.54

 No, n (%) 151 (65) 158 (67) 158 (67)

 Primary, n (%) 30 (13) 22 (9) 25 (11)

 Secondary, n (%) 29 (12) 34 (14) 41 (17)

Plasma potassium, mmol/L 4.0 ± 0.50 4.0 ± 0.46 3.9 ± 0.43 0.04

Serum creatinine, μmol/L 132 (101-179) 123 (101-160) 120 (99-153) 0.05

eGFR, ml/min/1.73 m2 51 ± 22 53 ± 20 53 ± 19 0.17

Urinary albumin excretion, mg/24h 61 (13-212) 34 (9-194) 37 (11-137) 0.67

Proteinuria (≥0.5 g/24 h), n (%) 57 (24) 57 (24) 45 (19) 0.36
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Table 1. Continued
Tertiles of sex-stratified urinary potassium excretion, 

mmol/24h
P-value* 

Male <65 65-85 >85

Female <55 55-75 >75

Diabetes mellitus, n (%) 53 (23) 64 (27) 53 (23) 0.98

Antidiabetic drugs†, n (%) 38 (16) 38 (16) 33 (14) 0.58

Diastolic blood pressure, mmHg 82 ± 11 83 ± 11 83 ± 11 0.99

Systolic blood pressure, mmHg 136 ± 18 137 ± 18 135 ± 17 0.46

Blood pressure-lowering drugs, n (%) 204 (87) 211 (90) 207 (88) 0.22

ACE-inhibitors, n (%) 73 (31) 80 (34) 76 (32) 0.10

Diuretics use, n (%) 100 (43) 91 (39) 94 (40) 0.45

 Loop diuretic, n (%) 48 (21) 42 (18) 52 (22)

 Thiazide diuretic, (n, %) 37 (16) 40 (17) 31 (13)

 Potassium sparing diuretic, n (%) 2 (1) 0 2 (1)

Combination, n (%) 13 (6) 9 (4) 8 (3)

Total cholesterol, mmol/L 5.1 ± 1.2 5.1 ± 1.1 5.1 ± 1.0 0.88

LDL cholesterol, mmol/L 3.0 ± 1.0 3.0 ± 0.9 3.0 ± 0.9 0.93

HDL cholesterol, mmol/L 1.2 (1.0-1.5) 1.3 (1.1-1.7) 1.4 (1.1-1.8) <0.001

Triglycerides, mmol/L 1.84 (1.29-2.48) 1.68 (1.19-2.30) 1.56 (1.24-2.07) 0.01

Lipid-lowering drugs, n (%) 121 (52) 119 (50) 131 (56) 0.35

Proliferation inhibitor ‡, n (%) 188 (80) 200 (85)  197 (84) 0.40

Calcineurin inhibitor §, n (%) 144 (62) 132 (56) 129 (55) 0.26

Prednisolone, mg/24h 10 (7.5-10) 10 (7.5-10) 10 (7.5-10) 0.02

FFQ kcal intake 2055 ± 642 2181 ± 670 2288 ± 580 0.002

FFQ Potassium intake, mmol/24h 80 ± 21 89 ± 21 101 ± 23 <0.001

Alcohol use 0.18

 No alcohol consumption, n (%) 29 (14) 29 (14) 22 (10)

 Alcohol >0 - <10 g/day, n (%) 134 (64) 123 (59) 130 (59)

 Alcohol 10 - 30 g/day, n (%) 43 (21) 43 (21) 53 (24)

 Alcohol >30 g/day, n (%) 4 (2) 12 (6) 14 (6)

Urinary NH4
+ excretion, mEq/24h 18.6 (11.5-29.3) 21.4 (14.0-28.2) 18.9 (13.1-26.8) 0.12

Urine pH 5.89 ± 0.49 6.03 ± 0.50 6.20 ± 0.47 <0.001

Urinary sodium excretion, mmol/24h 135 ± 53 162 ± 57 173 ± 68 <0.001

Urinary potassium excretion, mmol/24h 48.5 ± 11.0 70.6 ± 7.8 98.9 ± 16.7 <0.001

Urinary creatinine excretion, mmol/24h 10.6 ± 7.5 11.9 ± 3.0 12.8 ± 3.6 <0.001

Urinary urea excretion, mmol/24h 318 ± 98 397 ± 88 450 ± 114 <0.001

6
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Table 1. Continued
Tertiles of sex-stratified urinary potassium excretion, 

mmol/24h
P-value* 

Male <65 65-85 >85

Female <55 55-75 >75

Continuous variables are reported as mean ± SD or median (interquartile range), and categorical variables 
are reported as number (percentage). Abbreviations: ACE, angiotensin converting enzyme; eGFR, estimated 
glomerular filtration rate; FFQ, food frequency questionnaire; HDL, high density lipoprotein; LDL, low density 
lipoprotein. * Significance differences were determined by χ2 test (categorical variables), and ANOVA or 
Kruskal-Wallis test (continuous variables). †As antidiabetic drugs were used: biguanide/sulfanyl/insuline. ‡ 
Azathioprine and mycophenolate mofetil were considered as proliferation inhibitors.
§ Cyclosporine and tacrolimus were considered as calcinurin inhibitors. 

Potassium excretion and graft failure
During median follow-up of 3.1 years (IQR: 2.7-3.9 years), 45 RTRs developed 
graft failure. A Kaplan-Meier curve for graft failure according to tertiles of urinary 
potassium excretion is shown in Supplemental Figure 2. In Cox regression analyses 
with urinary potassium excretion as a continuous variable, there was a significant 
inverse association with risk of graft failure (Table 3). This association remained 
independent of adjustment for potential confounders with an HR of 0.37 (95% CI, 
0.23-0.59; P<0.001) in model 3. When divided into sex-stratified tertiles of urinary 
potassium excretion, RTRs in the lowest tertile (women, <55 mmol/24h; men, 
<65 mmol/24h) had a >3 times the risk of developing graft failure than did RTRs 
in the middle tertile of urinary potassium excretion (HR, 3.70; 95% CI, 1.64-8.34). 
A multivariable-adjusted restricted cubic spline for the association of urinary 
potassium excretion with risk of graft failure is shown in Figure 1.

In secondary analyses, with the lowest tertile of urinary potassium excretion 
divided into 2 sextiles of urinary potassium excretion, a graded increase in risk 
was observed, with an HR of 3.39 (95% CI, 1.48-7.76) for RTRs in the second-
lowest sextile and an HR of 3.76 (95% CI, 1.74-8.12) for RTR in the lowest sextile, 
compared with the remainder of the cohort. In additional secondary analyses the 
association of urinary potassium excretion with graft failure remained materially 
unchanged when adjustment for a marker for muscle mass, 24-hour urinary 
creatinine excretion (HR, 0.43; 95% CI, 0.24-0.76; P=0.004) and 24-hour urinary 
urea excretion (HR, 0.39; 95% CI, 0.22-0.67; P=0.001) was added to the variables



165

Potassium excretion and renal graft failure and mortality risk

Table 2. Characteristics of 705 stable renal transplant recipients compared with 253 
healthy kidney donors.
Variables RTR Donors P-value*

Age, y 53 ± 13 53 ± 11 0.66

Men, n (%) 400 (57) 116 (46) <0.001

Body mass index, kg/m2 26.7 ± 4.8 25.9 ± 3.4 0.10

Body surface area, m2 1.94 ± 0.22 1.94 ± 0.20 0.98

Smoking status <0.001

 Never smoker, n (%) 274 (42) 81 (51)

 Former smoker, n (%) 299 (46) 40 (25)

 Current smoker, n (%) 84 (13) 39 (24)

Plasma potassium, mmol/L 4.0 ± 0.47 3.9 ± 0.29 <0.001

eGFR, ml/min/1.73 m2 52 ± 20 91 ± 14 <0.001

Urine albumin excretion, mg/24h 41.3 (11-179) 5.2 (3.2-9.0) <0.001

Proteinuria (≥0.5 g/24 h), n (%) 159 (23) 1 (0.5) <0.001

Systolic blood pressure, mmHg 136 ± 18 125 ± 14 <0.001

Diastolic blood pressure, mmHg 83 ± 11 76 ± 9 <0.001

Total cholesterol, mmol/L 5.1 ± 1.1 5.4 ± 1.1 0.003

FFQ kcal intake 2176 ± 637 2344 ± 796 0.06

Urinary NH4
+ excretion, mEq/24h 19.8 (12.6-28.0) 26.3 (18.4-38.7) <0.001

Urinary sodium excretion, mmol/24h 157 ± 62 195 ± 76 <0.001

Urinary potassium excretion, mmol/24h 73 ± 24 85 ± 25 <0.001

ACE-inhibitors, n (%) 229 (33) 13 (6) <0.001

Diuretics, n (%) 285 (40) 10 (4) <0.001

Continuous variables are reported as mean ± SD or median (interquartile range), and categorical 
variables are reported as number (percentage). Abbreviations: ACE, angiotensin converting enzyme; 
eGFR, estimated glomerular filtration rate; FFQ, food frequency questionnaire; RTR, renal transplant 
recipients. *P-value for normally distributed data were calculated with a t-test, skewed data with a 
Mann-Whitney test and for smoking as categorical variable a chi-square test was used. 

already included in model 3. In addition, competing risk analysis rendered similar 
results as the primary analyses (model 3; sub-HR, 0.40; 95% CI, 0.27-0.61). Finally, 
we observed no evidence for effect modification in the associations of urinary 
potassium excretion with risk of graft failure.

The main reason for graft failure was chronic transplant dysfunction in 38 
(84%) cases. Other causes for graft failure were acute rejection in 4 (9%) cases, 
relapse of original renal disease in 1 (2%), infection in 1 (2%), and a remaining 
group of unspecified causes in 1 (2%). In sensitivity analyses, in which we 
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restricted outcome to the main group with graft failure due to chronic transplant 
dysfunction, we found materially the same results as in the main analyses with an 
HR of 0.33 (95% CI, 0.20-0.55; P<0.001) in model 3 of table 3. In further sensitivity 
analyses in which we accounted for potential inadequacies in the timed 24-hour 
urine collections, the association between low urinary potassium excretion and 
risk of graft failure remained essentially the same (HR, 3.47; 95% CI, 1.50-8.00 
comparing the first tertile with the second).

Potassium excretion and mortality 
During follow-up, 83 RTRs died. A Kaplan-Meier curve for mortality according to 
tertiles of urinary potassium excretion is shown in Supplemental Figure 2. In Cox 
regression analyses with urinary potassium excretion as a continuous variable, 
there was a significant inverse association with risk of mortality (Table 3). This 
association remained independent of adjustment for potential confounders, with 
an HR of 0.40 (95% CI; 0.28-0.56; P<0.001) in model 3. When divided according 
to sex-stratified tertiles of urinary potassium excretion, RTRs in the lowest sex-
specific tertile had >2 times the risk of mortality than the RTRs in the middle 
tertile (HR, 2.66; 95% CI, 1.53-4.61). A multivariable-adjusted restricted cubic 
spline for the association of urinary potassium excretion with risk of mortality is 
shown in Figure 1.

In secondary analyses, with the lowest tertile of urinary potassium excretion 
divided into 2 sextiles, an HR of 2.00 (95% CI, 1.09-3.70) for RTRs in the second-
lowest sextile and an HR of 3.76 (95% CI, 2.22-6.38) for RTR in the lowest sextile 
was observed when compared with the remainder of the cohort. In additional 
secondary analyses, the association of urinary potassium excretion with all-cause 
mortality remained materially unchanged when adjusted for a marker for muscle 
mass, the 24-hour urinary creatinine excretion (HR, 0.57; 95% CI, 0.37-0.89; 
P=0.01) and 24-hour urinary urea excretion (HR, 0.52; 95% CI, 0.33-0.81; P=0.004) 
was added to the variables already included in model 3. Finally, we observed no 
evidence for effect modification in the associations of urinary potassium excretion 
with risk of all-cause mortality. 
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Table 3. Association of urinary potassium excretion with risk of graft failure and 
mortality in 705 stable renal transplant recipients adjusted for confounders.

Urinary potassium 
excretion as continuous 

variable (2log)

Tertiles of sex-stratified urinary potassium 
excretion, mmol/24h

Male <65 65-85 >85

Female <55 55-75 >75

Graft failure

Model 1* 0.36 (0.25-0.52) <0.001 3.55 (1.68-7.50) 1.00 (ref) 0.76 (0.28-2.05)

Model 2† 0.36 (0.25-0.53) <0.001 3.42 (1.61-7.27) 1.00 (ref) 0.77 (0.29-2.07)

Model 3‡ 0.37 (0.23-0.59) <0.001 3.70 (1.64-8.34) 1.00 (ref) 1.07 (0.39-2.95)

Model 4§ 0.30 (0.17-0.54) <0.001 3.82 (1.65-8.84) 1.00 (ref) 1.04 (0.37-2.94)

Model 5¶ 0.33 (0.18-0.59) <0.001 3.65 (1.58-8.43) 1.00 (ref) 1.14 (0.40-3.22)

Model 6‖ 0.39 (0.24-0.63) <0.001 3.65 (1.60-8.31) 1.00 (ref) 1.08 (0.39-3.00)

No. of cases 45 29 9 7

Mortality

Model 1* 0.47 (0.34-0.65) <0.001 2.13 (1.26-3.60) 1.00 (ref) 0.93 (0.51-1.72)

Model 2† 0.42 (0.31-0.58) <0.001 2.49 (1.47-4.25) 1.00 (ref) 0.92 (0.50-1.69)

Model 3‡ 0.40 (0.28-0.56) <0.001 2.66 (1.53-4.61) 1.00 (ref) 0.89 (0.47-1.66)

Model 4§ 0.40 (0.27-0.59) <0.001 2.65 (1.51-4.66) 1.00 (ref) 1.03 (0.55-1.95)

Model 5¶ 0.43 (0.28-0.65) <0.001 2.20 (1.25-3.87) 1.00 (ref) 0.92 (0.49-1.75)

Model 6‖ 0.41 (0.29-0.59) <0.001 2.58 (1.48-4.49) 1.00 (ref) 0.89 (0.47-1.66)

No. of cases 83 42 21 20

Cox proportional hazards regression analyses were performed to assess the association of urinary 
potassium excretion with graft failure and all-cause mortality. Abbreviations: ACE, angiotensin 
converting enzyme; BSA, body surface area; CI, confidence interval; eGFR, estimated glomerular 
filtration rate; HDL, high density lipoprotein; HR, hazard ratio. * Model 1 = No adjustment in sex-
stratified analyses, adjustment for sex in continuous analyses; † Model 2 = model 1 + additionally 
adjusted for age and BSA; ‡ Model 3 = model 2 + additionally adjusted for kidney function parameters 
(eGFR, time since transplantation, primary renal disease, and proteinuria); § Model 4 = model 3 + 
additionally adjusted for co-morbidities (including history of cardiovascular disease, cytomegalovirus 
infection, history of acute rejection, dialysis vintage, pre-emptive transplantation, donor type, and 
diabetes); ¶ Model 5 = model 3 + additionally adjusted for dietary and lifestyle factors (24-hour urinary 
sodium excretion, alcohol use, and total kcal intake), and lipids (HDL cholesterol, triglycerides); ‖ Model 
6 = model 3 + additionally adjusted for medication use (ACE-inhibitors, diuretics, prednisolone, and 
calcineurin inhibitors).
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Figure 1. Associations between urinary potassium excretion and risk of graft failure and all-cause mortality in 
705 RTRs. Data were fit by a Cox proportional hazards regression model based on restricted cubic splines and 
adjusted for age, sex, BSA, eGFR, time since transplantation, primary renal disease, and proteinuria. Data are 
shown on a 2log scale. Reference standard was the median urinary potassium excretion of 70 mmol/24h. The 
gray area represents the 95% confidence interval. Abbreviations: BSA, body surface area; eGFR, estimated 
glomerular filtration rate; RTRs, renal transplant recipients. 

The main cause of death was death due to cardiovascular causes in 38 (46%) 
cases. Other causes of death were infection in 20 (24%), malignancy in 13 (16%), 
and a remaining group of unspecified causes in 12 (15%). In sensitivity analyses in 
which we restricted outcome to the main group with death due to cardiovascular 
causes, we found materially the same results as in the main analyses, with an HR 
of 0.39 (95% CI, 0.24-0.65; P<0.001) in model 3 of Table 3. In further sensitivity 
analyses in which we accounted for potential inadequacies in the timed 24-hour 
urine collections, the association between low urinary potassium excretion and 
risk of mortality remained essentially the same (HR, 2.58; 95% CI, 1.48-4.50 
comparing the first tertile with the second). 
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Table 4. Selected potential mediators in the association between urinary potassium 
excretion and risk of graft failure and mortality in 705 stable renal transplant recipients.

Graft failure (n=45) Mortality (n=83)

HR (95% CI) P-value HR (95% CI) P-value

Multivariable-adjusted HR 0.37 (0.23 - 0.59) <0.001 0.40 (0.28 - 0.56) <0.001

Multivariable-adjusted HR + 24-hour 
urinary NH4

+

0.37 (0.23 - 0.59) <0.001 0.40 (0.29 - 0.57) <0.001

Multivariable-adjusted HR + plasma 
potassium 

0.36 (0.22 - 0.60) <0.001 0.38 (0.26 - 0.56) <0.001

Multivariable-adjusted HR + systolic 
blood pressure 

0.37 (0.22 - 0.62) <0.001 0.42 (0.29 - 0.59) <0.001

Data are derived from a Cox proportional hazards regression model by using urinary potassium 
excretion as a continuous 2log linear term. The multivariable-adjusted HR is adjusted for age, sex, 
BSA, eGFR, time since transplantation, primary renal disease, and proteinuria, similar to model 3. 
Abbreviations: CI, confidence interval; HR, hazard ratio.

Mediation analyses of urinary potassium excretion with graft failure and 
mortality 
In the first mediation analyses when we additionally accounted for potential 
mediators in the causal path (i.e., 24-hour urinary ammonium excretion, plasma 
potassium, and blood pressure), the association of urinary potassium excretion 
with risk of graft failure remained essentially unchanged (Table 4). Similarly, 
additional adjustment for the suggested mediators did not materially influence 
the association of urinary potassium excretion with risk of mortality. When adding 
all 3 potential mediators into the multivariable model simultaneously instead of 
each mediator separately, the association of urinary potassium excretion with 
risk of graft failure and mortality remained essentially unchanged (HR, 0.37; 95% 
CI, 0.22-0.64 and HR, 0.40; 95% CI, 0.28-0.58, respectively).

In the second mediation analyses with the use of the procedures of Preacher 
and Hayes (18) (Supplemental Figure 3), no evidence was found for mediation by 
urinary ammonia excretion, systolic blood pressure, or plasma potassium in the 
associations of urinary potassium excretion with risk of graft failure and all-cause 
mortality (P-indirect effects >0.05), except for mediation of plasma potassium in 
the association of urinary potassium excretion with all-cause mortality (P-indirect 
effect <0.05). However, the magnitude of mediation was small because plasma 
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potassium only explained 4.7% of the association of urinary potassium excretion 
with all-cause mortality (Supplemental Table 1).

DISCUSSION

In this study, we investigated the dietary potassium intake of stable RTRs and the 
prospective association of dietary potassium intake assessed by a single 24-hour 
urinary potassium excretion with risk of graft failure and mortality. Our results 
suggest that RTRs have a lower urinary potassium excretion and potassium intake 
than kidney donors do, which supports our hypothesis that RTRs adhere to the 
potassium restriction imposed during renal insufficiency or dialysis. Furthermore, 
our results show that low dietary potassium intake (~<60 mmol/24 h) is strongly 
associated with a higher risk of graft failure and all-cause mortality among RTRs. 
Both associations remained significant after adjustment for age, sex, and other 
potential confounders. Moreover, in both mediation analyses, neither renal 
ammoniagenesis nor systolic blood pressure was found to be a mediator of the 
associations of urinary potassium excretion with risk of graft failure and mortality. 
Plasma potassium was found to be a significant mediator of the association of 
urinary potassium excretion with risk of all-cause mortality; however, only 4.7% 
of the association was explained by plasma potassium, suggesting that other 
mechanisms are to a large extent responsible for the associations of potassium 
intake. 

To our knowledge, this study is the first to prospectively investigate the 
association of 24-hour urinary potassium excretion, the most direct method 
for estimating dietary potassium (8), with risk of graft failure and mortality 
in stable RTRs. In line with our findings, a study performed among subjects 
with high cardiovascular risk found that high urinary potassium excretion was 
protective against clinically important renal outcomes (21). Also in congruence 
with our findings, a study in patients with type 2 diabetes, found that a high 
urinary potassium excretion was associated with a reduced risk of CKD (22). 
The major limitations of both studies were that the 24-hour urinary potassium 
excretion was extrapolated from a single morning urine and a potential causal 
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path mechanism, i.e., urinary ammonia excretion, was not assessed. Finally, 
O’Donnell et al. (23) recently published that in the general population higher 
urinary potassium excretion is associated with a lower risk of all-cause mortality, 
but also here 24-hour urinary excretion was estimated from a first void morning 
urine sample. Our study suggests that dietary advice after kidney transplantation 
could include stimulation of potassium intake, particularly because RTRs may 
otherwise continue to adhere to the restriction of potassium intake that was 
advised for them before transplantation. 

Regarding the possible mechanisms for the association between urinary 
potassium excretion and graft failure, one possible mechanism was proposed 
in the 1980s. In experimental animal models, chronic potassium deficiency has 
been shown to be an inducer of tubulointerstitial injury (3, 4). As underlying 
mechanism for this tubulointerstitial injury, Tolins et al. (3) suggested that chronic 
potassium deficiency induces renal ammonia production, which consequently 
results in high ammonia levels and complement activation, which lead to 
progressive, tubulointerstitial injury. Suppression of ammoniagenesis through 
bicarbonate supplementation would prevent this injurious cascade. Similarly, 
it has been shown in humans that patients who are potassium depleted show 
increased urinary ammonia excretion (24). This also occurs in experimentally 
induced potassium depletion. Conversely, potassium supplementation results in 
decreased urinary ammonia excretion (24). In our study, we found a significant 
correlation of urinary potassium excretion with urinary ammonia excretion, but in 
the causal path analysis and in the mediation analysis no evidence was found that 
the higher risk of graft failure and mortality associated with low urinary potassium 
excretion could be explained through ammoniagenesis. Therefore, the proposed 
mechanism of tubulointerstitial injury through higher ammonia concentrations 
and consequently complement activation seemed not to withhold in our study. 

Alternatively, adjusting for plasma potassium, which also has been inversely 
associated with risk of hypertension and with risk of CKD progression (25), did 
not alter the findings.

As another possible mechanism, sufficient potassium intake could lower 
blood pressure and in turn reduce the risk of graft failure and mortality. In a 
meta-analysis of short-term, randomized controlled trials, increased potassium 
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supplementation reduced systolic blood pressure by 3.5 mm Hg among 
hypertensive subjects (26). In 70 hypertensive RTRs, systolic blood pressure 
was inversely and significantly correlated to urinary potassium excretion when 
controlling for age, BMI, anti-rejection drugs, smoking habits, and urinary sodium 
excretion (27). Recently, Kieneker et al. (28) reported an association between low 
urinary potassium excretion and increased risk of developing hypertension in a 
population-based cohort. However, accounting for systolic blood pressure in our 
models did not alter the association of urinary potassium excretion with risk of 
graft failure and mortality. 

Finally, a possible mechanism for the protective effect of urinary potassium 
excretion was suggested by Smyth et al. (21) namely that higher urinary potassium 
excretion itself is renoprotective by upregulation of renal kinins, such as kallikrein. 
In an albumin-overload rat model of tubulo-interstitial damage, Ardiles et al. 
(29) showed that high potassium intake increased renal kallikrein expression 
and decreased blood pressure, profibrotic tissue growth factor beta, and 
tubulointerstitial fibrosis. Data on plasma kallikrein were not available in our 
RTR cohort, so we could not investigate this possible mechanism.

Some limitations of this study should be noted. The 24-hour urine samples 
were collected only once, and therefore a limitation is that our conclusions are 
based on a single measurement of 24-hour urinary potassium excretion. However, 
our patients were instructed thoroughly to collect the urine sample according 
to strict protocol, so over- or undercollections were unlikely. Moreover, to verify 
the quality and completeness of the urine specimens, we performed sensitivity 
analyses to account for potential over- and undercollections. The associations 
remained essentially the same. It should be realized that most epidemiological 
studies use a single baseline measurement for studying the association of 
variables with outcomes, which adversely affects the strength and significance 
of the association of these variables with outcomes. If intra-individual variability 
of variables is taken into account, this results in strengthening of associations 
that also existed for single measurements of these variables (30, 31). Thus, 
with a correlation of 0.51 between repeated measurements, our use of a single 
measurement rather than several will likely provide an underestimation of an 
otherwise existing true effect. Another limitation could be that low urinary 



173

Potassium excretion and renal graft failure and mortality risk

potassium excretion may reflect a low energy intake and undernutrition. However, 
although the energy intake is significant lower in the lowest tertile of urinary 
potassium excretion, it is still on a concentration of ~2000 kcal/d, which is an 
adequate energy intake per day. Moreover, these RTRs had a lower BSA, which 
could indicate a lower energy intake requirement. Additionally, the association 
of urinary potassium excretion with graft failure and mortality remains after 
sensitivity analyses and after adjustment for other dietary components such 
as sodium, so it is unlikely that our findings were due to reverse causality. In 
addition, as with any observational study, there may be unmeasured or residual 
confounding despite the substantial number of potentially confounding factors 
for which we adjusted. 

One of the major strengths of this study is the use of 24-hour urine collections 
compared with a single spot urine collection. Twenty-four-hour urine collections 
are considered the gold standard for assessing dietary potassium intake and tend 
to have higher repeatability than 24-hour dietary recall methods (32). Another 
strength of the study is the prospective design of a relatively large cohort of a 
specific patient group consisting of well-characterized, stable RTRs. The extensive 
data on anthropometric and dietary factors, lifestyle, and medication use allowed 
for adjustments for many possible confounders. Another strength of our study 
was that there was no loss to follow-up. 

In conclusion, our study suggests that low urinary potassium excretion is 
associated with a higher risk of graft failure and mortality among RTRs. These 
associations do not seem to be mediated through ammoniagenesis, plasma 
potassium, or blood pressure. These findings should stimulate further research 
on specific mechanisms underlying the association of low urinary potassium 
excretion with higher risk of graft failure and mortality. Dietary advice after kidney 
transplantation should emphasize the importance of an adequate potassium 
intake, which can be achieved by increasing intake of fruits, vegetables and 
legumes. This is particularly important in this group of patients, which have been 
traditionally urged to limit their potassium intake before to transplantation. A 
prudent increase in potassium intake after kidney transplantation may reduce 
the risk of graft failure or mortality and prolong the survival of RTRs.
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SUPPLEMENTAL DATA: MATERIALS AND METHODS

Coefficient of variation of single 24h collection of potassium
Urinary volume was assessed by dividing weight of the collected urine by specific 
weight of the collected urine. The coefficient of variation of the single 24-hour 
urine collection is therefore composed of the combined coefficients of variation 
(CV) of the assessment of the urinary potassium concentration, of the assessment 
of urinary weight and the assessment of specific weight of the collected urine.

Variation of urinary potassium excretion over time
Since, in our hospital, assessment of 24-hour urinary potassium excretion is not 
part of routine outpatient care, urinary potassium excretion was assessed in 
a single 24-hour urine collection specifically gathered for this study. To assess 
how much urinary potassium excretion varies over time, we retrieved all urinary 
potassium excretion assessments that were assessed outside of the study 
assessment for the entire cohort over a period of 3 years before to 3 years after 
the study visit. If renal transplant recipients (RTR) underwent transplantation 
within the 3 years before the study visit, potential urinary potassium excretion 
values assessed within the first half year after transplantation were excluded 
and only used urinary potassium excretion values between half a year after 
transplantation and 3 years after the study visit. If, for an individual RTR, more 
than 1 additional urinary potassium excretion assessment was available next to 
the assessment performed at the study visit, we used the mean value of these 
additional urinary potassium excretion assessments for further evaluation of 
that individual. 

Mediation analysis 
In the second mediation analyses using Preacher and Hayes procedures, the 
total effect of urinary potassium excretion on end points was estimated first by 
performing regression analysis of urinary potassium excretion with end points 
(Supplemental Figure 3). Subsequently, the indirect effects of urinary potassium 
excretion on end points by urinary ammonia excretion, systolic blood pressure, 
and plasma potassium were obtained by computing the product of 2 coefficients 
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that were obtained after regression analysis of urinary ammonia excretion, systolic 
blood pressure, and plasma potassium, respectively, with urinary potassium 
excretion, and with end points. Hereafter, the significance of the indirect effect 
(product of coefficients) was tested by computing bias corrected bootstrap CIs 
with 2,000 repetitions. Finally, the magnitude of mediation was calculated by 
dividing the coefficient of the indirect effect by the total effect. Significance of 
mediation was proved with P<0.05 if zero was not between the lower and upper 
bound of the 95% CI of the indirect effect.

SUPPLEMENTAL DATA: RESULTS

Coefficient of variation of single 24h collection of potassium
The coefficient of variation of the single 24-hour urine collection is composed 
of the combined CV of the assessment of the urinary potassium concentration 
(CV=3.0% at a concentration of 53 mmol/L and CV=1.3% at a 171 mmol/L), of 
the assessment of urinary weight (CV=0.0012%) and the assessment of specific 
weight of the collected urine (CV=0.68%). The CV of the single 24-hour collection 
of potassium can be calculated as the square root of the sum of the squares of 
the assessments of urinary potassium concentration, urinary weight and specific 
weight of the collected urine. The CV of the single 24-hour urine collection 
therefore equals 3.1% at a urinary potassium concentration of 53 mmol/L and 
1.4% at a urinary potassium concentration of 171 mmol/L.

Variation of urinary potassium excretion over time
In a subgroup of 149 RTR, we identified a total of 341 additional urinary potassium 
excretion assessments performed in routine outpatient care outside of the 
study visit. In 78 (52%) of these 149 RTR, we identified one additional urinary 
potassium excretion assessment, in 39 (26%) 2 additional urinary potassium 
excretion assessments and in the remaining 32 (22%) RTR, we identified more 
than 2 additional urinary potassium excretion assessments, with a maximum of 
17 additional urinary potassium excretion assessments in one of the 149 RTR in 
which we found additional assessments. Of these additional urinary potassium 



179

Potassium excretion and renal graft failure and mortality risk

excretion values, 44% was assessed at a median time of 659 (Interquartile range 
[IQR]: 970-360) days before the study visit and the remaining 56% was assessed 
at a median time of 650 (IQR: 372-781) days after the study visit. If more than 
one additional urinary potassium excretion value was available, we calculated 
the mean of these values and used that for further analyses in these subjects. 
The mean urinary potassium excretion of the 149 additional values obtained was 
66±25 mmol/24h, which was slightly lower than the urinary potassium excretion 
of 72±24 mmol/24h assessed at the study visit in these 149 RTR (p=0.005 for 
paired samples t-test). These urinary potassium excretion values correlated 
significantly with urinary potassium excretion values assessed at the study visit 
(r=0.51, p<0.001) and the calculated within-patient variability is 27.1%. This 
correlation of 0.51 is in agreement with the correlation of 0.49 that was found 
for 2 24h urinary potassium excretion values that were assessed separated by a 
median time interval of 4.3 years in 4,429 subjects in a general population study 
that was performed by our group (1). 
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Supplemental Table 1. Mediating effects of urinary ammonia excretion, plasma 
potassium, and systolic blood pressure on the association of urinary potassium excretion 
with risk of graft failure and all-cause mortality in 705 renal transplant recipients 
according to the Preacher and Hayes procedure.

Potential mediator Outcome Effect (path)*         Multivariable model†

Coefficient 
(95% CI)‡ 

Proportion 
mediated§ 

Urinary ammonia Graft failure Indirect effect (ab path) 0.0005 (-0.006, 0.014) Not mediated

excretion Total effect (ab + c’ path) -0.258 (-0.409, -0.065)

Unstandardized total 
effect¶

-0.921 (-1.302, -0.436)

All-cause mortality Indirect effect (ab path) -0.003 (-0.025, 0.008) Not mediated

Total effect (ab + c’ path) -0.291 (-0.411, -0.136)

Unstandardized total 
effect¶

-1.039 (-1.521, 
-0.0558)

Plasma potassium Graft failure Indirect effect (ab path) -0.009 (-0.029, 0.009) Not mediated

Total effect (ab + c’ path) -0.261 (-0.387, -0.075)

Unstandardized total 
effect¶

-0.904 (-1.531, -0.285)

All-cause mortality Indirect effect (ab path) -0.014 (-0.039, -0.001) 4.7%

Total effect (ab + c’ path) -0.296 (-0.419, -0.146)

Unstandardized total 
effect¶

-1.051 (-1.535, -0.568)

Systolic blood Graft failure Indirect effect (ab path) -0.003 (-0.023, 0.006) Not mediated

pressure Total effect (ab + c’ path) -0.247 (-0.389, -0.037) 

Unstandardized total 
effect¶

-0.882 (-1.506, -0.258)

All-cause mortality Indirect effect (ab path) 0.004 (-0.007, 0.021) Not mediated

Total effect (ab + c’ path) -0.274 (-0.406, -0.124)

Unstandardized total 
effect¶

-0.994 (-1.481, -0.507)

* The coefficients of the indirect ab path and the total ab + c’ path are standardized for the standard 
deviations of the potential mediators, urinary potassium excretion and outcomes. † All coefficients are 
adjusted for age, sex, BSA, eGFR, time since transplantation, primary renal disease, and proteinuria.
‡ 95% confidence intervals for the indirect and total effects were bias-corrected confidence intervals 
after running 2000 bootstrap samples. § The size of the significant mediated effect is calculated as the 
standardized indirect effect divided by the standardized total effect multiplied by 100. ¶ Odds ratios 
for risk of outcomes can be calculated by taking the exponent of the unstandardized total effect. For 
example, the unstandardized coefficient of the direct effect of urinary potassium excretion on mortality 
while adjusting for plasma potassium is -1.051, which can be calculated to an odds ratio by taking the 
exponent of this regression coefficient, i.e., e-1.051=0.35, which very closely resembles the hazard ratio of 
0.38 (see Table 4).
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Supplemental Figure 1. Flowchart of the 705 study participants.
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Supplemental Figure 2. Kaplan-Meier curves for graft failure (A) and mortality (B) according to sex-stratified 
tertiles of urinary potassium excretion among renal transplant recipients. Low = M: <65, F: <55 mmol/24 h; 
medium = M: 65-85, F: 55-75 mmol/24 h, high = M: >85, F: >75 mmol/24h.
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Supplemental Figure 3. Mediation analysis on the association of urinary potassium excretion with endpoints. 
a, b and c are the standardized regression coefficients between variables. The indirect effect (through a 
potential mediator) is calculated as a*b. Total effect (c) is a*b + c’. Magnitude of mediation is calculated as 
indirect effect divided by total effect.
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