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Summary

BACKGROUND: Acid base and electrolyte disorders are
frequently reported in the early period after renal trans-
plantation. No comprehensive data exist on the preva-
lence and patterns of, and contributing factors to, elec-
trolyte disturbances in patients with stable long-term
allograft function.

METHODS: We analysed 576 renal transplant recipients
(serum creatinine level <2.0 mg/dl) in a cross-sectional
study to evaluate the prevalence of electrolyte disorders
and the risk factors associated with their occurrence.

RESULTS: A total of 369 patients (64%) of all allograft re-
cipients (n = 576) showed at least one electrolyte and acid
base disorder. The most abundant disorder was hypo-
magnesaemia (25%, n = 143), followed by hyperkalaemia
(12.8%, n = 74), hypercalcaemia (12%, n = 69), hypophos-
phataemia (11.6%, n = 67), metabolic acidosis (11.1%, n =
61) and hyponatraemia (9%, n = 52). All other electrolyte
disorders were rare (<6%). In most cases the electrolyte
disorders could be classified as mild. Forty percent of the
cases had a combined disorder, but without a preferential
pattern of combinations. In a multivariate logistic regres-
sion analysis, the most important factors contributing sig-
nificantly to the occurrence of electrolyte disorders were
renal function and concomitant medications.

CONCLUSION: Acid base and electrolyte disorders are
frequently observed in stable renal allograft recipients, but
are usually mild. A combination of two or more electrolyte
abnormalities often occurs, although no predominant pat-
tern of a unique combination of electrolyte disorder is rec-
ognizable.

Keywords: hyponatraemia, hyperkalaemia, hypomagne-
saemia, hypophosphataemia, kidney transplantation

Introduction

Normal acid base and electrolyte homeostasis can be man-
aged by a single kidney (i.e. after nephrectomy for organ
donation) or by a renal allograft [1–3]. An adequate re-
sponse of the renin-angiotensin-aldosterone system

(RAAS) to different stimuli, as well as the capacity to di-
lute or concentrate urine, is preserved in stable renal allo-
grafts under steroid and azathioprine immunosuppression
[4]. Furthermore, potassium, magnesium and phosphate
elimination can be maintained with a renal allograft if the
glomerular filtration rate is not severely impaired [4]. Ear-
lier studies on renal allograft electrolyte handling were per-
formed in the pre-calcineurin inhibitor era and primari-
ly described the situation in the immediate post-transplant
setting. Early after kidney transplantation renal electrolyte
handling is often impaired owing to ischaemic tubular
damage or persistent secondary hyperparathyroidism, but
is generally re-established after 1 year [5]. In the later
transplant period different factors such as the immunosup-
pressive regimen or rejection episodes possibly influence
renal acid base and electrolyte handling [6]. Also, con-
comitant medications were assumed to influence calcium-
phosphate, magnesium, potassium and acid base home-
ostasis [7–9].

Disorders of potassium, magnesium or calcium are of spe-
cial interest for the clinician since they can result in a va-
riety of adverse events ranging from muscular dysfunction
to cardiac arrhythmias [10]. They are further associated
with increased mortality [11–13].

Most of the current available studies described the preva-
lence of single acid base and electrolyte disorders; howev-
er, the whole pattern and possible interaction of different
disturbances is unknown.

The aim of this study was to describe the prevalence of sin-
gle and combined electrolyte disorders in a long-term renal
transplant population with good excretory allograft func-
tion. Additionally, we identified independent risk factors
associated with electrolyte disorders.

Subjects and methods

This cross-sectional study was performed at the outpatient
clinic of the Department of Nephrology of the Medical
University of Vienna between September and December
2004. A single morning fasting blood collection and ex-
amination of a 24-hour urine collection was performed on
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the study day. All allograft recipients who had their trans-
plant for longer than 1 year and with a serum creatinine
level <2.0 mg/dl (n = 589) were included in the study. This
study design should exclude most of the electrolyte disor-
ders, which are only seen in the first months after trans-
plantation as a result of acute tubular necrosis or high lev-
els of parathormone (PTH). Exclusion criteria were: acute
graft rejection (≥ type I, according to the Banff classifica-
tion) during the past 6 months, chronic diarrhoea (n = 2) or
urine draining via a urinary diversion (n = 3). Five patients
had to be excluded from the study because of the inabili-
ty to collect urine over 24 hours. In total, data of 576 pa-
tients were available for this analysis. Thirty-two patients
were not available for the analysis of combined acid base
and electrolyte disorders because of incomplete data.

Patients were screened for acid base and electrolyte dis-
orders by simultaneous measurement of serum (sodium,
potassium, phosphate, magnesium, calcium, pH, bicarbon-
ate) and urine (sodium, potassium, phosphate, calcium,
pH, volume, protein) parameters. Analysis of magnesium
in urine was not available. The blood sample was obtained
from a large peripheral vein without use of a tourniquet.
Intact serum parathormone (iPTH) levels, and tacrolimus,
ciclosporin or rapamycin trough levels were measured ad-
ditionally. Urine collection was started on the previous day
and was continued for 24 hours until the day of examina-
tion. In the morning, the collected urine was mixed and a
specimen was taken to the study visit. The volume of the
urine was measured by the patients themselves and was
recorded in 100 ml steps.

Electrolytes in serum and urine were measured by standard
laboratory means.

Analysis of metabolic acidosis and renal tubular acidosis in
the renal allograft recipients was published earlier [9]. The
total urine content of sodium, potassium and calcium was
calculated by measuring the concentration of the ions and
multiplying by the urine volume. Fractional excretion (Fe)
of sodium, potassium and chloride were calculated from
laboratory values:

Fe X (%) = (X(urine) × creatinine(Serum)/X(Serum) × creati-
nine(urine)) × 100

Where X stands for either sodium, potassium or chloride.

We calculated electrolyte free water clearance (EFWC) ac-
cording to the following formula [14]:

EFWC (l/d) = volume(Urine) ×{1 − (Na + K)Urine/(Na)Serum}

Renal phosphate handling was estimated by calculation of
the transport maximum of phosphate in relation to the cre-
atinine clearance (TmP/GFR) if the tubular absorption of
phosphate was <80% [15].

TmP/GFR = phosphate(Serum) − (phosphate(urine) × creati-
nine(serum)/creatinine(urine))

If the tubular resorption was >80% it was calculated by the
nomogram of Walton and Bijovet [16]. To examine kidney
calcium handling we calculated the urine calcium/creati-
nine ratio [17].

Excretory renal function was measured by calculation of
the glomerular filtration rate (GFR), using the modified
modification of diet in renal disease (MDRD) formula
[18]:

GFR (ml/min/1.73m2) = 186 × (serum creatinine)(−1.154) ×
(age)(−0.203) × (0.742, if female).

All patients included in the study were of Caucasian origin.
Known limitations of the estimated GFR are lack of preci-
sion (random error) and accuracy (systematic error).

Electrolyte disorders were defined according to the normal
range references of the laboratory. Also, patients were
grouped according to following definitions. Serum sodium
(normal range: 135–145 mmol/l), hyponatraemia: serum
sodium <136 mmol/l, hypernatraemia: serum sodium >145
mmol/l; serum potassium (normal range: 3.5–5.0 mmol/
l), hypokalaemia: serum potassium <3.5 mmol/l, hyper-
kalaemia: serum potassium >5.0 mmol/l; serum phosphate
(normal range: 0.8–1.6 mmol/l), hypophosphataemia:
serum phosphate <0.8 mmol/l, hyperphosphataemia:
serum phosphate >1.6 mmol/l; serum calcium (normal
range: 2.2-2.6 mmol/l), hypocalcaemia: serum calcium
<2.2 mmol/l, hypercalcaemia: serum calcium >2.6 mmol/l
(mild); serum magnesium (normal range: 0.7–1.0 mmol/l),
hypomagnesaemia: serum magnesium <0.7 mmol/l, hyper-
magnesaemia: serum magnesium >1.0 mmol/l. Metabolic
acidosis HCO3 <20 mmol/l; metabolic alkalosis HCO3 >26
mmol/l. Because of the known association between serum
chloride and serum bicarbonate, chloride was not included
in the study of combined disturbances [19].

The following parameters that might influence the occur-
rence of electrolyte disorders were examined from the pa-
tient reports and used for further analysis: immunosup-
pressive therapy (ciclosporin, tacrolimus, mycophenolate
mofetil, rapamycin, prednisolone and azathioprine), an-
giotensin converting-enzyme (ACE) inhibitor or an-
giotensin receptor (AT2) blocker therapy, use of diuretics
(furosemide, hydrochlorothiazide), treatment with statins,
allopurinol, proton pump inhibitors, beta-blockers, potas-
sium binding agents (sodium polystyrene sulphonate) or
potassium, magnesium or calcium supplements, and treat-
ment with vitamin D. Donor age and source, recipient age
and sex, time since transplantation, rejection episodes and
diagnosis of diabetes were also included in our analysis.

The study was performed according to the STROBE guide-
lines for observational studies in epidemiology [20].

Since blood and urine samples were part of the routine
work up for patients with renal transplants, written in-
formed consent was not required. The study was approved
by the local institutional review board (ECS 1828/2013)
and performed according to the declaration of Helsinki of
1975 (revised 2000).

Statistical methods
Statistical analyses were performed using SPSS version
15.0 software (SPSS Inc., Chicago, Illinois). Normally dis-
tributed scale variables are presented as mean ± standard
deviation; non-normally distributed scale variables and or-
dinal variables are presented as median (1st to 3rd quar-
tiles), categorical data are shown as counts and percent-
ages. The Mann-Whitney U-test was used for comparison
of continuous variables. Fisher’s exact test was used to
compare categorical variables between two groups. Corre-
lation between ordinal or interval data was determined by
Kendall’s rank correlation. A two-sided p-value 0.05 was
considered statistically significant.
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Multiple logistic regression models were used to determine
the independent predictors of the electrolyte disorders. On-
ly the most abundant electrolyte disorders were used in the
regression analysis (hypomagnesaemia, hyperkalaemia,
hypercalcaemia, hypophosphataemia and hyponatraemia).
The following variables were included in the analysis:
serum creatinine, GFR-MDRD, sodium, potassium, chlo-
ride, calcium, magnesium, bicarbonate, pH, pCO2, ci-
closporin, sirolimus and tacrolimus trough-level, iPTH.

Urine 24 hour collection of: sodium, potassium, calcium,
phosphate, protein, albumin, volume.

Calculations: fractional excretion of sodium, chloride,
potassium, TmP/GFR, urine calcium/creatinine ratio, elec-
trolyte free water clearance.

Comedications: ciclosporin, mycophenolate, prednisolone,
tacrolimus, azathioprine, furosemide, thiazide diuretics,
ACE or AT2 inhibitor, magnesium, calcium or potassium
supplementation, allopurinol, beta-blockers, potassium-
binding agents, proton-pump-inhibitors, statins.

Demographics: recipient and donor age, recipient sex, his-
tory of diabetes, number or renal transplantations, rejection
episodes, donor source, time point of data collection (years
after renal transplantation). Only statistically significant
factors are shown in table 3.

Presence vs absence of the respective electrolyte disorder
was used as the dependent variable. In order to fulfil the
normality assumption independent variables were loga-
rithm transformed or dichotomized. We sequentially added
covariates to the regression model if they were significant
in the univariable tests (p <0.2). The sequence of consid-

ered covariates was based upon the strength of the univari-
able association. Variables remained in the model if they
had a significant independent effect (p <0.05). The final
model was verified by both forward and backward variable
selection algorithms using all the variables that were sig-
nificant in the univariable tests (p <0.2). Owing to the high
quality of the data only few cases had missing data and
were excluded from the analysis.

Results

The demographic data of the 576 participants show that
our population consisted of mostly long-term transplant re-
cipients with good renal function (78% of the recipients
MDRD-GFR 45 ml/min) (table 1). Overall, 89.9% of the
patients received a kidney of a deceased donor. Sixty-four
percent of the patients (n = 369) had at least one kind of
acid base or electrolyte disorder. Hypomagnesaemia was
the most common disorder (24.8%, n = 143). Hyper-
kalaemia (12.8%, n = 74), hypercalcaemia (12%, n = 69)
and hypophosphataemia (11.6%, n = 67) were observed
with less frequency (table 2). Most of the serum electrolyte
deviations from the normal range can be classified as mild
(fig. 1).

Combined acid base and electrolyte disorders
In 544 patients we searched for single or combined acid
base and electrolyte disorders (fig. 2). In total, 338 of 544
patients (62%) had at least one disorder; 204 (60%) had
a single, 100 (30%) a double and 23 (7%) a triple elec-
trolyte disturbance. Hyponatraemia and metabolic acidosis
occurred more often in combination with other disorders

Figure 1: Distribution of serum electrolyte levels. The grey area in each figure represents the normal range of serum electrolytes, except in fig-
ure “serum-bicarbonate” the lighter grey marks the range of 22–26 mmol/l, the darker grey the area between 20–26 mmol/l, as used in the
study.
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(79% and 69%, respectively), whereas hypocalcaemia and
hypomagnesaemia were mostly seen as a single disorder

Table 1: Demographic data of the transplant population.

Male/female 342/234
(59%/41%)

Time since renal transplantation (y) 8.2 ± 5.5

CSA/Tac/Rapa (%) 70/21/6

CSA/Tac/Rapa (n) 403/119/36

Pred/MMF/AZA (%) 62/54/20

Pred/MMF/AZA (n) 360/309/116

No CSA/Tac (n) 50

Donor living (%) 10.1

Donor age (y) 42 ± 15

Recipient age (y) 55 ± 13

Recipient diabetes (%) 23

Rejection episode patients (%) 40.8

Furosemide / hydrochlorothiazide (%) 12/19

ACE inhibitor or AT2 receptor antagonist (%) 42

Proton pump inhibitors (%) 20

First renal transplantation (%) 82

Renal function (GFR-MDRD)

– <30 ml/min <1%

– 30–45 ml/min 22%

– 45–60 ml/min 37%

– >60 ml/min 41%

Proteinuria (%) 33

AZA= azathioprine; CSA= ciclosporin; GFR-MDRD= glomerular filtra-
tion rate estimated by the MDRD formula; MMF= mycophenolate
mofetil; Pred= prednisolone; Rapa= rapamycin; Tac= tacrolimus; Con-
tinuous data are means ± standard deviation, all other as number of
patients (n) or percentage (%).

(53% and 47%, respectively). As can be seen in figure 2,
each specific combination of electrolyte disorders was rare
(<3%). The most prevalent combinations were hypomag-
nesaemia with hyponatraemia, hyperkalaemia with hyper-
calcaemia, hypophosphataemia with hypomagnesaemia, as
well as metabolic acidosis with hypomagnesaemia.

Weak, but statistically significant, correlations between the
serum levels of different electrolytes could be observed.
Figure 3 shows the most relevant correlations between dif-
ferent serum electrolytes. The strongest inverse correlation
was between serum potassium and serum bicarbonate (r =
0.34, p <0.001). Additionally, serum sodium and potassi-
um (r = −0.14, p = 0.001), as well as serum potassium and
serum calcium (r = 0.11, p = 0.001), showed a weak corre-
lation (data not shown).

Table 2: Proportional distribution of acid-base and electrolyte disor-
ders in the study population.

Electrolyte disorder (definition) No. cases (%)

Hypomagnesaemia (<0.7 mmol/l) 143 (25%)

Hyperkalaemia (>5.0 mmol/l) 74 (12.8%)

Hypercalcaemia (>2.6 mmol/l) 69 (12%)

Hypophosphataemia (<0.8 mmol/l) 67 (11.6%)

Metabolic acidosis (HCO3 <20 mmol/l) 61 (11.1%)

Hyponatraemia (<136 mmol/l) 52 (9%)

Hypocalcaemia (<2.2 mmol/l) 32 (5.6%)

Metabolic alkalosis (HCO3 >26 mmol/l) 28 (5.1%)

Hypermagnesaemia (>1.0 mmol/l) 4 (0.7%)

Hypokalaemia (<3.5 mmol/l) 3 (0.5%)

Hyperphosphataemia (>1.6 mmol/l) 2 (0.3%)

Figure 2: UpSet plot of combinations of acid base and electrolyte disorders. The bar chart on the left displays the total number of patients for
each electrolyte disorder. The upper bar chart shows the number of patients with one, two, three or more combinations of acid base and elec-
trolyte disorders. On the lower panel single dark dots indicate a single electrolyte disorder; dark connected dots indicate combinations of two
or more disorders.
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The multivariable logistic regression analysis showed in-
dependent predictors for the different single electrolyte
disorders in the 576 allograft recipients (table 3):

Magnesium
From 143 patients with hypomagnesaemia, only 27% (n
= 38) received oral magnesium supplementation. In the
group with normal serum magnesium levels (n = 433), 34
patients (13%) were treated with magnesium supplements.
The use of tacrolimus enhanced the risk of developing
hypomagnesaemia significantly. Also, treatment with pro-
ton pump inhibitors and beta-blockers were independent
predictors of hypomagnesaemia. The risk of hypomagne-
saemia rose with lower serum sodium levels (table 3).

Potassium
Low 24-hour urine potassium excretion is a risk factor
of mortality in the general population. The mean (± stan-
dard deviation) urine sodium-potassium ratio was 3.8 ± 2
and only 15 patients (3%) of the population had a ratio
lower than 1.2. Serum potassium levels did not correlate
with 24-hour urine potassium excretion in the whole trans-
plant population. In hyperkalaemic allograft recipients the
24-hour urine potassium excretion was similar to that of
normokalaemic patients 72 ± 30 vs 67 ± 32 mmol (FeK
13 ± 4% vs 14 ± 7%). The strongest predictors of hyper-
kalaemia were renal function estimated from serum creati-
nine and the therapy with inhibitors of the RAAS (table 3).
Additionally, hyperkalaemia was associated with reduced
renal phosphate excretion (TmP/GFR), higher serum cal-
cium levels and lower urine calcium output (24-hour urine
calcium excretion) (table 3). Concomitant medications

such as proton pump inhibitors, prednisolone or
furosemide were independently associated with a lower
risk of hyperkalaemia (table 3). Although only three pa-
tients in our study population had hypokalaemia, 14 pa-
tients were treated with oral potassium supplements.

Calcium
In long-term allograft recipients a wide range of serum cal-
cium levels, from hypo- to hypercalcaemia could be ob-
served (fig. 1).

All hypercalcaemic patients had inadequate suppression
of iPTH (levels >20 pg/ml); and 78% of hypercalcaemic
patients had iPTH levels over the upper limit of normal
(>65 pg/ml). The use of oral calcium or vitamin D supple-
mentation was not different between patients with hyper-
calcaemia or with normal serum calcium levels (13% vs
14.3%).

Only 4 of 69 patients with hypercalcaemia showed an el-
evated urine calcium elimination (defined as urine calci-
um excretion >7.5 mmol/d), but 25 patients (36%) had
hypocalciuria (urine calcium excretion <2.5 mmol/d). Us-
ing the urine calcium/creatinine ratio as a parameter of re-
nal calcium handling, hypercalcaemic patients had higher
calcium excretion rates than normocalcaemic ones. Also,
lower serum phosphate levels were independent predic-
tors for hypercalcaemia (table 3). Mycophenolate treat-
ment and magnesium supplementation doubled the risk
for hypercalcaemia. Interestingly, living allograft recip-
ients had a significantly lower prevalence of hypercal-
caemia than deceased donor allograft recipients (2% vs
14%, p = 0.02). Furthermore, hypercalcaemia occurred
more often in male than in female recipients (15% vs 7%, p

Figure 3: Significant correlations between serum electrolyte concentrations.
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= 0.02) and was the only electrolyte disorder differing be-
tween men and women.

Hypocalcaemia was a rare electrolyte abnormality (5.6%).
Hypocalcaemic patients had higher serum phosphate (1.15
± 0.2 vs 1.03 ± 0.2 and 0.97 ± 0.2 mmol/l) and TmP/
GFR levels (0.89 ± 0.27 vs 0.79 ± 0.2 and 0.72 ± 0.23)
compared with normo- and hypercalcaemic recipients (p
<0.05). Intact PTH levels did not correlate with serum cal-
cium concentration, and hypocalciuria (<2.5 mmol/d) was
very common in the whole study population (55%, n =
293).

Phosphate
Renal phosphate wasting (TmP/GFR <0.8) was the cause
for hypophosphataemia in all study patients. A low renal
threshold for phosphate and good renal function were the
strongest independent predictors of hypophosphataemia
(table 3). Additionally, 48% of the patients had impaired
renal phosphate handling (TmP/GFR <0.8) without de-

creased serum phosphate levels. Twenty-five percent of the
hypophosphataemic patients had normal iPTH levels.

Sodium
Hyponatraemia was observed in 9% of our transplant pop-
ulation. Higher electrolyte free water clearance and lower
urine sodium excretion in 24 hours were associated with
an enhanced risk of hyponatraemia. Associated risk factors
were higher serum potassium and phosphate levels as well
as lower serum magnesium concentration (table 3). Treat-
ment with ACE inhibitors was another independent risk
factor for development of hyponatraemia.

Acid base disorders
The details of metabolic acidosis are described previously
[9]. Metabolic alkalosis was observed in 5.1% of the re-
cipients. Patients with metabolic alkalosis were older (62
± 11 vs 49 ± 12 and 55 ± 13 years, p <0.001), had lower
serum potassium levels (4.2 ± 0.4 vs 4.8 ± 0.5 and 4.5 ± 0.4
mmol/l, p <0.001) and a higher urine potassium excretion

Table 3: Independent predictors of electrolyte disorder.

Factors OR 95% CI p-value

Hypomagnesaemia
Serum magnesium <0.7 mmol/l

Magnesium supplementation 3.6 1.9–6.8 <0.01

β-blocker 2.6 1.6–4.1 <0.01

Tacrolimus 6.9 4.1–11.6 <0.01

GFR-MDRD (ml/min)* 3.6 2.0–6.6 <0.01

Proton pump inhibitor 1.7 1.001–2.9 0.05

Serum sodium (mmol/l) 0.9 0.84–0.9 0.02

Number of renal transplants 1.6 1.03–2.5 0.04

Proteinuria (yes/no) 1.5 1.1–1.9 <0.01

Venous pCO2 (mm Hg) 0.94 0.9–0.98 <0.01

Allopurinol (yes/no) 1.7 0.9–3.1 0.1

Hyperkalaemia
Serum potassium >5 mmol/l

ACE/AT2 inhibitor 3.9 1.7–8.7 <0.01

TmP/GFR 8.6 1.6–46 0.01

Serum creatinine (mg/dl) 15.5 4.3–56.5 <0.01

Serum calcium (mmol/l) 77 6.9–862.1 <0.01

24-h urine calcium (mmol/d)* 0.7 0.47–0.91 0.01

Prednisolone 0.4 0.2–0.9 0.02

Proton pump inhibitor 0.2 0.07–0.77 0.02

Furosemide (yes/no) 0.1 0.01–0.75 0.01

Potassium binder 13.9 3.8–51.5 <0.01

Hypercalcaemia
Serum calcium >2.65 mmol/l

Mycophenolate 2.1 1.2–3.8 <0.01

Serum phosphate (mmol/l) 0.1 0.03–0.5 <0.01

Calcium/creatinine ratio urine (mmol/mmol) 3 1.1–8.6 0.04

Serum potassium (mmol/l) 3 1.6–5.6 <0.01

Donor source (living) 0.09 0.01–0.7 0.02

Magnesium supplementation 2.1 1.1–4.2 0.03

Sex (female) 1.9 1.1–3.3 0.02

Hypophosphataemia
Serum phosphate <0.8 mmol/l

MDRD-GFR* 18.2 5.6–58.9 <0.01

Serum chloride (mmol/l) 1.2 1.1–1.4 <0.01

TmP/GFR† 0.07 0.02–0.2 <0.01

EFWC (ml/d) 1 0.999–1 0.53

Hyponatraemia
Serum sodium <136 mmol/l

Serum phosphate (mmol/l) 6.1 1.1–33.2 0.03

Serum magnesium* (mmol/l) 0.008 0.001–0.1 <0.01

EFWC (ml/d) 1.001 1.00–1.001 <0.01

ACE/AT2 inhibitor 2.9 1.3–6.3 <0.01

urine pH 2.2 1.4–3.6 <0.01

Serum potassium (mmol/l) 2.2 1.05–4.6 0.04

Urinary sodium (mmol/d) 0.995 0.991–1 0.04

ACE/AT2 inhibitor= treatment with either angiotensin converting enzyme inhibitor or angiotensin receptor blocking agent; CI = confidence interval; EFWC= electrolyte free water
clearance; GFR-MDRD = glomerular filtration rate estimated by the MDRD formula; OR = odds ratio; TmP/GFR= tubular transport maximum of phosphate in relation to creati-
nine clearance Stepwise-multivariate regression analysis of the categorical dependent variables: hypomagnesaemia, hyperkalaemia, hypercalcaemia, hypophosphataemia and
hyponatraemia. * logarithm transformed to the base 2; † first quintile vs all other quintiles
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(FeK 19 ± 14 vs 12 ± 5 and 14 ± 6%, p <0.001) compared
with patients with metabolic acidosis or without a distur-
bance of the acid base homeostasis.

Patients without any calcineurin inhibitor therapy (n = 50)
had a lower prevalence of hypomagnesaemia, hyper-
kalaemia and metabolic acidosis compared with cal-
cineurin inhibitor treatment (4% vs 26%; 2% vs 14.1% and
2% vs 11.4%; p <0.01).

Discussion

In this study we describe the prevalence of different elec-
trolyte disorders simultaneously in long-term renal trans-
plant patients with stable allograft function. We found that
40% of the dyselectrolytaemic patients have a combination
of two or more electrolyte disorders.

Several studies indicate a great variability in the preva-
lence of electrolyte disorders in allograft recipients, de-
pending on the time point of evaluation [7, 12, 21, 22].
Recent studies showed an association between serum phos-
phate, sodium or bicarbonate concentrations in renal allo-
graft recipients and long-term allograft function and mor-
tality, which emphasises that electrolyte disorders have a
clinical impact in kidney transplant patients [11–13].

In our study, we confirmed already known risk factors as-
sociated with acid base and electrolyte disorders in kid-
ney recipients. The high prevalence of hypomagnesaemia
in our transplant population (25%) was also observed by
other authors (20%) [23]. Treatment with proton pump
inhibitors nearly doubled the risk for hypomagnesaemia
in our study (odds ratio 1.7) as decribed by Douwes et
al. (odds ratio 2.46) and in a recently published meta-
analysis (odds ratio 1.56) [24, 25]. It is hypothesised that
proton pump inhibitor-associated hypomagnesaemia after
transplantation is mainly due to low intake together with
impaired gastrointestinal absorption of magnesium [25].
Tacrolimus impairs renal tubular calcium and magnesium
handling, leading to urine calcium and magnesium wasting
and hypomagnesaemia [26]. This was confirmed in our
study, because tacrolimus treatment was associated with
a nearly 7-fold higher risk for developing hypomagne-
saemia.

Besides immunosuppressive therapy, other medications
contribute to the development of electrolyte disorders:
42% percent of the patients received RAAS inhibitors,
which significantly increased the risk of hyperkalaemia
and hyponatraemia (odds ratios 3.9 and 2.8, respectively).
This finding is in agreement with already published data
from transplant patients and the general population [8, 27].
Protective measures against hyperkalaemia are treatment
with prednisolone, diuretics and proton pump inhibitors
[8]. The use of furosemide 10-fold, proton pump inhibitor
5-fold and prednisolone 2.5-fold reduced the risk of hyper-
kalaemia in our study.

If good allograft function is established during the first
year after engraftment, normalisation of calcium and phos-
phate homeostasis would be expected. However, a total of
101 (17.5%) patients had a deviation from the normal level
of serum calcium or phosphate. This can be explained by
different mechanisms. Restoration of hyperparathyroidism
is presumed after successful transplantation, but is often
incomplete, as described in the literature [28–30]. Only

about 35% of our long-term transplanted population had
normal iPTH levels.

The prevalence of hypercalcaemia after transplantation
varies, depending on the time of examination, from 5%
to 50% [31, 32]. In the long-term setting, Evenepoel de-
scribed a prevalence of hypercalcaemia (12.4%) in patients
48–60 months after engraftment, similar to our data [28].
In the early period after transplantation hypercalcaemia
is associated with lower serum phosphate concentration,
higher iPTH levels and high urine calcium excretion [29].
In the long term, the correlation with lower serum phos-
phate and higher urine calcium excretion (only urine cal-
cium creatinine ratio) persists, but no further correlation
between PTH and serum calcium levels is observed [32].
However, inadequate suppression of PTH cannot be ex-
cluded as the key reason for hypercalcaemia [7]. The low
incidence of hypercalciuria and the lower serum phosphate
levels supports the hypothesis that high activity of PTH is
the cause of hypercalcaemia [33].

Hypophosphataemia is frequently (up to 93%) observed
in the early post-transplant period, mainly because of per-
sistent hyperparathyroidism [29, 34]. In concordance with
our data, the prevalence of late post-transplant hypophos-
phataemia has been reported to be about 12% [35]. It is
of interest that renal phosphate wasting and hypophos-
phataemia persists for more than 1 year after transplan-
tation and remains independent of PTH activity. Beside
the above-mentioned factors, donor source, dialysis vin-
tage and the severity of pre-transplant hyperparathyroidism
were also associated with hypercalcaemia and hypophos-
phataemia [7].

Additionally, we analysed electrolytes in 24-hour urine
collections. Urine sodium and potassium excretion are po-
tential surrogate markers of cardiovascular mortality.
Compared with the Swiss Survey on Salt Intake, our trans-
plant population had a higher mean value of the urine sodi-
um/potassium ratio (3.8 ± 2 vs 2.3) [36]. The treatment
with calcineurin inhibitors, which can influence renal sodi-
um and potassium handling, could explain this observation
[37]. Urine sodium and potassium content in 24-hour urine
collections are associated with higher urine phosphate con-
tent, but not with higher urine calcium excretion [38]. Us-
ing fractional excretion rates, there is no correlation be-
tween the different urine electrolyte excretion rates.

Other observations in our study differ from prior studies.
Calcineurin inhibitors potentially impair renal acidification
mechanisms, potassium elimination, magnesium absorp-
tion and renal concentration and dilution mechanisms [5,
39–42]. In contrast to earlier reports, ciclosporin treatment
in our study population was not an independent predictor
of any electrolyte disorder (e.g., hyperkalaemia), maybe
because of the lower ciclosporin trough levels (85 ± 34 ng/
ml). Furthermore, we observed a significantly higher urine
calcium excretion rate in patients without calcineurin in-
hibitor therapy (calcium/creatinine ratio 0.57 ± 2.4 vs 0.21
± 0.21 mmol/mmol) [26].

Although the prevalence of hyponatraemia was similar to
other studies, the reasons are different or not obvious [12,
43]. In our study hyponatraemia was associated with
RAAS inhibitor treatment (odds ratio 2.8) and not with cal-
cineurin inhibitors as proposed in the literature [21, 43].
Based on our urine analysis, we observed signs of (ineffec-
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tive) renal counter regulation against hyponatraemia. The
significant correlation of hyponatraemia with the use of
RAAS inhibitors and impaired urine water excretion (high-
er vasopressin secretion) could reflect existing heart failure
as the reason for hyponatraemia. Additionally, a high wa-
ter intake together with a disturbance in renal sodium and
water handling may predispose some patients to the devel-
opment of hyponatraemia.

We further analysed patients without calcineurin inhibitor
therapy (n = 50). Earlier studies show that immunosup-
pressive therapy without calcineurin inhibitors had quite
different effects on serum electrolytes [40, 44]. In our
study patients without inhibition of calcineurin (either ci-
closporin or tacrolimus) had lower incidences of hypona-
traemia (2%), hyperkalaemia (8%) and metabolic acidosis
(2%), supporting the importance of the type of immuno-
suppression on the pattern of electrolyte changes. Cal-
cineurin inhibitor-free immunosuppression often includes
treatment with mechanistic target of rapamycin (mTOR)
inhibitors, which are associated with hypokalaemia and
hypophosphataemia, particularly in the early post-trans-
plant period [44, 45]. This was not observed in the present
study in long-term renal transplant patients. The associ-
ation between mycophenolate treatment and hypercal-
caemia is not described in the literature and could not be
explained by our study data [46].

The cross-sectional study design might have some limita-
tions. Donor age was known in only about half of the pa-
tients and could have influenced the results. Our study was
based on a single measurement of electrolytes and there-
fore an analysis of the influence of electrolyte disorders
on long-term outcomes was not performed. Recipient body
weight and urine magnesium concentration were not avail-
able. Also, the small sample size and the different time
point of sample collection in relation to transplant date
may limit the generalisability of the study.

In conclusion, electrolyte disorders in stable renal allograft
recipients are frequent, but usually mild. Risk factors as-
sociated with these disorders are concomitant treatment as
well as kidney function. We showed that in long-term sta-
ble kidney graft patients a combination of two or more
electrolyte abnormalities often occurs, although no pre-
dominant pattern of a unique combination of electrolyte
disorder was recognisable. We speculate that polypharma-
cy together with polymorbidity and renal function are the
reason for such heterogeneity of single and combined acid
base and electrolyte disorders. Based on the current liter-
ature, some of the disorders (i.e., hyponatraemia or meta-
bolic acidosis) are associated with higher mortality and
reduced allograft survival. Therefore, screening for dys-
electrolytaemia should be recommended in kidney trans-
plant patients. Further studies are necessary to give rec-
ommendations on the treatment (i.e., diet) of electrolyte
disorders to improve organ and patient survival.
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