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Abstract

Background: Over the last decades, acute kidney injury (AKI) has
been identified as a potentially fatal diagnosis which substantially
increases in-hospital mortality in the short term and morbidity/mor-
tality in the long term. However, reliable biomarkers for predicting
AKIl-associated outcomes are still missing. In this study, we assessed
whether serum sodium, measured at different time points during the
in-hospital treatment period, provided prognostic information in AKI.

Methods: This was a retrospective, observational cohort study. AKI
subjects were identified via the in-hospital AKI alert system. Serum
sodium and potassium levels were documented at five pre-defined
time points: hospital admission, AKI onset, minimum estimated glo-
merular filtration rate, minimum and maximum of the respective elec-
trolyte during the treatment period. In-hospital death, the need for
kidney replacement therapy (KRT) and recovery of kidney function
were defined as endpoints.

Results: Patients who suffered in-hospital death (n = 37, 23.1%)
showed significantly higher serum sodium levels at diagnosis of AKI
(survivors: 145.7 + 2.13 vs. non-survivors: 138.8 £ 0.636 mmol/L, P
= 0.003). A logistic regression model was significant for serum so-
dium levels in patients with in-hospital death (X2, P = 0.003; odds
ratio = 1.08 (1.022 - 1.141); R> = 0.082; d = 0.089). This suggests an
increase of the relative risk for in-hospital death by 8% with every
unit of serum sodium increase. Patients with a sodium above the up-
per normal range at AKI diagnosis were also more likely to suffer
in-hospital death (P =0.001).

Conclusion: In summary, we present evidence that serum sodium,
measured at time of AKI diagnosis, potentially serves as a predictor
for in-hospital death in patients with AKI.
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Introduction

Acute kidney injury (AKI), for many years known as “acute
renal failure”, affects increasing numbers of patients treated
in hospitals in Central Europe and in the USA [1]. The term
“AKI” has officially been recommended since 2012 [2], which
encompasses a broad spectrum of kidney damage patterns,
ranging from exclusive tissue damage without functional im-
pairment to bilateral cortical necrosis. Early AKI diagnosis re-
mains difficult, although the field of biomarker research has
significantly evolved during the last 15 - 20 years [3]. Risk
prediction is also challenging. Several studies addressed the
question on whether certain molecular markers potentially
provide information about AKI progression after onset or if
renal function would recover or not. Koyner and colleagues [4]
for instance identified interleukin-18 (IL-18), urinary albumin
to creatinine ratio, and plasma neutrophil gelatinase-associated
lipocalin (NGAL) to be associated with a higher AKI progres-
sion risk. Caironi et al [5] measured plasma proenkephalin A
119-159 (PenKid) in more than 900 septic subjects (“Albu-
min [talian Outcome Sepsis” - ALBIOS - trial). The marker
was shown as useful not only for AKI but also for post-AKI
recovery prediction. In 2011, Singer and colleagues [6] ana-
lyzed both, the diagnostic and prognostic potential of urinary
NGAL. Subjects that reached the primary endpoint of AKI
progression, dialysis, and death showed higher NGAL levels
at the time of inclusion. Survival prediction through both, uri-
nary NGAL and kidney injury molecule-1 (KIM-1) was also
shown by others [7]. Although some data are promising with-
out doubt, it needs to be mentioned that many clinical laborato-
ries still do not offer the opportunity to quantify proteins such
as NGAL, KIM-1 or others yet. The advantage of sodium and
potassium over other biomarker molecules tested or used in
clinical practice is their general availability.

Electrolyte disturbances are a hallmark in established
AKI. Namely hyperkalemia potentially endangers patients by
inducing cardiac arrhythmias. However, few studies addressed
the question on whether electrolyte disbalances, apparent be-
fore or at the time of AKI onset, are useful for risk predic-
tion in the short term. Woitok and colleagues [8] for instance
published a cross-sectional analysis of emergency department
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patients (January 2017 to December 2018). Eight percent were
diagnosed with AKI, and hypo- and hypernatremia were found
in 23.16% and 1.4%. Both electrolyte disturbances were asso-
ciated with adverse outcomes. Ravioli et al [9] showed initial
dyskalemia in AKI as an in-hospital mortality predictor also.
Only very few studies found that sodium disbalance in AKI has
predictive value [10, 11]. From the nephrologist’s perspective,
three AKl-related outcome variables are particularly impor-
tant: in-hospital death, the need for kidney replacement ther-
apy (KRT), and recovery of kidney function until discharge.

Herein, we present a single-center retrospective obser-
vational study in which we assessed both serum sodium and
potassium levels in AKI subjects at different time points after
hospital admission and investigate whether the endpoints men-
tioned above can be predicted by serum sodium. In general, the
study was planned in order to identify serum electrolytes as
potential candidates for prognostic decisions in AKI. In other
words, we analyzed the role of serum electrolytes as AKI bio-
markers.

Materials and Methods
Design

The study was retrospective and observational in nature. The
Ethics Committee of the Brandenburg Medical School for-
mally approved the trial (E-01-20210510). The study was con-
ducted in compliance with the ethical standards of the respon-
sible institution on human subjects as well as with the Helsinki
Declaration.

Patients

All patients were recruited from the University Hospital
Brandenburg of the Brandenburg Medical School. The ob-
servational period lasted from January to February 2019 (2
months). Only patients in whom the in-hospital AKI alert sys-
tem identified a significant deterioration of excretory kidney
function were screened for inclusion.

AKI diagnosis

Patients with AKI were identified through the in-hospital AKI
alert system. The system is based on criteria 1 and 2 of the 2012
updated version of the “KDIGO clinical practice guidelines for
acute kidney injury” (criterion 1: increase in serum creatinine
of 0.3 mg/dL or more within 48 h; criterion 2: at least 1.5-fold
increase in serum creatinine within 7 days [2]). If either crite-
rion 1 and/or 2 is/are fulfilled, an automated message is trans-
ferred to the nephrologist in charge. It contains anonymized
information about the respective individual. For further analy-
ses, the in-hospital information system (MEDICO®-CGM)
must be employed. Criterion 3 of the KDIGO guideline was
not considered since information on urine output was missing
in many subjects.
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Analysis and time points

Serum sodium and potassium levels were documented at the
following time points: 1) hospital admission, 2) AKI onset,
and 3) at the time when the estimated glomerular filtration rate
(eGFR) (Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) [12]) reached the minimum. Also, the respective
maxima and minima of both serum sodium and potassium
were documented.

Endpoints

The following endpoints were defined: in-hospital death (end-
point 1), the need for KRT (endpoint 2), and recovery of kidney
function until discharge (endpoint 3). The need for KRT was
fulfilled if a patient required at least one extracorporal proce-
dure. Extracorporal therapy was initiated, if patients presented
one or more of the following criteria: refractory hyperhydra-
tion including progressive dyspnea, refractory hyperkalemia
of 6.5 mmol/L or above, refractory metabolic acidosis with a
pH of 7.1 or below, neurological symptoms due to suspected
uremia. KRT was either performed as intermittent hemodialy-
sis, or slow extended daily dialysis (SLEDD), or continuous
veno-venous hemodialysis. Recovery of kidney function was
diagnosed if the last eGFR (CKD-EPI [12]) differed from the
initial eGFR by no more than 10%. Data on endpoints 1 and 2
were available from all patients, and data on endpoint 3 were
missing in 50 subjects.

Statistical analysis

We used Microsoft Excel, SPSS 26 and Prism to analyze and
display our data. Normally distributed metric data of two
groups were analyzed using a #-test, not normally distributed
using Mann-Whitney U test. Comparisons between more than
two groups in paired samples were performed with the Fried-
man’s test. Chi-square and Fisher’s exact tests were used to an-
alyze two nominal values. To predict our outcomes by electro-
lyte concentrations at different time points, we used a logistic
regression model. Multiple regression analysis was performed
in order to identify independent predictors. For the identifica-
tion of cut-off values, the Youden index was calculated (sen-
sitivity + specificity - 1). The highest (positive) numerical re-
sult defined the final cut-off. A P-value < 0.05 was considered
significant. The results are given as mean + standard error of
the mean (SEM) or as median =+ interquartile range (IQR) as
indicated.

Results

Patients

A total number of 160 individuals were included in the study
(female 57; male 103). The mean age was 77.2 + 12.4 years.
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The in-hospital treatment time was 16 + 13.3 days. The in-
hospital mortality was 23.1%. The following causes of death
were identified: sepsis 43.8%, heart failure 25%, AKI 9.4%,
volume/blood depletion 6.2%, liver failure 6.2%, cerebral
hemorrhage 3.1%, lung cancer 3.1%, and pulmonary disease
3.1%. KRT became mandatory in 10.6%. Recovery of kidney
function was observed in 60% of the individuals. Regarding
the etiology of AKI, the following distribution of causes was
identified (more to less frequent): sepsis 31.2%, cardiorenal
26.2%, post-surgery 10.6%, volume depletion (pre-renal)
8.8%, hepatorenal 5.6%, contrast-associated 3.8%, obstruc-
tion 1.2%, and others 9.4%. The distribution of AKI sever-
ity according to Acute Kidney Injury Network (AKIN) [13]
was 1 52.5%, II 21.2%, and III 26.3%. Pre-existing chronic
kidney disease (CKD) was diagnosed in 49.7%, and arterial
hypertension was pre-established in 81.3% of the subjects.
Diabetes mellitus was prevalent with 39%, and pre-existing
heart failure in 32.7%. Table 1 summarizes all relevant pa-
tients’ characteristics.

Serum sodium

We measured serum sodium concentrations at five different
time points: admission (137.3 £ 0.5 mmol/L), AKI onset (138.4
+0.61 mmol/L), minimal eGFR (138.2 + 1.14 mmol/L), maxi-
mum serum sodium (143.8 + 0.54 mmol/L), and minimum se-
rum sodium (134.5 £+ 0.52 mmol/L). The respective medians
were not equal (P <0.001) (Fig. 1).

Logistic binary regression was used for prediction analy-
sis. Serum sodium at AKI diagnosis predicted in-hospital death
(X2, P=0.003; odds ratio = 1.08 (1.022 - 1.141); R? = 0.082).
The effect by Cohen was weak (d = 0.089). With an odds ratio
of 1.08, the chances of in-hospital death increase by 8% with
every unit of serum sodium increase. Multiple regression anal-
ysis was additionally performed with the following variables:
age, gender, pre-existing CKD, serum sodium and potassium
initially, and sodium and potassium at AKI onset. Serum sodi-
um at AKI onset remained survival predictive (P = 0.037). The
cut-off value for serum sodium at AKI onset was identified
with 145.5 mmol/L. Interestingly, not only was serum sodium
at AKI diagnosis markedly higher in patients who suffered
in-hospital death (145.7 £ 2.13 vs. 138.8 £ 0.64 mmol/L, P =
0.003) (Fig. 2), but also significantly more patients from this
group presented with a serum sodium above the normal range
(P =0.001). This finding generally suggests a serum sodium
above the normal range to be associated with an increased in-
hospital mortality. Additional analyses of systolic and diastolic
blood pressure values in survivors and non-survivors at AKI
onset did not show any significant differences (systolic val-
ues: survivors 120 £ 1.9 mm Hg vs. non-survivors 125 + 4.4
mm Hg; P = 0.27; diastolic values: survivors 68 + 1.2 mm
Hg vs. non-survivors 69 + 2.6 mm Hg; P = 0.56). Serum so-
dium at AKI diagnosis also predicted poor renal recovery (X2,
P = 0.024; odds ratio = 0.937 (0.883 - 0.995); R? = 0.063; d =
0.067), suggesting that with every unit of sodium increase, the
chances of renal recovery decrease by 6%. Finally, maximum
serum sodium was predictive for in-hospital death as well (X2,
P=0.002).
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Table 1. Baseline Characteristics of All Patients Included in
the Study

Variable Result
Age (years) (+ SEM) 77.2+0.98
Gender (female/male) 57/103
In-hospital treatment (days) (= SEM) 16 +1.05
AKI etiology (%)
Sepsis 31.2
Volume depletion 8.8
Cardiorenal 26.2
Contrast-induced 3.8
Hepatorenal 5.6
Drug-induced 3.1
Post-surgery 10.6
Obstruction 1.2
Other 9.4
AKI stage (n (%))
I 84 (52.5%)
11 34 (21.2%)
111 42 (26.2%)
Morbidities
Pre-existing CKD (%) 49.7
Arterial hypertension (%) 81.3
Diabetes mellitus (%) 39
Coronary artery disease (%) 35.2
Pre-existing heart failure (%) 32.7
COPD (%) 15.8
History of neoplasia (%) 29.4
Dialysis initiated (n (%)) 17 (10.6%)
In-hospital death (n (%)) 37 (23.1%)
Recovery of kidney function (n (%)) 66 (60%)

SEM: standard error of the mean; AKI: acute kidney injury; CKD: chron-
ic kidney disease; COPD: chronic obstructive pulmonary disease.

Using a receiver operating characteristic (ROC) curve, we
analyzed the prognostic value for serum sodium for in-hospital
death. ROC showed a sensitivity of 0.6 and a specificity of 0.6.
The area under the curve (AUC) of the ROC was 0.622, sug-
gesting that our model for our data has prognostic value as the
AUC is > 0.5 but cannot be considered a good model for which
the AUC value should be above 0.7 (Fig. 3).

Serum potassium

Comparable to serum sodium, the medians of serum potas-
sium were not equal at the five pre-defined time points: ad-
mission (4.5 + 0.06 mmol/L), AKI onset (4.4 = 0.06 mmol/L),
minimum eGFR (4.5 + 0.07 mmol/L), maximum serum potas-

www.jocmr.org



Marahrens et al

J Clin Med Res. 2023;15(2):90-98

200=
=
< 180=
S
£ 460- ; : :
£ ; : % _
= & a5 o -
B 140 I PR .
o il o
:E; # s f .ﬁ
o 120 = : ¥ H
w &
100 | 1 1 1
X
PN S
&8 N ®® & N
L ks & N\ N\
N
$

Figure 1. Distribution of serum sodium at five pre-defined time points: admission to the hospital, diagnosis of AKI (AKI onset),
minimum eGFR, maximum and minimum of serum sodium, respectively. The medians were not equal (P < 0.001). The numbers
of all outliers per group were: admission 1, AKI onset 6, minimum eGFR 6, maximum 5, minimum 3 (data are shown as median
+ IQR). AKI: acute kidney injury; eGFR: estimated glomerular filtration rate; IQR: interquartile range.

sium (5.0 £ 0.06 mmol/L), and minimum serum potassium
(3.7 £ 0.04 mmol/L) (P <0.001) (Fig. 4). As expected, serum
potassium was predictive at various time points. Initial, peak,
minimum eGFR (AKI peak) predicted KRT (initial: X2, P =

0.042; peak: X%, P = 0.001; AKI peak: X2, P = 0.029). In-
hospital death was also reliably predictable by both maximum
potassium (X2, P < 0.001) and potassium at AKI peak (X2, P

<0.001).
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Figure 2. Serum sodium at AKI diagnosis. Subjects that did not survive the in-hospital treatment period showed significantly
higher serum sodium levels at AKI onset (P = 0.003). The numbers of all outliers per group were: survival 4, death 1 (data are
shown as median + IQR). AKI: acute kidney injury; IQR: interquartile range.
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Figure 3. ROC curve for serum sodium at AKI diagnosis. AUC > 0.5 as the ROC lies above the diagonal line. ROC: receiver
operating characteristic; AKI: acute kidney injury; AUC: area under the curve.

Analysis of confounding variables

Regarding the endpoint in-hospital death, non-surviving indi-
viduals met the diagnostic criteria for more severe AKI sig-
nificantly more often (AKI stages I/II/III (n and %) in survi-
vors vs. non-survivors: 58.5/22.8/18.7 vs. 32.4/16.2/51.4; P <
0.001). The same observation applied for the need for KRT
(AKI stages I II/III (%) in KRT vs. no KRT: 11.8/11.8/76.4 vs.
57.3/22.4/20.3; P < 0.001). Subjects requiring KRT were also
treated for longer periods at the hospital (25.3 £ 3.4 vs. 14.9
+ 1 days; P < 0.001). In addition, the prevalence of pre-exist-
ing CKD was higher in dialyzed patients (76.5% vs. 46.5%;
P =0.019). Regarding the third endpoint, subjects without re-
covery of kidney function were older (82 + 1.2 vs. 75.6 = 1.6
years; P = 0.007). Non-recovering patients underwent shorter
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in-hospital treatment periods (9.7 = 1.1 vs. 18.7 + 1.9 days; P <
0.001) and suffered more often from hypertension (95.2% vs.
81.5%; P =0.04) (Table 2).

Discussion

Reliable AKI outcome predictors are yet to be found. In general,
they are needed without doubt. Most biomarker-related studies
focused (and still focus) on markers for diagnostic purposes.
Prognostic parameters however are limited. A study published
in 2012 by Nickolas et al [7] investigated the predictive abil-
ity of urinary NGAL, KIM-1, liver-fatty acid binding protein
(L-FABP), IL-18, and cystatin C. Over 1,600 individuals were
included, whose urine samples were collected and analyzed at
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Figure 4. Distribution of serum potassium at the five time points (Fig. 2). Comparable to serum sodium, the respective medians
were not equal (P < 0.001). The numbers of all outliers per group were: admission 5, AKI onset 1, minimum eGFR 2, maximum
2, minimum 3 (data are shown as median + IQR). AKI: acute kidney injury; eGFR: estimated glomerular filtration rate; IQR: in-

terquartile range.

the time of emergency department admission. Two markers,
NGAL and KIM-1, predicted a higher risk for dialysis/in-hos-
pital death. Another more recent study was published by Sun
and colleagues [14]. The authors performed LC-MS analyses in
critically ill patients, recruited from “Veteran’s Affairs/National
Institutes of Health Acute Renal Failure Trial Network study”.
The term LC-MS stands for “liquid chromatography coupled to
mass spectrometry” [15]. It allows the detection of non-volatile

and complex molecules. Blood samples were collected at days
1 and 8 after admission. The study revealed models of mortality
prediction in AKI patients that required KRT, based on differ-
ences between certain serum metabolites at both days. LC-MS
procedures have however not been established for clinical rou-
tine use on a daily basis yet. Xia and colleagues [16] finally ana-
lyzed the predictive role of the fibrinogen level to the albumin
level ratio (FAR) in more than 5,000 critically ill AKI subjects.

Table 2. Analysis of Confounding Factors Regarding the Endpoints In-Hospital Death, KRT and Recovery of Kidney Function

Counfounding variable Survival (P-value)

KRT (P-value)

Recovery of kidney function (P-value)

Gender (females vs. males) 0.1 0.27 0.75
Age (years) 0.44 0.84 0.02
AKI stage (I, II, TIT) <0.001 <0.001 0.97
In-hospital treatment (days) 0.19 <0.001 <0.001
Pre-existing CKD (%) 0.81 0.019 0.48
Arterial hypertension (%) 0.55 0.063 0.04
Diabetes mellitus (%) 0.44 0.74 0.87
Coronary artery disease (%) 0.18 0.1 0.12
Pre-existing heart failure (%) 0.08 0.18 0.28
COPD (%) 0.49 0.35 0.76
History of neoplasia (%) 0.64 0.26 0.09

KRT: kidney replacement therapy; AKI: acute kidney injury; CKD: chronic kidney disease; COPD: chronic obstructive pulmonary disease.
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The FAR had been evaluated in other diseases also (e.g., ma-
lignant disorders [17-19], myocardial infarction [20]). The data
were extracted from the “Multiparameter Intelligent Monitoring
in Intensive Care Database I1I”. Higher FARs were in fact pre-
dictive for mortality. The findings showed that all FARs were
employed from the time of intensive care unit (ICU) admission.
Under clinical circumstances, both proteins, fibrinogen and
albumin are measured quite often, particularly in ICU-treated
subjects. They are usually needed for certain clinical decisions
(e.g., coagulable state in sepsis, assessment of nutritional situa-
tion and others). A recently published study from our group [21]
included 151 subjects with de novo AKI according to KDIGO
[2]. Almost 17% of the patients died during in-hospital treat-
ment, and 40% (39.7%) required KRT. Two parameters were
quantified, serum IL-33 and its circulating receptor isoform
sST2. The latter allowed to discriminate surviving individuals
from non-survivors (higher in non-survivors); in addition, the
receptor was increased in patients that required transient ICU
therapy/ventilatory treatment/vasopressor infusion. In summary,
sST2 was identified as a potential survival predictor in AKI. It
also needs to be mentioned that “classical” surrogate parameters
such as proteinuria/albuminuria have been identified as AKI risk
factors in the past. In a larger cohort study from 2015 [22] in-
cluding more than 1.2 million patients, both diminished eGFR
and increased albumin-to-creatinine-ratio were associated with
risk of AKI. Similar results were reported in 2018 and 2022 [23,
24]. Pre-operative dipstick albuminuria was identified as an AKI
risk factor, respectively. The study from 2018, published by Park
and colleagues [23], also showed an association between albu-
minuria and the risk of death during the following year.

Serum electrolytes such as sodium and potassium on the
other hand are available in almost every in- and out-clinic pa-
tient and can be immediately determined by blood gas analy-
sis. Our study particularly aimed to evaluate the predictive role
of serum sodium in AKI.

Interestingly, not only patients with established hyperna-
tremia were more likely to die within the hospital, but even
patients with a sodium value within the normal range but > 139
mmol/L were also at significantly higher risk for death. Adverse
outcomes in hypernatremic patients have already been docu-
mented in the past. For instance, Peres et al [25] identified the
electrolyte disturbance as an independent risk factor for ICU
mortality. In a more recent study, hypernatremia predicted AKI
but not death in septic individuals [26]. Finally, Woitik and col-
leagues showed both hyper- and hyponatremia as independent
risk factors for mortality in AKI [8]. Whether hypernatremia
worsens clinical outcome variables in a mechanistical manner
or not is speculative. In most cases, hypernatremia occurs sec-
ondary to the depletion of free water but less frequently to the
accumulation of water and sodium combined [27]. Thus, hyper-
natremia reflects hypovolemia and inadequate systemic perfu-
sion. On the other hand, our analysis also showed higher serum
sodium at AKI onset to be predictive for recovery of kidney
function. These discrepant findings are even harder to explain.
Nevertheless, the study was retrospective in nature, which at
the most allows to identify associations rather than to provide
pathophysiological explanations. Correctly predicted deaths in
the logistic regression were only 9% for serum sodium at AKI
diagnosis; however, 98% of survivals were correctly predicted.
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Limitations

The ROC AUC exceeds 0.5 (0.62) which underlines its prog-
nostic values although not being considered a good model with
an AUC < 0.7. The reason is most likely the relatively small
sample size and especially the small size of the in-hospital
death group. Another limitation is the exclusive follow-up ob-
servation within the hospital. Data on mortality after discharge
were not available. It also needs to be mentioned that the diag-
nosis of AKI did not consider urine output (KDIGO criterion 3
[2]). Therefore, some patients may have been missed. Finally,
the retrospective design is a disadvantage, although the data in
whole justify a prospective follow-up analysis without doubt.

We however must conclude that serum sodium, measured
at the time of AKI diagnosis (AKI onset), provides prognostic
information. These are not only related to the risk of death but
also to the chance of kidney recovery. Larger cohorts must be
studied, and future designs should be prospective.

Conclusions

Serum electrolytes, measured during the treatment course of
AKI subjects, provide substantial prognostic information.

For instance, serum sodium, measured at the time of AKI
diagnosis (AKI onset), is associated with a higher risk of death
during follow-up. Serum sodium also allows to distinguish
subjects with a higher chance of kidney recovery post-AKI.

At various time points, serum potassium is associated with
higher risk of dialysis and death during follow-up.

Thus, certain serum electrolytes are potentially useful in
AKI risk prediction of hospitalized patients.

Larger cohorts must be studied and future investigations
should of course be designed in a prospective manner.
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