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Introduction: Electrolyte disorders are common among hospitalized patients with acute
kidney injury (AKI) and adversely affect the outcome. This study aimed to explore the
potential role of abnormal electrolyte levels on predicting AKI and severe AKI.

Methods: In this retrospective, observational study, we included all hospitalized patients in
our hospital in China from October 01, 2014, to September 30, 2015. Since only a few
patients had arterial blood gas analysis (ABG), all subjects involved were divided into two
groups: patients with ABG and patients without ABG. Severe AKI was defined as AKI stage
2 or 3 according to KDIGO guideline.

Results: A total of 80,091 patients were enrolled retrospectively and distributed randomly into
the test cohort and the validation cohort (2:1). Logistic regression was performed in the test
cohort to analyze risk factors including electrolyte disorders and elucidate the association. The
test data (derivation cohort) led to AUC values of 0.758 (95% CI: 0.743-0.773; AKI with ABG),
0.751 (95% CI: 0.740-0.763; AKI without ABG), 0.733 (95% CI: 0.700-0.767; severe AKI with
ABG), 0.853 (95% CI: 0.824-0.882; severe AKI without ABG). Application of the scoring
system in the validation cohort led to AUC values of 0.724 (95% CI: 0.703-0.744; AKI with
ABG), 0.738 (95% CI: 0.721-0.755; AKI without ABG), 0.774 (95% CI: 0.732-0.815; severe
AKI with ABG), 0.794 (95% CI: 0.760-0.827; severe AKI without ABG). Hosmer-Lemeshow
tests revealed a good calibration.

Conclusion: The risk scoring systems involving electrolyte disorders were established and
validated adequately efficient to predict AKI and severe AKI in hospitalized patients.
Electrolyte imbalance needs to be carefully monitored and corrections should be made on
time to avoid further adverse outcome.
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Introduction
Acute kidney injury (AKI) is prevalent in hospitalized patients, particularly in the
intensive care unit. The incidence of AKI varies widely according to different
diagnostic criteria and study populations. Recent meta-analysis, adopting KDIGO
definition, reported that the incidence rates of AKI was 21.6% and the AKI-
associated mortality rate was 23.9% in adults." While in China, the incidence and
mortality rate of AKI were 3.19% and 19.68%, respectively.? Early identification of
patients with high risk of developing AKI is helpful for prevention.

Most of the AKI scoring system focused on specific patients, including patients
undergoing cardiac surgery, contrast medium exposure, major surgery and critically
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ill patients.*® To date, there were limited reliable studies
that focused on scoring system for a wider range of inpa-
tients. Actually, the occurrence of AKI in hospitalized
patients is notable and AKI leads to prolonged hospital
stay and increased financial burden.’ Therefore, it is of
great clinical significance to analyze the risk factors of
hospitalized patients and establish a predictive scoring
system for early identification of AKI and avoidance of
aggravating impaired renal function.

Renal function is critical to maintain internal electro-
lyte balance. Severe electrolyte and acid-based disorders
are considered as important indicators for renal replace-
ment treatment and cause of death. One national report in
the UK stated that one-fifth of the in-hospital AKI could
be avoidable, if only they received better monitoring of
electrolytes, recognition of risk factors, and prompt
management.'® Previous studies have revealed the rela-
tionship between AKI and specific electrolyte disorders,
including hypernatremia, hyperchloremia and
hypomagnesemia.“*14 The sample size in previous studies
was relatively small. Compared with other risk factors
such as age and comorbidities, which are irreversible,
electrolyte disorders deserve more attention. However, as
far as we know, few risk models contained acid-base or
electrolyte disorders to predict AKI. The research in pre-
dicting AKI among ICU patients concluded that PH<7.30
was an important indicator.® Electrolyte and acid-base
disorders were included in risk scoring system to predict
mortality rates.'> Therefore, we might be one of the inno-
vative articles to include electrolytes in predicting AKI
and severe AKI. Therefore, it might be of clinical signifi-
cance to include unprecedented electrolyte disorders in the
predicting system. This study set out to 1) investigate the
relationship between electrolyte disorders and AKI; 2)

develop a predictive scoring system for the onset of AKI.

Materials and Methods

Design Overview

Patients included in the study were divided into test and
validation cohorts randomly. In the test cohort, risk factors
for AKI including electrolyte disorders were investigated.
After that, the novel and dynamic risk scores for the
assessment of AKI and severe AKI were developed.
Then, we evaluated the predicting efficiency of the risk
scores in validation cohort. The study aimed to identify
AKI and severe AKI in their early stages and guide the

clinical practice on reversible risk factors including the
correction of disordered electrolyte.

Study Population
In this retrospective, observational study, we included all
subjects admitted to Zhongshan Hospital, Shanghai
Medical college, Fudan University from October 01,
2014 to September 30, 2015. Patients younger than 18
years and those without any data on electrolytes and
serum creatine level were excluded. This study was
approved by the Ethical Committee of Zhongshan
Hospital, Fudan University (B2018-175) and written
informed consents from all participants were provided.
The study was conducted in accordance with the
Declaration of Helsinki.

We investigated the potential risk factors indicated by
baseline analysis for further observation and evaluated
them to predict AKI and severe AKI in the test cohort.

8,16 and

PH was highly valued in the previous studies
considered as a potential risk factor to predict AKI and
severe AKI in our study. However, PH is available only in
patients who underwent arterial blood gas analysis (ABG),
so we divided the patients into two groups: patients with

ABG and patients without ABG.

Data Collection

Data were collected from an electronic medical records
database and blood tests were taken on the admission day.
All data were checked twice by medical personnel (post-
graduate and resident doctor) before being admitted to the
database. We collected data of hospitalized patients includ-
ing sex, age, weight and height; comorbidities including
hypertension, diabetes mellitus, chronic kidney disease
(CKD), coronary heart disease (CHD), heart failure, stroke
and cancer; laboratory reports within the first 24 hours of
the hospitalization including routine blood and urinary
tests, renal and liver function, electrolytes and glucose
levels. AKI and severe AKI were served as the main end-
points. Patients who already had AKI at the time of admis-
sion were excluded. The short-term outcomes included
renal replacement therapy (RRT), in-hospital mortality,
length of stay and hospital expenses.

Definitions

Electrolyte magnitude were measured in the clinical
laboratory department of the hospital using standard
methods on an automatic biochemical analyzer (Hitachi
7600, Japan). In this hospital setting, the standardized
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normal ranges for serum sodium (Na), potassium (K),
chlorine (Cl), calcium (Ca), phosphorus (P), and magne-
sium (Mg) levels were 135-145 mmol/L, 3.5-5.5 mmol/
L, 98-110 mmol/L, 2.15-2.55 mmol/L, 0.8-1.45 mmol/
L, and 0.67-1.04mmol/L, respectively. Values beyond
these normal ranges were considered indicative of elec-
trolyte disorders. The sodium level was adjusted using
the formula: Adjusted total serum sodium level (mmol/L)
= measured total sodium level (mmol/L) + (glucose
(mmol/L)-5.6)+5.6x2.4. The calcium level was adjusted
using the formula: Adjusted total serum calcium level
(mmol/L) = measured total calcium level (mmol/L) +
0.02*(40-albumin concentration (g/L)). Anion gap (AG)
was calculated by the standard formula: AG=[Na+]-[Cl-
]-[HCO3-], with an elevated AG defined as greater than
or equal to 16 mmol/L."”

AKI was defined according to the KDIGO guideline'®
as any of the following: an increase in SCr >0.3 mg/dL
(>26.5 umol/L) within 48 hours; or an increase in SCr to
>1.5 times the baseline that is known or presumed to
have occurred within the prior 7 days. For the purpose of
the research, all the patients involved in the study have
tested twice for the serum creatinine level. If patients
presented with increased SCr at admission but decreased
SCr during hospitalization and the injury occurred before
admission, we considered the highest value as the max-
imum value and the lowest value from the second to the
nth as the baseline. If patients presented with elevated
creatinine and did not recover, we would retrieve their
outpatient records and record baseline SCr. For patients
who tested SCr more than twice, we considered the nadir
of the first three as baseline and the maximum of
the second through nth as peak.” Patients with no further
monitoring or change in SCr was regarded as non-AKI.
Patients with AKI at baseline were defined as the
increase in creatinine level or decrease in urine output
before the hospital admission or within 48 hours of
admission and those with AKI during the hospitalization
were not included. Classification of AKI was performed
according to KDIGO guideline'® (stage 1, 2 and 3) with-
out including urinary output criteria. Severe AKI was
considered as AKI stage 2 or 3, which referred to an
increase in SCr of 2.0 and 2.9-fold of baseline or 3.0-fold
of baseline or increased SCr level to 353.6 pumol/L or
initiation of renal replacement therapy. Serum creatinine
was used as an indicator of the glomerular filtration rate.
Renal function was regarded as normal with SCr less
than 1.4 mg/dl (<124 pmol/L), moderately impaired

with SCr from 1.4 to 2.5 mg/dl (124-220 umol/L) and
severely impaired with SCr more than 2.5 mg/dl (>220
umo/L) or more.'”*® The level of eGFR was calculated
by using the chronic kidney disease epidemiology colla-
boration (CKD-EPI) creatinine equation.21 When eGFR is
greater than 90 mL/min/1.73m2, it is defined as normal
renal function. When eGFR is between 60 and 89 mL/
min/1.73m2, it is defined as renal function is slightly
impaired. When eGFR is between 30 and 59 mL/min/
1.73, it is defined as moderately impaired renal function.
When eGFR is less than 29 mL/min/1.73m2, it is defined
as severely impaired renal function. The definition of
CKD following KDIGO guidelines
declined eGFR and laboratory abnormalities of more

was based on
than three months.”> Hyperuricemia is defined as uric
acid level of more than 420 pmol/L (7 mg/dL).

Statistical Analyses

Statistical analyses were carried out by SPSS statistics for
Windows (Version 20.0. IBM Corp, Armonk, NY).
Continuous variables were expressed as meantSD and
analyzed by unpaired t tests, with Welch adjustment
when necessary. Continuous variables that violated the
normality assumption were expressed as median and 25th
to 75th percentiles and analyzed by a Mann—Whitney
U-test. Categorical variables were expressed as absolute
(n) and relative (%) frequency and were analyzed by the
Pearson 2-test or the Fisher exact test whenever appropri-
ate. Missing data were noted in <8% of records. The
missing values of variables were replaced using multiple
imputations.”®> Compared with P value, the confidence
interval (CI) better describes effect size and precision.”*
Therefore, CI was described instead of P value. Univariate
analysis was carried out for patient data, and multivariate
analysis by logistic regression was used to find out the risk
factors. In the multivariate analysis, the results were
expressed by the odds ratio and the 95% CI. The regres-
sion B of those variables obtained from logistic regression
were used to develop scoring system to predict AKI and
severe AKI. The area under the receiver operating char-
acteristic curves (AUROC) as well as Hosmer-Lemeshow
goodness-of-fit test were applied to estimate the reliability
of the scoring system.

Results

A total of 80,091 eligible patients were enrolled in this study.
The flow chart of this study was presented in Figure 1. The test
cohort consisted of 53,394 patients, and 26,697 patients were
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Figure | Flow chart.

Abbreviations: *AK|, acute kidney injury; ABG, arterial blood gas analysis; Na, sodium; K, potassium; Cl, chlorine.

enrolled in the validation cohort. The characteristics of both
cohorts are shown in Table 1. The incidences of in-hospital
AKI, severe AKI and mortality in the test cohort were 7.7%
(n=4108), 1.7% (n=918) and 1.1% (n=594), whereas in the
validation cohort they were 7.5% (n=1994) and 1.7% (n=465)
and 0.9% (n=230). There was no statistical difference of AKI
stage and mortality rate between two groups.

Baseline Characteristics and Electrolyte

Disorders
The characteristics of the test cohort are presented in Table 2.
AKI group contained more male and elder people and

obtained higher proportion of underlying diseases, such as
hypertension, diabetes, CKD, CHD, cancer, stroke and heart
failure. Patients in AKI group had a higher level of white
blood cell (WBC), blood urea nitrogen (BUN), serum creati-
nine (SCr), uric acid (UA) and higher proportion of anemia
and hypoproteinemia. Each patient involved has tested major
electrolytes, such as Na, K, Cl and about 68.8% patients tested
for electrolytes like Ca, Mg, P. Only 14.5% patients took ABG
test. AKI group had a greater proportion of electrolyte dis-
turbance in either increased or decreased levels of Na, K, Cl,
Ca, Mg, P, Carbon dioxide binding capacity (CO,CP), AG, PH
and HCO;3;™ compared with non-AKI group (Table 2).
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Table | Clinical Characteristics of Test and Validation Cohort

Test Cohort Validation

Cohort

Male [n(%)] 33,646(60.7%) 15,075(61.0%)

Age 57.6+£14.8 57.4+14.7

Underlying disease

- Hypertension [n(%)] 12,025(21.7%) 5321(21.5%)

- Diabetes[n(%)] 5535(10.0%) 2513(10.2%)
- CKDI[n(%)] 8857(16.0%) 3982(16.1%)
- CHD [n(%)] 6367(11.5%) 2781(11.3%)
- Cancer [n(%)] 17,401 (31.4%) 7921(32.1%)
- Stroke [n(%)] 1455(2.6%) 650(2.6%)

- Heart failure [n(%)] 1159(2.1%) 505(2.0%)
Renal function

- BUN (mmol/L) 5.5+3.3 5.5+3.4

- SCr (umol/L) 87.7(85.8-87.6) | 85.5(84.4-86.7)

AKI stage

- Stage | 3000(6.0%) 1419(5.7%)
- Stage 2 356(0.6%) 176(0.7%)
- Stage 3 596(1.1%) 255(1.0%)
End point events

- RRT [n(%)] 279(0.5%) 140(0.6%)
- In-hospital mortality [n 594(1.1%) 230(0.9%)

)]

Abbreviations: AKI, acute kidney injury; CKD chronic kidney disease; CHD
coronary heart disease; BUN, blood urea nitrogen; SCr, serum creatinine; RRT,
renal replacement therapy.

Logistic Regression Analysis for the Risk

Factors of AKI and Severe AKI
The risk factors in predicting AKI in patients with ABG
included admission in cardiac surgery or ICU, underlying
disease such as heart failure, elevated Aspartate amino-
transferase (AST) level, hypoalbuminemia, renal dysfunc-
tion measured by increased BUN and UA levels and
reduced eGFR level and electrolyte and acid-base disor-
ders measured by decreased Mg, PH and HCO; levels
(Table 3). In patients without ABG, underlying disease as
heart failure, elevated AST and Scr, anemia, hypoalbumi-
nemia, hyperuricemia, hyponatremia, hypokalemia, hypo-
calcemia, hyperphosphatemia, hyperchloremia and
reduced CO2CP were concluded as risk factors (Table 4).
The risk factors in predicting severe AKI in patients
with ABG included admission in cardiac surgery, under-
lying disease such as CKD, potential inflammation or
malnutrition presented as elevated WBC level and hypoal-
buminemia, renal dysfunction tested by increased SCr

level and electrolyte disorders such as hyponatremia and
hyperphosphatemia (Table 5). In patients without ABG,
elevated WBC, BUN and SCr, hyponatremia, hyperpho-
sphatemia and hypermagnesemia were considered as risk
factors (Table 6).

Score Development

Next, we developed risk scoring systems for predicting
AKI (Table 7) and severe AKI (Table 8) occurrence with
the regression coefficient data from the multivariable
regression analyses of the test cohort patients. For predict-
ing the occurrence of AKI, two sets of scoring systems
were established according to whether ABG was per-
formed. The AUC for predicting AKI was 0.758 with
ABG (95% CI: 0.743-0.773) and 0.751 without ABG
(95% CI: 0.740-0.763), as shown in Figure 2. The cali-
brations resulted from Hosmer-Lemeshow statistics were
good with the P values of 0.821 and 0.365. Another two
sets of scoring systems were established to predict severe
AKI and the risk factors were similar. AUC for predicting
severe AKI was 0.733 with ABG (95% CI: 0.700-0.767)
and 0.853 without ABG (95% CI: 0.824-0.882) (Figure 2).
The calibrations were good with P values of 0.663 and
0.333.

Score Validation

The clinical characteristics of the 26,697 patients in the
validation cohort are shown in Table 1. The AUC for pre-
dicting AKI was 0.724 with ABG (95% CI: 0.703-0.744)
and 0.738 without ABG (95% CI: 0.721-0.755). AUC for
predicting severe AKI was 0.774 with ABG (95% CI: 0.-
732-0.815) and 0.794 without ABG (95% CI: 0.760-0.827)
(Figure 2).

For clinical practice, the risk scoring system was cate-
gorized into low, moderate and high risk of AKI. LR+
(likelihood ratio of positive) was applied to estimate the
issue. LR+ greater than 10 means that a positive test is
good at ruling in a diagnosis.*® The predictive risks of AKI
occurrence in patients with ABG were low with 0 to 1
point (pt) (10.0%), medium with 2 to 7 pts (27.7%) and
high with more than 8 pts (74.5%) with LR+ 10.46. That is
to say, in patients who scored higher than 8 points, the
incidence of AKI was 74.5%. In patients without ABG, the
predictive risks of AKI occurrence were low with 0 to 1 pt
(2.1%), medium with 2 to 8 pts (6.9%) and high with more
than 9 pts (50.0%) with LR+ 18.87. (Table 7). The pre-
dicting risks of severe AKI occurrence in patients with
ABG were low with 0 to 1 pts (10.7%), medium with 2 to
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Table 2 Clinical Characteristics of the Patients in Test Cohort

Test Cohort AKI Group Non-AKI Group
Male [n(%)] 32,466(60.8%) 2739(66.7%) 29,727(60.3%) *
Age 57.7x14.7 61.7x15.1 57.3+14.7 *
BMI 23.1(20.8-25.6) 23.1(20.7-25.8) 23.1(20.8-25.5) T

Underlying disease

- Hypertension [n(%)] 11,629(21.8%) 1245(30.3%) 10,384(21.2%) *
- Diabetes[n(%)] 5333(10.0%) 532(13.0%) 4801(9.7%) *

- CKDI[n(%)] 8551(16.0%) 1319(32.1%) 7232(14.7%) #

- CHD [n(%)] 6171(11.6%) 535(13.0%) 5636(11.4%) *

- Cancer [n(%)] 16,827(31.5%) 1185(28.8%) 15,642(31.7%) *
- Stroke [n(%)] 1385(2.6%) 145(3.5%) 1240(2.5%) #

- Heart failure [n(%)] 1120(2.1%) 326(7.9%) 794(1.6%) *
Laboratory indexes

- WBC(*1079/L) 6.5+3.6 74149 6.4+3.4 *

- Hb(g/L) 12821 119+25 128+20 *

- Anemia [n(%)] 16,715(31.3%) 1980(48.2%) 14,735(29.9%) *
- Proteinuria [n(%)] 863 (1.6%) 859(20.9%) 4(<0.01%) #

- Hematuria [n(%)] 812(1.5%) 808(19.7%) 4(<0.01%) #

- BUN (mmol/L) 5.5+3.3 8.5+6.7 5.3+2.7 *

- SCr (umol/L) 87.7(85.8-87.6) 137.8(132.9—142.6) 82.4(81.6-83.3) T
- eGFR(mL/min/1.73m2) 76.2+27.7 60.2+37.3 77.5+26.3 *

- UA (umol/L) 309.9£100.1 359.6x141.8 305.8494.6 *

- Hyperuricemia [n(%)] 6539(12.2%) 1146(27.9%) 5393(10.9%) *

- Glucose (mmol/L) 5.9+22 6.01£2.6 5.9+2.2 *

- ALT (U/L) 30.1(29.4-30.8) 46.7(40.1-53.4) 28.7(28.2-29.2) T

- AST (U/L) 31.6(30.7-32.6) 61.9(50.5-73.3) 29.1(28.7-29.6) T

- TBil (umol/L) 12.9(12.7-13.1) 18.6(17.2-19.9) 12.4(12.3-12.6) T

- Alb (g/L) 39.345.0 36.5£5.6 39.544.9 *

- Hypoproteinemia [n(%)] 7842(14.7%) 1258(30.1%) 6584(13.4%) *

Electrolyte

- Na (mmol/L)

<135 1786(3.3%) 332(8.1%) 1454(3.0%) #

>145 2442(4.6%) 304(7.4%) 2138(4.3%) *

- K (mmol/L)

<35 3343(6.3%) 403(9.8%) 2940(6.0%) *

>5.5 127(0.2%) 43(1.1%) 84(0.2%) *

- CI (mmol/L)

<98 3635(6.8%) 540(13.1%) 3095(6.3%) *

>110 483(0.9%) 112(2.7%) 371(0.8%) *

- Ca (mmol/L)

<2.15 2124(5.8%) 379(11.1%) 1745(5.3%) *

>2.55 878(2.4%) 1 16(3.4%) 762(2.3%) *

- Mg (mmol/L)

<0.67 260(0.7%) 73(2.1%) 187(0.6%) *

>1.04 2674(7.3%) 414(12.0%) 2260(6.8%) *

(Continued)
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Table 2 (Continued).

Test Cohort AKI Group Non-AKI Group
- P (mmol/L)
<0.67 2310(6.3%) 328(9.5%) 1982(6.0%) *
>1.04 2256(6.2%) 440(12.7%) 1816(5.5%) *
- CO,CP (mmol/L)
<23 12,080(23.0%) 1540(37.9%) 10,540(21.7%) *
>30 800(1.5%) 79(1.9%) 721(1.5%) *
- AG (mmol/L)
<23 7538(14.1%) 965(23.5%) 6573(13.3%) *
>30 302(0.6%) 101(2.4%) 202(0.4%) *
- PH
<735 543(7.1%) 217(13.5%) 326(5.4%) *
>7.45 1353(17.6%) 348(21.6%) 1005(16.6%) *

- HCO;3; (mmol/L)
<22 1463(18.9%)
>28 1234(16.0%)

550(33.7%)
223(13.7%)

913(15.0%) *
1011(16.6%) *

Admission department

- Hospital expenses (CNY) 29,847.6(29,525.2-30,170.0)

- Emergency [n(%)] 2537(4.8%) 344(8.4%) 2193(4.4%) *
- Cardiac surgery [n(%)] 2103(3.9%) 1014(24.7%) 1089(2.2%) *
- ICU [n(%)] 403(0.8%) 112(2.7%) 291 (0.6%) *

Short-term outcome

- RRT [n(%)] 274(0.5%) 242 (5.9%) 32(0.1%) #

- In-hospital mortality [n(%)] 574(1.1%) 296(7.2%) 278(0.6%) *

- Length of stay(d) 7.6(7.5-1.7) 17.9(17.4-18.4) 6.7(6.7-6.8) 1

79,960.3(77,504.4-82,416.2) 25,670.7(25,420.8-25,920.6) T

Notes: #Pearson Chi-square Test; *t test; '"Mann—Whitney U-test.

Abbreviations: AKI, acute kidney injury; BMI, body mass index; CKD chronic kidney disease; CHD coronary heart disease; WBC, white blood cells; Hb, hemoglobin; BUN,
blood urea nitrogen; SCr, serum creatinine; eGFR, estimated glomerular filtration rate; UA, uric acid; ALT, Alanine aminotransferase; AST, aspartate aminotransferase; TBil,
total bilirubin; Alb, albumin; Na, sodium; K, potassium; Cl, chlorine; Ca, calcium; P, phosphorus; Mg, magnesium; AG, anion gap; CO,CP, carbon dioxide binding capacity; ICU,

intensive care unit; RRT, renal replacement therapy.

3 pts (29.1%) and high with more than 4 pts (69.3%) with
LR+ 9.87. In patients without ABG, the predictive risks
were low with 0 to 1 pts (12.8%), medium with 2 pts
(26.7%) and high with more than 3 pts (74.2%) with LR
+ 18.45.

There was no statistically significant difference
between either AKI or severe AKI frequency in test and

validation cohorts as is shown in Figure 3.

Discussion

In the present study, we enrolled a total of 80,091 patients,
including 53,394 patients in the test cohort and 26,697 in
the validation cohort, in a large, tertiary hospital in East
China. The study has found that the relationship between
of statistical

electrolyte disturbance and AKI was

importance. Based on that, point-scoring systems were
established to predict AKI and severe AKI in hospitalized
patients. In the validation cohorts, AUC values of scoring
systems were 0.724 (AKI with ABG), 0.738 (AKI without
ABQG), 0.774 (severe AKI with ABG), 0.794 (severe AKI
without ABG). All these findings indicated the reliability
of the novel risk scores for evaluation and monitoring the
risk factors, so as to guide the in-time corrective measures
to irreversible risk factors and prevent the occurrence and
progression of AKI.

KDIGO guideline has established the definition of AKI
and pointed out that limited measures were useful for
treatment. Therefore, it is critical to identify the high-risk
patients and perform early intervention. A study in
America extracted data from electronic health records in
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Table 3 Multivariate Logistic Regression Analysis of Risk Factors
for AKI Among Patients with ABG

Table 4 Multivariate Logistic Regression Analysis of Risk Factors
for AKI Among Patients without ABG

Abbreviations: AKI, acute kidney injury; ABG, arterial blood gas analysis; ICU, inten-
sive care unit; Alb, albumin; AST, aspartate aminotransferase; BUN, blood urea nitrogen;
eGFR, estimated glomerular filtration rate; Mg, magnesium.

a tertiary care, academic hospital.?® Risk models were

established to predict AKI, the AUC values for AKI Risk

Variables B OR 95% CI Variables B OR 95% CI
Admission Department Underlying disease
Cardiac surgery 1.831 6.241 5.239-7.433 Heart failure 0.853 2.346 1.835-3.000
ICU 0.872 2.392 1.556-3.679
Laboratory indexes
Underlying disease Hb(e/L
Heart failure 0.521 1.683 1.236-2.293 (&)
>]20(Reference) - - -
Laboratory indexes 90-120 0.393 1.481 1.321-1.661
<90 0.639 1.895 1.576-2.279
WBC(*1079/L)
4-10(Reference) - - - AST(U/L)
<4 0.122 1.130 0.900-1.418 <40(Reference) - - -
>10 0.289 1.335 1.069-1.666 40-79 0.294 1.342 1.110-1.622
>80 0.986 2.680 2.177-3.299
Alb (g/L)
235(Reference) - - - SCr (umol/L)
30-34 0.496 1.642 1.354-1.992 <124(Reference) - - -
<30 0.836 2.308 1.803-2.954 124-220 0.828 2.289 1.771-2.958
>220 0.760 2.138 1.457-3.138
AST(U/L)
0-39(Reference) - - - eGFR(mL/min/1.73m2)
40-79 0.335 1.398 1.093-1.787 S0(Ref
> - - -
>80 0.839 2313 | 1.719-3.111 (Reference)
60-89 0.364 1.439 1.235-1.677
BUN (mmol/L) 30-59 1.005 2.731 2.318-3.219
2.9-7.5(Reference) - - - <30 1.817 6.154 4.226-8.962
<29 0.084 1.088 0.772-1.532 Hyperuricemia 0.341 1.407 1.237-1.599
>7.5 0.420 1.522 1.237-1.873
Na (mmol/L)
eGFR(mL/min/1.73m2) I35—145(Reference) - - -
290(Reference) - - - <135 0.354 1.425 1.131-1.796
60-89 0.275 1.317 1.088-1.594 >145 0.389 1.476 1.206-1.807
30-59 0.811 2.250 1.810-2.796 K "
<30 1233 3432 | 2285-5.153 (':;"‘; S)R .
Hyperuricemia 0.221 1.247 1.023-1.521 5-5-5(Reference) i i} i
<35 0.321 1.379 1.152-1.652
Mg (mmol/L) >5.5 —0.202 0817 0.482-1.387
0.67—1.04(Reference) - - - c "
<0.67 1022 2779 | 16044815 32(';’5"‘;’55) et
>1.04 ~0.037 | 0964 | 0.743-1.250 -15-2.55(Reference) ) : )
<2.15 0.512 1.669 1.387-2.009
HCO3- (mmol/L) >2.55 —0.253 0.776 0.582-1.034
22-28(Reference) - - - cocP "
<0 0523 1687 | 1421-2.004 " 30(:';” )
>28 0.096 1101 | 0.900-1347 ~30(Reference) - . -
<23 0.370 1.447 1.297-1.615
PH >30 0.206 1.229 0.788-1.917
7.35-7.45(Reference) " " " Abbreviations: AKI, acute kidney injury; ABG, arterial blood gas analysis; Hb,
7.2-7.34 0.394 1.483 1.149-1.913 hemoglobin; AST, aspartate aminotransferase; SCr, serum creatinine; eGFR, esti-
<72 0.648 1912 0.853—4.288 mated glomerular filtration rate; Na, sodium; K, potassium; Ca, calcium; CO,CP,
carbon dioxide binding capacity.

and AKI Injury according to RIFLE criteria were 0.75 and
0.78, separately. The KDIGO AKI definition outperformed
RIFLE criteria as proved in the former study.” Our risk
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Table 5 Logistic Multivariate Regression Analysis Containing
Risk Factors for Severe AKI in AKI Patients with ABG

Table 6 Logistic Multivariate Regression Analysis Containing
Risk Factors for Severe AKI in AKI Patients without ABG

Abbreviations: AKI, acute kidney injury; ABG, arterial blood gas analysis; CKD
chronic kidney disease; WBC, white blood cells; Alb, albumin; SCr, serum creati-
nine; Na, sodium; P, phosphorus.

scoring system followed the latest definition guideline of
AKI and obtained the comparable results. The AUC values
were not greatly improved, partly because the study did
not include new biomarkers to predict AKI. Given the new
biomarkers were not widely applicable in clinical practice,
this scoring system were adequately convenient and effec-
tive identify the high-risk patients in advance before they
have already developed AKI or severe AKI. We consid-
ered this risk scoring system could be applied to all hospi-
talized patients since it was mainly based on blood tests
and highly available before undergoing other expensive
imaging or invasive inspection.

The multiple risk factors contained in our risk scoring
systems have already been highly valued in previous stu-
dies. Patients in cardiac surgery and ICU are more likely to

Variables B OR 95% CI Variables B OR 95% CI

Admission Department Laboratory indexes

Cardiac surgery 0802 | 2229 1.545-3218

WBC(*1079/L)

Underlying disease 4—10(Reference) - - -

CKD 0.585 1.794 1.283-2.510 <4 -0.373 0.689 0.320-1.481

>10 1.245 3.474 1.866-6.467

Laboratory indexes

WECE109) BUN (mmol/L)

2.9-7.5(Reference) - - -
4-10(Reference) - - - <29 ~1.440 | 0237 0.027-2.088
<4 0329 1.389 0831-2.324 >7.5 0.652 1919 1.032-3.568
>10 0611 1.841 1.226-2.766
SCr (umol/L)
Albz3(§/(l;2eference) - - - <124(Reference) - - -
124-220 -0.430 0.651 0.301-1.406
30-34 0.528 1.695 |.137-2.525 >220 2371 10713 4798-23.924
<30 0.426 1531 0.935-2.506
Na (mmol/L)

SCr (umollL) 135-145(Reference) - - -
<124(Reference) - - - <135 1118 3.059 | 486-6.297
124-220 0616 1.852 1.168-2.937 o145 0130 138 04492 931
>220 2.906 18287 | 8.558-39.080

Mg (mmol/L)

Na (mmollL) 0.67-1.04(Reference) | — - -
| 35-145(Reference) - R - <0.67 0.460 1.585 0.460-5.456
<135 0770 | 2.160 1.309-3.565 o104 0981 2668 | 4274988
>145 0.166 1.180 0.695-2.004

p L P (mmol/L)

((;].18n1<|).45)(Reference) ) ) ) 0.8-1.45(Reference) - - -

<0.8 -0.173 0.841 0.365-1.941
<0.8 0.162 1.176 0.727-1.902 o1 45 | 240 3.456 | 8626416
>1.45 0814 | 2257 1.388-3.670

Abbreviations: AKI, acute kidney injury; ABG, arterial blood gas analysis; BUN,
blood urea nitrogen; SCr, serum creatinine; Na, sodium; Mg, magnesium; P,
phosphorus.

develop AKI compared with other admission departments

and corresponding risk prediction scores were
established.>** Underlying diseases like chronic kidney
disease and heart failure have been involved in risk scor-
ing systems in predicting AKI in ICU patients.” The renal
function was indicated with BUN, SCr and eGFR, and
impaired renal function on the admission day was asso-
ciated with AKI.?® Hypoproteinemia,” hyperuricemia®
and elevated AST level*® would increase the risk of
AKI. Despite these important factors, our study empha-
sized more on the formerly neglected electrolyte disorders.

Our research suggests that in patients undergoing
blood gas analysis, the reduction of PH and HCO3- is
associated with AKI; in patients without blood gas ana-
lysis, the reduction of CO2CP level is associated with

AKI. A multicenter prospective cohort study showed
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Table 7 Factor Scoring for Predicting of AKI Incidence

Table 8 Factor Scoring for Predicting of Severe AKI Incidence

Abbreviations: AKI, acute kidney injury; ABG, arterial blood gas analysis; ICU,
intensive care unit; Hb, hemoglobin; Alb, albumin; AST, aspartate aminotransferase;
BUN, blood urea nitrogen; SCr, serum creatinine; eGFR, estimated glomerular
filtration rate; Na, sodium; K, potassium; Ca, calcium; Mg, magnesium; CO,CP,
carbon dioxide binding capacity.

With ABG Without ABG With ABG Without ABG
Variables Points | Variables Points Variables Points | Variables Points
Admission Department Admission Department Laboratory indexes
Cardiac surgery 2
IcU | Cardiac surgery WBC(*1079/L)
Underlying disease Underlying disease Underlying disease 4-10(Reference) 0
Heart failure | Heart failure I CKD | <4 0
Laboratory indexes Laboratory indexes Laboratory indexes >10 |
WBC(*1079/L) Hb(g/L) WBC(*1079/L) BUN (mmol/L)
4-10(Reference) 0 >120(Reference) 0 4—10(Reference) 2.9-7.5(Reference) 0
<4 0 90-120 I <4 0 <29 0
>10 : <90 2 >10 [ >7.5 [
Alb (glL) AST(UIL) Alb (g/L) SCr (umol/L)
235(Reference) 0 0—40(Reference) 0 >35(Reference) 0 <124(Reference) 0
32;34 ; 4‘;;79 ; 30-34 | 124-220 0
< >
<30 0 >220 2
AST(U/L) SCr (umol/L)
SCr (umol/L) Na (mmol/L)
0-40(Reference) 0 <124(Reference) 0
< _
40-79 | 194-270 | 124(Reference) 0 135-145(Reference) 0
80 ) 220 2 124-220 | <135 |
>220 3 >145 0
BUN (mmol/L) eGFR(mL/min/1.73m2)
2.9-7.5(Reference) 0 >90(Reference) 0 Na (mmol/L) Mg (mmol/L)
<9 0 60-89 | 135-145(Reference) | 0 0.67—1.04(Reference) 0
>75 | 30-59 2 <I35 | <0.67 0
>145 0 >1.04 |
eGFR(mL/min/1.73m2) <30 3
290(Reference) 0 Hyperuricemia I P (mmol/L) P (mmol/L)
60-89 | Na (mmol/L) 0.8—1.45(Reference) | 0 0.8—1.45(Reference) 0
30-59 2 135—145(Reference) 0 <0.8 0 <0.8 0
<30 3 <135 I >|.45 I >1.45 |
Hyperuricemia | >145 0 Abbreviations: AKI, acute kidney injury; ABG, arterial blood gas analysis; CKD
chronic kidney disease; WBC, white blood cells; Alb, albumin; BUN, blood urea
Mg (mmol/L) K(mmol/L) nitrogen; SCr, serum creatinine; Na, sodium; Mg, magnesium; P, phosphorus.
0.67—1.04(Reference) 0 3.5-5.5(Reference)
<0.67 | <35 |
>1.04 0 >5.5 0 that PH<7.30 was identified as independent predictors of
HCO3- (mmol/L) Ca (mmol/L) AKI in ICU patients.8 To obtain PH level and diagnose
22-28(Reference) 0 2.15-2.55(Reference) acid-base disturbances, patients need to undergo ABG
<22 | <2.15 | . . .. . . .
28 o s255 0 analysis. But since it is an invasive procedure, patients
hesitate to take the test and only a small portion of them
PH CO2CP (mmoliL) ) o ) o
7.35-745(Reference) 0 23-30Reference) 0 receive ABG in clinical practice (14.5% in our study).
7.2-7.34 I <23 I CO,CP is much easier and widely accepted for patients
<72 0 >30 0 to obtain from intravenous blood sampling. ABG.

Although most patients have not measured ABG and
PH level, with reduced CO2CP level, they might suffer

from the potentially acidic inner environment. Most
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Figure 2 Receiver operating characteristic (ROC) curve analysis for the test and validation cohorts. The test data led to AUC values of 0.758 (AKI with ABG), 0.751 (AKI
without ABG), 0.733 (severe AKI with ABG), 0.853 (severe AKI without ABG) (The blue solid lines in Figure 2 A-D). Application of the scoring system led to AUC values of
0.724 (AKI with ABG), 0.738 (AKI without ABG), 0.774 (severe AKI with ABG), 0.794 (severe AKI without ABG) (The red dotted lines in Figure 2 A-D).

Abbreviations: *AKI, acute kidney injury; ABG, arterial blood gas analysis.

often, decreased CO2CP signifies the presence of meta-
bolic acidosis. Similar to our study, another retrospec-
tive study has concluded that decreased CO,CP was

considered as an independent risk factor for AKI.'®

Moreover, our study illustrated that PH level severed
as a promising predictive factor for AKI, but it was not
associated with severe AKI. Previous study concluded

the same result by suggesting that arterial blood PH was
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Figure 3 Frequency of AKI (acute kidney injury) and severe AKI across risk categories in test and validation sets. There was no statistically significant difference between

either AKI or severe AKI frequency in test and validation cohorts.

not associated with the progression of acute kidney
injury in critically ill patients.?’

Hypernatremia, hyponatremia, hypokalemia and hypo-
calcemia were associated with AKI in patients without
ABG. Similar results were revealed in previous studies
focus on the relationship between AKI and specific electro-
lyte disorders. A retrospective cohort study suggested that
hypernatremia was a risk factor for AKI in patients with
subarachnoid hemorrhage. The risk of AKI increased by
5.4% (95% CI 1.4-9.7%) for every 1 mEq/L increase in
serum sodium.'" In critically ill patients, a U-shaped relation-
ship was revealed between serum sodium and potassium

magnitudes and the incidence of AKI'?

Hyponatremia,
hypernatremia, hypokalemia, and hyperkalemia were related
to the 90-day mortality rate and hyperkalemia predict a worse
clinical outcome among patients with hyponatremia.
Hypocalcemia was not fully evaluated in previous studies.
Insufficient effective circulating blood volume (such as
vomiting) or fluid overload (such as heart failure) might
cause the decrease in calcium level. Further basic research
is necessary to explain the pathophysiology mechanism.
Hyperphosphatemia was associated with high risk of
developing severe AKI in our study. The renal function
was of essential importance when related to phosphorus

regulation. Previous studies have already demonstrated

that hyperphosphatemia was associated with increasing
risks of AKI, end-stage renal disease (ESRD) and mortal-
ity irrespective of previous kidney function.>® The
mechanisms might involve calcification of smooth muscle
cells, disrupted endothelial function and secretion of fibro-
blast growth factor.'~*

Hypomagnesemia was associated with AKI, while hyper-
magnesemia was associated with AKI progression. It was
demonstrated that the prevalence of hypomagnesaemia was
significantly higher in AKI patients.'* In an animal study,
hypomagnesaemia might induce a decrease in the glomerular
filtration rate and renal blood flow.*®> Hypomagnesemia was
considered as independent risk factors for non-recovery of
renal function in critically ill patients.>* In this way, magne-
sium supplement might be highly suggested, but hypermag-
nesemia might also lead to serious commodities such as
prolonged QT interval, bradycardia and even cardiac
arrest.>> A study emphasized on patients presented with
severe hypermagnesemia and subsequently underwent emer-
gency hemodialysis.*® The associated AKI incidence was
60% and it was recommended that elder patients should
regularly measure serum magnesium value when taking
oral magnesium oxide. Our study suggested that hypermag-
nesemia was associated with severe AKI (AKI 2 or 3 stage)
at hospital admission. A retrospective study found the similar
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results by establishing a U-shape curve between AKI and
admission magnesium, indicating that both hypomagnesemia
and hypermagnesemia were associated with increased risks
of AKI in adult patients.>” However, it remained unknown
whether the presence of hypermagnesemia is simply
a reflection of AKI and other serious comorbidities or sev-
ered as a direct contributor to AKI. Further prospective
studies are necessary for developing the causal relationship.

The study contains several limitations. Firstly, since
it was a retrospective, single-center cohort study, the
external validity or generalized ability of our results
might need further evaluation. Besides, it was suggested
that the predictive performance should be tested in an
independent cohort of patients with the same and differ-
ent ethnic backgrounds. We used data of electrolyte
disorders on the admission day of patients and the
fluctuation of electrolyte levels are necessary to be fol-
lowed in future study. In addition, damage may occur
before reaching the AKI threshold of changes in SCr or
urine output, reflecting delay in these functional markers
or the presence of renal reserve. This suggested the
importance of developing biomarkers. The best-studied
and most widely available biomarkers in the clinical
setting are urinary or plasma neutrophil gelatinase-
associated lipocalin (NGAL) and tissue inhibitor of
metalloproteinases-2* insulin-like growth factor-binding
protein 7 (TIMP2*IGFBP7). Urine NGAL was found to
be an early predictive biomarker of AKI in clinical
settings”® and was particularly associated with the sever-
ity of kidney injury NGAL.** TIMP2*IGFBP7 showed
the best accuracy and stability among all biomarkers,
especially in cardiac surgery-associated AKL*® This is
the limitation of our studies for not including these
biomarkers, since they were mostly tested in research
and have not widely used in clinical practice. Lacking
promising biomarkers might also explain that AUC level
was not significantly promoted in our study. However,
we pointed out that the accessible electrolyte lab results
were promising in predict AKI and if not intervened in
time, they might cause seriously adverse outcomes.
Lastly, since it is a study based on observational data,
we can draw the association between electrolyte disor-
ders and AKI, further clinical and basic studies are
required to elucidate the causality.

In conclusion, this study established the risk predicting
systems for early identification of AKI and critical AKI in
hospitalized patients. Most importantly, a variety of elec-
trolyte disorders were reversible, and clinical monitoring

should be timely and necessary measures should be taken
to prevent the occurrence and development of AKI.
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